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Abstract 

The study of inherited human cardiovascular diseases has been hampered by limited 

access to cardiac tissue from patients harboring specific mutations, which are thought to 

be causal. The ability of the human induced pluripotent stem cells (hiPSCs) to 

differentiate to any cell type including cardiomyocytes, while carrying patients’ complex 

genetic backgrounds, has made them a promising and powerful tool for drug screening, 

assessing the cardiotoxicity of chemotherapeutic agents, and studying inherited cardiac 

diseases in vitro by recapitulating their cellular phenotypes. In Chapter 3, I used human 

pluripotent stem cell (hPSC)-derived ventricular and atrial cells to study the toxicity of 

ibrutinib, a novel Bruton’s tyrosine kinase (BTK) inhibitor, which has demonstrated 

benefit in B cell cancers, but is associated with atrial fibrillation. I showed that ibrutinib 

has a dramatic impact on the cardiac electrophysiology of hPSC-derived atrial 

cardiomyocytes, without affecting hPSC-derived ventricular cardiomyocytes. In Chapter 

4, I investigated the arrhythmogenic role of a novel TNNI1 mutation (R37C TNNI1) in the 

death of “autopsy negative” sudden infant deaths (SIDs) victims. Specifically, I 

generated R37C+/- TNNI1 hiPSC-CMs using the genome-editing technology 

CRISPR/Cas9 and monitored voltage- and Ca2+ transients through optical mapping. 

Unlike the isogenic control cell line, irregular voltage- and Ca2+ transients and arrhythmic 

activities were observed in the presence higher rates of stimulation or β-adrenergic 

agonists in monolayer of R37C+/- TNNI1 hiPSC-CMs. Chapter 5 focused on the familial 

hypertrophic cardiomyopathy (FHC)-associated mutations found in patients, I79N 

TNNT2, which I generated using CRISPR/Cas9 in hiPSC-CMs. Compared to other FHC-

associated mutations found in patients, I79N TNNT2 often results in significantly less 

ventricular hypertrophy and a higher incidence of sudden cardiac death. Unlike control 

hiPSC-CMs, the mutant hiPSC-CMs developed irregular and arrhythmogenic voltage- 

and Ca2+ transients at high stimulation rates and in the presence of β-adrenergic 

agonists. In sum, hiPSC-CMs have been successfully used to model a growing number 

of arrhythmogenic disorders, thereby enabling prediction of high-risk populations’ 

susceptibilities to drug-induced cardiotoxicity as a form of personalized medicine. 

Besides disease modeling and drug screening, hiPSC-CMs have emerged as a powerful 

platform for studying the cardiotoxicity of chemotherapeutic agents. 
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Chapter 1. General Introduction 

Excitation-contraction (EC) coupling is fundamental to cardiac physiology to 

regulate cardiac contraction and the pumping of blood to the body (Figure 1-1). EC 

coupling mechanisms strive for the perfect temporal balance between electrical 

excitation and mechanical contraction. Cytosolic calcium ions (Ca2+) act as a ubiquitous 

second messenger and play a critical role in cardiac EC coupling (Bers 2002). 

Mishandling of Ca2+ in cardiac cells is the one of the primary causes of arrhythmias in a 

variety of circumstances including heart failure. 

 
Figure 1-1. Schematic of the cardiac conduction system. 

The sinoatrial node is a bundle of specialized cells located in the right atrium which initiates 
electrical activities. A wave of the electrical activity spreads through the atrium and results in atrial 
contraction. The electrical signals reach the atrioventricular node, which coordinates electrical 
activities before they enter the ventricles. The conduction of the electrical waves through Purkinje 
fibers and bundle of His stimulate ventricular contraction. 
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1.1. Cardiac Physiology 

The cardiac action potential (AP) is regulated by the activity of many ion 

transporters including ion channels, pumps, and exchangers that are voltage- and time-

dependent and regulate the membrane electrical potential in cardiomyocytes. 

Importantly, the morphology of the APs varies in different regions of the heart. For 

example, atrial-, ventricular- cardiomyocytes, and sino atrial node (SAN) exhibit different 

AP morphologies, which reflect the heterogeneity of the electrical activity in the heart. 

This electrical heterogeneity is due to the different levels of expression of ion channels. 

The major ion currents and channels involved in generating action potentials, which 

result in the depolarization and repolarization of cardiomyocytes are shown in Figure 1-

2. The cardiac AP is conventionally characterized by 5 phases (Phases 0–4), with 

different ion currents being active in each phase. 

 
Figure 1-2. Schematic of the cardiac action potential from different regions of 

the heart with different ion channel profiles. 

Adopted from (van den Heuvel, van Veen et al. 2014). 
During normal EC coupling, changes in the membrane potential begin with a 

rapid influx of sodium ions (Na+) through voltage-gated Na+ channels (NaV1.5) producing 

an inward current (INa), which depolarizes the cardiac cells towards the equilibrium 

potential for Na+ (ENa ~ +50 mV). This rapid depolarization in the membrane potential is 

responsible for the Phase 0 of the cardiac AP and represents the upstroke of the AP. 

The human cardiac sodium channel is Nav1.5, which is encoded by the SCN5A gene. 

The rapid closing of NaV channels and inactivation of INa is partially responsible for Phase 

1 of the AP. A brief activation of repolarizing potassium (K+) current, transient outward 

current (Ito), leads to only partial repolarization which is also responsible for the cardiac 

notch of Phase 1 of the AP. Phase 2 or the plateau phase of AP is caused by the 

balance between depolarizing currents (ICa,L) and repolarizing currents including slow 
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and rapid delayed rectifier K+ channels (IKs, IKr) and inward rectifier K+ channel (IK1). The 

additional release of Ca2+ ions from sarcoplasmic reticulum (SR) into the cytoplasm 

through ryanodine receptor (RyR2) results in inactivation of ICa,L which is called Ca2+-

dependent inactivation (CDI). As Phase 2 progresses, the ICa,L is largely inactivated and 

the activities of IKs and IKr steadily increase, which results in repolarization or Phase 3 of 

the AP. Phase 4 or diastolic phase of the cardiac cycle is provided by inward rectifier 

currents (IK1). The high K+ conductance throughout Phase 4 helps set the resting 

membrane potential between –85 and –90 mV. As mentioned above, the AP morphology 

varies in different regions of the heart and the different expression levels of the various 

ion channels result in “regional electrical heterogeneity” (Bers 2002, George 2013). 

1.2. Cardiomyocyte Calcium handling 

Cardiac contraction is directly regulated by cytosolic Ca2+ and changes in the 

electrical potential of cardiomyocytes results in changes in Ca2+. During membrane 

depolarization, L-type Ca2+ channels open and cause an influx of Ca2+ ions, which 

increases cytosolic Ca2+ concentration ([Ca2+]). This increase in local [Ca2+] is 

responsible for activating and opening of the ryanodine receptor type-2 (RyR2) in the SR 

which in turn releases large amounts of Ca2+ into cytoplasm via a Ca2+-induced Ca2+-

released (CICR) mechanism; the cytosolic [Ca2+] increases from 100 nM during diastole 

(or relaxation) to as high as 1 µM during systole (or contraction) in the global domain. 

The free cytosolic Ca2+ binds to and activates the contractile proteins (cardiac troponin 

C) and cause myofilament contraction during systole. During relaxation, Ca2+ is removed 

from cytosol via two primary pathways; removal of Ca2+ via the sarcoplasmic reticulum 

Ca2+-ATPase type-2a (SERCA2a) back into the sarcoplasmic reticulum (SR) or by the 

Na+/Ca2+-exchanger (NCX) back into the extracellular space. In addition, there are minor 

contributions by mitochondria and plasmalemmal Ca2+-ATPase (PMCA) to the removal 

of Ca2+ from cytosol and the subsequent relaxation, which reflects the portion of 

activation by Ca2+ influx from sarcolemma or Ca2+ release from SR. In human 

cardiomyocytes, SERCA2a, NCX, and PMCA/mitochondria remove 60%-70%, 30-40%, 

and ~1% of cytosolic Ca2+, respectively (Bers 2002). Therefore, the removal of Ca2+ via 

different pathways results in the decline of the Ca2+ transients to resting levels. In the 

steady-state, the amount of Ca2+ influx during contraction must match the amount of 

Ca2+ efflux during relaxation (Bers 2002).  
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1.3. Cardiomyocyte contractility 

The sarcomere is the fundamental contractile unit of cardiomyocytes and 

consists of thick (e.g. myosin) and thin (e.g. actin) filaments. The interaction between 

Ca2+ ions and sarcomere causes conformational changes in both actin and myosin 

filaments and results in the contraction of the cardiomyocytes (Tobacman 1996).The 

cardiac troponin (cTn) complex, which is associated with the thin filament, consists of 

three protein subunits (cTnC, cTnI, and cTnT). The Ca2+-binding subunit (cTnC) acts as 

a Ca2+ sensor and a regulator of contraction. The inhibitory subunit (cTnI) is a negative 

regulator of contraction and inhibits the actin-myosin interaction when cytosolic [Ca2+] is 

below the activation level. The cardiac troponin T (cTnT) subunit binds to tropomyosin, 

TnI, TnC, and actin, and stabilizes the troponin-tropomyosin-actin complex. During 

systole, Ca2+ binds to site 2 of cTnC and the conformational changes in the troponin 

complex results in cTnI being moved out of the inhibitory position and allow cTnT to 

move tropomyosin on the thin filament. This results in interaction between actin and 

myosin, forming cross bridges, cell shortening, and contraction of the cardiac muscle. 

During diastole, Ca2+ ions are released from cTnC, and the cTnI resumes its inhibitory 

position, preventing actin-myosin interaction, and resulting in relaxation. Therefore, the 

cTn complex plays a crucial role in contraction and relaxation of the cardiomyocyte 

through regulating the actin-myosin interaction in a Ca2+-dependent manner (Gergely 

1998). 

1.4. Cardiac arrhythmias and their fundamental 
mechanisms 

Cardiac cells are highly organized and specialized and are responsible for 

conduction of electrical activity and contraction (Gaztanaga, Marchlinski et al. 2012). 

Disruptions in the well-ordered propagation of electrical waves in the cardiac cells can 

result in arrhythmias. A cardiac arrhythmia is defined as an irregular heart rate and/or 

rhythm, which is not physiologically relevant. The mechanisms responsible for cardiac 

arrhythmias are traditionally divided into 2 major categories: 1) enhanced or abnormal 

impulse formation (i.e., focal activity); 2) conduction disturbances (i.e., reentry) 

(Antzelevitch and Burashnikov 2011, Landstrom, Dobrev et al. 2017). 
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1.4.1. Altered normal automaticity 

Automaticity is a natural property of some cardiac cells (e.g. nodal cells), which 

generates the spontaneous APs in the cardiac muscle. Sinoatrial nodal cells (SAN) 

exhibit pacemaker activity (or automaticity) and display the highest intrinsic rate of 

beating. All the other pacemaker cells (or “subsidiary” pacemaker cells) including 

atrioventricular node (AVN), His-Purkinje system, and some cells in the atrium fire at 

lower rates. Subsidiary cells initiate the excitation of cardiac muscles only when the 

automaticity of the SAN is suppressed. The SAN firing rate depends on the threshold 

potential at the beginning of the action potential duration (APD), the maximum diastolic 

potential (MDP), and the slope of depolarization in Phase 4 (Swartz, Fink et al. 2009). 

Abnormal automaticity can occur due to various factors that can cause reduced 

automaticity (bradycardia) or increased automaticity (tachycardia). Healthy atrial and 

ventricular myocardium cells do not exhibit spontaneous diastolic depolarization or 

automaticity properties under normal conditions. However, conditions that drive the 

membrane potential towards the threshold potential can cause abnormal automaticity. 

Early after depolarization (EAD) and delayed after depolarization (DAD) are the most 

common causes of triggered activities that can lead to arrhythmias. 

1.4.1.1. Early after depolarization (EAD)-induced triggered activity 

EADs interrupt the repolarization during the plateau phase (Phase 2) or during 

late repolarization (Phase 3) of the cardiac AP. The characteristics of EADs depend on 

the species, tissue, cell type, and the underlying ionic mechanism. EADs are thought to 

be mainly, but not exclusively, associated with excessive AP prolongation, which 

manifests as prolongation of the QT interval on the electrocardiogram (ECG). In this 

condition, the net inward current increases and overcomes the repolarization current, 

resulting in EADs. Several mechanisms are suggested for AP prolongation and the 

subsequent EADs. The EADs that appear in Phase 2 are thought to be mediated by ICa,L. 

The recovery of L-type Ca2+ channels from voltage and Ca2+-dependent inactivation 

during prolonged AP and reactivation of ICa,L allows Ca2+ to enter the cells, resulting in 

the depolarization of cardiomyocytes in Phase 2. The recovery from inactivation can be 

accelerated by the phosphorylation of ICa,L by Ca2+ /calmodulin-dependent protein kinase 

II (CaMKII), which increases the occurrence of EADs (Benitah, Alvarez et al. 2010). 

Another possible mechanism for the development of EADs is the activation of INCX 
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(Sipido, Bito et al. 2007). At more negative membrane potentials (close to the threshold 

for activating ICa,L), the spontaneous release of Ca2+ ions from the SR elevates cytosolic 

[Ca2+], leading to increased normal mode INCX activity and a higher probability of EAD-

triggered APs. Therefore, the contributions of both ICa and INCX are very important in 

generating EADs. In contrast to the mechanism described above, in which ICa,L has a 

primary role and INCX facilities the formation of EADs in a secondary role, the inverse 

mechanism can also occur. Furthermore, an increase in the late Na+ current (INa,L) during 

a prolonged AP can also facilitate the development of EADs. One of the underlying 

mechanisms of AP prolongation is a reduction in repolarization K+ currents (IK) (Sung, 

Wu et al. 2006). Due to attenuated IK, midmyocardial cells and Purkinje fibers are more 

likely than pericardial or endocardial cells to develop EADs in the presence of IK blockers 

and certain antiarrhythmic agents. The EAD-triggered AP can propagate into the 

neighboring tissues and induce new EADs, which can re-generate APs, resulting in 

multifocal activity and reentry. Multifocal activity can promote the onset of a distinct form 

of arrhythmia known as polymorphic ventricular tachycardia (PVT) or Torsades de 

Pointes (TdP) (Leenhardt, Lucet et al. 1995, Bers 2002, Landstrom, Dobrev et al. 2017). 

1.4.1.2. Delayed after depolarization-induced triggered activity 

Delayed after depolarizations (DADs) occur during diastole due to the oscillation 

in the membrane potential after full repolarization (Phase 4) of the cardiac AP. DADs are 

typically caused by spontaneous Ca2+ release from SR causing increased cytosolic 

[Ca2+], which activates the NCX and generates forward-mode INCX. The balance of the 

magnitudes of the repolarization current, (mainly inward-rectifier K+ current (IK1)), relative 

to the transient inward current (mainly INCX), determines the amplitude of DADs. If the 

depolarization currents generated by DADs are large enough to reach the excitation 

threshold and activate INa, this can lead to spontaneous APs. DAD-induced trigger 

activity is associated with the arrhythmogenicity observed in heart failure (HF), 

catecholaminergic polymorphic ventricular tachycardia (CPVT), and atrial fibrillation (AF) 

(Weiss, Garfinkel et al. 2015, Landstrom, Dobrev et al. 2017). 

Cytosolic Ca2+ overload is the underlying mechanism for both DADs and Phase-3 

EADs. However, the phase in which Ca2+ is spontaneously released from the SR differs 

between these two events; repolarization phase of the AP for Phase-3 EADs, and 

resting membrane potential or Phase 4 of AP for DADs. 
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1.4.2.  Reentry 

The underlying mechanism of reentry is fundamentally different from automaticity 

or triggered activity. Reentry can occur in a region in which the tissue has recovered 

from the initial depolarization and refractoriness, but propagation of a temporally 

separate activation wave front re-excites the region prematurely (Janse and Wit 1989). 

The refractoriness and conductivity of the cardiac tissue are important factors in reentry 

formation (Landstrom, Dobrev et al. 2017). Refractoriness mainly depends on shortening 

or prolongation of the APD, but conductivity depends on INa, gap junctions and the 

extracellular matrix. For example, in AF the refractory period is shortened and generates 

several circuits, which are unlikely to be terminated at the same time. (for reviews, see 

(Comtois, Kneller et al. 2005, Pandit and Jalife 2013)) 

1.5. Calcium mishandling and arrhythmogenesis 

The regulation of Ca2+ clearly plays a vital role in cardiac contractility and 

excitability in heart. Therefore, abnormal regulation of cytosolic Ca2+ can result in 

contractile dysfunction and arrhythmogenesis in various cardiac diseases (Antoons and 

Sipido 2008, Venetucci, Denegri et al. 2012, Landstrom, Dobrev et al. 2017). This 

section will review several inherited arrhythmia syndromes that are caused by mutations 

in Ca2+-regulatory proteins. 

1.5.1. Cardiomyopathies 

Cardiomyopathy is a heterogeneous disease that refers to structural alterations 

and dysfunction of the heart. There are many factors that contribute to the development 

of cardiomyopathy including genetic mutation (inherited) and acquired secondarily 

through, for example hypertension, infection, and metabolic disorders. Based on the 

structural and functional changes, cardiomyopathy disease is classified into four main 

groups: dilated cardiomyopathy (DCM), restrictive cardiomyopathy (RCM), hypertrophic 

cardiomyopathy (HCM), and arrhythmogenic right ventricular cardiomyopathy (ARVC) 

(Maron, Towbin et al. 2006). However, this dissertation will focus mainly on HCM. Each 

of these groups is subdivided based on the pathogenesis such as inflammation, 

infection, or genetic mutation. In many cases, being largely asymptomatic is one of the 

biggest issues of these structural disorders or cardiomyopathies. This is because the 
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first manifestation of the disease in these patients can be sudden cardiac death (SCD), 

with the autopsy may only occasionally reveal the progression of the disease. In 

addition, with some mutations the silent phase of cardiomyopathies can be lethally 

arrhythmogenic without any sign of a structural abnormality. 

1.5.1.1. Dilated cardiomyopathy 

Dilated cardiomyopathy (DCM) is a form of cardiomyopathy characterized by left 

ventricular dilation and reduced systolic function. DCM results in impaired left ventricular 

contraction, conduction system alteration, ventricular arrhythmias, and heart failure 

(Maron, Towbin et al. 2006). DCM is the third leading cause of heart failure and 

manifests over a wide range of ages with a prevalence of 1 in 2700 and a men to women 

ratio of 3:4 (Codd, Sugrue et al. 1989). It has been estimated that 20–35% of DCM 

cases are familial and linked to mutations in >30 genes (Maron, Towbin et al. 2006, 

Landstrom, Dobrev et al. 2017). DCM is a genetically heterogeneous disease with a 

mainly autosomal dominant pattern of inheritance (Maron, Towbin et al. 2006). However, 

an autosomal recessive pattern has also been reported for X-linked and mitochondrially 

inherited cases of DCM (Maron, Towbin et al. 2006). Despite being a familial disease, 

DCM has age-dependent penetrance. In some cases, the clinical phenotype develops in 

young ages while the parents of the patient have not yet shown any sign of DCM. 

Several mutations that cause congenital DCM occur in genes that encode 

contractile sarcomere or structural proteins including those of the troponin complex, 

myosin-binding protein C, titin, etc. In addition, mutations in cytoskeletal- and 

sarcolemmal-encoding genes are also associated with DCM. Several studies have 

reported that sarcomeric and non-sarcomeric DCM-related mutations result in 

arrhythmia and heart failure through altering the Ca2+-handling of cardiomyocytes 

(Vikhorev, Song et al. 2014, Wyles, Hrstka et al. 2016, Klos, Mundada et al. 2017, 

Rowe, Asimaki et al. 2017). 

1.5.1.2. Restrictive cardiomyopathy 

Restrictive cardiomyopathy (RCM) is the rarest type of cardiomyopathy that is 

characterized by restricted ventricular filling, impaired diastolic volume in either or both 

ventricles, and a normal or mildly increased wall thickness (Willott, Gomes et al. 2010, 

Rammos, Meladinis et al. 2017). Due to the increase in stiffness of the myocardium, 
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even a small increase in volume can raise the pressure in the ventricles (Angelini, 

Calzolari et al. 1997, Kushwaha, Fallon et al. 1997, Rammos, Meladinis et al. 2017). 

RCM can be idiopathic, familial, or the result of a systematic disorder (e.g., amyloidosis, 

hemochromatosis, sarcoidosis, etc.). Similar to DCM, RCM can also be inherited in 

autosomal dominant, autosomal recessive, or X-linked patterns (Elliott, Andersson et al. 

2008). Mutations in TnI-, TnT-, and desmin-coding genes are associated with familial 

cases of RCM. Furthermore, endocardial pathologies including fibrosis and thrombosis 

impair diastolic function and result in RCM (Elliott, Andersson et al. 2008). 

1.5.1.3. Hypertrophic cardiomyopathy  

Hypertrophic cardiomyopathy (HCM) is an inherited disorder that normally results 

in asymmetrical cardiac hypertrophy that occurs in the absence of any obvious 

underlying hemodynamic condition such as hypertension. It can be characterized by 

asymmetric left ventricular and/or septal hypertrophy, a nondilated left ventricle, left 

ventricular diastolic dysfunction, preserved or normal ejection fraction, myocyte disarray, 

and myocardial fibrosis (Maron, Gross et al. 1995, Elliott, Andersson et al. 2008, Marian 

and Braunwald 2017). HCM prevalence has been estimated to be 1:500 in the general 

young adult population (Maron, Gross et al. 1995, Maron, Casey et al. 1999). The 

manifestation of cardiac hypertrophy is age-dependent. In approximately one-half of the 

patients, there are no signs of hypertrophy by the third decade of life and three fourth of 

HCM patients remain asymptomatic until the sixth decade of life (Charron, Dubourg et al. 

1997, Niimura, Bachinski et al. 1998). Therefore, due to the heterogeneity in penetrance 

of HCM, determining the wall thickness (≥ 15 mm) of the left ventricle and assessing 

asymmetric hypertrophy using echocardiogram has limited utility. Also, the diagnosis of 

HCM in elite athletes is difficult because of the often-concomitant physiological 

hypertrophy in the left ventricle (Maron, Haas et al. 2009). Due to the limitations and 

challenges in HCM diagnosis, many individuals remain undiagnosed and the first 

indication of the disease can be sudden cardiac death (SCD), especially in among young 

athletes (Maron, Gross et al. 1995). 

Familial hypertrophic cardiomyopathy (FHC) has an autosomal dominant pattern 

of inheritance. Even though HCM was first described in 1958 (Teare 1958), the first gene 

mutation associated with FHC, Arg403Glu in the β-myosin heavy chain (MYH7), was 

reported only about 20 years ago by the Seidman group (Pare, Fraser et al. 1961, 
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Geisterfer-Lowrance, Kass et al. 1990) who were pioneers in understanding the 

underlying molecular genetics of FHC. Since that discovery, more than 900 mutations in 

at least 24 candidate genes encoding various components of cardiac sarcomeres, 

metabolic regulatory, and Ca2+ handling proteins have been identified (Tester and 

Ackerman 2009, Kapplinger, Landstrom et al. 2014). Sarcomeric mutations associated 

with FHC are categorized into two subgroups based on their location on the cardiac 

sarcomere; thick-filament proteins including β-myosin heavy chain (MYH7), regulatory 

myosin light chain (MYL2), essential myosin light chain (MYL3), titin, and cardiac 

myosin-binding protein C (MYPBC3); thin-filament proteins including actin (ACTC), α-

tropomyosin (TPM1), cardiac troponin T (TnT), cardiac troponin I (TnI), and cardiac 

troponin C (TnC) (Geisterfer-Lowrance, Kass et al. 1990, Thierfelder, Watkins et al. 

1994, Bonne, Carrier et al. 1995, Watkins, Conner et al. 1995, Kimura, Harada et al. 

1997, Moolman, Corfield et al. 1997). The majority of FHC-related mutations are 

missense mutations, although in-frame deletions and insertions, which lead to a shift in 

the reading frame and produce a truncated gene product, have been reported as well.  

Moreover, mutations in the splice site lead to abnormal and dysfunctional proteins 

(Wheeler, Pavlovic et al. 2009). Mutations in cTnT are responsible for approximately 

15% of FHC cases and are associated with a higher probability of SCD. As mentioned 

previously, the expression and penetrance of sarcomeric FHC disorder is significantly 

heterogeneous and there is no correlation between genotype and phenotype to support 

the arrhythmogenicity observed in FHC patients (Fananapazir and Epstein 1994, Brito, 

Richard et al. 2003, Menon, Michels et al. 2008). Thus, alteration in myofilament Ca2+ 

sensitivity, which is independent of the mutation, has been hypothesized to be the main 

underlying mechanism of arrhythmia in FHC. Many sarcomeric proteins including the 

heterotrimeric troponin complex play an important role in sensing cytosolic [Ca2+] and 

contraction, and, therefore, FCH-related mutations in these proteins result in altering 

Ca2+ sensitivity and ventricular arrhythmia (Fatkin, McConnell et al. 2000). 

Troponin T mutations in hypertrophic cardiomyopathy  

The number of cTnT mutations that have been identified to be associated with 

FHC has increased dramatically since they were reported by the Seidman group in 1993 

(Thierfelder, MacRae et al. 1993) cTnT mutations are responsible for 15% of all FHC 

cases, and approximately 68 mutations have been identified in this complex so far 

(Knollmann and Potter 2001, Willott, Gomes et al. 2010). FHC patients with cTnT 
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mutations show less hypertrophy and a larger degree of myofilament disarray compared 

to other mutations associated with FHC (Watkins, Conner et al. 1995, Varnava, Elliott et 

al. 2001). In the human heart, alternative splicing of the cTnT gene (TNNT) at exons 4 

and 5 yields four isoforms: three fetal isoforms including TnT1, TnT2, and TnT4; one 

adult isoform TnT3 (Gomes, Venkatraman et al. 2004). The fetal TnT isoforms (TnT1, 

TnT2), which contain exon 5, exhibit reduced inhibition of actomyosin ATPase activity 

compared to the adult cTnT isoform (TnT3). During cardiac development, the expression 

of the fetal isoform with higher Ca2+ sensitivity decreases, whereas the expression of the 

adult isoform with lower Ca2+ sensitivity increases (Gomes, Guzman et al. 2002, Gomes, 

Venkatraman et al. 2004). In the failing heart, however, the expression of TnT4 as a fetal 

isoform increases. These findings suggest that each TnT isoform at each stage of the 

heart development (fetal, adult, diseased) has different functional properties and Ca2+ 

sensitivity, which alters myocardial contraction and performance (Gomes, Guzman et al. 

2002). The majority of cardiomyopathy-inducing TnT mutations occur between residues 

69 to 110 (including 3 hotspots at residues 92, 94, and 110) despite the poorly resolved 

structure of TnT protein Moreover, there is a scattering of cardiomyopathy inducing-

mutations close to the C-terminal domain of cardiac TnT, which are associated with both 

DCM and FHC (Tardiff 2011). 

As mentioned above, TnT mutations alter the regulation of cardiac contraction 

and increase the risk of sudden cardiac death (SCD) at relatively young ages (<45). 

These mutations are characterized by an increased rate of SCD during exertion or 

emotional stress, with little to no hypertrophy (Watkins, Conner et al. 1995, Varnava, 

Elliott et al. 2001). The I79N TNNT2 mutation is one of the most investigated TnT 

mutations associated with FHC in vitro (Gomes, Venkatraman et al. 2004). Current 

literature is divided on the primary component of HCM-induced arrhythmogenesis 

caused by TnT mutations. According to one view, arrhythmogenesis is due to increased 

Ca2+ sensitivity, which alters sarcomeric function and Ca2+ handling. An alternative view 

is that arrhythmogenesis is caused by a multitude of factors, in which increased Ca2+ 

sensitivity may be a co-factor but is not a primary cause. Therefore, understanding the 

underlying mechanisms of this pro-arrhythmogenic state in FHC could provide insight 

into possible intervention strategies for reducing the incidence of ventricular 

tachyarrhythmias and SCD. 
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Increased Ca2+ sensitivity promotes arrhythmogenesis 

It has been shown that TnT mutations affect the contraction through several 

mechanisms: 1) altering the Ca2+ binding through the interaction between TnT and TnC; 

2) changing the activity of actin-myosin ATPase through the interaction between TnT 

and TnI; 3) altering the cross-bridge cycling rate via the interaction between TPM and 

TnT; and 4) changing the stoichiometry of TnT incorporation in the troponin complex. 

Several studies, using various in vitro assays (e.g., I79N TnT reconstituted in rabbit 

trabecular, reconstitute rabbit cardiac myofibril), have consistently demonstrated that 

I79N TnT induces an increase in Ca2+ sensitivity of force production (Yanaga, Morimoto 

et al. 1999, Miller, Szczesna et al. 2001, Knollmann and Roden 2008). The correlation 

between TnT mutations and increased Ca2+ sensitivity also has been observed in 

transgenic murine models. Despite the limitations of transgenic animals, they have 

provided the opportunity to overcome the many limitations of the in vitro assays. The 

effects of I79N TnT mutation have been studied extensively using transgenic mice 

(Knollmann, Kirchhof et al. 2003, Baudenbacher, Schober et al. 2008). These studies 

have found that the I79N TnT mutation conferred increased Ca2+ sensitivity. The 

consequences of increased Ca2+ sensitivity include decreased Ca2+ transient amplitudes 

and slowed Ca2+ decay, impaired relaxation, energy depletion, and increased 

mechanical stretch, which result in increased susceptibility of the heart to failure under 

increased demand conditions (Chandra, Rundell et al. 2001, Knollmann and Potter 

2001, Ashrafian, Redwood et al. 2003). During rapid pacing, slow impulse propagation 

and increased spatial dispersion were observed in I79N TnT transgenic mice (Schober, 

Huke et al. 2012). Moreover, under β-adrenergic receptor agonist (e.g. isoproterenol) 

challenge, I79N TnT transgenic mice exhibited premature ventricular complexes (PVCs). 

Developing PVCs leads to unsustainable ventricular tachyarrhythmias, a life-threatening 

condition which may result in sudden cardiac death (Baudenbacher, Schober et al. 

2008). To prove that increased Ca2+ sensitivity is a key factor in the induced 

arrhythmogenesis, non-transgenic mice were treated with EMD57033 (a Ca2+-sensitizing 

compound) and exhibited a similar increase in the frequency of early-after 

depolarizations and triggered beats (Schober, Huke et al. 2012). It has been highly likely 

that increased Ca2+ sensitivity causes Ca2+ buffering in the cytosol, leading to higher 

Ca2+ concentration during diastole. Speculatively, the NCX would increase the removal 

of cytosolic Ca2+ in response to increased Ca2+ concentration during diastole. The 

resulting Na+ influx could result in regionally-specific depolarizations and delayed-after 
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depolarizations (Noble, Noble et al. 1991), leading to PVCs or triggered beats and 

arrhythmia. Other TnT mutations such as R92Q and E160del increase Ca2+ sensitivity as 

well (Messer, Bayliss et al. 2016). These mutations show resistance to modulation of 

Ca2+ binding through phosphorylation of TnI by PKA, explained as “uncoupling” of TnC 

from TnI phosphorylation (Messer, Bayliss et al. 2016). Under normal physiological 

conditions, phosphorylation of TnI at serine residues 22 and 23 results in decreased 

affinity for TnC to bind Ca2+, resulting in a greater koff rate. The physiological role is 

positive lusitropy to promote the clearance of cytosolic Ca2+ during sympathetically 

mediated increases in heart rate. Thus, the inability to respond to TnI phosphorylation 

results in a greater increment in TnC Ca2+ sensitivity during β-agonist signaling, slower 

koff rate, and increased Ca2+ cytosolic levels after systole. This study provides a possible 

molecular mechanism for the intolerance to β-agonist challenge and arrhythmogenesis 

in HCM, consistent with Schober et al.’s hypothesis, stated earlier in regard to increased 

NCX activity causing ventricular ectopic beats. Although there is ample evidence 

regarding single mouse myocyte electrical dysfunction, arrhythmias are by nature a 

tissue-level disorder. On the tissue level, decreased Ca2+ removal has been shown to 

result in spatial dispersion causing re-entry of positive current, providing a substrate for 

arrhythmia (Baudenbacher, Schober et al. 2008). Baudenbacher et al. optically imaged 

whole mouse hearts with the TnT I79N+/- mutation to examine dispersion of conduction 

velocity. At fast pacing, the mouse hearts exhibited non-uniform dispersion, creating 

localized areas for re-entry cycles in both I79N+/- mutant mice and EMD57033-treated 

wildtypes. These mouse hearts were found to undergo changes in action potential 

morphology consistent with arrhythmogenesis, such as shortening of the duration of 

action potential, triangulation, alternans and even ventricular tachycardia in one mouse 

(Baudenbacher, Schober et al. 2008). Therefore, Ca2+-sensitization of sarcomeric 

proteins has been postulated to be a critical factor in troponin mutations associated with 

hypertrophic cardiomyopathy. Mutations promoting Ca2+ sensitivity have been found to 

be arrhythmogenic in human patients as well as in transgenic mice. These mutations 

may decrease the ability of TnC to buffer cytosolic Ca2+, increasing free Ca2+ levels in 

the cytosol, leading to ventricular ectopic beats. Furthermore, dysfunctional Ca2+ 

handling can lead to dispersion of electrical current in transgenic mouse hearts, 

promoting re-entry cycles and altered ventricular action potentials, prompting 

arrhythmias. 
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The role of factors independent of myofilament Ca2+ sensitivity in 

arrhythmogenicity of the troponin mutations 

A normal human heart is known to undergo periods of hypertrophy, such during 

early development and in response to resistive exercise training. The cardiomyocytes 

increase in size of contractile elements as well as ventricular wall thickness (Weiner and 

Baggish 2012). The result is typically to improve cardiac performance, e.g., via 

increased stroke volume and is sometimes referred to as physiological hypertrophy, 

which is distinct from hypertrophic cardiomyopathy. Mutations causing HCM, including 

troponin mutations, may lead to pathological tissue remodeling, which has been 

investigated as a cause of arrhythmia, such as re-entry arrhythmia (McCauley and 

Wehrens 2009) and sudden cardiac death. Clinically, cardiovascular magnetic 

resonance imaging (MRI) and late gadolinium enhancement (LGE) can be used to 

characterize myofibrillar fibrosis, which is prevalent in 80% of HCM patients. Fibrosis is 

thought to impair electrical signaling in the left ventricle due to the heterogeneity of 

myocardial contraction, which promotes mechanical dispersion (Shiozaki, Senra et al. 

2013, Haland, Almaas et al. 2016). It has been demonstrated that the incidence of 

ventricular arrhythmias in patients with higher ventricular fibrosis and mechanical 

dispersion is higher compared to patients with HCM without severe tissue remodeling 

and fibrosis. This supports the hypothesis that tissue remodeling involving increased 

fibrosis promotes or exacerbates arrhythmogenesis in HCM. Cardiac remodeling in HCM 

is not limited to fibrosis. Myocyte disarray is described as a loss of parallel muscle fiber 

alignment. This would decrease the organization of the ventricular myocardium. Under 

hypertrophy-inducing conditions, certain mutations in troponin can increase myocyte 

disarray in the ventricular wall (Frey, Franz et al. 2000). Frey et al. induced hypertrophy 

in normal rats, transgenic control rats with wildtype human TnT, and transgenic rats with 

the Δexon16 TnT mutation. Hypertrophy was induced by six months of exercise instead 

of pharmacologically in this case. All wildtype and control rats displayed healthy and 

physiological hypertrophy, whereas the mutant rats displayed myocyte disarray. 

Furthermore, three out of five mutant rats with myocardial disarray showed ventricular 

tachycardia or fibrillations while exercising. These findings provide further evidence that 

disruptions to the ordered structure of the ventricular wall can impair the propagation of 

cardiac signals. 
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Troponin mutations can result in pathological hypertrophy, which, in addition to 

enlarged ventricles, leads to disorganization of cells within the tissue, increased fibrosis, 

and mechanical dispersion. These effects on myocardial structure have been shown to 

interfere with electrical conduction in the heart, for example by causing re-entry 

arrhythmia in animal models, and greatly increases the chance of an episode of 

ventricular tachycardia or fibrillations in human patients. Structural changes are a 

hallmark of HCM, and the severity of the disease can depend on the degree to which the 

tissue structure is compromised. A glaring issue remains, however; there are incidences 

of arrhythmia even in patients with neither fibrosis nor disarray. In fact, the first 

symptoms many patients experience is sudden cardiac death. Because cardiac 

remodeling worsens with age, sudden cardiac death in youth often remains entirely 

unexplained. In 2001, Knollmann et al. took TnT I79N transgenic mice at a young age 

(prior to any overt signs of hypertrophy, fibrosis or myofibrillar disarray) and subjected 

them to a β-agonist challenge. In addition to greater Ca2+ sensitivity of myocytes, they 

observed arrhythmias in vivo with isoproterenol challenge, consistent with findings 

discussed above. However, after histological analysis, they did not observe a significant 

remodeling of the cardiac tissue even though the hearts exhibited only mild hypertrophy 

(Knollmann and Potter 2001). This experiment provides a striking example of how Ca2+-

sensitizing mutations can result in arrhythmias and possibly sudden cardiac death, in the 

absence of macroscopic tissue pathologies. 

Ca2+ sensitivity undoubtedly plays a role in inducing arrhythmogenic events, such 

as delayed-after depolarizations and pre-ventricular complexes. Recent research, 

outlined earlier, has revealed molecular mechanisms of arrhythmogenesis that center 

around increased Ca2+ buffering and presence in the cytosol. While this approach can be 

convincing one must avoid a “tunnel vision” when investigating troponin mutations. 

There are still many unexplored molecular events occurring due to troponin mutations. 

For example, a recent study by Crocini et. al. (Crocini, Ferrantini et al. 2016) examined 

the effects of TnT Δ160E on myocyte ultrastructure, specifically the transverse tubules 

(t-tubules). T-tubules are a vital component in excitation–contraction coupling, linking cell 

depolarization and Ca2+ entry through L-type Ca2+ (CaV1.2) channels. Even though 

Δ160E TnT is known to be a Ca2+-sensitizing mutation, Crocini et al. observed further 

cellular disruptions due to this mutation (Messer, Bayliss et al. 2016). They used two-

photon fluorescence to visualize t-tubules in healthy and mutant cells. In mutant cells, 
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about 20% of the t-tubules were found to be defunct, characterized by uncoupling of 

excitation and contraction, leading to slower Ca2+ transients. Furthermore, these Ca2+ 

transients were highly variable on a beat-to-beat basis in defunct t-tubules and variable 

in time-to-peak (TTP) transients. The variable expression of malfunctioning t-tubules 

also led to increased spatial variation in TTP between wildtype and mutant cells. Lastly, 

a significant increase in Ca2+ sparks during diastole was observed in Δ160E myocytes 

(Crocini, Ferrantini et al. 2016). These three factors are examples of Ca2+ mishandling in 

Δ160E mutants, apparently independent of increased Ca2+ sensitivity of the 

myofilaments. For example, inappropriate Ca2+ sparks during diastole could contribute to 

increased cytosolic Ca2+ level outside of systole, similar to that created by Ca2+ buffering 

in sensitized TnC, which leads to delayed after depolarizations or even triggered beats. 

Pathological myocardial remodeling can cause malignant arrhythmias and even 

SCD. These consequences, however, can be observed in patients with no signs of 

fibrosis or myocyte disarray after certain mutations. Conversely, mutations conferring 

increased Ca2+ sensitivity can contribute to arrhythmia. However, many patients live, for 

a least a few years before episodes of malignant arrhythmias occur. If Ca2+-sensitizing 

mutations were the end-all cause of SCD, patients would not likely live as long as they 

do. A more-plausible hypothesis may be that arrhythmias in troponin-linked HCM, severe 

enough to cause SCD, is a simultaneous convergence of several factors. For example, 

the t-tubule dysfunction in TnT ΔE160 mutant cells also results in variability of myocyte 

contraction and decreased force output, which could promote hypertrophy, leading to 

deposition of scar tissue or myocyte disarray over the long term (Crocini, Ferrantini et al. 

2016). Combined with the Ca2+-sensitizing nature of this mutation, leading to increased 

Ca2+ buffering in the cytosol during a β-agonist challenge, may culminate in a “perfect 

storm” of triggers for arrhythmia that can result in sudden cardiac death (Ford, Mamidi et 

al. 2012).  

A curious detail about the experiments carried out by Ford et al. (2012) highlights 

an issue in many Ca2+-sensitivity experiments. Many transgenic studies are conducted 

with murine models – animals that express a prominently α-MHC phenotype. Therefore, 

future research should focus on models that more closely resemble human adult 

cardiomyocytes, such as using human induced pluripotent stem cells. Many of the 

studies described in the present work could be recreated using hiPSC-derived 

cardiomyocytes, either directly from a patient carrying a troponin mutation or by using a 
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genetically engineered cell containing a known mutation. This approach could provide 

results that are more relevant to the events occurring in HCM patients, leading 

researchers closer to uncovering the myriad aspects of this disease. 

1.5.2. Atrial Fibrillation 

Atrial fibrillation (AF) is a cardiac arrhythmia that affects 1-2% of the general 

population in the U.S. and Europe, with an increasing prevalence (Go, Hylek et al. 

2001). It has been estimated that there are 33 million people living with AF worldwide 

(Chugh, Havmoeller et al. 2014). This supra-ventricular tachyarrhythmia is characterized 

by uncoordinated activation of the atria, presenting on an ECG as rapid oscillation, 

rather than a normal P-wave, which results in irregular and rapid ventricular contractions 

and deleterious remodeling of the atria (Wann, Curtis et al. 2011). A 30-year follow up on 

the well-known Framingham study indicate a two-fold increased risk of death for AF 

patients. AF has been associated with a number of comorbidities including coronary 

heart disease, valvular heart disease, hypertension, hyperthyroidism, diabetes mellitus, 

and advancing age (Wyse, Van Gelder et al. 2014). Lone AF is a subset of AF that has 

an earlier onset (under 60 years of age) and is not associated with any cardiovascular or 

other comorbid diagnosis (Kozlowski, Budrejko et al. 2010). 10-20% of AF cases are 

considered lone AF and are thought to have a more electrical than structural underlying 

mechanism, as evidenced by lack of structural heart disease (Brand, Abbott et al. 1985). 

Despite the apparently idiopathic nature of lone AF, this condition has been found to 

aggregate in families, such that having an immediate family member with lone AF 

increases a person’s risk of developing AF by more than three-fold (Fox, Parise et al. 

2004, Oyen, Ranthe et al. 2012). AF in general exhibits a familial association, but this is 

particularly true for lone AF (Ellinor, Yoerger et al. 2005, Marcus, Smith et al. 2008). AF 

begins as a more intermittent form called paroxysmal AF and progresses into persistent 

or chronic AF, which lasts for >7 days per episode (Nattel and Dobrev 2016, Dobrev and 

Wehrens 2017). Several factors including structural, electrical, and functional changes in 

atria increase frequency and duration of AF episodes and provide the substrate for AF 

maintenance. These changes, called remodeling, can be the reason for transitioning 

from paroxysmal AF to persistent AF. Although atrial dilation is likely a factor but the 

underlying mechanism of that transition is largely unknown (Goette, Kalman et al. 2016). 



 18 

Multiple re-entry activity and focal ectopic firing are the two primary theories for 

explaining the basic electrophysiological mechanisms of AF (Nattel 2002, Nattel 2003). 

Recent studies suggest abnormal Ca2+-handling plays a critical role in the initiation of 

AF, contributing to re-entry activity, focal ectopic firing, and the remodeling process. The 

initiation of atrial contraction is very similar to the initiation of ventricular cardiomyocyte 

as described above. However, the structural differences between atrial and ventricular 

cardiomyocytes may affect Ca2+- handling properties. For example, atrial 

cardiomyocytes express paucity of t-tubular system, and, therefore, depend on 

sarcolemmal Ca2+ channels for the induction of Ca2+ signaling. As mentioned previously, 

the action potential differences between atrial and ventricular cardiomyocytes are due to 

differences in specific currents (Figure 1-2). For example, atrial cardiomyocytes possess 

the ultra-rapid outward K+ current (IKur) and acetylcholine-activated K+ current (IK,Ach), 

which are absent in ventricular cardiomyocytes (Schram, Pourrier et al. 2002). In brief, 

during the depolarization, Ca2+ influx through voltage-dependent L-type Ca2+ channels 

(LTCC) into the cytosol results in larger Ca2+ release from SR through ryanodine 

receptor (RyR2). The subsequent elevation of cytosolic [Ca2+] level initiates the atrial 

contraction. During diastole, Ca2+ extrusion form cytosol is mediated by SR Ca2+-ATPase 

2a (SERCA2a), NCX, and plasmalemmal Ca2+-ATPase, which brings the [Ca2+] back to 

diastolic levels and causes atrial relaxation. The regulation of the SERCA2a activity in 

atrial cells is mediated by two inhibitory proteins; phospholamban (PLN) and sarcolipin. 

In addition, the phosphorylation of the RyR2, LTCC, and PLN via protein kinase A (PKA) 

and Ca2+/calmodulin-dependent protein kinase II (CaMKII) regulate the Ca2+-handling in 

atrial myocytes. Therefore, abnormal regulation of Ca2+ handling may contribute to 

propensity for reentry and ectopic activity in both paroxysmal and persistent AF (Voigt, 

Nattel et al. 2012, Heijman, Voigt et al. 2014, Voigt, Heijman et al. 2014). 

In some AF patients, the incidence rate of spontaneous SR Ca2+ release during 

diastole is increased, mainly due to RyR2 dysfunction (Dobrev, Voigt et al. 2011), and 

several factors contribute to this proarrhythmogenic incidence. One of the underlying 

molecular mechanisms of SR-Ca2+ leak is the overload of SR Ca2+ due to increased 

SERCA2a activity (Voigt, Heijman et al. 2014). Because of the high atrial rate in AF 

patients, the activity of CaMKII is enhanced, resulting in phosphorylation of PLN and 

inactivation of its inhibitory effect on SERCA2a. Therefore, the SR-Ca2+ uptake via 

SERCA2a is likely to be increased. In addition, the increased activity of CaMKII 
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enhances the CaMKII-dependent RyR2 phosphorylation in atrial cells of AF patients and 

causes the spontaneous SR-Ca2+ release events (Hove-Madsen, Llach et al. 2004, Neef, 

Dybkova et al. 2010). However, some studies have shown that increased RyR2 

expression and activity may contribute to spontaneous SR-Ca2+ release without altering 

the phosphorylation level of RyR2 (Waddell, Lemckert et al. 2011, Beavers, Wang et al. 

