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ABSTRACT 

Cardiac diseases represent one of the most frequent causes of death globally. Genetic 
mutations are often the basis of cardiac diseases that may cause structural, 
mechanical, or electrical changes, affecting the normal function of the heart and can 
even be fatal. Modeling diseases helps to understand disease pathophysiology and to 
test therapeutic options. Disease modeling with human induced pluripotent stem 
cell-derived cardiomyocytes (hiPSC-CMs) offers a unique opportunity for studying 
human cardiac diseases in vitro. This model is more advantageous over animal models 
and cellular expression systems in certain aspects that it provides an opportunity to 
study human diseases using human physiology. Different cardiac diseases have been 
modeled using hiPSC-CMs and subjected to detailed analysis to study the diseases. 
 

Finland, due to its geographical location and history, has a unique genetic identity 
where disease mutations have enriched. These mutations give a unique clinical 
phenotype for the diseases, which may require unique treatment options. An 
additional challenge in treating patients with these disease mutations is that they 
express a variable disease penetrance and a dissimilar clinical phenotype. Many 
carriers of the mutation may not present clinical symptoms but retain a higher risk 
of death. These Finnish founder mutations have been studied well; clinically and 
genetically, however there is a need for models to aid in studying their 
pathophysiology at cellular level.  

 
This dissertation work includes modeling of cardiac diseases with Finnish 

founder mutations for dilated cardiomyopathy (DCM) and long QT syndrome 
(LQTS) affecting the mechanical and electrical function of the heart, respectively. A 
mutation causing DCM (p.S143P in the LMNA gene encoding the Lamin A/C gene) 
and causing LQT2 (p.L552S in the KCNH2 gene encoding the α-subunit of the 
HERG channel) were studied. Patient skin fibroblasts were reprogramed to hiPSCs 
and differentiated to cardiomyocytes. The effects of these mutations on the structure 
and electrophysiological function were studied. The results of this work demonstrate 
that with our in-vitro hiPSC-CM models, we can recapitulate the hallmarks of these 
diseases, including characteristic arrhythmias reproduced at cellular level. More 
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pronounced presentations of the phenotype were observed on stimulation by 
pharmacological compounds or under stress in both DCM and LQTS. Differences 
between hiPSC-CMs from asymptomatic and symptomatic carriers of the LQTS 
mutation, were detected at the hiPSC-CM aggregate level, but not at the single-cell 
level. 

 
Models from hiPSC-CMs are increasingly used to study diseases, drug toxicity 

screening, and therapy. Though hiPSC-CMs offer a considerable advantage in 
providing a model with human cellular physiology, the hiPSC-CMs are immature and 
have a variable phenotype. In this regard, the third study in this dissertation includes 
a comparison of the time-series of the beating rhythm of healthy human hearts and 
field potentials of hiPSC-CMs aggregates. Scaling properties showed remarkable 
similarities between the ECG and hiPSC-CM data. 

 
In conclusion, the findings from the studies in this dissertation show that 1) 

hiPSC-CMs from disease models may show morphological changes, 2) hiPSC-CMs 
from disease models may show pronounced differences under stress or stimulation, 
3) hypoxia reduces or arrests the beating rate, while oxygen-reperfusion restores the 
functionality in control hiPSC-CMs, the restoration of function may be limited in 
the hiPSC-CMs from the disease model, 4) hiPSC-CMs can be used to model 
clinically varied phenotype of genetic cardiac diseases, 5) disease phenotype was 
observed more evidently at cell aggregate level rather than at the single cell level, 6) 
hiPSC-CMs can reproduce disease-specific arrhythmias at cellular level and can also 
be used to study the effects of drugs, 7) detrended fluctuation analysis revealed 
notable similarities in the beating patterns and scaling exponents from the RR-QT 
intervals from ECG data and IBI-FPD intervals from hiPSC-CM cardiac aggregates. 
These findings encourage a further study of the mechanisms of the disease, drug 
development, and assist in the translation of findings from basic research to benefit 
patients in clinical practice. 
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TIIVISTELMÄ 

Sydänsairaudet ovat yksi yleisimmistä kuolinsyistä maailmanlaajuisesti. Niiden 
taustalla on usein geneettinen mutaatio, joka voi aiheuttaa rakenteellisia, mekaanisia 
tai sähköisiä muutoksia vaikuttaen sydämen normaaliin toimintaan ja pahimmassa 
tapauksessa aiheuttaen sydänperäisen kuoleman. Sairauksien mallintaminen auttaa 
ymmärtämään sairauksien patofysiologiaa ja testaamaan hoitovaihtoehtoja. 
Tautimallinnus ihmisen uudelleenohjelmoiduilla erittäin monikykyisillä kantasoluilla 
ja niistä erilaistetuilla sydänlihassoluilla (hiPSC-CM) tarjoavat ainutlaatuisen 
mahdollisuuden tutkia ihmisen sydänsairauksia laboratorio-oloissa. Tämän mallin 
etuna eläinmalleihin verrattuna on edullisempi hinta ja ihmisen fysiologian 
jäljittelevyys. Erilaisia sydänsairauksia on jo mallinnettu hiPSC-CM:n avulla. 
 

Suomen maantieteellisen sijainnin ja historian vuoksi tietyt tautimutaatiot ovat 
rikastuneet maahan, jonka seurauksena suomalaisilla on ainutlaatuinen geneettinen 
identiteetti. Nämä tautimutaatiot antavat sairaudelle ainutlaatuisen kliinisen 
fenotyypin, joka voi vaatia erityisiä hoitomuotoja. Haaste näiden potilaiden hoidossa 
on se, että he ilmentävät vaihtelevaa sairauden ilmaantumista ja kliinistä fenotyyppiä. 
Monilla mutaation kantajilla ei välttämättä ole kliinisiä oireita lainkaan, mutta heillä 
on silti suurentunut kuoleman riski. Näitä suomalaisia perustajamutaatioita on 
tutkittu sekä kliinisesti että molekyyligeneettisesti, mutta tarkemman solupatologian 
selvittämiseksi tarvitaan tautimallinnukseen sopivaa solumallia. 

 
Tässä väitöskirjatyössä olemme mallintaneet suomalaisteen tautiperimään 

kuuluvien sydänsairauksien (laajentava kardiomyopatia, DCM ja pitkä QT-
oireyhtymä, LQTS), vaikutusta sydämen mekaaniseen ja sähköiseen toimintaan. 
Tutkimuksen kohteina olivat DCM:a aiheuttava mutaatio, p.S143P LMNA-geenissä, 
joka koodaa Lamin A/C-geeniä, sekä LQTS2:ta aiheuttava mutaatio KCNH2-
geenissä, p.L552S, joka koodaa HERG-kanavan a-alayksikköä. DCM ja LQTS2 
potilaiden ihonäytteiden fibroblastisolut uudelleenohjelmoitiin ns. hiPSC-soluiksi, ja 
edelleen erilaistettiin sydänsoluiksi, joista tutkittiin sairautta aiheuttavien 
mutaatioiden vaikutuksia sydänsolujen rakenteeseen ja elektrofysiologiseen 
toimintaan. Tämän työn tulokset osoittavat, että in vitro hiPSC-CM-malleissamme 
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voimme havaita taudin tunnusmerkkejä solutasolla, mukaan lukien tiettyjä 
rytmihäiriöitä. Sekä DCM että LQTS2 sairauksien fenotyypit havaittiin erityisesti, 
kun soluja stimuloitiin farmakologisilla yhdisteillä ja altistettiin ulkoiselle stressille. 
Oireettomien ja oireellisten LQTS-mutaation kantajien hiPSC-CM:jen välillä 
havaittiin eroja soluaggregaattitasolla, mutta ei juurikaan yhden solun tasolla. 

Kantasolupohjaisia solumalleja käytetään yhä enemmän tautien, lääkkeiden 
seulonnan ja hoitojen tutkimiseen. Vaikka hiPSC-CM:t tarjoavat huomattavan edun 
ihmisten sairauksien tutkimiseen, hiPSC-CM:t ovat epäkypsiä ja niillä on vaihteleva 
ilmiasu, jonka seurauksena kliinisiin hoitoihin liittyvien hoitosuositusten kanssa on 
oltava vielä varovainen. Tämän väitöskirjan kolmas osajulkaisu sisältää vertailun 
terveiden ihmisen sydänten rytmin ja hiPSC-CM-aggregaattien kenttäpotentiaalien 
välillä. Vertailu osoitti merkittäviä yhtäläisyyksiä sydämen EKG:n- ja kantasoluista 
erilaistettujen sydänsolujen sähköisen toiminnan välillä pitkällä aikajaksolla. 

 
Yhteenvetona voidaan todeta, että tämän väitöskirjan tutkimusten tulokset 

osoittavat, että 1) tautimallien hiPSC-CM:t voivat näyttää morfologisia muutoksia, 2) 
tautimallien hiPSC-CM:t voivat näyttää huomattavia eroja stressin tai stimulaation 
aikana, 3) hypoksia hidastaa tai pysäyttää sydämen lyöntinopeuden, kun taas happi-
reperfuusio palauttaa kontrolli hiPSC-CM:n toiminnallisuuden, toiminnan 
palautuminen voi olla rajoittunut tautimallin hiPSC-CM:ssä, 4) hiPSC-CM:ä voidaan 
käyttää geneettisten sydänsairauksien, kliinisesti vaihtelevan fenotyypin 
mallintamiseen, 5) tautifenotyyppi havaittiin ilmeisemmin soluaggregaattien tasolla 
kuin yksittäisen solun tasolla, 6) hiPSC-CM:t voivat jäljentää tautikohtaisia 
rytmihäiriöitä solutasolla ja niitä voidaan käyttää myös lääkkeiden vaikutusten 
tutkimiseen, 7) vähennetty vaihteluanalyysi paljasti merkittäviä yhtäläisyyksiä 
sykemalleissa ja skaalauseksponenteissa EKG:n RR-QT-aikaväleissä ja IBI-FPD-
aikaväleissä hiPSC-CM:n aggregaateilla. Nämä havainnot kannustavat edelleen 
tutkimaan taudin mekanismeja, lääkekehitystä ja auttavat myös kääntämään 
perustutkimuksen tuloksia potilaiden hyödyttämistä kliinisessä käytännössä. 
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1 INTRODUCTION 
 

The mammalian heart is a muscular organ and the first organ to form in an embryo 
with the function of being a "pump and a crossover junction" for the blood purifying 
circulatory system. The heart is connected to all organs of the body by blood vessels, 
and a healthy heart has a continual harmonious activity throughout life. Interruptions 
in the continuous electrical and mechanical working of the heart to provide oxygen 
and nutrients to all cells of the body causes devastating effects on the organ and the 
body. 

Cardiovascular diseases (CVDs) are the leading cause of death globally, estimated 
to cause 17.3 million deaths per year and with an expected increase of up to 23.6 
million deaths by the year 2030, representing 31% of all global deaths [1]. The global 
economic burden due to CVDs was estimated to be $108 billion per year in 2012 [2]. 
CVDs include a wide range of disorders, including diseases of the vasculature 
associated with disruption of oxygen and nutrients supply to the heart, diseases of 
the heart muscle associated with disruption of the electrical or mechanical function 
of the heart muscle, and genetic heart diseases. CVD could occur in humans due to 
environmental factors such as smoking and diet, or it could be hereditary. Genetic 
mutations are often the cause of cardiomyopathies or channelopathies and can cause 
sudden cardiac death (SCD). SCD may be familial, i.e., may be present in more than 
one family member or maybe genetic, i.e., which may or may not be hereditary and 
due to de novo occurring mutations [3]. SCD is often due to abnormality in the heart 
rhythm called arrhythmia with a global annual prevalence estimated to be about 5 
million deaths, which makes arrhythmias as one of the most significant causes of 
death and disease in the general population [4, 5]. 

The management & treatment of heart disease includes the mitigation of the 
symptoms or physical factors with drugs, surgeries, pacemakers, defibrillators, or the 
transplantation of the heart. These are used in clinical practice despite their 
shortcomings. The regeneration and healing of the heart tissue, the use of an 
electrically active heart patch, cell therapies are the future emerging strategies for 
heart disease treatment. 

The current need is to have a greater understanding of the cardiac diseases for 
improved treatment options. Heart development, anatomy, physiology, and the 
pathophysiology of the heart have been and continues to be studied in vertebrates, 
fish, birds, and other higher mammalian models, have enormously helped in 
understanding heart function. However, fundamental species-specific differences in 
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the with human physiology, ethical issues, reproducibility of assays, and poor 
correlation with human clinical trials make it necessary to carry out further research 
on human cardiac physiology [6].  

Studying human cardiac function and cardiac disease pathology has been 
challenging due to the lack of heart tissue biopsies from patients and healthy 
individuals. Induced pluripotent stem cells (iPSCs) from somatic tissues and 
cardiomyocytes (CMs) derived from these stem cells are a promising alternative to 
model human cardiac diseases. These somatic-cells derived iPSC-CMs from humans 
have the advantage of mass production in the laboratory, having multiple disease-
specific and patient-specific lines, and for drug development. iPSC-CMs, despite 
their limitations, help to overcome the problems associated with animal models or 
expression systems in personalize medicine, drug testing, and studying human 
cardiac pathophysiology [7, 8].  
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2 REVIEW OF THE LITERATURE 
2.1 Heart development 

The heart is the first organ to form in an embryo. All subsequent events in the life 
of the organism are dependent on the unhindered and adequately functioning heart. 
Cardio-genesis is a process in which the heart develops from mesodermal cells 
emerging in the primitive streak of the embryo [9]. Cells expressing cardiac markers 
coalesce in the middle of the embryo to form a linear heart tube that soon has 
contractions. Cardiac beating activity is already observable in the human embryo, 
about three weeks after gestation, and develops into a four-chambered structure by 
week 9. A fully functional tubular heart then expands and forms a four-chambered 
organ by about week 10 [9].  

 

2.2 Anatomy and function 

The adult human heart is located between the lungs behind the sternum, next to the 
esophagus and trachea. It is a four-chambered muscular organ that is electrically and 
mechanically active. The heart has an intrinsic beating rate, and it is not dependent 
on the central nervous system. However, it connects to the autonomous nervous 
system, which can involuntarily regulate the function of the heart by increasing and 
decreasing the heart rate.  

The four chambers of the heart include two upper chambers called the atria, and 
the two bottom chambers called the ventricles. In humans, blood is oxygenated in 
the lungs and enters the left atria and the left ventricle, which pumps oxygenated 
blood throughout the body. The left ventricle which pumps blood in the systemic 
circulation is bigger, and the left ventricular wall is thicker in comparison to the right 
ventricle which pumps blood to the lungs. The right ventricle pumps blood with 
low-oxygen concentration (de-oxygenated blood) to the lungs for reoxygenation. 
The blood flow inside and out of the heart and between the atria and the ventricles 
is regulated by the mitral (bicuspid) and tricuspid valves and between the ventricles 
and the aortic artery and pulmonary veins by tri-cuspid semilunar valves [10] (Fig. 
1a). The heart has its own oxygenated blood supply, maintained by the left and the 
right coronary arteries and coronary veins to take the deoxygenated blood to the 
right atrium. 
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The heart is composed of a variety of specialized cells to help carry out its 
functions. The most abundant cells are the cardiomyocytes (CMs), fibroblasts (FBs), 
endothelial cells (ECs), and perivascular cells. 

 

 

 

 

 

 

 

 

 

 

 

The heart is protected by a fibrous sac with dense connective tissue called 
pericardium, that encloses the heart and the roots of the major blood vessels [10]. 
The pericardium anchors the heart to the surrounding walls and prevents the heart 
from overfilling with blood. The wall of the heart consists of three main parts, the 
thin outer (epicardium), the thick middle (myocardium), and very thin inner 
(endocardium) (Fig. 1b). The epicardium contains elastic connective tissue and fat 
that serves as an additional layer of protection from trauma; this layer contains the 
coronary vessels. The myocardium consists of the cardiac muscle or cardiomyocytes 
(CMs), which are electrically active [10]. The myocardium contains proteins such as 
actin, myosin, tropomyosin, troponin, titin, and dystrophin, which make the muscle 
fiber striations. These muscle fibers connect electrically to form a syncytium. The 

  

Figure 1.  (a) Anatomy of the heart vertical cross section (c/s) illustration (free image pngfind dot com 
heart anatomy not labeled)(b) Composition of cells in the heart wall, c/s illustration 
modified from Weinhaus et al, 2005 [10]. 
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endocardium consists of endothelial cells and forms the innermost lining of the atria, 
ventricles and forms the surface of the valves.  

2.3 Heart conduction 

The primary function of the heart is to circulate blood throughout the body, 
transporting oxygen and energy to all tissues and taking back the deoxygenated blood 
to the heart. The heart creates pressure needed to circulate blood throughout the 
body [11]. For one cardiac cycle to occur, the mechanical contraction and relaxation 
of the heart is rhythmically regulated and coordinated by the electrical impulses 
initiating within the heart (Fig.2a). Electrically active cardiomyocytes maintain the 
conduction of the impulse across the heart. These electrical impulses originate at the 
pacemaker cells of the heart called the nodal cells called the sino-arterial node (SA 
node) located in the right atrium and get conducted to the atrio-ventricular node 
(AV node) where the impulse slows down (Fig.2a). This delay in conduction is 
followed by mechanical contraction of the atria; filling the ventricles with blood. The 
impulse from the AV node is conducted to the bundle of His and the Purkinje fibers, 
located in the interventricular septal-wall and in the ventricular walls respectively, 
which activates the contraction of the ventricles.  On an average, the heart contracts 
about 60-100 times per minute  [11, 12]. The heart rate is controlled by, 1) intrinsic 
(self-stimulator) and 2) external regulation (autonomous nervous system).  
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Figure 2. (a) Electrical conduction system of the heart , figure modified from Miguel et al 2017 [1] 
and (b) Typical electrocardio graph (ECG) recording for one cardiac cycle (free image 
pngfind dot com, normal sinus rhythm, labeled). 
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External regulation of the heart is maintained by innervation and connections to 
the nervous system. The chronotropy (heart rate), dromotropy (conduction speed), 
lusitropy (myocardial relaxation), and inotropy (contraction force) functions of the 
heart are modulated by afferent and efferent nerves i.e, those taking the impulse 
towards or away from the CNS) respectively [13]. The afferent impulses are 
conducted towards the nervous system which ultimately result in a feedback loop, 
where the efferent impulses are then conducted by the autonomic nervous system 
(ANS) consisting of sympathetic and parasympathetic nerves. The ANS regulation 
of heart is due to the innervation by the sympathetic (cardiac accelerator nerve) and 
parasympathetic (vagal nerve) fibers. Sympathetic stimulation of the heart increases 
heart rate, force, and velocity, whereas parasympathetic stimulation of the heart has 
opposite effects. The sympathetic and parasympathetic systems, act on the heart by 
neurotransmitter hormones norepinephrine (NE) and acetylcholine (ACh), 
respectively. NE and ACh act on the heart via adrenergic and muscarinic receptors, 
respectively [14].  

Conduction system disorders can occur when the electrical signals do not get 
generated or propagated properly at the SA node (Sick sinus syndrome), the AV 
node (First, second third-degree block), at the His bundle (bundle channel block). 
Conduction disorders can also occur at cellular level when it is due to improper 
functioning or expression of cell-cell connections and ion channels. The occurrence 
of an arrhythmia, i.e., alteration of the regular rhythm of heart could be the first 
indication of conduction disorder  [12].  

The electrically active cardiac cells are polarized at their resting state where the 
insides of the cell are negatively charged compared to the outside. They lose their 
inner negatively charged nature in a process called depolarization and re-gain this 
negative state in a process called repolarization. The depolarization produces a 
conduction wave across the heart through the conduction system and the coupled 
cardiomyocytes making induvial heart cells and the heart as a whole, contract and 
relax. The change in charges from negative to positive occur due to the movement 
of ions via the ion channels and induce a change in voltage at the cell membrane. 
The change in voltage at the whole heart level, produces an electrical field across the 
body which can be detected by electrodes placed on the body by an 
electrocardiogram (ECG) recorded by an electrocardiograph machine. A typical 
ECG contains a P wave, a QRS complex, and a T wave [12](Fig. 2b). ECG helps to 
detect diseases and conditions affecting the conduction of the heart, e.g., detection 
of conduction blocks, arrhythmias, heart failure, ischemia, cardiomyopathies, and 
ion channel disorders. 
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2.4 Mechanical cycle - systole and diastole  

At the start of the cardiac cycle, the atria are relaxed, and the right atrium receives 
low-oxygenated blood from the superior and inferior vena cave and passes it 
passively into the right ventricle. At the same time the left atrium has oxygen-rich 
blood from the pulmonary veins where blood passively passes to the left ventricle. 
The passive process is called atrial-diastole. This is followed by the contraction of 
the atria (atrial-systole), to drain the remaining blood through the mitral valve and 
tricuspid valve into the ventricles, which are relaxed and in a state of ventricular-
diastole. This process is followed by ventricular contraction (ventricular-systole), 
pumping blood through the semilunar valves into the aorta and pulmonary arteries. 
This whole process is one cardiac cycle, consisting of the cardiac contraction 
(systole) and relaxation (diastole) (Fig. 3) [15]. The mechanical contraction and 
relaxation of the heart incorporate- pressure, volume, and electrocardiographic wave. 
The closure of the heart valves makes the heart sounds one and two, called "lup-
dup," respectively. (Fig. 3). 

 

 

 

 

 

 

 

 

 

 
Figure 3. The correlation of electrical-mechanical events of the heart cycle including the courtesy 

(modified from [214]). 
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Cardiac systolic function results from factors including heart rate, input, i.e., pre-
load, contractility, and afterload, i.e., output, calcium function, oxygen consumption, 
and delivery [15]. 

2.5 Cardiac sarcomeres  

The cardiac muscle or myocardium makes up the thick middle layer of the heart. 
Cardiomyocytes are individual cells that make up this myocardium connected by gap 
junctions or connexins. Each cardiomyocyte branches out and joins other myocytes 
to produces a three-dimensional (3D) network and a syncytium. Each cardiomyocyte 
contains one and sometimes more than one nucleus within the cell (Fig. 4a and 4b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4. Illustrated structure of the cardiac myocardium unit; a) cardiac muscle fibe and part of the 
cardiac syncytium b) cardiac muscle tissue micrograph c) sarmomeric unit Credit - 
OpenStax College, Anatomy & Physiology. OpenStax CNX, creative commons attribution 
3.0 Unported license https://creativecommons.org/licenses/by/3.0/legalcode.   
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Individual cardiac muscle cell is a tubular structure composed of chains of myofibrils, 
which are rod-shaped structures within the cell. The cytoplasmic components of 
cardiomyocytes are arranged in a specialized structure to enable axial motion. This 
motion occurs due to parallel arrangements of thick and thin muscle proteins called 
myofilaments (Fig. 4c). These filaments make the cardiac muscle look striated. 
Myofibrils consist of repeating contractile units called sarcomeres connected in series 
at Z discs. Sarcomeres consist of a hexagonal lattice of thick (myosin) filaments 
interconnected at M bands and thin (actin) filaments attached at Z discs [16]. This 
arrangement of filaments of proteins comprises one myofilament. The sarcomere is 
connected to the sarcolemma, which is continuous with the phospholipid-bilayer 
plasma membrane of the myocyte. The sarcolemma contains a series of highly 
branched invaginations called T-tubules that transmit the electrical stimulus to the 
interior of the cardiomyocytes. During the cardiac contraction, the cells generate 
force, shorten in length and the blood is pushed into the systemic and pulmonary 
circulation. A thin layer of fibro-collagenous extracellular matrix connective tissue 
surrounding the sarcolemma called endomysium is present outside each muscle cells 
(Fig. 4a). The endomysium provides physical support, coordinates the transmission 
of force, contains blood capillaries and nerves, and provides a chemical environment 
for the exchange of ions [17]. 

2.6 Cardiac action potential 

A typical action potential generated in the SA node has a rhythmical exchange of 
ions across all cardiomyocytes of the heart. The duration of an action potential is 
between 200 – 400 ms in human cardiomyocytes [18]. A typical cardiac action 
potential has five distinct phases (Fig. 5). The phases comprise of Phase 0- Phase 4. 
The start of the action potential takes place (Phase 0) with the depolarization of the 
cell, due to the influx of Na+. This is followed by an early rapid repolarization 
process with transient potassium (K+) efflux (outside the cell) (Phase 1). This is 
followed by the plateau phase with Ca2+ influx (Phase 2), rapid repolarization with 
K+ efflux (Phase 3), and resting membrane potential (Phase 4). The action potential 
has significant differences in morphologies depending on location in the heart tissue 
(atrial, ventricle, and nodal) due to differences in ion channel expression and 
function. Also, there are species-specific differences found in animals where heart 
rate, ion channel presence, expression level differ [19]. The action potential is 
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maintained and propagated by transmembrane proteins that form ion channels (Fig. 
5). 

 

 

 

 

 

 

 

 

2.7 Ion channels 

Ion channels are macromolecular pores on the surface of cellular membrane and 
function as molecular machines to control cellular excitability. Ion channels have 
two principle properties viz. selectivity and gating. The permeability of ions through 
these ion-channel pores may be passive across the electrochemical gradient. The ion 
channels are selective for ions, and gates regulate the passage of the ions. The gated 
ion channels may open and close selectively in response to chemical, electrical, 
temperature or mechanical stimulus. The voltage-gated ion channels open or close 
on the change of voltage. The primary ion channels in the cardiomyocytes are 
sodium, potassium, and calcium. Ion channels usually have α and β subunits with 
diverse functions depending on channel type. Mutations in genes encoding any of 
these channels, or blocking of these channels by drugs could potentially lead to 
arrhythmias and conductions problems [20]. A reduced or increased ion channel 
expression, improper opening or closing, improper gating, could occur in hereditary 
genetic diseases causing major arrhythmias and may even cause sudden death, e.g., 
Long QT syndrome, Brugada syndrome, and Catecholaminergic polymorphic 
ventricular tachycardia (CPVT) [19]. 

Resting Membrane potential 

APD90 

Figure 5.  Cardiac action potential and contribution of major ion channel currents. (Modified from free 
image favpng dot com, Heart - Cardiac Action Potential Electrocardiography Heart Cardiac 
Muscle). 

INa – Sodium current (inward) 
Ito - Transient potassium current (outward) 
IKur - Ultrarapid delayed rectifier currents 
(outward) 
ICaL - L-type calcium current (inward) 
IKs - Slow-activating delayed rectifier 
current (outward) 
IKr - Rapidly-activating delayed rectifier 
current (outward) 
IK1 - Rectifier K+ channel (inward) 
mV- milli Volt 
ADP90 – Action potential duration 90% 
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 Sodium channels   

Cardiac INa (sodium current) flows through the voltage-gated sodium channel 
subunit (Nav1.5), encoded by the SCN5A gene, which is known as the cardiac 
sodium channel. The fast depolarization in Phase 0 of the cardiac action potential is 
due to the influx of sodium via the voltage-gated sodium (Na+) channels responsible 
for the rapid upstroke. The rapid depolarization occurs from neighboring cells via 
gap junctions at the intercalated disc regions that express connexin proteins and high 
local concentrations of Nav1.5. This takes the membrane potential from about -90 
mV to +50 mV [21]. Apart from contraction, sodium channels have been found to 
be a key driver of conduction across the heart [20]. In Phase 1 of the AP, the Na+ 
channels are inactivated, and transient outward potassium current (Ito) transiently 
allows the outward flow of K+ ions, giving a notch in the AP [22]. The notch phase 
is not observed in nodal cells. 

 Calcium Channels 

Phase 2 of the AP, also called the plateau phase is a more prolonged phase compared 
to other AP phases. Here the Ca2+ enters the cell via the L-type calcium channels 
(LTCC). In human cardiac myocytes, the influx of calcium (Ca2+) through Cav1.2, 
which is a voltage-gated calcium channel, is responsible for most of the inward 
current (L-type calcium current) during the plateau phase of the cardiac action 
potential.  Cav1.2 is the dominant channel involved in excitation-contraction 
coupling. [20]. There is no plateau phase in nodal cells. 

 Potassium Channels  

Several families of voltage-gated potassium channels are expressed in cardiac 
myocytes and together they provide the majority of the outward current responsible 
for action potential repolarization. Phase 3 of the AP is the repolarization phase, 
here the L-type Ca2+ channels close and K+ channels open starting with different 
types of potassium currents. The slow-activating delayed rectifier current IKs is 
followed by rapidly-activating delayed rectifier current IKr and inward rectifying 
potassium current IK1. This leads to the repolarization of the cells, with a net 
positive charge going outside the cells. K+ channel activity is a principal determinant 
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of action potential duration (APD) as it limits the depolarization duration, the time 
course of the Ca2+-mediated contraction and the refractory period. 

There are different potassium channels that are present in the CMs, that are 
mainly acting in Phase 1 and 3 of the action potential. Cardiac K+ channels fall into 
three broad categories: Voltage-gated (Ito, IKur, IKr, and IKs), inward rectifier 
channels (IK1, IKAch, and IKATP), and the background K+ currents (TASK-1, 
TWIK-1/2). IKur is the main current responsible for repolarization in the atrial cells 
but this current is nearly absent in APs from ventricular cardiomyocytes. IKur acts 
in around Phase 2-3, while IKs and IKr act in Phase 3 of the action potential (AP) 
[23, 24]. It is the variation in the level of expression of these channels that account 
for regional differences of the action potential configuration in the atria, ventricles, 
and across the myocardial wall (endocardium, mid myocardium, and epicardium). 

In contrast to voltage-gated potassium channels, inward rectifying potassium 
channels (IK1, IKAch, and IKATP) conduct currents at hyperpolarized membrane 
potentials [20]. Due to the critical role of regulation of the rate of repolarization, 
every aspect of K+ channel function is exquisitely regulated [24]. Mutations in the 
potassium channel genes critical for repolarization may shorten or prolong the APD, 
especially the genes encoding for IKs and IKr channel, namely, KCNE1 and KCNH2 
(HERG) respectively. Along with mutations, even an improper expression or a block 
of these channels due to drugs could prolong the QT interval and may cause fatal 
arrhythmias or SCD. 

 Na+/Ca2+ exchanger  

Though it is not an ion channel, the Na+-Ca2+ exchanger (NCX) is an antiport 
protein found in the cardiomyocyte membrane. Ca2+ released from the 
sarcoplasmic reticulum (SR) (via the ryanodine receptor [RyR]) instantaneously 
triggers Ca2+ extrusion from the cytosol by the NCX. NCX exchanges 3 Na+ ions 
for each Ca2+ ion, thus generating a net inward current (INCX) that is thought to 
contribute to the final phase of diastolic depolarization. The remaining portion of 
this Ca2+ is moved into the SR by Ca2+ pumps through the sarcoplasmic reticulum 
Ca2+ ATPase (SERCA) pathway or extruded out of cells through the forward mode 
of the NCX. In the forward mode, the NCX transports Ca2+ out of cells and in the 
reverse mode, NCX takes up extracellular Ca2+ [25]. The NCX current (INCX) can 
generate an inward current at the end of repolarization and therefore may contribute 
to the action potential duration (APD). INCX can be involved in the formation of 
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arrhythmia markers such as early afterdepolarizations (EADs) and delayed 
afterdepolarizations (DADs) [26]. 

 Gap Junctions 

The rapid conduction of the cardiac impulse requires the presence of low resistance 
connections between cardiac cells [21]. Conduction is faster in the longitudinal 
direction, with velocity ratios of 3 to 8 for longitudinal direction compared with the 
transverse direction. Gap junctions are transmembrane proteins that mediate cell-
cell connections. In the cardiac muscle, the gap junction genes are encoded by a 
multigene family called ´´connexins´´. Three main types of connexins are expressed 
in heart and are defined based on their molecular weight: connexin 40, connexin 43, 
and connexin 45 (molecular weights 40, 43, and 45 kDa, respectively). Connexin 43 
is the principal connexin expressed in the heart [21].  

 Cellular crosstalk in the heart 

More than two-thirds of cells in the heart are non-cardiac, and apart from gap 
junctions, cardiomyocytes communicate with each other in multiple ways. These 
ways include cardiac fibroblasts, paracrine-endocrine-autocrine factors from the 
endothelium, cell-adhesion complexes like a tight junction, adherence junctions, and 
cell-ECM interaction [27]. Diseases like ischemia, hypertrophy, and other structural 
diseases of the heart may induce changes in this cellular crosstalk. To understand 
cardiac physiology and pathophysiology, the influence of the cellular crosstalk in 
these cells, needs to be understood [27]. 

2.8 Excitation-contraction coupling and sarcomere contraction 

Continuous muscle contraction in the heart is a complex and a coordinated interplay 
between electrical stimulation, exchange of ions, and mechanical work, known as 
excitation-contraction coupling (ECC) [28] (Fig. 6). The initiation of ECC is similar 
to switching on a fan, where the electric stimulus supply starts the mechanical action 
of the fan. In the cardiac muscle, this phenomenon is where the action potential 
stimulus leads to the activation of the contractile machinery in the cardiomyocyte. 
The extracellular matrix and system of T-tubules with deep invaginations plays an 
essential part in ECC.  
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When the cardiomyocyte is stimulated (depolarized due to Na+ entry), a wave of 
depolarization spreads across the cell membrane and via the t-tubules, deep inside 
the cell (Fig. 6)[29]. Voltage-sensitive L-type calcium channels are activated, which 
release extracellular Ca2+ inside the cell (Phase 2 of the action potential). This 
extracellular Ca2+ is unable to carry forward the action potential and cardiac 
contractions on its own. Hence this Ca+ binds to the Ryanodine receptors (RyRs) 
on the surface of the sarcoplasmic reticulum leading to the release of more Ca2+ 
from the internal Ca2+ stores; this is called calcium-induced calcium release. This 
Ca2+ then binds to the troponin units on the thin actin filaments. Actin filaments 
consist of actin fibers helix, tropomyosin fibers, and troponin units [30].  

 

 

 

 

 

 

 

The tropomyosin wraps around the actin (also in a helical arrangement) at rest where 
it covers the myosin-binding site on the actin. Ca2+ binding onto the troponin 
makes this tropomyosin helix change conformation and exposes the myosin head 
binding sites. The thick filament myosin-head then binds to actin, forming a cross-
bridge. Here, adenosine triphosphate (ATP) binds to the myosin-head and detaching 
it from the actin where the ATP is hydrolyzed to adenosine diphosphate (ADP) and 
inorganic phosphate releasing energy [30](Fig. 7a-e). The myosin head detaches and 
binds to another cross-bridge formation causing a power stroke and forcing the 

Figure 6.  Spread of action potential across the cardiomyocyte membrane leading to the contraction 
and relaxation of myofibers, modified from Carroll Robert G [189]. 
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movement of actin along with the myosin towards the M line. This repeatedly 
happens until there is Ca2+ binding the troponin and energy provided to myosin 
heads in the form of ATP. An analogy for the process could be imagined to be of, 
two opposing armies of parallelly arranged long boats, separated by parallelly placed 
ropes, with multiple boatmen on each boat rowing towards each other. At the 
´´blowing of the war bugle´´ the continuous rowing of the boat does not move but 
only pulls the parallel ropes towards each other at the center. The analogy for the 
"blowing of the war bugle" being the calcium-binding, thick filaments (myosin) being 
the long boats armies, separating parallel ropes being the thin filaments (actin), and 
the oars being the myosin heads. The pulling of the parallel ropes towards the center, 
is analogous to shortening of the length of the sarcomere (between two Z-lines) 
towards the M-line of the sarcomere (Fig. 6).  

This process starts at the entry of calcium at Phase 2 of the action potential and 
continues until the Ca2+ is pumped back into the sarcoplasmic reticulum (SR) and 
outside the cell at the end of the plateau phase. The removal of Ca2+ from the cell 
into the interstitium is done by a Ca2+/Na+ antiport system (NCX), which 
exchanges one Ca2+ outside for three Na+ inside the cell, where the Ca2+ extrusion 
is active while the Na+ is passive, along the Na+ gradient. Furthermore, the reduced 
cytosolic Ca2+ makes the troponin-C, release the bound Ca2+; and tropomyosin 
changes its conformation again which then blocks the myosin-binding site on the 
actin leading to relaxation of the myofiber. 
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Figure 7. (a-e) Major steps in cardiomyocyte contraction-relaxation using the sliding filament model of 
muscle contraction, OpenStax [CC BY 4.0 (http://creativecommons.org/licenses/by/4.0)], via 
Wikimedia Commons. 
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2.9 Role of adrenaline 

The sympathetic control of the heart is done by sympathetic nerves and aids in 
increasing the heart rate when postganglionic fibers release neurotransmitters and 
can stimulate the adrenal gland both to release- adrenaline (epinephrine) and nor-
adrenaline (nor-epinephrine) [11]. The somatic nervous system's afferent and 
efferent Vagal nerves are connected to the heart and are involved in the 
parasympathetic control of the heart, helping to reduce the heart rate with 
acetylcholine neurotransmitter.  

