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I – Cardiac cycle within the heart 

Ion channels are essential membrane proteins found in all cell types, including 

cardiomyocytes. By allowing the regulated flux of ions across the plasma membrane, these 

ion channels produce electrical currents and play major roles in cell function (Abriel and 

Zaklyazminskaya, 2013). In the heart, cardiac ionic channels and the currents they generate 

are essential for the ability of the heart to coordinate cardiac contraction to distribute blood 

efficiently throughout the body, which also depends on the coordination of nodal, atrial, and 

ventricular cardiomyocytes. 

In healthy individuals, the cardiac cycle is initiated by the spontaneous depolarization of 

specialized pacemaker cells in the sinoatrial node located within the right atrium. Electrical 

coupling via intercellular gap junctions allows the rapid conduction of depolarizing electrical 

impulses to nearby atrial cardiomyocytes, which triggers the excitation and subsequent 

contraction of the atria that is reflected by the P-wave on the surface electrocardiogram 

(ECG). The electrical impulse is then conducted from the atria to the atrioventricular node 

which, after a brief delay, propagates through the Purkinje fibers to the apex of the heart and 

then into the cardiomyocytes of the right and left ventricles. The excitation of ventricular 

cardiomyocytes results in the contraction of the ventricles and is represented by the QRS 

complex on the surface ECG and their repolarization is represented by the T wave (Giudicessi 

and Ackerman, 2012) (Figure 1). 
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Figure 1: Normal electrical activity of the heart. a. Schematic representation of the cardiac conduction system 

and the correlation between the action potentials of cardiomyocytes in distinct regions of the heart and the 

surface electrocardiogram. b. Temporal relationship between the inward and outward currents that contribute to 

the distinct phases (0-4) of the ventricular cardiomyocyte action potential. c. Temporal relationship between the 

inward and outward currents that contribute to the distinct phases (0-4) of the nodal cardiomyocyte action 

potential (which lacks a defined phase 1). Abbreviations: AV, atrioventricular; ICa,L, inward depolarizing Ca
2+

 

current (through L-type Ca
2+ 

channels); ICa,T, inward depolarizing Ca
2+

 current (through T-type Ca
2+

 channels); If, 

inward-rectifier mixed Na
+
 and K

+
 ‗funny‘ current; IK1, inward-rectifier K

+
 current; IKATP, ATP-sensitive K

+
 

current; IKr, rapid component of the delayed-rectifier K
+
 current; IKs, slow component of the delayed-rectifier K

+
 

current; INa, inward depolarizing Na
+
 current; Ito, transient outward K

+
 current; SA, sinoatrial (Giudicessi and 

Ackerman, 2012). 



INTRODUCTION 

 
4 

At the cellular level, the electrical impulses that drive the cardiac cycle are dependent on the 

generation of action potentials within individual cardiomyocytes, via the sequential opening 

and closing of ion channels that conduct the depolarizing inward (Na
+
 and Ca

2+
) and 

repolarizing outward (K
+
) currents (Figure 2, Figure 3) (Giudicessi and Ackerman, 2012).  

 

Figure 2: The main channels found in the heart. a. Potassium (IKr), b. calcium (ICa,L), and c. sodium (INa) channel 

structures and subunits are shown. Abbreviations: CASQ2, calsequentrin-2; PLN, cardiac phospholamban; 

RyR2, ryanodine receptor 2; SERCA2a, sarcoplasmic/endoplasmic reticulum calcium ATPase 2a; SR, 

sarcoplasmic reticulum (Wilde and Behr, 2013). 

 

 

Figure 3: Schematic representation of 

the main ionic currents responsible 

for the different phases of the cardiac 

action potential. Red (depolarizing) 

and blue (repolarizing) shapes 

indicate relative current amplitude, 

duration and direction (Abriel and 

Zaklyazminskaya, 2013). 
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Mutations in genes encoding cardiac ion channel subunits or proteins that interact with and 

regulate these channels leads to channelopathies. Dysfunctional ion channels cause 

abnormalities in the electrical properties of the heart, resulting in arrhythmia (Marsman et al., 

2014). 

II – Cardiac Arrhythmic Diseases 

Cardiac arrhythmias are a group of primary electrical disorders associated with a risk of 

sudden cardiac death. These include long QT syndrome (LQT) and Brugada syndrome (BrS). 

These electrical disorders are often characterized by specific ECG abnormalities either at 

baseline or during particular conditions, such as exercise (LQT), fever or pharmacological 

challenge (BrS) (Marsman et al., 2014). 

II.1. – Long QT syndrome 

 LQT is the most investigated primary cardiac rhythm disorder. A genetic defect can be 

identified in ∼70% of definitive LQT patients (Bhuiyan et al., 2013). A rapidly changing 

balance of inward and outward ionic currents through ionic channels and transporters 

produces the prototypical cardiac action potential (AP) demonstrated in Figure 4. LQT has 

been generally divided into congenital or acquired types. Congenital LQT occurs when a 

genetic defect tips the balance of inward and outward currents to delay repolarization of the 

ventricular action potential. The resulting increase in action potential duration is reflected by a 

prolongation of the QT interval on the surface electrocardiogram (Marsman et al., 2014) 

(Kamp, 2011). On the other hand, acquired LQT is most commonly due medications which 

are known to prolong the QTc (Puri et al., 2009). An example of acquired LQT is observed in 

HIV/AIDS infected patients that could be directly due to the presence of the virus and/or to 

the treatment. In the next part congenital LQT will be further described, and following that, 

acquired LQT in the case of HIV/AIDS patients, with the possible mechanisms underlying the 

cardiac complications will be further discussed. 

Figure 4: Pathophysiological mechanisms of K+-channel-mediated 

arrhythmias at the ionic and cellular level. a. Schematic representation 

of a normal ECG (black) and typical ECGs for potentials (black) and 

tracings that display epicardial action potential prolongation in LQT 

patients. b. Tracings of normal ventricular action potential (Giudicessi 

and Ackerman, 2012). 
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II.1.1 – Congenital LQT 

II.1.1.1 – Clinical presentation 

Patients with all forms of LQT are predisposed to the ventricular tachyarrhythmia, torsades de 

pointes (TdP) leading to recurrent syncope, or sudden cardiac death (SCD). In many 

instances, syncope or sudden death could be the first and the only manifestation. LQT affects 

an estimated 1 in 2,000 people world-wide (Bhuiyan et al., 2013). Mutations in at least 12 

genes encoding different ion channels or channel-associated proteins have been linked to 

congenital LQT. These mutations can cause a gain of function, which increases depolarizing 

currents, or a loss of function, leading to reduced repolarizing currents (Kamp, 2011). 

II.1.1.2 – Cellular pathophysiology 

LQT is the result of delayed repolarization of ventricular cells due to either a reduction in 

repolarizing (outward) currents or an increase in depolarizing (inward) currents (Lu and Kass, 

2010). Loss-of-function mutations in the genes coding for K
+ 

channel subunits, and gain-of-

function mutations in the genes coding for Na
+
 and Ca

2+
 channel subunits and their regulatory 

proteins have been found in patients with congenital LQT. The mechanisms by which ion 

channel mutations lead to a loss or gain of function are very diverse. Mutations in K
+
 channel 

gene subunits have been shown to either decrease the number of channels at the cardiac cell 

surface, through the alteration of trafficking, or reduce the K
+ 

current via mutation-induced 

alterations in the intrinsic biophysical properties of the K
+ 

channels (Delisle et al., 2004). For 

the Nav1.5 channel, most of the mutations have been shown to increase the late sodium 

current due to late channel re-openings or bursts (Terrenoire et al., 2007), which results in 

delayed AP repolarization (Abriel and Zaklyazminskaya, 2013). 

II.1.1.3 – Inheritance and molecular genetics 

Inheritance can be oligogenic in approximately 5% of patients. Incomplete penetrance is 

common, and up to 40% of genetic carriers have a normal corrected QT (QTc) interval. The 

three most common forms of LQT are long QT syndrome type 1 (LQT-1), long QT syndrome 

type 2 (LQT-2), and long QT syndrome type 3 (LQT-3), each of which is caused by genetic 

mutations in a different ion channel. These LQT subtypes are typically associated with 

particular symptoms; however, the symptoms associated with one subtype are sometimes seen 

in patients with other forms of LQT. Loss-of-function mutations in α-subunit of the slow 

rectifier current (IKs), encoded by the KCNQ1 gene, cause LQT-1. LQT-2 arises from 

mutations in KCNH2 that cause loss of function in α- subunit of the rapid rectifier current 
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(IKr). Trafficking defects are more common in LQT-2 than in LQT-1. Mutations in SCN5A 

cause LQT-3 by a gain of function that result in increased late sodium current. Mutations in 

genes encoding ion channel β-subunits and channel-interacting proteins can also prolong 

repolarization by causing loss of function in IKr or IKs, or gain of function in INa (Wilde and 

Behr, 2013). Mutations in different ion channels or channel-associated proteins linked to 

congenital LQT are summarized in Table 1. 

Table 1: Genetic basis of congenital long-QT syndromes (Sinnecker et al., 2013). 

Syndrome Affected gene Gene Product Known functions of the gene 

LQT-1 KCNQ1 Kv7.1 α (KVLQT1) α- subunit of sodium channel for IKs 

LQT-2 KCNH2 Kv11.1(hERG) α- subunit of sodium channel for IKr 

LQT-3 SCN5A Nav1.5 α α- subunit of sodium channel for INa 

LQT-4 ANK2 Ankyrin-B Adaptor protein involved in membrane 

targeting of sodium/potassium ATPase 

and sodium/calcium exchanger 

LQT-5 KCNE1 MinK β β- subunit of sodium channel for IKs 

LQT-6 KCNE2 MiRP1 B β- subunit of sodium channel for IKr 

LQT-7 KCNJ1 Kir2.1 α α- subunit of sodium channel for IK1 

LQT-8 CACNA1C Cav1.2 a1c α- subunit of sodium channel for ICa,L 

LQT-9 CAV3 Caveolin-3 Membrane protein presumably binding 

to sodium channels 

LQT-10 SCN4B Nav1.5 β4 β- subunit of sodium channel for INa 

LQT-11 AKAP9 YOTIAO (AKAP9) A-kinase anchoring protein mediating 

regulation of IKs by protein kinase A 

LQT-12 SNTA1 Syntrophin- α1 Cytoskeletal protein interacting with 

channel responsible for INa 

LQT-13 KCNJ5 Kir3.4 (GIRK4) Subunit channel responsible for IKACh 

LQT-14 CALM1 Calmodulin-1 calcium binding protein which is one 

of the four subunits of phosphorylase 

kinase 

LQT-15 CALM2 Calmodulin-2 calcium binding protein which is one 

of the four subunits of phosphorylase 

kinase 
 

 

During the thesis I focused on LQT-2 study. As mentioned before, LQT-2 is caused by loss-

of-function mutations in the KCNH2 encoded human-ether-a-go-go-related gene K
+ 

channel 1 

(hERG1 or Kv11.1) and is responsible for an estimated 25-30% of all LQT cases. The 

assembly of four full-length hERG1a α-subunits, or a combination of hERG1a and the 

shorter, alternatively spliced hERG1b isoform, form the tetramer Kv11.1 channel that 

conducts IKr (Figure 5). This current is differentiated from other K
+
 currents by the unique 

structural features of the inner mouth of its channel pore that leave the channel prone to 
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blockade by an array of drugs, leading to acquired, drug-induced LQT (Giudicessi and 

Ackerman, 2012). 

Figure 5: The hERG1 

channel structure and 

putative binding region 

for blocking drugs. A. 

Schematized hERG1 

tetramer channel at the 

plasma membrane and B. 

pore-forming region in 

schematic and C. ribbon 

representation D. 

Magnification of one α-

subunit with six trans 

membrane domains (S1-

S6), S5-P linker or turret 

loop, pore-helix (P-helix) 

and selectivity filter (SF). 

Both N- and C-termini are 

intracellular with 

respectively identified 

Per-Arnt-Sim (PAS) 

domain and cyclic 

nucleotide binding 

domain (cNBD) (Grilo et 

al., 2010) 

 

KCNH2 genes encodes for the α-subunit of the Kv11.1 channel that generates the rapid 

rectifier current (IKr). Kv11.1 channels can exist in closed, open, or inactivated states (Figure 

6). The inactivation process of Kv11.1 channels, however, exhibits a number of unusual 

features. Most notably, the kinetics of inactivation is much more rapid than the kinetics of 

activation, and second, the inactivation process is voltage-dependent. This unique 

combination of properties underlies the physiological role Ikr plays in cardiac repolarization 

by its disproportionately rapid rate of inactivation compared with its activation (Vandenberg 

et al., 2012). 

 

 

 

Figure 6: Gating of Kv11.1 channels. Kv11.1 channels can exist in closed, open, or inactivated states. 

Transitions between them are voltage dependent, with the transition between the closed and open states being 

slower than transitions between open and inactivated states (Vandenberg et al., 2012). 
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The functional characterization of a small percentage of known KCNH2 mutations has 

elucidated multiple mechanisms responsible for IKr loss-of-function in LQT-2, including 

nonsense-mediated decay, defective Kv11.1 protein synthesis, impaired Kv11.1 protein 

trafficking, and kinetic alterations in channel gating and K
+
 selectivity or K

+
 permeation. 

Defective Kv11.1 protein trafficking, which encompasses defective protein folding, retention 

in the endoplasmic reticulum, and disrupted trafficking to the Golgi apparatus or to the cell 

surface represents the dominant molecular mechanism in LQT-2 and is thought to underlie the 

functional consequences of an estimated 80-90% of KCNH2 missense mutations (Giudicessi 

and Ackerman, 2012). 