2013, Voigt, Heijman et al. 2014). In paroxysmal AF, the expression of inhibitory 

microRNA-106b-25 cluster is reduced, resulting in enhanced expression of RyR2 and 

SR-Ca2+ leak. Therefore, abnormal Ca2+-handling in AF patients contributes to triggered 

activities mediated by after-depolarizations. It has been reported that, due to 

spontaneous SR-Ca2+ release, even in AF patients with normal sinus rhythm have 

increased susceptibility to DAD-mediated triggered activity and formation of focal ectopic 

sources, which promote AF. 

Persistent Ca2+ mishandling and spontaneous SR-Ca2+ leak can trigger Ca2+-

dependent signaling pathways and activate ion channels that promote atrial remodeling 

and progression of AF to more persistent forms (Heijman and Dobrev 2016). One of the 

Ca2+-dependent remodeling pathways, which contributes to atrial remodeling and is 

postulated as an arrhythmogenic substrate for AF is the calcineurin-NFAT pathway 

(Heijman, Voigt et al. 2014). The calcineurin-NFAT signaling pathway is involved in 

downregulating and break-down of CaV1.2 which leads to a reduction of ICa,L and the 

reentry-promoting shortening of APD in AF patients (Christ, Boknik et al. 2004). In 

addition, the expression of inward rectifier K+ current (IK1) is unregulated through Ca2+-

dependent remodeling pathway and contributes to APD shortening and negative resting-

membrane potential, increasing excitability (Pandit, Berenfeld et al. 2005). Another 

channel that has been identified recently and plays a role in AF progression via APD 

shortening and increasing the likelihood of reentry is the small-conductance Ca2+-

dependent K+ channel (SK channel) (Ellinor, Lunetta et al. 2010). In addition, the 

proliferation and transition of fibroblasts to collagen-secreting myofibroblasts contribute 

to atrial fibrosis and impaired electrical conduction via the calcineurin pathway due to 

abnormal Ca2+ regulation, thereby promoting reentry in atrial cells (Heijman, Voigt et al. 

2014). Also, the expression of the connexin40 (atrial-specific gap junction protein) 

decreases in AF via the calcineurin-NFAT pathway, disrupts the cell-cell contacts, 

reduces conduction velocity and therefore promotes reentry (Gemel, Levy et al. 2014, Li, 

Chiang et al. 2014). In summary, decreases in refractoriness, can cause local 
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conduction block, and conduction abnormalities because of Ca2+-dependent remodeling 

which promote and stabilize the reentry and contribute to AF perpetuation. 

1.6. Induced pluripotent stem cell technology 

In 2006 the Yamanaka group published a report in Cell, which described the 

generation of induced pluripotent stem cells (iPSCs) from mouse skin fibroblast cells 

(Takahashi and Yamanaka 2006), which represented a major breakthrough in stem cell 

technology. A year later, the same group generated iPSCs from human fibroblast cells 

and demonstrated that iPSCs had similar characteristics as human embryonic stem cells 

(ESCs) (Takahashi, Tanabe et al. 2007). In 2000, Yamanaka and Takahashi started to 

identify the reprogramming factors that play important roles in the pluripotency of human 

ESCs. Twenty-four transcription factors were selected and delivered into mouse 

fibroblast cells using a retrovirus delivery system. After many infections with different 

combinations of transcription factors and consecutive rounds of elimination of each 

transcription factors, they found the minimal core set of genes. A cocktail of four 

transcription factors including Oct3/4 (Octamer-binding transcription factor-3/4), Sox2 

(Sex determining region Y-box2), Klf4 (Kruppel-like factor-4), and c-Myc are now known 

as the “Yamanaka factors” (Takahashi, Tanabe et al. 2007). Also in 2007, Thomson’s 

group reported the generation of the human iPSCs using a different combination of 

transcription factors including Oct3/4, Sox2, Nanog, and Lin28 (Yu, Vodyanik et al. 

2007). The technology has also been translated to other somatic cell types such as 

stomach and liver cells, adipose and keratinocytes, pancreatic cells, and lymphocytes 

(Aoi, Yae et al. 2008, Maherali, Ahfeldt et al. 2008, Sun, Panetta et al. 2009, Utikal, 

Maherali et al. 2009). Like human ESCs, human iPSCs are capable of self-renewal and 

can differentiate into various cell types representing all three germ layers (endoderm, 

mesoderm, and ectoderm) (Bilic and Izpisua Belmonte 2012). It became clear 

immediately that human iPSC technology could transform stem-cell research by 

circumventing the ethical, political and legal controversies that surround the use of 

human ESCs (hESCs). The remarkable development of human iPSC technology has 

contributed immensely to human disease modeling, regenerative medicine, and drug 

development and screening. Still, this technology has its own challenges. The initial 

reprogramming strategies exhibited low efficiencies (< 1%) and were extremely tedious. 

They depended on either retroviral or lentiviral delivery of the transcription factors, which 
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was associated with chromosomal instability, integration of viral transgenes into the host 

genome, and tumorigenesis (Takahashi and Yamanaka 2006, Takahashi, Tanabe et al. 

2007, Yu, Vodyanik et al. 2007). Advances in the development of reprogramming 

strategies have addressed some of these pitfalls. For instance, non-integrative delivery 

methods such as Sendai virus (Fusaki, Ban et al. 2009, Seki, Yuasa et al. 2012) and 

adenovirus (Stadtfeld, Nagaya et al. 2008) have allayed some of the issues but the 

concerns remain regarding their standard clinical application. In recent years, various 

safer reprogramming methods have developed including use of miRNA (Anokye-Danso, 

Trivedi et al. 2011), small molecules (Huangfu, Maehr et al. 2008), and recombinant 

proteins (Zhou, Wu et al. 2009) but they have not been adopted by many research 

groups due to their inefficiency and low reproducibility. Other factors including donor cell-

type and culture conditions can also influence the efficiency of reprogramming (Aasen, 

Raya et al. 2008, Eminli, Foudi et al. 2009, Yoshida, Takahashi et al. 2009). Therefore, 

besides the hiPSC techniques developed so far, it is crucial to evaluate the pluripotency 

of hiPSC lines by applying different assays such as morphology, expression of 

pluripotency markers, teratoma formation, and in vitro differentiation to demonstrate the 

key ESC-like features. The hiPSC technology and the development of various 

differentiated protocols provide opportunities to generate various cell types including 

neurons, endothelial cells, cardiomyocytes, islet cells, and hematopoietic cells. 

1.6.1. Human induced pluripotent stem cell-derived cardiomyocytes 

Cardiovascular diseases have become a leading cause of death and morbidity 

worldwide and accounting for more than 800,000 deaths per year (Rogers and Velten 

2011). In the last decade, the development of human iPSC technology and 

differentiation of these cells towards cardiac lineage has offered key insights into the 

mechanisms of cardiac diseases. Substantial progress has been made in differentiating 

human iPSCs to cardiomyocytes and ranges from inefficient and aggregation-based 

protocols to precisely defined chemical media. The purpose of all these various 

differentiation protocols is to recapitulate the embryonic development, which leads to 

generating cardiomyocytes from embryonic mesoderm through various signaling 

pathways.  

The traditional cardiac-differentiation protocols were mainly focused on embryoid 

bodies (EBs) to generate spontaneously contracting cardiomyocytes through suspending 
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human iPSCs in high-serum conditions to form the aggregates (Kehat, Kenyagin-

Karsenti et al. 2001). The efficiency of this technique was very low and the yield of 

cardiomyocytes was in the range of 1–5% (Zwi, Caspi et al. 2009). However, this 

protocol was improved and its efficiency was enhanced by adding different small 

molecules to influence the four major pathways in cardiac development including bone 

morphogenetic protein (BMP), transforming growth factor-β (TGFβ)/activin/nodal, Wnt, 

and the fibroblast growth factor (FGF) pathway in a critical time- and dose-dependent 

manner (Ren, Lee et al. 2011, Mummery, Zhang et al. 2012). Despite improvements in 

forced-aggregation and EB suspension methods and generating high yields of 

cardiomyocytes, their complex and time-consuming protocols motivated researchers to 

develop the monolayer-based method. The Matrigel sandwich was one of the first robust 

cardiac-differentiation methods with a high yield of cardiomyocytes through manipulation 

of major cardiac development pathways (Zhang, Klos et al. 2012). The utility of the 

Matrigel sandwich method was limited due the high cost of the Matrigel, which has led to 

the development of a small-molecule method (Laflamme, Chen et al. 2007, Lian, Zhang 

et al. 2013, Burridge, Matsa et al. 2014). This chemically defined monolayer-based 

method depends on temporal modulation of Wnt signaling pathway; enhancing the early 

Wnt signaling and repressing its late signaling (Lian, Zhang et al. 2013, Burridge, Matsa 

et al. 2014). Therefore, to direct cardiac differentiation, the exposure of iPSCs to various 

small molecules and growth factors at specific time points is crucial. Among all four 

major signaling pathways that play important roles in cardiac differentiation and 

development in vivo, it has been shown that the inhibition of Wnt in the mid-

differentiation stage is critical for cardiac induction of hiPSCs (Kattman, Witty et al. 

2011). Despite all the improvements in cardiac-differentiation methods, further 

optimizations are still needed to develop efficient, cost-effective, high yield, simple, and 

convenient protocols.  

1.6.2. Modeling cardiac arrhythmia using human iPSC-CMs 

Developing human iPSC-derived cardiomyocytes (hiPSC-CMs) is a powerful and 

elaborate technique to model the different aspects of cardiac arrhythmias and study their 

underlying functional mechanism in vitro (Moretti, Bellin et al. 2010, Itzhaki, Maizels et al. 

2011, Yazawa, Hsueh et al. 2011). Due to non-structural defects and distinct 

phenotypes, cardiac arrhythmias and channelopathies were among the first to be 
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modeled by hiPSC-CMs, both clinically and in vitro. Among these disorders, familial long 

QT (LQT) syndrome and catecholaminergic polymorphic ventricular tachycardia (CPVT) 

have been the most commonly modeled arrhythmias using hiPSC-CMs (Priori, 

Napolitano et al. 2013). 

Familial LQT syndrome is characterized by prolongation of cardiac action 

potential duration (APD) and the corresponding QT interval on the ECG (Napolitano 

2012). The mutations causing LQT occur in genes that encode either the subunits of ion 

channels or the proteins that regulate the assembly of ion channels. The prolongation of 

action potential due to these mutations can result in developing early 

afterdepolarizations (EAD) and increase the risk of developing serious ventricular 

tachycardias such as torsade des pointes. Moretti and colleagues first demonstrated the 

feasibility of modeling type-1 LQT using patient iPSC-CMs carrying the R190W mutation 

in the KCNQ1 gene (Moretti, Bellin et al. 2010). The KCNQ1 gene encodes the slow 

component of the delayed rectifier potassium current (Iks). Electrophysiological 

recordings of the diseased hiPSC-CMs harboring the R190W mutation showed a 

dramatic reduction in Iks due to a trafficking defect, APD prolongation, and developed 

EADs in response to β-adrenergic stimulation. These results from diseased hiPSC-CMs 

are consistent with the clinical features of LQT1, demonstrating the potential of this 

model to study the complex pathophysiology of channelopathies. Several other groups 

have used patient-specific iPSC-CMs carrying mutations in the KCNH2 gene, which 

causes LQT2 (Itzhaki, Maizels et al. 2011, Matsa, Rajamohan et al. 2011, Lahti, Kujala 

et al. 2012). The KCNH2 gene encodes the channel that conducts the rapid delayed 

rectifier current (Ikr). Characterization of the diseased hiPSC-CMs carrying different 

mutations of the KCNH2 gene (A561T, A614V, and R176W), with each mutations 

corresponding to a different region of the channel, demonstrated APD prolongation and 

decreased Ikr current. The pharmacological challenges including β-adrenergic stimulation 

and Ikr-blocking compound-induced or worsened the EADs (Priori, Napolitano et al. 

2013). In addition, patient-specific iPSC-CMs have been used to characterize the effect 

of a mutation in the CACNA1C gene, which encodes the L-type Ca2+ channel (CaV1.2) 

and causes LQT8 or Timothy syndrome (Splawski, Timothy et al. 2004, Yazawa, Hsueh 

et al. 2011). Timothy syndrome is a multisystem disorder and is caused by a gain-of-

function mutation (e.g., G406R) in the CaV1.2 channel. Such a mutation increases the 

inward Ca2+ current by reducing the voltage-dependent inactivation, leading to APD 
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prolongation. This study demonstrated that the APD is three times longer in diseased 

iPSC-CMs than in control iPSC-CMs, leading to the development of EADs and triggered 

activities. 

HiPSC-CMs have also been used to model CPVT, which is an inherited 

arrhythmogenic disorder (Priori, Napolitano et al. 2002). CPVT patients generally do not 

show any abnormalities in their ECG or heart structure under resting conditions, yet 

emotional or exercise-induced stress may lead to ventricular tachycardia and sudden 

death in young individuals. An autosomal dominant form of CPVT has been linked to 

mutations in RyR2 and calmodulin. The autosomal recessive form of CPVT is associated 

with mutations in cardiac calsequestrin (CASQ2), which is a Ca2+-binding protein of the 

SR (Liu, Colombi et al. 2006, Rizzi, Liu et al. 2008). Various research groups have 

generated hiPSCs from CPVT patients and the characterization of the diseased iPSC-

CMs have shown the spontaneous diastolic Ca2+ release, delayed afterdepolarizations 

(DAD), and a higher tendency of developing arrhythmia under both basal conditions and 

in the presence of β-adrenergic stimulation (Lahat, Pras et al. 2001, Liu, Colombi et al. 

2006, Rizzi, Liu et al. 2008, Fatima, Xu et al. 2011, Novak, Barad et al. 2012). However, 

it is very important to consider that hiPSC-CMs may not be ideal to model diseases such 

as CPVT due to their immature Ca2+-handling properties. The limitations of the hiPSC-

CMs will be discussed later in this chapter. 

1.6.3. Genome editing techniques 

One of the challenges of modeling cardiac diseases using hiPSC-CMs for the 

aforementioned studies was the lack of proper negative controls, which were the hiPSC 

lines derived from the non-affected relatives of the patients. Due to the different genetic 

backgrounds between diseased and control hiPSC-CMs, the physiological differences 

could be affected by unknown genetic modifiers (Saenen, Paulussen et al. 2007, 

Saenen and Vrints 2008). For this reason, genome editing is an essential tool to create 

isogenic-control hiPSCs lines from diseased hiPSCs in order to study cardiac diseases 

in vitro (Hsu, Lander et al. 2014, Kim and Kim 2014). In addition, studies on cardiac 

diseases with rare mutations have been hampered by the limited access to cardiac 

tissue from patients. Yet, specific mutations can be introduced to hiPSCs, by applying 

genome-editing techniques, to generate the diseased hiPSC line. Genome-editing can 

thus be a powerful tool for understanding the mechanisms of cardiac diseases and the 
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associated signaling pathways that contribute to the phenotypes of individual patients 

and to the practice of personalized (sometimes referred to as precision) medicine. There 

are several classical genome-manipulation techniques to target the gene of interest for 

any kind of modification or disruption (Smithies, Gregg et al. 1985). Zinc finger 

nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), clustered 

regularly interspaced short palindromic repeats (CRISPRs), and CRISPR-associated 

(Cas) systems are the most widely used genome-editing techniques (Figure 1-3).
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 Figure 1-3. Schematic illustration of various genome-editing techniques. 

a) Zinc finger nucleases (ZFNs). b) Transcription activator-like effector nucleases (TALENs). c) 
Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9. Adopted from 
(Mahfouz, Piatek et al. 2014).   
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  Zinc finger nucleases (ZFNs): ZFNs are chimeric proteins consisting of highly 

specific DNA-binding domains fused to the nuclease domain of the restriction enzyme 

FokI. Each zinc-finger domain consists of Cys-His2 arrays and binds non-covalently to 3 

to 4 base pairs of DNA sequence. Therefore, the specific arrangement of each domain 

can bind to a unique sequence of the genome. ZFNs are typically designed in pairs, and 

upon binding them to the sequence of interest, the FOKI nuclease domains generate the 

double-strand break (DSB) (Urnov, Rebar et al. 2010). The cell-repairing system uses 

either non-homologous end joining (NHEJ) or homology-directed repair (HDR). NHEJ-

mediated repair can be exploited to introduce insertions or deletions, which can lead to 

frame-shift mutations and generation of the knockout gene. Alternatively, if the cell-

repairing system uses HDR, the exogenous DNA-donor template harboring the desired 

mutation is necessary to precisely alter the genome by introducing a nucleotide 

substitution, either a small insertion, or deletion. The donor template can be introduced 

into the target cells either as a single-stranded DNA oligonucleotide or double-stranded 

DNA vector. Efficacy and specificity of ZFN are the main advantages of this genome-

editing tool, which has been used in academia and industry. However, one of the major 

challenges of using ZFN is the difficulty of assembling ZF domains to bind to the series 

of the nucleotides, which can take months (Cathomen and Keith Joung 2008). It can also 

be expensive to engineer ZFNs with a high success rate to select the region of interest. 

Transcription activator-like effector nucleases (TALENs): TALENs are a recent 

class of proteins for genome editing. One fundamental component of TALENs is the 

transcription activator-like (TAL) effector, a DNA-binding region that is produced by 

Xanthomona pathogenic bacteria. TAL effector is delivered into the host cells by the 

bacterial type-III secretion system. Consequently, the TAL effector can bind to effector-

specific sequences in order to activate transcription (Bogdanove and Voytas 2011). The 

specific DNA-binding domain is determined by 10–30 monomers, with each monomer 

consisting of 30–35 highly conserved amino acids (Boch, Scholze et al. 2009, Cermak, 

Doyle et al. 2011). Each nucleotide in the gene sequence of interest is recognized by the 

amino acids at positions 12 and 13 of each monomer that are referred to as the repeat-

variable di-residue (RVD). The second component of TALENs is the FokI nuclease that 

cleaves the target sequence and generates the DNA DSBs in vivo for genome editing. 

As mentioned above, the cell-repairing system can repair the break via HDR or NHEJ. 
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Unlike NEHJ, which is prone to error and results in insertion and deletion, HDR can 

introduce the precise alteration by using an appropriate donor DNA template. 

TALENs and ZFNs are custom-engineered restriction enzymes (meganucleases) 

that can recognize and bind to a unique genomic sequence. Designing and engineering 

meganucleases is cumbersome, although TALENs seem easier to engineer than ZFNs. 

The other advantage of TALENs over ZFNs is their high specificity in recognizing the 

sequence of interest because of RVD, which can lead to less off-target activity and 

higher gene-target efficacy. 

Clustered regularly interspaced short palindromic repeats (CRISPR/Cas9): the 

genome-editing field has been revolutionized by the CRISPR/Cas9 gene-editing 

technique. The CRISPR/Cas9 technique has been adapted from a bacterial immune 

system and, unlike ZFNs and TALENs, the interaction between RNA and DNA guides 

the CRISPR/Cas9 to recognize the sequence of interest. And designing the RNA is 

easier than engineering the protein. CRISPR/Cas9 nucleases in cells can result in DSB 

by using a 20 base-pair guide RNA (gRNA) that binds to the target sequence and guides 

the Cas9 nuclease to the region of interest. The specific, protospacer adjacent motif 

(PAM) sequence on genomic DNA is 5’-NGG-3’, which is recognized by Cas9 in 

Streptococcus pygones. Cas9 is then guided to the sequence of interest by gRNA and 

cuts the double-stranded DNA 3 base pairs upstream of the PAM sequence. The HNH- 

and RuvC nuclease domains of Cas9 cut the target and non-target strand of the DNA, 

respectively (Richardson, Ray et al. 2016). The single-stranded oligo-donor nucleotide 

(ssODN) is needed to repair the DSB via HDR. To increase the efficiency of HDR in the 

CRISPR/Cas9 genome-editing pathway, designing the optimal length of ssODN that 

targets the right strand of DNA is crucial. 

ZFNs, TALENs, and CRISPR/Cas9 are the three main genome-editing tools that 

have been successfully applied in various species and cell lines, including hiPSCs. 

Nonetheless, CRSIPR/Cas9 has a significant technical advantage over the other 

genome-editing tools, because it is easily adapted to target the genomic sequence of 

interest by designing the 20 base-pair sgRNA. Therefore, due to its high specificity, 

efficacy, and being easy to design, CRISPR/cas9 is the most popular genome-editing 

tool among researchers and opens a new horizon for in vitro disease modeling and drug 

screening. 
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1.6.4. Drug screening using hiPSC-CMs 

The hiPSC-CMs technology has provided a platform for drug screening, 

discovery of novel compounds, and toxicity testing for pharmaceutical drug-

development. In the conventional platforms (e.g. animal models and heterologous 

expression systems), due to lack of available human cardiomyocytes, the drug 

compounds are not tested in relevant human populations until phase II clinical trials, 

which has led to late withdrawal of toxic compounds and costly drug attrition rates. The 

hiPSC-CMs serve as a powerful tool and offer more advantages for drug development 

and drug discovery process over animal models. Due to the different genetic 

backgrounds, protein expression, and physiology, animal models do not necessarily 

recapitulate the human physiology, disease phenotype, and cardiac drug response, 

which increase the pro-arrhythmia risk factors and the prevalence of heart failure. For 

this reason, mandatory cardiac-safety requirements for all compounds were 

implemented by the US Food and Drug Administration (FDA) in 2013 (Pugsley and 

Curtis 2006). The goal of this new paradigm, called the Comprehensive In Vitro 

Proarrhythmia Assay (CiPA), is to evaluate the cardiotoxic effects of the compounds on 

hERG channels. These compounds can prolong the APD and the QT interval, thereby 

providing the proarrhythmogenic substrate to develop EADs, DADs, and arrhythmic 

events. Because the hiPSC-CMs express the important ion channels and retain the 

complexity of the human cardiac action potential, the arrhythmogenicity of the drugs can 

be studied beyond the hERG channels. Moreover, generating hiPSC-CMs from patients 

provides the opportunity to investigate the disease-specific cardiotoxicity of the drugs 

under investigation. Therefore, as a part of the CiPA initiative, hiPSC-CMs have been 

included in nonclinical drug assessments because of their capacity to mirror the cardiac 

physiology and phenotype of many arrhythmia disorders (Sager, Gintant et al. 2014). 

There is also a great need for safety evaluation of anti-cancer drugs, particularly 

the drug family of anthracyclines including daunorubicin, mitoxantron, and doxorubicin, 

which are known to be cardiotoxic. Recent studies have demonstrated that hiPSC-CMs 

are an ideal model to examine the cardiotoxic effects of anti-cancer drugs by altering the 

physiological parameters (e.g., Ca2+ signaling, gene expression, cell viability, 

contractility) (Burridge, Li et al. 2016, Chaudhari, Nemade et al. 2016, Maillet, Tan et al. 

2016, Sharma, Burridge et al. 2017). Doxorubicin is a highly efficacious chemotherapy 

agent for treating a wide range of malignancies in both children and adults. The dose-
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dependent doxorubicin-induced cardiotoxicity (DIC) is well established (Lefrak, Pitha et 

al. 1973), yet the complex underlying mechanisms of DIC are not completely 

understood. It has been shown that at cumulative doses of 200–250 mg/m2 of 

doxorubicin, the incidence of cardiotoxicity and heart failure is 7–8% (Kremer, van der 

Pal et al. 2002, Swain, Whaley et al. 2003). DIC symptoms range from increases in the 

wall stress of the left ventricle (LV), decreased LV ejection fraction, arrhythmias, 

increased cytosolic Ca2+ concentration, and heart failure (Shakir and Rasul 2009, 

Bernstein and Burridge 2014). We investigated the characteristics of DIC in hiPSC-CMs 

with different doses of doxorubicin by simultaneously mapping the voltage and Ca2+ 

transients. It has been demonstrated that doxorubicin alters the electrophysiological 

properties of hiPSC-CMs (Figure 1-4). This project, which is being conducted in 

collaboration with Dr. Liam Brunham’s lab at St. Paul’s Hospital, is currently in progress. 

 
Figure 1-4. Effects of Doxorubicin on voltage and Ca2+ transients on hiPSC-

CMs.  
A) Representative traces of intrinsically beating hiPSC-CMs. B) the response of the same hiPSC-
CMs to 10 µM doxorubicin. Doxorubicin decelerated the intrinsic rate of hiPSC-CMs and led to an 
irregular beat, which can be considered to be arrhythmogenic. (C) and (D) the average APD and 
Ca2+ transients at different doxorubicin concentrations, respectively. 
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1.6.5. Electrophysiology and contractility of human pluripotent stem 
cells-derived cardiomyocytes 

As mentioned above, the cardiac differentiation processes generally result in 

mixed populations (atrial, ventricular, and nodal) of spontaneously beating cells (Moore, 

Fu et al. 2008). The hiPSC-CMs exhibit heterogeneous cell populations with various 

action potential characteristics across different differentiation protocols, cell lines, and 

culture times (Pekkanen-Mattila, Chapman et al. 2010). However, several studies have 

collectively shown that electrophysiological characteristics, beating rate, and 

heterogeneity of the hiPSC-CMs resemble the early embryonic cardiomyocytes 

(Danielsson, Brask et al. 2013). 

The expression of cardiac specific markers including Nkx2.5, myofilament 

proteins, atrial and ventricular isoforms of myosin light chain 2, α-actinin, and ion 

channels have been found in hiPSC-CMs (Zhang, Klos et al. 2012). Transmission 

electron-microscopy analysis has illustrated the immature and disorganized sarcomere 

structure without t-tubules (Novak, Barad et al. 2012). Moreover, the expression of the 

pacemaker genes has been found to vary throughout the differentiation (Ionta, Liang et 

al. 2015). However, the expression level in ventricular-like hiPSC-CMs is similar to SA 

nodal cells, which can explain the spontaneous beating of hiPSC-CMs (Kim, Ku et al. 

2011, Mehta, Chung et al. 2011). The action potential measurement of spontaneously 

beating hiPSC-CMs using the patch-clamp technique showed ~70% of the cells have 

ventricular-like APs. However, atrial- and nodal-like APs were recorded as well (Zhang, 

Wilson et al. 2009). The ventricular APs exhibit rapid AP upstroke, long AP duration 

(APD) with a prominent plateau phase, and a negative diastolic membrane potential. In 

contrast, hiPSC-atrial like cardiomyocytes have a shorter APD and nodal-like cells show 

a slower upstroke velocity, a positive diastolic potential, and phase-4 depolarization 

(Itzhaki, Maizels et al. 2011, Matsa, Rajamohan et al. 2011, Lahti, Kujala et al. 2012). 

The differences in AP phenotypes among different types of hiPSC-CMs and native 

cardiomyocytes are due to the expression of various ion channels. 

Sodium current: the AP upstroke of the cardiomyocytes depends on the cardiac 

sodium current (INa1.5) (Berecki, Wilders et al. 2010). Among other factors such as 

development of gap junctions, the kinetic property of Na+ channels is one of the main 

factors in determining the conduction velocity in hiPSC-CMs. Several studies showed 
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that hiPSC-CMs have lower conduction velocities compared to native cardiac cells (Ma, 

Guo et al. 2011). However, a half-maximal potential of activation and inactivation and INa 

density in hiPSC-CMs are similar to those in the native human cardiac cells (Davis, 

Casini et al. 2012). In addition, Na+-channel blockers have been found to delay the 

upstroke of AP in hiPSC-CMs (Ma, Guo et al. 2011). Thus, the activity of Na+ channels 

in hiPSC-CMs is very close to that in the native human cardiomyocytes, and the slow 

upstroke velocity in hiPSC-CMs is more due to the positive resting-membrane potential 

and the availability of Na+ channels. 

Ca2+ current: Ca2+ currents (ICa), including both T-type (ICa,T) and L-type (ICa,L), 

exists in native cardiac cells (Nerbonne and Kass 2005). The presence of ICa,L was first 

reported in hiPSC-CMs using the patch-clamp techniques. The half-maximal potential of 

activation and inactivation of ICa,L in hiPSC-CMs is very similar to that in the native atrial 

cells (Ma, Guo et al. 2011). Also, the peak value of the ICa,L current density is lower in 

hiPSC-CMs than in the native cardiac cells (Ma, Guo et al. 2011, Yazawa, Hsueh et al. 

2011). The expression of the CACNA1C gene, which encodes the α-subunit of ICa,L, 

(CaV1.2) increases throughout differentiation and results in a higher Ca2+ current density 

in hiPSC-CMs, even though it is still lower than in native cardiomyocytes (Otsuji, Minami 

et al. 2010). ICa,L blockers such as nifedipine shorten the APD and may terminate the 

beating of hiPSC-CMs (Itzhaki, Maizels et al. 2011, Ma, Guo et al. 2011). There is no 

clear evidence for the existence of ICa,T in hiPSC-CMs. However, the mRNA expression 

of the α-subunit of ICa,T, which increases during the differentiation, has been reported in 

hESC-CMs (Mangoni, Couette et al. 2006, Ma, Guo et al. 2011). In addition, the 

accurate measurement of the ICa,T density is not possible due to lack of a specific 

channel blocker (Ivashchenko, Pipes et al. 2013). ICa,T plays a role in depolarization of 

pacemaker cells in the native heart, but it is not functional in healthy native ventricular 

cells. The re-expression of T-type Ca2+ channel in both atrial and ventricular 

cardiomyocytes has been reported in pathological conditions, e.g., heart failure and 

cardiac hypertrophy (Ono and Iijima 2010) and is referred as being part of the fetal gene 

program. 

Potassium current: The K+ transient outward current (Ito) has been found in both 

mammalian cardiac cells and hiPSC-CMs. However, the comparison of Ito properties 

between native cardiac cells and hiPSC-CMs is limited due to depolarized diastolic 

potentials in hiPSC-CMs, in which Ito is largely inactivated (Mummery, Ward-van 
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Oostwaard et al. 2003, Sartiani, Bettiol et al. 2007). However, the mRNA expression of 

the channel Kv4.3 increases over the period of differentiation (Fu, Rushing et al. 2011). 

  The rapid-delayed rectifier K+ current (Ikr) and the expression of its channel 

(HERG) have been demonstrated in several studies (Sartiani, Bettiol et al. 2007, Moretti, 

Bellin et al. 2010, Ma, Guo et al. 2011, Mehta, Chung et al. 2011). Consistent with the 

expression of HERG channel in hiPSC-CMs, blockade of Ikr with dofetilide or E4031 

prolongs the APD, thereby potentially inducing early- and delayed-after depolarization 

and reducing the spontaneous beating rate (Itzhaki, Maizels et al. 2011, Ma, Guo et al. 

2011, Matsa, Rajamohan et al. 2011). The prominent role of Ikr during repolarization and 

its remaining active during phase 4 of repolarization shows the involvement of Ikr in the 

spontaneous activity of hiPSC-CMs and SAN (Kuzmenkin, Liang et al. 2009). The 

studies have shown that the expression level of HERG channel increases in hiPSC-CMs 

during the differentiation period and is consistent across different cell lines and 

differentiation conditions. Therefore, hiPSC-CMs are a valuable screening model for 

potential Ikr blockers (Liu, Laksman et al. 2016). 

The slow-delayed rectifier K+ current (Iks) provides outward current and plays an 

important role in late phase 2, phase 3, and early phase 4 of repolarization. The 

regulation of the channel via the β-adrenergic pathway and phosphorylation via protein 

kinase A (PKA) is critical to shorten the APD at elevated beating rates (Osteen, 

Sampson et al. 2010). A few studies have demonstrated the presence of Iks in hiPSC-

CMs and its expression level is consistent with in vivo development (Zwi, Caspi et al. 

2009, Otsuji, Minami et al. 2010). The functional presence of Iks has been reported in 

hiPSC-CMs by applying chromanol 293B to block Iks, which results in AP prolongation 

(Ma, Guo et al. 2011). 

The inward-rectifier potassium current (Ik1) determines the resting membrane 

potential and contributes to phase 4 of repolarization in atrial and ventricular cells 

(Dhamoon and Jalife 2005). Moreover, the spontaneous beating of cardiomyocytes is 

determined by the level of Ik1 compared to the level of depolarizing currents including If 

and INCX. Therefore, Ik1 plays an important role in the pace-making activity and 

maturation of cardiomyocytes. The very small density of Ik1 in hiPSC-CMs, compared to 

the native cardiomyocytes, may explain the spontaneous beating in these cells. 

However, it has been shown that the expression level of mRNA of the channel and the 
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Ik1 density increase during the differentiation, thereby decreasing spontaneous diastolic 

depolarization in hiPSC-CMs (Magyar, Iost et al. 2000, Sartiani, Bettiol et al. 2007). 

Funny current: The hyperpolarization-activated cyclic nucleotide-gated (HCN) 

channels generate funny current (If), which exhibit a net inward current that activates at 

hyperpolarized membrane potentials. Both Na+ and K+ ions are allowed to pass through 

HCN channels with higher selectivity for K+, however due to higher driving force inward 

INa predominates. SAN cells express different paralogs of HCN channel including HCN1, 

HCN2, and HCN4, resulting in a higher density of If compared to human atrial 

cardiomyocytes (Herrmann, Layh et al. 2011, Fenske, Krause et al. 2013). The firing rate 

of SAN cells is decreased in certain heart diseases and aging, and it has been shown 

that the expression levels of HCN2 and HCN4 are reduced in atrial fibrillation. In 

addition, the expression of If in ventricular cells is upregulated during heart failure, 

potentially resulting in triggered arrhythmias (Hoppe, Jansen et al. 1998, Dias and 

Terracciano 2013). In hiPSC-CMs, the If density is highly variable across cell lines and 

differentiation protocols. The If densities in hiPSC-CMs are smaller in comparison to 

native SAN cells but exhibit relatively higher current densities compared to human 

ventricular cells. Therefore, it can play a role in the spontaneous activity of these cells 

(Verkerk, Wilders et al. 2007, Ma, Guo et al. 2011). 

Sodium-Calcium exchange current: The sodium-calcium exchanger 1 (NCX1) is 

the cardiac paralog, which exchanges one Ca2+ ion for three Na+ ions across the 

membrane. The electrochemical gradients of Ca2+ and Na+ ions and the membrane 

potential determine the direction of the NCX current (INCX) (Blaustein and Lederer 1999). 

Ca2+ ions are extruded from the cells during the normal or forward mode (inward INCX) 

and enter the cells during the reverse mode (outward INCX). During the cardiac action 

potential, the direction of the INCX varies and depends on the changes in the membrane 

potential. During depolarization of human cardiomyocytes, reverse mode NCX may 

contribute to Ca2+ influx whereas during repolarization, the forward mode of NCX plays 

an important role in Ca2+ extrusion (Sipido, Bito et al. 2007). Altered cytosolic 

concentration of Ca2+ and Na+ results in altered INCX, which is the main factor in 

generating early- and delayed after depolarizations. Therefore, uncontrolled changes 

generate triggered electrical activity and cardiac arrhythmia (Weber, Piacentino et al. 

2002, Sipido, Bito et al. 2007). The current and protein expression of NCX have been 

demonstrated in hiPSC-CMs and declines with maturation (Fu, Jiang et al. 2010). 
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Ca2+ handling and excitation-contraction coupling: The hiPSC-CMs exhibit visible 

contraction, which requires the presence and maturation of contractile and structural 

proteins. The expression of contractile proteins including the troponins, tropomyosin, 

myosin heavy chain, α-actinin, and myosin light chain has been demonstrated in hiPSC-

CMs (Kehat, Kenyagin-Karsenti et al. 2001, Binah, Dolnikov et al. 2007, Zwi, Caspi et al. 

2009, Otsuji, Minami et al. 2010). Moreover, several studies have demonstrated the 

main Ca2+-handling proteins including SERCA, RyR2, junctin, NCX, calsequestrin, L-

type Ca2+ channel, and phospholamban are expressed in hiPSC-CMs (Itzhaki, Maizels 

et al. 2011, Lee, Ng et al. 2011). The main mechanism underlying excitation-contraction 

coupling is Ca2+-induced Ca2+ release (CICR). The presence of a functional L-type Ca2+ 

channels, RyR2, and SR in hiPSC-CMs has been demonstrated (Lee, Ng et al. 2011). In 

addition, L-type Ca2+ channel blockers (e.g., nifedipine) have been shown to eliminate 

Ca2+ transients. In addition, ryanodine as a blocker of RyR2 reduces the Ca2+ transient 

amplitude, and the application of caffeine results in a large Ca2+ transient in hiPSC-CMs 

(Piacentino, Weber et al. 2003, Itzhaki, Maizels et al. 2011, Lee, Ng et al. 2011). Despite 

the functional Ca2+ transients in hiPSC-CMs, they exhibit a smaller peak amplitude as 

well as lower rise and decay rates compared to adult cardiomyocytes. The U-shaped 

Ca2+ transient wave with faster rise of Ca2+ in periphery compared to the center of the 

cell suggests the lack of, or immature, t-tubules in hiPSC-CMs. This account is 

consistent with relative poor coupling between Ca2+ influx through L-type channels and 

Ca2+ release from SR through RyR2 (Kehat, Kenyagin-Karsenti et al. 2001, Novak, 

Barad et al. 2012). 

1.6.6. Challenges and Limitations of the human iPSC-CMs model  

It has been shown that the hiPSC-CMs model can recapitulate many of the 

disease phenotypes of patients and has numerous advantages over other models. A 

significant advantage of this model compared to a heterologous system is its complex 

action potential generation due to expression of essential ion channels, which makes it 

possible to study the effect of mutations or different drugs on the cardiac action potential 

and Ca2+ cycling. Moreover, the hiPSC-CMs model can be crucial for understanding the 

disease mechanisms in vitro compared to experimental animal models. For instance, the 

normal range for heart rate in a mouse is between 410-840 bpm compared to 60-100 

bpm in human and the short APD in mice is because of the different type and distribution 
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of ion channels compared to humans (Rai, Sharma et al. 2017). Such differences in 

heart rate and AP morphology influence the interpretation of disease phenotypes. Due to 

its ability to recapitulate the disease phenotype of patients, the hiPSC-CM model can be 

very useful for assessing the arrhythmogenicity of various mutations and cardiotoxicity 

testing of pharmacological and chemotherapy treatments. However, this model is not 

without limitations, with immaturity and heterogeneity being its two major limitations. The 

hiPSC-CMs have an immature electrophysiological phenotype compared to adult 

cardiomyocytes. The slow upstroke of action potential and depolarized resting 

membrane potential (RMP) of hiPSC-CMs are more similar to the fetal cardiomyocytes 

(Davis, van den Berg et al. 2011). Also, the hiPSC-CMs beat spontaneously, which is 

another characteristics of immature cells (Mummery, Ward-van Oostwaard et al. 2003) 

with low expression of Ik1 and a less-negative RMP. In addition, the morphology of 

hiPSC-CMs is closer to fetal cardiomyocytes because of having fewer mitochondria, 

less-organized sarcomeres, and their rounder shape (Lundy, Zhu et al. 2013, Robertson, 

Tran et al. 2013). The hiPSC-CMs show a fetal-like protein expression profile, under-

developed SR and Ca2+-handling properties, and lack of t-tubules, which are all 

consistent with the features of immature cardiomyocytes (Lieu, Liu et al. 2009, Hwang, 

Kryshtal et al. 2015). 

Another concerning issue with hiPSCs and hiPSC-CMs is their heterogeneity and 

purity. During the generation of hiPSCs, the inter-clonal variability is almost unavoidable 

due to various genetic and epigenetic factors, which can influence the efficiency of 

cardiac differentiation process from iPSC lines. Moreover, after differentiation, the 

population of hiPSC-CMs is a mixture of different types of cardiomyocyte cells (e.g. 

atrial, ventricular, and nodal) with varying action-potential characteristics. This issue, 

however, can be overcome with employing different differentiation protocol to generate a 

homogeneous population. For example, the inhibition and activation of the retinoid 

signaling pathway lead to ventricular and atrial differentiation of hiPSC-CMs, respectively 

(Zhang, Jiang et al. 2011). 

Therefore, it is important to interpret with caution the data obtained with the 

hiPSC-CMs model, as several factors play a role in the hiPSC generation and cardiac 

differentiation processes. Despite the immaturity of hiPSC-CMs, which may affect the 

recapitulation of the electrical characteristics of adult and/or diseased cardiomyocytes, 
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the hiPSC-CMs technology provides a unique opportunity for drug testing and modeling 

various cardiovascular diseases.  
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1.7. Objectives of the dissertation 

In this dissertation, the hiPSC-CMs have been used to model the inherited and 

acquired cardiac arrhythmias.  

This dissertation has three aims:  

Aim one: To investigate the cardiotoxic effect of drugs using hPSC-

cardiomyocytes  

Chapter 3: Ibrutinib displays atrial-specific toxicity in human stem-cell derived 

cardiomyocytes 

Aim two: Using hiPSC-CMs as a platform to investigate the mechanism of 

sarcomeric mutations in SUDI cases 

Chapter 4: Arrhythmogenic cardiac thin filament mutations as a potential cause of 

sudden cardiac death in infants: using hiPSC-CMs post-mortem to determine causality 

Aim three: Modeling inherited hypertrophic cardiomyopathy using hiPSC-CMs 

Chapter 5: Modeling familial hypertrophic cardiomyopathy-linked mutant Troponin T 

using hiPSC-derived cardiomyocytes.  



 39 

1.8. References 

Aasen, T., A. Raya, M. J. Barrero, E. Garreta, A. Consiglio, F. Gonzalez, R. Vassena, J. 

Bilic, V. Pekarik, G. Tiscornia, M. Edel, S. Boue and J. C. Izpisua Belmonte (2008). 

"Efficient and rapid generation of induced pluripotent stem cells from human 

keratinocytes." Nat Biotechnol 26(11): 1276-1284. 

Angelini, A., V. Calzolari, G. Thiene, G. M. Boffa, M. Valente, L. Daliento, C. Basso, F. 

Calabrese, R. Razzolini, U. Livi and R. Chioin (1997). "Morphologic spectrum of primary 

restrictive cardiomyopathy." Am J Cardiol 80(8): 1046-1050. 

Anokye-Danso, F., C. M. Trivedi, D. Juhr, M. Gupta, Z. Cui, Y. Tian, Y. Zhang, W. Yang, 

P. J. Gruber, J. A. Epstein and E. E. Morrisey (2011). "Highly efficient miRNA-mediated 

reprogramming of mouse and human somatic cells to pluripotency." Cell Stem Cell 8(4): 

376-388. 

Antoons, G. and K. R. Sipido (2008). "Targeting Ca2+ handling in arrhythmias." 

Europace 10(12): 1364-1369. 

Antzelevitch, C. and A. Burashnikov (2011). "Overview of Basic Mechanisms of Cardiac 

Arrhythmia." Card Electrophysiol Clin 3(1): 23-45. 

Aoi, T., K. Yae, M. Nakagawa, T. Ichisaka, K. Okita, K. Takahashi, T. Chiba and S. 

Yamanaka (2008). "Generation of pluripotent stem cells from adult mouse liver and 

stomach cells." Science 321(5889): 699-702. 

Ashrafian, H., C. Redwood, E. Blair and H. Watkins (2003). "Hypertrophic 

cardiomyopathy:a paradigm for myocardial energy depletion." Trends Genet 19(5): 263-

268. 

Baudenbacher, F., T. Schober, J. R. Pinto, V. Y. Sidorov, F. Hilliard, R. J. Solaro, J. D. 

Potter and B. C. Knollmann (2008). "Myofilament Ca2+ sensitization causes 

susceptibility to cardiac arrhythmia in mice." J Clin Invest 118(12): 3893-3903. 

Beavers, D. L., W. Wang, S. Ather, N. Voigt, A. Garbino, S. S. Dixit, A. P. Landstrom, N. 

Li, Q. Wang, I. Olivotto, D. Dobrev, M. J. Ackerman and X. H. T. Wehrens (2013). 



 40 

"Mutation E169K in junctophilin-2 causes atrial fibrillation due to impaired RyR2 

stabilization." J Am Coll Cardiol 62(21): 2010-2019. 

Benitah, J. P., J. L. Alvarez and A. M. Gomez (2010). "L-type Ca(2+) current in 

ventricular cardiomyocytes." J Mol Cell Cardiol 48(1): 26-36. 

Berecki, G., R. Wilders, B. de Jonge, A. C. van Ginneken and A. O. Verkerk (2010). "Re-

evaluation of the action potential upstroke velocity as a measure of the Na+ current in 

cardiac myocytes at physiological conditions." PLoS One 5(12): e15772. 

Bernstein, D. and P. Burridge (2014). "Patient-Specific Pluripotent Stem Cells in 

Doxorubicin Cardiotoxicity: A New Window Into Personalized Medicine." Prog Pediatr 

Cardiol 37(1-2): 23-27. 

Bers, D. M. (2002). "Cardiac excitation-contraction coupling." Nature 415(6868): 198-

205. 

Bilic, J. and J. C. Izpisua Belmonte (2012). "Concise review: Induced pluripotent stem 

cells versus embryonic stem cells: close enough or yet too far apart?" Stem Cells 30(1): 

33-41. 

Binah, O., K. Dolnikov, O. Sadan, M. Shilkrut, N. Zeevi-Levin, M. Amit, A. Danon and J. 

Itskovitz-Eldor (2007). "Functional and developmental properties of human embryonic 

stem cells-derived cardiomyocytes." J Electrocardiol 40(6 Suppl): S192-196. 

Blaustein, M. P. and W. J. Lederer (1999). "Sodium/Ca2+ exchange: its physiological 

implications." Physiol Rev 79(3): 763-854. 

Boch, J., H. Scholze, S. Schornack, A. Landgraf, S. Hahn, S. Kay, T. Lahaye, A. 