Both, adrenaline and noradrenaline released from the sympathetic system, 
activate the G-protein-coupled β1-adrenoceptors on the cell membrane, which raises 
the intracellular levels of cyclic adenosine monophosphate (cAMP). Which in turn, 
leads to the phosphorylation of the L-type Ca2+ channels (LTCC) by a cAMP-
dependent protein kinase, which enables the opening of the LTCC. This is followed 
by an influx of Ca2+ into the cell, which then leads to calcium induced calcium 
release and increases the beating rate (Fig. 8) [28]. Consequently, with adrenaline or 
noradenaline, a more significant number of cross-bridges form, and a more forceful 
contraction occurs. In addition to accelerating contraction, activation of β1-
adrenoceptors also accelerates relaxation. This is because cAMP protein kinase also 
phosphorylates phospholamban, which enhances Ca2+ reuptake into the 
sarcoplasmic reticulum, and phosphorylates troponin-I, which inhibits Ca2+ binding 
to troponin C, thus facilitating relaxation. Parasympathetic innervation is sparce in 
the heart compared to sympathetic. ACh released by parasympathetic nerves, acts by 
binding to the M2 muscarinic receptors via the cAMP-dependent ion channel 
responses [31]. 

2.10 Arrhythmias  

The heart beats with a certain level of regularity, and any disruption in this 
rhythmicity of the heart is called arrhythmia. The arrhythmia could make the heart 
beat faster (tachycardia), slower (bradycardia), or irregularly compared to the regular 
heart rhythm. The arrhythmia can be mono-morphic (single-shaped) or polymorphic 
and it can be sustained or non-sustained. Many types of arrhythmias have been 
identified and are used as a marker in the ECG, to further investigate heart diseases. 
Different arrhythmias include, t-wave abnormalities, alternance, increased heart rate 
variations, atrial and ventricular fibrillation (AF,VF), atrial and ventricular 
tachycardia (AT, VT), premature ectopic beats (PEB). Atrial arrhythmias are often 
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benign compared to ventricular arrhythmias, which can be life-threatening [32, 33]. 
Different types of arrhythmias have different mechanisms for their initiation, hence 
making it essential to understand the arrhythmia mechanisms in more detail. The 
length of time of occurrence of an arrhythmia, the beat rate during the arrhythmia 
(tachycardia, bradycardia), the repetitiveness of the arrhythmic beats, mechanism 
(automaticity, re-entry, triggered), the triggering beats are all factors that could 
promote arrhythmias. Similar arrhythmias are also observed at the tissue or cellular 
level when recorded using monophasic action potential, microelectrode arrays, 
calcium imaging, or current clamp. 

 It is extremely vital to understand that even normal healthy people can get 
arrhythmias, and most of those are not sever but can be symptoms of an underlying 
disease. Arrhythmias can be induced by smoking, substance abuse, alcohol, coffee, 
dietary supplements, and specific substances. This is apart from the underlying 
internal causes of the arrhythmia, where a diseased state of the body due to stress, 
high blood pressure, ischemia, and defects in the heart may cause arrhythmias. 
Arrhythmia may thus occur in both healthy and diseased patients, but the propensity, 
severity, and frequency of occurrence combined with improper recovery are more 
common in patients with underlying heart disease or genetic defects. 

The differences in the expression, properties of ion channels, gap junctions could 
result in changes in action potential waveform. Two such activities that modify the 
cardiac action potential are early afterdepolarizations (EADs) and delayed 
afterdepolarizations (DADs). These afterdepolarizations are oscillations of the 
transmembrane potential that depend on the preceding action potential (AP) for 
their generation. These afterdepolarizations may give rise to additional action 
potentials, when they reach a critical threshold for activation of depolarizing current. 
This form of abnormal impulse generation is called triggered activity [34, 35]. A 
trigged activity can give rise to severe, long-lasting arrhythmia, which can lead to the 
collapse of the circulatory system and even death. 

 Early afterdepolarizations 

Early afterdepolarizations (EADs) occur at cellular level, and they could be a trigger 
causing premature ectopic beats or be a substrate for more severe arrhythmia. EADs 
could also propagate in tissue or organ level into more lethal ventricular arrhythmias, 
e.g., LQT syndromes and heart failure [36]. EADs can trigger new incomplete action 
potentials (APs), i.e., ectopic beats before the completion of the repolarization 
occurring in Phase 2 or Phase 3 of the cardiac action potential in humans (Fig. 8a). 
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EADs may also cause the triggering of new APs due to increased electrical 
heterogeneity in regions of the myocardial tissue when there is an incomplete spread 
of electrical conduction. The EADs are categorized into Phase 2 or Phase 3 
depending on when they occur during an AP. The Phase 2 and 3 of the AP is when 
the cell has started to repolarize a net membrane positive current is outwards and 
any current which makes this net current go inwards may cause an EAD.  

EADs usually occur due to a prolonged AP duration, but this may not be the case 
always. The changes on the ionic level that could cause EADs occurrence may be 
due to increase in the late sodium current (INa), the calcium current (ICa), or INCX, 
or decrease in the repolarizing potassium currents (IKr, IKs, IK1) (Fig. 5) [37]. Two 
mechanisms for EAD after APD prolongation that have been proposed are 1) 
Depolarization of the membrane that causes the reactivation of the L-type Ca2+ 
current, ICaL, and further depolarization of the membrane, that may trigger an extra 
beat. 2) Spontaneous Ca2+ release from the SR that can activate INCX at membrane 
potentials negative to ICaL threshold before the completion of entire repolarization 
that may cause membrane depolarization [37].  

EADs may also occur when APDs have shortened, which may occur during the 
latter part of phase 3 of the AP, where a shorter APD allows increased Ca2+ release 
from the sarcoplasmic reticulum (SR). Increased cytoplasmic Ca2+ (when the 
membrane potential is negative to the equilibrium potential of NCX), activates the 
INCX, which then depolarizes the cell membrane [38]. 

EADs do not occur all the time and may occur intermittently, as reported by [39], 
which may be due to slow changes in INa. EAD induced triggered activity (TA), and 
dispersion of repolarization have been suggested as necessary in the genesis of life-
threatening arrhythmias like ventricular tachycardia (VT), ventricular fibrillation 
(VF), or Torsades de Pointes (TdP). TdP is a potentially lethal polymorphic 
ventricular tachycardia associated with long QT syndromes (both acquired and 
genetic) and myocardial infarction (Fig. 8c) [40, 41]. TdP usually terminates 
spontaneously but frequently recurs and can get degenerated into ventricular 
fibrillation [42]. TdP may also be caused due to a reduced transmural dispersion of 
repolarization (TDR) across the heart wall. TDR occurs when action potentials of 
adjacent cells have significantly different durations to complete the repolarization, 
or when some CMs repolarize more rapidly than others. Some drugs and some gene 
mutations may amplify spatial dispersion of repolarization within the ventricular 
myocardium, and this has been suggested as a principal arrhythmogenic substrate in 
both acquired and congenital LQTS [42, 43]. 
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 Delayed afterdepolarizations 

Delayed afterdepolarizations (DADs) are the depolarizations occurring after the 
repolarization is completed, i.e., in phase 4 of the AP before the occurrence of the 
second typically occurring AP (Fig. 8b). Volders and his co-workers define DADs 
as oscillations in membrane potential that occur after repolarization-phase of an 
action potential or oscillatory afterpotentials [44]. DADs are mainly caused to an 
increase in Ca2+ due to an overload on the sarcoplasmic reticulum.  

The calcium-induced calcium release (CICR) from sarcoplasmic reticulum (SR) 
activates three calcium-sensitive currents—the nonselective cationic current, INS, 
the sodium-calcium exchange current, INCX, and the calcium-activated chloride 
current, ICl,Ca. Together, these constitute the transient inward current (ITI) that is 
responsible for membrane depolarization [37]. The CICR may also cause Ca2+ to 
exit the cell through a 3 x Na+-Ca2+ exchanger, resulting in a depolarizing current. 
These arrhythmias are observed more commonly in disorders with defects in calcium 
cycling proteins or structural proteins binding to calcium [45-47]. DADs may trigger 
more severe arrhythmia, like bidirectional or polymorphic VT, depending on the 
amplitude of the DAD. For DADs to trigger an additional AP, a minimum DAD 
amplitude required is called the DAD-voltage threshold. DADs are categorized as 
supra or subthreshold DADs depending on the threshold. Supra-threshold DADs 
activate the INa and can cause triggered activity (TA), premature ventricular 
contraction (PVC), reentry or focal arrhythmias [47]. Sub-threshold DADs do not 
trigger APs directly but may cause reentry arrhythmias.  

A computer modeling study of DADs by Michael Liu et al. [47], have reported 
that DADs may not be able to trigger an additional AP, when Na+ channel 
properties/expression are standard. However, DAD occurrence may become 
increasingly probable when Na+ channel availability is reduced. This reduction or 
the availability Na+ channels may be due to disease-related remodeling, loss-of-
function genetic defects, Class I antiarrhythmic drugs, fibrosis or when gap-junction 
coupling is reduced [47]. In myocardial ischemia, a reduction of K+ in extracellular 
space may be compensated by Na+ entry inside the cell, leading to Ca2+ influx via 
Na+/Ca2+ exchanger, which causes DAD related bidirectional ventricular 
tachycardia (BVT) [48]. DADs are observed under conditions of intracellular calcium 
overload, which can result from exposure to digitalis, catecholamines, hypokalemia, 
and hypercalcemia, and in hypertrophy and heart failure [37]. 
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2.14 Heart rate variation (HRV) 

Though a healthy heart beats with a certain regularity in time intervals, the length of 
time of consecutive heartbeats is never exactly the same. The rhythmicity of the 
heartbeats is rather a more organic phenomenon with a complex non-linear multi-
scale of governance. This means that that are multiple factors affecting the 
functioning of the heart, and this effect may be complex and not linearly associated. 
These oscillations allow the cardiovascular system to rapidly adjust to sudden 
physical and physiological changes and challenges to normal heart function. Like 
other biologic organic phenomenon, heartbeats also behave like complex systems, 
which mean that multiple components that are dependent on each other, operating 
over a wide range of time scales, affect the outcome. The quantification of the depth 
of this complexity and its changes could yield more information on changes during 
disease, aging, and the effect of drugs [49].  

Breathing also affects the heart rate; Krause and co-workers have introduced a 
concept called cardiorespiratory coordination that could provide information 

(c) 

(a) (b) 

Figure 8.  (a) Phase 2 and 3 early after depolarizastion (EADs), (b) delayed after depolarization 
(DADs), and (c) Torsades de Pointes (TdP) courtesy and modified from Chen et al, 
Torsades de Pointes, Journal of education and teaching, 2018 [41]. 
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between the interaction between breathing and heart rate [49, 50]. Breathing and 
specific breathing exercises may help to improve the HRV [51].  

HRV is believed to be a result from the effects of sympathovagal interaction on 
the sinus node firing and may be reflective of the autonomic regu1ation of the heart 
[52]. Different measures of HRV would reflect different components of the complex 
regulatory system between HR and the autonomic nervous system, and novel 
methods of analyzing the complexity of heartbeat dynamics may reveal subtle 
changes over time that may have been missed by traditional statistical approaches. 
The reduction in this complexity, i.e., lower HRV, has been associated with increased 
morbidity and mortality risk [53, 54]. Also, a higher HRV is not always a healthy 
outcome since pathological conditions can increase complexity. Cardiac conduction 
abnormalities also may elevate the HRV and could indicate a higher risk of 
arrhythmia [55]. 

2.15 Cardiomyopathies, heart failure, hypoxia, and ischemia  

A heart disease that affects and weakens the cardiac muscle is called a 
cardiomyopathy. Cardiomyopathies include a group of disorders with an anatomic 
and pathologic disorder of the heart with electrical or mechanical dysfunction. These 
heterogeneous group of diseases may represent a significant cause of cardiovascular 
morbidity and mortality due to heart failure, arrhythmias, and sudden death. 
European society of cardiology, in its 2008 position statement on cardiomyopathies 
has defined cardiomyopathy as "structural and functional abnormalities of the 
ventricular myocardium that are unexplained by flow-limiting coronary artery disease 
or abnormal loading conditions" [56, 57]. Cardiomyopathies may be due to diverse 
genetic and nongenetic etiologies and they are a significant cause of heart failure 
(HF) [58]. In some cases, the heart muscle becomes thinned and dilated; in other 
cases, it could become abnormally thick. Obesity, diabetes, alcoholism, high blood 
pressure, family history of cardiomyopathy all are major risk factors for 
cardiomyopathy. 

Cardiomyopathies have structural and functional abnormalities that often, cannot 
be explained by coronary artery disease or abnormal loading conditions of the heart 
[59]. Cardiomyopathy may be asymptomatic at early ages, and symptoms include 
fatigue, cough, orthopnea, paroxysmal dyspnea, arrhythmias, conduction blocks, 
heart murmurs, and edema [60].  

Cardiomyopathies may be ischemic or nonischemic, depending on if coronary 
artery disease is a causing condition. Nonischemic cardiomyopathies may occur 
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stress or may be drug-chemical induced. They may be related to childbirth 
(peripartum cardiomyopathy or due to infections or genetics. A significant number 
of patients with cardiomyopathy have hereditary or familial causes. Clinically, 
nonfamilial cardiomyopathies are defined by the presence of cardiomyopathy in the 
index patient and the absence of the disease in other family members (based on 
pedigree analysis and clinical evaluation). These nonfamilial cardiomyopathies are 
subdivided into idiopathic (no recognizable cause) and acquired cardiomyopathies. 
Most hypertrophic cardiomyopathies (HCM) and at least 30% of dilated 
cardiomyopathies (DCM) are familial diseases, with most often an autosomal 
dominant mode of inheritance (Fig. 9). 

 Dilated cardiomyopathy 

Dilated cardiomyopathy (DCM) is a disease where the heart wall becomes stretched 
and thin, reducing the capacity of the heart to pump blood effectively. The disease 
is characterized by loss of cardiomyocytes, dilatation of cardiac ventricles, reduced 
contractile force and increased sudden death due to arrhythmias [61]. DCM is a 
leading cause of heart failure and heart transplantation. The main causes of DCM 
are genetics, inflammation, infections, auto-immune diseases, drugs, chemicals, and 
toxins [62]. A diagnosis for DCM is done by an echocardiography evaluation. ECG 
reveals conduction blocks and arrhythmias. The definition of DCM includes 
decreased left ventricular ejection fraction (<45%) and increased left-ventricular 
(LV) end-diastolic diameter (>2 SD of the predicted value for age and the body 
surface area [63]. 

Of all cases of DCM, about 25–30% are hereditary, with an estimated prevalence 
of 1:250–2500 [61, 64]. DCM may be caused due to mutations in different genes, 

Figure 9. Classification of the cardiomyopathies, Modified from a position statement from the 
European society of cardiology on cardiomyopathies, Elliot Perry et al. 2007 [57]. 
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encoding a diverse array of proteins, mainly including; sarcomeric proteins, nuclear 
proteins, ion channels, cytoskeletal proteins and intracellular junctions. Mutations in 
more than 30 different genes have been linked to the genetic form of DCM. 
Mutations in the TTN gene encoding for the sarcomeric protein titin, is the most 
common cause of genetic DCM [61, 65]. In Finland, with its unique genetic makeup, 
and the geographical-historical isolatrion, Akinrinade and co-workers identified four 
gene variants causing DCM in the Finnish population. These four variants; 1) 
Ser143Pro in LMNA, 2) Thr2104Glnfs*12 in DSP, 3) Trp20911* and 4) Trp29474* 
in TTN; present in multiple Finnish families were found to be significantly enriched 
in the Finn-DCM cohort [66].  

The second most common genetic cause of DCM is the mutation in the LMNA 
gene, encoding for the nuclear envelope proteins, lamin A and C [61, 65, 67]. The 
role of lamin A/C is to provide mechanical support and shape to the nucleus, and 
they are involved in many biological processes. Mutations in the lamin A/C gene 
(LMNA) cause a group of inherited diseases known as laminopathies, with DCM 
being the most common laminopathy. The phenotype of DCM patients due to 
LMNA mutations have been recently reported to be unique and more severe, 
compared to other DCMs [66, 68, 69], however more research and disease models 
are needed to study this. Several animal models from mice and rabbits have been 
established to study the pathophysiology of LMNA-related DCM [70-74]. Though 
essential knowledge has been gained from animal models, the disease pathology in 
humans is not entirely known. A model from human induced pluripotent stem cell-
derived cardiomyocyte (hiPSC-CM) with lamin A/C mutation would provide a 
valuable tool to study this disease [75].  

 Hypoxia, ischemia, and infarction 

A reduction in oxygen (O2) in tissues, causes hypoxia, and a reduction of O2 and 
blood supply to an organ can cause ischemia. Ischemia in the heart can be lethal and 
may cause heart attack, heart failure, arrhythmias, angina, or sudden cardiac death. 
Reduced oxygen supply or hypoxia in the heart could be induced by ischemia due 
to, e.g., coronary artery disease [76].  

Hypoxia may be caused due to, 1- Ischemia; due to reduction or interruption of 
the coronary blood flow, 2- Systemic hypoxia; due to a drop in PO2 in the arterial 
blood but adequate perfusion, 3- Anemic hypoxia; with normal arterial PO2 but 
decreased oxygen transport capacity of the blood, 4- Histotoxic hypoxia; due to 
reduced intracellular oxygen utilization of oxygen which may have adequate 
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saturation of oxygen and adequate blood flow [77]. The reduction of oxygen supply 
to the myocardial tissue leads to a reduction in mitochondrial respiration and ATP 
production by oxidative phosphorylation. Sustained hypoxia may lead to apoptosis. 
Morphological changes in the cardiac muscle due to infarction may also participate 
in the generation of mechanical and electrical abnormalities. The infarcted tissue may 
have a reduced mechanical capacity to contract, reducing cardiac performance and 
output [76]. Clinically, heart attack or myocardial ischemia (MI) is classified 
according to ST-segment morphology in the ECG. ST-segment elevation myocardial 
infarction (STEMI) happens when one of the coronary arteries is completely 
blocked. In Non-ST segment elevation myocardial infarction (NSTEMI) one of the 
coronaries is partially blocked. The size of the heart muscle infarcted is more sever 
with a more significant infarcted area in STEMI compared with NSTEMI [78]. 
Ischemia may interfere with depolarization of cardiomyocytes, which may lead to 
altered action potential generation and conduction. AP generation may be altered or 
occur at a site other than the SA node, termed ectopic foci, which typically initiate 
in the ventricles after ischemia [79]. Alternatively, there might be conduction 
abnormalities, which might result in reentry type arrhythmias, further leading to 
tachyarrhythmias. QT prolongation and SCD in ischemia have been reported due to 
proteases like calpain-mediated break down of mature HERG protein, as reported 
in the rabbit ischemia model [80]. 

2.18 Channelopathies  

Channelopathies are diseases, when ion channels ensuring a smooth propagation of 
action potential do not function well due to genetic mutations. This malfunction of 
the ion channels may not just affect the cardiac system, but may also affects the 
nervous system, respiratory system, the endocrine system, the urinary system, and 
the immune system [58]. Cardiac channelopathies can cause different types of 
diseases, as listed in Table 1 (prepared from [3, 4, 58, 81, 82]. These diseases could 
cause life-threatening arrhythmias and even sudden death. 
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 Long QT syndrome  

The long QT Syndrome or LQTS is a disorder of the heart's electrical activity. LQTS 
is characterized by t-wave abnormalities, prolongation of the QT interval and T-
wave alternance on the electrocardiogram (ECG). It could potentially lead to life-
threatening arrhythmias like ventricular tachycardia, TdP, or even sudden death. The 
symptoms of LQTS include palpitations, syncope, seizures, or it can also be lethal if 
left undiagnosed or untreated, alternatively, LQTS patients could also be 
asymptomatic [83].  

LQTS could be congenital or acquired. Mutations in at least 17 genes have been 
identified to cause LQTS with an estimated prevalence of 0.01%-0.05% [84-87]. 

 The most common LQTS types- LQT1, 2, and 3 are 40–50%, 35–50%, 6-10% 
of all LQTS patients, respectively [88]. Less abundant LQTS are caused by mutations 
of β-subunits of K+ channels, the Ca2+ channel,  or cytoskeletal and structural 
proteins (LQTS4-13) [88]. With a prevalence of 0.4% (1 in 250 people) Finland has 
one of the highest documented prevalence of LQTS mutations. In Finland, four 

Table 1.         List of channelopathies with the gene mutation, affected protein and ion channels. 
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founder mutations have been enriched in the population, and these constitute up to 
70% of the known genetic spectrum of LQTS [85]. Sudden unexpected deaths in 
infants and other forms of sudden death could be caused by different forms of long 
QT syndromes (LQTS). A familial LQTS is diagnosed when symptoms become 
apparent in an individual and their family or have a syncope or QT prolongation due 
to drugs.  

LQTS could also be acquired due to ionic imbalance, ion channel blockage or the 
reduced or improper expression of primary repolarization ion channel the HERG. 
The acquired form of LQTS is far more prevalent than congenital LQTS [89]. 
Improved screening drugs to detect HERG block and QT prolongation is a need to 
reduce instances of acquired LQTS. Congenital LQTS patients, especially the 
undiagnosed asymptomatic patients, stand at higher risk of acquired LQTS. 

Mutation in the gene encoding HERG channel, conducting the rapid delayed 
potassium rectifier current channel (IKr) causes the second most common type of 
congenital LQTS (LQT2). This is a loss of function mutation, and the ion channel 
function is altered. A genetic mutation can disturb the ion channel structure, gating, 
trafficking, expression or maturation, which could lead to changes in the current´s 
biophysical properties and even in fatal arrhythmias. Arrhythmias in LQT2 are 
mainly provoked by sympathetic activation during loud noise, alarm, orgasm 
induced, sudden emotional or physical stress and some deaths may occur during 
sleep. Post-pubertal women have longer QT intervals than men. Women with 
inherited or acquired LQTS have longer QT intervals than healthy women. Women 
may also be more prone to develop additional drug-induced QT prolongations, 
polymorphic ventricular tachycardia, and SCD than men [90-92]. 

Not all the mutation carriers of LQTS have symptoms and show disease 
phenotype, although the asymptomatic also retain a higher risk of death. This 
divergence in phenotype presentation has not been extensively studied.  

2.20 Modeling and valid sources of knowledge 

Models in science, are based on hypotheses tested against observations and are 
needed to understand the complex scientific phenomenon. Models are a version of 
the representation of reality, which most closely would mimic the phenomenon that 
is needed to be studied or explained. Existing models are improved or rejected when 
newer models come up that can solve problems previously not solved by existing 
models, this is done while retaining the successes of existing models. While encoding 
information in models (via math, architecture, or biological models), it is essential to 
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contextually extract valid knowledge and recognize the means of generating new 
knowledge. It is essential to understand that models are not a sum-total of all 
knowledge but the said models focus on relevant details for a given study and are 
viable in context, while glossing over extraneous information. While modeling, new 
knowledge and means of generating new valid knowledge, both are equally 
important. The Indian Vedic Hindu system classifies means of generating knowledge 
or Pramana as 1) Pratyaksha or Perception 2) Anumana or Inference 3) Upmana or 
Comparison and Analogy 4) Arthapatti or Postulation and derivation from 
circumstances 5) Anupalabdhi or non-perception or negative proof 6) Shabda or 
Relying on word of experts. These must be applied in a specific order for getting 
valid knowledge as elucidated in the six systems of Indic philosophies (Shad-
Dharshanas). A similar theory with a focus on falsification was also proposed by Karl 
Popper [93, 94]. The algorithms for producing knowledge which have been 
suggested are 1) Perception 2) Inference 3) Comparison, 4) Established background 
knowledge, 5) Falsification, and 6) knowledge of experts as suggested in Sage 
Patanjali's Yog Sutras, Aksapada Gautam's Nyay sutras, and also by Karl Popper [94-
96]. 

2.21 Modeling heart diseases  

Cardiovascular diseases (CVDs) don’t just affect the heart but also the vasculature 
and include remodeling of the heart from cellular to whole organ level. Hence, to 
assess their impact, to understand cardiac disorders, and design appropriate 
treatments in humans, models of CVDs are needed. Animal models and cellular 
models have often been used in preclinical research. 

The endpoint of most of the models is to study different parameters of cardiac 
morphology, structure, and function under differing physiological conditions. It is 
known that the fundamental cause for these changes might be due to changes in the 
macro and micro-structural modifications of the tissue and environmental factors. 
Hence, a more simplified version is taken with fewer variables in which parameters 
(e.g., cellular models do not have the effect of the immune system and hormones) 
are studied. The analysis made is due to relative change observed compared to basal 
conditions and this is further compared to samples from a healthy control. This is 
how the pathophysiology is understood and solutions are designed [97, 98].  

Modeling of cardiac diseases has been done on fish, small animals, big animals, 
cell lines over the years, which has helped to understand cardiac pathophysiology 
[97, 99-102]. When studying diseases, animal models, though, are an essential 
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research tool, however, species differences in the sexual dimorphism of the QT 
interval, the ionic currents underlying the cardiac repolarization, and the effects of 
sex steroids make it challenging to interpolate animal to human sex differences [91, 
92]. 

For improved modeling and a comprehensive understanding of the disease, 
factors like heart characteristics, genetic background, the effect of environmental 
factors are essential to be considered. Furthermore, the research questions need to 
guide the modeling, if the modeling needs to be done at single-cell level or cell 
aggregate level or if it needs to be done in two or three dimensional, i.e., 2D or 3D 
format. It is essential to know that modeling would never have the ultimate level of 
accuracy as observed in vivo, in humans, but it is instead a less complex representation 
of the disease in order to predict outcomes. This kind of models, would have all the 
desired essentials to recreate the human pathophysiology. Hence, the most 
appropriate model would be that, which fulfills a set of criterias, and an appropriate 
response is received to the set of examinations conducted. Criteria of ease of use, 
cost, budget, time, genetics, infrastructure, ethics, innovation are considered and 
weighed, that could give the best possible outcome for the disease being modeled 
[97]. In the future, patient-on-chip models using human induced pluripotent stem 
cell technologies with the controlled hormonal environment may help in studying 
gender differences, arrhythmias propensity and disease pathophysiology further. 

2.22 hiPSC and cardiac differentiation 

Cardiac disorders are nowadays being modeled using human induced pluripotent 
stem cell technology (hiPSC). The hiPSC technology has been growing ever since its 
discovery in 2006 when Prof. Yamanaka's group showed they could reprogram, the 
somatic cells from mice, into pluripotent stem cells. They did this by reprogramming 
the genome of somatic cells by the introduction of four genes viz. Myc, Oct3/4, Sox2, 
and Klf4. This was also shown in the Nobel prize-winning research in human 
fibroblasts in 2007 by Yamanaka et al. [103, 104]. Various types of somatic cells, 
including fibroblasts from skin punch biopsies, white blood cells (t-Lymphocytes) 
from blood, keratinocytes from hair follicles, and even renal cells from urine have 
been used to reprogram into iPSCs using various viral and non-viral methods (Fig. 
10 modified from Rony et al 2015 [105]  and Doss et al [106] 2019). 
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Tissue Source      Skin Biopsy     Peripheral Blood            Hair Follicle                 Urine 

 Cell Type         Fibroblasts       T- Lymphocytes             Keratinocytes       Renal tubular cells 

Reprogramming factors 

Sox2, Oct4, cMyc, Klf4, NANOG, Lin28A, miR-306, miR-367 

hiPSC-Reprogramming

Viral transfection Non-Viral transfection Direct Transfection

Integrative-  

1- Lentivirus 

2- Retrovirus 

Non-integrative 

1- Adenovirus 

2- Sendai virus 

Excisable viral vectors 

1- Lox-Cre mechanism 

mediated excision of 

Lentivirus/Retrovirus 

Plasmid Vector-  

1- Episomes 

2- Mini-circle vectors 

Transposon 

1- Piggyback 

2- Sleeping beauty 

Synthetic RNA replicon 

Human artificial chromosomes 

Nano-Particle carriers 
s

1- Reprogramming factors (fused 

with cell penetrating peptides)  

2- Synthetic mRNA for 

reprogramming factors 

ESC specific miRNAs 

(miR-200c, miR-302s, miR-369) 

3- Small chemical compounds 

(Epigenetic or signalling 

inhibitors)  

Figure 10. Reprogramming stomatic cells, sources, factors and transfections methods; Courtesy modified 
from - Rony et al 2015 & Doss et al 2019. 
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Using this technology and differentiating the stem cells into cardiac cells, several 
disease models from cardiac models have been made and characterized by various 
methods as reviewed by this publication [102]. The aim of these studies was to 
generate patient-specific embryonic stem cell-like cells (Fig. 11b), which would 
eliminate the need to harvest these cells from the donated embryos for research. 
After derivation of hiPSCs, they are characterized for expression of pluripotency 
proteins (Fig. 11a), genomic stability by possible karyotype abnormalities (Fig. 11d), 
the proper integration of pluripotency genes (Fig. 11c), removal of exogenes (Fig. 
11c), expression of three germ layers (Fig. 11e), and the formation of teratoma (Fig. 
11f). A stable reprogramming changes two main characteristics of the cells 1) 
unlimited self-renewal and 2) multiplication. Cardiac differentiation from hiPSCs 
could be done by multiple methods that have been published by several groups [107, 
108]. 
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Figure 11. Different techniques for characterization of hiPSCs. a) Representative hiPSC colonies under
phase contrast microscopy. b) Representative immunofluorescence staining from hiPSCs colonies
expressing NANOG, OCT4, SOX2, SSEA4, TRA-1-60, and TRA-1-81. Stainings were essentially 
similar in all the lines. Scale bars: 200 μm. c) Expression of endogens in hiPSC; REX1 (306 bp),
SOX2 (151 bp), Nanog (287 bp), and c-MYC (328 bp). GAPDH (302 bp) was used as a 
housekeeping control transcript. d) The virally transfected Sendai exogenes, exo-OCT4 (483 bp),
exo-c-MYC (532 bp), exo-SOX2 (451 bp) and exo-KLF4 (410 bp), were silenced in the hiPSCs 1 
week after transfection GAPDH was used as a control. e) Karyotype analysis of hiPSC colonies 
where the hiPSC lines did not show any major karyotype aberrations. f) Embryoid body (EB) assa
to check expression of markersfor endoderm, mesoderm and ectoderm. g) Teratoma assay.
hiPSCs were injected intratesticularly into male NODSKIDgamma (NSG) mice and let to form 
tumours for 2 months. Histological analysis shows teratomas formed by all three germ layers 
(glandular structures from endoderm, cartilage from mesoderm and neural rosettes from 
ectoderm). Scale bars 100 μm. 

a) b) 

c) d) e) 

f) 

g) 
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In all the cardiac differentiation methods reiewed in Mummery et al [108], to 
differentiation into a hiPSC-CM, the pluripotent stem cell has to go through different 
stages (Fig. 12) viz., 1) embryonic stage/ pluripotent stage, 2) mesodermal 
progenitor, 3) pre-cardiac mesoderm, 4) cardiac mesoderm, 5) cardiac-specific 
progenitors, and, 6) embryonic/hiPSC derived cardiomyocyte. The differentiation is 
successful when spontaneously beating cardiac clusters are observed in cultures in 8-

Figure 12.  Sequence of differentiation of CMs from iPSCs; modified from Mummery et al. 2012. 
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12 days post starting of differentiation and expression of cardiac-specific markers at 
mRNA and protein level. There are various methods to induce cardiac 
differentiation with varying culture conditions and varying mix of reagents (Fig. 13) 
[108]. Methods marked with dotted sections were used for inducing differentiation 
and maturation in this thesis (Fig. 13) as modified from Mummery et al. [108] and 
Ahmed et al. 2020 [109]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

2.23 hiPSC-CM model characterization  

Disease-relevant assays are needed to be performed for disease-modeling from the 
patient-derived hiPSC-CMs. The experiments must be performed on hiPSC-CMs 
derived from the patients, along with appropriate control cells. Several types of 

Figure 13.  Different methods of cardiac differentiation and maturations. – figure modified from 
Mummery et al. 2012 and Ahmed et al. 2020, the dotted methods have been used in this 
thesis. 
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assays can be performed on the cells to measure their structure and function, which 
could help in deciphering and putting a value to the extent of pathological damage 
on cardiomyocytes due to the disease. In-vitro analysis of the disease model from 
genetic cardiac diseases has shown that functional phenotypes are indeed observed 
[45, 46, 110]. 

Several assays to characterize the structure and functionality of disease models 
derived from hiPSC-CMs have been suggested in the literature as reviewed by 
Brando et al. [102]. An array of methods exists to measure the function of hiPSC-
CMs (Fig. 14).  

The functionality of hiPSC-CMs could be quantified by measuring their electrical 
function (e.g., patch-clamp, Microelectrode array), mechanical function (video, 
measurement of the force of contraction), calcium dynamics (calcium imaging), and 
their oxygen-ATP consumption. Every method has its own advantage and 
disadvantage, and the most appropriate technique to analyze the electrophysiology 
depends on what information one wants about the disease. Patch-clamp, 
microelectrode array, and calcium imaging were the techniques used in this 
dissertation (Fig. 15).  

•Patch Clamp              
(Manual/automated)

•Microelectrode Array
•Sharp Electrodes

•Impedance

•Image analysis
•Video analysis
•Confocal imaging
•Ca2+ imaging
•Voltage dyes
•Optogenetic pacing

•Atomic Force Microscopy
•NanoIntender

•Force-Ca2+ simultaneous 
measurement

•Bead Displacement
•Trassmission force

•Thin Film displacement
•ETH and pillars

•Seahorse analyzers for 
measuring cell metabolism & 
energetics, mitochondrial 
activity, glycolysis 

•kits to evaluate oxygen 
consumption

Metabolism Force

Electro-
physiology at 

single cell 
and 

multicellular 
level

Structure, 
Optical dyes 

Motion, 
Mechanical 

activity, Ca2+ 
activity

Figure 14.  Methods used to evaluate hiPSC-CM disease model function. 
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 Patch Clamp 

This is an electrophysiological technique to study single-cell function and ionic 
currents. Patch clamp is considered as a gold standard for electrophysiological 
assessment due to the robust data that can be recorded, although it is labor-intensive, 
requires skilled-experienced operators, and is low throughput technique. It gives 
information on ionic current densities in voltage-clamp mode and action potential 
(AP) characteristics by recording the change in membrane voltage in current-clamp 
mode. The process starts with a patch-pipette, which is a thin glass capillary, 
sharpened at the center by a heated pipette-puller, filled with intracellular solution, 
is taken near the cell using a micro-manipulator, or with automated methods to form 
a gigaseal. The cells are bathed in a temperature-controlled extracellular solution. 
After seal formation, a light sucking is performed to form a proper attachment of 
the pipette to the cell, post which the cells are either recorded in whole-cell mode or 
perforated patch mode.  

In current-clamp mode, the current injected through the patch-pipette is 
controlled while the free-running membrane potential due to the action potential of 
the cell is recorded. Current-clamp allows measurements of APs that may either 
occur spontaneously or which may be stimulated by injection of current. Different 
sub-types of cardiomyocytes like atrial, ventricular, and nodal can be distinguished 
in current-clamp mode (Fig. 15a).  

In voltage-clamp, the membrane potential is held constant at a set voltage level, 
which stoppes the cell from beating. This allows the recording of the net membrane 
current at a given membrane potential. With the use of established voltage-clamp 
protocols, ion current densities (ion current divided by cell size), the 
activation/inactivation rate and the kinetics of specified ion channels can be 
analyzed.  

All electrically active cells (or cellular expression systems made to expression ion 
channels) can be studied by this method and apart from being used for disease 
modeling, patch clamp can also be used to study channel biophysics and investigate 
the effect of drugs [102, 111, 112]. 

 Video & Force measurement 

Video imaging has recently been getting popular as a means of measuring cardiac 
mechanical function, beating frequency, drug effects, and disease modeling [113]. 
There are different video imaging methods and published tools that aid in this 
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endeavor that are based on block matching, particle image velocimetry, intensity 
analysis, edge detection [114-117]. Video imaging required a high-speed camera, is 
non-invasive, and has also been combined with other electrophysiological 
measurements to yield more information (Fig. 15b) [118-121]. 

Force measurements from contractile cells and aggregates have been obtained by 
atomic force microscopy or newer technologies that record the cantilever bending. 
The cantilevel bending then gives out the force of the contracting cells, beating rate, 
and can even be used to investigate the effect of drugs on it. However, measuring 
force can be low throughput and can damage the cell [102, 112]. 

 Fluorescent Measurements 

The change in voltage has also been studied using voltage-sensitive dyes, e.g., 
aminonapthylethenylpyridinium (ANEP), or genetically encoded Fluorescent 
Voltage Indicator like ArcLight [122, 123]. These dyes, which are mainly non-
fluorescent in solution, become fluorescent when incorporated into the cell 
membrane by their hydrophobic tails. Other voltage-sensitive dyes that have been 
used to study hiPSC-CMs are calcium-sensitive dyes like Fluo2AM, Fluo4, FluoVolt, 
Indo1AM for studying the calcium handling properties (Fig. 15c) [124-128]. Though 
these dyes allow non-invasive measurement of cells, they can be toxic to the cells, 
which does not allow long term recording or the cells to be used again. Fluorescent 
approaches have also been implemented for high-throughput assessment of 
screening for compounds and drugs [102, 111, 112]. Fluorescent light on itself, too, 
is damaging to the cells and can damage cellular organelles affecting cellular 
physiology and can lead to cell death [129]. 