II.1.2 – Acquired LQT-2 in HIV/AIDS patients 

Incidence of cardiovascular events has been shown to be increased in AIDS patients, 

including QT prolongation (Reinsch et al., 2009). Several studies have been done in order to 

investigate the pathological QT prolongation observed in HIV patients, and to determine the 

origin of this pathological condition. 

LQT may be directly due to the presence of the virus and/or to the treatment. On one hand, 

various drugs that are currently prescribed to HIV-infected patients, have also been associated 

with a QT prolongation, such as macrolides, pentamidine, azole antifungals fluoroquinolones 

(Fantoni et al., 2001), and methadone (Vallecillo et al., 2013). Thus, many drugs and 

combinations of drugs could be potential triggers of LQT through the inhibition of a major 

cardiac repolarizing current IKr, conducted by the voltage gated potassium channel hERG 

(Haverkamp et al., 2000). On the other hand, a clinical study suggests that QT prolongation is 

correlated to the duration of the infection rather than to the anti-HIV treatment, in particular 

protease inhibitors (Charbit et al., 2009). In addition, another study shows that among 42 HIV 

patients, 9 presented with QTc prolongation in absence of any treatment or electrolyte 

abnormality (Kocheril et al., 1997). In addition, several works using animal models suggested 

a rather direct implication of the virus in the long QT syndrome. A mouse model expressing 

the whole HIV-1 genome showed prolonged cardiac repolarization and decreased repolarizing 

potassium currents, in absence of pharmacological treatment (Hanna et al., 1998) (Brouillette 

et al., 2007). However, mice are not the most appropriate models to study LQT syndrome 

since molecular entities conducting repolarizing potassium currents are different from human 

(Nerbonne, 2004). 
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Tat, one of the 19 proteins encoded by the virus, is a major regulator of HIV virus replication; 

it acts as a trans-activator of viral transcription, and has many other effects. This 86 to 101 

amino-acid protein is massively secreted by infected cells (Rayne et al., 2010), and serum Tat 

concentration can reach hundreds of ng/ml in patients (Poggi et al., 2004). Noteworthy, serum 

levels of Tat remain high in treated patients, which could explain the lack of correlation 

between LQT and antiretroviral therapies (Poggi et al., 2004). From the serum, Tat enters 

various cell types and acts as a viral toxin that triggers various cell responses (Debaisieux et 

al., 2012). Ventricular cardiomyocytes are potentially one of the targets, but this remains to be 

tested in human cells. In the guinea pig, Tat has been shown to prolong the action potential of 

ventricular cardiomyocytes (Bai et al., 2011) through a reduction in the hERG associated IKr 

current (Sanguinetti et al., 1995). Furthermore, Bai et al. showed that incubating HEK293 

cells stably expressing hERG channels, with Tat protein for 24 hrs. led to a decrease in the 

hERG protein level combined with a decrease in the generated current. In addition, Tat also 

promotes bradycardia as observed in a rat model (Brailoiu et al., 2014). This bradycardia may 

be related to the dysregulation of the autonomic nervous system, as observed in some HIV 

patients (Chow et al., 2011), which may. Such dysautonomia favors LQT (Villa et al., 1995). 

Thus, Tat protein is a part of several arrhythmic mechanisms involving IKr and changes in 

calcium levels in different cell types (Satoh, 1999), and these mechanisms may be involved in 

the LQT associated with HIV-infected patients.  

Whether LQT is resulting from a congenital or acquired cause, modeling and understanding 

the underlying pathological mechanisms is a must and in turn will improve patients‘ 

treatment. 

 

The other arrhythmic disease we are interested in is the BrS. It was first described by Drs. 

Pedro and Josep Brugada in 1992. The cellular basis for the life-threatening abnormal heart 

rhythms associated with this syndrome was discovered in the early 1990‘s (Campuzano et al., 

2010). Full description of BrS is discussed below. 

II.2. – Brugada Syndrome (BrS) 

BrS is a cardiac disorder characterized by ST-segment elevations in the right precordial leads 

(Figure 7) and susceptibility to ventricular arrhythmias and sudden cardiac death. It affects 

young subjects with structurally normal hearts. The prevalence varies with ethnicity ranging 
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from 1 to 5 per 10 000 persons in different parts of the world (Steinfurt et al., 2015). The 

syndrome has a genetic basis, and several mutations have been identified in genes encoding 

subunits of cardiac sodium, potassium, and calcium channels, as well as in genes involved in 

the trafficking or regulation of these channels. Despite this, approximately 70% of BrS cases 

cannot be explained genetically with the current knowledge (Nielsen et al., 2013) (Brugada et 

al., 2014). 

 

Figure 7: Pathophysiological mechanisms of BrS. A. Schematic 

representation of a normal ECG (black) and typical ECGs for 

patients with BrS. B. Tracings of normal ventricular action 

potentials (black) and tracings that display the transmural 

gradient between the epicardial action potential (solid red line) 

and endocardial action potential (dotted red line) (Giudicessi 

and Ackerman, 2012). 
 

 

 

II.2.1 – Clinical presentation of BrS 

BrS is associated with a high risk of sudden cardiac death. Currently, it is believed to be 

responsible for 12% of sudden cardiac death cases and 20% of sudden cardiac death in 

patients with structurally normal hearts. Patients may suffer syncope or sudden cardiac death 

secondary to polymorphic ventricular tachycardia (PVT)/ventricular fibrillation (VF). 

However, the majority of patients remain completely asymptomatic. Some of the arrhythmias 

may occur after large meals, during rest, or while sleeping. The symptoms usually appear 

around 40 years of age; however, there are reports of patients affected from ages 1 to 84. 

Males are more often symptomatic than females, probably due to the influence of hormones 

and gender distribution of ion channels across the heart. There is little information regarding 

the pediatric population, but studies performed in children have failed to identify a male 

predominance, perhaps due to low levels of testosterone in children of both genders. The 

prevalence of the disease is difficult to estimate because the pattern is not always recognized. 

Nevertheless, global prevalence varies from 5 to 20 in every 10,000 (Brugada et al., 2014). 
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II.2.2 – Diagnosis and risk stratification 

Crucially, a diagnosis of the BrS requires not only a Brugada-type ECG but also clear clinical 

features. The presence of ECG features alone is not sufficient. With regards to diagnosis, 

three distinct ECG patterns are characteristic as outlined in Figure 8. 

Normal          BrS type I     BrS type II        BrS type III 

    

Figure 8: Three types of BrS ECG patterns. Type 1 is a coved-type pattern and type 2 is a saddleback-type, 

which has ST elevation ≥2 mm without T-wave inversion. Type 3 pattern shows a J-point elevation without ST 

elevation≥1 mm (Veerakul G1, 2012) (Benito et al., 2009). 

 

Diagnosis is considered in those with a type 1 ECG pattern and any of the following clinical 

features: 

1. Documented ventricular fibrillation (VF) 

2. Polymorphic ventricular tachycardia (VT) or inducibility of VT with programmed 

electrical stimulation 

3. A family history of sudden cardiac death under 45 years old 

4. Coved-type ECGs in family members 

5. Unexplained syncope 

6. Nocturnal agonal respiration 

Patients with a type 2 or 3 ECG pattern at baseline which transform to a type 1 pattern on 

drug challenge are also considered for a diagnosis. Drug challenge involves administration of 

a sodium channel blocker such as flecainide or ajmaline. The sensitivity of the drug challenge 

remains a somewhat controversial point (Brugada et al., 2000) (Priori et al., 2000). Moreover, 

other drugs, including tricyclic antidepressants, lithium, fluoxetine and cocaine, are known to 
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induce a Brugada-like ECG pattern, often without a concomitant risk of arrhythmia (Yap et 

al., 2009). 

Risk stratification remains difficult. Clinically, the combination of ST elevation at baseline 

and syncope may constitute the strongest predictor of risk (Priori et al., 2002). Male sex is 

clearly another risk factor, though this does not mean that female patients are necessarily at 

low risk of arrhythmia (Brugada et al., 2002) Interestingly, it has been suggested that family 

history of SCD is not a strong predictor of a patient‘s risk (Probst et al., 2010). Finally, while 

genetic testing is often requested, it is not particularly helpful as regards risk stratification. 

Such tests usually performed to identify mutation in SCN5A, the gene most commonly 

implicated in the BrS. However, the presence of such mutation does not in itself confer an 

increased risk of arrhythmic events (Priori et al., 2002) nor does its absence eliminate risk of 

arrhythmia, given that mutations in other genes may be present (Mashar et al., 2014). 

II.2.3 – Pathophysiological mechanisms underlying BrS phenotype 

The key electrophysiological abnormality in the BrS is a decrease in the net depolarizing 

current, specifically affecting the right ventricular epicardium where channels carrying key 

repolarizing currents are most prominent. Consequent voltage gradients give rise both to the 

characteristic ECG features which is an ST segment elevation. This compromised net 

depolarizing current can lead to loss of the epicardial action potential (AP) dome, markedly 

shortening the epicardial AP duration along with its refractory period. The AP dome is 

maintained in the endocardium and midmyocardium, leading to marked transmural 

heterogeneity in repolarization. The electro-pathophysiology of BrS continues to be debated. 

Two main hypotheses have been proposed based on defects in the repolarization or the 

depolarization. 

II.2.3.1 – The repolarization theory 

The repolarization theory described in Figure 9 is based on an imbalance between repolarizing 

ionic currents contributing to the phase 1 of AP, Ito, and depolarizing ionic current, INa 

(Bébarová, 2013). 

This model revolves around unequal amount of the transient outward potassium current (Ito) 

between epicardium and other transmural layers. Ito drives the early repolarization of the 

phase 1 of the AP. Stronger Ito expression in epicardium than in endocardium renders 

epicardium more susceptible to the effects of reduced depolarizing force. Thus, in epicardium, 
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when INa is reduced (e.g., when mutant Na channels produce reduced INa in the presence or 

absence of INa blockers), a ‗‗spike-and-dome‘‘ AP shape arises, manifesting as saddle-back 

ST elevation on the ECG (Figure 9B). To account for the negative T wave in coved-type ST 

elevation, prolongation of epicardial AP dome is invoked, which causes AP duration to 

become longer than in endocardium (Figure 9C). With further INa reduction, Ito repolarizes the 

membrane beyond the voltage at which L-type Ca channels (ICa,L) are activated, resulting in 

loss of the AP dome. This loss is, however, heterogeneous, generating epicardial dispersion of 

repolarization (Figure 9D). The phase 2 reentry, which was proved as the likely mechanism of 

ventricular arrhythmias in BrS, might appear under these conditions (Figure 9E). These 

hypotheses require that AP shape in endocardium remain unaltered by INa reduction; this is 

explained by less Ito current in endocardium as compared to epicardium in many species, 

including humans (Meregalli et al., 2006) (Gaborit et al., 2007). 

 

Figure 9: Representation of the repolarization disorder hypothesis. (A) Normal transmembrane APs showing a 

prominent phase I AP notch in epicardial and myocardial cells due to preferential transient outward current 

channel expression. (B) Reduction in sodium current channel function augments the phase I AP notch, leading to 

a steep transmural voltage gradient, inscribing an elevated J wave on the surface ECG. (C) Prolongation of 

epicardial cell repolarization resulting in a negative T wave on the surface ECG. (D) Further reduction in sodium 

current channel function leads to loss of the AP dome in some epicardial cells, but not others, leading to 

transmural and epicardial cell dispersion of repolarization. (E) Phase II re-entry leads to short coupled 

extrasystoles, triggering ventricular fibrillation. AP: Action potential; Endo: Endocardial cells; Epi: Epicardial 

cells; M: M cells (Li et al., 2013). 

II.2.3.2 – Depolarization theory  

The depolarization hypothesis is mainly related to conduction delay. It suggests that there are 

structural abnormalities within the myocardium that cause delayed conduction within the right 
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ventricular outflow tract. This in turn leads to abnormal gradients of depolarization and 

repolarization between the right ventricle and right ventricular outflow, inscribing ST 

elevation and T-wave inversion on the ECG in the right precordial leads (Figure 10). This 

may be especially relevant in SCN5A-associated BrS where mutations may lead to conduction 

slowing owing to slowed upstroke to the action potential and further decreasing 

intraventricular conduction velocities (Meregalli et al., 2006). An alternative explanation for 

the ECG signature in BrS, which does not invoke fundamentally different AP shapes, is based 

on conduction delay in right ventricular outflow tract (RVOT; Figure 10). The RVOT AP 

(Figure 10B, top) is delayed with respect to the RV AP (Figure 10B, bottom). During the 

hatched phase of the cardiac cycle in Figure 10D, the membrane potential in RV is more 

positive than in RVOT, thus acting as a source, and driving intercellular current to RVOT, 

which acts as a sink (Figure 10C, a). To ensure a closed-loop circuit, current passes back from 

RVOT to RV in the extracellular space (Figure 10C, c), and an ECG electrode positioned over 

the RVOT (V2IC3) inscribes a positive signal, as it records the limb of this closed-circuit 

which travels towards it (Figure 10C, b). Thus, this electrode inscribes ST elevation during 

this phase of the cardiac cycle (Figure 10D, bottom, bold line). Reciprocal events are recorded 

in the left precordial leads, as demonstrated using body surface mapping. Here, current 

flowing from the extracellular space into RV (Figure 10C, d) causes ST depression. In the 

next phase of the cardiac cycle (following the upstroke (Figure 10F, hatched phase) of the 

delayed AP in RVOT), the potential gradients between RV and RVOT are reversed, as 

membrane potentials are now more positive in RVOT than RV. Thus, RVOT now acts as the 

source, driving the closed-loop circuit in the opposite direction (Figure 10E), with current 

now passing away from lead V2IC3 (Figure 10E, d), thus resulting in the negative T wave 

(Figure 10F, bottom, bold line). Note that in Figure 10D and F, the delayed AP of RVOT is 

abbreviated in comparison to RV AP (and in comparison to Figure10B, where APs of isolated 

cells are shown), as electro-tonic interaction between RV and RVOT (which is present when 

RV and RVOT are electrically well-coupled) accelerates repolarization of RVOT AP (the 

mass of RV strongly exceeding that of RVOT). In fact, it is possible that all mechanisms may 

operate in the causation of the phenotype (Meregalli et al., 2006). 
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Figure 10: Representation of the depolarization disorder hypothesis (Meregalli et al., 2005). 