Nickstadt and U. Bonas (2009). "Breaking the code of DNA binding specificity of TAL-

type III effectors." Science 326(5959): 1509-1512. 

Bogdanove, A. J. and D. F. Voytas (2011). "TAL effectors: customizable proteins for 

DNA targeting." Science 333(6051): 1843-1846. 

Bonne, G., L. Carrier, J. Bercovici, C. Cruaud, P. Richard, B. Hainque, M. Gautel, S. 

Labeit, M. James, J. Beckmann, J. Weissenbach, H. P. Vosberg, M. Fiszman, M. 

Komajda and K. Schwartz (1995). "Cardiac myosin binding protein-C gene splice 



 41 

acceptor site mutation is associated with familial hypertrophic cardiomyopathy." Nat 

Genet 11(4): 438-440. 

Brand, F. N., R. D. Abbott, W. B. Kannel and P. A. Wolf (1985). "Characteristics and 

prognosis of lone atrial fibrillation. 30-year follow-up in the Framingham Study." JAMA 

254(24): 3449-3453. 

Brito, D., P. Richard, R. Isnard, J. Pipa, M. Komajda and H. Madeira (2003). "Familial 

hypertrophic cardiomyopathy: the same mutation, different prognosis. Comparison of 

two families with a long follow-up." Rev Port Cardiol 22(12): 1445-1461. 

Burridge, P. W., Y. F. Li, E. Matsa, H. Wu, S. G. Ong, A. Sharma, A. Holmstrom, A. C. 

Chang, M. J. Coronado, A. D. Ebert, J. W. Knowles, M. L. Telli, R. M. Witteles, H. M. 

Blau, D. Bernstein, R. B. Altman and J. C. Wu (2016). "Human induced pluripotent stem 

cell-derived cardiomyocytes recapitulate the predilection of breast cancer patients to 

doxorubicin-induced cardiotoxicity." Nat Med 22(5): 547-556. 

Burridge, P. W., E. Matsa, P. Shukla, Z. C. Lin, J. M. Churko, A. D. Ebert, F. Lan, S. 

Diecke, B. Huber, N. M. Mordwinkin, J. R. Plews, O. J. Abilez, B. Cui, J. D. Gold and J. 

C. Wu (2014). "Chemically defined generation of human cardiomyocytes." Nat Methods 

11(8): 855-860. 

Cathomen, T. and J. Keith Joung (2008). "Zinc-finger Nucleases: The Next Generation 

Emerges." Mol Ther 16(7): 1200-1207. 

Cermak, T., E. L. Doyle, M. Christian, L. Wang, Y. Zhang, C. Schmidt, J. A. Baller, N. V. 

Somia, A. J. Bogdanove and D. F. Voytas (2011). "Efficient design and assembly of 

custom TALEN and other TAL effector-based constructs for DNA targeting." Nucleic 

Acids Res 39(12): e82. 

Charron, P., O. Dubourg, M. Desnos, R. Isnard, A. Hagege, A. Millaire, L. Carrier, G. 

Bonne, F. Tesson, P. Richard, J. B. Bouhour, K. Schwartz and M. Komajda (1997). 

"Diagnostic value of electrocardiography and echocardiography for familial hypertrophic 

cardiomyopathy in a genotyped adult population." Circulation 96(1): 214-219. 

Chaudhari, U., H. Nemade, V. Wagh, J. A. Gaspar, J. K. Ellis, S. P. Srinivasan, D. 

Spitkovski, F. Nguemo, J. Louisse, S. Bremer, J. Hescheler, H. C. Keun, J. G. Hengstler 



 42 

and A. Sachinidis (2016). "Identification of genomic biomarkers for anthracycline-induced 

cardiotoxicity in human iPSC-derived cardiomyocytes: an in vitro repeated exposure 

toxicity approach for safety assessment." Arch Toxicol 90(11): 2763-2777. 

Christ, T., P. Boknik, S. Wohrl, E. Wettwer, E. M. Graf, R. F. Bosch, M. Knaut, W. 

Schmitz, U. Ravens and D. Dobrev (2004). "L-type Ca2+ current downregulation in 

chronic human atrial fibrillation is associated with increased activity of protein 

phosphatases." Circulation 110(17): 2651-2657. 

Chugh, S. S., R. Havmoeller, K. Narayanan, D. Singh, M. Rienstra, E. J. Benjamin, R. F. 

Gillum, Y. H. Kim, J. H. McAnulty, Jr., Z. J. Zheng, M. H. Forouzanfar, M. Naghavi, G. A. 

Mensah, M. Ezzati and C. J. Murray (2014). "Worldwide epidemiology of atrial fibrillation: 

a Global Burden of Disease 2010 Study." Circulation 129(8): 837-847. 

Codd, M. B., D. D. Sugrue, B. J. Gersh and L. J. Melton, 3rd (1989). "Epidemiology of 

idiopathic dilated and hypertrophic cardiomyopathy. A population-based study in 

Olmsted County, Minnesota, 1975-1984." Circulation 80(3): 564-572. 

Comtois, P., J. Kneller and S. Nattel (2005). "Of circles and spirals: bridging the gap 

between the leading circle and spiral wave concepts of cardiac reentry." Europace 7 

Suppl 2: 10-20 

Crocini, C., C. Ferrantini, M. Scardigli, R. Coppini, L. Mazzoni, E. Lazzeri, J. M. Pioner, 

B. Scellini, A. Guo, L. S. Song, P. Yan, L. M. Loew, J. Tardiff, C. Tesi, F. Vanzi, E. 

Cerbai, F. S. Pavone, L. Sacconi and C. Poggesi (2016). "Novel insights on the 

relationship between T-tubular defects and contractile dysfunction in a mouse model of 

hypertrophic cardiomyopathy." J Mol Cell Cardiol 91: 42-51. 

Danielsson, C., J. Brask, A. C. Skold, R. Genead, A. Andersson, U. Andersson, K. 

Stockling, R. Pehrson, K. H. Grinnemo, S. Salari, H. Hellmold, B. Danielsson, C. Sylven 

and F. Elinder (2013). "Exploration of human, rat, and rabbit embryonic cardiomyocytes 

suggests K-channel block as a common teratogenic mechanism." Cardiovasc Res 97(1): 

23-32. 

Davis, R. P., S. Casini, C. W. van den Berg, M. Hoekstra, C. A. Remme, C. Dambrot, D. 

Salvatori, D. W. Oostwaard, A. A. Wilde, C. R. Bezzina, A. O. Verkerk, C. Freund and C. 

L. Mummery (2012). "Cardiomyocytes derived from pluripotent stem cells recapitulate 



 43 

electrophysiological characteristics of an overlap syndrome of cardiac sodium channel 

disease." Circulation 125(25): 3079-3091. 

Davis, R. P., C. W. van den Berg, S. Casini, S. R. Braam and C. L. Mummery (2011). 

"Pluripotent stem cell models of cardiac disease and their implication for drug discovery 

and development." Trends Mol Med 17(9): 475-484. 

Dhamoon, A. S. and J. Jalife (2005). "The inward rectifier current (IK1) controls cardiac 

excitability and is involved in arrhythmogenesis." Heart Rhythm 2(3): 316-324. 

Dias, P. and C. M. Terracciano (2013). "Hyperpolarization-activated cyclic nucleotide-

gated channels and ventricular arrhythmias in heart failure: a novel target for therapy?" J 

Am Heart Assoc 2(3): e000287. 

Dobrev, D., N. Voigt and X. H. Wehrens (2011). "The ryanodine receptor channel as a 

molecular motif in atrial fibrillation: pathophysiological and therapeutic implications." 

Cardiovasc Res 89(4): 734-743. 

Dobrev, D. and X. H. T. Wehrens (2017). "Ca2+-mediated cellular triggered activity in 

atrial fibrillation." J Physiol 595(12): 4001-4008. 

Ellinor, P. T., K. L. Lunetta, N. L. Glazer, A. Pfeufer, A. Alonso, M. K. Chung, M. F. 

Sinner, P. I. de Bakker, M. Mueller, S. A. Lubitz, E. Fox, D. Darbar, N. L. Smith, J. D. 

Smith, R. B. Schnabel, E. Z. Soliman, K. M. Rice, D. R. Van Wagoner, B. M. Beckmann, 

C. van Noord, K. Wang, G. B. Ehret, J. I. Rotter, S. L. Hazen, G. Steinbeck, A. V. Smith, 

L. J. Launer, T. B. Harris, S. Makino, M. Nelis, D. J. Milan, S. Perz, T. Esko, A. Kottgen, 

S. Moebus, C. Newton-Cheh, M. Li, S. Mohlenkamp, T. J. Wang, W. H. Kao, R. S. 

Vasan, M. M. Nothen, C. A. MacRae, B. H. Stricker, A. Hofman, A. G. Uitterlinden, D. 

Levy, E. Boerwinkle, A. Metspalu, E. J. Topol, A. Chakravarti, V. Gudnason, B. M. Psaty, 

D. M. Roden, T. Meitinger, H. E. Wichmann, J. C. Witteman, J. Barnard, D. E. Arking, E. 

J. Benjamin, S. R. Heckbert and S. Kaab (2010). "Common variants in KCNN3 are 

associated with lone atrial fibrillation." Nat Genet 42(3): 240-244. 

Ellinor, P. T., D. M. Yoerger, J. N. Ruskin and C. A. MacRae (2005). "Familial 

aggregation in lone atrial fibrillation." Hum Genet 118(2): 179-184. 



 44 

Elliott, P., B. Andersson, E. Arbustini, Z. Bilinska, F. Cecchi, P. Charron, O. Dubourg, U. 

Kuhl, B. Maisch, W. J. McKenna, L. Monserrat, S. Pankuweit, C. Rapezzi, P. Seferovic, 

L. Tavazzi and A. Keren (2008). "Classification of the cardiomyopathies: a position 

statement from the European Society Of Cardiology Working Group on Myocardial and 

Pericardial Diseases." Eur Heart J 29(2): 270-276. 

Eminli, S., A. Foudi, M. Stadtfeld, N. Maherali, T. Ahfeldt, G. Mostoslavsky, H. Hock and 

K. Hochedlinger (2009). "Differentiation stage determines potential of hematopoietic cells 

for reprogramming into induced pluripotent stem cells." Nat Genet 41(9): 968-976. 

Fananapazir, L. and N. D. Epstein (1994). "Genotype-phenotype correlations in 

hypertrophic cardiomyopathy. Insights provided by comparisons of kindreds with distinct 

and identical beta-myosin heavy chain gene mutations." Circulation 89(1): 22-32. 

Fatima, A., G. Xu, K. Shao, S. Papadopoulos, M. Lehmann, J. J. Arnaiz-Cot, A. O. Rosa, 

F. Nguemo, M. Matzkies, S. Dittmann, S. L. Stone, M. Linke, U. Zechner, V. Beyer, H. C. 

Hennies, S. Rosenkranz, B. Klauke, A. S. Parwani, W. Haverkamp, G. Pfitzer, M. Farr, 

L. Cleemann, M. Morad, H. Milting, J. Hescheler and T. Saric (2011). "In vitro modeling 

of ryanodine receptor 2 dysfunction using human induced pluripotent stem cells." Cell 

Physiol Biochem 28(4): 579-592. 

Fatkin, D., B. K. McConnell, J. O. Mudd, C. Semsarian, I. G. Moskowitz, F. J. Schoen, 

M. Giewat, C. E. Seidman and J. G. Seidman (2000). "An abnormal Ca2+ response in 

mutant sarcomere protein-mediated familial hypertrophic cardiomyopathy." J Clin Invest 

106(11): 1351-1359. 

Fenske, S., S. C. Krause, S. I. Hassan, E. Becirovic, F. Auer, R. Bernard, C. Kupatt, P. 

Lange, T. Ziegler, C. T. Wotjak, H. Zhang, V. Hammelmann, C. Paparizos, M. Biel and 

C. A. Wahl-Schott (2013). "Sick sinus syndrome in HCN1-deficient mice." Circulation 

128(24): 2585-2594. 

Ford, S. J., R. Mamidi, J. Jimenez, J. C. Tardiff and M. Chandra (2012). "Effects of R92 

mutations in mouse cardiac troponin T are influenced by changes in myosin heavy chain 

isoform." J Mol Cell Cardiol 53(4): 542-551. 



 45 

Fox, C. S., H. Parise, R. B. D'Agostino, Sr., D. M. Lloyd-Jones, R. S. Vasan, T. J. Wang, 

D. Levy, P. A. Wolf and E. J. Benjamin (2004). "Parental atrial fibrillation as a risk factor 

for atrial fibrillation in offspring." JAMA 291(23): 2851-2855. 

Frey, N., W. M. Franz, K. Gloeckner, M. Degenhardt, M. Muller, O. Muller, H. Merz and 

H. A. Katus (2000). "Transgenic rat hearts expressing a human cardiac troponin T 

deletion reveal diastolic dysfunction and ventricular arrhythmias." Cardiovasc Res 47(2): 

254-264. 

Fu, J. D., P. Jiang, S. Rushing, J. Liu, N. Chiamvimonvat and R. A. Li (2010). "Na+/Ca2+ 

exchanger is a determinant of excitation-contraction coupling in human embryonic stem 

cell-derived ventricular cardiomyocytes." Stem Cells Dev 19(6): 773-782. 

Fu, J. D., S. N. Rushing, D. K. Lieu, C. W. Chan, C. W. Kong, L. Geng, K. D. Wilson, N. 

Chiamvimonvat, K. R. Boheler, J. C. Wu, G. Keller, R. J. Hajjar and R. A. Li (2011). 

"Distinct roles of microRNA-1 and -499 in ventricular specification and functional 

maturation of human embryonic stem cell-derived cardiomyocytes." PLoS One 6(11): 

e27417. 

Fusaki, N., H. Ban, A. Nishiyama, K. Saeki and M. Hasegawa (2009). "Efficient induction 

of transgene-free human pluripotent stem cells using a vector based on Sendai virus, an 

RNA virus that does not integrate into the host genome." Proc Jpn Acad Ser B Phys Biol 

Sci 85(8): 348-362. 

Gaztanaga, L., F. E. Marchlinski and B. P. Betensky (2012). "Mechanisms of cardiac 

arrhythmias." Rev Esp Cardiol (Engl Ed) 65(2): 174-185. 

Geisterfer-Lowrance, A. A., S. Kass, G. Tanigawa, H. P. Vosberg, W. McKenna, C. E. 

Seidman and J. G. Seidman (1990). "A molecular basis for familial hypertrophic 

cardiomyopathy: a beta cardiac myosin heavy chain gene missense mutation." Cell 

62(5): 999-1006. 

Gemel, J., A. E. Levy, A. R. Simon, K. B. Bennett, X. Ai, S. Akhter and E. C. Beyer 

(2014). "Connexin40 abnormalities and atrial fibrillation in the human heart." J Mol Cell 

Cardiol 76: 159-168. 



 46 

George, A. L., Jr. (2013). "Molecular and genetic basis of sudden cardiac death." J Clin 

Invest 123(1): 75-83. 

Gergely, J. (1998). "Molecular switches in troponin." Adv Exp Med Biol 453: 169-176. 

Go, A. S., E. M. Hylek, K. A. Phillips, Y. Chang, L. E. Henault, J. V. Selby and D. E. 

Singer (2001). "Prevalence of diagnosed atrial fibrillation in adults: national implications 

for rhythm management and stroke prevention: the AnTicoagulation and Risk Factors in 

Atrial Fibrillation (ATRIA) Study." JAMA 285(18): 2370-2375. 

Goette, A., J. M. Kalman, L. Aguinaga, J. Akar, J. A. Cabrera, S. A. Chen, S. S. Chugh, 

D. Corradi, A. D'Avila, D. Dobrev, G. Fenelon, M. Gonzalez, S. N. Hatem, R. Helm, G. 

Hindricks, S. Y. Ho, B. Hoit, J. Jalife, Y. H. Kim, G. Y. Lip, C. S. Ma, G. M. Marcus, K. 

Murray, A. Nogami, P. Sanders, W. Uribe, D. R. Van Wagoner, S. Nattel, K.-H. K. K. K. 

P. J. L. S. M. S. J. H. S. Document Reviewers: Osmar A. Centurion, A. U. Gaurav and S. 

Review coordinator: Alena (2016). "EHRA/HRS/APHRS/SOLAECE expert consensus on 

Atrial cardiomyopathies: Definition, characterisation, and clinical implication." J Arrhythm 

32(4): 247-278. 

Gomes, A. V., G. Guzman, J. Zhao and J. D. Potter (2002). "Cardiac troponin T isoforms 

affect the Ca2+ sensitivity and inhibition of force development. Insights into the role of 

troponin T isoforms in the heart." J Biol Chem 277(38): 35341-35349. 

Gomes, A. V., G. Venkatraman, J. P. Davis, S. B. Tikunova, P. Engel, R. J. Solaro and 

J. D. Potter (2004). "Cardiac troponin T isoforms affect the Ca(2+) sensitivity of force 

development in the presence of slow skeletal troponin I: insights into the role of troponin 

T isoforms in the fetal heart." J Biol Chem 279(48): 49579-49587. 

Haland, T. F., V. M. Almaas, N. E. Hasselberg, J. Saberniak, I. S. Leren, E. Hopp, T. 

Edvardsen and K. H. Haugaa (2016). "Strain echocardiography is related to fibrosis and 

ventricular arrhythmias in hypertrophic cardiomyopathy." Eur Heart J Cardiovasc 

Imaging 17(6): 613-621. 

Heijman, J. and D. Dobrev (2016). "Challenges to the translation of basic science 

findings to atrial fibrillation therapies." Future Cardiol 12(3): 251-254. 



 47 

Heijman, J., N. Voigt, S. Nattel and D. Dobrev (2014). "Cellular and molecular 

electrophysiology of atrial fibrillation initiation, maintenance, and progression." Circ Res 

114(9): 1483-1499. 

Herrmann, S., B. Layh and A. Ludwig (2011). "Novel insights into the distribution of 

cardiac HCN channels: an expression study in the mouse heart." J Mol Cell Cardiol 

51(6): 997-1006. 

Hoppe, U. C., E. Jansen, M. Sudkamp and D. J. Beuckelmann (1998). 

"Hyperpolarization-activated inward current in ventricular myocytes from normal and 

failing human hearts." Circulation 97(1): 55-65. 

Hove-Madsen, L., A. Llach, A. Bayes-Genis, S. Roura, E. Rodriguez Font, A. Aris and J. 

Cinca (2004). "Atrial fibrillation is associated with increased spontaneous Ca2+ release 

from the sarcoplasmic reticulum in human atrial myocytes." Circulation 110(11): 1358-

1363. 

Hsu, P. D., E. S. Lander and F. Zhang (2014). "Development and applications of 

CRISPR-Cas9 for genome engineering." Cell 157(6): 1262-1278. 

Huangfu, D., R. Maehr, W. Guo, A. Eijkelenboom, M. Snitow, A. E. Chen and D. A. 

Melton (2008). "Induction of pluripotent stem cells by defined factors is greatly improved 

by small-molecule compounds." Nat Biotechnol 26(7): 795-797. 

Hwang, H. S., D. O. Kryshtal, T. K. Feaster, V. Sanchez-Freire, J. Zhang, T. J. Kamp, C. 

C. Hong, J. C. Wu and B. C. Knollmann (2015). "Comparable Ca2+ handling of human 

iPSC-derived cardiomyocytes generated by multiple laboratories." J Mol Cell Cardiol 85: 

79-88. 

Ionta, V., W. Liang, E. H. Kim, R. Rafie, A. Giacomello, E. Marban and H. C. Cho (2015). 

"SHOX2 overexpression favors differentiation of embryonic stem cells into cardiac 

pacemaker cells, improving biological pacing ability." Stem Cell Reports 4(1): 129-142. 

Itzhaki, I., L. Maizels, I. Huber, L. Zwi-Dantsis, O. Caspi, A. Winterstern, O. Feldman, A. 

Gepstein, G. Arbel, H. Hammerman, M. Boulos and L. Gepstein (2011). "Modelling the 

long QT syndrome with induced pluripotent stem cells." Nature 471(7337): 225-229. 



 48 

Ivashchenko, C. Y., G. C. Pipes, I. M. Lozinskaya, Z. Lin, X. Xiaoping, S. Needle, E. T. 

Grygielko, E. Hu, J. R. Toomey, J. J. Lepore and R. N. Willette (2013). "Human-induced 

pluripotent stem cell-derived cardiomyocytes exhibit temporal changes in phenotype." 

Am J Physiol Heart Circ Physiol 305(6): H913-922. 

Janse, M. J. and A. L. Wit (1989). "Electrophysiological mechanisms of ventricular 

arrhythmias resulting from myocardial ischemia and infarction." Physiol Rev 69(4): 1049-

1169. 

Kapplinger, J. D., A. P. Landstrom, J. M. Bos, B. A. Salisbury, T. E. Callis and M. J. 

Ackerman (2014). "Distinguishing hypertrophic cardiomyopathy-associated mutations 

from background genetic noise." J Cardiovasc Transl Res 7(3): 347-361. 

Kattman, S. J., A. D. Witty, M. Gagliardi, N. C. Dubois, M. Niapour, A. Hotta, J. Ellis and 

G. Keller (2011). "Stage-specific optimization of activin/nodal and BMP signaling 

promotes cardiac differentiation of mouse and human pluripotent stem cell lines." Cell 

Stem Cell 8(2): 228-240. 

Kehat, I., D. Kenyagin-Karsenti, M. Snir, H. Segev, M. Amit, A. Gepstein, E. Livne, O. 

Binah, J. Itskovitz-Eldor and L. Gepstein (2001). "Human embryonic stem cells can 

differentiate into myocytes with structural and functional properties of cardiomyocytes." J 

Clin Invest 108(3): 407-414. 

Kim, H. and J. S. Kim (2014). "A guide to genome engineering with programmable 

nucleases." Nat Rev Genet 15(5): 321-334. 

Kim, Y. Y., S. Y. Ku, H. C. Liu, H. J. Cho, S. K. Oh, S. Y. Moon and Y. M. Choi (2011). 

"Cryopreservation of human embryonic stem cells derived-cardiomyocytes induced by 

BMP2 in serum-free condition." Reprod Sci 18(3): 252-260. 

Kimura, A., H. Harada, J. E. Park, H. Nishi, M. Satoh, M. Takahashi, S. Hiroi, T. 

Sasaoka, N. Ohbuchi, T. Nakamura, T. Koyanagi, T. H. Hwang, J. A. Choo, K. S. Chung, 

A. Hasegawa, R. Nagai, O. Okazaki, H. Nakamura, M. Matsuzaki, T. Sakamoto, H. 

Toshima, Y. Koga, T. Imaizumi and T. Sasazuki (1997). "Mutations in the cardiac 

troponin I gene associated with hypertrophic cardiomyopathy." Nat Genet 16(4): 379-

382. 



 49 

Klos, M., L. Mundada, I. Banerjee, S. Morgenstern, S. Myers, M. Leone, M. Kleid, T. 

Herron and E. Devaney (2017). "Altered myocyte contractility and Ca2+ homeostasis in 

alpha-myosin heavy chain point mutations linked to familial dilated cardiomyopathy." 

Arch Biochem Biophys 615: 53-60. 

Knollmann, B. C., P. Kirchhof, S. G. Sirenko, H. Degen, A. E. Greene, T. Schober, J. C. 

Mackow, L. Fabritz, J. D. Potter and M. Morad (2003). "Familial hypertrophic 

cardiomyopathy-linked mutant troponin T causes stress-induced ventricular tachycardia 

and Ca2+-dependent action potential remodeling." Circ Res 92(4): 428-436. 

Knollmann, B. C. and J. D. Potter (2001). "Altered regulation of cardiac muscle 

contraction by troponin T mutations that cause familial hypertrophic cardiomyopathy." 

Trends Cardiovasc Med 11(5): 206-212. 

Knollmann, B. C. and D. M. Roden (2008). "A genetic framework for improving 

arrhythmia therapy." Nature 451(7181): 929-936. 

Kozlowski, D., S. Budrejko, G. Y. Lip, J. Rysz, D. P. Mikhailidis, G. Raczak and M. 

Banach (2010). "Lone atrial fibrillation: what do we know?" Heart 96(7): 498-503. 

Kremer, L. C., H. J. van der Pal, M. Offringa, E. C. van Dalen and P. A. Voute (2002). 

"Frequency and risk factors of subclinical cardiotoxicity after anthracycline therapy in 

children: a systematic review." Ann Oncol 13(6): 819-829. 

Kushwaha, S. S., J. T. Fallon and V. Fuster (1997). "Restrictive cardiomyopathy." N Engl 

J Med 336(4): 267-276. 

Kuzmenkin, A., H. Liang, G. Xu, K. Pfannkuche, H. Eichhorn, A. Fatima, H. Luo, T. 

Saric, M. Wernig, R. Jaenisch and J. Hescheler (2009). "Functional characterization of 

cardiomyocytes derived from murine induced pluripotent stem cells in vitro." FASEB J 

23(12): 4168-4180. 

Laflamme, M. A., K. Y. Chen, A. V. Naumova, V. Muskheli, J. A. Fugate, S. K. Dupras, 

H. Reinecke, C. Xu, M. Hassanipour, S. Police, C. O'Sullivan, L. Collins, Y. Chen, E. 

Minami, E. A. Gill, S. Ueno, C. Yuan, J. Gold and C. E. Murry (2007). "Cardiomyocytes 

derived from human embryonic stem cells in pro-survival factors enhance function of 

infarcted rat hearts." Nat Biotechnol 25(9): 1015-1024. 



 50 

Lahat, H., E. Pras, T. Olender, N. Avidan, E. Ben-Asher, O. Man, E. Levy-Nissenbaum, 

A. Khoury, A. Lorber, B. Goldman, D. Lancet and M. Eldar (2001). "A missense mutation 

in a highly conserved region of CASQ2 is associated with autosomal recessive 

catecholamine-induced polymorphic ventricular tachycardia in Bedouin families from 

Israel." Am J Hum Genet 69(6): 1378-1384. 

Lahti, A. L., V. J. Kujala, H. Chapman, A. P. Koivisto, M. Pekkanen-Mattila, E. Kerkela, J. 

Hyttinen, K. Kontula, H. Swan, B. R. Conklin, S. Yamanaka, O. Silvennoinen and K. 

Aalto-Setala (2012). "Model for long QT syndrome type 2 using human iPS cells 

demonstrates arrhythmogenic characteristics in cell culture." Dis Model Mech 5(2): 220-

230. 

Landstrom, A. P., D. Dobrev and X. H. T. Wehrens (2017). "Ca2+ Signaling and Cardiac 

Arrhythmias." Circ Res 120(12): 1969-1993. 

Lee, Y. K., K. M. Ng, W. H. Lai, Y. C. Chan, Y. M. Lau, Q. Lian, H. F. Tse and C. W. Siu 

(2011). "Ca2+ homeostasis in human induced pluripotent stem cell-derived 

cardiomyocytes." Stem Cell Rev 7(4): 976-986. 

Leenhardt, A., V. Lucet, I. Denjoy, F. Grau, D. D. Ngoc and P. Coumel (1995). 

"Catecholaminergic polymorphic ventricular tachycardia in children. A 7-year follow-up of 

21 patients." Circulation 91(5): 1512-1519. 

Lefrak, E. A., J. Pitha, S. Rosenheim and J. A. Gottlieb (1973). "A clinicopathologic 

analysis of adriamycin cardiotoxicity." Cancer 32(2): 302-314. 

Li, N., D. Y. Chiang, S. Wang, Q. Wang, L. Sun, N. Voigt, J. L. Respress, S. Ather, D. G. 

Skapura, V. K. Jordan, F. T. Horrigan, W. Schmitz, F. U. Muller, M. Valderrabano, S. 

Nattel, D. Dobrev and X. H. T. Wehrens (2014). "Ryanodine receptor-mediated Ca2+ 

leak drives progressive development of an atrial fibrillation substrate in a transgenic 

mouse model." Circulation 129(12): 1276-1285. 

Lian, X., J. Zhang, S. M. Azarin, K. Zhu, L. B. Hazeltine, X. Bao, C. Hsiao, T. J. Kamp 

and S. P. Palecek (2013). "Directed cardiomyocyte differentiation from human 

pluripotent stem cells by modulating Wnt/beta-catenin signaling under fully defined 

conditions." Nat Protoc 8(1): 162-175. 



 51 

Lieu, D. K., J. Liu, C. W. Siu, G. P. McNerney, H. F. Tse, A. Abu-Khalil, T. Huser and R. 

A. Li (2009). "Absence of transverse tubules contributes to non-uniform Ca(2+) 

wavefronts in mouse and human embryonic stem cell-derived cardiomyocytes." Stem 

Cells Dev 18(10): 1493-1500. 

Liu, J., Z. Laksman and P. H. Backx (2016). "The electrophysiological development of 

cardiomyocytes." Adv Drug Deliv Rev 96: 253-273. 

Liu, N., B. Colombi, M. Memmi, S. Zissimopoulos, N. Rizzi, S. Negri, M. Imbriani, C. 

Napolitano, F. A. Lai and S. G. Priori (2006). "Arrhythmogenesis in catecholaminergic 

polymorphic ventricular tachycardia: insights from a RyR2 R4496C knock-in mouse 

model." Circ Res 99(3): 292-298. 

Lundy, S. D., W. Z. Zhu, M. Regnier and M. A. Laflamme (2013). "Structural and 

functional maturation of cardiomyocytes derived from human pluripotent stem cells." 

Stem Cells Dev 22(14): 1991-2002. 

Ma, J., L. Guo, S. J. Fiene, B. D. Anson, J. A. Thomson, T. J. Kamp, K. L. Kolaja, B. J. 

Swanson and C. T. January (2011). "High purity human-induced pluripotent stem cell-

derived cardiomyocytes: electrophysiological properties of action potentials and ionic 

currents." Am J Physiol Heart Circ Physiol 301(5): H2006-2017. 

Magyar, J., N. Iost, A. Kortvely, T. Banyasz, L. Virag, P. Szigligeti, A. Varro, M. 

Opincariu, J. Szecsi, J. G. Papp and P. P. Nanasi (2000). "Effects of endothelin-1 on 

Ca2+ and potassium currents in undiseased human ventricular myocytes." Pflugers Arch 

441(1): 144-149. 

Maherali, N., T. Ahfeldt, A. Rigamonti, J. Utikal, C. Cowan and K. Hochedlinger (2008). 

"A high-efficiency system for the generation and study of human induced pluripotent 

stem cells." Cell Stem Cell 3(3): 340-345. 

Mahfouz, M. M., A. Piatek and C. N. Stewart, Jr. (2014). "Genome engineering via 

TALENs and CRISPR/Cas9 systems: challenges and perspectives." Plant Biotechnol J 

12(8): 1006-1014. 

Maillet, A., K. Tan, X. Chai, S. N. Sadananda, A. Mehta, J. Ooi, M. R. Hayden, M. A. 

Pouladi, S. Ghosh, W. Shim and L. R. Brunham (2016). "Modeling Doxorubicin-Induced 



 52 

Cardiotoxicity in Human Pluripotent Stem Cell Derived-Cardiomyocytes." Sci Rep 6: 

25333. 

Mangoni, M. E., B. Couette, L. Marger, E. Bourinet, J. Striessnig and J. Nargeot (2006). 

"Voltage-dependent Ca2+ channels and cardiac pacemaker activity: from ionic currents 

to genes." Prog Biophys Mol Biol 90(1-3): 38-63. 

Marcus, G. M., L. M. Smith, E. Vittinghoff, Z. H. Tseng, N. Badhwar, B. K. Lee, R. J. Lee, 

M. M. Scheinman and J. E. Olgin (2008). "A first-degree family history in lone atrial 

fibrillation patients." Heart Rhythm 5(6): 826-830. 

Marian, A. J. and E. Braunwald (2017). "Hypertrophic Cardiomyopathy: Genetics, 

Pathogenesis, Clinical Manifestations, Diagnosis, and Therapy." Circ Res 121(7): 749-

770. 

Maron, B. J., S. A. Casey and A. K. Almquist (1999). "Aborted sudden cardiac death in 

hypertrophic cardiomyopathy." J Cardiovasc Electrophysiol 10(2): 263. 

Maron, B. J., B. W. Gross and S. I. Stark (1995). "Images in cardiovascular medicine. 

Extreme left ventricular hypertrophy." Circulation 92(9): 2748. 

Maron, B. J., T. S. Haas, K. M. Shannon, A. K. Almquist and J. S. Hodges (2009). "Long-

term survival after cardiac arrest in hypertrophic cardiomyopathy." Heart Rhythm 6(7): 

993-997. 

Maron, B. J., J. A. Towbin, G. Thiene, C. Antzelevitch, D. Corrado, D. Arnett, A. J. Moss, 

C. E. Seidman, J. B. Young, A. American Heart, H. F. Council on Clinical Cardiology, C. 

Transplantation, C. Quality of, R. Outcomes, G. Functional, G. Translational Biology 

Interdisciplinary Working, E. Council on and Prevention (2006). "Contemporary 

definitions and classification of the cardiomyopathies: an American Heart Association 

Scientific Statement from the Council on Clinical Cardiology, Heart Failure and 

Transplantation Committee; Quality of Care and Outcomes Research and Functional 

Genomics and Translational Biology Interdisciplinary Working Groups; and Council on 

Epidemiology and Prevention." Circulation 113(14): 1807-1816. 



 53 

Matsa, E., D. Rajamohan, E. Dick, L. Young, I. Mellor, A. Staniforth and C. Denning 

(2011). "Drug evaluation in cardiomyocytes derived from human induced pluripotent 

stem cells carrying a long QT syndrome type 2 mutation." Eur Heart J 32(8): 952-962. 

McCauley, M. D. and X. H. Wehrens (2009). "Animal models of arrhythmogenic 

cardiomyopathy." Dis Model Mech 2(11-12): 563-570. 

Mehta, A., Y. Y. Chung, A. Ng, F. Iskandar, S. Atan, H. Wei, G. Dusting, W. Sun, P. 

Wong and W. Shim (2011). "Pharmacological response of human cardiomyocytes 

derived from virus-free induced pluripotent stem cells." Cardiovasc Res 91(4): 577-586. 

Menon, S. C., V. V. Michels, P. A. Pellikka, J. D. Ballew, M. L. Karst, K. J. Herron, S. M. 

Nelson, R. J. Rodeheffer and T. M. Olson (2008). "Cardiac troponin T mutation in familial 

cardiomyopathy with variable remodeling and restrictive physiology." Clin Genet 74(5): 

445-454. 

Messer, A. E., C. R. Bayliss, M. El-Mezgueldi, C. S. Redwood, D. G. Ward, M. C. Leung, 

M. Papadaki, C. Dos Remedios and S. B. Marston (2016). "Mutations in troponin T 

associated with Hypertrophic Cardiomyopathy increase Ca(2+)-sensitivity and suppress 

the modulation of Ca(2+)-sensitivity by troponin I phosphorylation." Arch Biochem 

Biophys 601: 113-120. 

Miller, T., D. Szczesna, P. R. Housmans, J. Zhao, F. de Freitas, A. V. Gomes, L. 

Culbreath, J. McCue, Y. Wang, Y. Xu, W. G. Kerrick and J. D. Potter (2001). "Abnormal 

contractile function in transgenic mice expressing a familial hypertrophic 

cardiomyopathy-linked troponin T (I79N) mutation." J Biol Chem 276(6): 3743-3755. 

Moolman, J. C., V. A. Corfield, B. Posen, K. Ngumbela, C. Seidman, P. A. Brink and H. 

Watkins (1997). "Sudden death due to troponin T mutations." J Am Coll Cardiol 29(3): 

549-555. 

Moore, J. C., J. Fu, Y. C. Chan, D. Lin, H. Tran, H. F. Tse and R. A. Li (2008). "Distinct 

cardiogenic preferences of two human embryonic stem cell (hESC) lines are imprinted in 

their proteomes in the pluripotent state." Biochem Biophys Res Commun 372(4): 553-

558. 



 54 

Moretti, A., M. Bellin, A. Welling, C. B. Jung, J. T. Lam, L. Bott-Flugel, T. Dorn, A. 

Goedel, C. Hohnke, F. Hofmann, M. Seyfarth, D. Sinnecker, A. Schomig and K. L. 

Laugwitz (2010). "Patient-specific induced pluripotent stem-cell models for long-QT 

syndrome." N Engl J Med 363(15): 1397-1409. 

Mummery, C., D. Ward-van Oostwaard, P. Doevendans, R. Spijker, S. van den Brink, R. 

Hassink, M. van der Heyden, T. Opthof, M. Pera, A. B. de la Riviere, R. Passier and L. 

Tertoolen (2003). "Differentiation of human embryonic stem cells to cardiomyocytes: role 

of coculture with visceral endoderm-like cells." Circulation 107(21): 2733-2740. 

Mummery, C. L., J. Zhang, E. S. Ng, D. A. Elliott, A. G. Elefanty and T. J. Kamp (2012). 

"Differentiation of human embryonic stem cells and induced pluripotent stem cells to 

cardiomyocytes: a methods overview." Circ Res 111(3): 344-358. 

Napolitano, C. (2012). "Genetic testing of inherited arrhythmias." Pediatr Cardiol 33(6): 

980-987. 

Nattel, S. (2002). "New ideas about atrial fibrillation 50 years on." Nature 415(6868): 

219-226. 

Nattel, S. (2003). "Atrial electrophysiology and mechanisms of atrial fibrillation." J 

Cardiovasc Pharmacol Ther 8 Suppl 1: S5-11. 

Nattel, S. and D. Dobrev (2016). "Electrophysiological and molecular mechanisms of 

paroxysmal atrial fibrillation." Nat Rev Cardiol 13(10): 575-590. 

Neef, S., N. Dybkova, S. Sossalla, K. R. Ort, N. Fluschnik, K. Neumann, R. Seipelt, F. A. 

Schondube, G. Hasenfuss and L. S. Maier (2010). "CaMKII-dependent diastolic SR 

Ca2+ leak and elevated diastolic Ca2+ levels in right atrial myocardium of patients with 

atrial fibrillation." Circ Res 106(6): 1134-1144. 

Nerbonne, J. M. and R. S. Kass (2005). "Molecular physiology of cardiac repolarization." 

Physiol Rev 85(4): 1205-1253. 

Niimura, H., L. L. Bachinski, S. Sangwatanaroj, H. Watkins, A. E. Chudley, W. McKenna, 

A. Kristinsson, R. Roberts, M. Sole, B. J. Maron, J. G. Seidman and C. E. Seidman 



 55 

(1998). "Mutations in the gene for cardiac myosin-binding protein C and late-onset 

familial hypertrophic cardiomyopathy." N Engl J Med 338(18): 1248-1257. 

Noble, D., S. J. Noble, G. C. Bett, Y. E. Earm, W. K. Ho and I. K. So (1991). "The role of 

sodium-Ca2+ exchange during the cardiac action potential." Ann N Y Acad Sci 639: 334-

353. 

Novak, A., L. Barad, N. Zeevi-Levin, R. Shick, R. Shtrichman, A. Lorber, J. Itskovitz-

Eldor and O. Binah (2012). "Cardiomyocytes generated from CPVTD307H patients are 

arrhythmogenic in response to beta-adrenergic stimulation." J Cell Mol Med 16(3): 468-

482. 

Ono, K. and T. Iijima (2010). "Cardiac T-type Ca(2+) channels in the heart." J Mol Cell 

Cardiol 48(1): 65-70. 

Osteen, J. D., K. J. Sampson and R. S. Kass (2010). "The cardiac IKs channel, complex 

indeed." Proc Natl Acad Sci U S A 107(44): 18751-18752. 

Otsuji, T. G., I. Minami, Y. Kurose, K. Yamauchi, M. Tada and N. Nakatsuji (2010). 

"Progressive maturation in contracting cardiomyocytes derived from human embryonic 

stem cells: Qualitative effects on electrophysiological responses to drugs." Stem Cell 

Res 4(3): 201-213. 

Oyen, N., M. F. Ranthe, L. Carstensen, H. A. Boyd, M. S. Olesen, S. P. Olesen, J. 

Wohlfahrt and M. Melbye (2012). "Familial aggregation of lone atrial fibrillation in young 

persons." J Am Coll Cardiol 60(10): 917-921. 

Pandit, S. V., O. Berenfeld, J. M. Anumonwo, R. M. Zaritski, J. Kneller, S. Nattel and J. 

Jalife (2005). "Ionic determinants of functional reentry in a 2-D model of human atrial 

cells during simulated chronic atrial fibrillation." Biophys J 88(6): 3806-3821. 

Pandit, S. V. and J. Jalife (2013). "Rotors and the dynamics of cardiac fibrillation." Circ 

Res 112(5): 849-862. 

Pare, J. A., R. G. Fraser, W. J. Pirozynski, J. A. Shanks and D. Stubington (1961). 

"Hereditary cardiovascular dysplasia. A form of familial cardiomyopathy." Am J Med 31: 

37-62. 



 56 

Pekkanen-Mattila, M., H. Chapman, E. Kerkela, R. Suuronen, H. Skottman, A. P. 

Koivisto and K. Aalto-Setala (2010). "Human embryonic stem cell-derived 

cardiomyocytes: demonstration of a portion of cardiac cells with fairly mature electrical 

phenotype." Exp Biol Med (Maywood) 235(4): 522-530. 

Piacentino, V., 3rd, C. R. Weber, X. Chen, J. Weisser-Thomas, K. B. Margulies, D. M. 

Bers and S. R. Houser (2003). "Cellular basis of abnormal Ca2+ transients of failing 

human ventricular myocytes." Circ Res 92(6): 651-658. 

Priori, S. G., C. Napolitano, E. Di Pasquale and G. Condorelli (2013). "Induced 

pluripotent stem cell-derived cardiomyocytes in studies of inherited arrhythmias." J Clin 

Invest 123(1): 84-91. 

Priori, S. G., C. Napolitano, M. Memmi, B. Colombi, F. Drago, M. Gasparini, L. 

DeSimone, F. Coltorti, R. Bloise, R. Keegan, F. E. Cruz Filho, G. Vignati, A. Benatar and 

A. DeLogu (2002). "Clinical and molecular characterization of patients with 

catecholaminergic polymorphic ventricular tachycardia." Circulation 106(1): 69-74. 

Pugsley, M. K. and M. J. Curtis (2006). "Safety pharmacology in focus: new methods 

developed in the light of the ICH S7B guidance document." J Pharmacol Toxicol 

Methods 54(2): 94-98. 

Rai, V., P. Sharma, S. Agrawal and D. K. Agrawal (2017). "Relevance of mouse models 

of cardiac fibrosis and hypertrophy in cardiac research." Mol Cell Biochem 424(1-2): 

123-145. 

Rammos, A., V. Meladinis, G. Vovas and D. Patsouras (2017). "Restrictive 

Cardiomyopathies: The Importance of Noninvasive Cardiac Imaging Modalities in 

Diagnosis and Treatment-A Systematic Review." Radiol Res Pract 2017: 2874902. 

Ren, Y., M. Y. Lee, S. Schliffke, J. Paavola, P. J. Amos, X. Ge, M. Ye, S. Zhu, G. 

Senyei, L. Lum, B. E. Ehrlich and Y. Qyang (2011). "Small molecule Wnt inhibitors 

enhance the efficiency of BMP-4-directed cardiac differentiation of human pluripotent 

stem cells." J Mol Cell Cardiol 51(3): 280-287. 



 57 

Richardson, C. D., G. J. Ray, M. A. DeWitt, G. L. Curie and J. E. Corn (2016). 

"Enhancing homology-directed genome editing by catalytically active and inactive 

CRISPR-Cas9 using asymmetric donor DNA." Nat Biotechnol 34(3): 339-344. 

Rizzi, N., N. Liu, C. Napolitano, A. Nori, F. Turcato, B. Colombi, S. Bicciato, D. Arcelli, A. 

Spedito, M. Scelsi, L. Villani, G. Esposito, S. Boncompagni, F. Protasi, P. Volpe and S. 

G. Priori (2008). "Unexpected structural and functional consequences of the R33Q 

homozygous mutation in cardiac calsequestrin: a complex arrhythmogenic cascade in a 

knock in mouse model." Circ Res 103(3): 298-306. 

Robertson, C., D. D. Tran and S. C. George (2013). "Concise review: maturation phases 

of human pluripotent stem cell-derived cardiomyocytes." Stem Cells 31(5): 829-837. 

Rogers, L. K. and M. Velten (2011). "Maternal inflammation, growth retardation, and 

preterm birth: insights into adult cardiovascular disease." Life Sci 89(13-14): 417-421. 

Rowe, G. C., A. Asimaki, E. L. Graham, K. D. Martin, K. B. Margulies, S. Das, J. Saffitz 

and Z. Arany (2017). "Development of dilated cardiomyopathy and impaired Ca2+ 

homeostasis with cardiac-specific deletion of ESRRbeta." Am J Physiol Heart Circ 

Physiol 312(4): H662-H671. 

Saenen, J. B., A. D. Paulussen, R. J. Jongbloed, C. L. Marcelis, R. A. Gilissen, J. 

Aerssens, D. J. Snyders and A. L. Raes (2007). "A single hERG mutation underlying a 

spectrum of acquired and congenital long QT syndrome phenotypes." J Mol Cell Cardiol 

43(1): 63-72. 

Saenen, J. B. and C. J. Vrints (2008). "Molecular aspects of the congenital and acquired 

Long QT Syndrome: clinical implications." J Mol Cell Cardiol 44(4): 633-646. 

Sager, P. T., G. Gintant, J. R. Turner, S. Pettit and N. Stockbridge (2014). 

"Rechanneling the cardiac proarrhythmia safety paradigm: a meeting report from the 

Cardiac Safety Research Consortium." Am Heart J 167(3): 292-300. 

Sartiani, L., E. Bettiol, F. Stillitano, A. Mugelli, E. Cerbai and M. E. Jaconi (2007). 

"Developmental changes in cardiomyocytes differentiated from human embryonic stem 

cells: a molecular and electrophysiological approach." Stem Cells 25(5): 1136-1144. 



 58 

Schober, T., S. Huke, R. Venkataraman, O. Gryshchenko, D. Kryshtal, H. S. Hwang, F. 