 Microelectrode array (MEAs) 

Microelectrode arrays (MEAs) are glass chips printed with multiple microelectrodes, 
which allow non-invasive long-term measurement of electrically active cells cultured 
on them (Fig. 15d)[130]. This technique can be medium or high-throughput and 
MEAs with 6 wells to 96 wells are commercially available. MEAs have been 
increasingly used in hiPSC-CMs research for disease modeling, drug testing and 
screening. With this technique, electrical signals (field potentials, FPs), beating 
frequency, conduction velocity can be determined. The field potential duration 
(FPD) is considered as a surrogate for QT interval and AP duration can be 
determined from the FPs [130, 131].  
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MEAs have been wrongly used as a surrogate or a complementary to other 
equipment and not requiring high operator training. Though this statement could be 
correct to some levels, it is not entirely true; MEA is a powerful tool that can yield 
quality information based on the type of assay performed. MEAs can be used in 
disease modeling and allow long term measurements, drug testing possibilities, 3D 
culture, and can be used to study the effect of different gas concentration on cells. 
The analysis of signals of MEA needs experience and training. 

Differences in beating rates are typically corrected using the Bazett or Fridericia 
formula. Cardiac aggregates (or clusters), monolayers, or even single cells can be 
measured with this method. Cardiac aggregates & monolayers have intact cell-cell 
connections and may also comprise of all sub-types of electrically active 
cardiomyocytes, along with cardiac-fibroblasts. These aggregates with intact cell-cell 
connections have been useful in reproducing arrhythmia similar to fibrillation, TdP, 
tachycardia, DAD, EAD like arrhythmias and other pro-arrhythmia [102, 111, 112]. 

Investigating electrophysiological properties, like field potentials, action 
potentials, calcium flux, or contraction of cardiomyocytes as separate stand-alone 
techniques, can lead to loss of important information. A simultaneous measurement 
of electrical and mechanical function could be more robust to assess cardiac 
function. There have been efforts to assess the excitation-contraction coupling 
simultaneously [118, 120], and these simultaneous measurements, could be the way 
ahead in this field.  

Another approach to study disease models, electrophysiology, hiPSC-CM 
maturity, and also for preliminary cardiotoxicity tests that has been gaining more 
attention is in silico modeling [26, 132, 133]. Findings from in silico modeling of hiPSC-
CMs could be used in the future to interpret experimental findings on hiPSC-CMs 
and provide mechanistic insights and translate these findings to adult cardiomyocyte 
(CM) electrophysiology. In silico modeling involves a compilation of mathematical 
equations for all major ion currents that make up the depolarization and 
repolarization of the cardiomyocyte that can produce an action potential stimulus in 
silico. This stimulus would look just like an action potential waveform observed from 
cardiac cells. Computational modeling could provide a high throughput approach to 
reduce biological variation by reconciling multiple datasets. The US-FDA has 
outlined the Comprehensive In Vitro Pro-arrhythmia Assay (CiPA) protocol for 
combining cellular iPSC‐CM outputs with computational approaches for 
cardiotoxicity testing (375- 379). 
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2.28 Knowledge from previous models of LQT2 and DCM  

 Moding DCM due to LMNA mutation  

LMNA mutations are the second most common cause of familial DCM. The 
p.S143P mutation in LMNA is the most prevalent DCM-associated mutation in 
Finland [134]. A significant number of patients having a Lamin A/C mutation 
display complications only in the cardiovascular system, and they often remain 
undiagnosed [135]. Patients with DCM due to Lamin A/C are at significantly higher 
risk of suffering from sudden death compared to other forms of DCM [136]. It has 
been reported in [137] that patients having LMNA A/C mutations have a 
conduction system disease and delayed intra-cardiac conduction and showing 
increased susceptibility to thromboembolic events and congestive heart failure [138]. 
92% of patients harboring LMNA gene mutations (from both cardiac as well as 
neuro-muscular phenotype patients) reported cardiac arrhythmias after the age of 
30, heart failure in 64% cases after the age of 50, and sudden death as the most 
common cause of death (46%) [137].  Murine models of Lamin A/C mutations have 
reported dilation of nuclear envelope space, disorganized nucleus, and 
electrophysiological disorders with apoptosis of atrioventricular myocytes reduced 
contractility of cardiomyocytes, and development of AV block and development of 
DCM [71, 139].  

(a) (b) 
 

(c) (d) 

Patch Clamp                       Video Analysis                         Fluorescent dyes             Micro Electrode Array    

(Current Clamp)                      (Motion Analysis)                            (Current Clamp)            

Figure 15.  Functional characterization methods used to evaluate hiPSC-CMs. 
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 Modeling LQT2 

Disease models are needed to understand the disease pathophysiology of LQT2 in 
detail. Currently, the therapy and treatment options for LQT2, including β- blockers, 
have primarily been based on empirical evidence of resolving symptoms, rather than 
targeting the mechanism of the disease pathohysiology. To understand the disease 
more holistically, other aspect that could be considered while modeling LQT2 are 
reports from the literature on the LQT2 indicating, 1) phenotype dissimilarity, 2) 
mechanical dysfunction, 3) the role of connexin43 gap junctions, 4) the effect of 
Mexiletine to reduce arrhythmias, 5) the electro-mechanical coupling and 6) the 
length of the electromechanical window [140-145]. 

LQT2 has been studied by the use of expression system models with HERG 
expression in HEK293T, CHO, COS7 cell lines and human cardiac immortalized 
cell lines eg. HL1. Although important information has been gained from these 
heterologous systems; they lack cardiac cell morphologies or generate action 
potentials and lack proper post-translational modifications, compensatory currents 
as in native systems.  

LQT2 has also been studied using knock-in or knock-out models from zebra-
fish; mice, rabbit and canine models which have provided important insights about 
LQT2 [80, 91, 101, 143, 146, 147]. Cardiac disease models from mice, rats, guinea 
pigs, pigs, rabbits, dogs,  goats and these have been reviewed extensively, and their 
limitations and advantages for specific aims have been reported [148]. Animal 
models of LQT2 have been useful in understanding the harmful role of lower 
potassium, bradycardia, and alternating short-long-short sequences as triggers for 
VTs [146, 149, 150]. Though animal models with human genetic mutations and 
disease models have yielded important information, there are limitations for the data 
to be extrapolated for human relevance. The heart rate, heart size, ion channel 
composition, genotype-phenotype variation within the same family, ethical issues, 
time and money, are some of the issues in using animal models and mandate a need 
for better models. A promising alternative is a human-induced pluripotent cell-
derived model that can be reprogrammed from somatic cells from patients, and 
differentiated into cardiomyocytes. This model can potentially supply an unending 
number of patient specific hiPSC derived cardiomyocytes for research, drug testing 
and therapy. An extensive review of hiPSC-CM disease models for LQT2 and 
arrhythmia syndromes, their potential limitations and advantages is available at [111, 
149]. Previously published hiPSC-CM models of LQT2 with their main findings are 
summarized in Table 2. The focus of these studies have not been towards 



 

61 

understanding the phenotypic differences but towards modeling the disease, 
investigating disease mechanisms and testing possible therapeutic interventions. 
Investigating mechanisms underlying genotype-phenotype differences in risk of 
arrhythmic events and differences in the efficacy of beta-blocker therapy on patients 
have been reported by Shimizu et al. [151].  

Limited studies exist studying the differences in LQT2 phenotype and models to 
study these differences are needed. Also, there have been no models from LQT2 
due to p.L552S mutation which is a Finnish founder mutation. This dissertation 
focuses on this mutation with a focus on investigating the phenotype differences at 
in-vitro level. 

Past reports on p.L552S mutation include clinical studies and case reports, with 
some genetic and functional analysis using expression systems. In a pioneering study 
from the year 2000, a homozygous, heterozygous mutation of p.L552S mutation, 
was studied in patients [152]. In this study, a ten y/o female presented a severe 
clinical phenotype. The younger sister of the patient also presented intra-uterine 
bradycardia and a prolonged QT interval immediately after birth, and SCD at the age 
of four years. Another study on Finnish founder mutations of LQTS, including 
p.L552S mutation, by Lehtonen and colleagues in 2007, reported that previously un-
diagnosed LQTS mutations might be present in patients who have arrhythmias and 
TdP on taking anti-arrhythmic drugs. A normal QTc interval in these asymptomatic 
individuals does not exclude the risk of arrhythmia, making a case for further 
investigation of this mutation during disease models [153]. 

 Mutation in 
HERG 
gene 

Main Finding - Drugs used and finding in the hiPSC-CM model Ref 

1 p.A614V Decreased I Kr, AP prolongation, EADs, TA, 
Pinacidil (KATP-channel opener) & 
Nifedipine (L-type Ca2+ channel blocker) abolished APD, FPD, and EADs 
Ranolazine (Late Na+ blocker) reduced EADs 

[154] 

2 P.A561T E4031 and Isoprenaline EADs only in LQT2 blocked by β-blockers propranolol 
and nadolol, nicorandil, an I KATP channel opener abolished EADs and 
reduced APD, PD-118057, and I Kr channel enhancer reduced APD, EADs 
were stopped in combination with β-blockers 

[155] 

3 p.R176W Reduced IKr (Previous HEK293T model of the same mutation by had no IKr 
reduction); E4031 induced more EADs in LQT2 vs. Control. 
Sotalol (β-blockers + anti-arrhythmia) EADs only in LQT2. Erythromycin/ 
cisapride no difference in EADs. A previous HEK293T based disease model 
had no IKr reduction. 

[156, 
157] 

4 p.A422T Increased AP duration in LQT2, reduced by nifedipine. [158] 
5 p.N996I Isogenically matched, diseased, and genetically engineered hiPSC-CMs; 

allosteric hERG modulator small molecule LUF7346, slowed IKR deactivation 
and positively shifted its inactivation 

[159] 



 

62 

Table 2.  Review of reports modeling different mutations of LQT2 using hiPSC-CMs. 

A compilation of previously published studies in Table 3. lists out studies that 
have used LQT2 models of hiPSC-CMs from asymptomatic carriers. The reports 
have been categorized based on mutations studied, the aim of the study if 
arrhythmias were reported at the single-cell level or aggregates.  

 

Table 3.  Review of reports using hiPSC-CMs from asymptomatic mutations carriers of LQT1 
(KCNQ1 mutation) or LQT2 (KCNH2/HERG mutation). (S) Denotes symptomatic and (As) 
denotes asymptomatic patients from which the hiPSC-CM model was made. 

6 p.A561V Small molecule N-[N-(N-acetyl-l-leucyl)-l-leucyl]-l-norleucine (ALLN) 
reversed phenotype increased IKR, and reduced APD, and reduced 
arrhythmogenic events by increasing HERG trafficking. 

[160] 

Sr 
No. 

Disease Patient 
phenotype 

Aim Single-cell /Multi-Cell /main finding  

1 LQT2 
p.R176W 

Asymptomatic Disease 
Model 

Reduction in IKr on patch-clamp, and 
EADs on E4031 and sotalol on MEA 

Lahti et al. 
[161] 

2 LQT2 
p.G1681A 

Symptomatic & 
Asymptomatic 

Disease 
Model 

β-adrenergic stimulation did not 
evoke arrhythmia in asymptomatic; 
single-cell model 

Matsa et al. 
[155] 

3 LQT1 
p.G589D 

Symptomatic & 
Asymptomatic 

Drug effects No significant difference in hiPSC-
aggregates on MEA 

Kuusela et al. 
[162] 

4 LQT1 
p.G589D  
LQT2 
p.R176W 

Symptomatic & 
Asymptomatic 
LQT1, 
Asymptomatic 
LQT2 

Drug effects No significant differences observed, 
isoprenaline did not evoke arrhythmia 
on LQT1 and LQT2 both 
asymptomatic and symptomatic 
aggregates on MEA; About 50% 
Asymptomatic LQT2 aggregates 
were reported to have 
arrhythmia/beating arrest on QT-
prolonging drugs 

Kuusela et al. 
[163] 

5 LQT2  
 p.A422T (S) 
 p.G601S 
(As) 
 

Symptomatic and 
Asymptomatic 
 

Phenotype 
classification 
by hiPSC-CM 

No EAD occurrence at baseline or 
30nM of E4031 on hiPSC-CM 
aggregates on MEA but were 
observed at 100nM and 300nM 
E4031 

Yoshinaga et 
al. [164] 

6 LQT1 
p.R190Q 

Asymptomatic Disease 
model 

β-adrenergic stimulation evoked 
arrhythmia and increased APD in 
single hiPSC-CMs 

Moretti et al. 
[165] 

7 LQT2 
p.R752W 

Symptomatic and 
Asymptomatic 

Understandin
g phenotypic 
variability  

No difference in IKr, Implicated 
increased inward L-type Calcium 
current, compensatory outward K+ 
current due to two modifier genes, for 
the difference in phenotype in hiPSC-
CMs 

Chai et al. 
[166] 
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The clinical study on p.L552S mutation by Piippo and colleagues have studied 
differences between asymptomatic and symptomatic patients with ergonomic 
exercise test [152]. They reported though the mean maximal heart rate to be 99% of 
the expected/age-related maximal heart rate in both asymptomatic (n=5) and 
symptomatic (n=5) heterozygous carrier patients; 3 out of 5 symptomatic carriers 
showed PVCs, but no arrhythmias were seen in asymptomatic. 

Piippo and colleagues further report that the phenotype spectrum of 
heterozygous carriers ranged from asymptomatic carriers to those who had 
experienced recurrent syncopal spells. It is of interest that only one heterozygous 
individual experienced syncope related to physical exercise, whereas the symptoms 
of the others occurred at rest. Exercise-related cardiac events were less frequent as 
the QT interval of LQT2 patients shortened efficiently during exercise. Past reports 
have indicated that women are more prone to QT prolongation and arrhythmias in 
acquired LQTS due to HERG block [152]. The proarrhythmic effect of female sex 
hormone estradiol (one of the estrogen hormones) in the presence of IKr-blocking 
agents has also been demonstrated in animal studies on canine and rabbit models 
[167, 168]. This was in contrast to reports on anti-arrhythmic, protective effects of 
progesterone due to shortening of cardiac refractoriness, and reduced EAD 
formation suggesting progesterone-based therapies might constitute novel 
antiarrhythmic approaches in female LQTS patients [149]. 

Drug development and cardiotoxicity screening 
The cost of getting a new drug to market is estimated to be about $2.6 billion 

over 15 years, and it is estimated that 90% of new compounds fail during late-phase 
development, often due to cardio-toxicity and safety issues [169-171]. There has 
been a need for cardiac safety assessment in vitro based on human cells, and hiPSC-
CMs provide a reliable platform that has been gaining interest to more accurately 
predict toxicity issues in the early phases of drug development. This might help in 
reducing time, cost, and ethical issues concerning the use of animal models in drug 
development. Recently there have been efforts by consortiums to address this need 
and take the step forward to formalize and standardize methods to investigate, 
research, and promote alternatives to animal testing, eg. JiCSA (Japanese iPS Cardiac 
safety assessment), CiPA (Comprehensive in vitro pro/arrhythmia assay), FDA (Food 
and drug administration [172-174]. There have also been efforts to test drugs on in 
silico platforms as part of CiPA and other measures [173].  

Recent studies have reported how variation in drug responses observed on 
patients was replicated when drugs were tested on hiPSC-CMs derived from them 
[102, 149, 175, 176]. There have also been reports on how hiPSC-CMs can help 
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identify the predisposition to arrhythmias in more sever gene variants of specific 
disease mutations like hypertrophic cardiomyopathy and heart failure due to 
doxorubicin toxicity in breast cancer [177, 178]. These reports give proof of principle 
for the use of hiPSC-CMs in personalized medicine, pre-empting and identifying 
severe disease mutations, and studying the effect of drugs for toxicity testing. There 
have also been reports of hiPSC-CMs being used for modeling TdP and VT like 
arrhythmias [179]. These models could help test drugs to abolish or reduce the 
occurance of these arrhythmias. The use of MEA as a key tool during in vitro cardio 
toxicology testing has been gaining ground. 

2.30 Fractality and detrended fluctuation analysis  

There are several ways to determine the complexity and variation in the heart 
rhythm. This is conventionally done by linear measures, with a direct correlation with 
the outcome, i.e., in time and frequency domain [180] or non-linear methods 
including power-law exponent, approximate entropy, and detrended fluctuation 
analysis. Non-linear methods may uncover more abnormalities in time series, which 
may be missed in linear methods [181]. Novel methods have been based on the 
Chaos Theory, and fractal scaling has gathered interest.  

The main difference between linear and non-linear methods is that, in a linear 
system, the system behavior can be understood by adding the behaviors of each of 
its components together, whereas, in a non-linear system, the system is more than 
the sum of its parts, and parts are not simply added together, but participate in a 
cascade of amplification of the result [182]. Although new nonlinear methods are 
still investigational, increasing evidence suggests that they may also have the potential 
for future clinical use with a better in risk stratification [183, 184].  

A fractal system is a specific form of chaos. In fractals, the small-scale structures 
are like the larger-scale forms, i.e., a fractal system has the same self-similar, scale-
invariant structure at different measurement scales. Fractal self-similar patterns are 
found in nature, galaxies, mathematics, industry, the stock market, climate science, 
physiological systems and even in the human heart [185]. Past reports indicate that 
fractal nature of the cardiovascular system is that it does not strive to preserve of the 
system but rather it tries to achieve adaptive variability [185]. Less fractal systems 
might be more vulnerable to catastrophic events and less adaptable to perturbations. 
In the heart, fractal patterns may be robust in healthy systems but this fractality might 
be significantly disrupted or abolished in unhealthy or degraded systems [186]. The 
loss of fractal-like dynamics of the heart rate (HR) has been found in aging, disease, 
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heart failure patients who have experienced a life-threatening arrhythmia [187]. 
Fractal-like correlation properties of HR can be measured with detrended fluctuation 
analysis (DFA). DFA is used to assess the intrinsic correlation properties of dynamic 
systems. In DFA, the time series is integrated, divided into observation windows of 
the same size followed by subtracting the local trend (de-trending) in each window. 
This is followed by taking the root-mean-square fluctuation of this (integrated and 
detrended) time series, is determined and plotted on a log-log scale [187, 188]. The 
slope of the line of this relationship indicates the scaling exponent α (the self-
similarity parameter) that describes the self-similarity properties of the R-R interval 
time series. In short term, the scaling exponent is α1 and α2 is the scaling exponent 
for long term. 
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1 AIMS OF THE STUDY 

The aims of the present thesis are: 

 

Study I 

Establish an in vitro model of LMNA related DCM using hiPSC-CMs from Finnish 
DCM patients carrying p.S143P mutation; to evaluate and study the effect of 
adrenaline on its function and the effect of hypoxic stress on its structure and 
function.  

Study II 

Establish an in vitro hiPSC-CM model of LQT2 syndromes from Finnish founder 
mutation derived from asymptomatic and symptomatic LQT2 carriers; to investigate 
phenotypic differences or similarities between models from asymptomatic and 
symptomatic mutation carriers at cellular level; reproduce LQT2 specific arrhythmias 
at cellular level. 

Study III 

Understand the co-relation between FPD-IBI and QT-RR intervals from long term 
recordings of hiPSC-CMs on MEA and ECG from healthy subjects, Comparision 
of short and long term scaling properties between hiPSC-CM and ECG. 
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2 METHODS 

2.1 Ethical consideration 

Signed informed consent was obtained from all individuals who participated in this 
study (I - III). This study was approved by the Ethics Committee of Pirkanmaa 
Hospital District to establish the culture and differentiate hiPSC lines (R08070). 

2.2 Cell line derivations 

The cell lines used in the studies are listed in Table 4, along with the mutations. The 
wild type (WT) cell lines UTA.40602.WT,  UTA.11505.WT UTA.04511.WT are 
treated as control cell lines in the studies. The LMNA related DCM was studied 
using Finnish founder mutation p.S153P in the LMNA gene with lines from two 
patients UTA.12704.LMNA  and UTA.12619.LMNA; also referred to as DCM1 and 
DCM2, respectively. LQT2 is studied using Finnish founder mutation p.L552S in 
the KCNH2 gene with lines from two patients from the same family 
UTA.03412.LQT2A and its clonal line UTA.03417.LQT2A from patient 1 and 
UTA.03809.LQT2A and its clonal line UTA.03810.LQT2A from patient 2. 

 

Table 4.  Cell lines and mutations used in each of the studies. 

 Cell Line Gender Age at 
Biopsy 

Mutation Referred to as Study 
used 

1. UTA.04602.WT F 55 yrs - Control I, II, III 
2. UTA.11505.WT M 30 yrs - Control I 
3. UTA.04511.WT M 34 yrs - Control II 
4. UTA.12704.LMNA M 24 yrs p.S143P DCM1 I 
5. UTA.12619.LMNA F 34 yrs p.S413P DCM2 I 
6. 
7. 

UTA.03412.LQT2A 
UTA.03417.LQT2A 

M 19 yrs p.L552S Asymptomatic II 
 

8. 
9. 

UTA.03809.LQT2A 
UTA.03810.LQT2A 

F 44 yrs p.L552S Symptomatic II 
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The Control lines 1 and 3 were established from primary dermal fibroblasts obtained 
from a skin biopsy, and Control line 2 was obtained from white blood cells (WBCs) 
from a healthy donor.  

Punch skin biopsies (Study I, II, III) & WBCs from the blood (Study I) have been 
used to reprogram using Yamanaka factors, OCT4, SOX2, cMYC, and KLF4. The 
Control hiPSC-CM lines 1 was established using Lentiviral transduction, Control line 
2, and 3 and DCM1 and 2 by Sendaiviral infection, and all the LQT2 lines by 
retroviral transduction. The full protocol of establishment and characterization of 
the hiPSC cell lines has been described earlier [113, 161].  

2.2.1 For Study I 

hiPSCs were cultured on feeder-free 1:100 Geltrex coated 6-well plates using mTeSR 
basal medium (STEMCELL Technologies) supplemented with 10% 5x mTesR 
supplement (STEMCELL Technologies) and 0.5% Pen-Strep / well with half the 
medium changed every 2-3 days. The cells were passaged in about a week using 1 ml 
Versene (Lonza) for 3-5 mins at +37 ℃. Cells stocks were frozen in a freezing-
medium containing dimethyl sulfoxide (DMSO, Sigma) and 90% FBS (Gibco) in 
isopropanol freezing boxes and stored in liquid nitrogen. 

2.2.2 For Study II and III  

The hiPS-cells were cultured on sterile 6-well plates using KSR medium (KnockOut-
DMEM) (Gibco), supplemented with 20% KN serum replacement (KO-SR, Gibco), 
2mM non-essential amino acids (NEAA, Gibco), 1% L-glutamine (Sigma), Penicillin 
streptomycin (Pen-step, Sigma), 0.1 mM β-mercaptoethanol (β-ME, Sigma), and 4 
ng/ml of β-FGF. One day before cell passaging, 6-well plates were treated with 0.1% 
gelatin 1 hour, coated 6-well plated with Mitomycin-C treated MEF cells at 250 000 
cells/ wells cultured in 3ml fibroblast medium with DMEM with 10% FBS, 1% L-
glutamine, and 1% Pen-Strep (Sigma). The passaging of the iPSC was done by 
removing the old feeder layer in a confluent well with a pipette tip, with intact iPSC 
colonies were treated with 1ml KSR-medium with 1mg/ml collagenase IV (Gibco), 
for 4-5 mins at +37 ℃. The colonies were then scraped into fresh KSR-medium and 
pipetted a few times gently and transferred to new pre-treated 6-well plates with a 
feeder layer. 

Characterization of the iPSC lines was done first by checking the shape and 
morphology of the hiPSC colony, and then 1) Immunocytochemistry to check for 
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pluripotency markers 2) Exo-PCR to check if exogenic plasmid material is not 
present in hiPSCs 3) Endo-PCR to check for expression of pluripotency genes 4) 
Karyotyping to check for chromosomal abnormalities 5) Embryoid bodies 
expressing pluripotency markers. 

2.3 Cardiac differentiation 

For cardiac differentiation, two methods were used viz. 1) feeder-free small molecule 
method and 2) co-culture with feeder layer.  

For the study I, the hiPSCs was differentiated into CMs by small-molecule 
differentiation, as described in Lian et al. [107]. Briefly, hiPSCs were enzymatically 
dissociated with versene at +37 ℃, and approximately 0.7x106 cells and 1 ml of 
mTeSR1 medium were added into Geltrex coated wells on 24-well plates with daily 
medium change. At confluent (day 0), the medium was changed to 2 ml of RPMI (-
insulin) with 8 μM CHIR99021. After 24 hours (day 1), the medium was changed to 
2ml of RPMI (-insulin) per well. On the third day, 1ml of the medium from each 
well was collected and mixed with an equal amount of fresh RPMI (-insulin) and 
small-molecule IWP4 (5μM). On days 5 and 7, the medium was changed to fresh 
RPMI (-insulin). From day ten on, half of the medium in each well was changed to 
RPMI (+insulin) every 2 to 3 days. The time lines of the two cardiac differentiation 
methods used are presented in Figure 16. 

For study II and III, hiPSC lines were differentiated into cardiomyocytes by co-
culture with mouse-visceral endoderm like cells (END-2 method), from the hiPSC 
co-cultured on Mitomycin C (Sigma-Aldrich) treated mouse embryonic fibroblast 
feeder cells MEFs (50,000cells/cm2) (CellSystems, Trosidorf, Germany) as 
described earlier [108]. MEF feeder cell layers were removed manually before 
differentiation. Approximately 30 colonies per well were detached and transferred 
onto END-2 cells in stem cell culture medium without KO-SR or bFGF and 
supplemented with 3 mg/ml ascorbic acid (Sigma-Aldrich). The medium was 
changed after 5, 8, and 12 days of culture. After 15 days of culture, 10% KO-SR was 
included, and ascorbic acid was excluded from the culture medium; subsequently, 
the medium was changed three times per week. The timeline for the differentiation 
protocols for both END2 differentiation method and monolayer based small 
molecule differentiation are represented in Fig. 16. 
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Beating cardiac clusters were found 12-14 days post starting of differentiation in 
both methods. All cardiac cells were let to mature at least 30 days in their respective 
differentiation mediums before being used in experiments.  

2.4 Dissociation protocol for beating areas 

For staining, calcium imaging, and patch-clamp experiments, single dissociated 
hiPSC-CMs were obtained by dissociating at least day 30 old spontaneously beating 
cardiac aggregates. Spontaneously beating hiPSC-CM clusters from cultures were 
excised using a micro-scalpel and washed in a low calcium Buffer 1 for 30 min at 
R.T (Buffer 1- With Low-Ca buffer [12 ml 1 M NaCl, 0.54 ml 1 M KCl, 0.5 ml 1 
MMgSO4, 0.5 ml 1 M Na pyruvate, 2 ml 1 M glucose, 20 ml 0.1 M taurine and 1 ml 
1 M HEPES (pH adjusted to 6.9 with NaOH)). Following this the cells were 
dissociated into single cells by treating them with 1 mg/ml collagenase A (Roche 
Diagnostics, Basel, Switzerland) for 45 minutes at +37 °C. (Buffer 2 - [12 ml 1 M 
NaCl, 3 μl 1 M CaCl2, 0.54 ml 1 M KCl, 0.5 ml 1 M MgSO4,0.5 ml 1 M Na pyruvate, 
2 ml 1 M glucose, 20 ml 0.1 M taurine and 1 ml 1 M HEPES] (pH adjusted to 6.9 
with NaOH) (all from Sigma Aldrich). After this, cells were transferred into KB 
medium with a high K+-concentration for 1 hour at R.T. Buffer 3-  ([3 ml 1 M 
K2HPO4, 8.5 ml 1 MKCl, 2 mmol/l Na2ATP, 0.5 ml 1 M MgSO4, 0.1 ml 1 M 
EGTA, 0.5 ml 1 M Na pyruvate, 2 ml 1 M glucose, 5 ml 0.1 M creatine and 20 ml 
0.1 Mtaurine] (pH adjusted to 7.2) (all from Sigma Aldrich) (20 μl of 1 M glucose 

Figure 16.  The timelines of the two cardiac differentiation methods used in this thesis. 
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was added per 1 ml of KB-medium before use).  Single cells were plated onto 0.1 % 
gelatin-coated glass coverslips in EB medium, consisting of KO-DMEM 
supplemented with 20% fetal bovine serum (FBS) (Biosera, France), 1% NEAA, 2 
mM GlutaMax, and 50 μ/ml penicillin/streptomycin. 

2.5 Immunofluorescence and Confocal Microscopy 

We used confocal microscopy to analyze sarcomeric organization and localization of 
WT and Mutant LMNA protein. The method section can be found in Study I of this 
thesis [193]. 

2.6 Micro Electrode Array (MEA) electrophysiology (Study I, II, and 
III] 

At least 30 days old, spontaneously beating cardiac aggregates were micro-
dissected and plated on 0.1% gelatin-coated 6-well MEAs (MEA1060-Inv-BC, 
Multichannel Systems, Germany). Recordings were performed in serum-free 
Embryoid body (EB) medium (DMEM, nonessential amino acids, GlutaMAX, and 
penicillin/streptomycin) at 36±1°C (Temperature controller, TC02, Multichannel 
Systems, Germany). The baseline recordings were performed for at least 20 min at 
baseline after a 30 min stabilization period. The MEAs were covered with gas-
permeable membranes (ALA MEA-sheet, ALA Scientific, NY, USA) during the 
recordings. Output signals were digitized at 10 kHz by use of a computer equipped 
with an MC-card data acquisition board (Multi-Channel Systems, Germany). For 
testing compounds, adrenaline (Sigma-Aldrich, USA) was used for study I and II, 
IKr blocker E4031 (Sigma-Aldrich, USA) used for study II and IKs blocker JNJ303 
(Tocris Bioscience, UK) for study II. The drugs were applied to the cardiomyocytes 
on MEA by exchanging 1/10 of the recording medium (50μl) to make the final 
concentration in the well to be the recording concentration. Medium with the drug 
or with a vehicle was pre-heated at 37 °C in the cell culture incubator, vortexed and 
pipetted up and down before application on the hiPSC-CMs. The application was 
made slowly at the edges of the well with precaution taken to not disturb the 
aggregate. The solvent used to dissolve the drug was used as vehicular control; in 
case with adrenaline and E4031, it was distilled water and DMSO for JNJ303. 
Adrenaline concentrations 100 nM and 1 μM were tested for study I. Four different 
concentrations of adrenaline (Sigma‐Aldrich, St. Louis, MO, USA) (100 nM, 300 nM, 
600 nM, and 1 μM) were assessed for study II, and 300nM was tested for E4031 and 
JNJ303 for study II. After at least 20 min of baseline recording, the drug was 
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perfused to the aggregates. The application of the drug was done while the recording 
was going on, in order to observe the effect of drugs continuously and not miss any 
possible cardiac events. The recordings after drug application were performed for at 
least 20 min. 

2.7 MEA Data Analysis 

The recorded signals were exported as ASCII files from the electrodes showing high 
signal to noise ratio, and clear signals. The exported signals were opened in Clamp 
fit pClamp 10 software (MolecularDevices, USA), where the data was offset 
corrected, reduced to 1-2 kHz, and filtered using lowpass 8-pole Bassel filter. The 
cutoff frequency for the fitering was based on the power spectrum parameter where 
the high frequency noise level was identified. The signal was saved in .ATF format 
and imported by a custom programmed module in Origin 2017 (OriginLab, 
Northampton, MA, USA) where the data was analyzed. To reduce variability in the 
analysis, the signals from the baseline and the condition were processed and analyzed 
consecutively. 

 
The FP signal analysis was semi‐automated using an in‐house written module in 

Origin, that could compute the beat rate (BPM), inter‐beat intervals (IBIs), and 
potential field durations (FPDs). Due to variability in signal morphology and for 
accurate endpoint detection, the FPD endpoint detection was done in two ways, 
automated as well as user-defined semi‐automated ways. The method of measuring 
the field potential duration (FPD) till the end of the repolarization peak reaching the 
abscissa at 0 μV was chosen for study I, II, and III. This was done on the basis that 
the peak or dome of the field potential (FP) repolarization was more closely related 
to 50% of the action potential duration instead of the entire repolarization time 
[34][189]. The Bazett’s formula was used to calculate the beatrate-corrected FPD 
(cFPD). The aggregates chosen for the studies were normalized to reduce the impact 
of the beating rate. Aggregates with a beating frequency below 20 or above 90 BPM 
were not chosen for the study to prevent over or under‐correction of the field 
potentials for study II. Beat rate variation was determined (Study I) by measuring the 
variation in randomly selected ≥ 30 consecutive inter-beat intervals calculated by 
BRV = ∑│D n+1 – D n│/ [30 x √2] [190] using a custom-built algorithm.  
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2.7.1 Hypoxic stress induction on MEA 

Adrenaline and hypoxia were used to understand the effect of stress on LMNA 
DCM hiPSC-CMs. At the single-cell level, the Ca2+ function was determined on 
application of 10 nM adrenaline. The effect of hypoxia and reperfusion on the 
functional characteristics of LMNA mutated hiPSC-CMs aggregates was assessed on 
MEA, using a custom-built hypoxia chamber. The hiPSC-CM aggregates on MEA 
were exposed to repeated cycles of hypoxia (1% oxygen gas mix, 3h) and reperfusion 
(19% oxygen gas mix, overnight) for three consecutive days. HiPSC-CM aggregates 
were micro-dissected and plated on 1-Well 0.1% gelatin-coated MEAs, with a 
custom-built hypoxia chamber by Kreutzer et al. for a five-day follow-up experiment 
(study I). Oxygen concentration was modified at specific intervals [191]. A non-
humidified and filtered, hypoxia gas mixture (1% O2, 5% CO2, 94% N2) or normoxia 
gas mix (19% O2, 5% CO2, 76% N2) at a flow rate set at 5 ml/min (350 mmHg 
pressure) was supplied to the aggregates. The aggregates were maintained in 20% 
Fetal Bovine Serum (FBS) in embryoid body medium (EB) for at least 3 days before 
the measurement, and the medium was changed to serum-free EB medium 1 hour 
before the experiment. The measurements were done for five successive days. On 
the first day, the concentration of oxygen in the gas mix was kept at 19%, and on 
day 2, 3, and 4, the aggregates were subjected to a cycle of hypoxia (1% oxygen) for 
3h and over-night normoxia (19% oxygen) with the experiment ending at day 5. 
Heating was maintained at 36 ± 1 °C (Temperature controller, TC02, Multichannel 
Systems). 

2.8 Patch-clamp 

Patch clamp was performed in Current clamp mode to study the change in voltage 
i.e, action potentials and in voltage-clamp mode to study current densities.  

2.8.1 Current Clamp (study II) 

Action potentials were continuously recorded from spontaneously beating hiPSC-
CMs in a gap-free mode. A perforated patch configuration was used with 
amphotericin-B at a final concentration of 0.24 mg/ml, as previously described [192]. 
The data acquisition was made using Axon series 200B patch-clamp amplifier 
connected to a Digidata 1440a AD/DA converted derived by pClamp 10.2 software 
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(Molecular Devices, USA). The recording was done at 20 Hz sampling frequency 
and filtered at 2 kHz low-pass Bassel filter on the recording amplifier.  

Coverslips containing dissociated hiPSC-CMs were transferred to an RC-24N 
recording chamber (Warner Instruments, Hamden, USA) and mounted on an 
inverted Olympus IX71 microscope (Olympus Corporation). The CMs were 
continuously perfused with extracellular solution, preheated to 35-36°C by an SH-
27B inline heater controlled by a TC-324B unit (all from Warner Instruments Inc., 
Hamden, USA). The hiPSC-CMs were perfused with an extracellular solution 
containing 143 mM NaCl, 4.8 mM KCl, 1.8 mM CaCl2, 1.2 mM MgCl2, 5 mM 
glucose, and 10 mM HEPES (pH 7.4 adjusted using with NaOH). The intracellular 
solution contained 132 mM KMeSO4, 20 mM KCl, 1 mM MgCl2, 4 mM EGTA and 
1 mM CaCl2 (pH 7.2 adjusted using with KOH). Patch pipettes (HarvardApparatus 
Ltd., Holliston, USA) were polished using the MF-830 microforge (Narishige Int., 
Tokyo, Japan). The patch electrodes had a tip resistance of 3.0–3.5 MΩ when filled 
with the intracellular solution. Action potential (AP) recordings were analyzed using 
a custom-developed analysis module in Origin 9.1 (Microcal OriginTM, USA). Beats 
per minute (BPM), AP duration 50% and 90% (APD50 and APD90) of 
repolarization, AP amplitude (APA), maximum diastolic potential (MDP), and 
upstroke velocity dV/dT were extracted from the data.  