In summary, the cellular basis of the BrS is still not completely understood (Morita et al., 

2009). The repolarization theory claims that the ECG manifestations of BrS are a direct 

consequence of a shift in the balance between the ionic currents active during the end of the 

depolarization phase of the action potential generating a remarkable dispersion of epicardial 

and transmural repolarization (Naseef et al., 2015) (Berne and Brugada, 2012). This theory 

was initially promoted on the basis of experimental studies (Morita et al., 2009) (Yan et al., 

1998) (Yan and Antzelevitch, 1999), and was later supported by clinical studies (Nagase et 

al., 2008). In addition this theory has been supported by studies on animal models, as well as 

in human tissues (Yan and Antzelevitch, 1999) (Gussak et al., 1999) (Antzelevitch, 2005). On 

the other hand, the depolarization theory explains the Brugada ECG type solely by a delay of 

the RVOT activation relative to the rest of the RV (Meregalli et al., 2005). There is also 

mounting evidences, from experimental (Aiba et al., 2006) (Gussak et al., 1999), histo-
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pathological (Coronel et al., 2005), computational, clinical electrophysiological (Lambiase et 

al., 2009) (Nagase et al., 2002), and imaging (Tukkie et al., 2004) studies, to show the 

presence of conduction abnormalities in the RVOT and their importance for the genesis of 

ventricular arrhythmias in BrS. In addition, Zhang et al have recently showed that both 

discontinuous conduction and dispersion of repolarization are seen in the right ventricular 

outflow tract of BrS patients (Zhang et al., 2015). 

A third hypothesis unifying the above two explains the BrS with abnormal expression of the 

neural crest cells during the embryological development of the RVOT. This defect leads to 

both abnormally augmented electrical gradients during repolarization as well as to delayed 

activation of the RVOT (Elizari et al., 2007). 

II.2.4 – Genetic basis of BrS 

BrS is inherited in an autosomal dominant pattern with incomplete penetrance. It is 

genetically heterogeneous with an increasing number of mutations in genes encoding proteins 

involved in regulation of sodium, potassium and calcium currents. To date, 17 genes have 

been associated with BrS (Campuzano et al., 2010) (Table 2) (Nielsen et al., 2013). The most 

frequent mutation is located in the Na
+
 channel gene, SCN5A, which has been shown to be 

present in 20% to 30% of patients. The other involved genes represent rare sporadic cases or 

individual BrS families (Potet et al., 2003). In functional terms, the mutations show either a 

loss-of-function effect on depolarizing currents (INa or ICa,L) or a gain-of-function effect on 

repolarizing currents (Ito and ATP-sensitive potassium current, IK-ATP) (Mizusawa and Wilde, 

2012). Whether these gene mutations are actually causative of BrS or only have a modifying 

role is a matter of ongoing debate (Mizusawa and Wilde, 2012) (Probst et al., 2009). In 

addition, Béziau et al reported a rare CACNA1C mutation causing BrS and/or shortened QT 

interval in a family also carrying a SCN5A stop mutation, but which does not segregate with 

BrS (Béziau et al., 2014). This study underlies the complexity of BrS and pointed the difficult 

interpretation of BrS genetic testing. More recent data show frequent genetic variants (single 

nucleotide polymorphisms, SNPs) in SCN5A, SCN10A, and HEY2 (SCN5A encodes for the 

alpha subunit of the voltage-gated Na
+
 channel Nav1.5; SCN10A encodes for the voltage-

gated Nav1.8; HEY2 encodes for the transcription factor HEY2) (Bezzina et al., 2013). These 

gene polymorphisms influence individual disease risk and may in the future allow the 

development of a genetic risk score that could be of practical clinical use (Nielsen et al., 

2013). 
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Table 2: Mutations in genes associated with BrS (Nielsen et al., 2013) 

BrS Subtype Gene Protein Ionic current Functional effect References 

BrS1 SCN5A Nav1.5 INa Loss of function (Chen et al., 1998) 

BrS 2 GPD1L G3PD1L INa Loss of function (London et al., 2007) 

BrS 3 CACNA1C Cav1.2 ICa,L Loss of function 
(Antzelevitch et al., 

2007) 

BrS 4 CACNB2 Cav2 ICa,L Loss of function 
(Antzelevitch et al., 

2007) 

BrS 5 SCN1B Nav1 INa Loss of function (Watanabe et al., 2008) 

BrS 6 KCNE3 MiRP2  Ito / IKs Gain of function (Delpon et al., 2008) 

BrS 7 SCN3B Nav3 INa Loss of function (Hu et al., 2009) 

BrS 8 KCNH2 hERG IKr Loss of function 
 (Itoh et al., 2009; 

Verkerk et al., 2005) 

BrS 9 KCNJ8 Kir6.1 IK,ATP Gain of function 
(Medeiros-Domingo et 

al., 2010) 

BrS 10 CACNA2D1 Cav21 ICa,L Not available 
(Burashnikov et al., 

2010) 

BrS 11 RANGRF MOG1 INa Loss of function 
(Kattygnarath et al., 

2011) 

BrS 12 KCNE5 MiRP4 Ito / IKs a Gain of function (Ohno et al., 2011) 

BrS 13 KCND3 Kv4.3 Ito Gain of function (Giudicessi et al., 2011) 

BrS 14 HCN4 HCN4 If Not available (Crotti et al., 2012) 

BrS 15 SLMAP SLMAP INa Loss of function (Ishikawa et al., 2013) 

BrS 16 TRMP4 TRMP4 NSCCa Both (Liu et al., 2013) 

BrS 17 SCN2B Nav2 INa Loss of function (Riuró et al., 2013) 

Subtypes listed chronologically, NSCCa Calcium activated Non Selective Cation channel. 

Two of the individual genes associated with BrS, SCN5A and CACNA1C are further 

discussed. Starting with SCN5A, this gene was the first to be associated with BrS and still 

represents the major gene in BrS pathogenesis (Nielsen et al., 2013). 
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II.2.4.1 – Sodium channel type 5 α-subunit (SCN5A) 

Mutations in the SCN5A gene, which encodes the α-subunit of the Nav1.5 sodium channel, 

result in loss of function and have been identified in 21% of probands. Some of these variants 

have mixed biophysical properties and have been associated with overlapping phenotypes 

between BrS and premature cardiac conduction disease or long QT syndrome (Wilde and 

Behr, 2013). Sodium channels are dynamic transmembrane proteins in excitable cells (e.g., 

cardiomyocytes, skeletal muscle cells, neurons) that open and close to conduct ions. They are 

large molecular complexes containing a pore forming ion-conducting α-subunit and ancillary 

β-subunits, and several regulatory proteins. It is organized into a cytoplasmic N terminus, four 

homologous transmembrane domains (DI-DIV) that are connected to each other by 

cytoplasmic linkers, and a cytoplasmic C terminus. Each domain consists in six 

transmembrane α-helical segments (S1-S6), connected to each other by alternating 

extracellular and cytoplasmic loops. The four domains fold around an ion conducting pore, 

which is lined by the extracellular loops (P-loops) between S5 and S6 segments (Figure 11). 

Some amino acids in the P-loops confer the selectivity for sodium ions (Amin et al., 2010). 

 

Figure 11: Structure of human Nav1.5 channel Simple model representing transmembrane topology of α and β 

Nav1.5 channel subunits. Structural domains mediating key functional properties are labeled.(Li et al., 2013). 

 

 

 

 

 



INTRODUCTION 

 
20 

II.2.4.1.a – Biophysical properties of Nav1.5 

Gating represents time-dependent transitions between distinct conformational states of the 

channel protein due to molecular movements in response to membrane potential changes 

(voltage-dependent gating). When cardiomyocytes are excited by electrical stimuli from 

adjacent cells or by artificially applied stimuli during patch-clamp experiments, their resting 

membrane potential (approximately -85 mV) depolarizes. This triggers an outward movement 

of the positively charged S4 segments (voltage sensors), which leads to channel activation 

(opening of the pore). Inactivation (closing of the pore) starts simultaneously with activation, 

but since inactivation is slower than activation, channels remain transiently open to conduct 

INa during phase 0 of the action potential (Figures 12, 13). Inactivation comprises different 

conformational states, including fast, intermediate, and slow inactivation (Amin et al., 2010). 

Figure 12: Biophysical properties of SCN5A channel (Amin et al., 2010). 
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Figure 13: Functional properties of sodium 

channel. (A) Schematic representation of 

sodium channel undergoing the major gating 

transitions. (B) Voltage-clamp recording in 

response to membrane depolarization. 

Downward deflection of the current trace 

(red) corresponds to inward movement of 

Na
+
 (George, 2005). 

 

 

 

 

 

 

 

 

II.2.4.1.b – Mutations affecting SCN5A and/or its interacting 

protein 

Mutations that affect Nav1.5 function in BrS could be located in the SCN5A gene, or in the 

proteins interacting with the Nav1.5 for a functional or a regulatory task (Amin et al., 2010) 

(Keller et al., 2005) (Petitprez et al., 2008). Mutations in SCN5A include missense mutations, 

nonsense mutations, and nucleotide deletions or insertions The latter may alter mRNA 

splicing or create a premature stop codon by shifting the open reading frame, and result in 

truncated Nav1.5 proteins [66]. More than 300 mutations in this gene have been associated 

with BrS. Functional studies of many different mutations in the gene have been performed 

and they all lead to a reduction in net sodium current due to one or more of following reasons 

(Antzelevitch et al., 2005) (1) reduced current density due to failure of the sodium channel to 

express or defect trafficking of the channel (Baroudi et al., 2001) (Valdivia et al., 2004) 

(Pfahnl et al., 2007) (2) a shift in the voltage-and time-dependence of sodium channel current 

activation, inactivation or reactivation (Keller et al., 2005) (Chiang et al., 2009) (Calloe et al., 

2013) or (3) entry of the sodium channel into an intermediate state of inactivation from which 

it recovers more slowly than normal (Nielsen et al., 2013) (Chiang et al., 2009) (Bezzina et 

al., 1999) (Veldkamp et al., 2000).  
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In the same context, Nav1.5 proteins may also directly interact with several regulatory 

proteins. At the translational level, many modifiers regulate Nav1.5 protein synthesis, folding, 

trafficking, and assembly with accessory subunits and interacting proteins. For example, 

activated mitogen-activated protein kinases (MAPKs), such as p38-MAPK and MAPK8 

(Cook et al., 1999) (Muslin, 2008), can affect translation of the Nav1.5 channel and gap 

junction α1 protein connexin 43 (Cx43) and contribute to arrhythmia (Muslin, 2008) (Ursitti 

et al., 2007) (van Bemmelen et al., 2004) (Yanagita et al., 2003). 

Furthermore, the loss of Cx43, together with increased collagen deposition and decreased 

expression of the cardiac sodium channel Nav1.5, is thought to impair the proper conduction 

of the electrical impulse, increasing the risk for fatal ventricular arrhythmias which is a 

common mechanism in BrS (Maury et al., 2013). Besides a decreased expression, a more 

inhomogeneous distribution of Cx43 has been found in remodeled hearts, resulting in a more 

dispersed conduction, which is also correlated with an increased susceptibility for 

arrhythmias. Previous studies have shown that a 50% reduction in Cx43 expression in mice 

did not affect impulse conduction. However, an additional 5% reduction of Cx43 levels by 

conditional deletion of the Cx43 gene resulted in a high vulnerability for arrhythmias owing 

to slowed and dispersed conduction (van Rijen et al., 2004). It was then proposed as shown in 

a genetic model of heterogeneous Cx43 expression (Gutstein et al., 2001) that the decreased 

and heterogeneous expression of Cx43 protein levels allowed for the occurrence of ventricular 

arrhythmias (Petitprez et al., 2011) (Jansen et al., 2012). 

Moreover, after SCN5A is translated to protein and assembled in the endoplasmic reticulum, 

the channel is transited to the Golgi complex, where Nav1.5 channel trafficking begins. A 

Golgi vesicle containing the Nav1.5 channel is then transported to the plasma membrane area. 