J. Baudenbacher and B. C. Knollmann (2012). "Myofilament Ca sensitization increases 

cytosolic Ca binding affinity, alters intracellular Ca homeostasis, and causes pause-

dependent Ca-triggered arrhythmia." Circ Res 111(2): 170-179. 

Schram, G., M. Pourrier, P. Melnyk and S. Nattel (2002). "Differential distribution of 

cardiac ion channel expression as a basis for regional specialization in electrical 

function." Circ Res 90(9): 939-950. 

Seki, T., S. Yuasa and K. Fukuda (2012). "Generation of induced pluripotent stem cells 

from a small amount of human peripheral blood using a combination of activated T cells 

and Sendai virus." Nat Protoc 7(4): 718-728. 

Seki, T., S. Yuasa, M. Oda, T. Egashira, K. Yae, D. Kusumoto, H. Nakata, S. Tohyama, 

H. Hashimoto, M. Kodaira, Y. Okada, H. Seimiya, N. Fusaki, M. Hasegawa and K. 

Fukuda (2010). "Generation of induced pluripotent stem cells from human terminally 

differentiated circulating T cells." Cell Stem Cell 7(1): 11-14. 

Shakir, D. K. and K. I. Rasul (2009). "Chemotherapy induced cardiomyopathy: 

pathogenesis, monitoring and management." J Clin Med Res 1(1): 8-12. 

Sharma, A., P. W. Burridge, W. L. McKeithan, R. Serrano, P. Shukla, N. Sayed, J. M. 

Churko, T. Kitani, H. Wu, A. Holmstrom, E. Matsa, Y. Zhang, A. Kumar, A. C. Fan, J. C. 

Del Alamo, S. M. Wu, J. J. Moslehi, M. Mercola and J. C. Wu (2017). "High-throughput 

screening of tyrosine kinase inhibitor cardiotoxicity with human induced pluripotent stem 

cells." Sci Transl Med 9(377). 

Shiozaki, A. A., T. Senra, E. Arteaga, M. Martinelli Filho, C. G. Pita, L. F. Avila, J. R. 

Parga Filho, C. Mady, R. Kalil-Filho, D. A. Bluemke and C. E. Rochitte (2013). 

"Myocardial fibrosis detected by cardiac CT predicts ventricular fibrillation/ventricular 

tachycardia events in patients with hypertrophic cardiomyopathy." J Cardiovasc Comput 

Tomogr 7(3): 173-181. 

Sipido, K. R., V. Bito, G. Antoons, P. G. Volders and M. A. Vos (2007). "Na/Ca exchange 

and cardiac ventricular arrhythmias." Ann N Y Acad Sci 1099: 339-348. 



 59 

Smithies, O., R. G. Gregg, S. S. Boggs, M. A. Koralewski and R. S. Kucherlapati (1985). 

"Insertion of DNA sequences into the human chromosomal beta-globin locus by 

homologous recombination." Nature 317(6034): 230-234. 

Splawski, I., K. W. Timothy, L. M. Sharpe, N. Decher, P. Kumar, R. Bloise, C. 

Napolitano, P. J. Schwartz, R. M. Joseph, K. Condouris, H. Tager-Flusberg, S. G. Priori, 

M. C. Sanguinetti and M. T. Keating (2004). "Ca(V)1.2 Ca2+ channel dysfunction causes 

a multisystem disorder including arrhythmia and autism." Cell 119(1): 19-31. 

Stadtfeld, M., M. Nagaya, J. Utikal, G. Weir and K. Hochedlinger (2008). "Induced 

pluripotent stem cells generated without viral integration." Science 322(5903): 945-949. 

Sun, N., N. J. Panetta, D. M. Gupta, K. D. Wilson, A. Lee, F. Jia, S. Hu, A. M. Cherry, R. 

C. Robbins, M. T. Longaker and J. C. Wu (2009). "Feeder-free derivation of induced 

pluripotent stem cells from adult human adipose stem cells." Proc Natl Acad Sci U S A 

106(37): 15720-15725. 

Sung, R. J., S. N. Wu, J. S. Wu, H. D. Chang and C. H. Luo (2006). "Electrophysiological 

mechanisms of ventricular arrhythmias in relation to Andersen-Tawil syndrome under 

conditions of reduced IK1: a simulation study." Am J Physiol Heart Circ Physiol 291(6): 

H2597-2605. 

Swain, S. M., F. S. Whaley and M. S. Ewer (2003). "Congestive heart failure in patients 

treated with doxorubicin: a retrospective analysis of three trials." Cancer 97(11): 2869-

2879. 

Swartz, M. F., G. W. Fink, C. J. Lutz, S. M. Taffet, O. Berenfeld, K. L. Vikstrom, K. 

Kasprowicz, L. Bhatta, F. Puskas, J. Kalifa and J. Jalife (2009). "Left versus right atrial 

difference in dominant frequency, K(+) channel transcripts, and fibrosis in patients 

developing atrial fibrillation after cardiac surgery." Heart Rhythm 6(10): 1415-1422. 

Takahashi, K., K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda and S. 

Yamanaka (2007). "Induction of pluripotent stem cells from adult human fibroblasts by 

defined factors." Cell 131(5): 861-872. 

Takahashi, K. and S. Yamanaka (2006). "Induction of pluripotent stem cells from mouse 

embryonic and adult fibroblast cultures by defined factors." Cell 126(4): 663-676. 



 60 

Tardiff, J. C. (2011). "Thin filament mutations: developing an integrative approach to a 

complex disorder." Circ Res 108(6): 765-782. 

Teare, D. (1958). "Asymmetrical hypertrophy of the heart in young adults." Br Heart J 

20(1): 1-8. 

Tester, D. J. and M. J. Ackerman (2009). "Cardiomyopathic and channelopathic causes 

of sudden unexplained death in infants and children." Annu Rev Med 60: 69-84. 

Thierfelder, L., C. MacRae, H. Watkins, J. Tomfohrde, M. Williams, W. McKenna, K. 

Bohm, G. Noeske, M. Schlepper, A. Bowcock and et al. (1993). "A familial hypertrophic 

cardiomyopathy locus maps to chromosome 15q2." Proc Natl Acad Sci U S A 90(13): 

6270-6274. 

Thierfelder, L., H. Watkins, C. MacRae, R. Lamas, W. McKenna, H. P. Vosberg, J. G. 

Seidman and C. E. Seidman (1994). "Alpha-tropomyosin and cardiac troponin T 

mutations cause familial hypertrophic cardiomyopathy: a disease of the sarcomere." Cell 

77(5): 701-712. 

Tobacman, L. S. (1996). "Thin filament-mediated regulation of cardiac contraction." 

Annu Rev Physiol 58: 447-481. 

Urnov, F. D., E. J. Rebar, M. C. Holmes, H. S. Zhang and P. D. Gregory (2010). 

"Genome editing with engineered zinc finger nucleases." Nat Rev Genet 11(9): 636-646. 

Utikal, J., N. Maherali, W. Kulalert and K. Hochedlinger (2009). "Sox2 is dispensable for 

the reprogramming of melanocytes and melanoma cells into induced pluripotent stem 

cells." J Cell Sci 122(Pt 19): 3502-3510. 

Van den Heuvel, N. H., T. A. van Veen, B. Lim and M. K. Jonsson (2014). "Lessons from 

the heart: mirroring electrophysiological characteristics during cardiac development to in 

vitro differentiation of stem cell derived cardiomyocytes." J Mol Cell Cardiol 67: 12-25. 

Varnava, A. M., P. M. Elliott, C. Baboonian, F. Davison, M. J. Davies and W. J. McKenna 

(2001). "Hypertrophic cardiomyopathy: histopathological features of sudden death in 

cardiac troponin T disease." Circulation 104(12): 1380-1384. 



 61 

Venetucci, L., M. Denegri, C. Napolitano and S. G. Priori (2012). "Inherited Ca2+ 

channelopathies in the pathophysiology of arrhythmias." Nat Rev Cardiol 9(10): 561-575. 

Verkerk, A. O., R. Wilders, M. M. van Borren, R. J. Peters, E. Broekhuis, K. Lam, R. 

Coronel, J. M. de Bakker and H. L. Tan (2007). "Pacemaker current (I(f)) in the human 

sinoatrial node." Eur Heart J 28(20): 2472-2478. 

Vikhorev, P. G., W. Song, R. Wilkinson, O. Copeland, A. E. Messer, M. A. Ferenczi and 

S. B. Marston (2014). "The dilated cardiomyopathy-causing mutation ACTC E361G in 

cardiac muscle myofibrils specifically abolishes modulation of Ca(2+) regulation by 

phosphorylation of troponin I." Biophys J 107(10): 2369-2380. 

Voigt, N., J. Heijman, Q. Wang, D. Y. Chiang, N. Li, M. Karck, X. H. T. Wehrens, S. 

Nattel and D. Dobrev (2014). "Cellular and molecular mechanisms of atrial 

arrhythmogenesis in patients with paroxysmal atrial fibrillation." Circulation 129(2): 145-

156. 

Voigt, N., S. Nattel and D. Dobrev (2012). "Proarrhythmic atrial Ca2+ cycling in the 

diseased heart." Adv Exp Med Biol 740: 1175-1191. 

Waddell, L. B., F. A. Lemckert, X. F. Zheng, J. Tran, F. J. Evesson, J. M. Hawkes, A. 

Lek, N. E. Street, P. Lin, N. F. Clarke, A. P. Landstrom, M. J. Ackerman, N. Weisleder, J. 

Ma, K. N. North and S. T. Cooper (2011). "Dysferlin, annexin A1, and mitsugumin 53 are 

upregulated in muscular dystrophy and localize to longitudinal tubules of the T-system 

with stretch." J Neuropathol Exp Neurol 70(4): 302-313. 

Wann, L. S., A. B. Curtis, K. A. Ellenbogen, N. A. Estes, 3rd, M. D. Ezekowitz, W. M. 

Jackman, C. T. January, J. E. Lowe, R. L. Page, D. J. Slotwiner, W. G. Stevenson and 

C. M. Tracy (2011). "2011 ACCF/AHA/HRS focused update on the management of 

patients with atrial fibrillation (update on dabigatran): a report of the American College of 

Cardiology Foundation/American Heart Association Task Force on practice guidelines." 

J Am Coll Cardiol 57(11): 1330-1337. 

Watkins, H., D. Conner, L. Thierfelder, J. A. Jarcho, C. MacRae, W. J. McKenna, B. J. 

Maron, J. G. Seidman and C. E. Seidman (1995). "Mutations in the cardiac myosin 

binding protein-C gene on chromosome 11 cause familial hypertrophic cardiomyopathy." 

Nat Genet 11(4): 434-437. 



 62 

Weber, C. R., V. Piacentino, 3rd, K. S. Ginsburg, S. R. Houser and D. M. Bers (2002). 

"Na(+)-Ca(2+) exchange current and submembrane [Ca(2+)] during the cardiac action 

potential." Circ Res 90(2): 182-189. 

Weiner, R. B. and A. L. Baggish (2012). "Exercise-induced cardiac remodeling." Prog 

Cardiovasc Dis 54(5): 380-386. 

Weiss, J. N., A. Garfinkel, H. S. Karagueuzian, T. P. Nguyen, R. Olcese, P. S. Chen and 

Z. Qu (2015). "Perspective: a dynamics-based classification of ventricular arrhythmias." 

J Mol Cell Cardiol 82: 136-152. 

Wheeler, M., A. Pavlovic, E. DeGoma, H. Salisbury, C. Brown and E. A. Ashley (2009). 

"A new era in clinical genetic testing for hypertrophic cardiomyopathy." J Cardiovasc 

Transl Res 2(4): 381-391. 

Willott, R. H., A. V. Gomes, A. N. Chang, M. S. Parvatiyar, J. R. Pinto and J. D. Potter 

(2010). "Mutations in Troponin that cause HCM, DCM AND RCM: what can we learn 

about thin filament function?" J Mol Cell Cardiol 48(5): 882-892. 

Wyles, S. P., S. C. Hrstka, S. Reyes, A. Terzic, T. M. Olson and T. J. Nelson (2016). 

"Pharmacological Modulation of Ca2+ Homeostasis in Familial Dilated Cardiomyopathy: 

An In Vitro Analysis From an RBM20 Patient-Derived iPSC Model." Clin Transl Sci 9(3): 

158-167. 

Wyse, D. G., I. C. Van Gelder, P. T. Ellinor, A. S. Go, J. M. Kalman, S. M. Narayan, S. 

Nattel, U. Schotten and M. Rienstra (2014). "Lone atrial fibrillation: does it exist?" J Am 

Coll Cardiol 63(17): 1715-1723. 

Yanaga, F., S. Morimoto and I. Ohtsuki (1999). "Ca2+ sensitization and potentiation of 

the maximum level of myofibrillar ATPase activity caused by mutations of troponin T 

found in familial hypertrophic cardiomyopathy." J Biol Chem 274(13): 8806-8812. 

Yazawa, M., B. Hsueh, X. Jia, A. M. Pasca, J. A. Bernstein, J. Hallmayer and R. E. 

Dolmetsch (2011). "Using induced pluripotent stem cells to investigate cardiac 

phenotypes in Timothy syndrome." Nature 471(7337): 230-234. 



 63 

Yoshida, Y., K. Takahashi, K. Okita, T. Ichisaka and S. Yamanaka (2009). "Hypoxia 

enhances the generation of induced pluripotent stem cells." Cell Stem Cell 5(3): 237-

241. 

Yu, J., M. A. Vodyanik, K. Smuga-Otto, J. Antosiewicz-Bourget, J. L. Frane, S. Tian, J. 

Nie, G. A. Jonsdottir, V. Ruotti, R. Stewart, Slukvin, II and J. A. Thomson (2007). 

"Induced pluripotent stem cell lines derived from human somatic cells." Science 

318(5858): 1917-1920. 

Zhang, J., M. Klos, G. F. Wilson, A. M. Herman, X. Lian, K. K. Raval, M. R. Barron, L. 

Hou, A. G. Soerens, J. Yu, S. P. Palecek, G. E. Lyons, J. A. Thomson, T. J. Herron, J. 

Jalife and T. J. Kamp (2012). "Extracellular matrix promotes highly efficient cardiac 

differentiation of human pluripotent stem cells: the matrix sandwich method." Circ Res 

111(9): 1125-1136. 

Zhang, J., G. F. Wilson, A. G. Soerens, C. H. Koonce, J. Yu, S. P. Palecek, J. A. 

Thomson and T. J. Kamp (2009). "Functional cardiomyocytes derived from human 

induced pluripotent stem cells." Circ Res 104(4): e30-41. 

Zhang, Q., J. Jiang, P. Han, Q. Yuan, J. Zhang, X. Zhang, Y. Xu, H. Cao, Q. Meng, L. 

Chen, T. Tian, X. Wang, P. Li, J. Hescheler, G. Ji and Y. Ma (2011). "Direct 

differentiation of atrial and ventricular myocytes from human embryonic stem cells by 

alternating retinoid signals." Cell Res 21(4): 579-587. 

Zhou, H., S. Wu, J. Y. Joo, S. Zhu, D. W. Han, T. Lin, S. Trauger, G. Bien, S. Yao, Y. 

Zhu, G. Siuzdak, H. R. Scholer, L. Duan and S. Ding (2009). "Generation of induced 

pluripotent stem cells using recombinant proteins." Cell Stem Cell 4(5): 381-384. 

Zwi, L., O. Caspi, G. Arbel, I. Huber, A. Gepstein, I. H. Park and L. Gepstein (2009). 

"Cardiomyocyte differentiation of human induced pluripotent stem cells." Circulation 

120(15): 1513-1523. 



 64 

Chapter 2. Materials and Methods 

2.1. Generating human-induced pluripotent stem cells from 
fibroblast cells 

The main objective of this project was initially to use human fibroblast cells 

(Takahashi, Tanabe et al. 2007) to generate human induced pluripotent stem cells 

(hiPSCs) (Figure 2-1). For this purpose, skin-biopsy specimens from the upper left-arm 

dermis of donors were used to culture human dermal fibroblasts (HDF), which were used 

to generate hiPSCs. Participants provided written informed consent prior to participating 

in the study. The skin surface was disinfected and a local anesthesia (lidocaine) was 

administered. A disposable biopsy punch (3 mm diameter) was then used to extract the 

skin specimen, which was later dissected into small fragments under sterile conditions 

and incubated in culture media unperturbed for 2 weeks at 37°C, 5% CO2 until HDF 

outgrowth reached 50% confluency. HDF derived from explants, within the fourth to 

eighth passages, were used for the induction of pluripotent stem cells. A phase-contrast 

image of explant-derived HDFs from one of the control subjects is shown in Figure 2-2. 

Human iPSCs were generated by transcriptionally reprogramming explant-

derived HDF using the established protocol of Takahashi et al., 2007 (Takahashi, 

Tanabe et al. 2007). Retroviral expression of 4 reprogramming transcription factors were 

used to induce HDF to transform into hiPSCs. The 4 transcription factors included SRY 

(sex-determining region Y)-box 2 (Sox2), Octamer-binding protein 4 (Oct3/4), Kruppel-

like factor 4 (Klf4), and c-Myc. This combination of transcription factors had been 

successfully applied in converting HDFs, as well as other somatic cell types, to hiPSCs 

that closely resembled embryonic stem cells (ESCs), possessing morphological and 

gene-expression characteristics indicative of pluripotency (Hu and Zhang 2010). One of 

the applied transcription factors, c-Myc, is known to possess oncogenic potential (Li, 

Chien et al. 2011), but given that the current research is focused exclusively on 

diagnostic applications, the tumorigenic property of c-Myc does not affect the efficacy of 

our intended application. 

 Prior to infecting cells with the four retroviral reprogramming vectors, the mouse 

solute carrier family 7 member 1 (Slc7a1) gene (pLenti6/UbC-Slc7a1; Addgene Plasmid 
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#17224; generated by Dr. Shinya Yamanaka (Takahashi, Tanabe et al. 2007)) was 

introduced into HDFs using a lentiviral delivery system. This results in the expression of 

ecotropic retrovirus receptors localizing to the HDFs’ cell membrane, which has been 

shown to elevate the infection efficiency of retroviruses carrying each reprogramming 

vector by approximately 40% (Takahashi, Tanabe et al. 2007). The purified Slc7a1 

lentiviral vector, was digested with the restriction enzyme NOT1 (BioLabs), 

electrophoresed in agarose gel, displaying digested bands at the expected molecular 

weight (Takahashi K 2007). The packaging cell line 293FT (Invitrogen) was transfected 

with the Slc7a1 lentiviral vector combined with Virapower packaging mix (Invitrogen) and 

Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, supernatant of 

transfectants were collected and titrated to determine the lentiviral concentration. HDFs 

were then infected with a range of lentivirus concentrations to determine the optimal 

“multiplicity of infection” (MOI; number of infectious virus particles/cell) that achieved 

maximum protein expression while preserving cellular viability (Figure 2-3). The optimal 

MOI was determined to be 10 virus particles/cell. The expression of Slc7a1 transcript 

and protein in infected HDFs (HDFSlc7a1) were verified by immunocytochemistry and 

qRT-PCR (Figure 2-4). The lentiviral transfection efficiency was > 90%. 
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Figure 2-1. Schematic model of transforming human dermal fibroblasts (HDFs) 

to cardiomyocytes. 
HDFs are infected with the 4 transcription factors (Oct3/4, Sox2, Klf4, c-Myc) to induce iPSC 
formation. Stage-dependent addition of cytokines and growth factors are then applied to iPSCs to 
induce differentiation to cardiomyocytes. 

 
Figure 2-2.  Human dermal fibroblasts (HDFs) derived from explants of a control 

subject’s skin punch biopsy  
(A) Phase-contrast image of HDFs; scale bar, 50 µm. (B) HDF cell length and width were 
measured and results were consistent with previous studies. 
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Figure 2-3. Human dermal fibroblasts (HDFs) infected with a range of 

multiplicity of infections (MOIs) of lentivirus vector encoding the 
mouse Slc7a1 receptor gene. 

HDFs were infected with a range of MOIs to determine the optimal MOI required to achieve 
maximum mouse Slc7a1 receptor protein expression while preserving cellular viability. Optimal 
MOI was determined to be 10 virus particles/cell. Infected HDFs were selected with Blasticidin 
selection marker. Scale bar, 50 µm. 
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Figure 2-4. Expression of mouse Slc7a1 receptor in human dermal fibroblasts 
(HDFs). 

A) Immunocytochemical staining of mouse receptors localize to cell membrane of HDFs. The 
primary and fluorescent secondary antibodies were rabbit polyclonal IgG and Alexa goat anti-
rabbit IgG, respectively. The nucleus labeling is 4', 6-diamidino-2-phenylindole (DAPI). Scale bar, 
100 µm. B) Quantitave RT-PCR (qRT-PCR) results show expression of mouse Slc7a1 in 
transfected (TF) and non-transfected (NTF) HDFs. 
 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

TF NTF 

R
el

at
iv

e 
Fo

ld
 D

iff
er

en
ce

 (x
10

0)
 

A) 

B) 



 69 

To produce retroviruses carrying the reprogramming genes, PLAT-E packaging 

cells (Cell Biolabs Inc.) were transfected with each of the four retroviral vectors encoding 

the transcription factors Sox2, Oct3/4, Klf4, or c-Myc (Addgene; generated by Dr. Shinya 

Yamanaka’s group (Takahashi, Tanabe et al. 2007)). Twenty-four hours post-

transfection, supernatant of transfectants were collected and titrated to determine 

retroviral concentration and optimal MOI using a retroviral vector encoding for the green 

fluorescent protein (GFP) (Figure 2-5). Equal amounts of supernatant containing each of 

the four retroviruses were mixed and incubated overnight with HDFs Slc7a1. Six days post-

transduction, the expression of the reprogramming factors was probed using 

immunocytochemistry (Figure 2-6) and quantitative RT-PCR (qRT-PCR) (Figure 2-7). 

The immunocytochemical results showed that Oct3/4, Klf4, c-Myc, and Sox2 proteins 

were expressed in infected HDFsSlc7a1 and the infection efficiency was > 90%. 

HDFs expressing all four reprogramming factors were plated onto mitomycin C-

treated mouse SNL feeder cells (Cell Biolabs Inc.) to support the growth of the hiPSCs. 

SNL feeder cells were mitotically inactivated by mitomycin C. Briefly, SNL feeder cells 

were cultured in a gelatin-coated plate using SNL medium (DMEM, 10% FBS, 0.1 mM 

MEM Non-Essential Amino Acids (NEAA), 2 mM L-glutamine, 1% Pen-Strep). When the 

cells reached 90% confluency, 12 µg/ml mitomycin C was added to the cells. After 2.5 

hours of incubation at 37°C, the cells were washed 3-4 times with phosphate-buffered 

saline (PBS). 1.5 x 106 mitomycin C-treated SNL feeder cells were seeded in a gelatin-

coated 100 mm plate. The next day, 5 x 104 or 5 x 105 transfected HDFs with four 

reprogramming factors were transferred to 100 mm plates with treated SNL feeder cells 

and their medium was replaced with human ES medium (DMEM/F12, 20% KSR, 2mM L-

glutamine, 1 × 10-4 M non-essential amino acids, 1 × 10-4 M 2-mercaptoethanol, 50 

mg/ml penicillin, and streptomycin). The medium was changed every other day. 

Fifteen to twenty days after transduction, colonies of hiPSCs were formed and 

picked up manually and transferred onto mitomycin C-treated SNL feeder cells to 

maintain growth and were passaged for cell expansion. After 2 or 3 passages of hiPSCs 

in a feeder-dependent condition, the hiPSCs were transferred to feeder-free culture 

plates. Briefly, the culture plates were coated with Matrigel an hour before plating the 

cells (0.5 mg/ 6-well plate, dissolved with DMEM/F-12 medium). The hiPSCs on feeder 

cells were incubated with 1 mg/ml collagenase type IV for 1 hour at 37°C until hiPSCs 

detached from SNL feeder cells. The hiPSCs were centrifuged at 1200 rpm for 4 minutes 
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and human ES medium and collagenase type IV were removed. The hiPSCs were 

suspended in mTeSR1 medium (StemCell Technologies) supplemented with 10 µM Y-

27632 (a Rho kinase inhibitor) and were transferred to Matrigel-coated plates. The 

media were changed every day (without Y-27632) until cells reached 70-80% confluency 

and they were then split in a 1:15 ratio using collagenase type IV. To make a stock of 

hiPSCs for future experiments, freezing media (mFreSR, StemCell Technologies) were 

used and the cells were stored in a liquid N2 tank. 

Immunocytochemistry and qRT-PCR were used to determine the expression of 

established pluripotency markers including NANOG, stage-specific embryonic antigen-3 

(SSEA-3), stage-specific embryonic antigen-4 (SSEA-4), tumor rejection antigen 1-60 

(TRA-1-60), and tumor rejection antigen 1-81 (TRA-1-81). 
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Figure 2-5. Human dermal fibroblasts expressing mouse Slc7a1 receptor. 

(HDFsSlc7a1) were infected with a range of multiplicity of infections (MOIs) of retrovirus vector 
encoding green fluorescent protein (GFP). HDFsSlc7a1 were infected with a range of MOIs of 
retrovirus vectors to determine maximum GFP expression while preserving cellular viability. 
Optimal MOI was determined to be 50 virus particles/cell. Scale bar, 100 µm. 
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Figure 2-6. Immunocytochemical labeling of reprogramming transcription 
factors in human dermal fibroblasts expressing mouse Slc7a1 
receptor (HDFsSlc7a1)  

Immunofluorescence staining shows expression of transcription factors (Oct3/4, Klf4, c-Myc) in 
HDFsSlc7a1. Oct3/4: (A), (B), (C) - primary and fluorescent secondary antibodies were mouse 
monoclonal IgG2b and Alexa Fluor 488 goat anti-mouse IgG2b, respectively. Klf4: (D), (E), (F) - 
primary and fluorescent secondary antibodies were rabbit polyclonal IgG and Alexa Fluor 488 
goat anti rabbit IgG, respectively. C-Myc: (G), (H), (I) - primary and fluorescent secondary 
antibodies were rabbit polyclonal IgG and Alexa Fluor 555 goat anti rabbit IgG, respectively.  
Sox2: (J), (K), (L)- primary and fluorescent secondary antibodies were rabbit polyclonal IgG and 
Alexa Fluor 555 goat anti rabbit IgG, respectively. The nucleus was labeled with 4', 6-diamidino-
2-phenylindole (DAPI). Scale bar, 100 µm. 
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Figure 2-7. RT-PCR and Quantitative RT-PCR results demonstrate gene 
expression of reprogramming transcription factors. 

(A) RT-PCR products from Oct3/4, Klf4, c-Myc, Sox2. The size of the amplicon found in 
transfected cells matched the expected product.  Comparing transfected vs non-transfected cells. 
(B) Quantitative RT-PCR results show expression of transcription factors (Oct3/4, Klf4, c-Myc, 
Sox2) in non-transfected (NTF) and transfected (4TF) human dermal fibroblasts expressing 
mouse Slc7a1 receptor (HDFsSlc7a1). 
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2.2. Generating human induced pluripotent stem cells from 
blood cells  

Generation of hiPSCs from several types of somatic cells (e.g., skin, hair, dental 

tissue, blood) and using various delivery methods has been reported previously (Aasen, 

Raya et al. 2008, Kim, Greber et al. 2009, Loh, Agarwal et al. 2009). However, 

generating hiPSCs without genomic integration and avoiding invasive tissue sampling is 

highly desirable. One of the readily available sources of somatic cells is the peripheral 

blood. The CD34+ human peripheral blood cells were used for the first time to generate 

hiPSC (Loh, Agarwal et al. 2009). However, due to the need for large amounts of blood 

and possible side effects, this method was not ideal. Other studies used less-invasive 

methods to obtain peripheral blood cells and successfully reprogram them into hiPSC 

(Brown, Rondon et al. 2010, Loh, Hartung et al. 2010, Staerk, Dawlaty et al. 2010). 

However, in those studies, retrovirus or lentivirus was used to deliver and express the 

human reprogramming factors to generate hiPSCs. The low reprogramming efficiency 

and high probability of integrating transgene genome in the host genome limit their wide 

use in generating iPSCs. The study from Fukuda’s group, demonstrated a safe and 

highly efficient method for generating hiPSCs from a small amount of peripheral blood (1 

ml) using temperature-sensitive mutated Sendai virus (SeV) to encode human 

reprogramming factors (Seki, Yuasa et al. 2012). A schematic illustration of the protocol 

is shown in Figure 2-8. 

 
Figure 2-8. Production of patient-specific cardiomyocytes from human 

peripheral whole blood.  

IL2+Anti-CD3-Antibody+ ESC Condition (bFGF+) Cardiac differentiation 
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Production of human induced pluripotent stem cells (hiPSCs) from human peripheral blood using 
a combination of activated T cells and mutant Sendai virus encoding 4 reprogramming 
transcription factors (Oct3/4, Sox2, Klf4, c-Myc). Subsequent stage-dependent addition of 
cytokines and growth factors guides the differentiation of iPSCs to cardiomyocytes. Adapted from 
(Seki, Yuasa et al. 2012). 

2.2.1. Generation of Activated T cells from Human Peripheral Blood 

The donors provided informed consent prior to blood sampling. All study 

protocols were approved by the Research Ethics Board at Simon Fraser University. The 

whole blood (5-10 ml) was obtained from donors by venipuncture using BD Vacutainer 

(BD Bioscience). Sepmate tubes (STEMCELL Technologies) were used according to the 

manufacturer’s instructions to isolate peripheral blood mononuclear cells (PBMCs). All 

steps were carried out using sterile reagents and equipment. To selectively activate and 

proliferate the T-cell population, a 24-well plate was coated with 10 µg/ml anti-human 

CD3 antibodies and incubated for 1-3 hours at 37°C. The coated wells were washed with 

D-PBS twice before adding the isolated PBMCs. 5×105 PBMCs were then transferred to 

the anti-human CD3 coated wells, which contained T-cell media (RPMI 1640 

supplemented with 10% fetal bovine serum (FBS) and 175 U/ml interleukin 2 (IL-2). On 

the 5th day post-activation, activated T cells have been shown to constitute up to ~95% 

of the cultured PBMC (Seki, Yuasa et al. 2012). 

2.2.2. Infection of Activated T Cells with Sendai Virus Encoding the 
Yamanaka Reprogramming Factors 

CytoTune-iPSC reprogramming system is a modified and non-transmissible form 

of Sendai virus (SeV). In contrast to many other methods, which depend on a viral vector 

that integrates into the genome of the host cell, Sendai virus infects the cells with the 

Yamanaka transcription factors (Takahashi, Tanabe et al. 2007) required for 

reprogramming somatic cells into hiPSCs safely and effectively without integrating into 

the genome. In addition, the host cell can be cleared of the vectors and reprogramming 

factor genes by exploiting the cytoplasmic nature of SeV and the functional temperature-

sensitivity mutations that have been introduced into SeV. 

At day 5 post-activation, 5 × 105 cells/ml activated PBMCs were infected with the 

temperature-sensitive mutated Sendai virus encoding human Oct3/4, Sox2, Klf4, and c-
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Myc (CytoTune iPS Reprogramming System, DNAVEC) at a multiplicity of infection of 

KOS (Klf4, Oct3/4, Sox2) MOI=5, c-Myc MOI=5, and Klf4 MOI=3 in T-cell media. We 

found that the infection efficiency under these conditions approximated 80%. At 24 hours 

after infection, the infected T-cells were collected and plated on the mouse embryonic 

feeder cells (MEF)-coated plates (MEF cells need to inactivate the same way that 

explained for SNL feeder cells) and human ES medium (Primate ES cell Medium, 

REPROCELL) supplemented with 10 µM Y-27632 and 5 ng/ml bFGF was added to the 

cells. After 48 hours, the media were replaced with fresh ES media (without Y-27632). 

For the duration of hiPSC colony-formation, the media were changed every other day 

(ES medium supplemented with 5 ng/ml bFGF, without Y-27632). At approximately 15 to 

20 days after infection of the activated T-cells with Sendai virus, hiPSC colonies were 

formed. The hiPSC colonies were picked manually, and each colony was transferred to 

one well of a 24-well plate, which was coated with Matrigel (VWR) and contained 

mTeSR1 medium (StemCell Technologies) with 10 µM Y-27632. The media were 

changed every day without Y-27632 and the MEF cells were removed manually in case 

they were transferred with hiPSCs. When the hiPSCs reached 70-80% confluency, they 

were passaged using Versene solution (ThermoFisher). In brief, the mTeSR1 medium 

was removed and 1 ml Versene solution was used to rinse each well and then was 

aspirated. Another 1 ml of Versene solution was added to the cells and was incubated 

for 7 to 9 minutes at room temperature. The Versene solution was removed carefully 

without disturbing the hiPSCs. Then, 2 ml fresh mTeSR1 medium was dispensed over 

the surface of the plate to detach the cells from the plate. The cells were split in a 1:12-

1:15 ratio and plated in a Matrigel-coated 6-well plate containing mTeSR1 medium and 

10 µM Y-27632. The media were replaced everyday with fresh mTeSR1 (without Y-

27632) and the process was repeated when they reached confluency. Being consistent 

with the splitting ratio and the number of days between passages are very important 

variables for maintaining the pluripotency of hiPSCs. 

For making a stock of hiPSCs for future experiments, freezing medium 

(mFreSR1, StemCell Technologies) was used and the cells were stored in a liquid N2 

tank. In brief, mTesR1 medium was removed and 1 ml Versene solution was added to 

each well to rinse the cells before treating the cells with 1 ml Versene for 7 to 9 minutes 

at room temperature. The Versene solution was aspirated without removing any colonies 

and the cells were washed off gently with 2 ml mFreSR1 medium (StemCell 
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Technologies) for each well. The cell mix from each well was transferred into 2 cryovials 

(2 cryovials/well). The cryovials were transferred in the freezing container and were 

placed in a –80ºC freezer overnight and were transferred to the liquid N2 storage the 

following day. 

For the T cell-derived iPSCs (TiPSCs) colonies, immunocytochemistry (Figure 2-

9 and Figure 2-10), alkaline phosphatase staining test (Figure 2-11), and qRT-PCR 

(Figure 2-12) were used to determine the expression of established pluripotency 

markers including Oct3/4, Sox2, c-Myc, Klf4, NANOG, stage-specific embryonic antigen-

4 (SSEA-4), and tumor rejection antigen 1-60 (TRA-1-60). Our data collected from 

hiPSCs demonstrated very high levels of expression of pluripotency markers. 
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Figure 2-9. Immunocytochemical labeling of reprogramming transcription 

factors in human dermal fibroblasts expressing mouse Slc7a1 
receptor (HDFsSlc7a1)  

Immunofluorescence staining shows expression of reprogramming factors (Oct3/4, Sox2, Klf4, c-
Myc) in HDFsSlc7a1. Oct3/4: (A), (B), (C) - primary and fluorescent secondary antibodies were 
mouse monoclonal IgG2b and Alexa Fluor 488 goat anti-mouse IgG2b, respectively. Sox2: (D), (E), 
(F) - primary and fluorescent secondary antibodies were rabbit polyclonal IgG and Alexa Fluor 
488 goat anti rabbit IgG, respectively. Klf4: (G), (H), (I) - primary and fluorescent secondary 
antibodies were rabbit polyclonal IgG and Alexa Fluor 555 goat anti rabbit IgG, respectively. C-
Myc: (J), (K), (L) - primary and fluorescent secondary antibodies were	  rabbit polyclonal IgG	  and 
Alexa Fluor 555 goat anti rabbit IgG, respectively. The nucleus was labeled with either 4', 6-
diamidino-2-phenylindole (DAPI) or 4', propidium iodide (PI).  Scale bar, 100 µm. 
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Figure 2-10. Immunocytochemical labeling of pluripotency markers in hiPSC 

colonies. 

SSEA-4:  (A), (B), (C) - primary and fluorescent secondary antibodies were mouse monoclonal 
IgG3 and Alexa Fluor 488 goat anti-mouse IgG3, respectively. TRA1-60: (D), (E), (F) - primary and 
fluorescent secondary antibodies were mouse monoclonal IgM and Alexa Fluor 555 goat anti 
mouse IgM, respectively. The nucleus labeling was 4', 6-diamidino-2-phenylindole (DAPI) or 4', 
propidium iodide (PI). Scale bar, 20 µm. 
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Figure 2-11. Induction of hiPSCs  from adult HDFs. 

(A), (B) Representative phase-contrast photographs of hiPSC colonies. (C) and (D) alkaline 
phosphatase (AP) staining of colonies of hiPSC colonies. Scale bar, 100 µm. 



 81 

 

 
 

 

 

 

Figure 2-12. Quantitative RT-PCR (qRT-PCR) results demonstrate the expression 
levels of pluripotency markers, progenitors, and cardiac markers at 
different stages of differentiation from hiPSCs to cardiomyocytes. 

A) The expression of pluripotent markers (Nanog and Oct3/4) declined dramatically as these cells 
differentiated into cardiomyocytes. B) Expression of cardiac markers increased over a period of 
155 days. MLC2A (myosin light chain 2, atrial isoform), MYL2V (myosin light chain 2, ventricular 
isoform), MYH6 (myosin heavy chain, alpha isoform), MYH7 (myosin heavy chain, beta isoform), 
α-actinin, KCNH2 (potassium voltage gated channel, hERG1), KCNQ1 (delayed rectifier 
potassium channel), Cx43 (connexin 43). C) Cardiac progenitor markers (Tbx5 and MEF2c) and 
mesoderm marker (MESP). Analysis was performed according to the ΔΔCt method using the 
geometric mean of housekeeping genes (β-actin and GAPDH) to normalize the qRT-PCR data. 
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2.3. Alkaline Phosphatase Staining 

Human iPSCs express high levels of membrane alkaline phosphatase (AP). High 

levels of AP activity is a traditional marker of hiPSCs, human embryonic stem cells 

(hESCs), and embryonic germ lines and is downregulated during development and 

differentiation (Wobus, Holzhausen et al. 1984, Reubinoff, Pera et al. 2000). This class 

of enzymes hydrolyzes phosphate under alkaline conditions. However, the AP marker 

alone is not enough to define the pluripotency of the hiPSCs and additional pluripotent 

markers are needed to identify and quantify the pluripotency level of hiPSCs (Figure 2-

11). StemTAG Alkaline Phosphatase Staining kit (Cell BIOLABS, INC) was used for this 

purpose, according to the manufacturer’s instructions. 

2.4. Quantitative real-time PCR 

Total RNA was extracted from cells (hiPSCs and hiPSC-derived cardiomyocytes) 

using TRIZOL followed by RNeasy kit (Qiagen, Mississauga, ON, Canada), according to 

the manufacturer's instructions. The concentration and purity of the RNA was 

determined using an ND-1000 spectrophotometer (Nanodrop). The cDNA was 

synthesized and genomic DNA was removed using Qiagen Quantitect Reverse 

Transcription kit according to the manufacturer's instructions. Primers for pluripotent and 

cardiac markers were designed using Primer3 and OligoAnalyzer 3.1 (Rozen SG2000, 

Primer3 on the WWW). The primers were checked and optimized by PCR and 

dissociation curve analysis to confirm the amplification of the single product. The Bio-

Rad CFX96 Touch Real-Time PCR System (Bio-Rad) was used to perform real-time 

quantitative PCR (qRT-PCR) analysis. The 20 µl reaction volume was made of 5 µl of 10 

ng cDNA, 2 µl of 0.25 µmol of each reverse and forward primer, and 10 µl of SsoFast 

EvaGreen Supermix (Bio-Rad). Each cDNA sample was assayed in duplicate. To ensure 

the absence of any contamination, negative controls were run for each sample as well. 

The following thermal cycling protocol was implemented: initial activation step (95°C, 10 

min), followed by 39 cycles of denaturation step (95°C, 15 sec), annealing step (60°C, 

40 sec), and extension step (65°C, 5 sec). Analysis was performed according to the 

ΔΔCt method using the geometric mean of housekeeping genes (β-actin and GAPDH) to 

normalize the qRT-PCR data (Vandesompele, De Preter et al. 2002). The list of primers 

is shown in the Appendix A. 
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2.5.  Immunofluorescence staining 

For assessment of pluripotency of hiPSCs and expression levels of cardiac 

markers of hiPSC-derived cardiomyocytes, hiPSCs were passaged with Versene 

solution and 0.25% trypsin, respectively, and plated on Matrigel-coated glass coverslips. 

The mTeSR1 and RPMI media supplemented with 10 µM Y-27632 (for the first 24 hours) 

were used for hiPSCs and hiPSC-derived cardiomyocytes, respectively. After 3-4 days, 

the cells were fixed with 4% paraformaldehyde (PFA) in PBS (Life Technologies) for 10 

minutes at room temperature and were rinsed once with glycine (0.75% w/v). The cells 

were then allowed to incubate in fresh glycine and were aspirated after 10 minutes. The 

cells were permeabilized with 0.1% Triton X-100 in PBS for 10 minutes at room 

temperature. After aspirating the permeabilizing solution, the cells were washed twice 

with PBS. Following the removal of PBS, 100 µl of primary antibody solution containing 

an appropriate amount of primary antibody diluted in antibody buffer (20x SSC, 2% goat 

serum, 1% BSA, 0.05% Triton X-100, 0.02% NaN3) was slowly added to the cells and 

was incubated overnight at 4°C in a moist chamber. 

The following day, the cells were washed twice (10 minutes each) with antibody 

wash solution (20x SSC, 0.05% Triton X-100) on a shaker set at 50 RPM. The coverslips 

were then rinsed twice with PBS and were washed on shaker. After removing the PBS, 

secondary antibodies were prepared using an antibody buffer and were applied as the 

primary antibodies. The cells were incubated for 1 hour in a moist chamber. The cells 

were then washed twice with antibody wash in the dark. The cells were then rinsed and 

washed with PBS. The coverslips were dried and 16 µl of fluorescence mounting 

medium was applied slowly to the cells. The mounting medium was either propidium 

iodide (Vector Laboratories) or DAPI (Vector Laboratories), depending on the primary 

and secondary antibodies used. Coverslips were carefully inverted and placed on 

microscope slides. All four edges of the coverslips were sealed with clear nail polish and 

air-dried before storing in 4°C. The slides were viewed and the stained images were 

captured using a confocal microscopy system (Yokogawa CSU-X1, Calgary, AB, 

Canada) with a QuantEM 512c EMCCD camera (Photometrics, Tucson, AZ, U.S.A) and 

analyzed using Image-Pro Plus (Media Cybernetics Inc., USA). 
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2.6. Differentiating human pluripotent stem cells to 
cardiomyocyte cells 

Differentiating human pluripotent stem cells (hPSCs), including human embryonic 

stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), to the cardiac 

lineage is the first critical step toward drug screening and disease modeling. A 

monolayer of cells differentiated from hiPSC and embryoid bodies (EB) differentiated 

from hESCs was employed. 

2.6.1. In Vitro Differentiation of hiPSCs to Monolayers of 
Cardiomyocytes 

The differentiation protocol used is a modification of Lian et al.’s protocol (Lian, 

Zhang et al. 2013). To induce cardiomyocyte differentiation, hiPSCs were maintained on 

a Matrigel-coated 6-well plate. (0.5 mg/ 6-well plate, dissolved with DMEM/F-12 medium) 

cultured in mTeSR1 medium (StemCell Technologies). The medium was changed every 

day with fresh mTeSR1 medium. When the cells reached 70-80% confluency, they were 

detached by 7–9 minutes of incubation with Versene solution (Lonza) to singularize 

them. The cells were then seeded on a Matrigel-coated 6-well plate or 35 mm petri dish 

at a density of 100,000 cells/cm2 in mTeSR1 medium supplemented with 10 µM Y-

27632. The medium was changed daily (without Y-27632). When the monolayer of cells 

reached >90% confluency, the mTeSR1 medium was replaced with Roswell Park 

Memorial Institute medium (RPMI) 1640 basal medium (Invitrogen) plus 2% B27 without 

insulin supplement (Invitrogen), containing 12 µM CHIR99021 (R&D Systems) for 24 

hours and the media were changed to RPMI1640 supplemented with 2% B27 without 

insulin. 

CHIR99021 is a glycogen synthase kinase 3 (GSK3) inhibitor that activates the 

Wnt signaling pathway. On day 3 of differentiation (72 hours after adding CHIR99021), a 

small-molecule inhibitor of Wnt ligand production (IWP4) was added to the cells. The 

medium was prepared by collecting 1 ml of the medium from the cells, which contained 

RPMI1640 and B27 without insulin and was mixed with 1 ml fresh RPMI1640, 2% B27 

without insulin, and 5 µM IWP4. The remaining medium was aspirated from the plate 

before adding 2ml of the combined media to the cells. The medium was changed 48 

hours (day 5 of differentiation) after adding IWP4, fresh 2ml RPMI1640 and 2% B27 
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without insulin to the cells. On day 7 of differentiation, the medium was changed to RPMI 

plus 2% B27 complete supplement. The medium was then changed every 2 to 3 days. 

Robust spontaneous and largely synchronous beating of the monolayer was observed 

by day 10. The cells were maintained and beat spontaneously for more than 6 months. 

Typical α-actinin and connexin43 (cardiac gap junction protein) expression of hiPSC-

derived cardiomyocytes are shown in Figure 2-13. 

2.6.2. In Vitro Differentiation of hESC to Atrial and Ventricular Cells 

In Chapter 3, human embryonic stem cells (hESCs)-derived atrial and ventricular 

cardiomyocytes were used to investigate the effect of the anticancer drug Ibrutinib. 