2.8.2 Voltage Clamp 

Voltage clamp experiments were performed with the same setup of perfusion as the 
current clamp setup. The inline heater, the intra, and extracellular solutions were the 
same as those used in current-clamp experiments, alongwith the addition of specific 
ion channel blockers. The ICa (L-type calcium current) was measured for study I in 
the presence of 3 mM 4-AP to block Ito, and an HP of−40 mV. To elicit the Ca2+ 
current, step-protocol from−60 mV to 70 mV with a step-size of 10 mV was used. 
The IKr was measured for study II. The holding potential (HP) was set to −50 mV 
with a voltage step from −40 mV to 40 mV of 4 s and a step size of 20 mV. Using 
the HP of−40 mV, step protocol from−20 to 40 mV of 3 s with step size of 20 mV 
was used. The IKr was measured as 1 μM E4031-sensitive current in the presence 
of 5 μM nimodipine and 10 μM chromanol to block ICa and IKs, respectively. The 
IKr current was isolated by subtracting the currents before and after the addition of 
1 μM E-4031. The peak and tail currents were calculated from the end of the test 
pulse and the peak of the tail current, respectively. Ionic currents were divided by 
cell capacitances and presented as pA/pF. 
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2.9 Calcium Imaging (studies I and II) 

Ca2+ imaging was done using single-wavelength fluorescent Ca2+ dye Fluo-4 
acetoxymethyl ester (AM) (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 
diluted in anhydrous DMSO (Thermo Fisher Scientific) and imaged with Axio 
Observer 1A inverted fluorescence microscope (Carl Zeiss CMP GmBH, Gottingen, 
Germany) equipped with ANDOR iXON3 camera (Andor Technology, Belfast, 
Ireland). Cardiomyocyte aggregates were dissociated into single CMs onto 0.1% 
gelatin-coated 12mm glass coverslips. And 4-7 days post-dissociation, CMs were 
loaded with 4μM Fluo-4AM in a HEPES based medium for 30-45 min before 
imaging. The coverslip was transferred to RC-25 perfusion chamber (Warner 
Instruments Inc., CT, USA) perfused with an extracellular solution and preheated to 
36±1 °C by an SH-27B inline heater (Warner Instruments Ltd.). The extracellular 
solution consisted of (in mmol/L): 137 NaCl, 5 KCl, 0.44 KH2PO4, 20 HEPES, 4.2 
NaHCO3, 5 D-glucose, 2 CaCl2, 1.2 MgCl2 and 1 Na-pyruvate (pH 7.4) and 
osmolarity at 310 mOsm/KG. The imaging was done using a 20x objective and 
FITC filter with an excitation-emission wavelength of 494/506 nm using standard 
FITC filters. The imaging was done for 30-40 seconds captured at 50 FPS frame 
rate. Imaging software Zen 2.3 software (Zeiss, Germany) was used and the files 
were acquired in .CZT file format. For the Ca2+ analysis, the mean intensity of the 
Ca2+ transients was analyzed by drawing a region of interest (ROI) over the whole 
cells. The Ca2+  levels are presented as radiometric values of ΔF/F0. The recording 
was done before and 3-5 min after administration of 10 nmol/L adrenaline (Sigma-
Aldrich). The Ca2+ transients were analyzed with Clampfit version 9.2 (Molecular 
Devices, San Jose, CA, USA). The Ca2+ transients (CaT) were analyzed by 
identifying the signals as normal or abnormal and categorizing the abnormalities into 
subgroups according to their abnormality types. (Data of the Control CMs 
UTA.04602.WT, UTA.11505.WT was combined for Study I and compared with data 
from DCM lines UTA.12704.LMNA and UTA.12619.LMNA). (The data from 
controls CMa UTA.04602.WT, UTA.04511.WT was combined, LQT2-
asymptomatic CMs UTA.03412.LQT2A & UTA.03417.LQT2A was combined and 
from LQT2. Symptomatic CMs UTA.03809.LQT2A & UTA.03810.LQT2A was 
combined, and used for study II.) Ca2+ data were analyzed in a ClampFit 10.5 
software, and statistical analysis of Ca2+ data was made with SPSS software version 
24 (SPSS, Chicago, IL, USA). 
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2.10 HERG channel expression in HEK293T expression system 
(study II) 

To study the p.L552S HERG channel mutation, the WT and mutant HERG 
mScarlet fusion plasmid construct was expressed in HEK293T cells. The localization 
of the exogenously expressed WT, and mutant HERG was studied by confocal 
microscopy. The expression vector for the wild type (WT) HERG expression was 
constructed by subcloning the HERG cDNA from pSP64-HERG1a (Addgene 
plasmid # 53051, a gift from Michael Sanguinetti) in the C-terminal of the mScarlet 
fluorescent protein cDNA at the BamHI (Thermo Fisher Scientific # FD0054) and 
HindIII (Thermo Fisher Scientific # FD0504) sites of pmScarlet-i_C1 (Addgene 
plasmid # 85044, kindly provided by Dorus Gadella). L552S mutation was 
introduced into the HERG_mScarlet fusion plasmid construct by QuikChange site 
directed-mutagenesis technique, using the forward primer- 
gccgtgctgttctcgctcatgtgcaccttt and reverse primer- aaaggtgcacatgagcgagaacagcacggc. 
The mutation was confirmed by direct sequencing using a primer specific for vector 
sequence which flanks the HERG cDNA. For transfection, HEK293T cells were 
maintained in Dulbecco’s Modified Eagle’s Media (DMEM, GIBCO) supplemented 
with 10% Fetal Bovine Serum (FBS, GIBCO), 1% penicillin/streptomycin (Sigma) 
and Glutamax in 5% CO2 at 37 °C. Cells were seeded at a density of 2x105 onto 
coverslips in nunclon 12 well plate. Transfection was carried out according to the 
protocol for FuGene® lipofection reagent, and five hours post-transfection, the cell 
media was replaced with serum-free starvation media. Twelve hours post-
transfection, all cells were fixed in 4% paraformaldehyde in preparation for confocal 
microscopy, and the coverslips were removed and mounted onto glass microscope 
slides using Vectashield's antifade mounting medium with DAPI. Cells were then 
stored at 4 °C overnight before being examined under Zeiss LSM 780 Laser. 
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3 RESULTS 
 
The results presented here are from the validation of the DCM model, the LQTS 
disease model, and finally, the complex scaling analysis of ECG and FP signals. The 
validation of disease models was based on structure, electrophysiological function, 
the effect of stress, the effect of drugs with a comparison between control-hiPSC-
CMs and patient-derived hiPSC-CMs from either DCM or LQTS mutations. 

3.1 Morphological changes in hiPSC-CMs due to LMNA 
mutation  

The confocal microscopy analysis showed that DCM-CMs had more nucleoplasmic 
lamin A  both under standard culture conditions and after ischemic stress when 
compared to controls (p < 0.001 for all, n = 20–30), labeled as LA in the inset figure 
of the nuclear envelope in green (Fig. 17a and c).  

In order to test whether a mutation in lamin A/C affects the structural protein 
organization, we analyzed the sarcomere organization in control and DCM-CMs by 
confocal microscopy and automated image analysis from α-actinin stained cells (Fig. 
17b and d). Under standard culture conditions, there were no significant differences 
in sarcomere organization between the cell lines. The sarcomeric organization was 
studied further under stress by exposure to 3h of ischemic conditions. Dramatic 
sarcomeric disarray (scattering and loss of repeatability formed by Z-lines) in the 
majority of DCM-CMs compared to control CMs was observed (Fig. 17b and d). 
Image analysis carried out on randomly selected cells also revealed significant 
differences (p < 0.05; n = 20 in each group; Fig. 17d). 

3.2 DCM-CMs show impaired basal electrophysiological 
function  

The basal electrophysiological function was found to be impaired with impaired 
Ca2+ dynamics, reduced beating rate, and increased variation in the beating rate both 
at single-cell level and cell aggregate level. 

Results on Ca2+ imaging at the single-cell level are shown on a representative 
transients and transients from the DCM lines shown in Fig. 18a and c. The basal 
calcium transient characteristics of DCM-CMs showed a significantly reduced 
beating rate, increased calcium transient peak duration, significantly increased decay 
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time (Fig. 18b and d). The Ca2+ level, decay tau, and rise time too were found to be 
increased compared to controls Fig. 18d. Representative FPs parameters from 
hiPSC-CM aggregate level analysis done using MEA are shown in (Fig. 18e) with 
representative FP signals from control and LMNA mutated hiPSC-CM aggregates 
(Fig. 18g). At the basal level, LMNA DCM hiPSC-CM aggregate showed reduced 
beat rate, increased field potential duration, and increased irregularity in beating 
rhythm seen in significantly increased short term variation (STV) of interbeat interval 
(IBI) and the field potential duration (FPD) (Fig. 18f and h). 

3.2.1 Stress increased functional impairment in LMNA DCM hiPSC-CMs 

Adrenaline increased the mean beat rate (BPM) significantly in all the lines and 
reduced the mean calcium transient peak duration in control and DCM1 significantly 
while a similar trend was seen in DCM2 (Fig. 19a). An interesting observation was 
seen in the decay tau and rise time, were compared to control hiPSC-CMs, the decay 
tau increased after adrenaline instead of decreasing, and no significant change was 
seen in the rise time (Fig. 19a). Increased arrhythmias were observed on calcium 
transients, including alternations, irregular beating, oscillations, and repolarization 
abnormalities, including plateau abnormalities (Fig. 6E, Article 1). β-adrenergic 
stimulation increased the occurrence of these arrhythmias in DCM hiPSC-CMs. 
However, no apparent effect was observed in control CMs upon adrenaline 
treatment (Article 1 Fig. 6F). 
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β-adrenergic stimulation with adrenaline showed a positive chronotropic response 
in all CM aggregates, whereas the vehicle (distilled water) did not affect the beating 
rate (Fig. 2, Article 1). The application of adrenaline elevated the beating irregularity 
(Fig. 19, b-c). Adrenaline also increased the occurance of different types of 
arrhythmias including alternations and irregularity, premature ectopic beats, 
ventricular tachycardia like arrhythmia (Fig. 3B Article 1). 

 

 

 

 

 

 

 

 

Figure 17.  Cellular and nuclear morphology of Control and DCM. Characterization of lamina 
structure in human induced pluripotent stem cell (hiPSC) derived cardiomyocytes. (a) 
Dissociated control and dilated cardiomyopathy (DCM) hiPSC-cardiomyocytes (CMs) were 
cultured either in normal culture conditions or exposed to ischemic stress for 3 h, fixed and 
stained for lamin A (LA, green), α-actinin (magenta) and DNA (DAPI; blue). Representative 
maximum projections of Z-stack sections (merged) and single mid-plane confocal sections 
(LA, DAPI) from control1 and DCM2 CMs are shown. Scale bar 10 μm. Fluorescent intensity 
values are illustrated below the image with nucleoplasm/lamina (N/L) ratio numbers. (b) 
Control and DCM CMs were cultured under normal culture conditions or exposed to 
ischemic stress, fixed and stained for α-actinin, LA and DAPI. Representative maximum 
projections of Z-stack sections from control1 and DCM2 are shown. Scale bar: 10 μm. (c) 
Fluorescence intensities at the lamina region and in the nucleoplasm were determined from 
mid-plane confocal sections of 20–30 randomly selected cells and the average ratios of the 
signals (nucleoplasm/lamina) were plotted. (***) p < 0.001. (d) TT power analyses of the 
sarcomere organization were carried out with TTorg plugin in ImageJ analysis results (n = 
20, AU = Arbitrary Units). Data is expressed as mean ± s.e.m.,* p < 0.05. 
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Figure 18.  Focus on baseline electrophysiological function of hiPSC-CM. (a) Measurement of Ca2+ transient 
parameters ∆F/F0, peak duration, rise time, decay time and decay tau for the calcium imaging data. 
(b) Ca2+ transient characteristics recorded from hiPSC-CMs at baseline. (c) Representative basal Ca2+ 
transients from control, DCM1 and 2, (d) Calcium imaging parameters for control, DCM1 and DCM2 
CMs at baseline are shown as ∆F/F0 (n = 34, 40 and 42 respectively), decay tau (n = 31, 41 and 41 
respectively), rise time (n = 32, 39 and 40 respectively) and decay time (n = 31, 34 and 35 respectively), 
(e) Representative field potential trace. The start and end points of inter-beat interval (IBI) and field 
potential duration (FPD) are indicated. FPD was calculated from the start of the depolarization wave 
until the repolarization wave reaching the base. (f) Table shows baseline electrophysiological 
characteristics by microelectrode array (MEA) from spontaneously beating cardiomyocyte clusters. (g) 
Representative field potential traces from control, DCM1 and DCM2 cardiomyocyte clusters at baseline. 
(h) An irregular beating pattern observed in DCM1 and DCM2 aggregates was quantified for ≥30 
consecutive beats by the formula for short term variation (STV) of inter-beat interval (a–c) and STV of 
field potential duration at baseline. 
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Hypoxia induction reduced the beating rate in all the hiPSC-CM aggregates and the 
second and third hypoxia cycles had an exaggerated effect on DCM aggregates. 
Reperfusion with 19% oxygen restored functionality and reduction in beating rate 
lost by hypoxia; however, this restoration in LMNA DCMs was only partial 
compared to control (n = 10 control, n = 5 DCM1, n = 11 DCM2). At the end of 
three hypoxia–reperfusion cycles, on day 5 the beating rate in controls was restored 
to about 80% of the initial beating rate, while it was between 30–45% in DCM 
aggregates, indicating an increased sensitivity to hypoxia-induced stress (Fig. 19d).  
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3.3 HERG protein localization on p.L552S Mutation 

The mutated HERG expressed in HEK293T exhibited an altered localization 
pattern with reduced cell membrane expression and an increased cytoplasmic 
compartment with respect to the WT HERG (Fig. 20a). This suggested that the 
p.L552S mutation may have had a detrimental effect on the cellular processing of 
the HERG protein that could lead to trafficking deficiency to the membrane. 

3.4 Function at the single-cell level  

3.4.1 Functional characterization by Ca2+ imaging 

The difference in functionality between asymptomatic and symptomatic was studied 
at the single-cell level using and calcium imaging, voltage clamp, and current clamp. 
Single dissociated hiPSC-CMs were analyzed with Ca2+ imaging at baseline and 
under the effect of adrenaline. The application of adrenaline significantly increased 
the mean beat rate (BPM) in the control samples (p < 0.001) and the LQT2 
asymptomatic (p= 0.042) but significantly reduced the beating rate in the 
symptomatic line (p = 0.037) (Fig. 20b). Both LQT2-CMs derived from symptomatic 
or asymptomatic presented with increased arrhythmias at baseline and in the 
presence of adrenaline (Fig. 20b). Distinct arrhythmias that were observed on 
calcium transients (CaTs) have been presented (Article 2 Fig. 3C, D). The 
symptomatic hiPSC-CMs presented an increased percentage of RD (rise delay) 
arrhythmia and PL (plateau abnormality) arrhythmias compared to both the healthy 
controls and the LQT2 asymptomatic hiPSC-CMs (Article 2 Fig. 3C). The 
symptomatic hiPSC-CMs also presented a significantly higher time to rise for the 

Figure 19.  Characteristic under adrenaline and hypoxia. (a) Calcium imaging parameters at 
baseline (BL) and in the presence of 10 nM adrenaline. (b-c) An irregular beating pattern 
observed in DCM1 and DCM2 aggregates was quantified for ≥30 consecutive beats by the 
formula for short term variation (STV) of inter-beat interval (b) and STV of field potential 
duration (c). BL signifies baseline, veh is vehicle and Adr1μM is adrenaline at 1μM. Data is 
presented as mean ± s.e.m. ANOVA non-parametric tests and a paired t-test were used in 
statistical analysis; (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001. Combined results from 
Control1 and Control2 are shown. (d) Effect of three repeated 3 h cycles of hypoxia (1% O2) 
shown as H1, H2 and H3 and overnight re-oxygenation (19% O2) on beat rate of hiPSC-
CMs recorded on MEA. Control data presented in F is combined from Control1 and 2. Data 
is expressed as mean ± s.e.m., (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001. 
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calcium transients both at baseline and after adrenaline (Fig. 20b). The basal CaT 
characteristics of LQT2-CMs showed significantly reduced Ca2+ levels calculated 
by ∆F/F0 compared to the controls (p <0.005) (Fig. 20b). Apart from these 
characteristics, no significant differences were observed between hiPSC-CMs from 
the LQT2 asymptomatic and symptomatic mutation carriers. 
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3.4.2 Functional characterization by patch-clamp 

The Voltage-clamp technique was used to investigate possible differences in HERG 
channel function between LQT2 hiPSC-CMs from asymptomatic and symptomatic 
carriers, by studying their potassium-current densities.  The IKr peak and tail current 
densities in the hiPSC-CMs from both the asymptomatic and the symptomatic 
LQT2 mutation carriers were found to be significantly lower compared to the hiPSC-
CMs from the healthy controls. No significant difference was found in the IKr 
current densities between the asymptomatic and symptomatic LQT2 hiPSC-CMs 
(Fig. 20c). The baseline electrophysiological properties of hiPSC-CMs by current-
clamp did not show any significant differences between the LQT2 asymptomatic 
and the symptomatic hiPSC-CMs apart from a trend of increased repolarization time 
APD50 and APD90 in symptomatic and reduced conduction velocity dV/dT 
(Unpublished data – Fig. 20d). 

3.5 Arrhythmias at cell aggregate level 

ECG evaluation of the healthy control, asymptomatic, and symptomatic individual 
revealed an increased QTc interval in the symptomatic (Fig. 21a). ECG evaluation 
also revealed bradyarrhythmia with irregular beats and ventricular extrasystole, 
specifically in the symptomatic patient (Fig. 21b). Non-sustain ventricular 
tachycardia was observed during a 24-hour Holter recording on the symptomatic 
patient (Fig. 21c). A sudden adrenergic surge is a known cause of major arrhythmias 

Figure 20.  WT and Mutated HERG channel expression in HEK293T and Function at single cell level, 
calcium imaging, current clamp and voltage clamp. (a) The fluorescent mScarlet-taggedWT
and MUTHERGalleles expressed in the HEK293T cells indicated the increased localization 
to thecell membrane in the wildtype (WT) and the increased cytoplasmic localization of 
mutant HERG (MUTHERG) (transmitted light images added as inset) (b) Response of the 
control, the LQT2 asymptomatic and the symptomatic hiPSC-CMs to application of 10 nM 
adrenaline on beat rate; percentage of CMs showing arrhythmia at baseline (BL) and during 
10 nM adrenaline (Adr 10nM) perfusion; ∆F/F0 and rise time. Data ispresented for n=68, 
78, 44 for the control, the LQT2 asymptomatic, and the symptomatic respectively. (c)
Current-voltage plotof the peak IKrcurrent densities and the tail IKrdensities respectively 
from controls (black), for theLQT2 asymptomatic (red), and symptomatic (blue) hiPSC-CMs.
Values inside parentheses indicate thenumber of hiPSC-CMs analyzed. (d) current clamp
data from Ventricular and atrial hiPSC-CMs Ventricular n=16,4,6 Atrial n=7,6,13 for control, 
asymptomatic and symptomatic respectively.Data is presented as the mean±SEM, 
(*)p<0.05, (**)p<0.01 and (***)p<0.001. (c)   
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like ventricular tachycardia and torsades de pointes (TdP) in LQT2 patients and a 
similar adrenaline stimulation was done on the hiPSC-CMs aggregates. 

Injecting different concentrations of adrenaline on hiPSC-CM aggregates 
reproduced arrhythmias on them. Functional evaluation on MEA revealed a 
significantly increased field potential duration (FPD) in both LQT2 asymptomatic 
and symptomatic hiPSC-CM aggregates compared to control at basal conditions 
(Fig. 21d). Increased arrhythmias were observed on the application of adrenaline in 
symptomatic hiPSC-CM aggregates compared to LQT2 asymptomatic hiPSC-CMs 
and aggregates from control hiPSC-CM aggregates (Article 2 Fig. 4). Different 
arrhythmias were observed on hiPSC-CM aggregates, like those observed during 
ECG and Holter recordings (Fig. 21b, c, e). Arrhythmias were defined, based on 
their rate of occurrence, the beating frequency, change in morphology compared to 
regular baseline beats, and the length of time for which they occur. 
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The different arrhythmias that were observed were categorized as: irregular 
monomorphic tachycardia (IMT), alternans (ALT) with alternating long and short 
inter-beat intervals, premature ectopic beats (PEBs), early after depolarization-like 
arrhythmias (EADs), repolarization abnormalities with monomorphic arrhythmia 
(RA), monomorphic triggered activity (MMTA), non-sustained ventricular 
tachycardia-like arrhythmia (NSVT) and non-sustained ventricular fibrillation 
(NSVF-like) arrhythmia, all these were found more frequently in hiPSC-CMs 
aggregates from the symptomatic mutation carriers (Fig. 21e). MMTA was defined 
as a triggered activity lasting ≥10 s without any change in the morphology of the FP 
waveform and without premature beats as a trigger. NSVT was defined as a triggered 

Figure 21.   ECG evaluation and at function at aggregate level on MEA. (a) ECG from a healthy and 
symptomatic individual showing the prolongatin of QT interval and typical flatter t wave 
morphology in the symptomatic; QTc intervals of healthy, LQT2 asymptomatic and 
symptomatic mutation carrier. (b-c) The presence of arrhythmias including irregular beats, 
ventricular extra systoles (VES), and non-sustained ventricular tachycardia (NSVT) in the 24h 
holter recording of the symptomatic individual (d) Representative field potential traces from 
the control, the LQT2 asymptomatic and the symptomatic aggregates at baseline (left). The 
arrows depict the end point of the repolarization duration, i.e., the field potential duration 
(FPD); the FPD was calculated from the start of the depolarization wave until the repolarization 
wave reaching the base. The scatter-dot plots (right) show the corrected field potential 
durations (cFPDs) from the control, the LQT2 asymptomatic and the symptomatic (labelled as 
(C,A and S with black, red and blue colors respectively), the boxes show the mean and SEM, 
for n = 62, 46, 38, respectively, for both the plots. (e) Representative field potentials and 
characteristic arrhythmia observed in the control, the LQT2 asymptomatic and the 
symptomatic hiPSC-CM aggregates at baseline and after the application of adrenaline. Reg = 
Regular; IMT = irregular monomorphic tachycardiac-like arrhythmia and variation of field 
potential beats; ALT = alternans; PEBs = premature ectopic beats; EADs = early after 
polarization-like arrhythmia; RA = Repolarization abnormality with monomorphic arrhythmia; 
MMTA = Monomorphic triggered activity-like arrhythmia; NSVT = Non-sustained ventricular 
tachycardia-like arrhythmia; NSVF = Non-sustained ventricular fibrillation-like arrhythmia. The 
red arrows point to distinguish the types of arrhythmia for clarity purposes. (f) The plots show 
the responses of the control, the LQT2 asymptomatic and the symptomatic hiPSC-CM 
aggregates to the IKr blocker E4031 at 300 nM; for vehicle (distilled H2O) n = 26, 18, 19 
respectively, and for 300 nM E4031 n = 39, 17, 24, respectively. Responses of the control, the 
LQT2 asymptomatic and the symptomatic hiPSC-CM aggregates to the IKs blocker JNJ303 
300 nM for the vehicle (DMSO) n = 9, 3, 11, respectively, and 300 nM JNJ303 n = 27, 13, 12, 
respectively. Data is presented as mean ± SEM, (*) p < 0.05 and (***) p < 0.001 compared 
between Long QT asymptomatic or symptomatic and control and (#) p <0.05, compared on all 
three lines by ANOVA. Representative field potentials and the characteristic arrhythmia 
observed in the control, the LQT2 asymptomatic and the symptomatic hiPSC-CM aggregates 
after application of E4031 and JNJ303 EAD-like arrhythmias and premature ectopic beats 
(PEBs) are marked with black arrowheads. 
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activity requiring a premature ectopic beat as a trigger, with activity lasting ≥30 s. 
NSVF was defined as a triggered activity with an increased beating rate, requiring a 
premature ectopic beat as a trigger, with >6 consecutive ventricular complexes or 
ventricular tachycardia-type VT lasting <200 s. 

The difference between asymptomatic and symptomatic was observed on 
adrenergic stimulation. Further evaluation of hiPSC-CM aggregates was conducted 
to understand possible differences in the repolarization reserve between the LQT2 
asymptomatic and the symptomatic mutation carrier-derived hiPSC-CM aggregates. 
Two drugs were tested that are known to prolong the QT duration (IKr specific 
blocker E4031 and IKs specific blocker JNJ303 each at concentrations of 300 nM). 
A significant increase in cFPD was observed in control and symptomatic hiPSC-
CMs but not in asymptomatic hiPSC-CMs after E4031 application. Conversely, on 
JNJ303 application, asymptomatic hiPSC-CMs showed an further prolonged cFPDs 
compared to symptomatic and control hiPSC-CMs (Fig. 21f). Furthermore, on both 
E4031 and JNJ303 application, arrhythmias like early after polarization-like 
arrhythmia (EAD)s, premature ectopic beats (PEB)s and the ceasing of beating 
(labeled as major arrhythmia) were more commonly observed in the symptomatic 
compared to the LQT2 asymptomatic aggregates (Fig. 21f and Article 2, Fig. 5B, 
5D).  

3.6 Fractal correlation and scaling 

Two scaling exponents α1 and α2, which represent short-range and long-range 
correlations, were quantified from ECG and field potentials on MEA. The RR and 
QT intervals were from ECGs from healthy control subjects. The interbeat intervals 
(IBIs) and field potential durations (FPDs) were from hiPSC-CM aggregates derived 
from a healthy control. 

The α1 was calculated in the time scale of fewer than 20 beats and α2 in the scale 
of more than 30 beats. The α1 and α2 values of RR and QT intervals of ECGs and 
IBIs and FPDs of the hiPSC-CM measurements are visualized in the graphical 
quadrilateral in Fig. 22a. Each corner of the quadrilaterals corresponds to a scaling 
exponent. The mean α values are marked with bold lines, and the spread of the values 
is shown in colored lines.  

The top sites of the quadrilaterals connecting the α1 and α2 of RR intervals and 
IBIs are flat, i.e., α1 ≈ α2 ≈ 1. The base of the quadrilateral was inclined where both 
QT intervals and FPD intervals showed significantly different α1 compared to α2 with 
α2 closer to 1 compare to α1. The mean α2 is close to one, indicated that QT intervals 
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are long-range correlated as the RR intervals, while the mean α1 is much closer to 
0.5, indicating that the correlation properties resemble those of white noise in the 
short time scale. The scaling behavior of FPDs is in notable agreement with that of 
QT intervals, with a small discrepancy in α2 (p = 0.09). Overall, the quadrilateral for 
the hiPSC-CM aggregates resembles that of ECGs., suggesting that the fractal-like 
scaling property is invariant over the time scale.  

Spectra of the scaling exponent α defined over a continuous time scale (i.e., 
without division in α1 and α2) are shown in Fig. 22b. The left panel Fig. 22b shows 
the characteristic scaling patterns of the α spectra of RR and QT intervals. The α 
spectra of RR intervals approach a constant value with increasing scale resulting 
α1 ≈ α2 ≈ 1. In contrast, the α spectra of QT intervals start at lower values and 
increase with scale, hence α2 > α1. A similar increase in scaling showed for IBI 
intervals α1 ≈ α2 ≈ 1. For the FPDs, the increase in scale showed α spectra go towards 
1 after starting at lower values, similar to the observation in the left panel in QT 
values (Fig. 22b). 
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Figure 22. Comparison of detrended fluctuation analysis at short and long term between 
RR-QT intervals of ECG and IBI-FPD intervals of Field potentials from hiPSC-
CM aggregates. (a) Visualisation of the DFA α1 in the time scale of beats <20 and α2
in the scale of beats >30 for ECGs (left panel, N = 18) and hiPSC-CM aggregates
(right panel, N = 10), respectively. Each corner of the quadrilateral corresponds to an 
α value. The mean value is marked with bold line, and the statistical significance of 
the difference in the α values are denoted with asterisks with following significance 
level: *p < 0.05, **p < 0.01, and ***p < 0.001. (b) Continuous spectra of α of RR and
QT intervals (left) and IBIs and FPDs (right) over the log scales. 

a) 

b) 
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6 DISCUSSION 
The lack of proper models to study inherited cardiac diseases has been a significant 
concern, and the use of hiPSC-CMs as a model could overcome this problem. 
Despite the limitation of hiPSC-CMs, like immaturity, spontaneous beating, 
heterogenicity; these models are useful in investigating genetic cardiac diseases and 
can provide a model to replicate human cardiac pathophysiology more thoroughly. 
The three studies in this thesis, focus on the development, characterization, and the 
study of hiPSC-CMs for an improved understanding of cardiac function and disease 
pathophysiology.  

6.1 Modeling LMNA related DCM 

A disease model from Finnish founder mutation of LMNA gene p.S143P causing 
DCM was created using hiPSC technology, from DCM patients carrying the 
mutation. This is the first hiPSC-CM model for p.S143P LMNA mutation, a founder 
mutation affecting several families in Finland. 

6.1.1 Morphological changes in LMNA related DCM 

The hiPSC derived cardiomyocytes of LMNA related DCM showed a change in 
structure and function under stress. The results on its morphology showed 
mislocalization of LMNA in the mutated CMs at baseline and after application of 
ischemic stress, where the nucleoplasm/nuclear lamina ratio for the Lamin portion 
was significantly lower in controls compared to the mutated-CMs. Significantly 
higher sarcomeric disorganization was also observerd in the DCMs. Our data is 
consistent to some extent with other studies showing that DCM iPSC-CMs with 
mutations in sarcomere proteins (i.e., cTnT and titin) showed α-actinin 
disorganization and were more sensitive to additional stress [194, 195].  

It is important to note that at baseline, the control and DCM hiPSC-CMs had a 
similar sarcomeric organization, and only after hypoxic that the difference was 
found. Previously, a similarly disrupted sarcomere organization was observed in CMs 
carrying the LMNA p.R190W mutation, but these differences were detectable 
already under standard culture conditions [196]. These cellular phenotypic 
differences between lamin mutations may be due to differences in pathogenicity and 
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assembly properties of mutant lamin protein as they may have different effects, e.g., 
on the organization of LINC (linker of nucleoskeleton and cytoskeleton) complexes. 

Tissue stiffness and stress are directly proportional to the lamin-A content in the 
nucleus [197]. Since CMs are under constant mechanical and enectrical stress, a 
strong lamina structure is needed to maintain the nuclear integrity. The intensity of 
the lamina region increased 60 % in WT iPSC-CMs and only 32 % in mutant iPSC-
CMs during the 3h hypoxia + serum glcose deprivation (SGD) treatment. This 
indicates that WT lamin-A is more capable of adapting the cell to stress by increasing 
the lamina density to strengthening it. Mutant lamina is more sensitive to nuclear 
breakage and cell death when exposed to stress if the lamina is too fragile. This may 
eventually cause DNA damage and cell death, especially in tissues that are exposed 
to constant stress, such as in the cardiac muscle. Application of hypoxia affected the 
function of LMNA-mutated CMs more than control CMs, and they presented 
increased hypoxia markers Hypoxia-inducible factor 1-alpha (HIF1α), gamma H2A 
histone family member X (γH2AX), and cleaved caspase 3 in western blot. The latter 
is also supported by increased γH2AX and caspase-3 immunofluorescence staining 
intensity in DCM-CMs upon hypoxia in Study 1. 

Other studies on LMNA A/C mutations have reported aberration in 
localization and disrupted lamina, altered emerin localization, desmin-
disorganization in cardiac biopsies, cardiovascular defects, and sudden 
death and variation in disease penetrance [198-201]. A previous study 
using patient fibroblast carrying the p.S143P mutation also showed more 
nucleoplasmic lamin A/C (LAC) [69]. A study on LMNA -/- mice showed 
to have an effect on the nuclear morphology more extensively in the heart 
and skeletal muscles compared to hepatocytes, suggesting that nuclear 
lamina from the contractile tissue is more susceptible to deformation [71]. 
Two previously published reports, one on HEK293T expression system 
model of Lamin A mutant DCM [202] and another one on cultured human 
fibroblasts [69], showed that the mislocalization of mutant Lamin A/C 
could lead-to incompletely formed and fragile nuclear lamina leading to 
reduced tolerance to stress. These previously published reports support 
the findings of the studies carried out for this thesis. 
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6.1.2 Functional changes in LMNA related DCM 

Basal Function  

Functional assessment at a single-cell level using Ca2+ imaging showed reduced 
beating rate and irregular Ca2+ transients at basal conditions. Impaired Ca2+ cycling 
was evident in LMNA-specific CMs. This reduced beating rate and irregular beating 
rhythm was also observed at the cell-aggregate level on MEA. The application of 
adrenaline increased the arrhythmias at CM aggregates in LMNA-DCM CMs.  

Ca2+ imaging studies revealed elevated cytosolic calcium levels and increased 
decay tau, rise time, and decay time in DCM-CMs compared to controls. The study 
by Nikolova and colleagues on LMNA knockout mice CMs reported that apart from 
a significant increase in time to 50% relaxation,  no other major differences in Ca2+ 
transients at the basal level [71]. However, we found an increased peak-interval and 
decay-time in our studies at the basal level. The decay phase of the calcium transients 
(CaT) are due to the removal of Ca2+ via SERCA, and Na+/Ca2+ exchanger 
(NCX), and these Ca2+  clearence mechanism could be affected in our DCM-CMs 
[203]. A slow calcium decay could be a factor for spontaneous calcium release from 
SR and could be the reason for DAD formation, reported in this model.  

Function under adrenaline 

In this report, Ca2+ imaging studies have revealed prolonged CaT decay 
characteristics, paried with an increased baseline Ca2+ which significantly increased 
on the application of adrenaline. Application of adrenaline has shown to increase 
contractility with G-protein coupled secondary messenger with an increase in 
intracellular Ca2+ to increase the beating rate. It has been reported in the literature 
that familial DCM models display an overload of intracellular Ca2+, an increased 
sensitivity to chronotropic stress by noradrenaline and an impaired conduction of 
action potentials [194, 204, 205]. Under normal conditions, an enhanced Ca2+ 
overload results in augmentation of Ca2+ release from the sarcoplasmic reticulum 
(SR), larger Ca2+ transients (CaT), and an enhanced contractile force, e.g., during β-
adrenergic receptor (β-AR) stimulation [206]. The efficient Ca2+ cycle regulation in 
regular physiological function was found to be impaired in LMNA mutated hiPSC-
CMs. Johnson et al., reported that cellular Ca2+ overload could enhance beat-to-beat 
variation and play a role in arrhythmia generation [206]. In the present study, 
impaired Ca2+ reuptake, especially under β-adrenergic stress was found on hiPSC-
CMs from LMNA DCMs. 
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Response to adrenergic stress is well-coordinated under normal conditions, but 
on ionic imbalance, Ca2+ overload in the cytoplasm could increase the beat-to-beat 
variation and lead to major arrhythmias. Significantly increased beat rate variation 
has also been reported in animal models and in selected human subjects prior to the 
onset of major arrhythmias [206]. In our study, cell clusters revealed that arrhythmias 
increased during the application of adrenaline at the single-cell level. The basal level 
short-term variation (STV) was significantly higher and showed a significant decrease 
in the application of adrenaline on the healthy control hiPSC-CM clusters, but no 
significant change was observed on DCMs. A reduction of arrhythmias was observed 
in a study on preconditioning rats with different concentrations of adrenaline to 
protect against ischemia and arrhythmias [35] as was also observed in our control 
hiPSC-CMs. Quantifying the short term variation has consistently demonstrated to 
be a more reliable indicator of arrhythmogenic risk than only prolonged 
repolarization [206]. The mechanisms of this increase in variability at the cellular 
level remain incompletely understood, but previous studies have pointed towards 
spontaneous calcium release, impaired calcium regulation coupled with prolonged 
repolarization time to be a significant contributor [190, 206, 207]. 

Our study would have to be repeated with further lower and higher 
concentrations of adrenaline to understand if a similar activity is observed 
in vitro. Clinical findings from DCM patients including; bradycardia, 
increased beat rate variation, arrhythmias, conduction defects, impaired 
Ca2+ handling, a high arrhythmic risk before onset of heart failure have 
been reported [134, 208, 209]. The results presented in this thesis, 
including the change in morphology of hiPSC-CMs, and function under 
stress could atleast partially explain the causative factors behind the 
symptoms in the DCM patients. This model helps to understand the 
molecular pathology of LMNA-related DCM and provides a platform for 
drug testing in the future. In future studies, the L-type Ca2+ current can 
be recorded to understand the disease further and develop therapy. 