Modifiers such as cAMP-dependent protein kinase (also known as protein kinase A; PKA) 

and protein kinase C (PKC) regulate channel trafficking to the plasma membrane. For 

instance, PKC activation can decrease Nav1.5 channel trafficking, whereas PKA can have the 

opposite effect (Zhou et al., 2002) (Hallaq et al., 2012). In addition to that, Nav1.5 α-subunit 

interacts with accessory proteins (β-subunits and interacting proteins) to form a 

macromolecular complex (Figure 14). Mutations of these accessory proteins have been 

reported to cause BrS. For example, patients with BrS and mutations in the sodium channel 

β1 and β3-subunits show impaired Nav1.5 channel function [65] (Watanabe et al., 2008) (Hu 

et al, 2009). The expression level of the β4-subunit is reported to affect the severity of cardiac 

conduction disease in mice by modulating Nav1.5 channel activation (Remme et al., 2009). 
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Nav1.5 interacting proteins, such as ankyrin, Ran guanine nucleotide release factor (MOG1), 

and syntrophin, interact with α and β-subunits of the sodium channel. Mutations and mis-

regulation of these proteins can disturb Nav1.5 membrane expression and function (Liu et al., 

2014). 

Figure 14: The channel α-subunit interacts with 

multiple cellular proteins, including accessory proteins 

such as β subunits, ankyrin, CAV3, MOG1, 

syntrophin, and cytoskeleton at the cell membrane, 

forming a macromolecular complex. Nav1.5channel 

activity can be modified by the altered expression or 

function of the components of the macromolecular 

protein complex. Abbreviations: CAV3, caveolin-3; 

MOG1, Ran guanine nucleotide release factor (Liu et 

al., 2014). 

 

 

 

 

Although mutations in SCN5A are identified in approximately 20% to 30% of probands 

affected by BrS, the relationship between these mutations and BrS remains poorly understood. 

A group of studies aimed to investigate the association of SCN5A mutations and BrS. Probst 

et al showed that SCN5A mutations are not directly causal of the occurrence of a BrS-positive 

ECG in a cohort of 115 mutation carriers and that genetic background may play a powerful 

role in the pathophysiology of BrS (Probst et al., 2009). On the other hand, a multi-center 

study based on data collected on demographics, clinical history, family history and 

electrocardiogram (ECG) parameters, showed that BrS patients with, and those without, an 

SCN5A mutation can be differentiated by phenotypical differences (Smits et al., 2002). 

These findings add further complexity to concepts regarding the causes of BrS, and are 

consistent with the emerging notion that the pathophysiology of BrS includes various actors 

beyond mutated sodium channels.  

 

In addition to mutations in SCN5A, mutations in CACNA1C have also been linked to BrS 

[19]. 
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II.2.4.2 – BrS and Cav1.2 

Two different types of calcium channel are present in the heart: L‑type and T‑type. L-type 

Ca
2+

 channels are expressed at high levels throughout the heart (Mohamed et al., 2006), and 

so far they are the main Ca
2+

 channels that have been linked to cardiac channelopathies 

(Napolitano and Antzelevitch, 2011). L-type Ca
2+

 channel activation is voltage dependent 

with maximal activation around 0 mV (Yuan et al., 1996). Inactivation is dependent on both 

voltage and Ca
2+ 

concentration. The latter mechanism enables the cell to modulate Ca
2+

 influx 

in response to cytoplasmic Ca
2+

 concentration and prevents Ca
2+

 overload. ICa,L has two major 

functions: modulation of action-potential duration, and triggering the release of Ca
2+

 from the 

SR. Cardiac L-type Ca
2+

 channels are composed of one pore-forming subunit α1, and two 

accessory subunits α2δ and β (Figure 15) (Bers and Perez-Reyes, 1999). Four isoforms of the 

α1 subunit exist: α1s, α1c, α1d, and α1f. In the heart, only the α1c and α1d isoforms are 

expressed. The α1c subunit is the main isoform expressed in the atria and the ventricles, and is 

also expressed in the nodes. The α1d isoform is predominantly expressed in the sinus and 

atrioventricular nodes, and to a lesser extent in the atria (Zhang et al., 2002). Only mutations 

of the α1c isoform, encoded by the CACNA1C gene, have been linked to cardiac 

channelopathies (Napolitano and Antzelevitch, 2011).  

 

 

 

 

 

 

 

 

 

Figure 15: The L-type Ca
2+

 channel is formed by the assembly of three subunits: α1c, β2, and α2δ. The α1c 

subunit forms the channel pore and is comprised of four homologous domains (DI to DIV) that co4ntain six trans 

membrane segments. These domains are linked by cytoplasmic loops. The loop between DI and DII contains the 

binding site for the β2 subunit (AID) (Venetucci et al., 2012). 
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To date, 25 mutations affecting three genes encoding components of the L-type Ca
2+

 channel 

macromolecular complex (CACNA1C, CACNB2, and CACNA2D1) have been reported to be 

associated with BrS, BrS with short QT duration, short QT syndrome, early repolarization 

syndrome, and cardiac arrest without ECG abnormalities (Napolitano and Antzelevitch, 

2011). Functional studies suggest a loss-of-function effect of these mutations. The behavior of 

this group of mutations looks similar to what has been described for loss-of-function 

mutations in SCN5A, which can cause various phenotypes, such as BrS, progressive 

conduction disease, sick sinus syndrome, dilated cardiomyopathy, atrial fibrillation, and 

overlapping phenotypes (Venetucci et al., 2012) (Ruan et al., 2009) (Napolitano and 

Antzelevitch, 2011). 

Up to date, over 300 mutations in 17 genes have been associated with BrS. Thanks to genetic 

screening, the knowledge about BrS associated mutations is therefore rapidly increasing. The 

intention would be to use this knowledge in risk stratification, as some asymptomatic BrS 

patients have an appreciable risk of arrhythmia [28]. A study by Meregalli et al. reveals an 

association between the type of SCN5A mutation and the clinical severity (Meregalli et al., 

2009). They compared groups having either missense mutations or mutations leading to 

premature truncation of the protein. They found that the disease phenotype was more severe 

in the patients with large INa reduction than in those with small INa reduction (truncation 

versus missense), as evidenced by larger proportions of patients with syncope and SCD. 

Furthermore, Sommariva et al. demonstrated that SCN5A mutation carriers had a significantly 

increased risk of major arrhythmic event compared with non-carriers in a BrS cohort 

(Sommariva et al., 2013). In addition, Gaborit et al. showed that BrS patients exhibit a 

common ion-channel molecular expression signature, irrespective of the culprit gene (Gaborit 

et al., 2008). They performed transcriptional profiling on biopsies from unrelated BrS 

probands. The molecular profile of BrS patients with SCN5A mutations did not differ from 

BrS patients without SCN5A mutations, suggesting that all BrS patients display a common 

and specific expression patterns for ion channels regulating cardiac conduction, excitability, 

and repolarization. 

Even though over 300 mutations in 17 genes have been associated with BrS, approximately 

70% of BrS incidents cannot be explained genetically at present. For example, many families 

that carry a SCN5A mutation contain clinically affected members with BrS who are not 

genetic carriers. Thus, there is a need for an alternative strategy to further understand the 

pathophysiological mechanisms associated with BrS (Nielsen et al., 2013). 
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III – Cellular basis underlying arrhythmogenic incidents in LQT and BrS syndromes 

As mentioned before BrS and LQT are associated with a high risk of sudden cardiac death. 

SCD is a consequence of the immediate and complete inability of the heart to maintain its 

contraction. The most likely SCD causes are cardiac arrhythmias like ventricular tachycardia 

(VT) or ventricular fibrillation. However, the underlying mechanisms of these life-threatening 

ventricular tachyarrhythmia are manifold (Huikuri et al., 2001). They can occur as a 

consequence of isolated channelopathies in a structurally normal heart, such as in the case of 

BrS and LQT. However, more frequently, they are secondary to substantial dysregulation of 

intracellular Ca
2+ 

and Na
+
 handling. Patients with acquired dysfunction in many ion channels 

and transporters exhibit profound dysregulation of Na
+
 and Ca

2+ 
handling and are especially 

prone to arrhythmias. Thus understanding the mechanisms linking Ca
2+ 

and Na
+
 handling to 

arrhythmogenesis will help clarify pathophysiological mechanisms associated with BrS and 

LQT syndromes (Wagner et al., 2015).  

III.1. – Early afterdepolarizations (EADs) 

EADs are classically bradycardia dependent. Mechanisms by which they promote 

tachyarrhythmia such as torsades de pointes and ventricular fibrillation are not fully 

understood. Recent evidence suggests that EADs also may occur at rapid heart rates as a 

result of spontaneous sarcoplasmic reticulum (SR) Ca
2+

 release related to intracellular Ca
2+

 

overload (Huffaker et al., 2004).  

EADs occur during the AP and is a consequence of increased inward currents or reduced 

repolarization reserve (reduced outward K
+
 currents) (Bers, 2002). The plateau phase of the 

AP is especially vulnerable because repolarizing and depolarizing currents are small and 

nearly balanced. During this phase, small alterations in the amplitude of even one ionic 

current can result in the generation of an EAD. The fundamental mechanisms of triggered 

activity were explained by studying familial disorders with prolonged repolarization. For 

example, congenital long QT syndrome 3 is characterized by profound AP prolongation 

because of increased persistent or late Na current (late INa) (Song et al., 2006) (Wagner et al., 

2011). 

EADs are strongly associated with ventricular arrhythmias in LQT. Both phase 2 and phase 3 

EADs have been described in LQT. Phase 2 EADs result from the reactivation of ICa,L and/or 

spontaneous Ca
2+

 release from the sarcoplasmic reticulum (SR) (Volders et al., 2000) (Choi et 

al., 2002). It has been suggested that spontaneous SR Ca
2+

 release may underlie phase 3 
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EADs because they may occur concurrently with delayed afterdepolarizations (Patterson et 

al., 1990), are facilitated by intracellular Ca (Cai) loading, and are suppressed by inhibition of 

Na
+
/Ca

2+
exchanger current (INCX). Alternatively, it is possible that most phase 3-EADs 

observed in tissue, are not genuine cellular-level phenomena but are a consequence of 

―prolonged repolarization-dependent re-excitation.‖ It is reported that if dispersion of 

repolarization is enhanced in LQT, a voltage gradient between long and short action potential 

duration (APD) regions could create a ―boundary‖ current that electronically depolarizes the 

short APD region as it tries to repolarize, generating triggered activity as long as a large 

voltage gradient is maintained (Maruyama et al., 2011) (January and Riddle, 1989) (Antoons 

et al., 2007). Interestingly, pathological AP prolongation is a prominent feature of a pro-

arrhythmic electric remodeling (Kääb et al., 1996) (Beuckelmann et al., 1993) but can also 

occur in response to gene mutations or drugs that inhibit K
+
 channels, especially IKr 

(Burashnikov and Antzelevitch, 1998) (Volders et al., 2000) (Edwards et al., 2014) (Figure 

16). 

Figure 16: Mechanism of EAD 

formation & initiation of Torsade de 

pointes. Drug-induced blockade of the 

hERG channel reduces IKr amplitude, 

which in turn reduces net outward 

current during the plateau, and 

prolongation of the ventricular APD 

and QT interval in the ECG (green). If 

net inward currents during phase 3 

become larger than outward currents, 

this can form an EAD (blue). These 

changes are typically heterogeneous 

and can create a substrate for 

producing triggered beats in multiple 

locations, resulting in a multifocal 

ventricular tachycardia. (Adapted 

from Kannankeril et al, 2010) 

(Kannankeril et al., 2010). 

III.2. – Delayed afterdepolarizations (DADs) 

DADs are a consequence of cytosolic and SR Ca
2+

 overload. Both cytosolic and SR luminal 

Ca
2+

 increase the diastolic open probability of cardiac ryanodine receptor 2 (RyR2) (Bers, 

2002). Ca
2+

 sparks are elementary SR Ca
2+

 release events that occur when a cluster of RyR2 

opens. During systolic Ca
2+

 -induced Ca
2+

 release, Ca
2+

 sparks are synchronized within the 

cell and summate to form the Ca
2+

 transient. Spontaneous Ca
2+

 sparks are mainly responsible 

for diastolic SR Ca
2+

 release and diastolic SR Ca
2+

 leak via RyR2 (Bassani and Bers, 1995) 

(Bers, 2014). Because RyR2 is in relatively close proximity to the NCX, this localized [Ca
2+

]i 
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elevation drives inward INCX. Note that due to the stoichiometry of Na
+
/Ca

2+
 exchange 

(3Na
+
:1Ca

2+
), one Ca

2+
 extrusion is accompanied by a net inward movement of three positive 

charges, which is almost entirely responsible for what transient inward current Iti. If this INCX 

is large enough, it can cause an appreciable DAD, which can trigger an arrhythmic AP. 

Individual Ca
2+

 sparks normally do not produce enough INCX to produce a measurable DAD 

because they are isolated unsynchronized events. However, at higher SR Ca
2+

 content, the 

Ca
2+

 sparks are larger in amplitude and nearby RyR2 clusters are more sensitive to activation, 

resulting in a cell-wide Ca
2+

 wave with sufficient INCX to cause DADs and triggered APs.  

In the intact heart, the INCX produced by a Ca
2+

 wave in a single myocyte is insufficient to 

trigger an appreciable DAD or AP because all of the neighboring cells can effectively clamp 

that single cell at the diastolic voltage. However, when these Ca
2+

 waves and consequent INCX 

are synchronized regionally among many cells (by the prior AP and similar RyR2 recovery 

kinetics), that region can initiate triggered beats and premature ventricular contractions(Xie et 

al., 2010) (Myles et al., 2012). The heart is relatively protected from these triggered 

arrhythmias initiated via EADs and DADs, but under pathological conditions caused by either 

genetic ion channel/transporter mutations or acquired diseases, both the cellular propensity for 

EADs and DADs and their ability to cause whole heart premature ventricular contractions can 

be greatly increased (Myles et al., 2015) (Pogwizd et al., 2001) (Figure 17). 
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Figure 17: a. Calcium overload in the cytosol increase the activity of the sodium-calcium exchanger generates DADs. b. a 

schematic representation and an actual recording from a cardiac cell of a mouse. DADs (blue) and TA (red) are elicited by 

isoproterenol superf usion. c. these cellular abnormalities are the cause of the ventricular arrhythmias observed in the clinical 

setting. Abbreviations: DAD, delayed afterdepolarization; SERCA, sarcoplasmic/endoplasmic reticulum calcium ATPase; 

SOICR, store overload-induced calcium release; TA, triggered activity; VT, ventricular tachycardia modified form 

(Bongianino and Priori, 2015). 