These cells were generously provided by Dr. Gordon Keller’s lab at the University of 

Toronto. The differentiation protocols for hESC-derived atrial and ventricular 

cardiomyocytes have been described previously (Ng, Davis et al. 2008, Elliott, Braam et 

al. 2011, Lee, Protze et al. 2017). Briefly, irradiated mouse embryonic feeder (MEF) cells 

were used to maintain the HES3 NKX2-5egfp/w cells using hESC media (DMEM/F12 

supplemented with 20% knock-out serum replacement, 100 µM nonessential amino 

acids, 2 mM glutamine, 50 U/ml penicillin, 50 µg/ml streptomycin, 20 ng/ml human 

bFGF, and 10-4 M B-mercaptoethanol). Before generating the embryoid bodies for 

differentiation, the MEF cells were depleted. The hESCs were dissociated into cells 

using TrypLE, and 5 x 105 cells/ml were plated to form small aggregates and to generate 

the embryoid bodies. The aggregates were cultured in StemPro34 medium (Invitrogen) 

supplemented with 2 mM glutamine, 4 x 10-4 M B-monothioglycerol, 50 µg/ml ascorbic 

acid (Sigma), and 0.1 ng/ml BMP4 (R&D Systems) and were put on a rotor of a 

centrifuge set at 70 rpm for 24 hours. Before starting the differentiation protocols for 

atrial and ventricular cardiomyocytes, the embryoid bodies were spun down, washed 

with IMDM, and were resuspended in the differentiation medium. To differentiate the 

hESCs to ventricular cells, the following protocols were used: days 1–3, 10 ng/ml BMP4, 

5 ng/ml human bFGF, and 6 ng/ml activin A; days 3–5, 10 ng/ml VEGF, and 0.5 ng/ml 

IWP2; days 5–12, 10ng/ml human VEGF; days 12–20, backbone media. At day 12, the 

cells were transferred from a hypoxic environment (5% CO2, 5% O2, and 90% N2) to a 

normoxic (5% CO2, and air) environment. The hESCs were differentiated to atrial cells 

by following the ventricular protocols with a few changes including using a lower 

concentration of activin A and BMP4 (3 ng/ml BMP4, 2 ng/ml activin A) and adding 0.5 
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ng/ml retinoic acid (RA) on day 3. Retinoic acid was added at the cardiac mesoderm 

stage to drive the cells towards an atrial lineage. 
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Figure 2-13. Immunocytochemical labeling of hiPSC-derived cardiomyocytes for 
sarcomeric protein α-actinin and gap-junction protein Cx43. 

Primary and fluorescent secondary antibodies were mouse IgG1 and Alexa Fluor 488 goat anti 
mouse IgG1, respectively. The nucleus labeling was propidium iodide (PI). Scale bar, 10 µm.

α-actinin PI 

 

Cx43 PI 
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2.7. Genome editing of human iPSCs 

Studies on human cardiovascular diseases have been hampered by the limited 

access to cardiac tissue from patients bearing the specific mutations. Moreover, finding 

the appropriate cell line to compare the differences between patient-specific and control 

cell lines is challenging because of the differences in genetic background. The 

development of genome-editing techniques with engineered nucleases, along with 

induced pluripotent stem cells and the ability to differentiate them to various cell types in 

vitro, makes it possible to overcome those issues. We are now able to integrate the 

desired point mutations in hiPSCs using the CRISPR-Cas9 technique and differentiate 

them to cardiomyocyte cell lines (Krentz, Nian et al. 2014, Slaymaker, Gao et al. 2016). 

To introduce the mutations into hiPSCs, we adapted the protocol developed by the 

Zhang group in the Broad Institute of MIT and Harvard (Ran, Hsu et al. 2013). The 

CRISPR workflow is described in Figure 2-14. 

However, there are several classical genome-manipulation techniques to target a 

gene of interest for any kind of modification or disruption (Smithies, Gregg et al. 1985, 

Thomas and Capecchi 1987). Zinc finger nucleases (ZFNs), transcription activator-like 

effector nucleases (TALENs), clustered regularly interspaced short palindromic repeats 

(CRISPRs), and CRISPR-associated (Cas) systems are the most widely used genome- 

editing techniques. Advantages and disadvantages of each technique are discussed in 

the 1.6.3 section. 

 I started applying genome editing to introduce the mutations TNNI1 R37C+/- and 

TNNT2 I79N+/- into wild-type hiPSCs using TALENs due to low off-target mutations 

compared to ZFNs and the earlier versions of CRISPR/Cas9. Due to its high cost and 

labour intensity, after running a few times, I decided to switch to CRISPR/Cas9 using 

high-fidelity CRISPR/Cas9, which has a lower-off target mutation rate (Kleinstiver, 

Pattanayak et al. 2016). More information regarding designing the ssODN and sgRNA is 

provided in the 2.7.1 section.  
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2.7.1. Designing sgRNA and ssODN 

The 20-nt sgRNA was designed using two separate bioinformatic software 

programs: the CRISPRko Tool from the Broad Institute (Cambridge, MA) and the 

CRISPR Finder from Wellcome Trust Sanger Institute. The cleavage site for the Cas9 

was designed to be located 10 bp away from the mutation site to increase homology-

directed repair efficiency. Similarly, the asymmetric donor template (ssODN) was 

designed based on the findings of Richardsons et al. (2016) in order to improve the rate 

of HDR and was designed manually using a sequence viewer software (Benchling). 

Here, I designed a sequence of 36 bp distal and 91 bp proximal to the protospacer 

adjacent motif (PAM) site (Richardson, Ray et al. 2016). Once designed, the sgRNA and 

asymmetric donor template were purchased as custom oligonucleotides from Integrated 

DNA Technologies (IDT). To create the 20 bp double-stranded guide RNA, a thermo 

cycler (C1000 Thermo Cycler, BioRad) was used to anneal the two oligonucleotides with 

the following parameters: 95°C, 5 min; ramp down to 25°C at 5°C/min; hold: 4°C. 

After the annealing step, the double-stranded sgRNA was cloned into the BbsI 

(BpiI) site of a pCCC vector which is based on the pSpCas9(BB)-2A-GFP vector 

(PX458, Addgene plasmid # 48138) as detailed previously (Ran, Hsu et al. 2013). The 

U6 promoter in the pCCC vector (a gift from Dr. Francis Lynn) is an RNA polymerase III 

site that enhances the expression of the gRNA in hiPSCs (Krentz and Lynn, 2014). 

Additionally, the CRISPR/Cas9 is co-expressed with green fluorescence protein (GFP) 

for fluorescence-based selection. There is a second promoter in the pCCC vector, which 

is called CAG and is constructed from the following sequences: the cytomegalovirus 

(CMV) enhancer, chicken β-actin gene (CAG), and rabbit β-globin gene. The CAG 

promoter has an RNA polymerase II site that facilitates the expression of GFP and 

CRISPR/Cas9 proteins. 

As mentioned above, a previously published protocol (Ran, Hsu et al. 2013) was 

followed to clone the sgRNA into pCCC vector. In brief, after the annealing step, the 

digestion and ligation was done in a one-step process using Anza™ 4 BpiI 

(ThermoFisher Scientific, IVGN0044) (2 µl of 100 ng pCCC vector, 2 µl of 1 µM sgRNA, 

2µl of 10x Anza red, 1 µl of 10 mM DTT, 1 µl of 10 mM ATP, 1 µl Bpil, 0.5 µl T4 ligase, 

10 µl water) and the PCR was performed using the following cycling conditions: 37°C, 5 



 90 

min; 21°C, 5 min; 6 cycles. Subsequently, competent DH5-α E. coli or 10β cells were 

transformed with the ligated mix according to the protocol supplied with the cells. Briefly, 

2 µl of the ligated mix was added to 20 µl of ice-cold component cells and was incubated 

for 10 minutes on ice and heat shocked at 42°C for 30 seconds. The mix was transferred 

immediately to ice for 2 minutes and 100 µl of super optimal broth (SOB) with the 

addition of glucose was added and incubated for 30–60 minutes. Afterwards, the mixture 

of the cells was plated onto an agarose plate supplemented with 100 µg/ml ampicillin 

and plates were incubated at 37°C for 12–16 hours. The next day, 3–4 colonies were 

selected from each plate to check for the correct insertion of the sgRNA. The colonies 

were picked with a sterile pipette tip, transferred into 3 ml LB medium supplemented with 

100 µg/ml ampicillin, and placed in the shaker incubator at 37°C, 200 rpm overnight. The 

next day, in order to make the glycerol stock, 500 µl of the cell-rich LB medium was 

added to the same volume of 80% sterile glycerol and was stored at –80°C. The 

remaining culture was used for DNA extraction by using QIAprep Spin Miniprep Kit 

(Qiagen) according to the manufacturer’s instructions. To verify the sequence of each 

colony and a successful insertion of sgRNA, each sample was sequenced from U6 

promoter using U6 forward primer (5’-GAGGGCCTATTTCCCATGATTCC-3’).  
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Figure 2-14. Schematic of genome-editing of hiPSCs using CRISPR/Cas9 and 

sorting GFP+ cells.  

2.7.2. Fluorescence-Activated Cell Sorting of transfected hiPSCs  

Human iPSCs were co-transfected with PX458 plasmid and ssODN using 

Lipofectamine 3000 (Thermofisher). Briefly, 2 ×	  105 hiPSCs were transfected with 500 ng 

sgRNA and 10 picomole of ssODN. Since the vector contained GFP as a reporter, the 

GFP+ hiPSCs were sorted as single cells using fluorescence-activated cell sorting 

(FACS) 48–72 hours post-transfection and were plated on Matrigel-coated plates in 

mTeSR1. More than 90 single-cell colonies were assayed. To screen for on-target single 

mutation, genomic DNA was extracted and used for PCR amplification of the CRISPR 

target sites. These amplicons were sequenced to confirm the expected single-nucleotide 

mutation. 

After 72 hours post-transfection, FACS was conducted to enrich the fluorescent-

expressing hiPSC. Transfected cells were dissociated to single cells with TrpyLE or 

Versene solution, washed 2 times with PBS, and suspended in 1 ml PBS. The FACS-

sorted cells were plated on a Matrigel-coated 6-well plate (500 cells per well) containing 

mTeSR1 supplemented with 5 µM Y-27632, 1 µM CHIR99021, 0.4 µM PD0325901 and 

2 µM SB431542 and antibiotics to improve the cells’ viability (Valamehr, Abujarour et al. 

2012). The medium was changed with fresh mTeSR1 after 2–3 days to allow the single 

cells to attach. The medium was changed every other day for ~10 days. The colonies 
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were picked up manually when they were about 1 mm in diameter. Each colony was 

transferred to one well of a Matrigel-coated 96-well plate, which contained mTeSR1 and 

10 µM Y-27632. The medium was changed with fresh mTeSR1 without Y-27632 every 

day. Typically, 3–4 days after picking (~80% confluent), the cells were ready to split (1:7-

1:10 split ratio) into another 96-well plate by using Versene solution. The remaining cells 

were used for DNA extraction. 

Cells were sorted by flow cytometry on a BD Jazz (BD Sciences, Singapore) 

instrument. Data analysis was performed using FlowJo. 

2.7.3. Genotyping 

The colonies were screened for the genotype of interest using nested PCR and 

Sanger sequencing. We designed the protocol for genotyping the colonies in a 96-well 

plate, which had low cost and fast turnaround with total invested time of 2 days per 

genotyping round. Briefly, hiPSCs were washed twice with 100 µl PBS and were added 

100 µl of direct lysis buffer (Viagen Biotech) supplemented with 1 mg/ml of proteinase K 

(Viagen Biotech). The hiPSCs in a 96-well plate were incubated on the shaker at 55°C 

for 4 hours followed by incubation at 85°C for 45–60 minutes to deactivate the 

proteinase K enzyme. Nested PCR was applied to increase the PCR specificity. For the 

first PCR, 1.5 µl of lysate product was mixed with 10 µl 2X PCR Taq Mastermix 

(abmgood), 2 µl of 2.5 µM forward primer, 2 µl of 2.5 µM reverse primer, and 4.5 µl 

water for a total of 20 µl reaction, using the following conditions; initial denaturation at 

94°C for 3 min, 30 sec annealing at 55°C (depends on primers), 45 sec extension at 

72°C, and denaturation at 94°C for 30 sec for 30 cycles. The second step of the nested 

PCR was implemented using the primers, which targeted the amplicon from the first 

PCR reaction. The second PCR was prepared as follows: 1.5 µl of PCR product from the 

first reaction, 10 µl 2X PCR Taq Mastermix (abmgood), 2 µl of 2.5 µM forward primer, 2 

µl of 2.5 µM reverse primer and 4.5 µl water, using the following conditions; initial 

denaturation at 94°C for 3 min, 30 sec annealing at 55°C (depends on primers), 45 sec 

extension at 72°C, and denaturation at 94°C for 30 sec for 30 cycles. 

The amplified DNA after two PCR reactions was purified using the Purification Kit 

(Thermofisher Scientific) and was sequenced verified with Sanger sequencing 

outsourced to Genewiz Inc. Only the colonies possessing the sequence of interest 
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including homozygous and heterozygous mutants were transferred first into a 12-well 

plate and subsequently into a 6-well plate. Also, 5–7 wild type colonies, which had gone 

through the same process but did not have the mutation of interest, were maintained as 

isogenic controls. Once the mutant and control cell lines were established, the hiPSC 

lines were ready for differentiation and subsequent functional/electrophysiological 

phenotyping using optical mapping and molecular assays including gene-expression 

analysis with qRT-PCR.	  The primers used for nested PCR and genotyping are listed in 

Appendix A-2. 

2.8. Flow cytometry 

Cells (e.g. hiPSC, hiPSC-CMs) were washed with PBS and dissociated into 

single cells using 0.25% Trypsin-EDTA solution (Thermo Scientific) at 37°C for 5–7 

minutes. For intracellular antigens, the cells were fixed with 4% FCS in PBS at 4°C for 

60 minutes. For cell-surface antigens, staining was carried out in PBS with 3% FCS. 

Staining was done with 3% FCS and 0.5% saponin (BD Biosciences). The cells were 

first stained with the following primary antibodies: anti-TRA-1-60 (BD Bioscience), anti-

SSEA-4 (BD Bioscience), anti-cTNT, and anti-MLC2v. This was followed by incubation 

with the following secondary antibodies: Alexa Fluor 647 mouse anti-human TRA-1-60 

antigen (BD Bioscience), PE mouse anti SSEA-4 (BD Bioscience), Alexa Fluor 488 Gout 

anti-Mouse cTnT (Thermo Scientific), and Alexa Fluor 647 goat anti-Rabbit MLC-2v 

(Abcam). Flow cytometry was conducted with FACSJazz instrument (BD Biosciences) 

and data were analyzed using FlowJo software (v10.1r5.OSX, FlowJo).  
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2.9. Functional studies 

2.9.1. Macro optical mapping of hiPSC-CM monolayers to examine 
voltage (Vm) and Ca2+ transients 

Optical mapping is a powerful tool for studying the electrophysiological properties 

of healthy and diseased hearts by providing information about the pathophysiology of 

cardiac diseases. Fluorescent dyes have been used for studying a variety of 

physiological parameters including electrical activity at high resolution in cardiac cells. 

We applied optical mapping to measure action potentials and Ca2+ transients by using 

voltage- and Ca2+-sensitive fluorescent probes (Lin, Ribeiro et al. 2014, Lin, Craig et al. 

2015). We used the non-ratiometric and low Ca2+-affinity dye (Rhod2-AM) to image 

cytosolic Ca2+ transients (Minta, Kao et al. 1989). One of the advantageous of Rhod2-

AM, in addition to its high chelating specificity, is having a peak excitation band similar to 

the voltage-sensitive dye RH-237. This property of the dyes enables us to 

simultaneously map the Ca2+ and voltage transients. The esterification of the Rhod2-AM 

is an important feature that enables one to optically map the cytosolic Ca2+ by allowing 

the dye to permeate the sarcolemmal membrane. Once the dye is in cytosol, intrinsic 

esterases cleave the AM ester from Rhod2-AM trapping the Rhod2 in the cytosol. Even 

though the majority of Rhod2 is trapped in cytosol, it has been shown that it can localize 

to the mitochondria as well (e.g. cold loading of the dye) (Trollinger, Cascio et al. 1997). 

Therefore, in our experiments the primary origin of the fluorescent is the cytosol. As 

discussed above, the Rhod2 has a similar peak excitation wavelength with the 

potentiometric dye RH-237 that we used to map the transmembrane potential. RH-237 is 

a high-affinity lipid-soluble compound, which becomes embedded within lipid bilayers of 

sarcolemma. 

Table 2-1.  Prop erties of voltage- and Ca2+-sensitive probes to study cardiac 
physiology of hiPSC-CMs 

Dye Excitation (nM) Emission (nM) Kd (nM) 
Rhod2 553 (535-568) 576 (561-601) 570-710 
RH-237 544 (400-680) 790 (650-860) - 
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I conducted the optical mapping experiments 30–40 days after hiPSC-CMs 

started beating spontaneously. I differentiated the cells in a 35 mm Petri dish due to the 

design of the optical mapping chamber. Ca2+ Tyrode’s solution (containing in mM: 117 

NaCl, 5.7 KCl, 4.4 NaHCO3, 1.5 NaH2PO4, 1.7 MgCl2, 10 Na-HEPES (C8H17N2O4S), 5 

glucose, 5 creatine, 5 Na-pyruvic acid, and 1.8 CaCl2 with pH adjusted to 7.3)) was the 

medium used for optical mapping experiments. Tyrode’s solution was not the optimal 

medium for the hiPSC-CMs during the 3–4 hour optical mapping experiments. The cells 

often died before finishing all the intended protocols. Therefore, I started using Iscove’s 

Modified Dulbecco’s Medium (IMDM) supplemented with NaCl (final concentrations in 

mM: 140 NaCl, 3.6 KCl, 1.2 CaCl2, 1 MgCl2, 10 HEPES, and 5.5 D-glucose) and 10 µM 

Y-27632. Using this medium, the cells lasted longer without losing their physiological 

properties. Prior to imaging, the beating hPSC-CMs were incubated with 15 µM of the 

potentiometric dye RH-237 (Molecular Probes) in the 2 ml warm IMDM medium for 45–

60 minutes depending on the optimal intensity that I was looking for to start the 

experiment. This timing was variable among different cell lines and depended on the cell 

density and could take up to 75 minutes for hESC-CMs to reach the optimal RH-237 

intensity. The hESC-CMs were differentiated using embryoid body formation as 

discussed previously and, unlike the monolayer of hiPSC-CMs, they had higher density 

of the cells in each embryoid body. Therefore, the loading time for RH-237 was longer in 

order to reach the inner layer of the cells in embryoid bodies. The important point in 

loading the voltage dye is to wait long enough to reach the optimum fluorescence 

intensity before washing out RH-237 and starting to load the Ca2+ dye. Reloading the 

potentiometric dye several times in the middle of the experiment only increases the 

background fluorescence and reduces ΔF/F0. After incubating the hPSC-CMs with RH-

237, the medium was removed and 5 µM of the Ca2+-sensitive dye Rhod2-AM 

(Molecular Probes) and 20 µM blebbistatin in 3 ml of warm IMDM were added to the 

culture dish and were incubated for 30–45 minutes before starting the imaging. To image 

the Ca2+ transients over a long period of time without having significant background 

noise, it was necessary to add a fresh aliquot of Rhod2-AM (Lin, Craig et al. 2015). 

Blebbistatin is a potent and selective myosin ATPase inhibitor, which prevents the 

contraction, and, thereby, reduces motion artifact without having any noticeable effect on 

electrophysiological properties (e.g., ion currents and Ca2+ transients). To increase the 

efficiency and consistency of blebbistatin, it is important to warm it up before dilution 

(Lin, Ribeiro et al. 2014, Lin, Craig et al. 2015). RH-237 and blebbistatin were diluted in 
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DMSO and stored at -20°C in light-sensitive tubes and box. The Ca2+-sensitive dye 

Rhod2-AM was diluted for each experiment and kept in -20°C for 2 days. The final 

concentration of DMSO in the IMDM medium was less than 0.5% in each incubation 

step. 

The described dye-loading protocol was achieved after trying different 

concentrations of dyes and various dye-loading combinations. For example, my first 

protocol was based on a published paper from our lab, which described zebrafish optical 

mapping (Lin, Craig et al. 2015). In this protocol, the monolayer of hiPSC-CMs was 

incubated with 8 µM RH-237 for 30 minutes followed by 10 µM blebbistatin for 45 

minutes. The blebbistatin was washed out and the Ca2+ Tyrode’s solution supplemented 

with 10 µM Rhod2-AM and 10 µM blebbistatin was added. After 30 minutes, image 

acquisition was started without changing the solution. Even though this protocol worked 

extremely well for zebrafish optical mapping, it was not the optimal loading protocol for 

hiPSC-CMs. First, the incubation time for RH-237 in zebrafish heart is shorter than 

hiPSC-CMs, and if the RH-237 intensity decreases during the experiment, we can reload 

it again without having a toxic effect on the heart. Since this was not applicable to 

hiPSC-CMs, determining the right concentration and incubation time for RH-237 was 

crucial before starting the image acquisition. Second, zebrafish heart is more prone to 

significant movement artifact and, thus, the incubation and concentration of blebbistatin 

is very important to suppress the contraction, especially the atrial contraction. For this 

reason, adding blebbistatin to the imaging solution is necessary in addition to 45 minutes 

of incubation. Unlike the zebrafish heart, the hiPSC-CMs did not need to be incubated 

with blebbistatin separately, and 30 minutes of incubation with Rhod2-AM before 

imaging was enough to stop their contraction. Third, unlike hiPSC-CMs, the zebrafish 

heart is not very sensitive to laser exposure. However, photobleaching and contraction 

are the consequences of the intense and prolonged laser exposure in hiPSC-CMs 

(Figure 2-16). Reloading the dyes and blebbistatin can increase the signal intensity and 

inhibit the movement. Unfortunately, we did not have this flexibility for hiPSC-CMs and 

these cells are very sensitive to laser exposure and did not last long under laser 

excitation. Therefore, we had to limit the exposure time while trying to get as much data 

as possible from each run. To have a successful optical-mapping experiment, it was 

important to start with the high-quality signals that were attainable with the optimal dye 

concentration and incubation time. For these reasons, I established the protocol 
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explained above for hiPSC- and hESC-CMs optical mapping in our lab, which has since 

been used routinely. 

As mentioned previously, the optical-mapping set up was designed to use green 

532 nm DSPP solid-state laser (Laserglow Technologies, Toronto, Canada) to excite the 

fluorescent dyes. Its affordability and durability were the reasons for its use in our 

zebrafish and hiPSC-CMs optical mapping setups. The laser was able to run 

continuously for more than 5,000 hours with an average output power of 334.7 mW as 

rated on the unit. Because of the high intensity required to excite the fluorescence dyes 

and to increase the signal intensity, the photobleaching rate was higher with the laser 

than with light-emitting diodes (LEDs). In addition, the hiPSC-CMs were very sensitive 

and exposing the cells to the laser for a long time could limit the image-acquisition 

window and hiPSC-CMs may die. Therefore, we switched our excitation source from 

solid-state laser to LEDs. 

Simultaneous optical mapping of voltage and Ca2+ signals has been most often 

implemented using two identical cameras oriented at 90°. Precise alignment of the two 

cameras, which is crucial for the accuracy of the technique, was previously 

accomplished either by mechanical means or by software alignment (Lin, Ribeiro et al. 

2014, Lin, Craig et al. 2015). An alternative to the expensive use of multiple cameras, 

which we used, was to project both voltage- and Ca2+ signals on a single camera. A 

Hamamatsu ORCA Flash 4 digital CMOS camera was used in the optical-mapping 

setup. To enable simultaneous optical mapping of the voltage and Ca2+ signals, an 

optical bean splitter was used which separated and then recombined the voltage and 

Ca2+ fluorescent emission images. The optical bean splitter used two identical 605 nm 

long-pass dichroic mirrors to create a secondary optical pathway for the Ca2+ signal. The 

emissions signals of both RH-237 and Rhod2-AM were imaged through the slit, which 

blackened the right-hand side of the image sensor without affecting the image of the 

hiPSC-CMs (Figure 2-15, Panel A). Since the voltage signal had longer wavelengths 

than the cut-off wavelengths of the dichroic mirrors (700 nm long pass filter), the signal is 

transmitted through the beam splitter without being affected (Figure 2-15, Panel B). The 

first dichroic mirror reflected the Ca2+ signal, separating it from the voltage signal. 

Rotation of the dichroic mirror allowed the position of the Ca2+ signal to be shifted to the 

center of the field of view. Rotation of the second dichroic mirror allowed the Ca2+ signal 

to be shifted further, to the right-hand side of the field of view, placing the voltage and 
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Ca2+ images side by side (Figure 2-15, Panel C).  As the images were read off the 

camera into the computer, the voltage and Ca2+ signals were perfectly synchronized. 

Since the Ca2+ signal propagates through a longer optical pathway, the voltage and Ca2+ 

signals were not identical. The minor differences in image scaling and rotation were 

corrected using standard image algorithms. 

Spectral cross talk: One of the advantages of our optical mapping setup was the 

simultaneous acquisition of Ca2+ and voltage signals (Figure 2-17). As mentioned above, 

both RH-237 and Rhod2 fluorescent dyes were excited with the same source. Unlike 

other optical mapping setups, there was no need to switch between excitation sources in 

order to excite each dye separately. However, the emission of the RH-237 overlapped 

with the emission of Rhod2 and the baseline signal of Ca2+ elevated 2–4% due to 

spectral crosstalk. The crosstalk was easily measurable by recording the RH-237 in the 

absence of Rhod2 dye and quantify the intensity of the traces in the Ca2+ side. As 

expected, the spectral crosstalk would generate the upright voltage signal. A very bright 

voltage signal could contribute more than 4% to the baseline intensity of Ca2+ signal and, 

therefore, contaminate the Ca2+ signal. If the upstroke of the Ca2+ transient had similar 

kinetics as the upstroke of the voltage transient, it would represent high spectral 

crosstalk, because that would mean the peak of the voltage transient had higher spectral 

crosstalk effect on the upstroke of the Ca2+ transient. Therefore, it was important to use 

optimal concentrations of both RH-237 and Rhod2-AM dyes. 

Temperature: It is important to create the same environment as an incubator 

(37°C) for the cells during the optical-mapping experiment. Therefore, a 40-mm 

thermoelectric Peltier device was mounted directly onto the aluminum stage, which held 

the 35 mm Petri dish of hiPSC-CMs. A PID temperature controller (TC-36-25RS232, TE 

technology) was used to control the Peltier device based on the commands that were 

sent from the computer. The command temperature that was sent to the PID 

temperature controller was 37°C. The controller read the command first and then 

compared it to the temperature of the stage which was usually lower than 37°C. The 

controller would then adjust the direction and the amount of the current, which was 

needed to send to Peltier until the stage for 35 mm petri dish reached the desired 

temperature. The time interval between when the temperature controller turned on until 

the aluminum stage went from room temperature (~22°C) to 37°C was less than 5 

minutes. In addition, the Peltier element, which had direct contact with the stage, helped 
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facilitate the rapid equilibrium between the stage and the 2-3 ml of solution in 35 mm 

petri dish. It is important to note that no temperature gradient was detected in different 

regions of the Petri dish. 

Experimental protocol: Following the incubation of the fluorescent dyes and 

contractile inhibitor and ensuring that the optical-mapping set up was ready (e.g., the 

temperature of the aluminum stage had reached 37°C), the first recording was obtained, 

which was the control recording of the spontaneously “beating” cells. This was crucial to 

quantifying the activity and properties of the cells, signal qualities of RH-237 and Rhod2 

dyes, motion artifacts, and beating rate before running any experimental protocol. It is 

important to keep in mind that due to photo bleaching and dye leakage, the highest 

signal quality in optical mapping experiments occurred in the first 1 to 2 hours. 

Therefore, the protocols we designed, including stimulation and drug administration, 

were primarily run in the first 1 to 2 hours in order to allow recording high-quality Ca2+ 

and voltage signals. 

Stimulation: The spontaneous beating rate of the hiPSC-CMs varied across 

different cell lines and batches of differentiation, ranging from 40 to 90 beats per minute 

(bpm). In addition, the intrinsic beating rate dropped after dye incubation and also during 

the experiment. Therefore, it was very important to stimulate the hiPSC-CMs back to 

their original, or even higher, beating rates. The advantages of using electrical field 

stimulation system include: 1) To investigate the effect of beating rate on action potential 

duration (APD) and Ca2+ transient duration (restitution); 2) To quantify the effect of the 

drug on APD and Ca2+ transient duration at different drug concentrations with the same 

beating rate across the various cell lines. Electrical field stimulation was applied using 

stainless steel electrodes. The electrodes were ~1 cm apart and placed in the 35 mm 

Petri dish. The distance between the two electrodes was very important. They had to be 

far enough from each other so as not to be in the field of view; they also needed to be 

close enough together to avoid the need to use high voltage, which could kill the hiPSC-

CMs. If the electrodes were placed in the field of view, the artifacts generated due to the 

bubbles during the electrical field stimulation could compromise the quality of the voltage 

and Ca2+ signals. We found that ~1 cm was the optimal distance to have the electrodes 

out of field of view and to provide enough electrical field stimulation (45 V) to stimulate 

the hiPSC-CMs without burning or killing the cells. 
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Signal processing: Signal processing of the optically mapped data was 

performed using a custom IDL software program (Scroll software; courtesy of Sergey 

Mironov). For each image pixel, the signal intensities from the surrounding ±3 pixels 

were averaged to allow for individual cardiac cycles to be identified, as previously 

described (Lin, Craig et al. 2015). In brief, baseline intensities were normalized by fitting 

the data to a polynomial function and by normalizing the data intensity to 0->1. To 

reduce high frequency noise, a Butterworth filter was applied using a frequency cut-off of 

30 Hz. Individual cycles were then segmented by applying a threshold value of 50%. The 

peak of each action potential was used to determine the activation time of a given 

cardiac cycle for that location. For APD measurements, the signal-to-noise ratio was 

further increased by averaging multiple cardiac cycles for a given pixel location.  

Whole image analysis: To objectively quantify the entire CM population under 

study in a repeatable and consistent manner, whole-image analysis was used as well. 

Analysis algorithms were written using Interactive Data Language (Harris Geospatial). 

For whole-image analysis, the regional approach in which regions of interest (ROIs) 

were selected arbitrarily to record Vm and Ca2+ transients was extended to include the 

entire image. The analysis was performed by employing the smallest possible ROIs, 

based on the system’s signal-to-noise ratio. In order to do so, the original images were 

software-resampled to create 512 x 512 pixel images (20 µm pixel dimensions). Then, 

for each pixel location, the signal from an 11 x 11 pixel block (equivalent to a 220 µm by 

220 µm block) was searched for Vm and Ca2+ activity. Whole-image analysis, using these 

small overlapping regions, created an ‘image map’ in which Vm and Ca2+ activities were 

summarized for each active location. In these derived image maps, the individual pixel 

values or intensity contained the amount of elongation or shortening for each location. 

As such, histograms calculated from the results of whole-image analysis can be used to 

estimate the probability of finding a particular value or range of values. The histogram of 

an action potential map contains the distribution of APDs, and the histogram of the 

difference between two recordings contains the distribution of the effect (Figure 2-18). In 

some analyses, the difference result was normalized by the magnitude of the first 

recording to calculate the effect in percentage. 
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2.9.2. Microelectrode array recording 

The monolayer of spontaneously beating hiPSC-CMs were dissociated into 

single cells using 0.25% trypsin as explained above and seeded onto a fibronectin-

coated Maestro MEA 48-well plate (Axion Biosystems). Briefly, the MEA plate was 

coated with 5-10 µl of 50 µg/mL fibronectin solution over the recording electrodes and 

incubated for 1 to 3 hours at 37ºC and 5% CO2. Sterile double-distilled water (ddH2O) 

was placed in the outer rim of the plate to prevent evaporation of the fibronectin droplet. 

After 3 hours, the fibronectin was aspirated from each well and 50,000 hiPSC-CM cells 

per 10 µl were added to the electrode array of each well and were incubated for 1 hour 

at 37ºC and 5% CO2. After 1 hour, 150 µl of warmed cardiac media (RPMI 

supplemented with B27 and 10 µl Y-27632) were added gently to each well. The second 

half-volume of the media (150 µl) was gently added to each well. It is important to add 

fresh media to the cells one day after seeding the cell and subsequently every 2–3 days. 

To minimize disturbing the monolayer of hiPSC-CMs during the media change, it is 

crucial to change only half of the media. The cells needed to be plated at least two 

weeks before recording to allow the culture to be established. In order to measure the 

activity of the plated hiPSC-CMs, the plate was placed in the Maestro MEA system when 

it reached 37ºC and 5% CO2. Activity of the WT and mutant hiPSC-CMs were recorded 

prior to the treatment (baseline) and after drug treatment for 3–5 minutes. It was 

recommended by the manufacturer to have at least 4 replicates per condition (Figure 2-

19). The acquired data were analyzed using Axion software. 
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Figure 2-15. Schematic diagram of the optical mapping setup for the hPSC-CMs. 
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Figure 2-16. Photobleaching of voltage- and Ca2+-sensitive dyes during 
recordings.  

The regions-of-interest (ROIs) were chosen by the experimenter through the custom-built 
software written in IDL. Shown in colors matching the ROIs in the right panel are the Vm 
transients (action potentials) in solid lines and the subsequent Ca2+ transients shown in dotted 
lines. Images were recorded for 20 seconds at 100 fps at 37°C.  
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Figure 2-17. Optical mapping of a monolayer of hiPSC-CMs to record both 

voltage (Vm) and Ca2+ transients. 

The section of the Petri dish (shown in the middle panel) contains a monolayer of hiPSC-CMs 
loaded with both Vm (RH-237)- and cytosolic Ca2+ (Rhod-2)-sensitive dyes. Our custom-made 
optical rig used 532 nm LEDs for excitation of both dyes and a Hamamatsu ORCA-Flash 4.0 
Digital CMOS camera for the detection of the fluorescence emission from both dyes. Shown in 
the middle panel are four regions-of-interest (ROIs) chosen by the experimenter through the 
custom-built software written in IDL. However, dozens of ROIs can be imaged simultaneously if 
necessary. Shown in colors matching the ROIs in the four outer panels are the Vm transients 
(action potentials) in solid lines and the subsequent Ca2+ transients shown in dotted lines. Images 
were collected at 100 fps at 37°C. 
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Figure 2-18.  Histogram plots of action potential durations and Ca2+ transients 

measured before and after exposure to ibrutinib (IB). 

Voltage and Ca2+ transients are represented in red and blue solid lines respectively. The red and 
blue dashed lines show the voltage and Ca2+ transients after addition of IB. With the optical 
mapping system, we can capture changes in fluorescent intensity with respect to time for each 
pixel. The histogram of APD80 represents the number of times (the number of pixels) that have a 
particular APD80 value. A) The distribution of APD80 for hESC-derived ventricular cardiomyocytes 
shows no significant difference in presence of IB. However, the distribution of Ca2+ transients 
shows changes after treatment with IB. B) The difference between APD80 values and Ca2+ 
transients before and after applying IB are shown. 

 
Figure 2-19. Electrophysiological properties of hiPSC-CMs using microelectrode 

array (MEA). 

A) and B) Representative image of hiPSC-CMs plated over the 16 recording electrodes in a well 
of a 48-well plate. C) Activity map showing the spike amplitude. D) Representative extracellular 
field potential recording of the hiPSC-CMs defining the recorded parameters; spike amplitude 
(Spike amp.), beat period (sometimes referred to as inter-spike interval), and field potential 
duration (FPD). E), F) Beat waveform for WT hiPSC-CMs and R37C TNNI1 hiPSC-CMs. 

A) B) 
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2.10. Data Analysis 

Data throughout this study were analyzed using JMP software package (SAS 

Institute Inc, Cary, NC). Unless otherwise noted, the results were expressed as means ± 

SEM. Statistical analysis was performed using one-way (one factor) or two-way (two 

factors) analysis of variance (ANOVA) followed by Tukey’s post-hoc test to determine if 

there were significant differences between the means. n represents the total number of 

experiments. A p-value of less than 0.05 was considered statistically significant.  
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Chapter 3.                                                        
Ibrutinib Displays Atrial-Specific Toxicity In Human 
Stem-Cell Derived Cardiomyocytes 

This chapter is largely based on the following original research article submitted to the 

journal Stem Cell Reports. 

Sanam Shafaattalab, Eric Lin, Effimia Christidi, Yulia Nartiss, Jeehon Lee, 

Stephanie Protze, Gordon Keller, Liam Brunham†, Glen F Tibbits†, Zachary 

Laksman†. Ibrutinib displays atrial-specific toxicity in human stem-cell derived 

cardiomyocytes 

†Co-senior authors 

My contribution to this study included experimental design, cell preparation, optical 

mapping experiments, analysis of the data set, preparation of all figures and writing the 

manuscript.  
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3.1. Abstract 

Ibrutinib (IB) is an oral Bruton’s tyrosine kinase (BTK) inhibitor that has 

demonstrated benefit in B cell cancers, but is associated with a dramatic increase in 

atrial fibrillation (AF). We employed cell specific differentiation protocols and optical 

mapping to investigate the effects of IB and other tyrosine kinase inhibitors (TKIs) on the 

voltage and Ca2+ transients of atrial and ventricular human pluripotent stem cell-derived 

cardiomyocytes (hPSC-CMs). IB demonstrated direct cell-specific effects on atrial hPSC 

CMs that would be predicted to predispose to AF. Chronic exposure of IB on atrial hPSC 

CMs was associated with more severe derangements. Second generation BTK inhibitors 

did not have the same effect. IB did not appear to have a direct effect on ventricular 

CMs. Nilotinib and vandetanib caused clear electrophysiologic dysregulation of 

ventricular CMs in keeping with their risk of acquired QT prolongation, while these 

agents did not demonstrate an effect on atrial CMs. 

3.2. Introduction 

Ibrutinib (IB) is an oral small molecule irreversible inhibitor of Bruton’s tyrosine 

kinase (BTK) that has been successfully employed in the treatment of B cell cancers. IB 

is first line therapy in chronic lymphocytic leukemia (CLL) and Waldenstrom’s 

macroglobulinemia (WM) in which it has demonstrated consistent benefit and 

improvement in overall survival and progression free survival (Burger, Tedeschi et al. 

2015, Treon, Tripsas et al. 2015).  An unexpected observation from clinical trials of IB 

was an increased risk of atrial fibrillation (AF), which was observed in 6-16% of 

participants (Brown, Moslehi et al. 2017). Since continuous treatment is required to 

maintain clinical benefit, the cumulative incidence of AF in patients treated outside of 

clinical trials is likely even higher.  The mechanism of IB-induced AF is unknown. 

Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) have emerged 

as a valuable platform for preclinical compound screening, and mechanistic study of 

cardiotoxicity, demonstrating the unique ability to recapitulate normal and pathologic 

human cardiac electrophysiology and its response to drugs (Sharma, Burridge et al. 

2017). Most studies have focused on ventricular toxicity and employed mixed 

populations of cardiomyocytes, however recent improvements in chamber- and cell-

specific differentiation protocols have enabled the study of atrial-specific arrhythmogenic 
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disorders such as AF (Laksman, Wauchop et al. 2017, Lee, Protze et al. 2017). Acquired 

forms of AF such as hyperthyroidism and alcohol are associated with direct effects on 

the unique electrophysiology of atrial cardiomyocytes, including shortening of the action 

potential duration (APD) and an increase in the Ca2+ transient duration (CaTD). 

This study was designed to determine whether IB has atrial-specific cardiac 

electrophysiologic effects that could explain the observed association with AF. To do so, 

we evaluated the effects of IB on human embryonic stem cell (hESC)-derived ventricular 

and atrial cardiomyocytes (CMs) that were generated using previously published 

protocols (Lee, Protze et al. 2017). To investigate the arrhythmogenic potential of IB, we 

used optical mapping techniques to determine the drug’s impact on voltage (Vm) and 

calcium (Ca2+) transients of hESC-derived CMs (Herron, Lee et al. 2012, Lin, Craig et al. 

2015, Laksman, Wauchop et al. 2017). We compared IB to other structurally-related 

tyrosine kinase inhibitors (TKIs) that have varying degrees of cardiotoxicity, including 

acalabrutinib, a novel experimental BTK inhibitor that has that has been posited to be 

more potent than IB with less side effects (Wu, Zhang et al. 2016). 

3.3. Methods 

3.3.1. Directed differentiation of atrial and ventricular cardiomyocytes 

Culture media and differentiation of hESCs to atrial- and ventricular-like CMs 

employed protocols that have been reviewed previously in detail, and are available in the 

supplement (Ng, Davis et al. 2008, Elliott, Braam et al. 2011, Lee, Protze et al. 2017).  In 

brief, hESC NKX2-5egfp/w cells were differentiated into CMs using an embryoid body (EB) 

protocol that employed Activin A and BMP4 signaling for mesoderm induction followed 

by Wnt inhibition for cardiac specification. To generate atrial CMs, retinoic acid (RA) was 

added at the cardiac mesoderm stage (Zhang, Jiang et al. 2011, Devalla, Schwach et al. 

2015, Lee, Protze et al. 2017). The timing and concentrations of cytokines utilized were 

optimized using previously described analyses (Kataoka, Takakura et al. 1997, Prall, 

Menon et al. 2007, Evseenko, Zhu et al. 2010, Dubois, Craft et al. 2011, Kattman, Witty 

et al. 2011). Details regarding flow cytometry can be found in the supplement. 
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3.3.2. Optical mapping  

The hESC-CMs were loaded with 15 µM of the Vm-sensitive potentiometric dye 

RH-237 (Molecular Probes, Eugene, OR) and 5 µM of Ca2+-sensitive dye Rhod-2AM 

(Molecular Probes). Blebbistatin, a myosin ATPase inhibitor (Sigma-Aldrich) was 

employed to avoid motion artifact (Fedorov, Lozinsky et al. 2007, Lin, Ribeiro et al. 

2014). Atrial and ventricular CMs were excited by 532 nm LEDs and incubated at 37°C. 

RH-237 and Rhod-2 emissions were monitored using >710 nm long-pass and 565-600 

nm band-pass filters, respectively. Both signals were captured with a single Hamamatsu 

ORCA Flash 4 digital sCMOS camera by incorporating an optical image splitter. Images 

were captured at the camera’s native resolution of 2048x2048 pixels (5 µm pixel 

dimensions). The TKIs (MedChem Express) were diluted in DMSO and added to the 

culture dish in sequentially increasing concentrations (0.1, 0.5, and 1.0 µM) at 15-minute 

intervals. The DMSO final concentration did not exceed 0.5%. Independent 

differentiation runs were studied in isolated wells. Each well contained EBs that varied in 

shape and size, with an average diameter of 750 µm (0.5 mm2). EBs were seeded at 

85% coverage such that each image recording contained an average of 75 EBs. All EBs 

identified within the 5 by 10 mm image area were analyzed simultaneously (see below). 

Analysis algorithms were written using Interactive Data Language (Harris Geospatial). 

To quantify objectively the entire CM population under study in a repeatable and 

consistent manner, whole-image analysis was also used. This allowed for the generation 

of APD and CaTD maps. The histogram of the APD and CaTD maps contains the 

distribution, and the histogram of the difference between two recordings contains the 

distribution of the effect (Supplementary Figure 3-3). In some analyses, the difference 

result was normalized by the magnitude of the first recording to calculate the percent 

effect. Further details regarding optical mapping can be found in the Supplemental file. 

3.3.3. Drug screening 

There are over 20 TKIs that are currently FDA approved, a number of which have 

been associated with cardiotoxicity (Yeh and Bickford 2009). Here we chose to look at IB 

and four closely related BTK inhibitors (CNX-774, ONO-4059, AVL-292, acalabrutinib), 

and two additional non-BTK TKIs (nilotinib and vandetanib) in terms of their effects on 

atrial and ventricular CM parameters. The BTK inhibitors had similar IC50 values and thus 

were tested over the same of concentrations, as described in the METHODS section. 
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Amongst the BTK inhibitors currently available, those selected were similar in structure 

to IB, target the same Cys-481 residue, and are second-generation BTK inhibitors 

employed for similar indications (Hutchinson and Dyer 2014, Patel, Balakrishnan et al. 

2017). Nilotinib and vandetanib, the non-BTK TKIs, have well documented cardiotoxic 

effects and provided a positive control for ventricular toxicity in this study (Sharma, 

Burridge et al. 2017). 

3.3.4. Statistical analysis 

Each well was recorded as shown in the Results section as 1 repeat (N). The 

minimum number of N performed was 5. The results were expressed as means ± SE. 

Statistical significance in response to different doses of each TKIs to determine the Vm 

and Ca2+ transient durations (APD and CaTD, respectively) were determined using a 

one-way ANOVA, followed by Tukey’s post-hoc test to determine if there were significant 

differences between the means. p values <0.05 were considered significant.  The JMP 

11 software package was used for all analyses. 

3.4. Results 

3.4.1. Phenotyping of atrial-like and ventricular-like hESC-CMs 

  We used published and optimized differentiation protocols (Kataoka, Takakura et 

al. 1997, Prall, Menon et al. 2007, Evseenko, Zhu et al. 2010, Dubois, Craft et al. 2011, 

Kattman, Witty et al. 2011) to successfully generate relatively pure populations of both 

atrial and ventricular CMs. Cardiac differentiation routinely generated >80% cardiac 

troponin T positive cells as determined by flow cytometry (Supplemental Figure S3-1). 

As shown in Figure 3-1, atrial and ventricular CMs displayed significant 

differences in Vm transients. The action potential duration at 80% of repolarization 

(APD80) (Figure 3-1 Panel C) was significantly shorter by 18% in hESC-atrial compared 

to ventricular cells (258 ±13 vs. 313 ±17 ms)(p<0.05). However, the impact of atrial 

phenotype on the APD was much more pronounced at APD30 (Figure 3-1 Panel C), 

which was shortened by 50% on the average (100 ±4 vs. 149 ±12, p< 0.0005). 
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Figure 3-1.  Characterization of atrial and ventricular CMs by optical mapping.  