6.1.3 Arrhythmias in LMNA DCM hiPSC-CMs 

Arrhythmias that were observed in our DCM-CMs CaTs at single cell level include, 
oscillations, slow beating rate, delayed afterdepolarizations, early 
afterdepolarizations, Phase 2/3 prolongations, and alternations. Additionally, these 
arrhythmias were found to be increased after adrenaline application in hiPSC-CMs 
form LMNA DCMs but reduced in control.  
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The increased arrhythmia occurance on DCM CaTs was also found on cardiac 
clusters on microelectrode array. At hiPSC-CM cluster level on MEA the 
arrhythmias that were observered were; bradyarrhythmias, alternations, premature 
beats and arrhythmias like, ventricular tachycardia (VT), ventricular fibrillation (VF) 
and non-sustain VT-VF arrhythmias. The DCM aggregates also presented increased 
beat to beat variation and increased arrhythmia occurrence compared to control on 
adrenaline applications. The factors that can be implicated for the increased 
arrhythmicity are reduced organization of myofibers, increased stiffness of the 
nuclear envelope, both leading to disruption of the link between sarcolemma, 
cytoskeleton, impaired ion-channel function [34].  

Clinically, bradyarrhythmias, conduction abnormalities, non-sustained ventricular 
tachycardia and  supraventricular arrhythmias have commonly been reported for 
patients with LMNA DCM [34]. A case study published in 2015 reported that 
LMNA DCM patients presented premature ventricular contractions at basal 
conditions and presented ventricular extrasystoles and NSVT when they began to 
exercise [210]. Reproduction of these characteristic arrhythmias (bradyarrhythmias, 
premature beats, alternations, NSVT-like arrhythmia) on hiPSC-CMs, and aggregates 
on adrenaline in the study applications substantiate our LMNA DCM disease model.  

6.1.4 Hypoxia & Ischemia  

Earlier randomized clinical trials for heart failure, have typically reported that 30-
40% of the cases are from non-ischemic DCM (often with a genetic etiology) 
compared to ischemic DCM [211]. A rabbit model of chronic heart failure, reported 
that a failing heart is more susceptible to arrhythmias and injury from ischemia and 
reperfusion [212]. Genetic DCM due to LMNA mutations is classified as non-
ischemic cardiomyopathy; and in this thesis, it was sought to analyze the effect of 
ischemia on cardiomyocyte generated from a genetic DCM patient. To our 
knowledge, this has not been done before. Understanding the effect of hypoxic 
stress on DCM cardiomyocytes opens a window for improved understanding of 
ischemic susceptibility in patients with cardiomyopathy. 

In this thesis it was found that in healthy control aggregats, the hypoxia-induced 
beating arrest could be reversed, and the beating is resumed on reperfusion of 19% 
oxygen for 30 mins. However, repeating cycles of hypoxia and oxygen reperfusion 
presented an exaggerated effect on the DCM aggregates. The mechanism by which 
hypoxia affected the LMNA DCM could be due to the increased production of 
apoptosis marker γ-H2AX, cleaved caspase 3, peIF2α heat shock protein 70, HIF1α, 
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as shown by western blot and immunostaining studies. Increased structural damage 
in the sarcomere organization was also revealed in DCM-CMs on induction of 
hypoxia. This is the first study that has reported the effect of acute ischemic stress 
and ischemia-reperfusion on the electrophysiological function of hiPSC-CMs. More 
studies are neede on the mechanism of injury due to ischemia and reperfusion on 
patient models, predisposed to due to genetic mutations affecting the heart. 

6.2 Modeling LQT2 

Existing models of LQT2 from animals and hiPSC-CMs have been immensely 
helpful in understanding the disease. The disease model for LQT2 presented in this 
thesis, was produced with hiPSC-CMs generated from two carriers of HERG gene 
mutation from the same family, of which one was symptomatic, and the other was 
asymptomatic. This was done with an aim to understand if differences in phenotype 
manifest at the cellular level. While modeling LQT2, it was observed that differences 
between phenotype were more pronounced at the cell aggregate level rather than at 
the single cell level. The electrophysiological studies on cellular aggregates  indicated 
that research exploiting hiPSC-CMs correspond to the clinical phenotypes of the 
patients. 

6.2.1 HERG expression in HEK293T 

Results from this thesis reproduce this previous findings that p.L552S mutation 
could be a protein trafficking defect mutation; as shown by a reduced expression of 
the channel on the cell membrane. Anderson et al. have reported a large scale analysis 
of about 300 different LQT2 mutations using HEK293T cells on western blot, 
which showed that the pore mutation p.L552S could be a correctable trafficking 
defect mutation [213]. However, these results must be interpreted with caution as 
these experiments were done in transfected cells in a non-human expression system 
model, which does not have human post-translation modifications, the effect of 
accessory subunits, cellular electro-mechanical function, morphology, and 
compensatory currents. This could be supported and attested by a report by Liu Li 
et al. in 2016 on modeling p.G572S of LQT2 in HEK293T cells found that co-
expressing the mutated channel with the β-subunit KCNE2 increased the trafficking 
of the mutated HERG and also the current density [214]. Reproducing these findings 
in hiPSC-CMs could be important for future studies in p.L552S mutation. 
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6.2.2 Functional analysis at the single-cell level  

Functional analysis at the single-cell level did not reveal significant differences 
between asymptomatic and symptomatic derived hiPSC-CMs. However, prolonged 
APDs and arrhythmias like EADs, DADs were found to be more common in LQTS.  

The study of calcium cycling using Ca2+ imaging, the main difference in 
symptomatic and asymptomatic CaTs from LQT2 hiPSC-CMs revealed a significant 
increase in rise-time in the symptomatic cells, suggesting an altered calcium release. 
Previous publucations, on modeling LQTS from asymptomatic and symptomatic 
carriers (Table 3) have not reported the use of Ca2+ imaging technique. 
Symptomatic hiPSC-CMs also presented a blunted β-adrenergic response. A similar 
blunted response to adrenergic stimulation was reported in pathogenic variants of 
DCM in an hiPSC-CM model [205]. Previous studies on single hiPSC-CMs from 
LQT1 asymptomatic mutation carriers have reported that β-adrenergic stimulation 
evoked arrhythmia at the single-cell level, whereas single hiPSC-CMs generated from 
LQT2 asymptomatic mutation carriers did not evoke arrhythmia [155, 165]. In this 
thesis, hiPSC-CMs from LQT2 patients presented higher percentage of spontaneous 
arrhythmias under regular conditions and in the presence of adrenaline compared to 
hiPSC-CMs from controls. Langendorf-perfused hearts from a transgenic rabbit 
model of LQT2 have implicated ´sympathetic surge´ for the generation of EADs 
compared to sustained sympathetic tone in LQT1 [146]. 

Results from current clamp analysis of hiPSC-CMs showed an increase in APD50 
and APD90 in ventricular cells from symptomatic hiPSC-CMs and a reduced 
dV/dT, however a statistically significant increase was not observed. In a pioneering 
study made by Ilanit Itzhaki et al. on LQT2 modeling with hiPSC-CMs p.A614V 
mutation also showed APD prolongation [154]. They also showed a reduction in 
dV/dT (repolarization velocity) in both ventricular-like and atrial-like LQT2 hiPSC-
CMs [154], similar to what we have found. (Unpublished data Fig. 20d).  

In our study, the results from voltage-clamp studies showed a significantly 
reduced peak and tail current in the LQT2 hiPSC-CMs. These results were 
contradictory to an earlier report from the voltage clamp of the same mutation when 
expressed in COS7 cell line, where the whole-cell patch did not present a significant 
difference in amplitude of the current, between cells expressing wildtype HERG and 
HERG with p.L552S mutation [152]. However, the same study did report an 
increased rate of activation and deactivation kinetics in the mutant cells [152]. The 
reduced activation and deactivation times was the mechanism hypothesized by them 
to be the reason behind reduced channel activity at the end of cardiac repolarization 



 

100 

and the cause of EADs [152]. This contradiction in current density may be due to 
many reasons, including the apparent difference of human vs. animal expression 
system cells.  

Another study by Chai and co-workers [166] studying the hiPSC-CMs LQT2 
model with p.R752W mutation also found a reduction of HERG current density 
between LQT2 hiPSC-CMs and control. They found no difference between the 
HERG current densities in hiPSC-CMs derived from asymptomatic and 
symptomatic carriers. This observation is similar to findings in this thesis of no 
significant differences at the single-cell level between hiPSC-CMs from 
asymptomatic and symptomatic LQT2 carriers. 

6.2.3 Arrhythmias in vitro 

Clinically ventricular extrasystoles, variation in beats with bradycardia, TdP 
arrhythmia, or VT-like arrhythmia have been reported in LQT2 patients. These 
arrhythmias in LQT2 patients are induced after sudden arousal, after a sudden 
emotional rush, loud noise, during exercise, or at rest during sleep. T-wave alternans 
and increased beat to beat variability have been reported to be precursors to lethal 
arrhythmia. Our in vitro studies successfully reproduced arrhythmias that have been 
observed in a clinically. These arrhythmias include; 1) irregular monomorphic 
tachycardiac-like arrhythmia, 2) alternans (ALT), 3) early after depolarization (EAD) 
like arrhythmias, 4) premature ectopic beats (PEBs), 5) repolarization abnormality 
with monomorphic triggered activity, 6) non-sustained ventricular tachycardia 
(NSVT), and 7) non-sustained ventricular fibrillation (NSVF)- like arrhythmia (Fig. 
21e). These arrhythamis were more frequent in the hiPSC-CM aggregates from the 
symptomatic patient compared to the hiPSC-CM aggregates from LQT2 
asymptomatic and the healthy controls.  

In this thesis, the arrhythmic phenotype was observed on cell-aggregates and not 
at single cell level. This could be due to reduced transmural dispersion of 
repolarization (DOR) in the symptomatic aggregates. At the single cell level this 
phenomenon does not exist and perhaps is the reason the difference in phenotype 
between asymptomatic and symptomatic was not observed. According to current 
knowledge, this phenomenon of DOR has not been reported in cellular studies. 

Adrenergic stimulation modulates two major ion currents, which are the IKs and 
the ICa. The inward ICa increase, could lead to a prolongation of the repolarization 
duration, whereas the outward IKs could shorten the APD [146]. A study on rabbit 
model of LQT2 has reported that the β-adrenergic surge increases the L-type calcium 
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current (ICa) about four times faster than IKs (time constant 9.2 s for ICa and 43.6 
s for IKs) [146]. In the same study, in-silico modeling demonstrated a high-risk 
window for EADs in LQT2 cells, during β-adrenergic perfusion due to mismatch in 
the time courses of ICa and IKs, which may explain that a sympathetic surge rather 
than high sympathetic tone can be a significant trigger of EADs in LQT2 perfused 
hearts [146]. The mechanism causing increased arrhythmia in hiPSC-CMs from 
symptomatic carriers could be due to increased ICa, as also shown by Chai et al. in 
their study [166]. Chai et al. further report the presence of compensatory outward 
currents rescuing the repolarization reserve and preventing arrhythmias in the LQT2 
asymptomatic hiPSC-CMs [166]. A reduced transmural DOR has been hypothesized 
as a possible mechanism for arrhythmia in LQT2, as reported in canine model with 
reduced connexin 43 expression [143]. 

The results from this thesis shows that both IKr and IKs block, evoke EAD-like 
arrhythmia, premature ectopic beats (PEBs), and the ceasing of beating, more 
commonly in the hiPSC-CM aggregates from the  symptomatic compared to the 
LQT2-asymptomatic or healthy controls (Article 2 Fig. 5). An earlier study testing 
the effects of IKs blockers on hiPSC-CMs aggregates from symptomatic and 
asymptomatic LQT1 on MEA, did not report significant differences [163].  

A prolongation of APD due to IKs loss is limited compared with the IKr loss, 
and pause-dependent TdPs are more likely in LQT2; as reported by [146], this could 
explain the limited increase in FPD on IKs block in our results compared to IKr 
block. It could also be hypothesisez that compensatory currents in asymptomatic 
hiPSC-CMs may alleviate the pathology and reduce the occurance of arrhythmias. 
Although, EADs were more commonly observed in symptomatic than 
asymptomatic and control, arrhythmia occurrence was more in control than 
asymptomatic. And this could be explained due to the compensatory currents 
helping the repolarization reserve. 

The study in this thesis, is the first to analyze cardiac phenotypes separately in 
single hiPSC-CMs and CM aggregates. The differences in arrhythmia occurrence in 
symptomatic and asymptomatic at aggregate level were on application of adrenaline. 
An additional reduction of the repolarization reserve by blocking the IKs or IKr also 
provoked differnces between the symptomatic and asymptomatic at aggregate level. 
In future, it would be essential to consider the aspect of single-cell and aggregates, 
to understand that single cells may not reflect phenotypic differences, e.g., during 
disease modeling and while conducting pre-clinical drug toxicity tests. 
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6.3 Complex scaling correlation in the heart & hiPSC-CMs 

The comparison of long-term scaling correlation between the beating patters of 
hiPSC-CMs and ECG was made with an aim to understand if long-term self-
similarity exists in these biological patterns and how they correlate with each other. 
It has been previously reported that healthy human heart rate oscillates and its 
variability over time shows long-range fractal correlations [180]. These fluctuations 
are non-stationary, non-random, complex processes with specific long-range 
correlations that are indicative of a memory effect and that the heart rate is not just 
related to the immediately preceding value, but also to values in the remote past 
[215]. A fundamental feature of a fractal system is scale-invariance, i.e., the same 
features repeat themselves on different measurement scales. This complex 
correlation shows breaking down in diseased or aging hearts.  

Detrended fluctuation analysis (DFA) is a scaling analysis method to represent 
the correlation properties of a signal, with self-similarity coefficient α (α1 in the short 
term less than 20 beats and α2 at long term more than 30 beats) [215]. The 
advantages of DFA over many other methods is that it permits the detection of long-
range correlation embedded in seemingly non-stationary time series rather than the 
direct liner magnitude of variation in the beats [215]. Monolayer cultures of rat 
ventricular cardiomyocytes and hiPSC-CMs lacking autonomic control in vivo exhibit 
fractal-like complexity have been reported [163]. 

Scaling properties of field potential durations (FPDs) of hiPSC-CM aggregates 
have not been reported previously. The inter beat intervals (IBI) and FPD scaling 
properties, show a notable similarity with the RR and QT intervals of the ECG data. 
Our report reveals that increasing the scaling exponent of QT intervals as a function 
of the time-scale is also an intrinsic feature at the cellular level.  

It was significant to note that, no statistically significant difference was found in 
the short and long-term scaling exponents α1 and α2 of RR and QT intervals and their 
cellular equivalences FPD and IBI. The Fig. 22a shows two quadrilaterals, the top 
sides of the quadrilaterals connecting the α1 and α2 of RR intervals and IBIs are flat, 
i.e., α1 ≈ α2 ≈ 1, suggesting that the fractal-like scaling property is invariant over the 
time scale, but QT intervals have significantly different α1 and α2. The mean α2 is 
close to one, indicating that QT intervals are long-range correlated as the RR 
intervals, while the mean α1 is much closer to 0.5, indicating that the correlation 
properties resemble those of white noise in the short time scale.  

A continuous scaling behavior was found from short to long term for ECG as 
well as MEA data. The results show that the hiPSC-CM aggregates tend to behave 
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more erratically and their α spectra show increased variation than those from ECGs. 
The α spectra of RR intervals approach a constant value with increasing scale, 
resulting in α1 ≈ α2 ≈ 1. In contrast, the α spectra of QT intervals start at lower values 
and increase with scale, hence α2 > α1. Such changes in the behavior of scaling 
properties have been reported in HRV during pregnancy [216]. 

Previous reports comparing human ECG with FP data from hiPSC-CMs, with 
respect to their heart rate variability and power-law, have shown similarities [217, 
218]. This is in line with our data where the descending α spectra of RR intervals and 
the increasing α spectra of QT intervals, are clearly present in the spectra of hiPSC-
CM aggregates. The overall resemblance implies that the distinct scaling patterns of 
RR and QT intervals are independent of the autonomous regulation, as these 
patterns are also present in isolated hiPSC-CM aggregates. This comparison is an 
essential step for establishing hiPSC-CM aggregates as an ideal in vitro model for 
mimicking certain features of the human heart. It also sets a base, for the 
development of methods for detecting pro-arrhythmic drugs and can be used 
clinically as a prognostic feature. It would be essential in the future to discriminate 
and compare short and long-term DFA correlations at hiPSC-CMs single-cell level, 
aggregate level, and at the organ level. This understanding would be essential before 
moving towards using hiPSC-CMs as therapeutic pace-makers or as tissue 
engineered cardiac-patch in future. 

6.4 Limitations and future perspectives 

Though hiPSC-CMs present an advantage over existing animal models and 
expression systems, there are some limitations to be considered while extrapolating 
the results. Compared to adult cardiomyocytes, the hiPSC-CMs are immature and 
proarrhythmic at single-cell level [219]. There is a batch-wise variation in 
reprogramming, differentiation, and function. More efficient reprogramming and 
differentiation methods, maturing the hiPSC-CMs, could help to overcome this 
issue. For the studies in this dessertation, these limitations were overcome by using 
multiple batches of hiPSC-CMs which were age matured for at least 30 days.  

For the first study, there was only one cell line used per patient, however this was 
changed in the consequent study, where two lines per patient were used. Another 
crucial area for limitation was field potential signal analysis from MEA. The signal 
processing analysis done for the thesis was semi-automated, time-intensive, and an 
improved analysis by efficient FPD end detection could help to reduce time and 
increase sensitivity in the variable FP signals.  
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Additional limitations in the disease modeling section include the presence of 
multiple pathophysiological mechanisms in single-mutation diseases which cannot 
be studied even on personalized patient-on-a-dish models. These pose a significant 
challenge in having an efficient clinical translation of results from in vitro studies. 

From our results, it could be inferred that drugs that increase ion channel 
trafficking, and drugs that increased gap junction density could be beneficial for 
treating p.L552S LQT2. It could also be inferred that the asymptomatic and 
symptomatic may require unique clinical interventions, considering the possibility of 
compensatory currents in the asymptomatic or increased ICa in the symptomatic.  

Isogenic CRISPR/Cas9 corrected controls were not available for the studies in 
this thesis and would be necessary and ideal for future studies. The limitations of our 
study also include, not using control hiPSC-CMs derived from non-carriers in the 
same family. Additionally, the effect of the gender of the donor of hiPSC lines and 
its effect on CM-function remains to be investigated. In order to ensure that the 
disease-specific effect are understood rather than individual specific or gender 
specific effets, in future studies it would be pertinent that more than just one familial 
pair of asymptomatic and symptomatic mutation carriers (from both sexes) are used. 

6.5 Conclusions and key takeaways 

In conclusion, the findings from the three studies in this dissertation show that, 1) 
hiPSC-CMs from disease models may show morphological changes, 2) hiPSC-CMs 
from disease models may show pronounced differences under stress or stimulation, 
3) hypoxia reduces or arrests the beating rate, while oxygen-reperfusion restores the 
functionality in control hiPSC-CMs, the restoration of function may be limited in 
the hiPSC-CMs from the disease model, 4) hiPSC-CMs can be used to model 
clinically varied phenotypes of genetic cardiac diseases, 5) disease phenotype was 
observed more evidently at cell aggregate level rather than at the single cell level, 6) 
hiPSC-CMs can reproduce disease-specific arrhythmias at cellular level and can also 
be used to study the effects of drugs, 7) detrended fluctuation analysis revealed 
notable similarities in the beating patterns and scaling exponents from the RR-QT 
intervals from ECG data and IBI-FPD intervals from hiPSC-CM cardiac aggregates. 
 

These findings have the potential to be used for studying disease mechanism 
further, for drug testing, translation of findings from basic research to benefit 
patients in clinical practice. Clinically, the severity of disease presentation and 
variable penetrance is a cause of concern in LQT2. The reason for this different 
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behavior clinically and at the cellular level is still under investigation. The results 
showing differences at phenotype presentation at CM-aggregate level could help in 
possible screening for a more pathogenic phenotype in future. Furthermore, the 
variation in the disease mechanism between asymptomatic and symptomatic 
mutation carriers should be considered before prescribing medication to patients. 
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Abstract: Dilated cardiomyopathy (DCM) is one of the leading causes of heart failure and heart
transplantation. A portion of familial DCM is due to mutations in the LMNA gene encoding the
nuclear lamina proteins lamin A and C and without adequate treatment these patients have a poor
prognosis. To get better insights into pathobiology behind this disease, we focused on modeling
LMNA-related DCM using human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CM).
Primary skin fibroblasts from DCM patients carrying the most prevalent Finnish founder mutation
(p.S143P) in LMNA were reprogrammed into hiPSCs and further differentiated into cardiomyocytes
(CMs). The cellular structure, functionality as well as gene and protein expression were assessed in
detail. While mutant hiPSC-CMs presented virtually normal sarcomere structure under normoxia,
dramatic sarcomere damage and an increased sensitivity to cellular stress was observed after hypoxia.
A detailed electrophysiological evaluation revealed bradyarrhythmia and increased occurrence of
arrhythmias in mutant hiPSC-CMs on β-adrenergic stimulation. Mutant hiPSC-CMs also showed
increased sensitivity to hypoxia on microelectrode array and altered Ca2+ dynamics. Taken together,
p.S143P hiPSC-CM model mimics hallmarks of LMNA-related DCM and provides a useful tool to
study the underlying cellular mechanisms of accelerated cardiac degeneration in this disease.

Keywords: dilated cardiomyopathy; LMNA; Lamin A/C; induced pluripotent stem cell; hypoxia;
microelectrode array and calcium imaging

1. Introduction

Dilated cardiomyopathy (DCM) is a cardiac disorder characterized by weakening of the heart
muscle due to a progressive loss of functional cardiomyocytes, dilation of cardiac ventricles, reduced
cardiac output and arrhythmias [1]. Of all cases 25–30% are hereditary with an estimated incidence of
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1:250–2500 [2,3]. Mutations in more than 30 different genes have been linked to the genetic form of DCM
and the second most commonly mutated gene is LMNA, encoding nuclear lamin A and C proteins [3–5].
Lamins play an essential role in determining nuclear size, shape, stiffness and they have also been
implicated in cell cycle progression, chromatin organization and DNA damage response [6]. A-type
lamins, primarily lamin A and C, are derived through alternative splicing of the LMNA gene while
B-type lamins (lamin B1 and B2) are encoded by two distinct genes, LMNB1 and LMNB2, respectively.
Over 500 mutations identified in the LMNA gene (http://www.umd.be/LMNA/) cause an exceptional
variety of diseases commonly called laminopathies. In addition to DCM, these include e.g., muscular
dystrophies, lipodystrophies, peripheral neuropathy and premature aging (progeria) [7], many of
which also exhibit some features of cardiac disease.

A significant number of patients with LMNA mutations display complications only in the
cardiovascular system and many remain undiagnosed [8]. Clinically, DCM patients and their family
members carrying LMNA mutations should be identified for several reasons. First, the penetrance
of the disease is nearly 100% among mutation carriers. Secondly, the cardiac dysfunction is almost
always preceded by the conduction system disease, such as atrioventricular block, atrial fibrillation
and sometimes potentially fatal ventricular arrhythmias or asystole [9]. Such patients with LMNA
mutations are at a significantly higher risk of sudden death compared to other forms of DCM [10].
92% of patients carrying LMNA gene mutations with either cardiac or neuromuscular phenotype
were reported to present cardiac arrhythmias after the age of 30, 64% developed heart failure after the
age of 50 and sudden death was the most common cause of death (46%) [11]. The current medical
treatment includes general heart failure management with β-blockers and ACE inhibitors, but the
existing therapy of DCM is not optimal [12,13]. Therefore, also intensively followed DCM patients
with LMNA mutations have a poor prognosis and an intervention with a pacemaker or an implantable
defibrillator, as well as cardiac transplantation, is occasionally needed [9].

The detailed mechanisms by which mutations in nuclear lamins cause DCM and cardiac
dysfunction are still poorly understood but accumulating data from patients and animal models
suggest that alterations in lamina structure initiate the onset of the disease by defective electrical
signaling and molecular response to mechanical stress. Additionally, the mutations cause changes
in chromatin organization and gene activity leading to altered gene expression and signaling and to
progressive weakening of cardiac muscle; for review see [12,14].

Several mouse models have been established to study the pathophysiology of LMNA-related
DCM [13,15–17]. Although important knowledge has been gained with the existing mouse models,
generation of human induced pluripotent stem cells (hiPSC) provides an exceptional opportunity
to make patient-specific cardiomyocytes (CMs) and study the underlying mechanism of DCM with
human cardiac cells in vitro as reported in a hiPSC model for LMNA-related DCM model [18].
In accordance with the LmnaH222P/H222P mouse model work [15], Siu et al. showed that MAPK
inhibitors (U0126 and selumetinib) alleviate nuclear defects and apoptosis after electrical stimulation in
hiPSC-CMs carrying the LMNAR225X/WT mutation. In another study, application of Ataluren (PTC124)
protected LMNAR225X/WT hiPSC-CMs but not LMNAQ354X/WT or LMNAT518fs/WT hiPSC-CMs from
nuclear abnormalities and apoptosis [19]. Ataluren also improved the excitation–contraction coupling
and contractile functions in LMNAR225X/WT hiPSC-CMs [19]. These studies emphasize the importance of
personalized medicine for DCM treatment. In addition to DCM, hiPSC-CMs have been successfully used
to model several other cardiac diseases e.g., hypertrophic cardiomyopathy [20], arrhythmogenic right
ventricular cardiomyopathy [21] and long QT-syndrome [22]. Although iPSCs-CMs are a promising
tool for disease modeling and drug discovery, the yield of mature cardiomyocytes, tumorigenic
potential of the reprogrammed cells and the immune response of potential recipient require more
research before any clinical applications [23].

In Finland, a heterozygous founder mutation p.S143P in LMNA is the most prevalent
DCM-associated mutation with typical clinical phenotype [24]. We have previously shown that
p.S143P mutation increases lamin A/C nucleoplasmicity, mobility and tendency to form intranuclear
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aggregates in patient fibroblasts and further activates unfolded protein response (UPR) [25]. In this
follow-up work, hiPSC-CMs were generated from two individuals carrying the p.S143P LMNA
mutation and the cellular structure, electrophysiological features and sensitivity to physiological stress
(i.e., hypoxia) were compared to CMs from two healthy control individuals.

2. Materials and Methods

2.1. Patient Characteristics

Biopsies from two healthy controls and two patients carrying the p.S143P mutation in the
LMNA [22,25] were used for this study. Healthy control cells were derived from a 55-year-old
female (UTA.04602.WT) and from a 30-year-old male (UTA.11505.WT). Mutation carrier 1 (DCM1,
UTA.12704.LMNA) is a 24-year-old male and mutation carrier 2 (DCM2, UTA.12619.LMNA) a
34-year-old female. DCM1 presented a high number of ventricular extrasystoles (9%) and one
non-sustained ventricular-tachycardia (VT) period of 15 beats in ECG (electrocardiogram). His ejection
fraction and serum brain natriuretic peptide levels were normal. DCM2 had a first-degree
atrio-ventricular (AV) block and paroxysmal atrial flutter. Her ejection fraction was 41% at the
lowest, but usually within the normal range. Both patients were on β-blocker therapy and had a family
history of heart transplantation due to LMNA mutation. A signed informed consent was obtained
from all the individuals participating in the study. The study was approved by the Ethics Committee
of the Pirkanmaa Hospital District to establish, culture and differentiate hiPSC lines (R08070).

2.2. hiPSC Generation, Culture and Characterization

Two control and two DCM hiPSC lines were generated. Derivation of one control line
(UTA.04602.WT) had been reprogrammed by lentiviral infection and characterized previously [22,26].
The second control UTA.11505.WT and two patient lines UTA.12704.LMNA and UTA.12619.LMNA
were generated by sendai virus infection and all the lines were characterized similar to the control line
UTA.04602.WT. Two control and two mutant cell lines were used throughout the study. However, due to
lower differentiation efficiency of control2 line, the data from control1 and control2 was combined,
unless otherwise indicated.

2.3. Cardiomyocyte Differentiation

hiPSCs were differentiated into cardiomyocytes as described earlier [27] using KO-DMEM (GIBCO,
Invitrogen, Carlsbad, CA, USA) supplemented with CHIR99201 and IWP (inhibitor of WNT pathway)
in B27 (GIBCO). This method yielded beating cardiac cultures within 8–10 days. All cardiac cells were
maintained in KO-DMEM supplemented with 20% FBS and let to mature for at least 30 days before
dissociation and use in experiments.

2.4. Genotyping

DNA sequencing was performed to confirm the presence of the p.S143P mutation in the
patient-derived hiPSCs lines. Genomic DNA was extracted from hiPSC lines (Macherey Nagel DNA,
RNA protein purification NucleoSpin Tissue XS kit, Düren, Germany). A PCR fragment of 776 bp
around the LMNA mutation was amplified using polymerase chain reaction (PCR). The PCR was
done using forward Primer LMNA_Fwd-GGCTCAGATCGAGAAGTGCTAGGGA, and reverse Primer
LMNA_Rev-ATGACTCTAGGACAGGTGAATGGCTCTG at conditions 95 ◦C 2.30 min, then 30 cycles
(95 ◦C, 0.30 min; 59 ◦C, 0.30 min; 72 ◦C, 0.50 min), a final extension at 72 ◦C 10 min and 4 ◦C cooling. The
PCR product (776 bp) was electrophoresed on a 1% agarose gel and purified (NucleoSpin Gel and PCR
Clean up Kit from Macherey-Nagel, Düren, Germany). Sequencing was carried out with the same forward
primer. The product was then sent for sequencing at the Tampere facility of NGS and Sanger Sequencing.

In order to verify that the LMNA mutation is transcribed in the hiPSC-CMs, we carried out a
qRT-PCR with mutation and wild type specific primers. One μg of RNA was converted to cDNA using
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a SensiFAST cDNA Synthesis kit (Bioline, London, UK). The amplification step was performed using a
SensiFAST SYBR Lo-ROX qPCR kit (Bioline) according to the manufacturer’s protocol as follows: 3 min
at 95 ◦C followed by 40 cycles of 5 s at 95 ◦C, 10 s at 60 ◦C and 15 s at 72 ◦C. Target genes were normalized
to GAPDH expression and the values were calculated using the 2−ΔΔCt method. The primers used
were for GAPDH 5′-TAAATTGAGCCCGCAGCCTCCC-3’ and 5′-ATGTGGCTCGGCTGGCGACG-3’;
LMNA TOTAL 5’-GGGATGCCCGCAAGACCCTT-3’ and 5’-GGTATTGCGCGCTTTCAGCTCC-3’;
LMNA WT 5’-GCTCTGCTGAACTCCAAGGAGG-3’ and 5’-GCCTCAAGCTTGGCCACCTG-3’; LMNA
S143P 5’-GCTCTGCTGAACCCCAAGGAGG-3’ and 5’-GCCTCAAGCTTGGCCACCTG-3’.

2.5. Immunofluorescence and Confocal Microscopy

Dissociated CMs were fixed in 10% formalin for 10 min and permeabilized with 0.1% Triton X-100
for 10 min. For the ischemic stress (hypoxia and serum/glucose deprivation) induction, CMs were
washed twice with 1× PBS and transferred in 1% O2 in a hypoxic workstation (Invivo2 400, Ruskinn
Technology, Bridgend, UK) with oxygen replaced by 99.5% pure N2 (AGA, Espoo, Finland). Degassed
serum and glucose deficient medium was changed inside the hypoxic workstation. After hypoxia
(2–5 h) cells were washed twice with degassed 1× PBS and fixed inside the workstation.

The primary antibodies used were goat monoclonal Troponin T (cTnT, 1:2500, ab64623, Abcam,
Cambridge, UK), mouse α-actinin (1:800, A7811, Sigma-Aldrich, Saint Louis, MO, USA), rabbit polyclonal
lamin A (1:1000, 323-10, kindly provided by prof. Robert D. Goldman, Northwestern University,
USA) and mouse monoclonal hypoxia-inducible factor 1-α (Hif-1α, 1:1000, clone-54, BD Biosciences,
Franklin, NJ, USA). The secondary antibodies were donkey anti-rabbit IgG conjugated to Alexa Fluor
488, donkey anti-mouse IgG conjugated to Alexa Fluor 555 and goat anti-chicken IgG conjugated to
Alexa Fluor 647 (all Molecular Probes, Eugene, OR, USA). ProLong Diamond Antifade Mountant with
DAPI was used to visualize DNA (Thermo Fisher Scientific, Waltham, MA, USA).

The spinning disk confocal microscope used was a 3i Marianas with Yokogawa CSU-W1 scanning
unit on an inverted Zeiss AxioObserver Z1 microscope, controlled by SlideBook 6 software (Intelligent
Imaging Innovations GmbH, Göttingen, Germany). The objective used was 63×/1.4 oil. Images were
acquired with ORCA Flash4 sCMOS camera (Hamamatsu Photonics, Hamamatsu, Japan) and analyzed
with BioImageXD [28] and ImageJ Fiji software [29]. 20 to 30 nuclei were randomly selected and the
mean area, circularity and fluorescence intensities of lamin A within the lamina (L) and nucleoplasmic
(N) regions were quantified with ImageJ Fiji. The ratio of fluorescence between the lamina and
nucleoplasma were calculated as follows:

intensity ratio =
(N− B)
(L− B)

,

where B is the background. The sarcomere length and organization analysis was done with ImageJ
plugin TTorg as previously descripted [30]. A two sample t-test was used to analyze the differences
between control and DCM-CMs in nucleoplasmicity, sarcomere length and organization. p < 0.05 was
considered statistically significant.

2.6. Transmission Electron Microscopy

Dissociated CMs were fixed with 5% glutaraldehyde in 0.16 M s-collidine buffer, pH 7.4, post fixed
with 2% OsO4 containing 3% potassium ferrocyanide for 2 h, dehydrated with different ethanol
concentrations (70%, 96%, 2 × 100%) and embedded with a 45359 Fluka Epoxy Embedding Medium
kit. 70 nm sections were cut with an ultramicrotome and stained with 1% uranyl acetate and 0.3% lead
citrate. The images were acquired with a JEOL JEM-1400 Plus TEM (Tokyo, Japan) equipped with a
OSIS Quemesa 11 Mpix bottom-mounted digital camera operated at 80 kV acceleration voltage.
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2.7. Immunoblotting

CMs were lysed in a M-PER mammalian protein extraction reagent (Thermo Fisher Scientific)
complemented with 1× protease and 1× phosphatase inhibitors. Hypoxia-treated cells were lysed inside
the hypoxia workstation. Protein concentration was measured using Pierce Coomassie Plus Protein
Assay kit (Thermo Fisher Scientific). Cell lysates were mixed with 2× SDS-PAGE sample buffer and 15μg
of protein lysate was run on a 4–10% gradient gel (BioRad, Hercules, CA, USA). The primary antibodies
used were mouse monoclonal anti-actin (1:1000, AC-40, Sigma-Aldrich), mouse monoclonal lamin A/C
(LAC, 1:10,000, 5G4, kindly provided by Prof. Robert D. Goldman, Northwestern University, USA),
mouse monoclonal heat shock protein 90 (Hsp90, 1:2000, ADI-SPA-830, Enzo Life Science, Farmingdale,
NY, USA), mouse monoclonal heat shock protein 70 (Hsp70, 1:2000, ADI-SPA-810, Enzo Life Science),
mouse monoclonal heat shock protein 60 (Hsp60, 1:1000, D85, Cell Signaling Technology, Danvers, MA,
USA), rabbit monoclonal anti-peIF2α (1:1000, 119A11, Cell Signaling Technologies), rabbit monoclonal
phospho-p44/42 MAPK (Erk1/2; p-ERK, 1:1000, 4370, Cell Signaling Technologies) and rabbit polyclonal
caspase 3 (1:1000, 8G10, Cell Signaling Technologies). Secondary antibodies were HRP-conjugated donkey
anti-rabbit-IgG and sheep anti-mouse-IgG (both from GE Healthcare, Helsinki, Finland). The antibodies
were detected with Enhanced Chemiluminescence kit (Thermo Fischer Scientific).

2.8. Micro Electrode Array (MEA) Electrophysiology

Spontaneously contracting cardiac aggregates were micro-dissected and plated on 0.1% gelatin
coated 6-well micro electrode arrays (MEAs); (MEA1060-Inv-BC, Multichannel Systems, Reutlingen,
Germany). Recordings were performed in serum free embryoid body (EB) medium consisting of
KO-DMEM, nonessential amino acids (Lonza, Basel, Switzerland), GlutaMAX Supplement (Gibco)
and penicillin/streptomycin (Lonza) at 36 ± 1 ◦C (Temperature controller, TC02, Multichannel Systems,
Germany). The MEAs were covered with gas permeable fluorinated ethylene-propylene membranes
(ALA MEA-MEM-sheet, ALA Scientific, Farmingdale, NY, USA) and after a 30 min stabilization period,
the baseline recordings were performed for at least 20 min. Adrenaline (Sigma-Aldrich) was applied
after baseline recording to a final concentration of 100 nM and 1 μM and the effect was recorded at
least for 20 min. Output signals were digitized at 10 kHz by the use of a computer equipped with a
MC-card data acquisition board (Multi Channel Systems, Reutlingen, Germany). MEA data analysis of
the recorded field potential data was analyzed using a custom developed analysis module in Origin
2017 (Microcal OriginTM, Northampton, MA, USA). Beating frequency by beats per minutes (BPM)
and field potential duration (FPD) were extracted from the data (Figure S6). The Bazett’s formula was
used to calculate the beat rate corrected FPD (cFPD). Beat rate variation was determined by measuring
the variation in randomly selected ≥30 consecutive inter-beat intervals calculated by BRV =

∑
|D n + 1

− D n|/[30 × √2] [31] using a custom built algorithm.