III.3. – Repolarization alternans 

Alternation in APD is called repolarization alternans and it can be clinically observed as T-

wave alternans (TWA) (Pastore et al., 1999). TWA has been shown to be associated with 

cardiac arrhythmias and SCD (Rosenbaum et al., 1994) (Narayan, 2006) (Armoundas et al., 

2002). TWA is not restricted to a specific underlying disease but can be observed in many 

cardiac disease including BrS and LQT (Qu et al., 2010). 

TWA can result from changes in sarcolemma ion current recovery (typically of INa or ICa,L) 

manifested by a steep slope of cellular APD restitution (Pruvot et al., 2004). This type of 

TWA typically occurs at high heart rates with reduced diastolic intervals (Pastore et al., 1999) 

(Christini et al., 2006; Mironov et al., 2008). The dependence of APD and conduction velocity 

(CV) on the preceding diastolic interval, are called APD restitution and CV restitution, 

respectively. Shorter diastolic intervals result in shorter APD and slower CV. Both APD and 

CV restitution critically depend on the speed of recovery from inactivation of sarcolemmal 

ion channels. Nevertheless, other mechanisms, for instance SR Ca
2+

 release, can also 
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contribute to APD restitution changes. Intracellular Ca
2+

 released from the SR inactivates 

ICa,L. A large SR Ca
2+

 release could, therefore, result in a more pronounced Ca
2+

 -dependent 

inactivation of ICa,L, which would influence APD restitution. 

CV restitution, on the other hand, mainly depends on Na
+
 channel recovery (Qu et al., 2004). 

This is because CV depends on AP upstroke velocity, and the latter is determined by the 

magnitude of INa. Na channel recovery is usually fast; thus, CV restitution occurs only at high 

heart rates, as would be the influence of Na
+
 channel recovery on APD restitution. However, 

under conditions of slowed Na
+
 channel recovery, the impact on CV restitution (and also APD 

restitution) may already occur at much lower heart rates. This is important because slowed Na 

channel recovery has been shown to be a feature of many cardiac diseases like BrS (Wang et 

al., 2000). 

As mentioned above, APD restitution depends on sarcolemma ion channel recovery. Among 

them, L-type Ca
2+

 channels are very important. ICa,L generates the major inward current 

during the AP plateau. AP plateau is the most vulnerable phase of the AP. This explains why 

inhibition of ICa,L has been shown to reduce the slope of the APD restitution curve. In 

addition, the recovery of Ca
2+

 channels is slower compared with, for instance, Na
+
 channels. 

Therefore, Ca
2+

 channels influence APD restitution already at lower heart rates. Interestingly, 

because ICa,L also determines SR Ca
2+

 load, and vice versa, APD alternans and Ca
2+

 alternans 

are functionally linked. 

III.4. – Calcium alternans 

It has been shown that Ca
2+

 and APD alternans usually coexist, are mechanistically linked, 

and that Ca
2+

-driven alternans seem to be more clinically relevant in the setting of heart 

disease (Pruvot et al., 2004). Several factors contribute to alternans, and they seem to follow a 

sequence. The first step seems to be an abnormal RyR2 recovery so that SR Ca
2+

 release 

decreases, despite unaltered APD, ICa,L, and [Ca
2+

]SR. This is because RyR2 restitution is 

much slower than normal ICa,L restitution (Hüser et al., 2000) (Florea and Blatter, 2010) 

(Belevych et al., 2009). The partial failure of SR Ca
2+

 release at this first small beat allows 

improved RyR2 recovery at the next large beat, but then the cycle repeats. SR Ca
2+

 release 

alternans can appear at heart rates where the consequent APD alternans are not yet detectable 

(Figure 18B). As Ca
2+

 release alternans grow, they are amplified by alternating changes in SR 

Ca
2+

 load (Figure 18C). The small release limits Ca
2+

 -dependent inactivation of ICa,L, thereby 

increasing Ca
2+

 influx and load for the next (large) beat. The small Ca
2+

 transient also drives 

less Ca
2+

 extrusion via NCX, which limits Ca
2+

 loss at the small beat. Then at the large beat, 
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there is greater Ca
2+

 -dependent ICa,L inactivation and greater Ca
2+

 efflux via NCX, which 

reduces cell and SR Ca
2+

 load, setting the scene for stable alternans, (Figure 18C). At even 

higher stimulation rates, shorter diastolic intervals or more depolarized diastolic voltage, one 

can encroach on ICa,L (or even INa) restitution, which may also exacerbate a sort of Ca
2+

-driven 

alternans (smaller ICa,L causes smaller Ca
2+

 transient and APD) (Qu et al., 2013) (Aistrup et 

al., 2009) (Figure 18). 

Figure 18: Characteristics of cardiac alternans. A, Simultaneous recordings of action potential (AP) and intra-

sarcoplasmic reticulum (SR) free [Ca
2+

] in isolated Langendorff-perfused rabbit hearts by optical mapping. At 

shorter pacing intervals (190 ms), alternans of the AP duration as well as SR Ca
2+

release alternans was observed. 

B, SR Ca
2+

release alternans can occur at heart rates where action potential duration (APD) alternans is not yet 

detectable. C, Ca
2+

release alternans can be amplified by alternating changes in SR Ca
2+

 load, that is, SR Ca
2+

load 

alternans (Wagner et al., 2015). 

III.5. – Late sodium current 

Late INa is generated by dysfunctional inactivation of cardiac voltage-gated Na
+
 channels 

Nav1.5 (Maltsev and Undrovinas, 2006). The detailed molecular mechanism is not fully 

understood (Moreno and Clancy, 2012). Although late INa has a small amplitude compared 

with peak INa, it persists for hundreds of milliseconds during the cardiac AP, providing a 

source for increasing [Na
+
]i (Saint et al., 1992). Increased [Na

+
]i is a well-known feature of 

LQT3 syndrome or other conditions and contribute to contractile dysfunction and arrhythmias 

(Pieske et al., 2002) (Despa et al., 2002) (Sossalla et al., 2008). The late INa-dependent 

prolongation of the AP plateau renders the membrane potential vulnerable for EADs (Figure 

19). Mutations in the gene encoding for Nav1.5 (SCN5A) have been shown to increase late 

INa, leading to AP prolongation and EADs. Transmural differences in late INa might also 

increase dispersion of repolarization, which underlies the development of torsade de pointes 
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tachyarrhythmia (Antzelevitch and Belardinelli, 2006). Beside AP prolongation, late INa-

dependent Na
+
 overload leads to intracellular Ca

2+
accumulation either by reduced Ca

2+
exit, 

because of limitations to Ca
2+

extrusion by NCX, or by additional Ca
2+

Entry via the reverse 

mode of NCX. Intracellular Ca
2+

accumulation is associated with increased diastolic SR 

Ca
2+

leak and DADs (Figure 19) (Wagner et al., 2011) (Fredj et al., 2006). 

 

Figure 19: Proarrhythmogenic 

mechanisms of enhanced late INa. In 

INa leads to action potential (AP) 

prolongation (1). The longer AP 

plateau phase increases the 

likelihood of ICa reactivation (2), 

which may lead to early 

afterdepolarizations (EAD, 3). 

Lower panel, the increased amount 

of Na influx also results in increased 

intracellular Na (1), which impairs 

Ca elimination (2) by the Na/Ca 

exchanger (either less forward or 

even increased reverse mode 

activity). In diastole, the increased 

intracellular Ca facilitates SR Ca 

leak (3), which could lead to 

transient inward current (ITi) by the 

Na/Ca exchanger (4). The latter can 

result in delayed afterdepolarizations 

(DAD) (Wagner et al., 2015). 

 

 

 

In brief, investigators in the field of cardiac channelopathies have evolved a complex 

understanding of the pathophysiological basis of cardiac diseases such as LQT and BrS. A lot 

of work has been done in the field of diagnosis, genetic testing and mutations characterization 

in various models. Despite that, some common problems still exist: the variable penetrance 

and expressivity of genetic disease, and the difficulty of assessing the functional and clinical 

effects of novel mutations. Indeed, a different approach to fully characterize these 

channelopthies is required. In the next part I will describe the current status of cardiac 

channelopathies modeling using human induced pluripotent stem cells derived 

cardiomyocytes that may offer a different approach for modeling these diseases. 
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IV – Modeling of cardiac arrhythmic diseases 

Much progress has been made in identifying the clinical phenotypes, the genetic background 

and the cellular mechanisms underlying various arrhythmic syndromes, including LQT and 

BrS. Genotype-phenotype relationship studies have uncovered important gene-specific 

aspects of these diseases, and indicated that patient management must take into consideration 

the nature of the affected gene(s). However, there is considerable variation in phenotypic 

expression of arrhythmia syndromes even within families carrying the same mutation (Addis 

and Epstein, 2013) (Scicluna et al., 2008). 

Studying the electrophysiological and molecular consequences of a mutation associated with 

cardiac arrhythmia should be ideally performed in the native cardiomyocytes environment. 

However, obtaining ventricular cardiac biopsies from patients is a highly invasive procedure 

and not without significant risk. Consequently the majority of functional studies on specific 

mutations associated with the arrhythmia disorders have made using heterologous expression 

systems, primarily Xenopus oocytes, human embryonic kidney (HEK) cells, and Chinese 

Hamster Ovary (CHO) cells, and COS-7 cells (Watanabe et al., 2008), in which the mutated 

ion channel of interest is expressed. Such cellular models have significant shortcomings since 

they lack important constituents of cardiac ion channel macromolecular complexes that might 

be required to reproduce the exact molecular and electrophysiological phenotype of the 

mutation. For example, the behavior of the Na
+
 channel in cell expression systems seems to 

be different from that in CMs (Remme and 2008). One way of overcoming this has been to 

generate transgenic mice carrying specific mutations (Sabir et al., 2008). However, the costly 

generation of such mouse models is not practical for high-throughput screening of rare 

inherited arrhythmia mutations. Moreover, there remain crucial differences between mouse 

and human cardiac electrophysiological characteristics, such as the high basal heart rate (>500 

bpm), the very negative action potential (AP) plateau phase, and the short AP duration of the 

mouse compared to human CM. These differences are amongst others due to the different 

biophysical properties in the transient outward currents (Ito) in human and mouse CMs 

(Nerbonne and Kass, 2005).  

The discovery of somatic cell reprogramming to generate induced pluripotent stem cells has 

created much excitement because of the possibility of producing unique patient- and disease-

specific human induced pluripotent stem cells (hiPS cells) lines (Takahashi and Yamanaka, 

2006). With this technique, somatic cells can be turned into embryonic stem cell-like cells 



INTRODUCTION 

 
34 

which can differentiate into all cell types of the human body and be propagated indefinitely in 

culture. Human iPS cells preserve the integrity of the patient‘s genome and the complete set 

of genes that resulted in the disease is present. Thus, hiPS cells can provide genetically 

diverse human models to study mechanisms of diseases and identify strategies for potential 

new therapies (Marsman et al., 2014). Zhang et al were the first to show that hiPS cells can 

differentiate to functional CMs, making it possible to generate patient-specific human CMs 

with its own genetic background. The usual approach is to obtain somatic cells (classically 

skin fibroblasts) from selected patients with genetic diseases, to derive them into stem cells, 

and then to differentiate them into cardiomyocytes. After a number of weeks in culture, the 

cardiomyocytes will develop disease features such as abnormal contractile function, 

dysregulated calcium movements, altered electrical activity and can serve as a platform to 

model the disease. hiPS cells-derived CMs (hiPS-CMs) therefore represent a new model 

system for studying inherited arrhythmia disorders (Hoekstra et al., 2012). Since 2011, as a 

proof of concept, CM differentiated from patient-specific induced pluripotent stem cells 

(hiPS-CM) have been shown to provide valuable models of heritable cardiac arrhythmias, 

including catecholaminergic polymorphic ventricular tachycardia (Marsman et al., 2014) 

(Jung et al., 2012) and LQT (Moretti et al., 2010) (Itzhaki et al., 2011a) (Yazawa et al., 2011), 

and several other diseases (Table 3). They indeed recapitulated the predicted phenotypes of 

these well-described syndromes. It is now time to use human iPS cells as a primary 

experimental system to decipher unknown mechanism of more complex cardiac diseases.  
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Table 3: Heart Arrhythmic disorders analyzed using iPS cells. 