Panel A. Representative spontaneously “beating” atrial CMs showing Vm (solid blue lines) and 
Ca2+ (dashed blue lines) transients. Panel B. Representative spontaneously “beating” ventricular 
CMs showing Vm (solid red lines) and Ca2+ (dashed red lines) transients. Panel C. Illustrates the 
differences in action potential duration at 30% (APD30 - left) and 80% (APD80 - right) 
repolarization based on optical mapping of embryoid bodies paced at 60 bpm between atrial 
(blue) and ventricular (red) hESC-derived CMs. * p< 0.05; *** p<0.005; N = 24 

3.4.2. Impact of acute exposure of hESC-CMs to ibrutinib  

We exposed atrial and ventricular CMs to IB to investigate the impact of this drug 

on cardiac physiology to determine if the underpinnings of arrhythmogenicity could be 

detected. We performed optical mapping on each sample at baseline and serially after 

treatment with increasing concentrations of IB (0.1, 0.5, and 1.0 µM), a dose range 

chosen to reflect the IC50 values for IB relative to BTK inhibition. In atrial CMs, IB 

treatment caused a significant and dose-dependent decrease in APD80 (Figure 3-2) of 

8%, 26% and 31% with IB doses of 0.1, 0.5 and 1.0 µM, respectively. Acute application 

of IB to atrial CMs was also associated with a dose-dependent increase in the Ca2+ 

transient duration at 80% repolarization (CaTD80) of 8, 21 and 27% at 0.1, 0.5 and 1.0 

µM, respectively. In contrast, treatment with IB had no statistically significant effect on 

the APD or the CaTD on ventricular CMs (Figure 3-2). 
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Figure 3-2.  Simultaneous Vm and Ca2+ recordings of human atrial and 

ventricular CMs presence of ibrutinib.  

Panel A shows averaged and superimposed action potentials at three different doses of IB on 
atrial (blue) and ventricular (red) CMs. Panel B illustrates the averaged and superimposed Ca2+ 
transients at three doses of IB in atrial (blue) and ventricular (red) CMs. Panel C exhibits bar 
graphs of the average normalized APD80 at three doses of IB in atrial (blue) and ventricular (red) 
CM. Atrial CMs demonstrated significant (p< 0.05) dose-dependent shortening of APD80 at 0.5, 
and 1.0 µM ibrutinib while ventricular (red) CMs did not. Panel D illustrates the CaTD80 after 
exposure to IB. Atrial CMs demonstrated significant (p< 0.05) dose-dependent lengthening of 
CaTD80 at 0.5, and 1.0 µM ibrutinib while ventricular (red) CMs did not. 

3.4.3. Acute impact of TKIs on hESC-CMs 

To determine if the atrial-specific effects of IB were unique to this agent, we 

tested the effects of six structurally-related TKIs on atrial and ventricular CMs. 

Remarkably, none of the other TKIs tested demonstrated a significant effect on the APD 

of atrial CMs (Figure 3-3 Panel A) at any of the doses tested, suggesting that this effect 

is unique to IB. However, several of the TKIs resulted in significant lengthening of the 

CaTD80 at the higher doses (Table S3-1 in the Supplemental file). As shown in Figure 3-

2, all TKIs tested had significant (p>0.05) lengthening effects on the CaTD80 at a 

concentration of 1.0 µM, while AVL-292 was also associated with a significant and dose-

dependent increase in CaTD80 at TKI doses of 0.5 and 1.0 µM in atrial CMs. 

In ventricular CMs, only nilotinib and vandetanib affected the APD80 and/or 

CaTD80 (Figure 3-3 C and D). Nilotinib caused a significant (p< 0.05) dose-dependent 
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increase in APD80 (23%, 40% and 52% at 0.1, 0.5 and 1.0 µM, respectively), as well as 

significant (p<0.01) prolongation of CaTD80, of about 2-fold at the highest concentration. 

Vandetanib caused a significant increase in both the APD80 and CaTD80 in ventricular 

CMs at both 0.5 µM and 1.0 µM. Vandetanib was associated with a significant (p <0.05) 

dose-dependent increase in APD80 (22%, 31% and 41% at 0.1, 0.5 and 1.0 µM, 

respectively) and CaTD80 (69% and 102% at 0.5 and 1.0 µM, respectively) in ventricular 

CMs. No changes to APD or CaTD were detected in DMSO control (Table S3-2 in the 

Supplemental file). 

 
Figure 3-3.  Effect of six structurally related tyrosine kinase inhibitors (TKI) on 

the duration of the action potential (APD80) and the Ca2+ transient 
(CaTD80) in both atrial (blue) and ventricular (red) CMs. 

Panel A. shows that none of the TKIs had a significant effect on the duration of the APD80 in atrial 
CM. As shown in Panel B, all TKIs significantly prolonged the CaTD80 at a dose of 1.0 µM in atrial 
CMs. Panels C and D illustrate that except for- the non-BTKIs, Nilotinib and vandetanib, none of 
the TKIs had a significant impact on either the APD80 or CaTD80 in ventricular CMs. Nilotinib and 
vandetanib caused a significant dose-dependent lengthening of both APD80 and CaTD80 in 
ventricular CMs. * p<0.05; ** p<0.01, N = 6 

3.4.4. Effect of IB on cardiac cell viability 

We next assessed the effects of IB and acalabrutinib on cell viability in hPSC-

atrial and ventricular CMs. A reduction in cell viability is a common cellular phenotype 

seen in many studies of cardiotoxicity (Sharma, Burridge et al. 2017). Treatment with IB 
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led to a dose-dependent reduction in cell viability, with no apparent different between 

atrial (LD50=81 µM, n = 10), and ventricular-like CMs (LD50=83 µM, n=5). In contrast, 

acalabrutinib resulted cell death compared to ibrutinib in both atrial and ventricular CMs 

(p<0.0001) (Supplementary Figure 3-2), consistent with the findings that acalabrutinib 

appears to result in a lesser degree of cardiotoxicity compared to IB. 

3.4.5. Chronic (72 hours) exposure of atrial CMs to ibrutinib 

Since IB is prescribed chronically for patients with Chronic lymphocytic leukemia 

(CLL) and related disorders, we tested the effects of longer-term exposure of IB (72 

hours) on atrial and ventricular CMs at a dose of 0.5 µM IB. The prolonged exposure of 

atrial CM to IB led to the appearance of delayed after-depolarizations in an alternans 

pattern (Figure 3-4). This effect was not seen in ventricular CMs at the same 

concentration over the same time period (Data not shown). 

 
Figure 3-4 . Effect of 72-hour chronic exposure to 0.5 µM ibrutinib on voltage 

(Vm) and Ca2+ transients in atrial CMs. 

As can be seen in the top two traces of Ca2+ and Vm transients from optically mapped atrial CM 
exposed to IB for 72 hours, resulted in pronounced alternans.  This effect was observed in 100% 
of the IB-exposed plates examined (N=6) and never in the vehicle-only exposure. 
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3.5. Discussion 

IB is a first-in-class oral BTK inhibitor, which forms a covalent bond with BTK at 

the cysteine-481 residue in the kinase domain, and potently blocks enzymatic activity 

(Patel, Balakrishnan et al. 2017). IB binds reversibly to related kinases and has known 

off-target effects (Honigberg, Smith et al. 2010, Woyach, Smucker et al. 2014). While 

initial efficacy was shown in patients with relapsed CLL, IB has been granted FDA 

approved for treatment of all patients with CLL, small lymphocytic lymphoma (SLL) or 

WM as well as those with splenic marginal zone lymphoma (SMZ) or mantle cell 

lymphoma (MCL) who have received at least one prior therapy. The clinical benefit and 

expanding indications likely will result in a continued increase in IB prescriptions over 

time (Thorp and Badoux 2018).  AF emerged as a consequence of IB administration in 

the first phase 3 trials, and has continued to be observed ongoing randomized trials 

across a number of patient populations, with a relative risk of AF of 3.9 in patients 

exposed to IB (Leong, Caron et al. 2016). As IB therapy is continuous, with longer 

follow-up the cumulative incidence of AF in the real world has already been shown to be 

higher and on the rise (Lee, Chihara et al. 2016). Interestingly, IB does not appear to 

have a direct effect on the electrophysiology of ventricular CMs and is not associated 

with QT prolongation in vivo (de Jong, Hellemans et al. 2017). The mechanisms 

responsible for atrial arrhythmogenicity related to IB have yet to be elucidated (Thorp 

and Badoux 2018). 

Here we demonstrate that IB has an atrial-specific pro-arrhythmic effect not seen 

in ventricular CMs. This effect was not seen in second generation BTK inhibitors 

currently in development, including acalabrutinib, and ONO-4059, that have better 

specificity for BTK and less off-target effects (Jeyakumar and O'Brien 2016). In our 

model system, we were able to reproduce the previous in vitro testing results and clinical 

phenotype of vandetanib and nilotinib which are associated with acquired long QT and 

torsade de pointe and have cardiotoxicity-associated FDA black-box warnings. Both of 

these agents resulted in increased APD and CaTD when applied to ventricular CMs. The 

atrial and ventricular electrophysiologic effects of all TKIs tested are summarized in 

Table 3-1.  

hPSC-CMs have proven to be powerful and predictive tools for the study of cardiac 

electrophysiology, reliably reproducing the human cardiac electrical phenotype in health, 
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in disease, and as a model for drug screening (Moretti, Bellin et al. 2010, Sun, Yazawa 

et al. 2012, Kim, Wong et al. 2013, Lan, Lee et al. 2013, Yang, Al-Aama et al. 2015, 

Colatsky, Fermini et al. 2016). A major step forward has been the development of 

differentiation protocols that promote the generation of atrial-like cardiomyocytes that 

can be used to study atrial specific diseases and drug responses (Devalla, Schwach et 

al. 2015, Laksman, Wauchop et al. 2017, Lee, Protze et al. 2017). Atrial CMs are 

phenotypically distinct from ventricular CMs due to differential expression of multiple ion 

channels, which result in the much shorter APDs and thus shorter refractive periods that 

ultimately contribute to the risk of AF. IB has previously been studied in a mixed 

population of CMs, with a predominance of ventricular CMs (Blazeski, Zhu et al. 2012), 

and was found to have a low cardiotoxicity risk relative to other TKIs. In contrast, using 

an atrial cell-specific model system, we show that IB has a distinct and potent cardiotoxic 

effect, which would be predicted to increase the risk of AF. Remarkably, the effect of IB 

on shortening of the APD80 was unique to IB and not observed with six other structurally 

similar TKIs. These findings highlight the importance of evaluating drug response in the 

specific cardiomyocyte subtypes. 
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Table 3-1. The atrial and ventricular electrophysiologic effects of all TKIs 
tested are summarized. 

Abbreviations used: AF - atrial fibrillation; LQT – Long QT syndrome; LV – decrease in left 
ventricular ejection fraction; Vas – vascular disorders; TdP – torsade de pointes; SCD – sudden 
cardiac death; HF – heart failure. Red cells: statistical significance reached. Green cells: no 
statistically significant difference.  Split Green/Red cell: statistically significant different only met at 
the highest concentration tested. 

Shorter refractory periods are known to increase the propensity towards AF, and an 

increase in the CaTD is associated with delayed after depolarizations, which can act as 

the trigger for AF initiation. This was clearly demonstrated when we exposed our atrial 

CMs chronically to IB, as is required clinically for ongoing therapeutic effect. The 

observed development of alternans would be predicted to promote atrial arrhythmias and 

precede AF initiation (Narayan, Bode et al. 2002, Gong, Xie et al. 2007, Iwasaki, Nishida 

et al. 2011). 

Little is known regarding the pathophysiology linking IB to an increased 

propensity to AF (Thorp and Badoux 2018). Acalabrutinib, a second generation BTK 

 
hESC-derived 

Atrial CMs 
hESC-derived 

Ventricular CMs  

TKIs ΔAPD ΔCaT ΔAPD ΔCaT Clinically reported Cardiotoxicity 

Ibrutinib ↓↓ ↑↑ ↔ ↔ AF 

Acalabrutinib ↔ ↑↑ ↔ ↔ None 

AVL-292 ↔ ↑↑ ↔ ↔ None 

CNX-774 ↔ ↑↑ ↔ ↔ None 

ONO-4059 ↔ ↑↑ ↔ ↔ None 

Nilotinib ↔ ↔ ↑ ↑↑ ↑↑ LQT, LV, Vas 

Vandetanib ↔ ↑↑ ↑↑ ↑↑ LQT, TdP, SCD, HF 
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inhibitor designed to reproduce the on-target effects of IB while reducing off target 

effects on other kinases (Byrd, Harrington et al. 2016), did not demonstrate any effect on 

APD when applied to atrial or ventricular CMs (Figures 3 and 4). In cytotoxicity assays, 

acalabrutinib was less toxic than IB, although this assay did not detect differential effects 

of IB on atrial and ventricular CMs. The fact that acalabrutinib and the other BTK 

inhibitors tested in this study target the same residue on BTK suggests that the atrial 

specific pro-arrhythmic effects of IB likely represent off-target pharmacology of IB. 

In conclusion, our findings indicate that cardiotoxicity screening that includes 

both ventricular and atrial CMs can provide improved sensitivity to detect cell type-

specific drug effects. The optical mapping platform presented here, combined with 

ongoing refinement and optimization of cell specific cardiac hPSC cardiac differentiation 

protocols, has the potential to quickly and accurately screen for electrophysiologic 

cardiotoxicity at the pre-clinical stage of drug development and is uniquely suited for 

adaptation into high throughput screening technologies. 
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3.8. Supplementary Material 

Supplementary experimental procedures 

Culture of hESCs and directed differentiation of atrial- and ventricular- like 

cardiomyocytes 

HES3 NKX2-5egfp/w cells were maintained on irradiated mouse embryonic feeder 

cells in hESC media consisting of DMEM/F12 (50:50;Mediatech, Hedndon, VA) 

supplemented with 20% knock-out serum replacement (SR), 100 µM nonessential amino 

acids, 2mM glutamine, 50U/mL penicillin, 50 µg/ml streptomycin (Invitrogen Grand 

Island, NY), 10-4 M Β-mercaptoethanol (Sigma, St Louis, MO), and 20 ng/mL hbFGF 

(R&D Systems, Minneapolis, MN) in 6-well tissue culture plates (Kennedy, D'Souza et al. 

2007). The HES3 NKX2-5egfp/w cell line expressed cell surface makers that characterize 

undifferentiated human cells (Thomson, Itskovitz-Eldor et al. 1998) (Supplemental Figure 

3-2). Embryoid bodies for differentiation were generated after feeder depletion and 

growth of ES cell colonies to 80% confluence. The aggregates were generated at 37°C 

in a hypoxic environment of 5% CO2, 5% O2, and 90% N2 on a rotator set at 70 rpm for 

24 hours, were then spun in a centrifuge at 300 rpm, washed and then re-suspended in 

the induction media. We employed a cocktail of cytokines for the directed differentiation 

of hESCs into cardiomyocytes using established differentiation protocols that employ 

Activin A and BMP4 signaling for mesoderm induction followed by Wnt inhibition for 

cardiac specification (Supplemental Figure 3-1)(Ng, Davis et al. 2008, Elliott, Braam et 

al. 2011).  To drive cardiomyocytes towards an atrial phenotype, we added retinoic acid 

(RA) after mesoderm formation, as discussed previously (Zhang, Jiang et al. 2011, 

Devalla, Schwach et al. 2015).  

Flow cytometry 

For cell-surface antigens, staining was carried out in PBS with 3% FCS. For 

intracellular antigens, staining was carried out on cells fixed with 4% paraformaldehyde 

in PBS. Staining was done in PBS with 3% FCS and 0.5% saponin (Sigma). Cells were 

stained at a concentration of 2.5 × 106 cells/ml with anti-CTNT (clone 13-11; Thermo 

NeoMarkers; 1:2000). Stained cells were analyzed on an LSRII flow cytometer (BD 

Biosciences). 
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Cell viability assays 

The hESC-atrial and ventricular cardiomyocytes were dissociated by incubation 

in Collagenase type 2 (1 mg/ml, Washington) in HANKS buffer for 8 hours at room 

temperature followed by TrypLE (ThermoFisher) to dissociate into single cells. 2x104 

cells were seeded on Matrigel-coated 96-well culture plate. The cells were treated with 

increasing dose of TKIs for 24 hours. The treated cells were washed once with 1x PBS 

and incubated with CellTiter-Glo Buffer (Promega) on a shaker at room temperature for 

10 minutes. Cells were washed once with 1x PBS and incubated in fresh medium before 

recording the luciferase signal. 

Optical mapping 

Prior to imaging, the embryoid bodies (EBs) were superfused with IMDM 

supplemented with NaCl (final concentrations in mmol/L: 140 NaCl, 3.6 KCL, 1.2 CaCl2, 

1 MgCl2. 10 HEPES and 5.5 D-glucose). The hESC-atrial and ventricular 

cardiomyocytes were incubated with 15 µM of the potentiometric dye RH-237 (Molecular 

Probes, Eugene, OR) for 45 minutes. After incubating the cardiomyocytes with RH-237, 

5 µM of the Ca2+-sensitive dye Rhod-2AM (Molecular Probes) and 20 µM blebbistatin, a 

myosin ATPase inhibitor (Sigma-Aldrich) were added to the culture dish (Lin, Ribeiro et 

al. 2014). Blebbistatin prevents contraction, and reduces motion artifact with no 

detectable effect on electrophysiology properties. For imaging, the hESC-atrial and 

ventricular cardiomyocytes were excited by 532 nm LEDs and RH-237 and Rhod-2 

emissions were monitored using a >710 nm long-pass and 565-600 nm band-pass filters 

respectively, at 100 fps at 37°C. The spectral properties allow both dyes to be fluoresced 

using 532 nm and their respective emissions separated by dichroic mirrors. Both signals 

were captured with a single Hamamatsu ORCA Flash 4 digital CMOS camera by 

incorporating an optical image splitter. The tyrosine kinase inhibitors (MedChem 

Express) were diluted in DMSO and added to the culture dish in sequentially increasing 

concentrations (0.1 µM, 0.5 µM, and 1.0 µM). Electrical field stimulation was applied 

using stainless steel electrodes. The electrodes were ~1 cm apart which were placed in 

the imaging chamber. Signal processing of the optically mapped data was performed 

using a custom IDL software program.  
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Signal Processing 

Signal processing of the optically mapped data was performed using a custom 

IDL software program or Scroll software (courtesy of Sergey Mironov). For each image 

pixel, the signal intensity from the surrounding ±3 pixels was averaged to allow for 

individual cardiac cycles to be identified as described (Lin, Craig et al. 2015). In brief, 

baseline intensities were normalized by fitting the data to a polynomial function and the 

data intensity normalized to 0->1. To reduce high frequency noise, a Butterworth filter 

was applied using a frequency cut-off set at 30 Hz. Individual cycles were then 

segmented by applying a threshold value of 50% and the peak of each AP was used for 

the activation time of a given cardiac cycle for that location. For action potential duration 

(APD) measurements, the signal-to-noise ratio was further increased by averaging 

multiple cardiac cycles for a given pixel location. 

Whole image analysis 

To quantify objectively the entire CM population under study in a repeatable and 

consistent manner, whole-image analysis was also used. Analysis algorithms were 

written using Interactive Data Language (Harris Geospatial).  In whole-image analysis, 

the regional approach in which regions of interest (ROIs) were selected arbitrarily to 

record Vm and Ca2+ transients was extended to include the entire image. The analysis 

was performed by employing the smallest possible ROIs, based on the system’s signal-

to-noise ratio. To do this, the original images were software-resampled to create 

512x512 pixel images (20 µm pixel dimensions). Then for each pixel location, the signal 

from an 11x11 pixel block, equivalent to a 220 µm by 220 µm block, was searched for Vm 

and Ca2+ activity.  Whole-image analysis, using these small overlapping regions, creates 

an ‘image map’ in which Vm and Ca2+ activities were summarized for each active 

location. In these derived image maps, the individual pixel values or intensity contain the 

amount of elongation or shortening for each location.  As such, histograms calculated 

from whole-image analysis results can be used to estimate the probability of finding a 

particular value or range of values. The histogram of an action potential map contains 

the distribution of action potential durations (APDs) and the histogram of the difference 

between two recordings contains the distribution of the effect (Supplementary Figure S3-

3). In some analyses, the difference result was normalized by the magnitude of the first 

recording to calculate the percent effect. 
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Supplementary figures 

 
Figure S3-1. Typical flow cytometric analyses plotting the frequencies of cTNT+ 

cells. 

 
Figure S3-2. Cell viability dose response curves with Ibrutinib and Acalbrutinib.  

Cell viability of ESC-derived ventricular and atrial cells was assessed by determining ATP levels 
using the CellTiter-Glo Luminescence assay after 24h of drug treatment. Panel A: Treatment with 
Ibrutinib resulted in LD50=81.19 µM for atrial cells (n=10) and LD50=82.56 µM for ventricular cells 
(n=5), p=0.9156. In both ventricular (Panel B.) and atrial cells (Panel C.) experienced less cell 
death compared to ibrutinib p<0.0001; LD50=296.2µM (n=8) and LD50=250µM (n=5) respectively. 
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Figure S3-3. Whole image analysis showing histogram plots of action potential 

durations measured before and after exposure to IB. 

Addition of 1 µM IB to hESC derived atrial CMs caused shortening of the APD80 (A.) and 
prolongation of the CaT80 (B.) when considering the entire population of CMs under study. IB 
however did not demonstrate any effect on the APD80 (C.) or CaT80 (B.) of hESC derived 
ventricular CMs. 



 134 

Table S3-1. APD80 and CaT80 of hESC derived atrial CMs when exposed to 
increasing concentrations of TKIs. 

 

Values are normalized by the value of the first/control recording of the hESC atrial CMs prior to 
the addition of drug. 
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Table S3-2.  APD80 and CaT80 of hESC derived ventricular CMs when exposed to 
increasing concentrations of TKIs 

 

Values are normalized by the value of the first/control recording of the hESC atrial CMs prior to 
the addition of drug. 
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Chapter 4.                                          
Arrhythmogenic Cardiac Thin Filament Mutations As 
A Potential Cause Of Sudden Cardiac Death In 
Infants: Post-Mortem in vitro To Determine Causality 

This chapter is largely based on the following original research article that has been 

submitted for publication. 

	  

Sanam Shafaattalab, Y Alison Li, Eric Lin, Charles Stevens, Laura Dewar, Ryan 

Morin, Francis Lynn, Shubhayan Sanatani, Zachary Laksman, Peter Tieleman, 

Jonathan Davis and Glen F. Tibbits. Arrhythmogenic Cardiac Thin Filament Mutations 

As A Potential Cause Of Sudden Cardiac Death In Infants: Post-Mortem in vitro To 

Determine Causality	  

	  

My contribution to this study included experimental design, generating genome-edited 

hiPSC lines, optimizing and conducting qRT-PCR, MEA, and optical mapping 

experiments, analysis of the data set, preparation of figures and manuscript.  
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4.1. Abstract 

Sudden unexpected death of an infant (SUDI) is a devastating occurrence for 

families. To investigate the genetic pathogenesis of SUDI, we sequenced >70 genes 

from 191 autopsy-negative SUDI children. Ten infants carrying a previously unknown 

mutation were identified. The mutation (R37C+/- TNNI1) is in the fetal paralog of troponin 

I (TnI), a gene thought to be expressed in the heart only up to the first 24 months of life. 

We investigated the possible role of this TNNI1 mutation in the death of “autopsy 

negative” infants due to its arrhythmogenicity. 

Using two in silico approaches (phylogenetic analysis and molecular dynamics 

(MD) simulations), it was determined that arginine at residue 37 in TNNI1 plays a critical 

functional role indicating that the mutation is likely pathogenic. We investigated the 

biophysical properties of R37C TNNI1 mutation in human reconstituted thin filaments 

(RTF) using fluorometry. RTF with the TnI mutant R37C TNNI1 exhibited reduced Ca2+-

binding sensitivity due to an increased Ca2+ off rate constant. Furthermore, we 

generated R37C+/- TNNI1 mutants in human induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs) using CRIPSR-Cas9. In monolayers of hiPSC-CMs, we 

simultaneously monitored voltage (Vm) and Ca2+ (Ca2+) transients through optical 

mapping and compared them to their isogenic controls. We observed normal intrinsic 

beating patterns under control conditions in R37C+/- TNNI1 at stimulation frequencies of 

55 bpm but these cells showed no indication of restitution with increased stimulation 

frequency to 65 bpm and exhibited alternans at 75 bpm and higher. The WT hiPSC-CMs 

did not exhibit any sign of arrhythmogenicity even at stimulation frequencies of 120 bpm. 

The approach used in this study has the potential to provide critically needed 

physiologic and mechanistic bases to investigate sarcomeric mutations in the 

pathogenesis of sudden cardiac death in infants. 
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4.2. Introduction 

Sudden unexpected death in infants (SUDI) is a devastating occurrence for 

parents and health care practitioners. SUDI is particularly challenging when the cause of 

death is not identified despite a thorough investigation including autopsy, toxicology, 

microbiology, and other analyses. Post-mortem molecular genetic testing has provided 

clues to the cause of death in a portion of autopsy-negative SUDI victims. A significant 

number of SUDI cases are likely due to Sudden Cardiac Arrest (SCA) caused by lethal 

arrhythmias. However, proof of causality when a variant of interest is identified in post 

mortem testing is often lacking. 

In a recent study, next-generation sequencing (NGS) was performed on tissues 

from 191 autopsy-negative SUDI cases to identify potentially pathogenic genetic variants 

resulting in inherited arrhythmia syndromes (Dewar, Alcaide et al. 2017). Strikingly, 10 

out of 191 infants who died in the first 20 months of life, 7 of whom were under 4 months 

of age, exhibited an identical mutation in the fetal form of the cardiac troponin I (cTnI) 

gene (R37C+/- TNNI1). This gene is the predominantly expressed troponin I paralog in 

the heart until at least 9-24 months of age at which point the “cardiac” troponin I encoded 

by TNNI3 becomes the principal form (Bhavsar, Dhoot et al. 1991). In general, lethal 

arrhythmias caused by dysfunctional ion channels (i.e. channelopathies) are better 

understood than those caused by mutations in genes that encode sarcomeric proteins. 

Thus, determining whether this mutation in a gene that encodes a cardiac contractile 

protein is the cause of SCA is challenging. We sought to develop a “platform” to 

understand the pathogenic severity and the possible arrhythmogenic nature of such 

mutations in infants by using the R37C+/- TNNI1 mutation which is as variant of unknown 

significance as an example. 

This approach involved several approaches: 1) phylogenetic analysis; 2) 

molecular dynamics (MD) simulations of the troponin complex; 3) biochemical assays of 

reconstituted neonatal human thin filament (RTF); and 4) optical mapping of monolayers 

of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). While the 

latter have been used as a tool for modeling human genetic diseases including 

sarcomeric cardiomyopathies (Sun, Yazawa et al. 2012, Eschenhagen, Mummery et al. 

2015), the experiments have been subjected to the criticism that hiPSC-CMs lack the 

maturity of an adult cardiomyocyte. However, because these hiPSC-CMs express the 
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fetal form of TnI at a higher level than the adult paralogs (Dewar, Alcaide et al. 2017) 

(Figure S4-6) and for other reasons described in this study, they represent an ideal tool 

in many respects. In the present study, we used CRISPR-Cas9 to generate 

heterozygous R37C+/- TNNI1 hiPSC-CMs, a mutation that we observed in 10 infants all 

of whom died within 24 months of age. The approach described in this study was able to 

provide novel mechanistic insights into the pathogenicity of the R37C+/- TNNI and predict 

that it was likely the cause of death in the infants who harbored this mutation. 

4.3. Methods 

4.3.1. Evolutionary conservation of relevant troponin I sequence 

The full-length sequence of human ssTnI was collected from the National Center 

for Biotechnology Information (NCBI) Genbank and Uniprot (http://www.uniprot.org/). 

The sequence of fetal paralog of cardiac TnI was used for BLASTP (protein-protein 

BLAST) searches within the NCBI databases (https://www.ncbi.nlm.nih.gov/) with an E 

value <10-5 and default parameters. The sequences with high sequence identity within 

the region listed in Table S4-1 were then obtained from NCBI, and the multiple sequence 

alignment was generated using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) from EMBL-EBI (Sievers and Higgins 2014). 

The protein residue numbers were confirmed using ExPasy translator 

(https://www.expasy.org/resources/search/keywords: translation). 

4.3.2. Molecular dynamics simulations 

The initial models for the cardiac troponin (cTn) complex constructs were 

generated using the Swiss-model workspace (Bordoli and Schwede 2012) and the X-ray 

derived structure of the core domain of the cTn complex (PDB 1J1E) as a template. The 

sequences used were of the human TNNI1 (uniprot P19237) TNNT2.1 (uniprot P45379) 

and TNNC1 (uniprot P63316). The models were equilibrated with GROMACS 4.6.5 

(Pronk, Pall et al. 2013), using the AMBER99-sb-ILDN (Lindorff-Larsen, Piana et al. 

2010) force field. The simulation system was defined as a periodic cubic box (WT [12.9 

nm x 12.9 nm x 12.9 nm] and R37C [12.7 nm x 12.7 nm x 12.7 nm]), solvated using the 

TIP3P water model (Jorgensen, Chandrasekhar et al. 1983), the system was neutralized 

by replacing randomly selected water molecules with K+ ions. There were 69,219 water 
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molecules and 10 K+ ions in the WT system and 69,218 water molecules and 11 K+ ions 

in the R37C system. This was followed by steepest descent energy minimization to a 

tolerance of 10 kJ mol-1 nm-1 and conjugate gradient energy minimization for 10,000 

steps. The minimized system was restrained with 1,000 kJ mol-1 nm-1 absolute position 

restraints on all of the non-solvent atoms and equilibrated for 1 ns. The restrained 

simulations were held at 300 K using V-rescale temperature coupling (Bussi, Donadio et 

al. 2007) and isotropic Berendsen pressure coupling (Berendsen, Postma et al. 1984) 

with a τT of 0.1 and τP of 1.0, respectively. Interactions were calculated using PME 

electrostatics (Cerutti, Duke et al. 2009) and the Verlet cut-off scheme (Páll and Hess 

2013). Bond lengths were constrained using the LINCS algorithm (Hess, Bekker et al. 

1997) Production simulations were done in 5 replicated 200 ns NPT simulations with no 

position restraints; other parameters were carried forward from the position-restrained 

simulations. 

The final models were produced by clustering with the Daura algorithm (Daura, 

Gademann et al. 1999) over the backbone and α carbon atoms of cTnC residues 96-

160, TnI 12-48 and cTnT 226-268 each structure across the five trajectory replicates of 

each system. The middle structure of each of the largest cluster from each mutant 

simulation was used for further analysis. Interhelical angles were calculated using a 

method similar to that employed by interhlx (Yap, Ames et al. 2002). 

4.3.3. Generation of adult and neonatal human cardiac reconstituted 
thin filaments (RTF) 

The adult cTn complexes were generated from recombinant human adult 

troponin subunits (expressed from TNNC1, TNNI3, and TNNT2), and the fetal cTn 

complexes were generated from troponin subunits (expressed from TNNC1, TNNI1, and 

TNNT2). Reconstituted thin filaments were generated by mixing each cTn complex with 

human alpha-tropomyosin (TPM1) as well as from native actin extracted from rabbit 

skeletal muscle (99.2% sequence identity with human cardiac actin) (Spudich and Watt 

1971, Davis, Norman et al. 2007, Li, Stevens et al. 2013). (See Table S4-2 and Table 

S4-3 for complete list of Tn subunit and Tm used for RTF).  
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4.3.4. Determination of Ca2+ kinetics of neonate RTF measured by 
steady-state and stopped-flow fluorometry. 

 All steady-state fluorescence measurements were performed using a Cary 

Eclipse fluorescence spectrophotometer (Agilent) at 15 ± 0.1°C using the established 

protocol (Davis, Norman et al. 2007, Li, Stevens et al. 2013). IAANS fluorescence was 

excited at 330 nm and monitored at the peak of the emission of 450 nm. Microliter 

amounts of CaCl2 was added to 2 mL of each labeled hcRTF in a titration buffer 

containing (in mM): 200 MOPS, 150 KCl, 3 MgCl2, and 1 DTT at pH 7.0. At least 5-7 

datasets were collected for each construct and the data were fit with a sigmoidal fit 

(based on Hill equation) in Origin 8.5 (Microcal Software, Northampton, MA). The Ca2+ 

sensitivity for each RTF was represented by the dissociation constant Kd (± SEM) 

defined as the Ca2+ concentration at the half-maximal fluorescence change. Two means 

were considered to be significantly different when p < 0.05. 

Ca2+ dissociation rates (KCaoff) from each RTF were characterized using a 

Chirascan stopped-flow apparatus (Applied Photophysics, Surrey, UK) with a dead time 

of 1.1 ms at 15 ± 0.1°C. IAANS fluorescence was excited at 300 nm and monitored 

through a 510 nm broad band-pass interference filter (Semrock, Rochester, NY). Each 

trace was obtained as the solution containing RTF saturated with 200 µM CaCl2 was 

rapidly mixed with 10 mM EGTA solution in the stopped-flow buffer containing in mM: 10 

MOPS, 150 KCl, 3 MgCl2, 1 DTT, pH 7.0. Each kCaoff value represents an average of at 

least five traces fit with a single exponential equation and repeated more than 15 times. 

Two means were considered to be significantly different when p < 0.05.  

4.3.5. Human iPSC maintenance and cardiomyocyte differentiation 

Human iPSC lines (iPS IMR90-1) were obtained from the Wicell Research 

Institute (https://www.wicell.org/). Differentiation of hiPSCs to cardiomyocytes (hiPSC-

CM) employed a protocol that has been published previously (Lian, Zhang et al. 2013). 

In brief, hiPSCs were maintained on Corning Matrigel (0.5 mg/ 6-well plate, dissolved in 

DMEM/F-12 medium) cultured in mTeSR1 medium (StemCell Technologies, Vancouver, 

BC). Cells were passaged every 4 days using Versene solution (ThermoFisher, 

Waltham, MA) and were then seeded on a 6-well Matrigel-coated plate at a density of 

100,000 cells/cm2 in mTeSR1 medium. The medium was changed daily, and after 3 to 4 
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days, when the monolayer of cells reached >90% confluency, the mTeSR1 medium was 

replaced with Roswell Park Memorial Institute Medium (RPMI) 1640 basal medium 

(ThermoFisher, Waltham, MA) plus B27 without insulin supplement (ThermoFisher, 

Waltham, MA) containing 12 µM CHIR99021 (R&D Systems) for 24 h, followed by 5 µM 

IWP4 (Tocris) for 2 days without medium change. The medium was changed to RPMI 

1640 plus B27 complete supplement, and then subsequently the medium was changed 

every 2 to 3 days. Robust spontaneous beating of the monolayer was observed by day 

12. 

4.3.6. Preparation and design of CRISPR-Cas9 and donor template 

Single-guide RNA (sgRNA) was designed to target the region close to R37 of 

TNNI1 using online CRISPR tools (CRISPRko Tool from the Broad Institute 

(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design), the CRISPR 

Finder from Wellcome Trust Sanger Institute (http://www.sanger.ac.uk/htgt/wge/), and 

Benchling (https://benchling.com/crispr). The sgRNA sequences used in the study were:  

Forward: 5’-CACCgcaggagcacgaggagcgcg-3’  

Reverse: 5’-aaaccgcgctcctcgtgctcctgc-3’  

The sgRNA were cloned into a pCCC vector which is based on pSpCas9(BB)-

2A-GFP vector (PX458, Addgene plasmid #48138) as detailed (Ran, Hsu et al. 2013). 

The pCCC vector contains the complete U6 promoter for enhanced expression in 

hiPSCs. The 127 bp asymmetric single stranded donor nucleotides (ssODN) 

(Richardson, Ray et al. 2016) was designed to include the transition (C->T) that is seen 

in R37C, as well as a silent mutation at the PAM site to prevent the continuous cutting 

and improve the efficiency of the HDR repair (Supplementary Figure S4-1). 

The sequence of the ssODN was: 

5’-
GCCAGGCTAACCTGCAGGGCACTGAGGGACAGGCCACGGGTCTGCAGCGTGGGGATCCGCTCTGCCAG
GTAGCGCACCTTCTCAGCTTCGCACTCCTCGTGCTCCTGCTCCCAGCATTCCTTGGCCT-‐3’ 
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4.3.7. Transfection and Fluorescence-Activated Cell Sorting (FACS) 

Human iPSCs were co-transfected with a PX458 plasmid and ssODN using 

Lipofectamine 3000 (ThermoFisher, Waltham, MA). Briefly, 2 × 105 hiPSCs were 

transfected with 500 ng sgRNA and 10 picomole of ssODN. Since the vector contains 

GFP as a reporter, the GFP+ hiPSCs were sorted as single cells using Fluorescence-

Activated Cell Sorting (FACS) 48-72 hours post-transfection and plated on Matrigel-

coated plates in mTeSR1. We assayed more than 90 single-cell colonies. To screen for 

on-target single mutation, genomic DNA was extracted and used for PCR amplification 

of the CRISPR target sites. We sequenced these amplicons to confirm the single 

nucleotide mutation at R37 TNNI1 site using the following primers: Forward: 5’-

TGGTCCCTAGAGTAGGTGGTG-3’, Reverse: 5’-AGCTGGTGTTAGTTCAGGCTC-3’ 

FACS was conducted after 48-72 hours following transfection to enrich the GFP-

expressing hiPSCs. Transfected cells were dissociated with TrypLE to single cells and 

then suspended in 1 ml PBS. The FACS-sorted cells were plated on Matrigel-coated 6 

well plate (500 cells per well) containing mTeSR1 supplemented with 5 µM Y-27632 (a 

Rho Kinase inhibitor), 1 µM CHIR99021 (a GSK-3 inhibitor), 0.4 µM PD0325901 (a MEK 

inhibitor) and 2 µM SB 431542 (a TGF-β type I receptor activin receptor-like kinase 

inhibitor) and 1X penicillin-streptomycin to improve cell viability (Valamehr, Abujarour et 

al. 2012). The medium was changed with fresh mTeSR1 after 2-3 days to allow the 

single cells to attach. The medium was changed every other day for ~10 days. The 

colonies were picked up manually when they are about 1 mm in diameter. Each colony 

was transferred to one well of Matrigel-coated 96 well plate, which contained mTeSR1 

and Rho Kinase inhibitor. The media were changed with fresh mTeSR1 (without Rho 

Kinase inhibitor) everyday. Typically, 3-4 days after picking (~80% confluent), the cells 

were ready to split (1:10-1:15 split ratio) into another 96 well plate by using Versene 

solution. The remaining cells were used for DNA extraction. 

Cells were sorted by flow cytometry on a BD Jazz (BD Sciences, Singapore) 

instrument. Data analysis was performed using FlowJo. 
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4.3.8. Quantitative real-time PCR 

Total RNA was extracted from hiPCS-CM using TRIZOL followed by RNeasy kit 

(Qiagen, Mississauga, ON) according to the manufacturer's instructions. The 

concentration and purity of the RNA was determined using a NanoDrop ND-1000 

spectrophotometer (ThermoFisher Scientific). The cDNA was synthesized using Qiagen 

Quantitect Reverse Transcription kit according to the manufacturer's instructions. Real-

time quantitative PCR (qRT-PCR) analysis was performed on a Bio-Rad CFX96 Touch 

Real-Time PCR System (Bio-Rad, Mississauga, ON). Primers were designed using 

Primer3 and OligoAnalyzer 3.1. Analysis was performed according to the ΔΔCt method 

using the geometric mean of housekeeping genes (β-actin and GAPDH) to normalize the 

qRT-PCR data (Vandesompele, De Preter et al. 2002). 

4.3.9. Optical mapping for action potential and calcium transient 
recordings 

Prior to imaging, the monolayer of hiPSC-CM was perfused with IMDM 

supplemented with a physiological solution (final concentrations in mM): 140 NaCl, 3.6 

KCl, 1.2 CaCl2, 1 MgCl2, 10 HEPES and 5.5 D-glucose. 

The cells were incubated with 15 µM of the potentiometric dye RH-237 

(Molecular Probes, Eugene, OR) for 45 minutes. After incubating the hiPSC-CM with 

RH-237, 5 µM of the Ca2+-sensitive dye Rhod-2AM (Molecular Probes) and 20 µM 

blebbistatin, a myosin ATPase inhibitor (Sigma-Aldrich) were added to the culture dish. 

Blebbistatin prevents contraction, and reduces motion artifact with no detectable effect 

on electrophysiology properties. For imaging, the hiPSC-CM were excited by a 532 nm 

solid-state and RH-237 and Rhod-2 emissions were monitored using a >710 nm long-

pass and 565-600 nm band-pass filters, respectively, at 100 fps at 37°C. The spectral 

properties allow both dyes to be fluoresced using 532 nm and their respective emissions 

separated by dichroic mirrors. Both signals were captured with a single Hamamatsu 

ORCA Flash 4 digital CMOS camera by incorporating an optical image splitter. 

Electrical field stimulation was applied using stainless steel electrodes. The 

electrodes were ~1 cm apart which were placed in the imaging chamber. The R37C 

TNNI1 and WT TNNI1 hiPSC-CM were stimulated for 20 seconds at each constant rate 
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(55, 65, 75 and 120 beats/min). Data were analyzed using custom-built software in IDL 

(Exelis Visual Information Solutions, McLean, VA). 

4.4. Results 

In order to determine the evolutionary importance of the arginine at residues 37 

and 68 in encoded in the human paralogs TNNI1 and TNNI3, respectively, a sequence 

alignment was performed using a broad range of species ranging from humans to 

teleosts as shown in Table S4-1 in the Supplementary Materials. Using Clustal Omega, 

the arginine at that position or its equivalent was conserved in every species examined, 

spanning an evolutionary scale of more than 400 million years. 

Molecular Dynamics simulations were performed on the troponin complexes as 

described in the Methods section. The X-ray diffraction of crystal structure of Takeda et 

al. (Takeda, Yamashita et al. 2003) of the adult human troponin complex (PDB 1J1E) 

was used as a template. The sequence of neonate cTnC is identical to that of the adult, 

while the neonate cTnT sequence is a splice variant of the adult form with the addition of 

exon 5, which encodes 10 additional amino acids. The neonate cTnI gene (TNNI1) is a 

paralog of the adult (TNNI3) gene in which 31 amino acids on the N terminus are 

truncated and the rest of the coding region exhibits ~65% identity. Figure 4-1 Panel A 

shows the superimposition the WT neonatal Tn complex (cTnC - light grey; cTnI - dark 

grey; cTnT - black) with the R37C TNNI3 mutant (cTnC - green; cTnI - red; cTnT - blue). 

Figure 4-1 Panel B (same colour scheme as Panel A) depicts the MD-simulation derived 

H-bond network around the R37 residue in the WT neonatal complex. The 500 ns 

Molecular Dynamics simulation predicts that cTnI R37 forms H-bonds with neighboring 

H34 on cTnI and residues D249 and E252 on cTnT. Figure 4-1 Panel C (same colour 

scheme as Panel A) illustrates how the R37C TNNI1 mutation severely disrupts the H-

bond network observed in in the WT simulations (blue). 
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Figure 4-1.  Molecular Dynamics (MD) simulations of the adult and neonate 

cardiac troponin complex. 

Three replicated 500 ns MD simulations were conducted using GROMACS software on models 
based on the X-ray structure of human adult troponin core domain (PDB 1J1E). Panel A shows 
the superimposed representative models of the WT (cTnC is white, cTnI is grey and cTnT is 
black) and the TnI R37C (cTnC is Green, cTnI is Red and cTnT is Blue). The representative 
structures were calculated by clustering the backbone and Cβ atoms of regions surrounding the 
Arg or Cys at position 37 of TnI (TnI: 12-48 TnT: 255-270 TnC: 94-157) over the combined final 
100 ns of the replicated trajectories. The range of motion of the N domain of cTnC is similar for 
the WT and mutant models of the course of the simulations, despite differences in the position in 
these representative structures. Panel B Shows the interacting side-chains at the interface 
between the neonate WT (i.e. R37 TNNI1) cTnI, cTnT and cTnC. Hydrogen bonds are shown as 
dotted yellow lines. R37 is highlighted with a red arrow. Panel C shows the same region in the 
mutant model with the R37C mutation highlighted with a black arrow. The absence of the arginine 
at position 37 disrupts the hydrogen bonding pattern substantially, which suggests that the 
interface at the cTnI / cTnT / cTnC junction is weakened when cysteine is present in comparison 
to the WT neonate troponin. 

 

Both of these in silico approaches described above are highly predictive of the 

importance of ssTnI R37 in the structure of the neonate troponin complex, but in order to 

test the hypothesis that the R37C mutation has pathogenic implications, two different 



 147 

experimental approaches were used. The first experimental protocol involved use of 

reconstituted thin filaments made from recombinant human proteins (RTF) for: the WT 

adult; WT neonate and R37C mutant neonate. Two parameters were determined for 

each construct: 1) the steady-state dissociation constant of Ca2+ for the complexes (Kd in 

µM) and 2) the off-rate constant of Ca2+ from the RTF (koff Ca2+ in s-1) using stopped-flow 

apparatus. The data are displayed in Figure 4-2.  

 
Figure 4-2. Ca2+ dissociation (Kd) (upper row) and Ca2+ off rate (koff) (lower row) 

constants determined in human cardiac : troponin complexes (Tn) 
(left) and reconstituted thin filaments (right). 

Shown are the stopped-flow determined koff (s-1) (in blue) and steady-state determined Kd (µM) (in 
orange) from Tn and RTFs comprised of recombinant proteins: 1) adult Tn complexes with 
tropomyosin (Tm) and actin; 2) neonate WT TNNI1 Tn complexes with Tm and actin and 3) 
neonate TNNI1 R37C Tn complexes with Tm and actin. 

 

The Kd Ca2+ was significantly (p<0.05) higher in WT adult vs. WT neonate in both 

Tn (0.35 ± 0.02 vs. 0.20 ±0.02 µM, N = 3) and RTF complexes (2.80 ± 0.20 vs. 0.90 vs. 

0.20 µM N = 5). The higher Kd found in the WT adult was attributable in large part to a 

significantly higher koff found in both Tn (45.0 ± 1.0 vs. 10.4 ± 0.6 s-1) and RTF (104.0 ± 

5.0 vs. 76.0 ± 1.0 s-1). The R37C+ mutant had a significant effect on Ca2+ handling in 

both Tn and RTF complexes in comparison to the WT neonate complexes as shown in 
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Figure 2. In a direct comparison of WT neonate vs. the R37C mutant, the Kd was 

significantly higher in both the Tn (0.20 ± 0.2 vs. vs 0.36 ± 0.02 µM, N = 3) and RTF (0.9 

± 0.2 vs. 1.3 vs 0.1 µM, N = 5) complexes. This effect was largely due to a significant 

increase in the koff in the R37C mutant in both Tn (10.4 ± 0.6 vs. 14.3 ± 1.4 s-1) and RTF 

(10.4 ± 0.6 vs. 14.3 ± 1.4 s-1) complexes. 