2.9. Hypoxic Stress Induction on MEA

A five-day follow-up experiment was carried out by modifying the oxygen concentration at
regular intervals on the 1-well MEA using a custom built hypoxia chamber [32]. A non-humidified
and filtered, hypoxia gas mixture (1% O2, 5% CO2, 94% N2) or normoxia gas mix (19% O2, 5% CO2,
76% N2) at a flow rate of 5 mL/min (350 mbar pressure) was supplied to the aggregates placed in
serum-free EB formation medium. The measurements were done for five continuous days. On the first
day, the concentration of oxygen in the gas mix was kept at 19% and on day 2, 3 and 4 the aggregates
were subjected to a cycle of hypoxia (1% oxygen) for 3 h and overnight normoxia (19% oxygen).

2.10. Calcium Imaging

Intracellular calcium handling was studied using single wavelength fluorescent Ca2+ dye Fluo-4
AM (acetoxymethyl ester); (Thermo Fisher Scientific) diluted in anhydrous DMSO (Thermo Fisher
Scientific) and imaged with Axio Observer 1A inverted fluorescence microscope (Carl Zeiss CMP
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GmBH, Gottingen, Germany) equipped with an ANDOR iXON3 camera (Andor technology, Belfast,
Ireland). Cardiomyocyte aggregates were dissociated into single CMs onto 0.1% gelatin coated 12 mm
glass coverslips. Four to seven days post-dissociation, CMs were loaded with 4 μM Fluo-4AM in
a HEPES based medium for 30–45 min before imaging. The coverslip was transferred to RC-25
perfusion chamber (Warner Instruments Inc., Hamden, CT, USA) perfused with extracellular solution
and preheated by an SH-27B inline heater (Warner Instruments Ltd.) to 36 ± 1 ◦C. The extracellular
solution consisted of (in mmol/L): 137 NaCl, 5 KCl, 0.44 KH2PO4, 20 HEPES, 4.2 NaHCO3, 5 D-glucose,
2 CaCl2, 1.2 MgCl2 and 1 Na-pyruvate (pH 7.4) and osmolarity at 310 mOsm/KG. The imaging was done
using a 20× objective and FITC filter with the excitation-emission wavelength of 494/506 nm. The imaging
was done for 30–40 seconds captured at a 50 FPS frame rate. Imaging software Zen 2.3 software (Zeiss,
Jena, Germany) was used and the files were acquired in .CZT file format. Mean intensity of the calcium
transients was analyzed by drawing a region of interest (ROI) over the whole cells. The background noise
was subtracted before further processing. The Ca2+ levels are presented as ratiometric values of ΔF/F0.
Recording was done before and 3–5 min after administration of 10 nmol/L adrenaline (Sigma-Aldrich).
The Ca2+ transients were analyzed with Clampfit version 9.2 (Molecular devices, San Jose, CA, USA).

2.11. Teratoma Assay

Approximately 200,000 morphologically intact iPSCs were intratesticularly injected into male
NODSKIDgamma (NSG) mice. The tumours were removed two months after injection, fixed in 4%
paraformaldehyde and embedded in paraffin. Histological sections were cut at 4 μm and stained
with hematoxylin and eosin. Animal care and experiments were approved by the National Animal
Experiment Board in Finland (ESAVI/9978/04.10.07/2014).

3. Results

3.1. Generation and Characterization of hiPSC Lines

Biopsies from two healthy controls and two DCM patients (DCM1 and DCM2) with a heterozygous
p.S143P mutation in LMNA were used to generate hiPSC clones. The basic characterization of one
control line (Control1) has been previously published [22]. Similarly, the other three lines showed
typical characteristics of hiPSC morphology without detectable differences in the expression of
pluripotency markers (Figure S1A,B). A normal karyotype was confirmed in all the lines (data now
shown). The expression of endogenous stem cell markers (REX1, SOX2, NANOG and c-Myc) and the
absence of exogenous transcripts were further confirmed with qRT-PCR in all the lines (Figure S1C,D).
In the teratoma assay, tissues derived from each of the embryonic germ layers (endoderm, mesoderm
and ectoderm) were observed (Figure S1E). Similarly, embryoid body (EB) differentiation confirmed
the expression of three germ layer markers in RT-PCR (Figure S2). The expression of p.S143P mutant
lamin A/C mRNA was detected in DCM-CMs but not in controls (Figure S3). The presence of the
p.S143P (TCC to CCC) mutation in the LMNA was also confirmed in the hiPSC lines derived from
DCM patient1 and 2 by DNA sequencing (Figure S4).

3.2. Characterization of Cardiac Differentiation and Lamina Structure

All hiPSC clones were further differentiated towards cardiac phenotype and analyzed under
normal and hypoxic culture conditions. On an average, 80–98% of cells stained positively with cardiac
specific structural protein, α-actinin, except control2 where only 55% of the cells stained positive
for cardiac marker (data not shown). Based on confocal microscopy analysis, DCM-CMs had more
nucleoplasmic lamin A both under normal culture conditions and after ischemic stress when compared
to controls (p < 0.001 for all, n = 20–30, Figure 1A,B). There were no significant differences in nuclear
size or shape between cell lines under normal culture conditions (Figure 1C and Figure S5). However,
DCM2-CMs showed significantly more deformed nuclei after ischemic stress, as assessed by decreased
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circularity (p < 0.001, n = 20–30, Figure 1C,D). DCM1-CMs, on the other hand, retained their circularity
after hypoxia suggesting that they may be less sensitive to hypoxic conditions.

Figure 1. Characterization of lamina structure in human induced pluripotent stem cell (hiPSC) derived
cardiomyocytes. (A) Dissociated control and dilated cardiomyopathy (DCM) hiPSC-cardiomyocytes
(CMs) were cultured either in normal culture conditions or exposed to ischemic stress for 3 h, fixed and
stained for lamin A (LA, green), α-actinin (magenta) and DNA (DAPI; blue). Representative maximum
projections of Z-stack sections (merged) and single mid-plane confocal sections (LA, DAPI) from
control1 and DCM2 CMs are shown. Scale bar 10 μm. Fluorescent intensity values are illustrated below
the image with nucleoplasm/lamina (N/L) ratio numbers. (B) Fluorescence intensities at the lamina
region and in the nucleoplasm were determined from mid-plane confocal sections of 20–30 randomly
selected cells and the average ratios of the signals (nucleoplasm/lamina) were plotted. (***) p < 0.001.
(C) Quantification of nuclear circularity. (**) p < 0.01 and (***) p < 0.001. (D) Example images of different
circularity values corresponding to the calculated average values (Perfect circle = 1.0).
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3.3. DCM-CMs Exhibit Increased Arrhythmias on MEA

Cardiac functional phenotype was confirmed by generation of field potentials at multi-cellular
level on the micro electrode array (MEA). Based on the baseline electrophysiological characteristics,
the DCM-CM aggregates showed a significantly reduced beating rate and a significantly increased field
potential duration compared to the aggregates from controls (Figure 2A,B). To analyze the presence of
functional β-adrenergic receptors, adrenaline was applied on the beating aggregates. β-adrenergic
stimulation with adrenaline showed a positive chronotropic response in all CM aggregates, whereas
the vehicle (distilled water) had no effect on the beating rate (Figure 2C–E).

 

Figure 2. Functional characterization of hiPSC derived cardiomyocytes. (A) Table shows baseline
electrophysiological characteristics by microelectrode array (MEA) from spontaneously beating
cardiomyocyte clusters. (B) Representative field potential traces from control, DCM1 and DCM2
cardiomyocyte clusters at baseline. (C–E) The bar charts show chronotropic responses of control, DCM1
and DCM2 hiPSC-CM clusters to distilled water used as vehicle (n = 23, 16, 16 respectively); 100 nM
adrenaline (n = 24, 26, 18 respectively) and 1μM adrenaline (n = 18, 16, 13 respectively) with black
and red bars showing the beating frequency at baseline and under vehicle/adrenaline respectively.
Combined results from Control1 and Control2 are shown. Data is presented as mean± s.e.m., (*) p< 0.05,
(**) p < 0.01 and (***) p < 0.001.
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The field potential recordings on MEA revealed that aggregates from DCM-CMs showed increased
arrhythmicity at baseline. The application of adrenaline gave a more pronounced arrhythmic phenotype
with elevated beating irregularity and arrhythmic beats in the DCM-CM aggregates compared to
controls (Figure 3A). Apart from a regular positive chronotropic response (Figure 3B(a)), different
types of arrhythmias were observed, including alternations and irregularity (Figure 3B(b,c)), more
severe arrhythmias similar to the occurrence of a premature beat (Figure 3B(d,e)) and ventricular
tachycardia like arrhythmias (Figure 3B(f,g)). The less severe arrhythmias like alternations and
irregularity were more commonly observed in the controls while more severe arrhythmias were typical
for DCM-CM aggregates.

At baseline the variation in the beating rhythmicity, calculated by short term variation (STV),
was found to be significantly elevated for the inter-beat interval (IBI) and field potential duration (FPD)
in both DCM1-CM and DCM2-CM aggregates compared to controls (Figure 3C(a,d)). Application of
100 nM adrenaline led to a decrease in the STV for IBI and STV for FPD in control and DCM1, but had
no significant effect on DCM2 (Figure 3C(b,e)). Similarly, a higher 1μM concentration of adrenaline
significantly decreased the STV for IBI and STV for FPD in the control CM aggregates while little or no
effect was seen on DCM1 and DCM2 (Figure 3C(c,f)). These results from field potential recordings
suggest that DCM-CMs have increased irregularity at baseline and they are more prone to arrhythmias
on adrenaline application, showing a similarity with ECG findings from patients with DCM due to
LMNA mutation.

3.4. Increased Sarcomere Disorganization after Ischemic Stress in DCM-CMs

In order to test whether a mutation in lamin A/C affects the structural protein organization,
we analyzed the sarcomere length and organization in control and DCM-CMs by confocal microscopy
and automated image analysis fromα-actinin stained cells (Figure 4A). Under normal culture conditions,
there were no significant differences in either sarcomere length or organization between the cell lines
(Figure 4A,B). The stability of sarcomere structure was further tested by exposure to 3 h of ischemic
stress. Interestingly, we observed a dramatic sarcomere disorganization (scattering and loss of
repeatability formed by Z-lines) in the majority of DCM-CMs while the changes were less pronounced
in control CMs (Figure 4A). These differences were also found significant in image analysis carried out
on randomly selected cells (p < 0.05; n = 20 in each group; Figure 4B). Similarly, transmission electron
microscopy analysis showed no difference between control and DCM-CM sarcomere organization at
baseline. However, after ischemic stress, the sarcomeres were notably more scattered in DCM-CMs
relative to controls (Figure 4C).
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Figure 3. Arrhythmia occurrence in hiPSC-CM beating aggregates on MEA. (A) Percentage of
arrhythmic aggregates compared to baseline after the addition of a) vehicle (Control, DCM1 and DCM2,
n = 41, 26 and 16 respectively), b) 100nM adrenaline (Control, DCM1 and DCM2, n = 32, 28 and
16 respectively) and c) 1μM adrenaline (Control, DCM1 and DCM2, n = 23, 24 and 13 respectively).
(B) Representative MEA extracellular recordings from DCM hiPSC-CMs after application of adrenaline.
A 60 second MEA trace is shown on left and a magnified view of the corresponding signal (red dotted
lines) on the right. The representative traces showing a normal beating rhythm (a), alternations (b),
dysrhythmia (c), premature beat (d) and ventricular-tachycardia like arrhythmia (e–g). The red arrows
indicate arrhythmia other than alternations or dysrhythmia. (C) An irregular beating pattern observed
in DCM1 and DCM2 aggregates was quantified for ≥30 consecutive beats by the formula for short term
variation (STV) of inter-beat interval (a–c) and STV of field potential duration (d–f). BL signifies baseline,
veh is vehicle and Adr is adrenaline. Data is presented as mean ± s.e.m. ANOVA non-parametric
tests and a paired t-test were used in statistical analysis; (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001.
Combined results from Control1 and Control2 are shown.
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Figure 4. Confocal microscopy analysis of hiPSC-CM sarcomere structure under normal and hypoxic
conditions. (A) Control and DCM CMs were cultured under normal culture conditions or exposed to
ischemic stress, fixed and stained for α-actinin, LA and DAPI. Representative maximum projections of
Z-stack sections from control1 and DCM2 are shown. Scale bar: 10 μm. (B) TT power analyses of the
sarcomere length and organization were carried out with TTorg plugin in ImageJ. TTorg workflow of
the example images: Magnification of an original image, 2D fast Fourier transformation (FFT) spectrum
of the image, grey level profile of the FFT spectrum and analysis results (n = 20, AU = Arbitrary Units).
Data is expressed as mean ± s.e.m.,* p < 0.05. (C) Transmission electron microscopy images of control1
and DCM2 CMs under normal culture conditions and ischemic stress are shown. Scale bar: 1 μm.
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3.5. DCM-CMs Show Increased Cellular Stress

To investigate the overall cellular stress in DCM aggregates further, the abundance of various
stress-related markers was studied by western blotting both under normal culture conditions and after
3 h of ischemic stress (Figure 5A). CMs from both DCM1 and DCM2 exhibited clear upregulation of
endoplasmic reticulum (ER) stress marker phosphorylated translation initiation factor 2α (peIF2α) and
heat shock proteins 90, 70 and 60 under normal culture conditions. After 3 h of ischemic stress, peIF2α
and Hsp90, 70 and 60 levels increased in controls and were highly similar to those observed in mutant
cells. In addition, phosphorylated extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) were
significantly upregulated in both DCM-CM under normal culture conditions indicating activation of
mitogen-activated protein kinase (MAPK) and a similarity with previously reported LmnaH222P/H22P

DCM mouse model [16].
Confocal microscopy analysis revealed that the hypoxia inducible factor 1α (Hif-1α) was

significantly more upregulated in DCM than in control cells after 3 h of ischemic stress (p < 0,001; n > 15,
Figure 5B). More specifically, Hif-1α level increased exponentially after 2 h of hypoxia, reached its peak
value at 3 h and decreased substantially thereafter while in control cells only moderate accumulation
was observed after 4 h hypoxia (p < 0,05; n > 20, Figure 5C).

Finally, we wanted to test whether increased cellular stress would have any effect on DNA damage
and cell viability. The number of cells positive for phosphorylated histone H2AX (γH2AX), a marker
for double-strand DNA breaks, was significantly increased in DCM cells compared to control under
normal culture condition (p < 0.05; n = 500; Figure 5D,E). However, no significant difference was found
after ischemic stress as virtually all the DCM and control cells stained positively (data not shown).

Based on the increased levels of cleaved (active) caspase-3, there also appeared to be the induction
of apoptotic cell death among DCM1 and DCM2 CMs already under normal culture conditions and
more distinctly after ischemic stress while such cleavage was not detected in control CMs (Figure 5A).
In summary, these findings suggest that DCM-CMs exhibit elevated baseline cellular stress that may
sensitize to programed cell death upon additional physiological stress.

3.6. Hypoxia Reduces Beat Rate of Cardiac Aggregates

To test whether hypoxia induced stress response has any effect on the function of hiPSC-CMs,
cardiac aggregates on MEA were exposed to repeated cycles of hypoxia (1%, 3 h) on three consecutive
days, followed by overnight recovery in normoxia. Hypoxia stress induction assay by a custom built
hypoxia chamber on the MEA was used for this recording (Figure S7). The main observation was that
hypoxia reduced the beating rate in all the hiPSC-CM aggregates (Figure 5F). However, the second and
third hypoxia cycle had an exaggerated effect on DCM1 and DCM2 aggregates, with DCM2 having
significantly reduced beat rate at second and third hypoxia cycle (Figure 5F). Interestingly, overnight
recovery in normoxia almost completely restored the functionality in controls but little or no effect was
observed on DCM1 and DCM2 aggregates (n = 10 control, n = 5 DCM1, n = 11 DCM2). After three
hypoxia–normoxia cycles on day 5, the beating rate in controls was about 80% of the original beating
rate, while it was between 30–45% in DCM aggregates indicating an increased sensitivity to hypoxia
induced stress (Figure 5F).

3.7. DCM-CMs Show Impaired Calcium Dynamics

To understand the functionality and calcium handling characteristics, single dissociated hiPSC-CMs
were studied using Ca2+ imaging. A representative calcium transient with measured parameters is
shown in Figure 6A. The basal calcium transient characteristics of DCM-CMs showed a significantly
reduced beating rate and increased calcium transient peak duration when compared to control
(Figure 6B). These results are consistent with results from cardiac aggregates on MEA displaying
decreased beating rate (Figure 2A). At baseline the Ca2+ levels calculated by ΔF/F0, calcium transient
decay tau, rise time and decay time were also elevated in DCM-CMs compared to controls (Figure 6C).
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Figure 5. DCM hiPSC-CMs show increased elevated cellular stress. (A) Western blot analysis of lamin
A/C, phospho-eIF2α (peIF2α), Hsp90, Hsp70, Hsp60, phospho-ERK1/2 (pERK1/2) and cleaved caspase-3
under normal culture conditions and after exposure to ischemic stress for 3 h. Actin was used as a
loading control. The average numerical values of signal intensities relative to the loading control (actin)
are shown below each blot. n = 2 individual experiments. Control2 hiPSC-CMs were not qualified
for analysis due to lower differentiation efficiency compared to other lines. (B) Confocal microscopy
analysis of Hif-1α intensity. Control1, DCM1 and DCM2 hiPSC-CMs were cultured either in normal
culture conditions or exposed to ischemic stress for 2 h, 3 h, 4 h and 5 h, fixed and stained for Hif-1α,
cardiac marker cTnT and DNA (DAPI). A 3 h time point is shown. Scale bar 20 μm. (C) The fluorescence
intensities of Hif-1α were determined from all the confocal sections of >15 randomly selected cells
at different time points and the average normalized signals were plotted. (D) Control1 and DCM2
hiPSC-CMs were cultured under normal culture conditions, fixed and stained for γH2AX, cTnT and
DNA (DAPI). (E) γH2AX positive cells from control1 and DCM2 were counted and plotted (n = 500).
(F) Effect of three repeated 3 h cycles of hypoxia (1% O2) shown as H1, H2 and H3 and overnight
re-oxygenation (19% O2) on beat rate of hiPSC-CMs recorded on MEA. Control data presented in F
is combined from Control1 and 2. Data is expressed as mean ± s.e.m., (*) p < 0.05, (**) p < 0.01 and
(***) p < 0.001.
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Figure 6. Analysis of intracellular calcium dynamics by calcium (Ca2+) imaging in hiPSC-CMs.
(A) Measurement of Ca2+ transient parameters ΔF/F0, peak duration, rise time, decay time and decay
tau for the calcium imaging data. (B) Ca2+ transient characteristics recorded from hiPSC-CMs at
baseline. (C) Calcium imaging parameters for control, DCM1 and DCM2 CMs at baseline are shown as
ΔF/F0 (n = 34, 40 and 42 respectively), decay tau (n = 31, 41 and 41 respectively), rise time (n = 32, 39
and 40 respectively) and decay time (n = 31, 34 and 35 respectively). (D) Calcium imaging parameters
at baseline (BL) and in the presence of 10 nM adrenaline. (E) Representative regular (a) and arrhythmic
Ca2+ transients (b–f) detected under baseline or under 10 nM adrenaline in control, DCM1 and DCM2
CMs. Dysrhythmia (b) and alternations (c) were categorized as minor arrhythmias and oscillations (d),
extra peaks (e) and plateau abnormalities (f) as major arrhythmias. The red arrows represent the Ca2+

abnormalities. (F) Frequency of major arrhythmias in control, DCM1 and DCM2 single dissociated
hiPSC-CMs at baseline (BL) and under 10 nM adrenaline (Adr). Data is presented as mean ± s.e.m
and ANOVA or non-parametric pair test was used for statistical analysis. (*) p < 0.05, (**) p < 0.01 and
(***) p < 0.001. Control data presented here is combined from Control1 and Control2.

To test the effect of adrenergic stress, the calcium transient characteristics were determined under
10 nM adrenaline. Adrenaline increased the mean beat rate (BPM) significantly in all the lines and
reduced the mean calcium transient peak duration in control and DCM1 significantly while only a
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similar trend was seen in DCM2 (Figure 6D). The calcium levels by ΔF/F0 and decay time also reduced
in all cell lines, but this did not reach statistical significance. The decay tau decreased and rise time
increased significantly in controls but neither of these were found significantly altered in DCM-CMs
(Figure 6D).

Apart from the regular calcium transients (Figure 6E(a)), different arrhythmias were observed
on calcium transients comprising of irregular beating and alternations (Figure 6E(b,c)) as well as
more severe arrhythmias including oscillation, extra peaks and plateau abnormalities (Figure 6E(d–f)).
Increased frequency of major arrhythmias was observed in DCM-CMs already at baseline (Figure 6F)
and β-adrenergic stimulation seemed to increase their occurrence. However, no clear effect was
observed in control CMs upon adrenaline treatment (Figure 6F).

4. Discussion

In this work, we have generated and characterized a novel hiPSC-CM model carrying the p.S143P
LMNA mutation.

Structural analysis showed that the sarcomeres were highly organized in DCM-CMs and were
indistinguishable from control-CMs. However, after ischemic stress α-actinin staining demonstrated
significantly more disrupted sarcomere organization in DCM-CMs (Figure 4). Previously, a similarly
disrupted sarcomere organization was observed in CMs carrying the LMNA p.R190W mutation but
these differences were detectable already under normal culture conditions [33]. These phenotypic
cellular differences between lamin mutations may be due to differences in pathogenicity and assembly
properties of mutant lamin protein as they may have different effects e.g., on the organization of LINC
(linker of nucleoskeleton and cytoskeleton) complexes.

Similar to our earlier observations on p.S143P mutant primary fibroblast [25], DCM-CMs had
significantly more nucleoplasmic lamin A/C relative to controls (Figure 1A,B). Since p.S143P lamin
A/C is incapable of forming regular lamin filaments in vitro [25] and the wild type and mutant allele
were transcribed in an equal manner (Figure S3), it is plausible that the excess nucleoplasmic lamin
pool is formed by the mutant protein. Vice versa, such mislocalization shall lead to reduced amounts
of lamin A/C at the lamina region, as pointed out by our analysis (Figure 1B). Furthermore, this may
influence lamina stability and lead to deformed nuclei under stressed conditions as observed in the
circularity analysis of DCM2-CMs (Figure 1C,D). In summary, these results indicate that while control
CMs are capable of adapting to stress by keeping their lamina intact, the LMNA-mutant DCM-CMs
are more sensitive due to insufficient amounts of lamin A/C (i.e., haploinsufficiency) and potentially
fragile lamina. This may eventually cause DNA damage and cell death especially in tissues that are
exposed to constant stress, such as in the cardiac muscle. The latter is also supported by increased
γH2AX staining (Figure 5D,E) and caspase-3 activity (Figure 5A) in DCM-CMs upon hypoxia.

Immunoblotting revealed significant upregulation of several stress related signaling proteins such
as Hsp90, Hsp70 and Hsp60 in DCM-CMs under normal culture conditions (Figure 5A). Hsp70 and
Hsp90 protein family members are essential chaperones in cardiomyocytes and they have a critical role
in maintaining cardiac function during stress. Hsp70 (Hsp72 isoform) is only expressed under stress
to support correct protein folding and to deliver proteins for proteosomal degradation [34]. Studies
on Hsp70 and heart failure have shown conflicting results. Some studies have reported increased
Hsp70 mRNA or protein levels among DCM patients [35,36] while this has not been validated by
others [37,38]. Nevertheless, accumulating data suggests that Hsp70 plays an essential role in many
signaling pathways related to myocardial ischemia/reperfusion (I/R) injury, oxidative stress, Ca2+

overload and apoptosis. Chaperone Hsp90 is involved in many cellular processes including protein
folding, protein degradation and signal transduction [39] and may also have a cardioprotective role in
I/R injury [34,40,41]. Similarly, Hsp60 is upregulated among DCM patients [38,42] but may have both
pro- and anti-apoptotic roles depending on cell type [39]. Therefore, constant upregulation of Hsp
family members may have both beneficial and deleterious effects on lamin mutant CMs.
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Our previous study showed that endogenous and ectopic expression of p.S143P lamin A leads to
hyperphosphorylation of eIF2α in fibroblasts [25]. Similarly, elevated levels of peIF2α were detected
in DCM-CMs but not in control CMs under normal culture conditions (Figure 5A). Typically eIF2α
is phosphorylated upon activation of unfolded protein response (UPR) or ER stress, caused by an
accumulation of unfolded or misfolded proteins in the ER. The UPR and ER stress have been linked
with the pathophysiology of heart failure and this may be one of the cellular mechanisms that trigger
and promote cardiomyocyte apoptosis in failing human hearts [43]. Meanwhile, Hsp70 and Hsp90
bind and stabilize ER-stress sensor proteins, such as PERK and IRE1α, to enhance adaptation to
ER-stress and inhibit apoptosis [44,45]. It is currently unclear whether expression of mutant lamin
A/C directly or indirectly triggers UPR (e.g., due to misfolding) and whether targeting these complex
signaling mechanism would improve CM functionality. However, in patient fibroblasts treatment with
chaperone 4-phenylbutyric acid inhibited aggregation of mutant lamin and improved viability [25],
which supports testing similar drugs on DCM-CMs in the future. We also observed significant
upregulation of pERK1/2 in both DCM-CM lines under normal culture conditions. This result correlates
with previous data from the LmnaH222P/H22P mouse model [16] and further supports the involvement
of MAPK pathway in the pathobiology of LMNA-related DCM.

Reduction of oxygen forces the cardiomyocytes to switch from aerobic to anaerobic respiration
pathways, leading to an increase in glycolytic substrates like lactate [46,47] while perturbation on
ATP generation affects cardiac contractility [48]. In our study, repeated hypoxia and normoxia cycles
mimicking I/R injury reduced the beating in all aggregates but had more severe effects on DCM-CMs
with only 30–45% recovery of their original beat rate (compared to 80% in controls, Figure 5F).
Increasingly compromised sarcomere structure due to hypoxic insults, as well as increased DNA
damage and constant upregulation of stress proteins such as Hif1α and HSP70 [46] thus could explain
the low recovery of the beat rate in DCM-aggregates and the initiation of arrhythmias on multicellular
and single CM level. This experiment further demonstrates the feasibility of hiPSC-CMs for cardiac
disease and I/R injury modeling to advance our understanding on cardiac pathophysiology.

Ca2+ imaging studies revealed elevated cytosolic calcium levels and increased decay tau, rise time
and decay time in DCM-CMs compared to controls. Similarly Nikolova et al. reported significantly
increased time to 50% relaxation of the Ca2+ transient in LMNA+/− and LMNA−/− mice’ CMs [17].
However, no difference in baseline Ca2+ levels and rise time were observed whereas we found these to
be increased in DCM-CMs. Our results are also in line with Ca2+ transient data from failing human
hearts, where increased time of calcium decay, slow rates of recovery and increased intracellular
Ca2+ levels have been reported [49]. The rise time of the calcium transient is due to released calcium
from the intracellular calcium stores through RYR2 channels, the decay phase is due to removal of
Ca2+ via SERCA and Na+/Ca2+ exchanger (NCX) and any of these pathways could be affected in
the DCM-CMs [50]. Since ER is also involved in maintaining intracellular Ca2+ homeostasis and
development of cardiac conductive system [51] and prolonged ER stress has been linked to many
pathological cardiovascular diseases [52], further studies are needed to understand the exact links
between these mechanisms in lamin mutant CMs.

MEA recordings revealed a reduced beating rate and increased field potential durations in
DCM-CM aggregates compared to controls. Similarly, ventricular CMs from LmnaN195K/N195K

mutant mice showed significantly reduced beating rates, significantly prolonged APD50 and APD90
and occurrence of EADs (early afterdepolarization) and DADs (delayed afterdepolarization) on
stimulation [53]. During β-adrenergic stimulation, increased Ca2+ load beyond the sarcoplasmic
reticulum threshold may lead to pronged action potentials, varying spontaneous calcium release,
increased beat rate variation and arrhythmias [49,54,55]. In our Ca2+ imaging studies, β-adrenergic
stimulation clearly increased arrhythmias in DCM-CMs but had no significant effect on control-CMs
(Figure 6). In analogue, increased premature beats and VT-type arrhythmias were observed in
DCM-aggregates on MEA when compared to controls (Figure 3). A similar intracellular calcium
overload and increased sensitivity to chronotropic stress by norepinephrine was reported in an earlier
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iPSC-CM model of familial DCM from a RBM20 mutation [56]. This is of particular interest as reduced
RBM20 levels have also been reported in Lmna-mutant cells with DCM-related mutations [57]. In our
study, single DCM-CMs were more arrhythmic compared to cell clusters on MEA, most likely due to a
lack of cell–cell connections [58]. Our results are also in line with previous studies where β-adrenergic
stimulation increased the SR calcium load and caused spontaneous calcium release and arrhythmias in
rabbit hearts and in a rabbit heart failure model [59,60].

Atrial fibrillation, AV-block, ventricular arrhythmias and non-sustained ventricular tachycardia
are frequent even among asymptomatic LMNA mutations carriers [61]. Furthermore, case studies
have reported increased and more severe arrhythmias in individual patients following physical
exercise [62]. At the cellular level, dysrhythmias were quantified by STVs, which were found to be
increased in DCM-CM clusters (Figure 3C). The detailed mechanisms of increase in beating rhythm
variability at the cellular level remains incompletely understood, but studies point towards irregularity
in spontaneous calcium release, calcium regulation and repolarization time [31,54,63]. A previous
study on hESC-CM reported that disturbed intra-cellular Ca2+ handling increased variation in the beat
rate [64]. Significantly increased beat rate variation has also been reported in animal models and in
selected human subjects prior to the onset of major arrhythmias [54]. Actually the SVT has consistently
been demonstrated to be a more reliable indicator of arrhythmogenic risk than prolonged ventricular
repolarization [31,54]. This could explain the increased arrhythmias in DCM-CM aggregates showing
increased field potential duration and increased STV in the current study.

5. Conclusions

This is the first hiPSC-CM model for p.S143P LMNA mutation, a founder mutation affecting
several families in Finland. The mutation-specific DCM-CMs demonstrated bradyarrhythmia and
severe arrhythmic beats both at the aggregate and single-cell level. The manifestation of the DCM
phenotype was supported by data from MEA, Ca2+ imaging, western blot and confocal imaging
experiments with increased beat rate variability, abnormal calcium handling, increased sensitivity to
stress and elevated expression of stress proteins. The hiPSC-CMs further showed an altered lamina
structure and increased disorganization of sarcomere structure upon hypoxic stress. This model helps
to understand the molecular pathology of LMNA-related DCM and provides a platform for drug
testing in the future.

5.1. Clinical Significance

Currently there are no specific medications for individuals carrying DCM-related LMNA mutations
to prevent the onset of the disease or for those already having the clinical phenotype. Better knowledge
of the disease pathophysiology would enable to design new treatments in a more focused manner and
mutation and disease-specific CMs provide a powerful platform for this aim.

5.2. Study Limitations

Although hiPSC-CMs present an advantage over existing animal models and expression systems,
hiPSC-CMs present batch wise variations in reprogramming and differentiation. The hiPSC-CM also
have an immature phenotype compared to adult human cardiomyocytes. Hence care must be taken
while extrapolating to clinical data. Investigating the mechanism of beat rate variation, arrhythmia
and hypoxia was beyond the scope of this study. Isogenic controls would be ideal but unfortunately
they were not available for the current study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/6/594/s1,
Figure S1: Characterization of hiPSC lines, Figure S2. Embryoid body differentiation assay for detection of
ectoderm, mesoderm and endoderm, Figure S3. Genotyping, Figure S4. DNA sequencing, Figure S5. Nuclear
Area, Figure S6. Representative field potential trace, Figure S7. The set-up of custom-made hypoxia chamber.
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Abstract: Mutations in the HERG gene encoding the potassium ion channel HERG, represent one of
the most frequent causes of long QT syndrome type-2 (LQT2). The same genetic mutation frequently
presents different clinical phenotypes in the family. Our study aimed to model LQT2 and study
functional differences between the mutation carriers of variable clinical phenotypes. We derived
human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) from asymptomatic and
symptomatic HERG mutation carriers from the same family. When comparing asymptomatic and
symptomatic single LQT2 hiPSC-CMs, results from allelic imbalance, potassium current density, and
arrhythmicity on adrenaline exposure were similar, but a difference in Ca2+ transients was observed.
The major differences were, however, observed at aggregate level with increased susceptibility to
arrhythmias on exposure to adrenaline or potassium channel blockers on CM aggregates derived
from the symptomatic individual. The effect of this mutation was modeled in-silico which indicated
the reactivation of an inward calcium current as one of the main causes of arrhythmia. Our in-vitro
hiPSC-CM model recapitulated major phenotype characteristics observed in LQT2 mutation carriers
and strong phenotype differences between LQT2 asymptomatic vs. symptomatic were revealed at
CM-aggregate level.

Keywords: HERG; LQT2; channelopathies; in vitro electrophysiology; arrhythmia; induced
pluripotent stem cells; in-silico modeling

1. Introduction

Genetic long QT syndrome (LQTS) is an autosomal dominant disorder with a prevalence of 1
in 2000 people in the Caucasian population and its prevalence has been estimated to be 1 in 250–500
in Finland [1–3]. LQTS type2 (LQT2) is the second most common cause of LQTS with symptoms
of syncope, seizures and sudden cardiac death due to ventricular arrhythmia [4–8]. LQT2 is a
channelopathy with a mutation in the HERG gene on chromosome 7 [9,10]. HERG or KCNH2 codes
for the α-subunits of one of the principle cardiac repolarizing potassium (K+) channel current i.e., the
rapid component of delayed-rectifier repolarizing potassium current (IKr). A mutation here typically
reduces IKr and increases the repolarization time which could lead to arrhythmias [4]. Arrhythmias in
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LQT2 may be triggered by physical or emotional stress, adrenergic rush during acoustic stimuli, fright,
or occur during rest or sleep [11].

More than 300 mutations have been found in the HERG gene that could induce LQT2 [11,12].
Individuals with mutations in HERG present a varying clinical phenotype depending on factors
including type, topology and the location of the mutation in the HERG gene, gender, single nucleotide
polymorphisms (SNP), modifier genes, co-morbidities and age. [4,11,13,14]. Missense mutations, pore
segment mutations, mutations in the α-helix of the channel and female gender increase the risk for
arrhythmias [3,4,15–19]. Some mutation carriers present symptoms while some continue to remain
asymptomatic with or without a prolonged QT interval. These individuals may still have an increased
risk for QT prolongation, could develop symptoms later in life and are at a higher risk of sudden
death compared to non-carriers [20,21]. Asymptomatic carriers of LQT2 are recommended life-style
modifications and beta-blocker therapy, especially patients with abnormal T-wave morphology in
the electrocardiogram (ECG) in women and the pore location of mutation in men [16,22]. There is a
clear unmet medical need to study the mechanism of clinically silent LQT2, especially in countries like
Finland with a higher prevalence of LQTS.

Animal models and mammalian expression systems have limitations in replicating human
pathophysiology. Animal models also have ethical concerns, high costs and there is a need for
models to replicate human physiology and genetic variation [23]. Human-induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) have been shown to recapitulate disease phenotypes of
inherited cardiac diseases such as long QT syndrome and catecholamine polymorphic ventricular
tachycardia (CPVT) [24–29]. However, previously published models of LQT2 have not compared the
asymptomatic and symptomatic phenotypes in-vitro from the same mutation apart from a study by
Chai et al., which implicated that modifier genes were responsible for phenotypic dissimilarity [14].

The p.L552S mutation from our study was a missense mutation located on the transmembrane
α-helix of segment S5 forming the pore of the α-subunits of the HERG channel [15,30]. Our general
aim was to investigate whether hiPSC-CMs could recapitulate the phenotype differences of clinically
symptomatic and asymptomatic mutation carriers. To elucidate the disease mechanisms, we studied
(1) the localization of the wild type and mutated ion channel, (2) ion channel function and calcium
dynamics (3) arrhythmia propensity of cardiomyocyte (CM) aggregates by micro electrode array (MEA)
under potassium ion channel block and adrenaline exposure. Our results highlighted that hiPSC-CM
models can reveal phenotypical differences of mutation carriers with different clinical findings.