Heart 

Arrhythmic 

Diseases 

Phenotype observed / recapitulated in vitro References 

LQT-1 Cardiac action potential prolongation, irregularities 

in potassium gated voltage channel (KCNQ1) 

localization 

(Gherghiceanu et al., 

2011) 

LQT-1 Drug-induced prolongation of field potential 

duration 

(Egashira et al., 2012) 

LQT-2 Prolonged field and action potential, drug-induced 

early after depolarization 

(Matsa et al., 2011) 

LQT-2 hiPS cells technology is able  to model the abnormal 

functional phenotype of an inherited cardiac 

disorder and to identify potential new therapeutic 

agents 

(Itzhaki et al., 2011a) 

LQT-2 Electrophysiological abnormalities can be detected 

in hiPS-CM, even when derived from asymptomatic 

carriers of KCNH2 mutations 

(Lahti et al., 2012) 

LQT-2 Precise genetic modification of pluripotent stem 

cells provided a physiologically and functionally 

relevant human cellular context to reveal the 

pathogenic mechanism underlying this specific 

disease phenotype 

(Bellin et al., 2013) 

LQT-2 Modulation of chaperones proteins could be 

therapeutic in LQT-2 treatment 

(Mehta et al., 2014) 

LQT-3 Prolonged action potential duration, early after 

depolarization, sodium current irregularities 

Malan D et al.,2011 

 

LQT-3 hiPS cells could be useful to characterize LQT 

disease as well as drug responses in the LQT patient 

with a novel mutation 

(Egashira et al., 2012) 

LQT-3 Sodium current irregularities, prolonged QT interval (Terrenoire et al., 2013) 

Overlap 

Syndrome 

(OLS) 

iPS-CM can recapitulate the characteristics of a 

combined gain- and loss-of-function Na
+
 channel 

mutation and that the electrophysiological 

immaturity does not preclude their usage 

(Davis et al., 2012) 
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IV.1. – Derivation of hiPS cells models 

IV.1.1 – Cell origin 

Although the first hiPS cells lines were derived from dermal fibroblasts (Takahashi and 

Yamanaka, 2006), hiPS cells can now be generated from a wide variety of somatic cells. It is 

important to consider easily accessible sources, which are efficient to reprogram and give 

minimal burden to the patient. Easily accessible sources used successfully for reprogramming 

include keratinocytes from skin or plucked hair (Aasen et al., 2008), peripheral blood (Loh et 

al., 2009) mesenchymal cells in fat (Sun et al., 2009), dental pulp (Tamaoki et al., 2010), oral 

mucosa (Miyoshi et al., 2010) and urine (Zhou et al., 2012). 

IV.1.2 – Cell reprogramming 

Somatic cells can be reprogrammed to a pluripotent state by introducing pluripotency-

associated genes. The first reported iPS cells generated by transducing mouse fibroblasts with 

four retroviral vectors OCT4, SOX2, KLF4, and C-MYC (Takahashi and Yamanaka, 2006). 

The first human iPS cells were generated using the same four retroviral vectors (Takahashi et 

al, 2007) al or OCT4, SOX2, LIN28, and NANOG (Yu et al., 2007). Later studies reported 

reprogramming with other combinations and numbers of pluripotency factors. The hiPS cells 

thus generated can be kept in culture indefinitely either on feeder cells, mouse embryonic 

fibroblasts, and fetal calf serum-based medium or using defined mTESr/Matrigel-based 

protocols. Transplantation of hiPS cells into immune-compromised mice leads to the 

formation of teratomas with derivation of the three embryonic germ layers, demonstrating the 

pluripotent potential of these cells. In addition, differentiation of hiPS cells in vitro also 

results in derivation of the three germ layers (Figure 20). 
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Figure 20: Type of procedures 

related to the source of human 

somatic cells. (2) Methods for 

reprogramming human somatic 

cells toward hiPS cells. (3) 

hiPS cells characterization for 

validation (Gerbal-Chaloin et 

al., 2014). 

 

 

 

 

 

 

 

IV.1.3 – Generation of hiPS cells-derived cardiomyocytes 

The ability to differentiate hiPS cells in a directed manner has progressed considerably in the 

past 8 years. The most reproducible and efficient strategies involve stage-specific activation 

of different signaling pathways in defined culture conditions, recapitulating key steps in 

cardiac development in the early embryo . There is consensus that the cardiac differentiation 

process is very delicate, and the variability in each individual component of the cardiac 

differentiation strategy must be carefully optimized to reliably produce cardiomyocytes from 

human pluripotent stem cells. One of the first directed differentiation methods involved 

human embryonic stem cells (hES cells) co-cultured with mouse visceral endoderm-like cells 

(END-2) (Mummery et al., 2003), which is relatively inefficient but has been shown to 

generate mostly (∼85%) ventricular-like cardiomyocytes. This protocol provided early insight 

into methods for improving differentiation efficiency, such as removing fetal bovine serum 

(FBS), adding L-ascorbic acid (Passier et al., 2005), and removing insulin between d0 and d4 

(Freund et al., 2008). Directed differentiation toward the cardiac lineage is mainly achieved 

by one of the following strategies: (1) the first involves the formation of EBs in the presence 
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of growth factors and repressors known to influence heart development (Kehat et al., 2001); 

(2) the second relies on the influence of endoderm on cardiac differentiation during 

embryogenesis (Mummery et al., 2003); (3) the third involves monolayer culture at high 

density of iPS cells seeded on matrigel with sequential treatment with Activin A and BMP4 

(Laflamme et al., 2007).This method was developed using hES cells and has then been 

transferred to hiPS cells culture. Beating areas usually appear in 7-10 days. These areas can be 

microscopically dissected and dissociated in single cells. For electrophysiological and 

immunofluorescence analysis, the dissociated cells can be seeded onto glass coverslips. 

Figure 21 summarizes the principles of the reported strategies used for cardiomyocytes 

differentiation from human pluripotent stem cells  
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Collectively, these studies demonstrate that the importance of exposure of hiPS cells to 

various growth factors at specific times and in specific doses is essential for directing 

differentiation from early meso-endoderm to a specific cardiac state, via mesoderm state. Data 

collected from experiments using both the EB and monolayer methodologies show that four 

major signaling pathways are involved in early cardiac differentiation of hiPS cells: BMP 

pathway, TGFB/Activin/NODAL pathway, WNT pathway, and FGF pathway, with highly 

specific temporal windows for effectiveness (Figure 22) (Burridge and 2012). 

 

 

Figure 22: Schematic of Current Knowledge of Factors Involved in hiPS cells cardiac differentiation factors that 

influence the progression through each of the six major steps of hiPS cells cardiomyogenesis: epithelial to 

mesenchymal transition, mesoderm differentiation, mesoderm speciation, cardiac specification, cardiomyocytes 

differentiation, and electrical maturation. Data shown are derived from developmental biology models that have 

been directly assessed and proved functional in hiPS cells cardiac differentiation, along with knowledge gained 

directly from hiPS cells differentiation. Below are the markers associated with each of the seven cell types 

during differentiation; surface markers are marked with an asterisk (Burridge and 2012). 

IV.2. – Characteristics of hiPS cells-derived cardiomyocytes 

IV.2.1 – Molecular and structural characteristics 

The first hiPS-CMs were generated by Zhang et al. (Zhang et al., 2009). In these cells the 

investigators examined the gene expression of the transcription factor Nkx2.5, the 

myofilament proteins cardiac troponin T, the α-myosin heavy chain, the α-Actinin, the atrial 

and ventricular isoforms of myosin light chain 2, the atrial natriuretic factor and the 

phospholamban (PLN). Low levels of cardiac troponin T and the atrial isoform of myosin 

light chain 2 were found in undifferentiated hiPS cells and high expression of all the cardiac 

genes were found in the hiPS-CMs, which was comparable to the expression of these genes in 

adult ventricular myocardium. Immunohistochemistry showed a typically striated pattern for 
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α-Actinin and myosin light chain. However, these cells had multi-angular morphologies and 

relatively disorganized sarcomeres (Dick et al., 2010) (Marsman et al., 2014) (Figure 23). 

 

Figure 23: Defining cardiomyocyte identity. A wide range of phenotypic features can be assayed to determine 

whether a reprogrammed cell is a cardiomyocyte. These range from expression of a panel of genes or the 

activation of a reporter transgene (such as α-MHC–GFP) to more complex functional characteristics, such as the 

ability to fire action potentials and show calcium oscillation (Addis and Epstein, 2013). 

IV.2.2 – Action potentials 

Using the patch clamp technique, Zhang et al. were the first to measure the APs in 

spontaneously contracting cells isolated from hiPS cells-EBs (Zhang et al., 2009). The 

majority of the cells showed ventricular-like APs (70–74% of cells for two distinct hiPS cell 

lines), but atrial-like and nodal-like APs were also observed.  

The distinction was made on AP phenotype, with a negative diastolic membrane potential, a 

rapid AP upstroke and a long plateau phase for ventricular-like APs. The absence of a 

prominent plateau phase was a characteristic of atrial-like APs, resulting in shorter AP 

duration compared to ventricular-like APs. Nodal-like APs showed a more positive maximum 

diastolic potential (MDP), a slower AP upstroke and a prominent phase 4 depolarization. 

Many studies were also published describing ventricular-like, atrial-like, and sometimes 

nodal-like APs (Moretti et al., 2010) (Itzhaki et al., 2011a) (Fatima et al., 2011) (Ma et al., 

2011) (Matsa et al., 2011) (Jung et al., 2012) (Lahti et al., 2012), with the ventricular-like 
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phenotype being the most prominent AP form (76-48%) (Zhang et al., 2009) (Itzhaki et al., 

2011a). 

Table 4 summarizes the reported AP characteristics of hiPS-CMs, hES-CMs, and native 

ventricular CMs. The APs measured in hiPS-CMs differ from APs measured in freshly 

isolated native CMs (Table 4). The first remarkable difference is that most of the hiPS-CMs 

studied, including the ventricular-like and atrial-like cells, are spontaneously active, with 

beating rates between 28 and 108 bpm. 
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Table 4: Action potential characteristics in hiPS-CMs and human ventricular cardiomyocytes (Hoekstra et al., 

2012). 

Cell type BMP 
APD90 

(ms) 

dv/dtmax 

(V/s) 
APA (mV) 

MDP/RMP 

(mV) 
Refernces 

iPS-CMs V 

IMR90C4 
43.8±2.7 320±17 

40.5±

4.6 
87.7±2.6 -63.5±1.7 (Zhang et al., 2009) 

iPS-CMs V 

Foreskin C1 
44.2±3.5 

312.5±

11.2 

27.2±

3.7 
87.9±2.4 -63.3±1.5 (Zhang et al., 2009) 

iPS-CMs V 68.2±2.7 
381.3±

35.3 
9±0.2 107.8±2.1 -6..5±2.1 (Moretti et al., 2010) 

iPS-CMs V 72±1.2 
314.4±

17.6 

26.8±

6.3 
113±2.4 -63.4±1.3 (Lahti et al., 2012) 

iPS-CMs V 35.5±2.1 
414.7±

21.8 

27.8±

4.8 
101.5±2.5 -75.6±1.2 (Ma et al., 2011) 

iPS-CMs V 28±5 495±36 9.5±1.8 109±3 -57±1 (Itzhaki et al., 2011a) 

iPS-CMs 

V* ns 
60 

173.5±

12.2 

115.7±

18.4 
106±3.2 -72.4±0.9 (Davis et al., 2012) 

hES-CMs V 47.1±23.3 
247.2±

66.7 

13.2±

6.2 
85.4±9.3 -53.9±8.6 (He et al., 2003) 

hES-CMs V  
285.8±

52.6 

11.4±

2.8 
86.8±52.6 -62.3±8.6 (Zhang et al., 2011) 

VM* 50 213±7 215±33 106.7±1.4 -81.8±3.3 (Magyar et al., 2000) 

VM endo* 60 330±16 234±28 105±2 -87.1±1 (Drouin et al., 1998) 

VM epi* 60 351±14 28±11 104±2 -86±1 (Drouin et al., 1998) 

iPS-CMs V: iPS-CM of ventricular like phenotype, iPS-CMs ns: not specified to action potential type, VM: 

native human ventricular myocytes, endo: endocardial, epi: epicardial, BMP: beats per minute, APD90: action 

potential duration at 90% of repolarization, dv/dtmax : maximum upstroke velocity, APA: action potential 

amplitude, MDP: maximum diastolic potential, RMP: resting membrane potential, *: non spontaneous beating 

cells, hES-CMs V: hES-CMs of ventricular like phenotype. 
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IV.2.3 – Ionic currents 

The shape of the AP is the result of the various inwardly and outwardly directed ionic currents 

present in the CMs. Because of the clear differences in AP shape between native CMs and 

hiPS-CMs, one can assume that differences exist in the content and function of the various 

cardiac ion channels between the two cell types. In this part there is a detailed comparison 

between the cardiac ionic currents in hiPS-CMs with those in native CMs. 

IV.2.3.1 – Sodium current 

The cardiac Na
+
 current (INa) is responsible for the AP upstroke in ventricular CMs. Mutations 

in the genes encoding the α and β-subunits of the cardiac Na
+
 channel can alter the kinetics 

and amount of the cardiac Na
+
 current (Remme and 2008). The upstroke velocity in hiPS-

CMs APs is low compared to the AP upstroke of freshly isolated human ventricular CMs. In 

hiPS-CMs, INa was studied in detail in two reports. Ma et al. reported a half-maximal potential 

(V1/2) of activation and inactivation of -34.1 and -96.1 mV , respectively. Davis et al. reported 

a V1/2 of activation of ~42 mV (Davis et al., 2012). The findings of these studies are consistent 

with values reported for native human ventricular CMs. The low temperature and reduced Na
+
 

concentration used to study the maximal peak INa in native human ventricular CM prevents 

comparison with the maximal peak INa measured in hiPS-CMs. Other INa characteristics, such 

as recovery from inactivation and slow inactivation kinetics have been reported (Davis et al., 

2012). In the presence of the Na
+
 channel blocker tetrodotoxin (TTX) the upstroke of the AP 

in hiPS-CMs is delayed and the dv/dtmax is reduced (Ma et al., 2011). Whether INa plays a role 

in spontaneous activity in hiPS-CMs is unknown. However, hiPS-CMs have prominent Na
+
 

currents with characteristics close to that of native human ventricular CMs. Despite lack of 

information to compare maximal peak INa, it seems that the low dv/dtmax of spontaneously 

active ventricular-like hiPS-CMs APs is due to lower functional availability of Na
+
 channels 

(due to the relative positive value of the RMP) rather than differences in INa density. 