A more physiological experimental approach was invoked by use of hiPSC-CMs which 

had been genome edited using CRISPR-Cas9, as described in the Methods section, to 

produce the TNNI1 R37C heterozygous mutation (R37C+/-). Both WT and hiPSC lines 

were differentiated to primarily ventricular cardiomyocytes (Figure S5) using the protocol 

described by Lian et al. (Lian, Zhang et al. 2013) and were formed into monolayers in a 

35 mm Petri dish. Membrane voltage (Vm) and cytosolic Ca2+ were determined from the 

fluorescence emitted by RH-237 and Rhod-2, respectively. In Figure 3 Panels A (WT) 

and B (R37C+/-) show representative traces of Vm (red) and Ca2+ transients (blue) from 

one region of interest (ROI) from monolayers of hiPSC-CMs stimulated at 55 beats per 

minute (bpm). The data clearly show that the action potentials and Ca2+ transients 

entrained normally to the stimulation frequency. The rate of Ca2+ transient decay is 

significantly faster in R37C vs. WT (see Figure 4C). In panels C and D, the field 

stimulation rate was increased to 75 bpm. The WT shows normal entrainment to the 

stimulation frequency at both 75 and 120 bpm (Panel E). Panel D illustrates the 

alternans arrhythmia that develops in the R37C+/- mutant when stimulated to 75 bpm and 

higher. Each plate was tested for 20 seconds at any given field stimulation rate. Panel F 

is a bar graph that shows the amount of time that both WT and R37C+/- were in alternans 

when stimulated at 75 bpm. None of 8 WT plates exhibited any alternans whereas 7 of 8 

R37C+/- plates were in alternans for 100 % (i.e. 20 s) of the time. 
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Figure 4-3. Human induced pluripotent stem cell-derived cardiomyocytes 

(hiPSC-CMs) being field stimulated at different frequencies. 

Monolayers of hiPSC-CMs (both WT and the heterozygous mutant R37C+/- TNNI1) were loaded 
with voltage- (RH-237) and Ca2+-dependent (Rhod-2AM) dyes and optically mapped while being 
field stimulated at 55, 75 and 120 (WT only) bpm for >20 seconds. In the representative traces 
shown, the WT TNNI1 hiPSC-CMs exhibited clear and significant shortening in both the action 
potential duration (APD50) and the Ca2+ transient duration with an increase in stimulation 
frequency (Panels A vs. B) while R37C+/- TNNI1 hiPSC-CMs did not. Furthermore, as the 
stimulation frequencies reached 75 bpm, the R37C+/- TNNI1 hiPSC-CMs clearly displayed 
alternans (Panel D). The alternans in the R37C+/- hiPSC-CMs were observed for a collective 
87.5% of time in 8 plates measured for 20 s each (140/160 s) that they were stimulated at 75 
bpm. We did not observe any irregular voltage and Ca2+ transients in WT TNNI1 hiPSC-CMs 
even at stimulation frequencies of 120 bpm (Panel E). (R37C+/- TNNI1 hiPSC-CMs, n=8; WT 
TNNI1 hiPSC-CMs, n=5). 
 

 Figure 4-4 illustrates the response of both WT and R37C+/- with respect to the 

action potential duration (Panel A), Ca2+ transient duration (Panel B) and Ca2+ transient 

decay rate (Panel C) to two different field stimulation frequencies, 55 (solid bars) and 65 

(stippled bars) bpm. These frequencies were chosen because 55 bpm was higher than 

the intrinsic beating frequency and 65 bpm was below a frequency that elicited alternans 

or any other form of arrhythmia. In WT both the action potential duration at 50% (APD50) 

and the Ca2+ transient duration at 50% (CaTD50) show a significant (p<0.05) decrease of 



 150 

about 11% with an increase in stimulation frequency rate, a normal phenomenon known 

as restitution. At 55 bpm, the R37C+/- hiPSC-CMs APD50 and CaT50 were significantly 

shorter in duration compared to WT hiPSC-CMs by 14 and 26%, respectively. However, 

neither the APD50 nor the CaT50 values in R37C+/- hiPSC-CMs showed any indication of 

restitution with increased frequency of stimulation. 

 
Figure 4-4. Influence of stimulation frequency on action potential (APD50) 

duration, Ca2+ transient (CaT) duration and Ca2+ transient decay rate 
in WT TNNI1 hiPSC-CMs and R37C+/- TNNI1 hiPSC-CMs. 

In each of the three panels, the impact of increasing the stimulation frequency from 55 (solid 
colors) to 65 (stippled bars) bpm on each of these parameters is shown. Panel A illustrates the 
effect of increasing the stimulation rate on the APD50 in both WT TNNI1 (red) and R37C+/- TNNI1 
(coral) hiPSC-CMs. Panel B exhibits the effect of stimulation frequency of the duration of the Ca2+ 
transient in both WT (blue) and R37C+/- TNNI1 (azure) hiPSC-CMs. Panel C shows the impact 
increasing the stimulation rate on the maximum rate of Ca2+ transient decay in WT (purple) and 
R37C+/- TNNI1 (lilac) hiPSC-CMs. Data are represented as mean ± sem (n= 5 per condition). * 
p<0.05 

 

Figure 4-5 shows representative traces of the effects of 500 nM isoproterenol 

(ISO) on the voltage and Ca2+ transients in hiPSC-CMs. Panels A and B show the WT 

and R37C+/- mutant hiPSC-CMs, respectively “beating” intrinsically in normal Tyrode’s 

solution. Both appear to have normal patterns of excitation however, the relaxation of the 

Ca2+ transient is clearly faster in R37C+/-. Panels C and D show the effect of 500 nM ISO 

on the WT and R37C+/- hiPSC-CMs, respectively. Predictably in the WT hiPSC-CMs, 
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ISO increased the frequency of “beating” slightly but significantly reduced the APD50, 

CaT50 and the rate of decay of the Ca2+transient in a dose-dependent manner. 

 
Figure 4-5. Influence of the β adrenergic agonist isoproterenol (ISO) on voltage 

and Ca2+ (CaT) transients on intrinsically contracting WT TNNI1 
hiPSC-CMs and R37C+/- TNNI1 hiPSC-CMs. 

Panels A and B show representative traces of WT TNNI1 and R37C+/- TNNI1 hiPSC-CMs, 
respectively “beating” in the absence of ISO. Panels C and D depict the response of the hiPSC-
CMs to 500 nM isoproterenol. The effect of 500 nM ISO on the WT TNNI1 hiPSC-CMs was to 
significantly shorten both APD50 and CaT50. On the other hand, 500 nM ISO was clearly and 
consistently arrhythmogenic in R37C+/- TNNI1 hiPSC-CMs as shown in Panel D. There was no 
arrhythmogenicity observed in WT TNNI1 hiPSC-CMs >1 µM ISO (Panel E). In 500 nM ISO, the 
R37C+/- TNNI1 hiPSC-CMs plates exhibited arrhythmogenicity 80% of the time (144/160 s - Panel 
F) whereas none of the WT TNNI1 hiPSC-CMs plates exhibited any sign of arrhythmogenicity. 
 
However, as seen in Panel D, 500 nM ISO is clearly arrhythmogenic in R37C+/- hiPSC-

CMs in all plates tested. On the other hand, WT hiPSC-CMs beat synchronously in 

doses up to and exceeding 1000 nM ISO, without any indication of arrhythmogenicity. 
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4.5. Discussion 

The phylogenetic sequence alignment of the relevant regions of the troponin I 

genes (as shown in Figure S4-1) clearly illustrates the importance of the arginine at that 

relative position. The alignment, which spans from humans to a variety of teleost fish 

including Danio rerio, represents more than 450 million years of evolution (Barton, 

Briggs et al. 2007) in which the arginine at residue 37 of the neonate paralog of TnI (or 

equivalent residue) has been conserved. 

To predict the impact of the R37C TNNI1 mutation on the structure of the 

troponin complex, we used molecular dynamics simulations employing GROMACS 

software with compute resources provided by the Advanced Research Computing (ARC) 

infrastructure of Compute Canada. The homology models were based on the structure of 

the human adult troponin complex core domain (Takeda, Yamashita et al. 2003). After 

500 ns of simulation, the destabilizing effect of the mutation on the troponin complex is 

visible, despite only minor changes in the overall structure of the complex (Figure 4-1A). 

The dynamics of the TnC molecule are also similar for the WT and R37C models (Figure 

S4-3); however, the simulations were conducted in the absence of the remainder of the 

thin filament proteins, which likely influence the relative motions of the Tn complex 

proteins. The simulations demonstrate the key role of the R37 sidechain in the hydrogen 

bond network at the interface of TnI/TnT and the c-terminal domain of TnC (Figure 4-

1B/C). The disruption of the H-bond network at this interface is expected to destabilize 

the complex and provides the basis for a molecular explanation of the deleterious effect 

of the R37C mutation. 

As shown Figure S4-3, based on the root-mean-squared-deviation (RMSD) of the 

C terminal domain of TnC (residues 89-161) with respect to the IT-arm helices of the Tn 

complex (TnI residues 4-131 and TnT residues 226-271), mutant model TnC C- domain 

appears to be similarly mobile when compared to the WT model over the course of these 

simulations. However, the modeling predicts that the impact of the R37C heterozygous 

mutation on the structure of the neonate troponin complex is quite striking as shown in 

Figures 4-1B and 4-1C. The cysteine substitution at residue 37 disrupts the H+ bonding 

between troponin I and troponin T is predicted to not only impact the position of TnI with 

respect to TnT but also the position of TnC with respect to the rest of the Tn complex. 
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While both the phylogenetic analyses and the molecular dynamics simulations 

point to the critical importance of the arginine at residue 37 of the neonate paralog of 

troponin I, they indicate very little about the functional impact. Thus, we undertook a 

series of experiments to determine the dynamics of Ca2+ interaction with adult and 

neonate protein complexes including: 1) the troponin complex reconstituted from purified 

recombinant human troponin C, troponin I (± R37C) and troponin T and 2) reconstituted 

human cardiac thin filaments (RTF) made of the troponin complex as well as 

tropomyosin and polymerized actin. This is a powerful technique that allows one to 

accurately assess Ca2+ handling characteristics (including non-steady-steady) in thin 

filament complexes, the composition of which are dictated by the experimenter. Thus, 

reconstituting these complexes with and without: 1) the R37C mutation; 2) specific 

developmentally-regulated troponin I paralogs (TNNI1 and TNNI3) and 3) specific 

developmentally regulated TnT isoforms (± exon 5) was reproducibly realized.  A caveat 

of this approach is that the IAANS fluorophore must be incorporated into the TnC 

complex at residue 53 to appropriately report on Ca2+ binding to site 2 of TnC.  

Therefore, the native threonine has to be mutated to a cysteine. Because the Thr53 

must be used as the sole IAANS labeling site, two native cysteine residues (C35 and 

C84) in TnC had to be mutated to serine. Despite the fact that three mutations had to be 

generated, this technique is widely accepted for its ability to accurately report the 

biochemical and biophysical changes to Ca2+ interactions with site 2 of cTnC that is 

similar to WT and endogenous cTnC (Davis, Norman et al. 2007, Davis and Tikunova 

2008, Tikunova, Liu et al. 2010, Albury, Swindle et al. 2012, Liu, Lee et al. 2012, Li, 

Stevens et al. 2013, Liu, Lopez et al. 2014). Unlike the endogenous cysteine, Thr53 

does not interact with the residues that are in proximity to the hydrophobic core of cTnC 

or the ion-binding loop, while maintaining spectroscopically-determined Ca2+ sensitivity 

(Davis, Norman et al. 2007, Davis and Tikunova 2008). In addition, labeling of the 

endogenous C35 and C84 was shown to modify the Tn Ca2+ binding properties and 

Ca2+-dependent ATPase activity at the thin filament level (Davis, Norman et al. 2007, 

Davis and Tikunova 2008). Therefore, cTnCT53C remains an ideal candidate for 

fluorophore labeling to examine the Ca2+ binding properties of Tn and RTF.  

The WT adult Tn complex and RTF values serves as controls for comparison to 

literature values. In that regard, our values for the both Kd and koff for WT human adult 

cTn are within a comparable range of 0.35-0.70 µM and 40-50 s-1, respectively. As for 
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the WT adult RTF, Kd are within a range of 2-5 µM whereas koff are within the range of 

100-110 s-1, which are also similar to the previously reported values (Davis, Norman et 

al. 2007, Davis and Tikunova 2008, Liu, Lee et al. 2012, Liu, Lopez et al. 2014) for 

human adult RTF measured at 15oC.  

 The Ca2+ handling differences between WT adult and WT neonate were very 

striking despite a relative conservation of the troponin complex structure predicted by the 

Molecular Dynamics simulations. The sensitivity (as reflected by the Kd) of both Tn and 

RTF for Ca2+ was 1.7- and 3.1-fold, respectively higher in the neonate constructs. These 

striking differences were virtually entirely due to a significant decrease in the Koff values 

in both Tn and RTF complexes in the WT neonates in comparison to those from adults 

(Figure 4-2). These differences between neonate and adult contractile function have 

been well documented in the literature, in which the cardiac contractile apparatus 

transitions from being highly sensitive to Ca2+ with slower kinetics of activation and 

relaxation in fetal / neonatal cardiomyocyte, to being less sensitive to Ca2+ with higher 

rates of activation and relaxation in adult myocardium (Nakanishi and Jarmakani 1984, 

Schiaffino, Gorza et al. 1993, Marston and Redwood 2003, Gomes, Venkatraman et al. 

2004, Racca, Klaiman et al. 2016). Our steady-state and kinetic data directly support this 

observation, that higher Ca2+ sensitivity (lower Kd) and higher Ca2+ dissociation rate 

(higher koff) are associated with the WT fetal /neonatal Tn and RTF compared to the WT 

adult counterparts.  

The preparations harboring the R37C TNNI1 mutation showed clear and 

significant differences in Ca2+ handling as a result of the mutation. The sensitivity to Ca2+ 

(as reflected in the Kd values) was reduced by 55% and 69% in Tn and RTF complexes, 

respectively in the R37C mutant. This mutation-induced reduction in Ca2+ sensitivity was 

entirely ascribable to an increase in the koff rate constant. The direct implication of this 

observation is that a larger Ca2+ transient would be required to produce the same 

amount of force in the contraction of a cardiomyocyte. This biophysical property would 

also be predicted to have a strong impact on the Ca2+ transient in intact cardiomyocytes 

and could potentially be arrhythmogenic. The changes in koff, hence the changes in 

myofilament Ca2+ sensitivity, have the potential to alter the electrical activity of the heart 

that could result in varying degree of arrhythmogenicity. This is well demonstrated in 

several HCM-associated TnT mutations (Knollmann, Kirchhof et al. 2003, 

Baudenbacher, Schober et al. 2008, Schober, Huke et al. 2012, Wang, Kim et al. 2018). 



 155 

To test this hypothesis specifically related to the R37C TNNI1 mutation, we used 

genome-edited and optically-mapped hiPSC-CMs. 

As described in the Methods section, monolayers of hiPSC-CMs were made in 

35 mm Petri dishes and were found to beat spontaneously and for the most part, in 

synchrony. There were no significant differences in intrinsic rates between the groups 

both of which averaged ~ 50 bpm. To compare action potential and Ca2+ transient 

durations, it was important to entrain the monolayers to the same stimulation rate, which 

started at 55 bpm and was increased in 10 bpm increments. As can be seen in Figure 4-

3, both WT and R37C+/- TNNI1 hiPSC-CMs beat “normally” at 55 and 65 bpm. However, 

Figure 4-4 indicates that at 55 bpm the R37C+/- TNNI1 exhibited significantly shorter AP 

and Ca2+ transient durations compared to the isogenic controls. Furthermore, also 

shown in Figure 4-4 the rate of decay of the Ca2+ transient was significantly greater in 

R37C+/- TNNI1 hiPSC-CMs. Ca2+-dependent inactivation (CDI) of CaV1.2 is well 

documented (Dick, Tadross et al. 2008, Tay, Dick et al. 2012, Ben-Johny, Yang et al. 

2014) and occurs within 100 ms of channel opening after the Ca2+ levels in the 

nanodomain around CaV1.2 within the dyadic cleft rise to achieve values which are 

estimated to be at least an order of magnitude higher than global [Ca2+] (Tay, Dick et al. 

2012, Ben-Johny, Yang et al. 2014). While access to this nanodomain is restricted in an 

adult cardiomyocyte with a fully developed transverse tubular (T-tubules) network, it is 

unknown whether this is the case in the neonatal cardiomyocyte or hiPSC-CMs which 

both lack T-tubules (Sedarat, Xu et al. 2000, Sedarat, Lin et al. 2004, Parikh, Blackwell 

et al. 2017, Ronaldson-Bouchard, Ma et al. 2018). Thus, there remains a strong 

possibility that the faster koff (Ca2+) in R37C+/- TNNI1 hiPSC-CMs impacts CaV1.2 CDI 

thereby shortening the action potential duration compared to WT hiPSC-CMs. At 55 bpm 

the Ca2+ transient duration is also significantly shorter in R37C+/- TNNI1 hiPSC-CMs 

compared to isogenic WT controls. This is likely due to: 1) shortening of the plateau 

phase of the AP (as described above) and 2) alteration of the RyR2 inactivation kinetics 

perhaps due to an increased rate of Ca2+ offloading from the thin filament. 

The WT hiPSC-CMs exhibit the classic APD and Ca2+ transient duration 

restitution patterns by shortening significantly in response to increasing the stimulation 

frequency from 55 to 65 bpm whereas R37C+/- TNNI1 hiPSC-CMs do not (Figure S4-6). 

APD restitution is dependent on many factors but perhaps most prominent is the rate of 

recovery of the L-type Ca2+ channel (CaV1.2) because: 1) it recovers more slowly than the 
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cardiac Na+ channel (NaV1.5) (but faster than IKs and IKr) 2) provides the major inward 

current maintaining the action potential plateau and 3) APD is more sensitive to CaV1.2 

(Qu, Xie et al. 2010). Ca2+ transient restitution is dependent on several factors that relate 

to Ca2+-dependent ion channels including the RyR2 inactivation kinetics (Cherry, Fenton 

et al. 2012, Sun, Wei et al. 2018). 

At 65 bpm, more than 85% (7/8) of the R37C+/- TNNI1 hiPSC-CM plates 

exhibited both AP and Ca2+ alternans whereas none of the isogenic WT control did. Both 

AP and Ca2+ transient alternans occurred simultaneously in every instance (Figure 4-3D) 

and thus it is not likely that AP alternans was driving Ca2+ alternans. Because our optical 

mapping system allows one to examine multiple ROIs simultaneously, we could 

determine that the alternans were spatially concordant (Qu, Xie et al. 2010).  

Occasionally we observed temporal discordance implying that some hiPSC-CM 

monolayers were not totally functional syncytia. While there is a relationship between 

restitution and alternans, the excitation history makes it complicated (Goldhaber, Xie et 

al. 2005, Qu, Xie et al. 2010), however both TNNI1 R37C+/- and WT hiPSC-CM plate 

were subjected to identical stimulation paradigms. Recently it was demonstrated in mice 

that Ca2+ alternans was attributable to RyR2 inactivation kinetics and not SERCA2a 

(Sun, Wei et al. 2018). The most parsimonious explanation for these findings is that the 

increased Ca2+ off rate constant from the cardiac thin filament in the R37C+/- TNNI1 

hiPSC-CMs causes early CDI of CaV1.2 and alteration of RyR2 activation and inactivation 

kinetics but clearly further research is required. 

As the stimulation frequency was elevated to 75 up to 120 bpm, the WT hiPSC-

CM plates exhibited no electrical or Ca2+ transient “irregularities”, while the R37C+/- 

TNNI1 hiPSC-CM plates demonstrated progressively aberrant patterns. Initially there 

was a decrease in the amplitude of the alternate “beat” until a total block was observed. 

At slightly higher frequencies, this pattern devolved into a chaotic pattern for both 

electrical and Ca2+ transients in R37C+/- TNNI1 hiPSC-CM plates that one might consider 

reminiscent of an in vitro equivalent of ventricular fibrillation. While it has been well 

documented that hiPSC-CMs are immature functionally and morphologically in 

comparison to native adult cardiomyocytes (Ronaldson-Bouchard, Ma et al. 2018), the 

expression profile of the two paralogs TNNI1, TNNI3 and the developmentally-regulated 

splice variants of TNNT2 in these hiPSC-CMs coincide with that of the infant heart 

(Figure S4-7). These data strongly suggest that the 10 infants harbouring the R37C+/-
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TNNI1 mutation from our previous study and who died within 24 months of age 

(Bhavsar, Dhoot et al. 1991, Dewar, Alcaide et al. 2017) suffered from sudden cardiac 

death (SCD). 

One of the major aims of this study was to develop a “platform” of insightful 

investigative procedures to determine if the cause of death in specific SIDS cases was 

due to SCD. We believe that we have succeeded, and these data will allow family 

members and care givers to understand the cause of their loss but also to be proactive 

in preventing future deaths. Secondly this is first time to show a clear pathology 

associated with TNNI1 mutations (Sheng, Jin et al. 2016, Lek et al. 2016, gnomAD 

2016). Thirdly this resolves the issue as to whether the R37C+/- TNNI1 mutation is 

benign or not. R37C+/- TNNI1 is clearly arrhythmogenic and requires screening and 

active intervention to prevent premature death. 
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4.8. Supplementary Material 

 

Table S4-1. Evolutionary conservation of relevant troponin I sequences 

 
Species included are human (Homo sapiens), mouse (Mus musculus), frog (Xenopus tropicalis), 
zebrafish (Danio rerio), salmon (Salmo salar) and sablefish (Anoplopoma fimbria). The arginine 
(R) highlighted in green (which in humans resides at residues 37 and 68 in TNNI1 and TNNI3, 
respectively) is conserved across hundreds of millions of years of evolution. The domain 
bracketed by the cyan-highlighted residues is posited to interact with the C terminus of troponin 
(Fu, Lee et al. 2009). Alternate nomenclatures: TNNI1 -slow skeletal TnI; TNNI2 - fast skeletal 
TnI; TNNI3 - cardiac TnI; ZF TNNI HC – Heart and craniofacial; sea squirt TNNI body – body wall. 
In zebrafish, there are four paralogs of TNNI1 of which 1.3 and 1.4 are shown in this Table. 

 

Table S4-2. Protein constructs in the fetal and adult thin filament preparations 

 
 
Both the molecular weight and extinction coefficients were calculated by ProtParam (Gasteiger et 
al 2005). # All cTn and RTF utilized in this study were labeled with IAANS at T53C position with 

 	  

	  

Species	   TnnI	  
paralog	  

Gene	  
Bank	  No.	   Amino	  acid	  sequence	  	   Residue	  

No.	  
Human	   1	  (ss)	  	   AAA61228	   VERKPKITASRKLLLKSLMLAKAKECWEQEHEEREAEKVRYLAERIPTLQ-TRGLSLSAL 

LKSLMLAKAKECWEQEHEEREAEKVRYLAERIPTLQ-TRGLSLSAL	  
63	  

Human	   2	  (fs)	   AAH32148	   --KRNRAITARRQHLKSVMLQIAATELEKEESRREAEKQNYLAEHCPPLH--IPGSMSEV   	   61	  
Human	   3	  (cardiac)	   CAA62301	   AKKKSKISASRKLQLKTLLLQIAKQELEREAEERRGEKGRALSTRCQPLE-LAGLGFAEL	   93	  
Mouse	   1	  (ss)	   NP_067442	   --RKSKITASRKLMLKSLMLAKAKECWEQEHEEREAEKVRYLSERIPTLQ-QTRGLSLSA	   61	  
Mouse	   2	  (fs)	   NP_033431	   EEKRNRAITARRQHLKSVMLQIAATELEKEESRRESEKENYLSEHCPPLH-IPGSMSEVQ    	   62	  
Mouse	   3	  (cardiac)	   NP_033432	   AKKKSKISASRKLQLKTLMLQIAKQEMEREAEERRGEKGRVLRTRCQPLE-LDGLGFEEL   	   94	  
Cow	   1	  (ss)	   NP_0012903

64	  
VERKPKITASRKLLLKSLMLAKAKECWEQEHEEREAEKKRYLAERIPALQ-TRGLSLSAL 
 

63	  
Frog	   cardiac	   NP_0010114

10	  
VKRKPKISASRKLQLKSLMLQIAKAEMEREEEERAREKERYLEEHCEPLQ-LSGLSLSEL    119	  

Zebrafish	   1.3	  (ss)	   NP_0010388
47	  

AKPKSKISASRKLSLKILLLQRAMEELEQEKVSRDEEKVKYLSEKLPPLQ-ITGLQLEEL	   74	  
Zebrafish	  	   1.4	  (ss)	   NM_001002

629	  
NKPKSKISASRKLSLKIMLLNRAMEDLEREKQERLEEKNCYLKEKHPPLQ-LSGLSLEEL	   73	  

Salmon	  	   ss	   ACM08558	  
	  

FQPKSKISSSRKVSLKILLLSRALEELEAEKQAREEEKVRYLGEQLPPLQ-VSGLSLEEL 77	  
Sablefish	   1	  (ss)	   ACQ58112	   EKPKSKISASRKLSLKMLLLTRACEDLEREKQDREEEKVRYIGEKLPPLQ-LSGLPLNEL 64	  
	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  ↑	  	  Troponin	  C	  -‐	  C	  terminus	  BD	  	  ↑ 	  

!!Protein Gene*Name* Descrip2on* Length Molecular*Weight*
(kDa)* 

Ex2nc2on*
Coefficient*
(M!1cm!1)* 

Uniprot*ID 

WT*cTnCT53C TNNC1 
Full(length(TnC(with(three(muta3ons((T53C,(C35S,(
C84S)(for(fluorescence(labeling(specifically(at(T53C(

for(func3onal(studies.( 
161 18 4470 P63316 

Adult*Troponin*I*and*Troponin*T*Subunits ( 
WT*cTnI TNNI3 Full(length(WT(cardiac(TnI.( 211 24 9970 P19429 

WT*cTnT3 TNNT2 Full(length(WT(cTnT(isoform(3,(the(predominant(
adult(cTnT(isoform. 288 35 16960 P45379 

Fetal*Troponin*I*and*Troponin*T*Subunits 

WT*ssTnI TNNI1 
Full(length(slow(skeletal(TnI,(which(differs(from(
adult(cTnI(because(it(lacks(the(NQterminal(specific(

cardiac(domain(of(residue(1Q31.( 187 22 14105 P19237 

R37C*ssTnI TNNI1 Full(length(ssTnI(with(R37C(muta3on. 

WT*cTnT1 TNNT2 Full(length(WT(cTnT(isoform(1,(the(predominant(
fetal(cTnT(isoform. 298 36 22460 P45379 

Other*constructs* ( 

Alpha*MAS!Tm TPM1 

Full(length(Tm(with(the(addi3onal(triQpep3de(
(MetQAlaQSer)(to(the(NQterminus(to(mimic(

acetyla3on(process(in(na3ve(Tm(and(ensure(its(
binding(to(ac3n(filaments. 

287 33 8940 P09493 
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the two additional mutations C35S and C84S. For simplicity, cTn and RTF mentioned in the text 
do not have T53C superscript included.  

 

Table S4-3. List of Tn complexes used in the current study. 
 

 
 
*All the RTF constructs contained the above various cTn complexes with 2 to 4 µM Tm and 4 µM 
actin filaments.  

Recombinant+Tn+complexes+for+data+collec4on* Composi4on+ 

Adult+Tn+complexes 
WT+cTnT53C WT#cTnCT53C,#WT#cTnI,#WT#cTnT3 
Fetal+Tn+complexes 
Fetal+WT+cTnT53C WT#cTnCT53C,#WT#ssTnI,#WT#cTnT1 
R37C+cTnT53C WT#cTnCT53C,#R37C#ssTnI,#WT#cTnT1 
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A. 

 

B. 

 

Figure S4-1. A) The design of sgRNA, ssODN and B) Sanger sequencing result to 
confirm the presence of the R37C+/- in TNNI1 

 

 

 
Figure S4-2. Backbone RMSD of the Tn complex over the course of each 500 ns 

simulation. 

Points are plotted at 100 ps resolution. Each of the simulations has diverged substantially from 
the starting coordinates.  
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Figure S4-3. RMSD of the C terminal domain of TnC (residues 89-161) with 

respect to the IT-arm helices of the Tn complex (TnI residues 4-131 
and TnT residues 226-271).  

The mutant model TnC C- domain appears to be similarly mobile when compared to the WT 
model over the course of these simulations. 

 

 
Figure S4-4. RMSD of the N-terminal domain of TnC (residues 1-89) with respect 

to the C-terminal domain of TnC (residues 90-161). 

The N-domain of the TnI-R37C mutant model has diverged similarly to that of the WT structure. 
This is likely due to the absence of the remainder of the cardiac thin filament from the simulation 
system; any interaction with additional proteins will reduce the range of available motion for the 
N-domain of TnC. 
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Figure S4-5. Distances between interfacial residues of the complex around TnI 

residue 37.  

Distances were calculated between atoms over the duration of each trajectory using the 
GROMACS program g. dist. The distances were measured between the distal atom of each 
sidechain. For sidechains with multiple distal atoms, such as aspartic acid or arginine, the 
centroid of the atoms was considered instead. When a hydrogen bond is present, the interatomic 
distances are shorter and less variable. This demonstrates the details of the change in the 
interface, and the consequences of the loss of the arginine sidechain of the key interactions in 
this region. 

 

 

TnI$R37C) TnI$WT)
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Figure S4-6. Restitution curves for APD and CaTD as a function of cycle length. 

In these experiments, the monolayers of WT hiPSC-CMs were field stimulated at a given 
frequency for 20 seconds, rested for 5 minutes and then stimulated at a frequency of 10 bpm 
higher, repeatedly over the stimulation range of 45 to 120 bpm. APD50 and CaTD50 from one 
ROI were averaged over the 20 s stimulation period. The same protocol was used for R37C+/- 
hiPSC-CMs but all plates exhibited alternans at 75 bpm and APD50 and CaTD50 could not be 
determined under these conditions. The differences between WT and R37C+/- TNNI1 hiPSC-CMs 
were significant (p<0.05) for both APD50 and CaTD50 at cycle lengths greater than 1000 ms. N = 5 
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Figure S4-7. Quantitative real time PCR (qRT-PCR) of TNNI1, TNNI3 and TNNT2 

transcripts as a function of hiPSC-CM developmental stage. 

The transcripts encoding the cTnT splice variants follow the expected switch between fetal TnT 
and adult TnT isoforms early in cardiomyocyte differentiation.  For TnI, the transcript of the gene 
encoding the neonate paralog of cTnI (TNNI1) predominates and increases throughout the time 
course whereas the adult paralog of cTnI (TNNI3) is expressed at lower levels until later in 
differentiation. 
 

 

 
Figure S4-8. Extracellular electrical potentials measured in WT and R37C TNNI 

hiPSC-CMs using a multicellular electrode array (MEA). 

Extracellular action potential waveform for WT hiPSC-CMs and TNNI R37C+/- hiPSC-CMs. 
Changes in the shape of the action potential, particularly the plateau phase and repolarization 
phase would indicate a clear difference in electrophysiological properties.  Specifically, changes 
to the plateau would implicate some influence on calcium handling in the cell.  
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Chapter 5. Modeling familial hypertrophic 
cardiomyopathy-linked mutant Troponin T using 
human iPSC-derived cardiomyocytes 

This chapter is largely based on the following original research article in preparation: 

 

Sanam Shafaattalab, Y Alison Li, Eric Lin, Jonathan Davis and Glen F. Tibbits. 

Modeling familial hypertrophy cardiomyopathy-linked mutant troponin T using human 

iPSC-derived cardiomyocytes 

 

My contribution to this study included experimental design, generating genome-edited 

hiPSC lines, optimizing and conducting qRT-PCR, MEA, and optical mapping 

experiments, analysis of the data set, preparation of figures and writing the manuscript.   
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5.1. Abstract 

Cardiac troponin is a heterotrimeric complex that plays an essential role in 

regulating cardiac contractility. Each cTn complex is composed of a highly conserved 

Ca2+ binding subunit (cTnC), an inhibitory subunit (cTnI), and a tropomyosin binding 

subunit (cTnT). Familial hypertrophic cardiomyopathy (FHC) is the most common 

inherited cardiac muscle disorder. Patients harboring cTnT mutations often show 

significantly less ventricular hypertrophy but significant arrhythmogenesis, unlike other 

FHC patients. This study focuses on the I79N cTnT mutation that is morphologically 

asymptomatic but associated with a high incidence of sudden cardiac death in young 

patients. 

We generated I79N+/- TNNT2 mutants in hiPSC-CMs using CRIPSR-CAS9, and 

simultaneously monitored voltage and Ca2+ transients through optical mapping of a 

hiPSC-CM monolayer. We observed irregular voltage and Ca2+ transients and 

arrhythmic activities in the presence of 500 nM of β-adrenergic agonist, and that were 

not observed in the WT control. In addition, mutant hiPSC-CMs developed irregular and 

arrhythmogenic voltage and Ca2+ transients at 100 bpm and higher stimulation rates. 

We also investigated the biophysical properties of I79N+/- TNNT2 mutation in 

reconstituted thin filaments. Fluorometry was used to measure changes in troponin C 

Ca2+ affinity. Thin filaments reconstituted with the mutant TnT have altered Ca2+-binding 

properties and changes Ca2+ kinetics. 

Our findings indicate that the alterations of action potential and Ca2+ handling 

properties in I79N+/- TNNT2 hiPSC-CMs are proarrhythmic. Our results also suggest that 

higher rates of stimulation and isoproterenol challenges are arrhythmogenic and can 

increase the risk of sudden cardiac death in patients harboring the I79N mutation.  
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5.2. Introduction 

Hypertrophic cardiomyopathy (HCM) is a genetic disorder that presents clinically 

as ventricular and/or septal hypertrophy, myocyte disarray, and increased myocardial 

fibrosis (Maron, Gardin et al. 1995, Maron, Towbin et al. 2006). It is a relatively common 

(1:500) autosomal dominant disease, making it the most common genetic cardiovascular 

disease in many countries (Maron, Gardin et al. 1995). The structural changes that occur 

in this disorder are often clinically asymptomatic, yet their presence can precipitate 

sudden cardiac death (SCD) due to their strong arrhythmogenicity. Risk assessment for 

SCD has been problematic because the afflicted may be otherwise asymptomatic and 

unaware of their condition, and death may be the first symptom. Familial hypertrophic 

cardiomyopathy (FHC) is a major subset of HCM that was first described clinically ~50 

years ago. FHC is the most common cause of the SCD in young people, affecting 1–2% 

of children and adolescents and up to 1% of young adults in HCM community cohorts 

(Elliott, Poloniecki et al. 2000, Maron 2002). Since the seminal finding of a β-myosin 

heavy chain (MYH7) gene mutation in 1995, more than 1,000 different mutations have 

been identified in over 20 FHC candidate genes (Tester and Ackerman 2009), most of 

which code for sarcomeric proteins. Mutations in myosin heavy chain, myosin binding 

protein C, and troponin complex appear to be the most common cause of FHC. 

Ca2+ sensitivity regulates the amount of myofilament cross-bridge activity at 

every point throughout the cardiac cycle and determines the minimal resting tension, the 

maximum active tension, and the kinetics of Ca2+ transient of the heart (Tardiff 2011). 

Therefore, changes in Ca2+ delivery and sensitivity largely determine both the energetics 

and performance of the heart. Ca2+ sensitivity is dictated, in part, by a Ca2+ sensor 

protein – cardiac troponin C (cTnC) – which is a critical part of the troponin trimeric 

complex (Tn). Tn also consists of two other proteins: cardiac troponin I (cTnI) as the 

inhibitory subunit and cardiac troponin T (cTnT) that tethers the troponin complex to the 

thin filament (Knollmann, Kirchhof et al. 2003). Many FHC mutations involving the 

troponin complex increase the Ca2+ sensitivity of the heart, producing changes in cardiac 

structure and function, which disrupt normal electrical excitation and conduction (Tester 

and Ackerman 2009). These arrhythmogenic substrates may be exacerbated by altered 

Ca2+ handling in the affected heart. Troponin is the largest cytosolic Ca2+ buffer in the 

heart, binding and releasing a significant amount of Ca2+ within each cardiac cycle. In 



 174 

addition, spontaneous releases of Ca2+ from the SR often initiates electrogenic Ca2+ 

transport through the sarcolemmal sodium-Ca2+ exchanger (NCX). The Ca2+ transport 

through the NCX produces a net depolarizing sodium influx during the extrusion of 

cytosolic Ca2+, allowing Ca2+ to unbind from the troponin complex which may produce 

delayed after depolarizations (DADs), which in turn may trigger extra-systolic beats 

(Knollmann and Potter 2001, Bers 2002, Knollmann, Kirchhof et al. 2003). 

To date, more than 68 cTnT mutations associated with FHC have been identified, 

including a subset that are associated with a high frequency of SCD and/or ventricular 

arrhythmias in humans. The FHC-linked troponin T mutations can induce a clinical FHC 

phenotype, increase myofilament Ca2+ sensitivity, and cause arrhythmogenesis 

(Knollmann and Potter 2001). Studies in transgenic mice expressing TnT mutations 

suggest that by increasing the myofilament’s Ca2+ sensitivity may increase the heart’s 

susceptibility to ventricular tachycardia (Baudenbacher, Schober et al. 2008). However, 

because of differences in electrophysiological characteristics between the murine and 

human hearts, it is crucial to be able to model genetic cardiac diseases in human 

cardiomyocytes. 

Therefore, human induced pluripotent stem cells-derived cardiomyocytes 

(hiPSC-CMs) have been used to model the human genetic diseases including 

sarcomeric cardiomyopathies (Sun, Yazawa et al. 2012, Eschenhagen, Mummery et al. 

2015). HiPSC-CMs robustly express contractile proteins including troponin I and troponin 

T (Hwang, Kryshtal et al. 2015, Dewar, Alcaide et al. 2017). Our hiPSC-CMs express the 

adult form of cardiac TnT at a higher level than the fetal form and, therefore, are an ideal 

model to study the effect of mutations in the adult form of troponin T. In the present 

study, we used the CRISPR/Cas9 genome-editing tool to generate heterozygous I79N+/- 

TNNT2 hiPSC-CMs, a mutation associated with increased Ca2+ sensitivity and 

ventricular arrhythmias. The genome-edited hiPSC-CMs can recapitulate the effect of 

I79N+/- TNNT2 mutation in vitro and, in conjunction with human reconstituted thin 

filament (RTF), can provide novel mechanistic insights into the arrhythmogenicity of 

I79N+/- TNNT2. We compared the Ca2+ handling and physiological properties of the 

I79N+/- TNNT2 hiPSC-CMs against their isogenic controls that lacked that mutation. We 

found these abnormal Ca2+-handling properties are due to increased Ca2+ sensitivity in 

I79N+/- TNNT2, which results in Ca2+-dependent action potential triangulation. Our results 
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indicate that pro-arrhythmic action potentials and Ca2+ transients are caused by HCM-

linked I79N+/- TNNT2 mutation in hiPSC-CMs. 

5.3. Methods 

5.3.1. Human iPSC maintenance and cardiomyocyte differentiation 

Human iPSC lines (iPS IMR90-1) were obtained from the Wicell Research 

Institute (https://www.wicell.org/). Differentiation of hiPSCs to cardiomyocytes (hiPSC-

CMs) employed a protocol that has been published previously (Lian, Zhang et al. 2013). 

In brief, hiPSCs were maintained on Corning Matrigel (0.5 mg/ 6-well plate, dissolved in 

DMEM/F-12 medium) cultured in mTeSR1 medium (StemCell Technologies, Vancouver, 

BC). Cells were passaged every 4 days using Versene solution (ThermoFisher, 

Waltham, MA) and were then seeded on a 6-well Matrigel-coated plate at a density of 

100,000 cells/cm2 in mTeSR1 medium. The medium was changed daily, and after 3–4 

days, when the monolayer of cells reached >90% confluency, the mTeSR1 medium was 

replaced with Roswell Park Memorial Institute Medium (RPMI) 1640 basal medium 

(ThermoFisher, Waltham, MA) plus B27 without insulin supplement (ThermoFisher, 

Waltham, MA) containing 12 µM CHIR99021 (R&D Systems) for 24 h, followed by 5 µM 

IWP4 (Tocris) for 2 days without medium change. The medium was changed to RPMI 

1640 plus B27 complete supplement, and then subsequently the medium was changed 

every 2–3 days. Robust spontaneous beating of the monolayer was observed by day 10.  
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5.3.2. Preparation and design of CRISPR-Cas9 and donor template 

Single-guide RNA (sgRNA) was designed to target the region close to I79 of 

TNNT2 using online CRISPR tools (CRISPRko Tool from the Broad Institute, 

https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design), the CRISPR 

Finder from Wellcome Trust Sanger Institute (http://www.sanger.ac.uk/htgt/wge/), and 

Benchling (https://benchling.com/crispr). The sgRNA sequences used in the study were: 

Forward: 5’- CACCGAGTCCACTCTCTCTCCATCG-3’  

Reverse: 5’- AAACCGATGGAGAGAGAGTGGACTC-3’  

The sgRNA were cloned into a pCCC vector which is based on pSpCas9(BB)-

2A-GFP vector (PX458, Addgene plasmid # 48138) as detailed previously (Ran, Hsu et 

al. 2013). The pCCC vector contains the complete U6 promoter for enhanced expression 

in hiPSCs. The 127 bp asymmetric single-stranded donor nucleotide (ssODN) 

(Richardson, Ray et al. 2016) was designed to include the transition (T->A) that is seen 

in I79N, as well as a silent mutation at the PAM site to prevent the continuous cutting 

and improve the efficiency of the HDR repair (Supplementary Figure S5-1). The 

sequence of the ssODN was: 

5’- 

AGTCCCTGGGTCCAGAATGGGGCTGATGCTGACTATTCCTCTCTCCAACAGGTCGT

TCATGCCCAACTTGGTGCCTCCCAAGAATCCCGATGGAGAGAGAGTCGACTTTGAT

GTAAGCGGTGGCTGT -3’ 

5.3.3. Transfection and Fluorescence-Activated Cell Sorting  

Human iPSCs were co-transfected with a PX458 plasmid and ssODN using 

Lipofectamine 3000 (ThermoFisher, Waltham, MA). Briefly, 2×105 hiPSCs were 

transfected with 500 ng sgRNA and 10 picomole of ssODN. Since the vector contained 

GFP as a reporter, the GFP+ hiPSCs were sorted as single cells using Fluorescence-

Activated Cell Sorting (FACS) 48–72 hours post-transfection and were plated on 

Matrigel-coated plates in mTeSR1. We assayed more than 100 single-cell colonies. To 

screen for on-target single mutation, genomic DNA was extracted and used for PCR 

amplification of the CRISPR target sites. We sequenced these amplicons to confirm the 
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single nucleotide mutation at the I79 TNNT2 site using the following primers: Forward: 

5’- GCTTCTTTGATTCCAAGTTGTGTG-3’, Reverse: 5’- CCCATCCCACCTATGCTC-3’ 

5.3.4. Quantitative real-time PCR 

Total RNA was extracted from hiPCS-CM using TRIZOL followed by RNeasy kit 

(Qiagen, Mississauga, ON), according to the manufacturer's instructions. The 

concentration and purity of the RNA was determined using a NanoDrop ND-1000 

spectrophotometer (ThermoFisher Scientific). The cDNA was synthesized using Qiagen 

Quantitect Reverse Transcription kit, according to the manufacturer's instructions. Real-

time qRT-PCR analysis was performed on a Bio-Rad CFX96 Touch Real-Time PCR 

System (Bio-Rad, Mississauga, ON). Primers were designed using Primer3 and 

OligoAnalyzer 3.1. Analysis was performed according to the ΔΔCt method using the 

geometric mean of housekeeping genes β-actin and GAPDH to normalize the qRT-PCR 

data (Vandesompele, De Preter et al. 2002). 

5.3.5. Optical mapping for action potential and calcium transient 
recordings. 

Prior to imaging, a monolayer of hiPSC-CM was perfused with IMDM 

supplemented with a physiological solution (final concentrations in mM): 140 NaCl, 3.6 

KCl, 1.2 CaCl2, 1 MgCl2, 10 HEPES and 5.5 D-glucose. The cells were incubated with 

15 µM of the potentiometric dye RH-237 (Molecular Probes, Eugene, OR) for 45 

minutes. After incubating the hiPSC-CMs with RH-237, 5 µM of the Ca2+-sensitive dye 

Rhod-2AM (Molecular Probes), 20 µM blebbistatin (a myosin ATPase inhibitor (Sigma-

Aldrich)) were added to the culture dish. Blebbistatin prevents contraction, and reduces 

motion artifact with no detectable effect on electrophysiology properties. For imaging, the 

hiPSC-CMs were excited by a 532 nm LEDs. RH-237 and Rhod-2 emissions were 

monitored using a >710 nm long-pass and 565-600 nm band-pass filters, respectively, at 

100 fps at 37°C.  The spectral properties allow both dyes to be fluoresced using 532 nm 

and their respective emissions to be separated by dichroic mirrors. Both signals were 

captured with a single Hamamatsu ORCA Flash 4 digital CMOS camera by incorporating 

an optical image splitter. Electrical field stimulation was applied using stainless steel 

electrodes. The electrodes were ~1 cm apart which were placed in the imaging chamber. 

The I79N+/- TNNT2 and WT TNNT2 hiPSC-CMs were stimulated for 20 seconds at each 
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constant rate (55, 65, 75 and 100 beats/min). Data were analyzed using custom-built 

software in IDL (Exelis Visual Information Solutions, McLean, VA). 