2. Materials and Methods

2.1. Patient Characteristics

Skin biopsies from two healthy controls and two individuals carrying the p.L552S mutation
in HERG were used for this study. Healthy control cells were derived from a 55-year-old female
(UTA.04602.WT) and from a 34-year-old male (UTA.04511.WT). One of the mutation carriers (1) is an
asymptomatic 19-year-old male and two lines from him were used in this study (UTA.03412.LQT2A
and UTA.03417.LQT2A). The other mutation carrier (2) is a symptomatic 44-year-old female and two
lines from her were used in this study (UTA.03809.LQT2A and UTA.03810.LQT2A). A signed informed
consent was obtained from all individuals who participated in this study. This study was approved by
the Ethics Committee of Pirkanmaa Hospital District to establish, culture and differentiate hiPSC lines
(R08070).

2.2. Genetic Screening

Next-generation sequencing (NGS) consisting of a panel of 254 genes, including the assessment
of non-coding variants, was studied with the ’Comprehensive Cardiology Panel Plus Analysis´ at
Blueprint Genetics, Helsinki, Finland (https://blueprintgenetics.com). cDNA was extracted from
primary fibroblasts of the mutation carriers using the Machery–Nagel NucleoSpin Tissue XS kit,
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and was delivered to the company for this service. The panel covered known genetic causes of
channelopathies and cardiomyopathies and included a sequence analysis and copy number variation
analysis of the following genes: AARS2, ABCC6*, ABCC9, ACAD9, ACADVL, ACTA1, ACTA2, ACTC1,
ACTN2, AGK*, AGL, AGPAT2, AKAP9, ALMS1*, ALPK3, ANK2, ANO5, APOA1, ATPAF2, BAG3,
BRAF*, CACNA1C*, CACNB2, CALM1*, CALM2, CALM3, CALR3, CAPN3, CASQ2, CASZ1, CAV3,
CBL, CDH2, CHRM2, COX15, CPT2, CRYAB, CSRP3, CTNNA3, DBH, DES, DMD, DNAJC19, DOLK,
DPM3, DSC2, DSG2, DSP, DTNA, DYSF, EEF1A2, ELAC2, EMD, ENPP1, EPG5, ETFA, ETFB, ETFDH,
FAH, FBXL4, FBXO32, FHL1*, FHOD3, FKRP, FKTN, FLNC*, FOXD4*, FOXRED1, FXN*, GAA, GATA4*,
GATA5, GATA6, GATAD1, GATC*, GBE1, GFM1, GLA, GLB1, GMPPB, GSK3B, GTPBP3, GUSB*,
HADHA, HAND1, HAND2, HCN4, HFE, HRAS, IDUA, ILK, ISPD, JPH2, JUP, KCNA5, KCNE1, KCNE2,
KCNH2, KCNJ2, KCNJ5, KCNQ1, KLHL24, KRAS*, LAMA2, LAMP2, LARGE, LDB3, LEMD2, LMNA,
LMOD2, LRRC10, LZTR1, MAP2K1, MAP2K2, MAP3K8, MIPEP*, MLYCD, MRPL3*, MRPL44, MRPS22,
MT-ATP6, MT-ATP8, MT-CO1, MT-CO2, MT-CO3, MT-CYB, MT-ND1, MT-ND2, MT-ND3, MT-ND4,
MT-ND4L, MT-ND5, MT-ND6, MT-RNR1, MT-RNR2, MT-TA, MT-TC, MT-TD, MT-TE, MT-TF, MT-TG,
MT-TH, MT-TI, MT-TK, MT-TL1, MT-TL2, MT-TM, MT-TN, MT-TP, MT-TQ, MT-TR, MT-TS1, MT-TS2,
MT-TT, MT-TV, MT-TW, MT-TY, MTO1#, MYBPC3, 118 MYBPHL, MYH6, MYH7, MYL2, MYL3, MYL4,
MYO18B, MYOT, MYPN, MYRF, NDUFAF2, NEXN, NF1*, NKX2–5, NONO, NOS1AP, NRAP, NRAS,
NUP155, PARS2, PCCA, PCCB#, PKP2*,#, PLEC, PLEKHM2, PLN, PNPLA2, POMT1, PPA2, PPCS,
PPP1CB, PRDM16, PRKAG2, PTPN11, QRSL1, RAF1, RASA2, RBCK1, RBM20, RIT1, RMND1*, RRAS,
RYR2, SALL4, SCN10A, SCN1B, SCN3B, SCN5A, SCNN1B, SCNN1G, SCO1, SCO2, SDHA*, SELENON#,
SGCA, SGCB, SGCD, SGCG, SHOC2, SLC22A5, SLC25A20, SLC25A3, SLC25A4, SMCHD1, SOS1, SOS2,
SPEG, SPRED1, STAG2, TAB2, TAZ, TBX20*, TBX5, TCAP, TECRL, TGFB3, TMEM43, TMEM70, TNNC1,
TNNI3, TNNI3K, TNNT2, TOR1AIP1, TPM1, TRDN, TRIM32, TRPM4, TSFM#, TTN*, TTR, VARS2, VCL,
VCP, VPS13A and XK.

The target region for each gene included the coding exons and ±20 base pairs from the exon-intron
boundary. Genes with suboptimal coverage in the assay were marked with (#) and genes with partial
or whole gene segmental duplications in the human genome were marked with an asterisk (*) if they
overlapped with the UCSC pseudogene regions (https://blueprintgenetics.com/tests/panels/cardiology/
comprehensive-cardiology-panel/).

2.3. hiPSC Generation, Culture and Characterization

The derivation of one control line (UTA.04602.WT) was characterized previously [28,31]. The
control cell line UTA.04511.WT was generated by Sendai viral transduction, and LQT2 cell lines
UTA.03412.LQT2A, UTA.03417.LQT2A, UTA.03809.LQT2A and UTA.03810.LQT2A were generated by
retroviral transduction, with all the lines characterized similarly to the control line UTA.04602.WT.

2.4. Cardiomyocyte Differentiation

Human-induced pluripotent stem cells (hiPSCs) were differentiated into CMs by the mouse
endoderm-like cell line END-2 co-culture method [32] on mouse embryonic fibroblast (MEF) feeder
cells (CellSystems, Troisdorf, Germany). Cardiac aggregates were spontaneously beating clusters of
the cardiac hiPSC-CMs manifesting in the hiPSC differentiation plate. The CMs were left to mature
for at least 30 days before they were used in experiments and maintained in KnockOut-Dulbecco’s
modified eagle’s media (KO-DMEM) supplemented with 20% fetal bovine serum (FBS). The CMs used
in experiments were typically between 30–60 days post induction of differentiation for consistency.
These aggregates were dissected and used directly on MEA experiments or dissociated into single cells
and used for voltage clamp and Ca2+ imaging experiments.

2.5. Allelic Imbalance

Total RNA from beating cardiomyocyte aggregates was extracted with Total RNA Purification
Plus kit (Norgen Biotek Corp, Thorold, ON, Canada) and reverse transcribed with High Capacity
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cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA, USA). The expression ratios
of HERG Finnish founder mutation (FinA) (p.L552S mutation) and HERG-wild type (WT) alleles
were determined by plasmid-derived standard curve method (Moretti et al. 2010). Plasmids carrying
HERG-FinA and WT alleles were produced as described in the supplementary section (Figure S8). The
standard curve was made by including 1:0, 8:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:8 and 0:1 (WT:MUT) plasmid mixes
into the reaction plate. Each mix contained in total 1 ng/μL of plasmid DNA. Quantitative polymerase
chain reaction (qPCR) was performed simultaneously for UTA.03809.LQT2A, UTA.03810.LQT2A,
UTA.03412.LQT2A and the plasmid standards with a Custom Taqman SNP Genotyping Assay (ID
AH20Z2J, Life Technologies Ltd., see the supplementary section Figure S8 for primer sequences).
All samples and standards were analyzed in triplicate. The reactions were performed with Applied
Biosystems 7300 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). Thermal conditions
of the amplification step were 2 min at 50 ◦C, 10 min at 95 ◦C, 40 cycles of 15 s at 95 ◦C and 1 min at
60 ◦C. Background fluorescence and fluorescence after amplification were measured from each well
with a pre-read run and a post run respectively using default settings. The expression ratios of the two
HERG alleles for the samples were estimated from the standard curve based on their average ΔCt (Ct
mut−Ct wt) values as described in the supplementary section (Figure S8).

2.6. HERG Channel Expression in HEK-293 Expression System

The expression vector for the wild type (WT) HERG expression was constructed by subcloning the
HERG cDNA from pSP64-HERG1a (Addgene plasmid # 53051, a gift from Michael Sanguinetti) in the
C-terminal of the mScarlet fluorescent protein cDNA at the BamHI (Thermo Fisher Scientific # FD0054)
and HindIII (Thermo Fisher Scientific # FD0504) sites of pmScarlet-i_C1 (Addgene plasmid # 85044,
kindly provided by Dorus Gadella). The p.L552S mutation was introduced into the HERG_mScarlet
fusion plasmid construct by QuikChange site directed-mutagenesis technique, using the forward
primer- gccgtgctgttctcgctcatgtgcaccttt and reverse primer- aaaggtgcacatgagcgagaacagcacggc. The
mutation was confirmed by direct sequencing using a primer specific for vector sequence which
flanked the HERG cDNA. For transfection, the HEK-293 cells were maintained in Dulbecco’s modified
eagle’s media (DMEM, GIBCO) supplemented with 10% Fetal Bovine Serum (FBS, GIBCO), 1%
penicillin/streptomycin (Sigma) and Glutamax in 5% CO2 at 37 ◦C. The cells were seeded at a density
of 2 × 105 onto coverslips in a Nunclon 12-well plate. Transfection was carried out according to
the protocol for FuGene®® lipofection reagent and five hours post-transfection the cell media was
replaced with serum-free starvation media. Twelve hours post-transfection, the cells were fixed
in 4% paraformaldehyde in preparation for confocal microscopy and the coverslips were removed
and mounted onto glass microscope slides using Vectashield’s antifade mounting medium with a
fluorescent DNA stain (DAPI). Cells were then stored at 4 ◦C overnight before being examined under
Zeiss LSM 780 Laser Scanning Confocal Microscope.

2.7. Ca2+ Imaging

Ca2+ imaging experiments were performed as described previously [33]. In addition to baseline
studies, the effect of 10 nM adrenaline (Sigma) was studied. For the Ca2+ analysis, regions of interest
were selected for spontaneously beating cells and background noise was subtracted before further data
processing. In addition, the Ca2+ transients (CaT) were analyzed by identifying the signals as normal
or abnormal and categorizing the abnormalities into subgroups according to their abnormality types.
Data of the WT CMs (UTA.04602.WT and UTA.04511.WT), asymptomatic CMs (UTA.03412.LQT2A and
UTA.03417.LQT2A) and symptomatic CMs (UTA.03809.LQT2A and UTA.03810.LQT2A) were pooled
due to similar Ca2+ peak parameter values. Ca2+ data was analyzed in a ClampFit 10.5 software and
statistical analysis of Ca2+ data was made with SPSS software version 24 (SPSS, Chicago, IL, USA).
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2.8. Voltage Clamp

The hiPSC-CMs were perfused with an extracellular solution containing 143 mM NaCl, 4.8 mM KCl,
1.8 mM CaCl2, 1.2 mM MgCl2, 5 mM glucose and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (pH was adjusted to 7.4 with NaOH). The intracellular solution contained 132 mM
KMeSO4, 20 mM KCl, 1 mM MgCl2, 4 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA) and 1 mM CaCl2 (pH was adjusted to 7.2 with KOH). The extracellular solution
was heated to 35 ◦C–36 ◦C with an inline heater SH-27B, controlled with a TC-324B controller unit
(Warner Instruments Inc., Hamden, CT, USA). The patch electrodes had a tip resistance of 2.0–4.0 MΩ
with intracellular solution. Perforated patch using Amphotericin B was performed to record currents
in Axon Series 200B patch-clamp amplifier connected to a Digidata 1440a AD/DA converter driven
by pCLAMP 10.2 software (all from Molecular Devices LLC, San Jose, USA). In the voltage-clamp
protocol, the holding potential (HP) was set to −50 mV with a voltage step from −40 mV to 40 mV of
4 s and a step size of 20 mV. In addition, 5 μM nimodipine and 10 μM chromanol 293B were added
into the extracellular solution to block the L-type Ca2+ current and slow delayed rectifier potassium
current (IKs) respectively. The IKr current was isolated by subtracting the currents before and after the
addition of 1 μM E-4031. The peak and tail currents were calculated from the end of the test pulse
and the peak of the tail current, respectively. Ionic currents were divided by cell capacitances and
presented as pA/pF.

2.9. Micro Electrode Array (MEA) Electrophysiology

The MEA recording and analysis was performed as described in [33]. The effect of IKr and IKs
block was studied by using E4031 (Sigma) and JNJ303 (Tocris), respectively, at 300 nM. Vehicular
control used in these experiments was the solvent used to dissolve the drug, in this case, distilled
water for E4031 and DMSO for JNJ303. Four different concentrations of adrenaline (Sigma-Aldrich,
St. Louis, MO, USA) (100 nM, 300 nM, 600 nM and 1 μM) were assessed. Vehicle control of distilled
water was used. The method of measuring the field potential duration (FPD) was done until the
end of the repolarization peak reaching the abscissa at 0 μV. This was done on a basis that the peak
of the field potential (FP) repolarization was more closely related to 50% of the action potential
duration [34] instead of the whole repolarization time. The data was analyzed using Origin 2017
(OriginLab, Northampton, MA, USA). The FP signal analysis was semi-automated using an in-house
written module in Origin, that could compute the beat rate (BPM), inter-beat intervals (IBIs) and field
potential durations (FPDs). Due to variability in signal morphology, the FPD end point detection
was done by two ways, automated as well as user defined semi-automated, for accurate end point
detection. To reduce variability in the analysis, the signals from the baseline and the condition were
analyzed consecutively. Bazett’s formula was used to calculate the beat-rate-corrected FPD (cFPD). The
aggregates chosen for the study were normalized to reduce the impact of the beating rate. Aggregates
with a beating frequency below 20 or above 90 BPM were not chosen for the study to prevent over
or under-correction.

2.10. Mathematical Modeling and Computer Simulations of CM Function

To elucidate the arrhythmogenic mechanisms of the LQT2 mutation, we employed a previously
published mathematical model of the electrophysiology and ion dynamics in hiPSC-CM (ref to [35]). The
in-silico hiPSC-CM model was updated to improve robustness by modifying the conductance values of
If (hyperpolarization activated repolarizing funny current), IKr (delayed rapid repolarizing K+ current),
bCa (inward background Ca2+ current), bNa (inward background Na+ current), NCX (Na+-Ca2+

exchanger current), NKA (Na+-K+ ATPase current) and PMCA (outward plasma membrane Ca2+

current) to 0.0281, 0.0363, 0.0029, 0.00095, 2636, 13.1 and 0.06, respectively. The previous model version,
which was parameterized based on averaging a large collection of in vitro data, was very sensitive to
perturbations in IKr, as shown in the supplementary Figure S6 in the original publication [34]. The
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new parameter set was used to increase the robustness of repolarization, so that simulations could be
run more consistently to compare the in-silico and in-vitro effects of LQT and drugs. To simulate the
effect of IKr block by E4031 and IKs block by JNJ303 in parallel in a healthy and mutated virtual CM,
we implemented the latter variant by reducing the conductance of IKr by 30%, in line with in-vitro
findings of this study. Simulation results were recorded from pacing experiments at 1 Hz frequency.
The MATLAB implementation of the hiPSC-CM model will be available at ResearchGate networking
site and on request from the authors.

2.11. Statistics

The data from the two healthy controls, LQT2 asymptomatic and symptomatic hiPSC-CMs were
pooled respectively and the standard error of the mean (SEM) between them was shown by error bars
in the voltage clamp, calcium imaging and microelectrode array experiments. Comparison within
the cell lines (before and after drug administration) was performed with non-parametric Wilcoxon
test. Between the healthy controls, LQT2 asymptomatic and symptomatic subsets comparison was
done with a non-parametric Kruskal–Wallis test with Bonferroni correction for the calcium imaging
experiments and the Kruskal–Wallis test with Dunn’s multiple comparison test for voltage clamp and
MEA data. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) were considered statistically significant. Data has
been expressed as average ± SEM where n refers to the number of CMs or the number of aggregates.

3. Results

A 44-year-old female patient was diagnosed with LQTS with a QT/QTc of 492/470 ms. She had
experienced episodes of arrhythmia, syncope, asthma and presented hearing impairment. She showed
characteristics of LQTS patients with periods of non-sustained ventricular tachycardia (NSVT) on 24 h
Holter recording. β-blocker treatment was initially prescribed and a cardiac defibrillator (ICD) was
implanted later for prevention of potentially fatal arrhythmia. Genetic screening of her family members
confirmed a gene mutation in p.L552S responsible for LQTS type-2 in her and in her 19-year-old-son.
The son had juvenile rheumatoid arthritis, with methotrexate and occasional corticosteroid treatments.
Typically, his QTc was in the normal range (QT/QTc of 450/398, Figure S9), but once in the 24-h Holter
recording it was reported to be up to 500 ms. No arrhythmias were reported by this mutation carrier and
none were present in any clinical recordings. To understand the variability in this disease phenotype,
hiPSC-CMs were generated from the dermal fibroblasts from these two mutation carriers and two
healthy volunteers to determine if this genotype–phenotype difference could be observed invitro.

The fibroblasts were reprogrammed by retroviral transfection (except UTA.04511.WT which was
reprogrammed by Sendai viral transduction) with pluripotency genes Sox2, Nanog, Oct3/4 and c-Myc.
Multiple clones were generated, cultured, expanded and stored. All the hiPSC lines showed typical
hiPSC colony morphology (Figure S1) and qPCR confirmed the expression of endogenous pluripotency
markers and silenced exogenous markers (Figure S2). The qPCR of RNA of embryoid bodies confirmed
the expression of endodermal, mesodermal and ectodermal genes (Figure S3). A normal karyotype
was confirmed in all the lines (Figure S4). Immunofluorescence imaging confirmed the presence
of pluripotency proteins (Figure S5). Cardiac differentiation was carried out by the END-2 method
using MEF feeder cells, and beating cardiac cells were over 30 days of age when they were further
characterized and studied.

To elucidate whether an allelic imbalance between the symptomatic and asymptomatic LQT2
mutation carriers was responsible for the phenotype discord, we conducted an allelic discrimination
study. The wild-type to mutant allele ratio of HERG expression was between 1:2 and 1:1 in samples
from both asymptomatic and symptomatic LQT2 mutation carriers (Figure 1A). The ratio 1:1 signifies
an equal expression of both alleles and the ratio 1:2 signifies that there is twice as much mRNA of the
mutant allele than the wild type allele in the sample. The mutant allele was expressed more than the
wild type allele on the mRNA level in samples from both LQT2 mutant hiPSC-CMs. This experiment
showed similar levels of allelic expression in the asymptomatic and the symptomatic LQT2 samples
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(Figure 1A), thus ruling out the difference in mutant and the wild type allele expression to affect the
clinical phenotype. Genetic screening by NGS analysis of a panel of 254 genes by the ´Comprehensive
cardiology panel´ from Blueprint Genetics identified only a heterozygous missense variant KCNH2
c.1655T>C, p.Leu552Ser (p.L552S) in both of the LQT2 mutation carriers. No other pathogenic, likely
pathogenic or variants of uncertain significance (VUS) were observed in this panel in either individual.
This screening panel also covered ~2000 non-coding disease-causing variants. This suggests that there
were no other pathogenic genetic variants in the genes known to affect the heart phenotype in the
mutation carriers that could explain the difference in their clinical phenotype.

To understand the molecular and cellular effects of the p.L552S mutation, we expressed the WT and
the mutant HERG mScarlet fusion plasmid construct in HEK293 cells which did not express endogenous
HERG. The localization of the exogenously expressed WT and mutant HERG was determined by
confocal microscopy. The mutated HERG expressed in HEK293 exhibited an altered localization
pattern with respect to the WT HERG (Figure 1B). HEK293 cells expressing WT protein showed an
increased expression of HERG at the cell membrane with much lower levels of expression in the
cytoplasm whereas the mutant protein was more expressed in the cytoplasmic compartment. This
suggested that the p.L552S mutation may have had a detrimental effect on the cellular processing of
the HERG protein that could lead to the trafficking deficiency (Figure 1B).

We next analyzed the functionality of the HERG channel by studying the electrophysiological
properties at single-cell level by patch-clamp technique (Figure 2). The delayed-rectifier repolarizing
potassium current (IKr) affected due to the mutation; was studied using voltage-clamp experiments,
which revealed that the IKr peak and tail current densities in the hiPSC-CMs from both the asymptomatic
and the symptomatic LQT2 mutation carriers were significantly lower compared to the hiPSC-CMs
from the healthy controls (Figure 2A–C, p < 0.05, ANOVA). No significant difference was found in the
IKr current densities between the asymptomatic and symptomatic LQT2 hiPSC-CMs.

Single dissociated hiPSC-CMs were further analyzed with Ca2+ imaging at baseline and under
the effect of adrenaline. A representative CaT is shown in Figure S6A. The application of adrenaline
significantly increased the mean beat rate (BPM) in the control (p < 0.001) and the LQT2 asymptomatic
(p= 0.042) but significantly reduced the beating rate in the symptomatic line (p = 0.037) (Figure 3A).
Both LQT2-CMs derived from symptomatic or asymptomatic presented with increased arrhythmias
at baseline and in the presence of adrenaline (Figure 3B). The different type of CaT abnormalities
(Figure 3C,D) were categorized into the following groups as also described previously [36,37]: oscillation
(OS), if Ca2+ oscillated for two or more peaks without reaching the baseline, low amplitude peaks
(LP), which had small amplitude Ca2+ events of at least 10% of the preceding Ca2+ spike amplitude,
plateau abnormality (PL), if the decay time of the Ca2+ was prolonged, rise delay (RD), if the rise time
of the Ca2+ was prolonged and varying amplitude (VA), if the amplitude of the peaks were varying
continuously in the trace. CaT was categorized as regular (RG), if the trace did not include any of the
aforementioned abnormalities. The symptomatic hiPSC-CMs presented an increased percentage of
RD (rise delay) arrhythmia and PL (plateau abnormality) arrhythmias compared to both the healthy
controls and the LQT2 asymptomatic hiPSC-CMs (Figure 3C). At baseline compared to the hiPSC-CMs
from the LQT2 asymptomatic mutation carrier, the hiPSC-CMs from the symptomatic patient had
increased the CaT half-width (Figure 3E) (p = 0.003), increased the CaT duration, Ca90 (Figure 3F) (p =
0.025) and increased the rise time (Figure 3H) (p = 0.002). The hiPSC-CMs from the symptomatic patient
had a reduced BPM and an increased inter-beat interval (IBI) after adrenaline application (Figure 3G)
and increased standard deviation in the Ca90 and IBI (Figure 3J,K). The basal CaT characteristics of
LQT2-CMs showed significantly reduced Ca2+ levels calculated by ΔF/F0 compared to the controls
(p <0.005), Figure 3I). ANOVA comparison between the three lines showed that the rise time and the
decay time of the CaT from the symptomatic lines were found to be significantly higher after adrenaline
application compared to the other lines (p < 0.001 and p < 0.05, respectively) (Figure 3H,L).
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Figure 1. Expression ratios of the wild type (WT) and the mutant (MUT) HERG alleles and localization
of the HERG protein. (A) Allelic imbalance determination with the standard curve method. Standard
data points were plotted as log2 (WT plasmid/MUT plasmid) ratios vs. corresponding mean ΔCt
values (Ct(MUT)–Ct(WT)). Standard curve (dashed line) was determined with the least squares fit
method. Expression ratios of the HERG alleles in the long QT syndrome type-2 (LQT2) samples were
calculated using the mean ΔCt values of the samples and the standard curve equation. Mean ΔCt value
for the LQT2 asymptomatic was calculated from the triplicates of the UTA.03412.LQT2 human-induced
pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) samples and the mean ΔCt value for the
symptomatic was calculated from the UTA.03809.LQT2 and the UTA.03810.LQT2 hiPSC-CM samples.
Error bars indicate the standard errors of ΔCt means. The locations of the data points indicate that
the HERG (KCNH2) alleles are expressed in all three cell lines with the wild type/mutant allele ratio
somewhere between 1:2 and 1:1. The allelic imbalance assay was repeated with another set of samples
of the three cell lines, yielding similar results (data not shown). (B) The fluorescent mScarlet-tagged
WT and MUT HERG alleles expressed in the HEK293 cells indicated the increased localization to the
cell membrane in the wildtype (WT) and the increased cytoplasmic localization of mutant HERG (MUT
HERG) (transmitted light images added as inset).
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Figure 2. IKr densities: (A) IKr currents were obtained as 1 μM E-4031 sensitive currents with the
used protocol. Inset: the voltage protocol used to elicit the IKr current. (B,C) Current-voltage plot
of the peak IKr current densities and the tail IKr densities respectively from controls (black), for the
LQT2 asymptomatic (red), and symptomatic (blue) hiPSC-CMs. Values inside parentheses indicate the
number of hiPSC-CMs analyzed. Data is presented as the mean ± SEM, (*) p < 0.05, (**) p < 0.01 and
(***) p < 0.001 between control and asymptomatic and (#) p < 0.05, (##) p < 0.01 and (###) p < 0.001
between control and symptomatic hiPSC-CMs.
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Figure 3. LQT2 hiPSC-CM shows increased calcium transient abnormalities. (A) Response of the
control, the LQT2 asymptomatic and the symptomatic hiPSC-CMs to application of 10 nM adrenaline.
(B) Percentage of CMs showing arrhythmia at baseline (BL) and during 10 nM adrenaline (Adr 10nM)
perfusion. (C) Comparison of type of arrhythmia observed at baseline and under adrenaline (Adr)
in the control, the LQT2 asymptomatic and the symptomatic CMs. (D) Representative arrhythmia
observed in the control, the LQT2 asymptomatic and the symptomatic hiPSC-CMs Ca2+ transients.
LQT2 asymptomatic CMs have most occurrences of oscillations and low amplitude peaks, while
symptomatic CMs have quite equal amounts of all the five kinds of abnormalities but more delay in rise
and decay phase than the LQT2 asymptomatic. RG = Regular, OS = oscillations and multiple peaks,
LP = low amplitude peaks, PL = plateau abnormality/delay in decay, RD = rise delay, VA = varying
amplitude. (E–L) Ca2+ imaging parameters at baseline and in the presence of 10 nM adrenaline. Data is
presented for n = 68, 78, 44 for the control, the LQT2 asymptomatic, and the symptomatic respectively,
as the mean ± SEM, (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001.
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Then, we studied the electrophysiological properties of hiPSC-CM aggregates by using micro
electrode array (MEA). Representative field potential signals are presented in Figure 4A. The MEA
analysis revealed that though the control and LQT2 aggregates showed a similar beating rate, the
corrected field potential duration (cFPD) of the LQT2 aggregates was significantly increased compared
to the controls (Figure 4B,C). The baseline characteristics did not show differences between the LQT2
asymptomatic and the symptomatic hiPSC-CM aggregates. An instantaneous rise in adrenaline in
the body is a known cause of major arrhythmia like ventricular tachycardia and torsades de pointes
(TdP) in LQT2 patients, so we exposed CM aggregates to different concentrations of adrenaline. All
three cell lines showed a linear increase in the beating rate and a decrease in the field potential
duration with increasing adrenaline concentration (Figure S7A–C). Adrenaline induced the occurrence
of arrhythmias, also often observed clinically. The arrhythmias were defined on the basis of their
rate of occurrence, the beating frequency, change in morphology compared to regular baseline
beats and the length of time for which they occur. The different arrhythmias that were observed
were: irregular monomorphic tachycardia (IMT), alternans (ALT) with alternating long and short
inter-beat intervals, premature ectopic beats (PEBs), early after depolarization-like arrhythmias (EADs),
repolarization abnormalities with monomorphic arrhythmia (RA), monomorphic triggered activity
(MMTA), non-sustained ventricular tachycardia-like arrhythmia (NSVT) and non-sustained ventricular
fibrillation (NSVF)-like arrhythmia, all found more frequently in hiPSC-CMs aggregates from the
symptomatic mutation carriers (Figure 4D–F). MMTA was defined as a triggered activity lasting
≥10 s without any change in the morphology of the FP waveform and without premature beats as
a trigger. NSVT was defined as a triggered activity requiring a premature ectopic beat as a trigger,
with activity lasting ≥30 s. NSVF was defined as a triggered activity with an increased beating rate,
requiring a premature ectopic beat as a trigger, with>6 consecutive ventricular complexes or ventricular
tachycardia -type VT lasting <200 s.

Figure 4. Cont.
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Figure 4. LQT2 hiPSC-CMs from the symptomatic patients presenting with increased arrhythmia
on adrenaline application (A) Representative field potential traces from the control, the LQT2
asymptomatic and the symptomatic aggregates at baseline. The red arrows depict the end point
of the repolarization duration, i.e., the field potential duration (FPD); the FPD was calculated from the
start of the depolarization wave until the repolarization wave reaching the base. (B,C) The scatter-dot
plots show the beat rate and the corrected field potential durations (cFPDs) from the control, the
LQT2 asymptomatic and the symptomatic (labelled as (C,A and S with black, red and blue colors
respectively), the boxes show the mean and SEM, for n = 62, 46, 38, respectively, for both the plots.
(D) Percentage of aggregates showing arrhythmia at baseline, vehicle and under 100 nM, 300 nM,
600 nM and 1 μM adrenaline application; n numbers for the control, the LQT2 asymptomatic and
the symptomatic; Bl-Veh n = 20, 19, 20, Bl–Adr100nM n = 22, 17, 22, Bl-Adr300nM n= 20, 16, 23,
BL-Adr600nM n = 23, 19, 22 and BL-Adr1μM n = 24, 18, 21, respectively. (E) Comparison of the types
of arrhythmia observed at baseline and under adrenaline (types elaborated below). (F) Representative
field potentials and characteristic arrhythmia observed in the control, the LQT2 asymptomatic and
the symptomatic hiPSC-CM aggregates at baseline and after the application of adrenaline. (a) IMT =
irregular monomorphic tachycardiac-like arrhythmia and variation of field potential beats, (b) ALT =
alternans, (c) PEBs = premature ectopic beats, (d) EADs = early after polarization-like arrhythmia, (e)
RA = Repolarization abnormality with monomorphic arrhythmia (f) MMTA =Monomorphic triggered
activity-like arrhythmia (g) NSVT = Non-sustained ventricular tachycardia-like arrhythmia, (h) NSVF
= Non-sustained ventricular fibrillation-like arrhythmia. The red arrows point to distinguish the types
of arrhythmia for clarity purposes.
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To understand if there were differences in the repolarization reserve between the LQT2
asymptomatic and the symptomatic mutation carrier-derived hiPSC-CM aggregates, we tested two
drugs that are known to prolong the QT duration. We applied both IKr specific blocker E4031 and
IKs specific blocker JNJ303 each at concentrations of 300 nM. Interestingly, we found that E4031
significantly prolonged the corrected field potential duration (cFPD) in the control (p < 0.0001) and
the symptomatic (p = 0.001) but not in the LQT2 asymptomatic hiPSC-CM aggregates (paired-t test
at baseline and after 300 nM E4031 (Figure 5A). The early after polarization-like arrhythmia (EAD)s,
premature ectopic beats (PEB)s and the ceasing of beating (labeled as major arrhythmia) were more
commonly observed in the symptomatic compared to the LQT2 asymptomatic aggregates (Figure 5B).
On the application of the IKs blocker JNJ303, the controls (p = 0.03), the LQT2 asymptomatic (p =
0.0002) and the symptomatic (p = 0.0008), all were observed to have a significantly prolonged cFPD
with the LQT2 aggregates being more affected compared to the controls (Figure 5C). The asymptomatic
line also showed a more significant percentage increase in cFPD (13.19%) in comparison to the controls
(4.49%) and the symptomatic (10.10%), determined by ANOVA (p = 0.01) (Figure 5C). The IKs block
by JNJ303 also evoked EAD-like arrhythmias, PEBs and ceasing of beating more commonly in the
symptomatic compared to the LQT2 asymptomatic and the healthy control aggregates (Figure 5D).
Representative field potentials and characteristic arrhythmias in the control, the LQT2 asymptomatic
and the symptomatic hiPSC-CM aggregates are presented in Figure 5E,F. No statistically significant
differences were observed when just the vehicle was applied. Testing the probability of arrhythmia
occurrence by the two tailed Fisher´s exact test and odds ratio between the arrhythmia occurrences
between the symptomatic and the asymptomatic hiPSC-CMs, for concentrations of adrenaline 100 nM,
300 nM, 600 nM and 1 μM, 300nM E4031 and 300nM JNJ303, the odds ratios of each of the tests were
2.7, 1.8, 5.33, 1.9, 2.3 and 3.6, respectively. This indicated a higher probability of the symptomatic
being more arrhythmic compared to the asymptomatic hiPSC-CMs. The p values were found to be
significantly different only for 600 nM (p = 0.04).

We employed computational modeling to elucidate the mechanisms underlying arrhythmogenic
events in LQT2. Figure 6A,B show the predicted differences in the action potential (AP) morphology
and ion currents of interest: IKr and IKs. The increased action potential duration (APD) was in
line with the cFPD prolongation data we obtained in-vitro on MEA. Interestingly, there was a small
compensatory increase in IKs in the LQT2 vs. the healthy controls, due to the delayed repolarization
in LQT2 (Figure 6B). The simulation of the effects of the varying E4031 concentrations illustrated the
increased inducibility of repolarization abnormalities in LQT2 (Figure 6C,D), in line with a reduced
repolarization reserve. Furthermore, the in-silico results suggested that the reactivation of ICaL (L-
type calcium current) was one of the mechanisms for repolarization failure, in the middle panel
of Figure 6C,D. As expected, based on a smaller contribution to repolarization, the impact of the
IKs blocker JNJ303 was rather mild in the simulations. As shown in Figure 6E,F, the IKs blocker
increased the APD by 6.9% in LQT2 and 1.9% in the controls, because both the absolute and the relative
contribution of the IKs was larger in LQT2.
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Figure 5. The effects of the IKr and IKs blockers (A,B) The plots show the responses of the control, the
LQT2 asymptomatic and the symptomatic hiPSC-CM aggregates to the IKr blocker E4031 at 300 nM
and the occurrence of major arrhythmia for the vehicle (distilled H2O) n = 26, 18, 19 respectively, and
for 300 nM E4031 n = 39, 17, 24, respectively. (C,D) Responses of the control, the LQT2 asymptomatic
and the symptomatic hiPSC-CM aggregates to the IKs blocker JNJ303 300 nM and the occurrence of
major arrhythmia for the vehicle (DMSO) n = 9, 3, 11, respectively, and 300 nM JNJ303 n = 27, 13, 12,
respectively. Data is presented as mean ± SEM, (*) p < 0.05 and (***) p < 0.001 compared between Long
QT asymptomatic or symptomatic and control and (#) p <0.05, compared on all three lines by ANOVA.
(E,F) Representative field potentials and the characteristic arrhythmia observed in the control, the LQT2
asymptomatic and the symptomatic hiPSC-CM aggregates at baseline (black) and after application of
E4031 and JNJ303 (red); the prolongation in FPD is marked by orange and blue lines, whereas EAD-like
arrhythmias and premature ectopic beats (PEBs) are marked with black arrowheads.
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Figure 6. Drug responses of healthy controls vs. LQT2 hiPSC-CMs in-silico. (A) Comparison of AP
from the healthy control hiPSC (black) and the LQT2 (blue) showing a prolongation of 20.53% in
APD90. (B) Effect of p.L552S HERG mutation on the densities of K+ currents, with a reduction in IKr,
but an increase in IKs. (C,D) Effect of the IKr blocker E4031 at 0 μM (black), 0.1 μM (yellow), 0.2 μM
(orange) and 0.3 μM (red) on AP morphology (left panel), in healthy control hiPSC and LQT2, and the
effect of the IKr block 0%–100% on the L-type calcium channel (middle panel) and the sodium channel
exchanger NCX current (Sodium calcium exchanger- calcium efflux current) (right). (E,F) Effect of the
IKs blocker JNJ303 on the control (top) and the LQT2 (bottom) with baseline as (solid line) 0.3 μM
JNJ303 (dotted line) on the AP morphology. Finally, the effect of the IKs block 0%–100% on the densities
of IKr and IKs, shown using black solid and red dotted lines for the controls and blue solid and pink
dotted lines for the LQT2, respectively.
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4. Discussion

Clinically, around 25% of patients of all LQTS-carrying genetic mutations have a normal QT
interval, and they do not present a disease phenotype, although they might still retain an increased risk
of having cardiac events [20]. This difference in clinical phenotype has challenged the detection and
treatment of these LQT2 asymptomatic mutation carriers, and studies suggest that their prevalence
could be higher as they often go undetected [1]. Both the symptomatic and the asymptomatic mutation
carriers from LQT2 have been reported to have an increased risk of getting cardiac events or sudden
death [3,4,15–19]. In this study, we focused on investigating the potential cellular differences using
hiPSC technology with cells derived from asymptomatic LQT2 and symptomatic LQT2.