IV.2.3.2 – Calcium current 

Two types of Ca
2+

 currents exist in the mammalian heart, the L-type (ICaL) and T-type (ICaT) 

Ca
2+ 

current. Patch clamp studies have demonstrated the presence of the ICaL in hiPS-CMs 

with a V1/2 of activation and inactivation of -15 and -29 mV, respectively (Ma et al., 2011). 

These values are more comparable to those found in native atrial CMs (-12 and -27 mV, for 

V1/2 of activation and inactivation, respectively) than native ventricular myocytes (-4.2 and -

4.7 mV and -23.5 and -19.3 mV) (Ma et al., 2011). 
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IV.2.3.3 – Transient outward current 

Two transient outward current components are found in native mammalian cardiac cells, one 

carried by K
+ 

(Ito1), the other by Cl
−
 ions (Ito2). Ito1 has been found in hiPS-CMs (Moretti et al., 

2010) (Ma et al., 2011), but data about its gating properties have not been published. 

IV.2.3.4 – The delayed rectifier potassium current 

In the mammalian heart, the delayed rectifier K
+
 current (IK) is composed of three different 

components: the ultra-rapid (IKur), the rapid (IKr), and the slow (IKs) components. IKr has been 

reported in hiPS-CMs with a maximal IKr density varying between 0.55 and 1.9 

pA/pF(Moretti et al., 2010) (Ma et al., 2011) (Lahti et al., 2012) (Itzhaki et al., 2011a). In 

hiPS-CMs, blockade of IKr by E4031 resulted in a significant AP prolongation. In addition, 

E4031 induced early after-depolarizations (EADs) (Itzhaki et al., 2011a) (Ma et al., 2011) 

(Matsa et al., 2011). These data show that IKr plays a prominent role in the repolarization 

phase of hiPS-CMs APs. 

The presence of IKs in hiPS-CMs has been reported in two studies. Ma et al. found IKs in 5 out 

of 16 cells studied, and when present the average IKs density was 0.31 pA/pF (Ma et al., 

2011). In contrast, Moretti et al. measured IKs in all studied cells and the average density was 

around 2.5 pA/pF (Moretti et al., 2010). In hiPS-CMs, blockade of IKs by chromanol 293B 

results only in minimal prolongation of the AP (Ma et al., 2011) This is consistent with the 

relative small number of cells exhibiting IKs and the small IKs densities found in their study, 

but contrast with the effects of a loss-of-function IKs mutation which results in a prominent 

AP prolongation. 

IV.2.3.5 – Excitation-Contraction coupling 

hiPS-CMs display visible contractions. Calcium Induced Calcium Release (CICR) is the key 

mechanism underlying excitation-contraction coupling. The key Ca
2+

 handling proteins, 

RyR2, sarcoplasmic reticulum Ca
2+

 -ATPase (SERCA), junctin (Jun), triadin (TRDN), 

Na
+
/Ca

2+ 
exchanger (NCX), calsequestrin (CASQ2), L-type Ca

2+
channel (Cav1.2), inositol-

1,4,5-trisphosphate receptor (IP3R2) and PLN are expressed in hiPS-CMs (Itzhaki et al., 

2011b) (Lee et al., 2011) Spontaneous rhythmic Ca
2+

 transients are present in hiPS-CMs, and 

blocking of the ICa,L by nifedipine, abolishes Ca
2+

 transients (Itzhaki et al., 2011b). The 

presence of functional SR and RyRs was proven by application of caffeine, which induced a 

large Ca
2+

 transients (Itzhaki et al., 2011b), consistent with findings in human ventricular 
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CMs (Piacentino et al., 2003). In addition, ryanodine caused a reduction in the amplitude of 

the Ca
2+

 transients (Itzhaki et al., 2011b) (Lee et al., 2011). The pattern of Ca
2+

 transients in 

hiPS-CMs was studied by transverse line-scan images and revealed a U-shape Ca
2+ 

wavefront 

(the rise of Ca
2+ 

in the periphery is faster than in the center of the cell), which is typical for t-

tubule deficient cells (Lee et al., 2011). This suggests that hiPS-CMs lack t-tubuli, an 

observation in line with that of Novak and co-workers who did not find t-tubuli using 

transmission electron microscopy (Novak et al., 2012). This would mean that hiPS-CMs 

likely have poor coupling between Ca
2+

 influx through L-type Ca
2+

 channels and Ca
2+

 release 

from the SR through RyRs. 
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V – Conclusion 

Cardiac arrhythmic diseases are of variable complexity, and various genes and distinct 

mutations are associated with the pathophysiology of these diseases. In my thesis I am 

interested in two examples of these diseases. The first example is LQT-2; LQT-2 was one of 

the first cardiac diseases extensively studied in hiPS-CMs because of the low genetic 

complexity associated with this disease. LQT-2 was modeled using hiPS-CMs of various 

origins except urine cells. In this context, we aimed to model congenital LQT-2 using hiPS-

CMs of urine-derived cellular origin. We also investigated whether acquired LQT2, in the 

context of HIV infection, could be modeled and studied using hiPS-CMs.  

BrS is the other disease we are interested in. A high complexity is associated with this disease 

as despite the extensive genetic studies, no common genetic variant has been identified in BrS 

patients. Despite all the work that has been developed since the identification of the syndrome 

in 1992, many questions remain unresolved. Compared with advances that have been 

conducted in other arrhythmic diseases such as long QT syndrome, knowledge on BrS 

pathophysiological bases is progressing more slowly. One of the major limitations in 

understanding BrS is probably the weakness in modeling this pathology. In this issue, hiPS-

CMs may provide another brick in the wall of the mechanistic bases of this pathology. 
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Channelopathies are electrical disorders that are due to gene mutations that affect the function 

of ion channels responsible for the generation of action potentials (AP). There has been a 

substantial progress in understanding the genetic basis of these disorders, allowing 

improvement of diagnostic and preventive strategies in the management of patients. However, 

the less understood relationship between the genotype and phenotype of these diseases limits 

accurate prediction of clinical manifestations of disease, assessment of prognosis, and 

selection of appropriate preventive measures and therapeutic approaches.  

Although heterologous expression systems and animal models have provided important 

insights into cardiac arrhythmic syndromes pathogenesis, the lack of in vitro sources for 

human cardiomyocytes and the inability to model patient-specific disease variations has 

significantly hampered the study of these diseases. In the past 10 years, Dr. Yamanaka’s 

revolutionary discovery of how to transform ordinary adult skin cells into stem cells that can 

develop into any cell in the human body has fundamentally altered the fields of 

developmental biology and stem cell research. In opposition to animal models, human iPS 

cells preserve the integrity of the patient’s genome and the complete set of genes that resulted 

in the disease is present. In order to make proof of concept, so far iPS studies in the 

cardiovascular field have been used for diseases that were already mechanistically well 

understood, such as Long QT syndromes. These studies showed that iPS cell-derived 

cardiomyocytes successfully validate data previously obtained using other models. It is now 

time to use human iPS cells as a primary experimental system to decipher unknown 

mechanism of cardiac diseases, such as Brugada syndrome. We hypothesized that hiPS-CMs 

may provide novel insights into cardiac arrhythmia pathophysiology and offer a unique 

approach to improve understanding of patient-specific genotype-phenotype 

relationships. 

Objective 1:  To validate the use of cardiomyocytes differentiated from urine-derived 

pluripotent stem cells as a new cellular model to study patient's specific 

arrhythmia mechanism.  

Objective 2:  To use cardiomyocytes derived from hiPS-CMs to decipher the mechanism of 

a non-genetic disease, such as cardiac arrhythmias in HIV patients. 

Objective 3:  To characterize and explore functional characteristics of hiPS-derived 

cardiomyocytes from BrS patients carrying different genetic backgrounds in 

order to unveil their common phenotype 
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I – Molecular Biology 

I.1 – Site directed mutagenesis 

I.1.1 – Principle  

Site directed mutagenesis allows the introduction of one or more specific mutations in a gene. 

Initially, the sequence to be modified is inserted into a plasmid. PCR pair of primers 

containing desired mutation(s) is used; parental plasmids are the template to amplify the 

mutated plasmid. 

Site-directed mutagenesis based on PCR has several advantages: (i) high yield; (ii) low risk to 

form secondary structures (thanks to high temperatures) that may reduce the effectiveness of 

DNA. polymerization The main limitations of this technique are: (i) the risk that some 

polymerases make mistakes; (ii) PCR conditions should be developed for each new primer 

pair for each new matrix; (iii) long fragments are sometimes difficult to amplify (> 2-3 kb). 

I.1.2 - Protocol 

Directed mutagenesis experiments were performed to obtain N1722D-SCN5A point mutation. 

The point mutation N1722D (1859G>A) in SCN5A was introduced using mutated 

oligonucleotide extension (QuikChange II XL Site-Directed Mutagenesis Kit) in SCN5A 

isoform 2 cDNA (GenBank Acc. No. NM_000335). The mutated plasmid was verified by 

complete DNA sequencing of the cDNA insert by the genomics core facility (genomics 

platform Nantes, SFR Health Bonamy F). 

II – Cell models used 

II.1 – COS-7 cell line and transfection 

For the BrS study, I used COS-7 line. COS-7 cell line is derived from African Green Monkey 

kidney fibroblasts. Because of the absence or very low level of sodium currents of 

endogenous potential, this line is used as a heterologous expression system for Na
+
 channels. 

II.1.1 – Culture media 

COS-7 cell line was maintained in 25 cm² plastic flasks in a humidified incubator at 37 ° C in 

the presence of 5% CO2. The culture medium for the COS-7 line is composed of DMEM 

(Dulbecco's Modified Eagle Medium, Gibco BRL) supplemented with 10% fetal calf serum 2 

mM L-Glutamine, 100 U / ml penicillin and 100 ug / ml streptomycin The culture medium is 

changed every 2 days. 
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II.1.2 – Transfection 

Cells were transfected with 2 μg SCN5A plasmid (wild type or mutant) together with 2 μg of 

beta subunit (SCN1B) plasmid. Transfections were performed using JetPI reagents (Polyplus 

Transfections, France) according to the manufacturer‘s instructions. Enhanced green 

fluorescent protein GFP encoding plasmid (1.2 μg) was included to identify transfected cells 

II.2 – Human induced pluripotent stem cells maintenance  

Human induced pluripotent stem cells (hiPS cells) were generated by Karim Si-Tayeb team 

for the LQT-2 study and by the iPSC platform in Nantes for the BrS study. Following that, 

hiPS were kept on mitotically-inactivated feeder cells (mouse embryonic feeder cells (MEFs) 

For maintenance and amplification, cells were kept in DMEM/F12 medium supplemented 

with 2 mmol/L L-glutamine, 0.07% β-mercaptoethanol, 20% knockout serum replacement, 5 

ng/mL bFGF and 1% NEAA under low oxygen atmosphere (4% O2). Cells were passaged by 

manual dissection of cell clusters every 6-7 days. 

II.3 – Human induced pluripotent stem cells-derived cardiomyocytes 

II.3.1 – Principle  

The second important step in my thesis after reprogramming was to establish an efficient 

differentiation protocol. After the discovery of human induced pluripotent stem cells by 

Yamanaka et al (Takahashi and Yamanaka, 2006), a lot of groups worked on establishing 

various differentiation protocols for different types of cells including cardiomyocytes. Many 

protocols were already used for generating cardiomyocytes form embryonic stem cells 

(Anderson et al., 2007)  

In our lab, human iPS cells were differentiated into cardiomyocytes using the established 

matrix sandwich method with modifications. Cardiomyocytes differentiation protocols use 

cytokines that mimics the developmental environment which lead to the formation of 

cardiomyocytes. Growth factors including Activin A, BMP4 and FGF2 have been shown to 

enhance the cardiac specification of hiPS cells, in a time- and dose-dependent manner [7] [8]. 

II.3.2 – Protocol  

Briefly, 6 days before initiating differentiation, hiPS cell colonies were passaged on hESC-

qualified matrigel-coated plates (0.05 mg/ml, using Gentle Cell Dissociation Buffer and 

cultured as a monolayer in StemMACS (iPS-Brew XF) (Miltenyi), human with 1x Y-27632 

Rock inhibitor (Miltenyi) under normal oxygen atmosphere. Rock inhibitor reduces cell 
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apoptosis prior to differentiation. When cells reached 80% confluence, cold StemMACS with 

Growth Factor Reduced Matrigel (0.033 mg/ml, BD Corning) was added in order to create an 

overlay of Matrigel. Differentiation was initiated 24 h later (day 0) by culturing the cells in 

RPMI1640 medium (Life Technologies) supplemented with B27 (without insulin, Life 

Technologies), 2 mmol/L L-glutamine (Life technologies), 1% NEAA (Life technologies), 

100 ng/mL Activin A (Miltenyi), and 10 ng/mL FGF2 for 24 hours. On the next day, the 

medium was replaced by RPMI1640 medium supplemented with B27 without insulin, 2 

mmol/L L-glutamine, 1% NEAA, 10 ng/mL BMP4 (Miltenyi), and 5 ng/mL FGF2 for 4 days. 