5.4. Results 

We used hiPSC-CMs and the CRISPR/Cas9 genome-editing tool to introduce a 

heterozygous I79N+/- TNNT2 mutation. The heterozygous I79N+/- TNNT2 hiPSC colonies 

were identified by Sanger sequencing (Supplementary Figure S5-1). The I79N+/- TNNT2 

hiPSCs did not have any off-target mutations for the top 10 predicted sites (data not 

shown). We next investigated the effect of various stimulation frequencies in WT TNNT2 

hiPSC-CM and I79N+/- TNNT2 hiPSC-CMs. Figure 5-1 (panels A-D) shows 

representative traces of Vm and Ca2+ transients from monolayers of hiPSC-CMs 

stimulated at 55 and 65 bpm. The action potential and Ca2+ transients entrained normally 

to the stimulation frequencies. In panels E and F, the field stimulation rate was increased 

to 100 bpm. The WT TNNT2 hiPSC-CMs showed normal entrainment to the stimulation 

frequency. In contrast, I79N+/- TNNT2 hiPSC-CMs developed irregular and 

arrhythmogenic voltage and Ca2+ transients. None of the WT TNNT2 hiPSC-CM 

monolayers exhibited abnormal action potential or Ca2+ transients at 100 bpm and higher 

stimulation rates. 
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Figure 5-1. Human induced pluripotent stem cell-derived cardiomyocytes 

(hiPSC-CMs) being field-stimulated at different frequencies. 

Monolayers of both WT and TNNT2 I79N+/- hiPSC-CMs were loaded with voltage- (RH-237) and 
Ca2+-sensitive (Rhod-2AM) dyes and optically mapped while being stimulated at 55, 65, and 100 
bpm for 20 seconds. In the representative traces shown, the WT TNNT2 hiPSC-CMs exhibited 
clear shortening in both action potential duration and the Ca2+ transient duration with an increase 
in stimulation frequency (Panel A, C) whereas I79N+/- TNNT2 hiPSC-CMs did not (Panel B, D). 
Additionally, as the stimulation frequencies reached 100 bpm, the I79N+/- TNNT2 hiPSC-CMs 
displayed irregular voltage and Ca2+ transients (Panel F) but no sign of irregularity was observed 
in voltage and Ca2+ transients in WT TNNT2 hiPSC-CMs at stimulation frequencies of 100 bpm 
(Panel E). (I79N+/- TNNT2 hiPSC-CMs, n=9; WT TNNT2 hiPSC-CMs, n=4). 

 

We next investigated the response of both WT and I79N+/- TNNT2 with respect to 

Ca2+ transient duration at 30% (CaTD30) and 80% (CaTD80) repolarization at 55, 65, and 

75 bpm field-stimulation frequencies (Figure 5-2A, B). These frequencies were chosen 

because 55 bpm was higher than the intrinsic beating rate and 75 bpm was below 

frequencies that induced any form of arrhythmia. At all three stimulation frequencies, 

both CaTD30 and CaTD80 were significantly shorter (p-values < 0.05) in I79N+/- TNNT2 

hiPSC-CM compared to WT TNNT2 hiPSC-CM (Supplementary Table S5-1). However, 

the Ca2+ transient decay rate (Figure 5-2C) at all three different stimulation frequencies 

was significantly slower (p-values < 0.05) in I79N+/- TNNT2 hiPSC-CMs compared to WT 

TNNT2 hiPSC-CMs.  
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Figure 5-2. Effect of stimulation frequency on Ca2+ transient duration (CaTD) in 

WT and I79N+/- TNNT2 hiPSC-CMs. 

Panel A shows the impact of the stimulation frequency at 55, 65, and 75 bpm for 20 seconds on 
CaTD30 in both WT (blue) and I79N+/- (azure) TNNT2 hiPSC-CMs. Panel B illustrates the effect of 
stimulation frequency on CaTD80 in both WT (blue) and I79N+/- (azure) TNNT2 hiPSC-CMs. Panel 
C shows the slower Ca2+ transient decay rate in I79N+/- (azure) than in WT (blue) TNNT2 hiPSC-
CMs at each stimulation frequency. Panel D shows the representative Ca2+ transient duration of 
both WT and I79N+/- TNNT2 hiPSC-CMs. 

 

We next tested the effect of I79N+/- TNNT2 and changes in Ca2+ sensitivity on 

alteration of action-potential morphology. The action potential duration at 30% (APD30) 

and 80% (APD80) repolarization at three different stimulation frequencies were measured 

in both WT and I79N+/- TNNT2 hiPSC-CMs (Figure 5-3A, B). The action potential 

repolarization was accelerated in I79N+/- TNNT2 hiPSC-CMs compared to WT TNNT2 

hiPSC-CMs at both 55 bpm and 65 bpm stimulation rates. The early repolarization was 

significantly shorter (p < 0.05) in I79N+/- TNNT2 hiPSC-CMs. However, there was not a 

significant difference in the duration of action potential duration between WT and I79N+/- 

TNNT2 hiPSC-CMs at 75 bpm. Therefore, the action potential morphology in I79N+/- 

TNNT2 hiPSC-CM was significantly triangulated compared to the action potential 

morphology of WT TNNT2 hiPSC-CM (Supplementary Table S5-2). The triangulation 

index which was defined as the (APD80-APD30)/APD80 ratio exhibited a significant 
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difference (p < 0.05) between I79N+/- and WT TNNT2 hiPSC-CM at 55 bpm and 65 bpm 

(Figure 5-3C, D). 

 

 
Figure 5-3. Influence of stimulation frequency on action potential duration in WT 

and I79N+/- TNNT2 hiPSC-CMs. 

Panel A shows the impact of stimulation frequency at 55, 65, and 75 bpm for 20 seconds on 
APD30 in both WT (red) and I79N+/- (coral) TNNT2 hiPSC-CMs. Panel B illustrates the effect of 
stimulation frequency on APD80 in both WT (red) and I79N+/- (coral) TNNT2 hiPSC-CMs.  Panel C 
depicts the increased triangulation index in I79N+/- TNNT2 hiPSC-CMs compared to WT TNNT2 
hiPSC-CMs at different stimulation frequencies. Panel D shows the representative action 
potentials of WT and I79N+/- TNNT2 hiPSC-CMs. 

 

We next investigated the effects of isoproterenol (ISO) on the voltage and Ca2+ 

transient in both WT and I79N+/- TNNT2 hiPSC-CMs, both of which exhibited normal 

patterns of excitation and relaxation at intrinsic rates (Figure 5-4A, B). In presence of 

ISO, the WT TNNT2 hiPSC-CM exhibited shortening of APD and CaTD, an increased 

beating rate, and an accelerated rate of decay of Ca2+ transient in a dose-dependent 

manner (Figure 5-4C, E). However, 500 nM ISO had arrhythmogenic effects on I79N+/- 

TNNT2 hiPSC-CM (Figure 5-4D). Unlike I79N+/- hiPSC-CMs, WT hiPSC-CMs did not 

show any sign of arrhythmogenicity. 
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Figure 5-4. Effect of the β-adrenergic agonist isoproterenol (ISO) on voltage and 

Ca2+ transients of spontaneously beating WT and I79N+/- TNNT2 
hiPSC-CMs. 

The representative traces of intrinsically beating WT TNNT2 hiPSC-CMs (Panel A) and I79N+/- 
TNNT2 hiPSC-CMs (Panel B) in the absence of ISO. Panels C and D show the response of the 
WT and I79N+/- TNNT2 hiPSC-CMs to 500 nM ISO. The effect of 500 nM ISO on the WT TNNT2 
hiPSC-CMs was to accelerate the intrinsic rate of excitation and to shorten action potential 
duration and Ca2+ transient. In contrast, 500 nM ISO was clearly arrhythmogenic in I79N+/- 
TNNT2 hiPSC-CMs, as shown in Panel D. There was no arrhythmogenicity observed in WT 
TNNT2 hiPSC-CMs up to 1000 nM ISO (Panel E). (I79N+/- TNNT2 hiPSC-CMs, n=7; WT TNNT2 
hiPSC-CMs, n=4). 

5.5. Discussion 

Over 1000 mutations causing HCM have been identified and TnT mutations 

account for 15% of HCM cases (Watkins, McKenna et al. 1995). TnT mutations that 

cause HCM have been studied in transgenic mice, which have different 

electrophysiological properties compared to humans. We used genome editing 

(CRISPR/Cas9) to generate heterozygous I79N+/- TNNT2 hiPSCs (Supplementary 

Figure S5-1). This technique enabled us to compare I79N+/- TNNT2 hiPSCs with their 

isogenic control hiPSCs instead of comparing them with control iPSCs that have 

different genetic and epigenetic backgrounds. It has been shown that I79N-related HCM 

cases are characterized by mild hypertrophy (Watkins, McKenna et al. 1995). The 

I79N+/- TNNT2 hiPSC-CMs expressed some of the hypertrophic transcription factors 

(Supplementary Figure S5-2), which is consistent with clinical findings in patients with 
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TnT mutations (Varnava, Elliot et al. 2001). We also examined the effect of I79N+/- 

TNNT2 mutation on voltage and Ca2+ transients at different stimulation frequencies 

(Figure 5-1). We found that I79N+/- TNNT2 altered Ca2+ handling (Figure 5-2), shortened 

early repolarization, and resulted in AP triangulation (Figure 5-3). We also showed that 

I79N TNNT2 mutation increased Ca2+ sensitivity, which, in turn, altered the cross-bridge 

activity and Ca2+-binding affinity (Kd) of Troponin C in human reconstituted thin filaments 

(Supplementary Figure S5-3). Here we demonstrate that TnT-linked HCM mutation is 

pro-arrhythmic by altering the action potential and Ca2+ transient decay rate in human 

model, which are consistent with the clinical features of this mutation. Although the 

mechanism of arrhythmogenesis is not clear, alteration in Ca2+-handling properties are 

likely involved. 

The expression of mutant TnT protein in myofilaments results in structural and 

functional changes in cardiac cells (Rust, Albayya et al. 1999). Unlike the transgenic 

mice model, myofibril disarray was observed in the I79N+/- TNNT2 hiPSC-CM model, 

which is important for understanding the underlying mechanism of TnT-linked HCM 

(Wang, Kim et al. 2018). The rapid heart rate in HCM patients carrying TnT mutations 

can be arrhythmogenic. In a study on HCM patients who were recipients of implantable 

cardiac defibrillators (ICDs), the rapid heart rate resulted in atrial fibrillation or sinus 

tachycardia in over 90% of the arrhythmic episodes (Cha, Gersh et al. 2007). Another 

study in children with HCM who were treated to reduce their heart rates, sinus 

tachycardia was observed in 90% of ventricular fibrillation episodes (Kaski, Tome 

Esteban et al. 2007). The results of these studies are consistent with the high incidence 

of ventricular tachycardia and sudden cardiac death possibly linked to high Ca2+ 

sensitivity due to TnT mutations (Watkins, McKenna et al. 1995, Knollmann and Potter 

2001, Van Driest, Ellsworth et al. 2003). Our data from I79N+/- TNNT2 hiPSC-CMs 

demonstrated that fast stimulating rates can be arrhythmogenic, compared to WT 

TNNT2 hiPSC-CM (Figure 5-1).  

Previous studies found that TnT-linked HCM mutations increased Ca2+ sensitivity 

in the cardiac skinned fibers and slowed the Ca2+ dissociation rate (Kd) from TnC during 

diastole (Miller, Szczesna et al. 2001, Gomes, Guzman et al. 2002, Baudenbacher, 

Schober et al. 2008, Schober, Huke et al. 2012) in the murine heart. However, the total 

number of Ca2+-binding sites did not change in TnT mutations. Therefore, increased 

Ca2+ sensitivity due to TnT mutations increases cytosolic Ca2+ buffering, because the 
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troponin complex accounts for a substantial portion of cytosolic Ca2+ buffering (Bers 

2000, Miller, Szczesna et al. 2001). As expected, increased Ca2+ buffering and 

sensitivity caused a reduction in Ca2+ transient peak in I79N+/- TNNT2 hiPSC-CMs 

(Wang, Kim et al. 2018) at physiological heart rates, but, surprisingly, did not change the 

Ca2+ transient amplitude in the transgenic mouse model (Schober, Huke et al. 2012). 

During diastole, increased Ca2+ sensitivity results in prolongation of Ca2+ transient and 

slower Ca2+ decay rate. Unlike transgenic mice expressing I79N TNNT2, but consistent 

with a previous human model (Wang, Kim et al. 2018), we also did not observe 

prolonged Ca2+ transients in I79N+/- TNNT2 hiPSC-CM (Figure 5-2). However, our data 

demonstrated a slower Ca2+ decay rate in I79N+/- TNNT2 hiPSC-CMs compared to WT 

TNNT2 hiPSC-CMs (Knollmann, Kirchhof et al. 2003) (Figure 5-2). 

It has been reported that the Ca2+ sensitization of myofilaments causes action 

potential remodeling and triangulation, which, in turn, result in induction of arrhythmia in 

I79N transgenic mice (Knollmann, Kirchhof et al. 2003). Previous studies on transgenic 

mice indicate that the increased Ca2+ sensitivity due to I79N mutation reduces [Ca2+]free 

during systole and leads to a shorter plateau phase in APD (Knollmann, Kirchhof et al. 

2003). Moreover, the down regulation of the inward rectifier current (Ik1) in I79N 

transgenic mice contributes to the shortening of the APD (Knollmann, Kirchhof et al. 

2003). Our findings also demonstrated this fact in I79N+/- TNNT2 hiPSC-CM. However, 

we cannot measure Ik1 current in optical mapping assay (Figure 5-3). One possible 

explanation for AP triangulation due to increased Ca2+ sensitivity is NCX activity (Pott, 

Ren et al. 2007, Bogeholz, Pauls et al. 2015, Wang, Kim et al. 2018). The primary 

activity of the NCX is during the plateau phase of AP by exchanging 3 Na+ ions with 1 

Ca2+ ion, which produces an inward current during phases 2 and 3 of AP. Since the 

[Ca2+]free during systole was reduced due to increased Ca2+ sensitivity, the activity of the 

NCX decreased, resulting in a smaller NCX current and a shorter plateau phase (Pott, 

Ren et al. 2007, Bogeholz, Pauls et al. 2015). The role of NCX in modulating the AP 

plateau phase due to Ca2+-handling alteration is observed in mouse, rat, and human 

cardiomyocytes (duBell, Boyett et al. 1991, Knollmann, Kirchhof et al. 2003). However, it 

is important to note that the NCX activity is different among various species and APD is 

less dependent on NCX in higher mammals, which limits the application of this potential 

mechanism (duBell, Boyett et al. 1991, London 2001). We also investigated the potential 

role of the small conductance Ca2+-activated K+  (SK) channels in AP remodeling due the 
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I79N TNNT2 mutation (data not shown). The preliminary data showed the prolongation 

of APD in presence of SK channel blocker (UCL1684), which reversed the hyper 

activation of the SK channels due to increased cytosolic Ca2+ level. The AP remodeling 

and triangulation in I79N+/- TNNT2 hiPSC-CMs is considered arrhythmogenic (Wang, 

Kim et al. 2018), and can cause reentrant ventricular tachycardia in mice and rabbit 

models (Boersma, Zetelaki et al. 2002). The combination of decreased Ik1 (Knollmann, 

Kirchhof et al. 2003), slower Ca2+ decay rate, and increased cytosolic [Ca2+] during fast 

pacing (Figure 5-2) or in presence of isoproterenol (Figure 5-4), may lead to 

arrhythmogenic events. 

In conclusion, we generated I79N+/- TNNT2 hiPSC-CMs using CRISPR/Cas9 and 

optically mapped their physiological features including voltage and Ca2+ transients. Our 

findings indicate that the alteration of AP and Ca2+ handling in I79N+/- TNNT2 hiPSC-

CMs is proarrhythmic. Our results also suggest that higher rates of stimulation and 

isoproterenol challenges are arrhythmogenic and can increase the risk of sudden 

cardiac death in patients harboring the I79N mutation. The hiPSC-CMs along with the 

genome-editing tools demonstrate the utility of this technology for modeling sarcomeric 

mutations linked with HCM, identifying the arrhythmogenic factors, and, potentially, 

developing therapeutic agents for the treatment of HCM.  
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5.8. Supplementary 

A. 

 
B. 

 
Figure S5-1. A) The designs of sgRNA, ssODN and B) Sanger sequencing result 

to confirm the presence of the T > A (I79N) in TNNT2. 

 

  
Figure S5-2. Quantitative RT-PCR (qRT-PCR) results demenostarte the 

expression levels of hypertrophic-related genes from WT hiPSCs-
CMs and I79N+/- TNNT2 hiPSC-CMs. 

END1 (endothelin-1), MEF2c (Myocyte-specific enhancer factor 2c), NFATC4 (Nuclear factor of 
activated T-cells cytoplasmic 4), PPD3CB (serin/threonine-protein phosphatase 2B catalytic 
subunit β isoform), NPPA (Natriuretic peptides A), NPPB (Natriuretic peptides B), COL1A1 
(collagen α-1(I) chain), COL9A2 (collagen α-1(IX) chain). The expression of Analysis was 
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performed according to the ΔΔCt method using the geometric mean of housekeeping genes (β-
actin and GAPDH) to normalize the qRT-PCR data. 

 
Figure S5-3. Effects of the I79N cTnT mutation on the Ca2+ sensitivity of the 

reconstituted thin filaments (RTF) in the steady-state conditions. 

Steady-state fluorescence experiments were carried out to determine the Ca2+ sensitivity of RTF. 
The Ca2+ sensitivity, which is represented by Kd, was the concentration required to elicit 50% of 
IAANs fluorescence. The data were normalized by setting the fluorescence at 8.0 equal to 0 and 
the fluorescence at pCa 4.0 equal to 100%. The Kd value was 1.7 fold decreased in the I79N RTF 
(1.5 ± 0.1 µM) compared to the WT RTF (2.5 ± 0.2 µM).  
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Table S5-1.  CaTD30 and CaTD80 of the WT and I79N+/- TNNT2 hiPSC-CMs at 
different stimulation frequencies 

  

 
.  

Table S5-2.  APD30 and APD80 of the WT and I79N+/- TNNT2 hiPSC-CMs at 
different stimulation frequencies. 

CaTD30 (ms)  55 bpm 65 bpm 75 bpm 
WT 422 ± 9 379 ± 7 326 ± 3 
I79N 319 ± 5 307 ± 4 258 ± 3 

CaTD80 (ms) 55 bpm 65 bpm 75 bpm 
WT 753 ± 6 662 ± 4 565 ± 3 
I79N 696 ± 10 620 ± 6 501 ± 6 

APD30 (ms) 55 bpm 65 bpm 75 bpm 
WT 253 ± 12 236 ± 7 197 ± 4 
I79N 166 ± 4 195 ± 5 206 ± 5 

APD80 (ms) 55 bpm 65 bpm 75 bpm 
WT 411 ± 11 388 ± 5 337 ± 5 
I79N 270 ± 8 314 ± 8 326 ± 9 
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Chapter 6. Conclusion, Limitations, and Future 
Directions 

6.1. Using hiPSC-CMs as a model for drug discovery and 
disease modeling 

The principal objective of this dissertation was to use hPSC-CMs including 

hiPSC-CMs, hESC-derived atrial cardiomyocytes, and hESC-derived ventricular 

cardiomyocytes for drug screening (Chapter 3) and disease modeling (Chapter 4 and 5). 

Despite the limitations of this model mentioned above and discussed later in this 

chapter, several studies have shown the potential of this technology. Thus, many 

researchers have begun to study the fundamental characteristics of these cells including 

their EC coupling, electrophysiology, and Ca2+-handling properties. 

The present work demonstrates the utility of hPSC-CMs for drug screening and 

assessing cardiotoxicity. Most previous studies had used mixed populations of 

cardiomyocytes consisting of a combination of atrial, ventricular, and nodal cells. In 

Chapter 3, I used hPSC-derived atrial and ventricular cardiomyocytes to study the 

cardiotoxicity of ibrutinib, a novel Bruton’s tyrosine-kinase (BTK) inhibitor which has 

been found to be very effective in treating chronic lymphocytic leukemia (CLL) and 

related cancers. However while ibrutinib has efficacy in CLL treatment, it has been also 

found to be associated with a high incidence of atrial fibrillation and increasingly 

pervasive adverse events associated with significant morbidity and mortality. My data 

showed that ibrutinib has a dramatic impact on the cardiac electrophysiology of the 

hPSC-derived atrial cardiomyocytes by shortening the action potential duration and 

prolonging Ca2+ transient, without affecting hPSC-derived ventricular cardiomyocytes. In 

addition, second-generation BTK inhibitors (e.g. acalabrutinib and ONO-4059), which 

have less off-target effects, did not demonstrate atrial-specific, pro-arrhythmic effects. 

This ibrutinib cardiotoxicity was predicted to be directly related to the development of 

atrial fibrillation. Atrial-specific toxicity was unique to ibrutinib and was not observed in 

the testing of other closely-related tyrosine kinase inhibitors, including those that have 

clear ventricular cardiotoxicity (Nilotinib and Vandetanib) and have been associated with 

acquired long QT syndrome and torsade de pointe. As mentioned in Chapter 3, the 
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effects of ibrutinib were previously studied by Blazeski et al (2012) in a mixed population 

of hiPSC-CMs with a predominance of ventricular cardiomyocytes and was found to 

have lower cardiotoxicity compared to the present results (Blazeski, Zhu et al. 2012). In 

addition, chronic exposure to Ibrutinib results in the development of alternans in hPSC-

atrial cardiomyocytes, which promotes atrial arrhythmias and precedes atrial fibrillation 

(Narayan, Bode et al. 2002, Gong, Xie et al. 2007, Iwasaki, Nishida et al. 2011). The 

present work establishes for the first time the critical importance of using cell-type 

specific cardiomyocytes for accurate assessment of the cardiotoxicity of specific drugs. 

We further demonstrated the utility of the hiPSC-CMs and genome-editing 

technology for disease modeling. In Chapter 4, we investigated the effect of a novel 

mutation in the neonatal form of the troponin I gene (R37C+/- TNNI mutation), which 

potentially plays a role in SUDI (Dewar, Alcaide et al. 2017). The fetal form of troponin I 

is predominantly expressed in infant hearts until at least 9 months of age (Bhavsar, 

Dhoot et al. 1991). Strikingly, 10 infants harbouring this mutation died in the first 20 

months of life, 7 of whom were under 4 months of age. Our structural analysis 

demonstrated that R37C+/- TNNI mutation disrupts the interaction between troponin I and 

troponin T. We generated the heterozygous knock in mutation, R37C+/- TNNI, in hiPSC-

CMs to investigate the Ca2+-handling and physiological properties of these cells 

compared to isogenic controls. The results showed abnormal Ca2+-handling in the 

presence of a β-adrenergic agonist and at a relatively low stimulation rate (75 bpm), 

which resulted alternans arrhythmia. We found these abnormal Ca2+-handling properties 

were due to decreased Ca2+ sensitivity in R37C+/- TNNI hiPSC-CMs. As mentioned 

above, the maturation status of hiPSC-CMs has been one of the major challenges of this 

platform. It has been shown that the ratio of the troponin I isoform is an important marker 

for tracking the maturation of hiPSC-CMs (Bedada, Chan et al. 2014). We found that our 

hiPSC-CMs express the fetal form of TnI at a higher level than the cardiac paralog 

(TNNI3) and, therefore, are an ideal model for studying the effect of the mutation in the 

neonatal form of troponin I (Figure 6-1). Therefore, our results validate the hiPSC-CMs 

as a method to study the consequences of mutations in the fetal form of sarcomeric 

proteins.  
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Figure 6-1.  Quantitative RT-PCR of troponin transcripts.	  

qRT-PCR results demonstrate gene expression of cardiac markers. The cTnT splice variants 
follow the expected switch between fetal TnT and adult TnT early in cardiomyocyte differentiation. 
In TnI, the neonate paralog of cTnI (TNNI1) is predominate and increases throughout the time 
course whereas the adult paralog of cTnI (TNNI3) is expressed at lower levels until later on in 
differentiation. 

In Chapter 5, the hiPSC-CMs model was used to study a sarcomeric mutation 

that induces hypertrophic cardiomyopathy and to investigate previous findings obtained 

in transgenic mice (Gomes, Guzman et al. 2002, Knollmann, Kirchhof et al. 2003, 

Baudenbacher, Schober et al. 2008). The heterozygous I79N+/- TNNT2 hiPSCs were 

generated by genome-editing technology (CRISPR/Cas9) and were differentiated into 

spontaneously beating cardiomyocytes. We found evidence that I79N TNNT2 mutation 

increased the Ca2+-sensitivity of hiPSCs, supporting the increased Ca2+-sensitivity 

hypothesis in previous models (Baudenbacher, Schober et al. 2008). We also 

demonstrated that the I79N+/- TNNT2 mutation resulted in altered Ca2+-handling, 

shortened early repolarization, and action potential triangulation. Moreover, we found the 

expression of mRNA transcripts of hypertrophic transcription factors (e.g. NFATC4, 

COL9A1, and COL9A2) were increased in the I79N+/- TNNT2 hiPSC-CMs compared to 

isogenic control hiPSC-CMs. Therefore, we demonstrated that the I79N+/- TNNT2-linked 

HCM mutation is pro-arrhythmic by altering cardiac excitation (i.e. AP morphology), and 

Ca2+- handling properties, which are consistent with the clinical features of this mutation. 

While promising, these findings do not assess the arrhythmogenic mechanisms of TnT-

linked HCM mutations. Further studies are required to assess the consequences of the 

alteration in Ca2+-handling properties by applying various stimulation protocols during 

optical-mapping experiments and by detailed pharmacological analyses in order to better 

understand the arrhythmogenic mechanisms observed in I79N+/- TNNT2 hiPSCs-CMs. 
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6.2. Limitations of the hiPSC-CMs model 

The development of hiPSC technology 12 years ago enables researchers to 

generate pluripotent stem cells from mature somatic cells and differentiate them into 

various cell types including cardiomyocytes (Takahashi and Yamanaka 2006, 

Takahashi, Tanabe et al. 2007). This unique platform allows for disease modeling, drug 

screening, and testing personalized treatments of cardiac diseases (Robinton and Daley 

2012). It has been shown that hiPSC-CMs can recapitulate various aspects of inherited 

arrhythmias including Ca2+- mishandling and electrophysiological abnormalities. 

Moreover, the ability of hiPSC-CMs to predict cardiotoxicity can be useful in drug 

development and preclinical trial phases. Despite the promising applications of hiPSC-

CMs, this model has important limitations, as does any other research tool. The 

immature structure and function of hiPSC-CMs compared to adult cardiomyocytes is one 

of the major limitations of this model, which impedes its utility for modeling cardiac 

arrhythmias and drug development observed in adult cardiomyocytes. Major differences 

between immature hiPSC-CMs and adult cardiomyocytes include lack of T-tubules, a 

less-negative resting membrane potential, fetal-like morphology, and lack of sarcomere 

organization in hiPSC-CMs (Yang, Pabon et al. 2014). In addition, the altered gene 

expression of contractile proteins and channels results in immature action potentials and 

muscle contraction (Table 6-1) (Mummery, Ward-van Oostwaard et al. 2003, Dolnikov, 

Shilkrut et al. 2006, Satin, Itzhaki et al. 2008, Doss, Di Diego et al. 2012)  
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Table 6-1. Comparison of hiPSC-derived cardiomyocyte and adult 
cardiomyocyte.  

Adopted from (Dunn and Palecek 2018).  

 

There are several studies on using hiPSC-CMs to model inherited arrhythmias including 

long QT syndromes (mutations in Na+ channel, K+ channel, or L-type Ca2+ channel), 

CPVT (mutations in RyR2, calsequestrin, or triadin) and HCM (mutations in contractile 

proteins). A review by Knollmann assessed the relative strengths and limitations of the 

hiPSC-CMs for modeling cardiac arrhythmias (Knollmann 2013). The rating was based 

on the ability of the hiPSC-CMs model to exhibit the phenotypes of cardiac diseases and 

reproducibility of the findings compared to heterologous expression system and/or 

 hPSC-derived cardiomyocytes Adult cardiomyocytes 
Cell structure and organization   
Cell shape Round Rod-like 

 Mono-nucleated 30% multinucleated  
Cell alignment Disordered Anisotropic alignment 

Sarcomere structure Disordered sarcomere I bands, M lines, A bands, Z bands, and 
intercalated disks 

Sarcomeric gene and protein 
expression 

Low expression High expression of MYL2, TNNI3, 
ACTNT2, MYH7, MYL3, TNNC, TNNT2 

 MLC-2a MLC-2v 
 α-MHC β-MHC 
 ssTnI cTnI 
Electrophysiology   

Upstroke  2 to >200 V/s 300 V/s 
Resting membrane potential -58 mV -80 mV 

Ion channel gene expression Low expression High expression of CACBA1C, HCN4, 
SCN5A, ATP2A2, KCND3, and KCNH2 

Contractility   
Excitation-contraction coupling Low coupling, spontaneous 

beating 
High coupling, quiescent 

Contraction force ~30 nN range/cell ~ µN range/cell 
Gap junction Low expression High expression, including connexin-43 

Ca2+ handling   

T-tubules Not present Present 
Conduction velocity 2.1-20 cm/s 41-48 cm/s 

Metabolism Glucose oxidation Fatty acid β-oxidation 
Response to β-adrenergic 
stimulation 

Chronotropic response, lack of 
inotropic reaction 

Chronotropic response, inotropic 
reaction 
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isolated adult cardiomyocytes from diseased heart. Out of 15 scored articles, the 

findings of only 6 studies replicated the data from either heterologous expression system 

or isolated cardiomyocytes from patients. The Knollmann study demonstrates that 

strengths and limitations of the hiPSC-CMs model depend on what kind of cardiac 

disease is being studied. For example, the expression level of calsequestrin, which is a 

SR Ca2+-buffering protein, is one of the major factors in the maturation of Ca2+-handling 

properties of hiPSC-CMs (Liu, Lieu et al. 2009). Therefore, using hiPSC-CMs to model 

CPVT can be challenging due to the low expression level of calsequestrin and the 

immaturity of the Ca2+ handling in these cells. To increase the maturity of the hiPSC-

CMs, several factors and methods including long-term culture, electrical and mechanical 

stimulation have shown promising improvements (Lundy, Zhu et al. 2013, Matsa, 

Burridge et al. 2014, Wang, McCain et al. 2014, Feric and Radisic 2016, Mannhardt, 

Breckwoldt et al. 2016). Nunes and colleagues established a platform to expose the 

hiPSC-CMs to a similar environment as embryonic development in vivo (Nunes, Miklas 

et al. 2013). In this study, the combination of progressive increments in electrical 

frequency and architectural microenvironment were applied to induce the maturation in 

hiPSC-CMs. The hiPSC-CMs subjected to electrical field stimulation demonstrated a 

remarkable improvement in their maturation phenotypes including elevated conduction 

velocity, improved Ca2+-handling and electrophysiological properties as well as 

increased myofibril organization (Nunes, Miklas et al. 2013). A recent study has shown 

that it is important to initiate the electromechanical stimulation soon after the beginning 

of spontaneous contraction while hiPSC-CMs are in the high cell-plasticity phase. The 

response of hiPSC-CMs to electrical stimulation declines over the differentiation period 

(Ronaldson-Bouchard, Ma et al. 2018). In this study, the hiPSC-CMs were cultured in a 

platform in which the culture environment, physical signaling, mechanical forces, and 

electrical stimulation were controlled. The hiPSC-CMs were subjected to three 

stimulation regimes (control, constant, and intensity training) at early-stage (day 12, 

following the first spontaneous contraction) and late-stage (day 28). In the constant rate 

the cells were trained at 2 Hz for three weeks, while at intensity training cells were 

stimulated for the first two weeks at a frequency increasing from 2 Hz to 6 Hz by 0.33 Hz 

per day and followed by one week at 2 Hz. After 4 weeks of culture, early-stage 

intensity-trained hiPSC-CMs demonstrated the phenotypes of the highly matured cells 

including organized ultrastructure, presence of T tubules, functional Ca2+-handling, adult 

cardiac-like gene expression, and physiological sarcomere length. The promising results 
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from this study can have a significant impact on studying cardiac diseases using mature 

hiPSC-CMs, which have physiological properties very similar to adult cardiomyocytes 

unlike previous studies (Ronaldson-Bouchard, Ma et al. 2018). 

Despite the immaturity of the hiPSC-CMs, the U.S. Food and Drug Administration 

(FDA) proposed a new paradigm for drug screening, in which hiPSC-CMs will play an 

important role in predicting arrhythmogenicity and cardiotoxicity of novel compounds 

(Sager, Gintant et al. 2014). Despite the obvious advantages of the hiPSC-CMs model 

compared to current models for drug testing, the heterogeneity in the population of 

cardiomyocytes can be challenging. However, the current differentiation protocols 

generate a mixed population of the cardiomyocytes consisting of predominantly 

ventricular-like cardiomyocytes (Blazeski, Zhu et al. 2012, Mummery, Zhang et al. 2012). 

The hiPSC-CMs generated by these protocols can be an important drug-screening 

model for ventricular arrhythmias such as long QT, CPVT, and Brugada syndromes 

(Itzhaki, Maizels et al. 2011, Itzhaki, Rapoport et al. 2011, Chugh, Havmoeller et al. 

2014, Liang, Sallam et al. 2016). Therefore, there is a great need for hiPSC-derived 

atrial cardiomyocytes to model atrial arrhythmias such as atrial fibrillation and to evaluate 

the atrial-specific compounds for drug screening and drug discovery purposes (Patel, 

Deshmukh et al. 2014, Argenziano, Lambers et al. 2018). 

In recent years, several research labs have generated atrial-like cardiomyocytes 

from hESCs and hiPSCs. In one of the first studies that generated hESC-derived atrial-

like cardiomyocytes (Devalla, Schwach et al. 2015), the BMP4, Activin A, and Wnt 

signaling pathways were manipulated with the addition of retinoic acid (RA), as 

employed in the present work (Chapter 4). Devalla and colleagues demonstrated that, 

unlike hESC-ventricular like cardiomyocytes, hESC-atrial like cardiomyocytes express 

atrial-specific ion channels and respond to specific atrial channel blockers. In order to 

assess atrial arrhythmia syndromes and atrial-specific antiarrhythmic drugs by using 

hESC-atrial like cardiomyocytes, it is essential to understand the electrophysiological 

properties of these cells compared to native human atrial cells (Devalla, Schwach et al. 

2015, Argenziano, Lambers et al. 2018). A recent study investigated the 

electrophysiological mechanisms and Ca2+-handling properties of hiPSC-derived atrial 

cardiomyocytes, which were generated by RA treatment (Argenziano, Lambers et al. 

2018). Argenziano and colleagues demonstrated that the beating frequency, atrial-

specific gene expression, electrophysiological phenotype, and Ca2+-handling properties 
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of hiPSC-derived atrial cardiomyocytes are very similar to those in adult human atrial 

cells. Therefore, understanding the underlying mechanisms of the electrophysiology of 

hiPSC-derived atrial cardiomyocytes is crucial for modeling atrial arrhythmias such as 

AF and drug development. 

6.3. Future Directions 

In this dissertation, I used hiPSC-CMs, hESC-derived atrial and ventricular 

cardiomyocytes to model inherited and acquired cardiac arrhythmias. This model has 

major advantages over current arrhythmia models, including its ability to generate 

patient-specific cardiomyocytes. The rapid progress and improvements in culturing 

methods, standardized and specified differentiation protocols, efficient genome-editing 

tools, and various strategies to facilitate the maturation process have been helpful in 

overcoming the limitations of this technology. Moreover, the Comprehensive in vitro 

Proarrhythmia Assay (CiPA) proposed the essential need for having a mathematical 

model to complement the experimental findings. Understanding the human cardiac 

electrophysiology and the underlying mechanisms of arrhythmias is critical for 

formulating mathematical models to simulate the electrophysiology of human 

cardiomyocytes and to predict mutation- and drug-induced arrhythmias. The O’Hara-

Rudy model is a detailed mathematical model that used the experimental findings from 

over 100 undiseased human hearts including measurements of K+ currents, Na+/Ca2+ 

exchange current, L-type Ca2+ current, action potential duration at various cycle lengths 

as well as rate-dependence and restitution of action-potential duration with and without 

various channel blockers (O'Hara, Virag et al. 2011). However, due to the immature 

phenotypes of the hiPSC-CMs, the O’Hara-Rudy model needs to be experimentally 

verified in order to be able to predict arrhythmias. Gao and colleagues developed a 

mathematical model for hiPSC-CMs based on the O’Hara-Rudy model and incorporated 

the differences between hiPSC-CMs and native human cardiomyocyte such as currents, 

resting membrane potential, channels and exchanger gene expression (Gao, Yin et al. 

2017). Therefore, further studies are required to model the arrhythmias induced by 

tyrosine kinase inhibitors (Chapter 3), R37C TNNI1 (Chapter 4), and I79N TNNT2 

(Chapter 5) in hiPSC-CMs. 

Optical mapping was the main tool used in all three studies in this dissertation to 

investigate the voltage- and Ca2+ transient properties of hiPSC-CMs in the presence of 
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drugs and mutations. As mentioned in Chapter 2, voltage- and Ca2+-sensitive 

fluorophore dyes were applied prior to acquisition of data. Voltage- and Ca2+- sensitive 

dyes are prone to instability due to photobleaching and dye leakage. Thus, the imaging 

can be conducted for a maximum of a few hours. Moreover, fluorophores may have non-

specific targeting that results in high background noise levels and relatively weak signal 

intensity. Thus, using alternative options such as genetically-encoded voltage and Ca2+ 

indicators may prove to be beneficial for future experiments and allow for long-term 

imaging and time-course studies (e.g. development of arrhythmia in hiPSC-CMs in 

presence of mutations and drugs over time). To study the rate dependency and 

restitution of action potential duration and Ca2+-transient duration in hiPSC-CMs, 

electrical stimulation at different cycle lengths is crucial. Although electrical field 

stimulation in all three studies was applied using stainless steel electrodes, potential 

deleterious effects of the electrical stimulation on hiPSC-CMs should be acknowledged. 

Recent studies have showed that noninvasive stimulation methods such as optogenetics 

(Arrenberg, Stainier et al. 2010, Deisseroth 2015, Nussinovitch and Gepstein 2015) and 

graphene (Savchenko, Cherkas et al. 2018) can play an important role in modulating the 

cellular activity for drug screening, disease modeling, and promoting the maturation of 

the hiPSC-CMs. 

6.4. Conclusions 

During my PhD program, I have been able to establish all of the necessary techniques 

for using a hiPSC-CMs model for the first time ever in the West Coast of Canada. This 

model has emerged as a powerful tool for the study of drug cardiotoxicity. In Chapter 3, I 

used hPSC-derived atrial and ventricular cardiomyocytes to study the toxicity of the 

ibrutinib which is an efficacious therapy used in the treatment of several important bone 

marrow cancers (e.g. CLL), but which has been associated with a high incidence of atrial 

fibrillation. To my knowledge, this is the first study to document cell-type-specific 

cardiotoxicity. In Chapter 4, I investigated the effect of a novel troponin I mutation that 

was reported for the first time by our group. This mutation (R37C TNNI1) was discovered 

in 10 children harboring this mutation who died by the age of 20 months. I generated 

R37C TNNI1 hiPSC-CMs lines and studied the effect of this mutation on physiological 

properties of hiPSC-CMs including their voltage- and Ca2+ transients. This study 

highlighted the significance of hiPSC-CMs model to study the genes expressed primarily 
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in early stages of the development. In Chapter 5, I investigated the effect of the I79N 

TNNT2 mutation, which causes FHC and is associated with a high incident of sudden 

cardiac death. I generated I79N TNNT2 hiPSC-CMs lines using the genome-editing 

technology CRISPR/CAS9 and studied the effect of this mutation on voltage- and Ca2+-

handling properties of the cells.  

During my PhD program, I was able to develop and optimize several complicated 

techniques including generating hiPSCs from T cells, genome-editing hiPSCs to 

introduce the mutations of interest, differentiating hiPSC to cardiomyocytes, and optical 

mapping of the hiPSC-CMs monolayer. Understanding the appropriate use of these 

complicated techniques enabled me to generate highly reproducible data, which are 

essential for drug screening and disease modeling. The techniques and protocols I 

developed will enable researchers to investigate the effects of various novel mutations 

on the physiological properties of hiPSC-CMs and study the cardiotoxic effects of 

various drugs on specific cardiac cell types.  
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Appendix A. List of primer sequences 

Table A-1. List of the primer sequences used in the qRT-PCR panel 

Subtype Gene Protein Primer Sequences (5'->3') 

Housekeeping GAPDH Glyceraldehyde 3- 
phosphate dehydrogenase 

F: CATGTTCCAATATGATTCCAC 
R: AGTCTTCTGGGTGGCAGTGAT 

Housekeeping ACTB β-actin F: ATTGCCGACAGGATGCAGAA 
R: GGGCCGGACTCGTCATACTC 

Pluripotent  Sox2 SRY (sex determining region Y)-
box 2 

F: TTAAGGATCCCAGTGTGGTGGT 
R: GCTTCAGCTCCGTCTCCATCA 

Pluripotent  c-Myc Myc proto-oncogene protein F: CCTCAACGTTAGCTTCACCA 
R: CAGCAGCTCGAATTTCTTCC 

Pluripotent  Klf4 Kruppel like factor-4 F: AGTGTGGTGGTACGGGAAATC 
R: CGTGGAGAAAGATGGGAGCA 

Pluripotent  Oct3/4 Octamer- binding transcription 
factor-3/4 

F: GAAGGTATTCAGCCAAACGA 
R: CTGGTTCGCTTTCTCTTTCG 

Pluripotent  Nanog Homeobox protein F: AAGAGGTGGCAGAAAAACAACT 
R: TCCCTGGTGGTAGGAAGAGTAA 

Cardiac TNNI3 Troponin I, cardiac  F: CTGCAGATTGCAAAGCAAGA 
R: TTCATCCACCTTGTCCACAC 

Cardiac TNNI1 Troponin I, slow skeletal  F: CCAAGGCCAAGGAATGCT  
R: ATCCACCACCTCCACCTT G 

Cardiac TNNT2a Troponin T, adult isoform F: AGCTGTTGAAGAGCAGGAGGA 
R: CACCAAGTTGGGCATGAAC 

Cardiac TNNT2f Troponin T, fetal isoform F: AGAGGAGGACTGGAGAGAGGA 
R: TGGTTTGGACTCCTCCATTG 

Cardiac MYL7 Myosin light chain, atrial isoform F: GGCAAAGGGGTGGTGAAC 
R: TTCTCGTCTCCATGGGTGAT 

Cardiac MYL2 Myosin light chain, ventricular 
isoform 

F: ACAGGGATGGCTTCATTGAC 
R: CCGCTCCCTTAAGTTTCTCC 

Cardiac MYH6 Myosin heavy chain 7, α isoform F: GGGGACAGTGGTAAAAGCAA 
R: CATGACCAGGGGGTTGTC 

Cardiac MYH7 Myosin heavy chain 7, β isoform F: ACTGTCGTGGGCTTGTATCAG 
R: TTGTTCAGATTTTCCCTGTGC 

Cardiac ACTN1 α-actinin F: GGCGTGCAGTACAACTACGTG 
R: GGCTTTCCTTAGGTGGGAGT 

Cardiac KCNQ1 Potassium voltage-gated channel 
subfamily KvLQT1 

F: GGCTGGACCACTTCTCTGTC 
R: CTGTGAGATGTGGGTGATGG 

Cardiac KCNH2 
Pore-forming (alpha) subunit of 
voltage-gated inwardly rectifying 
potassium channel Ikr 

F: ACGTCTCTCCCAACACCAAC 
R: GTGGAAGCGGATGAACTCC 
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Cardiac Progenitor Tbx5 T-box transcription factor TBX5  F: TACCACCACACCCATCAAC 
R: ACACCAAGACAGGGACAGAC 

Cardiac Progenitor MEF2c Myocyte-specific enhancer factor 
2C 

F: CCAGCGCTCTTCACCTTG 
R: GAAGGCAGGGAGAGATTTGA 

Mesoderm MESP1 Mesoderm posterior protein 1 F: GACGTGCTGGCTCTGTTG 
R: TGTCACTTGGGCTCCTCAG 

Fibrosis/Hypertrophy END1 Vascular protein sorting-
associated protein 11 homolog 

F: TGTGTCTACTTCTGCCACCTGG 
R: GGTCTGTTGCCTTTGTGGGAAG 

Fibrosis/Hypertrophy NPPB Natriuretic peptides B - BNP F: TGCTCCTGCTCTTCTTGCATCT 
R: TGTAACCCGGACGTTTCCAAGT 

Fibrosis/Hypertrophy NPPA Natriuretic peptides A - ANP F: ACAGGATTGGAGCCCAGAG 
R: GGAGCCTCTTGCAGTCTGTC 

Fibrosis/Hypertrophy COL9A2 Collagen alpha-2(IX) chain F: TGGAGAGAAGGGTGATCCAGGA 
R: GGACCCTCGATCTCCATCCTTG 

Fibrosis/Hypertrophy COL1A1 Collagen alpha-1(I) chain F: CTGGTGCTAAAGGTGCCAATGG 
R: CTGTTACCCTTGGGACCAGGAG 

Fibrosis/Hypertrophy PPP3CB Serine/threonine-protein 
phosphatase 2B catalytic subunit 
beta isoform 

F: TGGTGGACTTTCACCAGAAATA 
R: TTCAGAAGGATCGGACCATAAC 

Fibrosis/Hypertrophy NFATC4 Nuclear factor of activated T-
cells, cytoplasmic 4 

F: CCCGAGTACAGCAACAAGAG 
R: GAAACCTGAAACTCTGGGTAGG 

 

Table A-2. List of the primer sequences used in Nested PCR 

Gene Mutation Outer primers Nested primers  

TNNT2 I79N F: CTCCACACACCTGAGGG 
R:CCACTCCAAAGAGTCCAGAG 

F: GCTTCTTTGATTCCAAGTTGTGTG          
R: CCCATCCCACCTATGCTC 

TNNI1 R37C F:GATGTGGAGGATTATGGCAAGGAG       
R: CTGGCTGATTGTGAAGCTGGG 

F: TGGTCCCTAGAGTAGGTGGTG  
R:AGCTGGTGTTAGTTCAGGCTC 

 

 