4.1. What Is the Mechanism for Reduced HERG Channel Function?

It has previously been reported for some autosomal dominant mutations that allelic imbalance
could lead to a variation in the phenotype for identical genotypes. The increased allelic imbalance
in the BRCA1 gene is associated with increased breast cancer risk [38] and SNPs (single nucleotide
polymorphsims) on the mutated allele of KCNQ1, causing allelic imbalance leading to a less severe
form of LQT1. These findings partially explain the reason for variable disease penetrance in breast
cancer and LQT1 respectively [39]. In our study, allelic imbalance showed that the mutant and WT
alleles were expressed equally in both the LQT2 asymptomatic and the symptomatic hiPSC-CMs
between 1:1 and 1:2 ratios of WT:MUT (Figure 1A). This indicated that there could be other dominating
factors involved in phenotype difference.

The HERG channel, being a membrane protein, is difficult to crystallize and currently no crystal
structure exists in the Protein Data Bank (PDB) and only recently studies on homology models or
Cryogenic electron microscopy (cryo-EM) structures of the HERG structure have been published [40,41].
Therefore, it has been difficult to understand or predict the effect of the mutation on the structure and
function. Wild type mature HERG protein is a 155 kDa glycosylated protein and shows up as two
bands on the Western blot at 155 kDa and 135 kDa, containing both mature trafficked and immature
protein, which was retained in the endoplasmic reticulum (ER) [15]. The p.L552S mutation in our
carriers is a pore domain missense mutation that lay on the α-helix of the S5 transmembrane segment,
forming the pore of the α-subunits of the HERG channel [15,30]. A study by Anderson et al. (2014)
reported that the mutation p.L552S could be a trafficking defect by Western blot, though the confocal
images of the cellular and sub-cellular localization of the channel were not reported in the study [15].
To confirm the localization of the mutated p.L552S mutation, we transiently expressed the mutation in
HEK293 cells and saw a reduced membrane expression, corroborating previous findings that p.L552S
is a protein trafficking defect mutation (Figure 1B).

In our study, we found that both the peak and tail IKr current density mediated by the HERG
channel to be significantly reduced in all LQT2 hiPSC-CMs compared to the controls. These data
combined with the 1:2–1:1 WT:MUT allelic expression ratios and the reduced membrane localization
of the ion channel showed the p.L552S mutation has an aberrant channel trafficking. No difference
was observed between the hiPSC-CMs from the LQT2 asymptomatic and the symptomatic mutation
carriers, indicating that the HERG channel function was equally impaired in both and other factors
contributed towards the phenotype differences. This finding is in concurrence with a previously
published LQT2 hiPSC-CM model with symptomatic and asymptomatic forms of p.R752W mutation
which reported no significant differences in the IKr density [14].

4.2. What Is Causing Arrhythmogenic Events in LQT2?

Ca2+ imaging of the single hiPSC-CMs showed significantly increased standard deviation in
the Ca2+ transient (CaT) durations and inter-beat intervals. The increased arrhythmia in both the
asymptomatic and the symptomatic LQT2 hiPSC-CMs could be attributed to this increased beat
rate variation as also reported in past studies [42,43]. Interestingly, in our study, β-adrenergic
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stimulation did not lead to an increase in the beating frequency of hiPSC-CMs from the symptomatic
patients (Figure 3). Adrenaline exposure can develop calcium cycling abnormalities and delayed after
depolarizations (DADs) which occasionally suppress the following action potential, thus preventing
the increase in beating frequency. Adrenaline caused more PL and OS arrhythmias in symptomatic
CMs which increased the duration of one abnormal peak and therefore decreased the beat rate [44].
This phenomenon of a blunted β-adrenergic response at single hiPSC-CMs has been reported in the
pathogenic variants of mutations in titin mutations of dilated cardiomyopathy [45,46].

The significantly slower rise and decay time after application of adrenaline in the symptomatic
hiPSC-CMs suggested that there were alterations in the calcium release and uptake, which could
be investigated in future studies. In our study β-adrenergic stimulation evoked arrhythmia in both
the asymptomatic and the symptomatic hiPSC-CMs. Previous studies on hiPSC-CMs from LQT1
asymptomatic mutation carriers have reported that β-adrenergic stimulation evoked arrhythmia at the
single-cell level [25], whereas single hiPSC-CMs generated from LQT2 asymptomatic mutation carriers
did not evoke arrhythmia [47]. Our study is the first to analyze cardiac phenotypes in CM aggregates
and in single CMs, as well as to report that the clinical differences in phenotypes can be observed in
aggregates which may not be seen in single CMs. In the future it is important to consider this aspect
e.g., when conducting pre-clinical drug toxicity tests.

Clinically, the disease phenotype of LQT2 and the onset of characteristic TdP arrhythmia or VT-like
arrhythmia have been reported to be due to sudden arousal, exercise, sudden emotional or acoustic
triggers or at rest during sleep, and are preceded by a pause in R–R interval with a transient dramatic rise
in the QT interval immediately before the TdP [7,11,48]. T-wave alternans, T-wave liability (beat-to-beat
variation) or oscillation in the ECG have been reported to be a precursor to lethal arrhythmia and
major cardiac events in humans and in rabbit LQT2 models [49,50]. On clinical examination our
symptomatic patient developed non-sustained ventricular tachycardia on a 24 h Holter recording
while on beta-blocker bisoprolol and was implanted with an implantable cardioverter-defibrillator
(ICD). In our in-vitro studies, we successfully reproduced the adrenaline-induced arrhythmia including
irregular monomorphic tachycardiac-like arrhythmia, alternans (ALT), EAD-like arrhythmias, PEBs,
repolarization abnormality with monomorphic triggered activity, NSVT and NSVF-like arrhythmia
(Figure 4F), more commonly in the hiPSC-CM aggregates from the symptomatic patient compared
to the LQT2 asymptomatic and the healthy controls (Figure 4D,E). These findings suggested that the
distinction in phenotype was more pronounced at the CM-aggregate level compared to the single-cell
where both the LQT2 asymptomatic and symptomatic derived hiPSC-CMs were similarly arrhythmic.
Multiple hypotheses have been proposed for the underlying mechanisms of TdP, clinically including
the prolongation of action potential duration and the multi foci of triggered activity [51]. Another
hypothesis for TdP is the reduced dispersion of repolarization (DOR) across the heart wall, where
some CMs repolarize more rapidly than others with prolonged repolarization [51,52]. A study on
a canine LQT2 model reported pharmacologically enhanced connexin 43 gap junction coupling,
prevented arrhythmias by reducing the DOR [53]. This phenomenon could explain why the hiPSC-CM
aggregates from the p.L552S mutation presented with the clinical phenotype more prominently than
the single dissociated hiPSC-CMs in our study. To our knowledge, this phenomenon has not been
reported in cellular levels before. Clinically, the increased risk of arrhythmias for females has been
reported [3,4,15–19] but in in-vitro experiments the effect of the gender from whom the hiPSC-CMs are
derived, and its effect on CM-function remains to be investigated.

The IKr density was the same in the symptomatic and the asymptomatic LQT2 hiPSC-CMs, but
there was still a difference in the arrhythmia propensity in the aggregates. This suggested the presence
of compensatory outward currents rescuing the phenotype in the LQT2 asymptomatic hiPSC-CMs,
or inward currents increasing arrhythmia in the symptomatic, or both. The compensatory outward
current would be increasing the repolarization reserve; a parameter reflecting the capacity of CMs
to repolarize and a risk factor for arrhythmia when reduced [54]. A recently published report on
LQT2 implicated two modifier genes to provide an explanation for phenotype differences; causing
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increased L-type calcium currents in symptomatic and a compensatory outward K+ current in LQT2
asymptomatic hiPSC-CMs [14].

To explore if the hiPSC-CMs from the symptomatic mutation carriers were more susceptible to
the reduction in the repolarization reserve, we tested the effect of the compounds E4031 and JNJ303
which reduced the capacity of repolarization by blocking IKr and IKs, respectively. Interestingly, the
IKr block prolonged the cFPD in hiPSC-CMs from the LQT2 symptomatic but not in asymptomatic
(Figure 5). A past study of LQT1 symptomatic and asymptomatic hiPSC-CMs on MEA did not report
any major differences in the effects of the application of IKs blockers [55]. In the current study, IKs block
prolonged the cFPD more than the control but similarly for the symptomatic and the asymptomatic
LQT2 hiPSC-CM aggregates (Figure 5). Both IKr and IKs block evoked EAD-like arrhythmia, PEBs
and the ceasing of beating, more commonly in the symptomatic compared to the LQT2 asymptomatic
or healthy controls (Figure 5). Our findings suggest compensatory outward currents in the LQT2
asymptomatic, which did not exist in the symptomatic, rescue the repolarization reserve.

The results from the mathematical modeling suggested that the arrhythmia-causing mechanism
in the LQT2 hiPSC-CMs (EAD generation and repolarization failure) was the reactivation of L-type
calcium currents (Figure 6). This could explain the prolonged cFPD and arrhythmias in the hiPSC-CMs
from the symptomatic patient. It could be speculated that the increased IKs in LQT2 hiPSC-CMs could
be part of a compensatory mechanism to assist the CMs in repolarization. The aim of our further
studies is to investigate the presence of various compensatory repolarization mechanisms in LQT2
asymptomatic hiPSC-CMs and if the increase in ICaL is a specific phenomenon for symptomatic
hiPSC-CMs, as implicated by Chai et al. [14].

4.3. Limitations of the Study

The limitations of our study include not using control hiPSC-CMs derived from non-carriers in the
same family. hiPSC-CM lines from the CRISPR/Cas9 corrected controls and corrected mutations were
not applicable here, since the mutation was the same in the two LQT2 lines analyzed but the clinical
phenotype was different. Electrophysiological data from measurement of IKs and ICaL, studying the
connexin 43 expression and detailed genetic studies to identify gene variants were not done for this
study. These experiments could help understand differences between asymptomatic and symptomatic
mutation carriers further. Another improvement of this study could be achieved by having more than
just one familial pair of asymptomatic and symptomatic mutation carriers each from both sexes, to
be certain of the disease-specific effect rather than gender-specific effects which may play a role. We
also acknowledge the variable phenotype of hiPSC-CMs in general and urge to exercise caution while
reading the results from a clinical perspective.

5. Conclusions

Clinically, the severity of disease presentation and variable penetrance is a cause of concern. We
found differences at CM-aggregate level in the phenotype in-vitro between hiPSC-CMs from LQT2
asymptomatic and symptomatic individuals with hiPSC-CMs aggregates from symptomatic patient
being more arrhythmic on IKr and IKs block. Furthermore, characteristic arrhythmia of LQT2 on
β-adrenergic stimulation was observed at hiPSC-CM aggregate level in LQT2 asymptomatic and
symptomatic hiPSC-CMs, with increased arrhythmia observed in the symptomatic. Taken together,
our findings demonstrated that the hiPSC-CMs can reveal the different phenotypes of mutation carriers
having a different clinical phenotype. The reason for this different behavior clinically and at cellular
level is still under investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/5/1153/s1,
Figure S1: Representative hiPSC colony pictures; Figure S2: Endo and Exp PCR in the characterization of hiPSC
lines; Figure S3: Embryoid body (EB) assay for the detection of ectoderm, mesoderm and endoderm, Figure S4:
Normal karyotype found in all the hiPSC lines, Figure S5: Pluripotency marker expression on hiPSC under
immunofluorescent staining, Figure S6: Representative Ca2+ transients at baseline and under adrenaline, Figure S7:
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Adrenaline increases the beat rate and reduces the field potential duration, Figure S8: Allelic imbalance assay,
Figure S9: ECG from healthy individual, asymptomatic and symptomatic LQT2 mutation carriers.
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Scaling and correlation properties 
of RR and QT intervals at the 
cellular level
Jiyeong Kim , Disheet Shah , Ilya Potapov , Joonas Latukka , Katriina Aalto-Setälä  & 
Esa Räsänen

We study complex scaling properties of RR and QT intervals of electrocardiograms (ECGs) with their 

of spontaneously beating human-induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) 

in the short- and long-term scaling exponents α  and α  of RR and QT intervals and their cellular 

increasing scaling exponent of QT intervals as a function of the time scale, is an intrinsic feature at the 
cellular level.

In the last few decades, it has been shown that a healthy heart commonly exhibits fractal scaling (long-range 
correlations) in heart rate variability, i.e., variations in beat-to-beat RR intervals in electrocardiograms (ECGs)1. 
Alterations in the scaling properties have been observed in the case of cardiac diseases, such as congestive heart 
failure2,3, myocardial infarction4,5, atrial fibrillation6, and dilated cardiomyopathy7. QT intervals also exhibit 
spontaneous beat-to-beat fluctuations8 and QT variability has been an important measure in cardiac safety and 
drug development, because prolongation of QT intervals increases the risk of ventricular arrhythmias, such as 
Torsade de Pointes9,10, and repolarisation lability11. On the other hand, relatively few studies have characterised 
the long-range scaling properties of QT intervals under different physical conditions12–14.

Less is known about the beat-to-beat scaling properties at the cellular level. With the rise of human-induced 
pluripotent stem cell (hiPSC) technology15, it is now possible to study the complex non-linear properties at the 
cellular level. Spontaneous contraction of hiPSC-derived cardiomyocyte (hiPSC-CM) aggregates produces a field 
potential comparable to an ECG waveform. In particular, peak-to-peak intervals in the field potential denoted 
here as interbeat intervals (IBIs) correspond to RR intervals, and field potential durations (FPDs) are equivalent 
to QT intervals16–20.

Recently intrinsic power-law behaviour of IBIs of the isolated clusters of cardiomyocytes (CMs) has been 
characterised with one or two scaling exponents over predefined scale ranges21–23. In this study, we assess complex 
variabilities of IBI as well as FPD times series more in depth. To the best of our knowledge, scaling properties 
of FPDs of isolated CMs have never been investigated. Complex variabilities of RR and QT intervals of in vivo 
heart are also evaluated. Understanding the complex dynamics of IBIs and FPDs in comparison to the RR and 
QT variabilities is important in establishing hiPSC-CM aggregates as an ideal in vitro model of the human heart. 
Moreover, these studies provide new insights into the intrinsic QT-RR dynamics in the absence of the autonomic 
nervous system.

Methods
ECG recordings. Raw ECG recordings are obtained from the MIT-BIH Normal Sinus Rhythm database of 
PhysioNet24. RR and QT intervals are extracted using the PhysioNet algorithm24 and other software25–27. Low 
quality signals and ectopic beats have been discarded (see Preprocessing). The final set of ECG data contain 18 RR 
and QT interval time series of 24 hours from healthy individuals of 13 women (age from 20 to 50 years) and 5 men 
(age from 26 to 45 years). The average length of RR and QT intervals is around 9800 beats.
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Oral and written information of the study has been provided and a 
signed informed consent has been obtained from the participants. The study has been approved by the ethics 
committee of Pirkanmaa Hospital District to establish, culture, and differentiate the hiPSC lines (R08070). All 
experiments were carried out in accordance with following all relevant rules and regulations set by Tampere 
University. Healthy control hiPSCs were derived from skin fibroblasts of a 55-year-old female and a 44-year-old 
male (hiPSC lines UTA.04602.WT, UTA.04511.WT). Both subjects showed no detectable cardiac diseases when 
the skin biopsy was taken. The hiPSCs were generated and characterised as described by Takahashi et al.28. The 
hiPSCs were cultured and differentiated as previously described29. All the hiPSCs were genotyped to ensure 
that no major cardiac genetic disease mutations were present. A normality test on Graphpad Prism 8 software 
(GraphPad Software, Inc., USA) was conducted on the beating frequency and field potential duration of each 
sample to ensure the normally distributed population.

Multi-electrode array (MEA) measurements. Spontaneously beating cardiomyocyte (CM) aggregates 
(day 30–70) were manually dissected and plated on 1% gelatin-coated 6-well MEAs (Multichannel Systems, 
Reutlingen, Germany). Field potential signals were recorded from the CM aggregates under serum-free EB 
medium (knock-out DMEM, non-essential amino acids, GlutaMAX and penicilin/streptomycin) at 36 ± 1 °C at 
10 kHz sampling frequency using MEA 1060-Inv-BC and MC_Rack software (Multichannel Systems, Reutlingen, 
Germany). The field potentials were continuously recorded for 30 minutes at the baseline. The data obtained from 
MEA were analysed using a custom-made analysis module in Origin2018 software (OriginLab Corporation, 
USA). The signals displaying the highest amplitudes, low signal-to-noise ratios, and clear repolarisation phases 
were chosen for the analysis.

Two parameters that were extracted were IBIs and FPDs. An IBI is defined as the time period between two 
consecutive depolarisation peaks. A FPD is defined as the time period measured from the first upstroke of the 
depolarisation wave to the baseline of the repolarisation wave. FPDs have been shown to correlate with APD90 
from action potential measurements16,20. Both IBIs and FPDs were extracted using a custom-developed analysis 
module in Origin 2017 (MicroCal Origin™, USA), in which each upstroke of the depolarisation wave is detected 
as the start of a field potential, and the end of the field potential is calculated semi-automatically by detecting 
where the repolarisation decay phase intersects with the 0 μV line abscissa. The lengths of IBI and FPD time series 
range from 900 to 3000 beats with the average length around 1600 beats. The IBI and FPD data-sets are available 
from the corresponding author on reasonable request.

Preprocessing. Each time series was filtered before analysis in order to discard any artificial noises and 
ectopic beats. All the RR and QT intervals or their cellular equivalences below 200 and above 3000 ms were sys-
tematically discarded as nonphysical values. Then an appropriate envelope, or lower and upper limit, was selected 
around a global trend, so that the intervals outside the envelope were filtered out. The trend was calculated with 
a 5th order polynomial fit and twice the standard deviation of the time series was used for the envelope size, or 
limits.

A Poincaré plot is a standard method to measure and visualise the temporal correlation of a 
time series at the shortest time scale. For a given time series {xt}t = 1, …, N, each xt is plotted against xt + 1. To char-
acterise the distribution of the data points on the plane, an ellipse fitting technique30 is employed. The standard 
deviation of the data points perpendicular to the line xt = xt + 1, denoted as SD1, represents short-term variabil-
ity of the data31. The standard deviation along the line xt = xt + 1, denoted as SD2, reflects long-term variability, 
implied by the relation:

σ+ =SD1 SD2 2 , (1)2 2 2

where σ is the standard deviation of the time series31. Equation 1 is equivalent to the statement that the sum of 
short-term and long-term variability is the total variability. SD1 and SD2 are computed from the eigenvalues of 
the covariance matrix between xt and xt + 1.

A complementary measure to SD1 and SD2 is the Pearson’s correlation coefficient r, which represents the 
linear correlation between time series xt and xt + 1, defined by

σ σ
= +

+

r
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where cov stands for the covariance and σ is the standard deviation. The Pearson r ranges from −1 to 1, where 
values closer to 1 indicate positive linear correlation, and values closer to −1 indicate negative correlation.

Detrended fluctuation analysis (DFA), originally introduced by Peng et 
al.32, has been established as a reliable method to detect long-range correlation in a non-stationary time series. We 
follow the algorithms as described by Kantelhardt et al.33. The implementation of the algorithm has been validated 
against the PhysioNet DFA software package24; see section 1 of the supplementary information for more details. 
For a time series of length N with observations = …x{ }t t N1, , , the DFA procedure can be summarised in four steps:

 1. The profile of the time series is defined by taking an integrated sum of the series:
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 2. The profile is divided into N/s non-overlapping windows of equal length s. In each window, an n-degree 
polynomial approximation ytr representing a local trend is computed by a least-squares fit. For our analysis 
we use the first-order DFA, in which a linear trend is eliminated from each window. When the windows 
does not divide the profile evenly, a reverse ordering of the window is averaged with the original ordering, 
so that the windows cover the whole profile.

 3. The root-mean-square of the average variance of the residuals (y − ytr) over all 2N/s windows defines the 
fluctuation F for window size s.

∑ ∑=
⎡

⎣
⎢
⎢

⎡
⎣⎢ − ⎤

⎦⎥
⎤

⎦
⎥
⎥

= =
F s

N s s
y i y i( ) 1

2 /
1 ( ) ( )

(2)m

N s

i

s

m tr m
1

2 /

1
,

2

The window sizes range from s = 4 to s = N/4.
 4. In presence of power-law scaling, F(s) ~ sα. The scaling exponent α is the slope of F(s) in log-log scale.

The scaling exponent α describes the nature of the correlation present in the data. The white noise with no 
correlation and Brown noise are characterised by α = 0.5 and α = 1.5, respectively. Values 0.5 < α < 1.5 indicate 
long-range correlation, and values α < 0.5 correspond to anti-correlations. The value α = 1 corresponds to 1/f or 
“pink” noise, often referred to as fractal.

More than one scaling exponents may be required to describe different correlations at different scales. It is a 
common practice to define two scaling exponents, α1 and α2, to describe short-range and long-range correlations, 
respectively. It is also possible to calculate the gradient of F(s) as a function of s and define a spectrum α(s), also 
known as continuous α or local α. Here we use the αβ filter34, which is a simplified version of a Kalman filter, 
to recursively estimate a local least-squares fit for tracking the evolution of the gradient of F(s) in log-log scale. 
The α spectrum provides a more complete description of complex correlation properties of a given time series 
than two scaling exponents with predefined scale ranges. Despite possible limitations of the αβ filter, such as 
over-smoothing or under-smoothing of the gradient depending on the choice of its parameters, the method is 
sufficient for our purpose to assess the general scaling patterns of our time series data. The limitations may be 
overcome by advanced filtering techniques using other types of smoother based on Kalman filters35.

Statistical analyses. Normality of the measures obtained from Poincaré analysis and DFA was checked 
with Shapiro-Wilk test. When comparing the measures between ECG and hiPSC-CM data Welch’s t-test was 
employed to determine the statistical differences. If a variable did not meet the normality requirement for t-test, 
non-parametric Wilcoxon rank-sum test was employed. All the measures are presented in min-max, median, 
and interquartile range (Q1–Q3). Distributions of the measures are plotted in section 2 of the supplementary 
information.

Results
Figure 1 shows the representative Poincaré plots of RR and QT 

intervals extracted from ECGs. Most of the RR intervals show a shape of an ellipse, as in Fig. 1(a), but 20% of the 
samples have a fan-like shape, which is spread out towards larger RR intervals, as shown in Fig. 1(b). Results are 
in line with the previous studies showing the Poincaré plots of RR intervals are spread along the line of identity36.

The Poincaré plots of the corresponding QT intervals, also shown in Fig. 1 in the same time scale, have ellipti-
cal shapes along the line of identity, but with less eccentricity and variation, compared to those of the RR intervals. 

Figure 1. Examples of Poincaré plots of RR and QT intervals. A typical Poincaré plot for RR intervals has an 
elongated elliptical shape shown in (a). A few samples of RR interval time series has a fan-shaped plot shown 
in (b). Poincaré plots of QT intervals have smaller and rounder elliptical shapes, compared to those of RR. The 
density of the points is shown with a colour bar.
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The standard quantitative measures to characterise the poincaré plots, averaged over 18 control ECG recordings, 
are listed in Table 1.

Figure 2 and Table 1 show the Poincaré plots and the related measures of IBI and FPD time series of the 
hiPSC-CM aggregates, which correspond to RR and QT interval times series of ECGs. Each Poincaré plot 
Fig. 2(a) is plotted for the IBI time series, measured from a cell aggregate in each well, labelled as A, B, C, D, E, and 
F on a six-well MEA. The Poincaré plots in Fig. 2(b) are plotted for the corresponding FPD time series.

The IBI and FPD values vary considerably among the aggregates. The hiPSC-CM aggregates tend to behave 
more erratically as they contract spontaneously without any inputs from the autonomous nervous system. Their 
beat-to-beat variations are also extremely sensitive to small fluctuations in the environment, e.g., in the temper-
ature, pressure, oxygen levels, and ion concentration. Consequently, the absolute measures of SD1 and SD2 have 
large variances. In order to make the visual comparison of the Poincaré plots among the aggregates easier, we have 
normalised the data by subtracting the mean offset and scaling by the standard deviation, so that each Poincaré 
plot in Fig. 2 is centred at zero and comparable with each other in magnitude. Therefore, instead of computing 
SD1 and SD2 separately, we examine the ratio SD1/SD2 and Pearson’s correlation coefficient r between the differ-
ent groups, which are unaffected by the normalisation. There is a remarkable agreement between RR and IBI in 
SD1/SD2 and r, while a discrepancy exists between QT and FPD. The significantly larger SD1/SD2 (with statistical 
significance p = 0.023) and smaller r (p = 0.015) of the FPD Poincaré plots suggest that the FPD time series have 
significantly larger short-term variability with respect to the long-term variability.

We first quantify two scaling exponents α1 and α2, which represent 
short-range and long-range correlations, respectively. In particular, α1 is calculated in the time scale of less than 
20 beats, α2 in the scale of more than 30 beats. The α1 and α2 values of RR and QT intervals of ECGs and IBIs and 
FPDs of the hiPSC-CM measurements are visualised in Fig. 3. Each corner of the quadrilaterals corresponds to a 
scaling exponent. The mean α values are marked with bold lines and the spread of the values is shown in coloured 
bands. The means and standard deviations of the α1 and α2 values are also listed in Table 2.

Figure 3 allows us to compare the relative magnitudes of the α values from the shapes of the quadrilaterals. On 
the average, the quadrilateral for the hiPSC-CM aggregates resembles that of ECGs. The top sites of the quadri-
laterals connecting the α1 and α2 of RR intervals and IBIs are flat, i.e., α1 ≈ α2 ≈ 1, suggesting that the fractal-like 
scaling property is invariant over the time scale. On the other hand, QT intervals have significantly different α1 
and α2. The mean α2 is close to one, indicating that QT intervals are long-range correlated as the RR intervals, 
while the mean α1 is much closer to 0.5, indicating that the correlation properties resemble those of white noise 
in the short time scale. The scaling behaviour of FPDs is in notable agreement with that of QT intervals, with a 
small discrepancy in α2 (p = 0.09).

In further analysis, we examine the spectra of the scaling exponent α defined over a continuous time scale. 
The estimation of local α using the αβ filter34 produces a smooth spectrum, which depicts the evolution of the 

Measures
ECG, RR (n = 18) hiPSC-CMs, IBI (n = 21)

p-valuemin-max, median, (Q1–Q3) min-max, median, (Q1–Q3)

Mean (ms)
871–1830 703–2383

0.02071092 1400
(1044–1232) (1178–1745)

SD1/SD2 (n.u)
0.15–0.54 0.03–0.98

0.7490.28 0.28
(0.22–0.33) (0.16–0.45)

Pearson’s r (n.u)
0.55–0.96 −0.02–1.00

0.4830.85 0.85
(0.80–0.91) (0.67–0.95)

Measures
ECG, QT (n = 18) hiPSC-CMs, FPD (n = 20)

p-value
min-max, median, (Q1–Q3) min-max, median, (Q1–Q3)

Mean (ms)
377–501 394–1529

<0.001419 902
(406–434) (764–982)

SD1/SD2 (n.u)
0.21–0.83 0.13–0.98

0.0230.45 0.72
(0.35–0.67) 0.53–0.88

Pearson’s r (n.u)
0.19–0.92 −0.15–0.97

0.0150.66 0.32
(0.38–0.78) (0.08–0.56)

Table 1. Standard measures of the Poincaré plots of RR and QT intervals represented by min-max, median, and 
interquartile range (Q1–Q3). The values are obtained over n = 18 ECG samples, and those of IBIs and FPDs of 
the hiPSC-CM aggregates, obtained over n = 21 IBI and n = 20 FPD time series. p-values are computed using 
independent two-sample t-test.
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scaling exponents over the scales from short-range to long-range. The left panel of Fig. 4 shows the characteristic 
scaling patterns of the α spectra of RR and QT intervals. The α spectra of RR intervals approach a constant value 
with increasing scale resulting α1 ≈ α2 ≈ 1. In contrast, the α spectra of QT intervals start at lower values and 
increase with scale, hence α2 > α1. Similar results have been shown in the case study of the heart rate variability 
during pregnancy12.

Overall, Fig. 4 reveals notable similarities in the scaling patterns of ECGs and the hiPSC-CM aggregates. The 
hiPSC-CM aggregates tend to behave more erratically. Consequently, their α spectra are not as precise as those of 
ECGs. However, the scaling patterns observed in ECG, namely, the descending α spectra of RR intervals and the 
increasing α spectra of QT intervals, are clearly present in the spectra of hiPSC-CM aggregates. Unfortunately, the 
field potential measurements of the hiPSC-CM aggregates are limited in length to about 1600 intervals, so that the 
maximum window size in DFA is about 400 (see Methods). Therefore, we are not able to compare the spectra for 
larger scales than what is shown in Fig. 4. This result, however, already shows that the scaling properties in beat 
rates of the hiPSC-CM aggregates are well comparable to those of ECGs.

Discussion
Our quantitative analysis reveals that RR intervals and their in vitro equivalent from hiPSC-CM aggregates (IBIs) 
share a common geometry in Poincaré plots with a positive linear correlation between two consecutive beats. 
Quantitative measures according to the ellipse fitting technique30 show that the ratio of short-term to long-term 
variabilities is consistent between the ECGs and the hiPSC-CM data. Therefore, clusters of hiPSC-CMs exhibit 
beat rate dynamics comparable to a human heart. This has also been confirmed in previous studies21,22. On the 
other hand, there is a significant difference between the hiPSC-CM aggregates and human hearts in variations of 
the field potential durations, i.e., QT intervals and FPDs. The ratio of short-term to long-term variability is larger 
in FPDs. This may be due to the erratic and immature nature of the hiPSC-CMs, causing random fluctuations 

Figure 2. Poincaré plots of (a) IBI and (b) FPD time series extracted from the field potentials of the hiPSC-CM 
aggregates. The cell aggregates are plated on a six-well MEA with each well labelled as A, B, C, D, E, and F. Each 
Poincaré plot is centred at zero and scaled by the standard deviation. The density of the points is shown in 
colour.
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between consecutive beats. However, as it did not affect the IBIs in the same way, the reason may be found in the 
non-trivial relationship between QT and RR intervals (see below).

The complexity of the RR and QT variabilities and their equivalences at the cellular level is further examined 
in their longer-range scaling properties. The conventional way to compute short- and long-term scaling expo-
nents α1 and α2 in two predefined scales shows a remarkable agreement between RR intervals and IBIs (Fig. 3 
and Table 2). The results are in line with previous reports3,21,22. Here, more complete descriptions of the scaling 
properties are given by the full spectra of the scaling exponents. The α spectra of RR and QT in Fig. 4 are in good 
agreement with results from previous studies12,34.

The α spectra of IBI and FPD, reported here for the first time, show a notable similarity with the RR and 
QT intervals of the ECG data. The overall resemblance implies that the distinct scaling patterns of RR and QT 
intervals are independent of the autonomous regulation of the nervous system, as it is also present in the isolated 
hiPSC-CM aggregates without any external stimulation. The α spectra of the FPDs stay at low scaling exponents, 
but the increasing trend towards larger scales–similar to that of the QT intervals–is present. The less prominent 
long-range correlation may be due to the different QT-RR relationship at the cellular level.

In a normal heart, QT variability is often described in the context of heart rate variability, because the vari-
ability in RR intervals is the major physiological source of variability in QT intervals8. There is a clear response 
of QT to the acceleration and deceleration of the heart rate37. Moreover, recent studies have shown that there is 

Figure 3. Visualisation of the DFA α1 in the time scale of beats <20 and α2 in the scale of beats >30 for 
ECGs (left panel, N = 18) and hiPSC-CM aggregates (right panel, N = 10), respectively. Each corner of the 
quadrilateral corresponds to an α value. The mean value is marked with bold line, and the statistical significance 
of the difference in the α values are denoted with asterisks with following significance level: *p < 0.05, 
**p < 0.01, and ***p < 0.001.

ECG (n = 18) hiPSC-CMs (n = 10)
p-valuemin-max, median, (Q1–Q3) min-max, median, (Q1–Q3)

RR α1

0.64–1.33
IBI α1

0.83–1.14
0.7300.94 1.03

(0.85–1.17) (0.98–1.11)

RR α2

0.73–1.16
IBI α2

0.69–1.28
0.5160.94 0.93

(0.90–0.99) (0.72–0.99)

QT α1

0.52–1.04
FPD α1

0.52–0.96
0.3620.63 0.60

(0.57–0.70) (0.54–0.66)

QT α2

0.74–1.31
FPD α2

0.59–1.17
0.0901.05 0.91

(0.89–1.15) (0.74–1.03)

Table 2. Min-max, median, and interquartile range (Q1–Q3) of the DFA scaling exponents α1 and α2 for ECGs 
(n = 18) and the hiPSC-CM aggregates (n = 10). Independent two sample t-tests and Wilcoxon rank-sum test 
are performed between α values of ECGs and hiPSC-CM aggregates to obtain p-values. High p-values indicate 
that the values are drawn from a same distribution, hence, similar.
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a non-trivial dynamic relationship in terms of transfer entropy between RR and QT intervals38. The relationship 
is not as clear at the cellular level; FPDs do not necessarily have a positive correlation with IBIs, contrary to the 
well-known QT-RR relationship (See Fig. 5). Therefore, the discrepancies that appear only for FPDs but not IBIs, 
such as lower scaling exponents and relatively large short- to long-term variability ratio of FPDs, depicted by the 
Poincaré plots above, may be due to the less significant influence of IBIs on FPD variability compared to that of 
RR interval changes on QT variability.

The spontaneously beating hiPSC-CMs are relatively immature cells, which better represent a fetal heart 
with an underdeveloped contraction machinery and organised structural filaments, when compared to adult 
cardiomyocytes39. Even though the hiPSC-CMs have an expression of similar panel of ion channels as adult 

Figure 4. Continuous spectra of α of RR and QT intervals (left) and IBIs and FPDs (right) over the log scales. 
Local α s are estimated using the αβ filter34.

Figure 5. Non-trivial relationship between IBI and FPD. Each colour represents an hiPSC-CM aggregate. FPDs 
do not necessarily have a positive correlation with IBIs, which is found in a typical QT-RR relationship, shown 
in the inset.
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cardiomyocytes, they may have divergent expression levels of atrial, nodal, and ventricular cardiomyocytes40. 
The varying expression levels and other factors, such as differentiation techniques, age of the cells, variations in 
temperature and ion concentrations in the recording solutions, and recording protocols may introduce erratic 
variability in the beat rates of hiPSC-CM aggregates. Therefore, the interpretation of the results must be practised 
with caution. However, our results show that the beating dynamics of the hiPSC-CM aggregates resemble those of 
in vivo heart, despite their relative immaturity and the absence of the autonomic neural input.

Even though the hiPSC-CM aggregates were derived from only two subjects, we assume they are independent, 
as there are many factors in culture and differentiation process of the hiPSCs that introduce variations among 
cells, such as passage number, age of the cells, and batch of cultures and differentiation. After the cardiac differen-
tiation, different cell types (nodal, atrial, and ventricular), various sizes and number of beating cells in the culture 
further give rise to variations among the cell aggregates.

A recent study has suggested that in the presence of inter-cellular connections along with electro-mechanical 
interactions, intrinsic clock-like signalling of the pacemaker cells in sinoatrial node tissues, which are similar to 
hiPSC-CM aggregates in vitro, adapts and modifies their beat dynamics, contributing to the overall fractal-like 
behaviour of the heart41. Therefore, our findings support the idea that hiPSC-CM aggregates could be an ideal in 
vitro model of a heart, i.e., a suitable platform (i) to model cardiac diseases, (ii) to screen new treatment options, 
and (iii) to assess cardiac safety of new chemical entities of potential new drug candidates.

Fractality and power-law behaviour of IBIs have been attributed to ion-channel gating and intra-cellular 
mechanisms that are themselves non-linear processes. In an adult CM, variation in intra-cellular Ca2+ is the main 
trigger for excitation-contraction coupling, which generates mechanical contraction. Due to immaturity, the Ca2+ 
transient is slower and smaller in amplitude for hiPSC-CMs42, but is clearly present and closely related to the 
beat rate variability (BRV) of hiPSC-CM aggregates. In particular, the intra-cellular sarcoplasmic reticulum (SR) 
Ca2+ cycling and mitochondrial Ca2+ extrusion, and the crosstalk between SR and mitochondria43 exhibit fractal 
behaviour, hence contribute to the fractal BRV at the cellular level22,44.

Intra-cellular Ca2+ cycling, among other cellular processes, also contributes to the beat-to-beat variation of 
the overall repolarisation, which causes variations in QT intervals at a stationary heart rate8. Therefore, we may 
postulate that the fractal behaviour of the intra-cellular Ca2+ cycling is also accountable for the intrinsic fractal 
scaling of FPDs in hiPSC-CM aggregates. There are also other factors, such as stochastic fluctuations in ion cur-
rents and inter-cellular interactions that cause variations in QT intervals. Similar effects may be present also in 
FPDs, which calls for further systematic investigations.

Other standard HRV time- and frequency-domain measures are available in the section 3 of the supplemen-
tary information.
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