By day 5, cells were cultured in RPMI1640 medium supplemented with B27 complete (Life 

Technologies), 2 mmol/L L-glutamine and 1% NEAA, and changed every 2-3 days (Figure 

24). 

 

Figure 24: Detailed cardiac differentiation protocol for both urine derived hiPS cells and skin derived hiPS cells. 

II.3.3 – Limitations  

Beating 3 D structures are obtained starting from days 8-10, this is considered the primary 

sign of a successful differentiation; however, the protocol that we used have some limitations: 

(i) large variations remain between the cardiogenic potential of hiPS cell lines 

(Control/diseased), clones of the same line, and even passages of the same clones. (ii). Also 

the differentiated cardiomyocytes are a mixed population of: cardiac cells (atrial, nodal or 

ventricular) and non-differentiated cardiac cells (iii). In addition, differentiated cardiac cells 

have an immature phenotypes such as automaticity. Indeed, further modifications of our 

differentiation protocol are planned to be added. 
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III - Patch-clamp 

III.1 – Principle 

The main of objective of my thesis was to model arrhythmic disorders using hiPS-CMs. 

Indeed, modeling arrhythmic disease depend on the ability of recording action potentials and 

various ionic currents in cardiomyocytes.  

In the three projects I have worked on, I used the patch-clamp technique to record action 

potentials and ionic currents. Patch clamp depends on the usage of a glass pipette, whose end 

has a diameter of about 1 micron, on a cell membrane, the pipette contacting / membrane is 

electrically highly resistant. This contact is enhanced by a slight suction exerted inside the 

pipette. When the contact resistance gigaohm reached, the contact is then called "giga-seal". 

This high resistance allows a perfect electrical insulation of the whole pipette cell. 

At this point two types of patch clamp are differentiated. For action potential recordings, I 

used permeabilized patch clamp. Its defining feature is that electrical access to the cell is 

obtained through inclusion of a pore-forming antibiotic (in our case is amphotericin B) in the 

patch pipette which perforates the sealed patch of membrane in contact with the patch pipette. 

The antibiotic pores allow equilibration of small monovalent ions between the patch pipette 

and the cytosol whilst maintaining endogenous levels of divalent ions such as Ca
+2

 and 

signaling molecules such as cAMP. Other benefits of using perforated patch-clamp over 

conventional patch-clamp include reduced current rundown and stable whole-cell recording. 

All these conditions are crucial to record an action potential. After cell perforation the access 

resistance to the cell will decrease gradually, then action potential are recorded in I clamp 

mode. 

On the other hand, to record different ionic currents, I used ruptured patch clamp. The isolated 

membrane fragment under the pipette is aspirated using a syringe. After piercing the cell, the 

resistance between the middle intra-pipette and the intracellular medium is greatly reduced, 

allowing electrical access to the intracellular environment. The membrane potential is then 

imposed and trans-membrane currents are recorded between the electrode positioned in the 

pipette and the reference in the bath (V clamp mode). A patch clamp amplifier (Axopatch 

200A, Axon Instruments) connected to a computer with the acquisition software and Acquis-1 

analysis (Bio-Logic) was used. 

For LQT-2, as this syndrome is characterized with a prolongation in action potential and a 

reduction in IKr, action potentials and IKr  were recorded. Moreover, in the second study about 
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modeling HIV-arrhythmic mechanisms, same measurements were done. For BrS study, 

sodium current, late sodium current, and action potentials were recorded. 

III.2 – Cell dissociation 

Regarding the cells, patch clamp measurements is only accessible in single isolated cells. For 

COS-7 cells, ordinary cell passage was done to ensure proper isolation of transfected cells. 

For hiPS-CMs, the following dissociation protocol modified form Terrenoire et al. was used 

(Cecile Terrenoire et al., 2013) to dissociate cardiac differentiated cells prior to patch clamp. 

Cardiomyocytes were dissociated around day 20 of differentiation, for 20 min in collagenase 

II (200 U/mL; Gibco) at 37
o
C. Isolated cells were then incubated at room temperature for 

30 min in Kraft-Bruhe solution containing 85 mmol/L KCl, 30 mmol/L K2HPO4, 5 mmol/L 

MgSO4, 1 mmol/L EGTA, 2 mmol/L Na2-ATP, 5 mmol/L Na-pyruvate, 5 mmol/L creatine, 

20 mmol/L taurine, and 20 mmol/L glucose, pH 7.2 (Figure 25). 

 

Figure 25: Detailed dissociation protocol for hiPS-CMs cells 

III.3 – Solutions 

Single isolated cells were selected for patch clamp. Green fluorescence cells were selected for 

patch clamp of COS-7 cells, while beating cells were selected for hiPS-CMs patch clamp. In 

both cases, cells were perfused with an extracellular solution that varies in constituent 

depending on the recordings done. Data were collected from a minimum of 4 independent 

differentiations for at two-three clones per patient. 

II.3.1 – Action potential recordings 

AP measurements were also performed using patch clamp (permeabilized I clamp), APs were 

measured at 35± 2°C using a modified Tyrode solution containing (in mM): 140 NaCl, 5.4 

KCl, 1.8 CaCl2, 1.0 MgCl2, 5.5 glucose, 5.0 HEPES; pH 7.4 (NaOH). The pipette solution 

contained (in mM): 125 K-gluconate, 20 KCl, 10 NaCl, 10 HEPES; pH 7.2 (KOH) and 0.22 
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amphotericin-B . Minimum diastolic potential (MDP), maximal upstroke velocity (Vmax), AP 

amplitude (APA), and AP duration (APD) at 20, 50 and 90% repolarization (APD20, APD50, 

and APD90, respectively) were analyzed. Data from 3 consecutive APs were averaged. 

Recorded action potentials were classified into atrial, nodal and ventricular (Ma et al., 2011). 

II.3.2 – IKr recordings 

The rapid component of the delayed rectifier K+ current (IKr) was recorded in the ruptured 

patch-clamp configurations, respectively. Cells were continuously super-fused with a Tyrode 

solution containing (in mmol/L): NaCl 140, KCl 4, CaCl2 1, MgCl2 1, glucose 10, HEPES 10; 

pH 7.4 (NaOH). During recording, a local gravity micro perfusion system allowed application 

of drugs, dissolved in Tyrode solution . For IKr recording, the pipette was filled with a solution 

containing (in mmol/L): K-gluconate 125, KCl 20, K2ATP 5, HEPES 10, EGTA 10; pH 7.2 

(KOH). All products were purchased from Sigma. Data were recorded through an A/D 

converter (Digidata 1440A, Molecular Devices), using an Axopatch 200B amplifier 

(Molecular Devices). Membrane currents were analyzed with Axon pClamp 10 (Molecular 

Devices). Borosilicate patch pipettes had a tip resistance of 2-2.5 MΩ. All experiments were 

made at 35 ± 2°C. During voltage-clamp experiments, nifedipine (4 µmol/L) was added to the 

external solution to block the L-type calcium current (ICa,L). 

II.3.3 – INa recordings 

II.3.3.1 – INa recordings in COS-7 cells 

Currents were recorded 2 days after transfection using a MultiClamp 700B amplifier and 

Multi Clamp Commander (Axon Instruments, Molecular Devices, Biberach van der Riss, 

Germany). Cells were super fused with a solution containing the following (in mmol/L): 145 

NaCl, 4 CsCl, 1 CaCl2, 1 MgCl2, 5 HEPES, and 5 glucose, pH=7.4 with NaOH. Patch pipettes 

were fabricated from borosilicate glass capillaries (Module Ohm, Herlev, Denmark) and had 

resistances between 2.5 and 3 MΩ when filled with pipette solution (in mmol/L): 90 KCl, 45 

K-gluconate, 10 NaCl and 10 HEPES, pH=7.4 with CsOH. Electronic compensation of series 

resistance to 65% to 70% was applied to minimize voltage errors. All analog signals were 

acquired at 10 to 50 kHz, filtered at 6 kHz, digitized with a Digidata 1440 converter (Axon 

Instruments), and stored using pClamp10 software (Axon Instruments). All recordings were 

made at room temperature (20°C -22°C). Data were analyzed using pClamp10 software. 
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II.3.3.2 – INa recordings in hiPS-CMs 

INa measurements were recorded in the ruptured patch-clamp configuration. Cells were 

perfused using a Tyrode solution containing (in mM): 130 NaCl, 10 CsCl, 1.8 CaCl2, 1.2 

MgCl2, 11.0 glucose and 5.0 HEPES; pH 7.3 (CsOH). The pipette solution contained (in 

mM): 3.0 NaCl, 133 CsCl, 2.0 MgCl2, 2.0 Na2ATP, 2.0 TEACl, 10 EGTA, 5.0 HEPES; pH 

7.2 (CsOH). During recording, a local gravity micro perfusion system allowed application of 

an extracellular solution containing (in mM): 20 NaCl, 110 CsCl, 1.8 CoCl2, 1 MgCl2, 30 

mannitol and 5.0 HEPES; pH 7.4 (CsOH) (Davis et al., 2012) (Ma et al., 2011). INa densities 

and gating properties were measured at 35±2°C using voltage-clamp protocols shown in the 

relevant figures. All measurements were performed using a holding potential of -100 mV with 

a cycle time of 2 seconds for single step and activation, 3 seconds for inactivation and 4 

seconds for recovery form inactivation. Current densities were calculated by dividing current 

amplitude by membrane capacitance (Cm) in (pF).  

Late INa was measured as a TTX-sensitive current (0.01mM) at room temperature using an 

ascending ramp protocol. Same intracellular and extracellular solutions  were used as in the 

case of INa peak current with a local gravity micro perfusion system of the following 

composition (in mM): 130 NaCl, 10 CsCl, 1.8 CoCl2, 1 MgCl2, 20 mannitol, 10.0 HEPES and 

0.01 TTX; pH 7.4 (CsOH) (Ma et al., 2011). 

III.4 – Analysis 

All the measured currents are normalized by the membrane capacitance. For sodium current, 

the series resistance and capacitance are compensated between 60 and 70% to reduce their 

maximum contribution during the current measurement. 

IKr was measured as a 1 µmol/L E-4031-sensitive current, by digitally subtracting the current 

in the presence of E-4031 from that in its absence. IKr densities were calculated by dividing 

current amplitude (pA), measured at the peak of the tail current at -60mV following a 

depolarization to 50 mV (prepulse), by cell membrane capacitance (pF). 

The stimulation sequences allowing current measurements are presented in the manuscripts. 

The activation curves of IKr and INa (relative conductivity as a function of potential) following 

the waning of a sigmoid. V1/2 activation parameters (V1/2 act) and K are calculated by non-

linear regression of the activation curve according to the Boltzmann function: 

G / Gmax = 1 / (1+ exp (- (VP-V1/2 act) / K)) 

Or: 
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- G, conductance measured at Vp; G = I / Em-Ex 

- Gmax, maximum conductance 

- I, current measured at the peak 

- Em imposed potential 

- Ex reversal potential of the ion X  

- Vp pulse potential 

- V1/2 act, potential at which half of the channels are activated 

- K, Boltzmann constant 

Inactivation curves or availability (relative current according to the potential of the pre-

stimulation) also follow a sigmoid. The parameters V1/2 inact and K are calculated by non-

linear regression of the availability curve according to Boltzman function: 

I / Imax = 1 / (1+ exp (- (Vpp- V1/2 inact) / K)) 

Or: 

- K, Boltzmann constant 

- Vpp, prepulse potential 

- V1/2 inact, potential at which half of the channels are inactivated 

IV – Biochemistry 

IV.1 – Western blot 

Western blot technique is used to assess total expression of a in a biological sample by a 

specific antibody of the protein of interest. This technique is semiquantitative and only allows 

the evaluation of the expression of a protein in comparison to another. It does not quantify 

precisely the amount of protein in the biological sample. 

The Western blot technique is used to estimate the total expression of hERG protein in hiPC-

CMs of projects 1 and 2. The cells are initially , lysed in a buffer containing 150 mM NaCl, 

Tris 20 mM pH 7.2, EDTA (ethylene diamine tetraacetic acid) 1 mM, Triton 1% PMSF 

(phenylmethanesulfonylfluoride) to 1mM taken up in absolute ethanol and a cocktail of 

protease inhibitors (Roche Diagnostics). The cell lysates were rotated for 20 min at 4 ° C then 

centrifuged at 14,000 G, 20 min at 4 ° C also. A protein assay is then carried out against a 

range of standard bovine serum albumin (BSA) in order to load an equivalent quantity of 

protein in each well. The lysates were denatured for 10 min at 50 ° C in Laemmli buffer 

containing 2% SDS (sodium dodecyl sulfate), 10% glycerol, 10 mM DTT (dithiothreitol), 

65mm Tris, pH 6.8 and a blue peak bromophenol. 100 micrograms of each sample were 
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loaded onto a 10% polyacrylamide gel the proteins were separated by electrophoresis in 

presence of SDS. After migration, the proteins are transferred onto a nitrocellulose membrane 

at 4 ° C for 2 hours at 100V in a buffer containing: glycine 192mm, Tris 25 mM, SDS to 0.1% 

and ethanol 20%. To check the quality of the migration and transfer, the proteins are stained 

with ponceau red. After rinsing, the membrane is saturated for one hour in TBS-T buffer (10 

mM Tris, NaCl 0.5mm and 0.1% Tween) containing 5% skimmed milk lyophilized. The 

membrane is then incubated with primary antibody overnight at 4 ° C in TBS-T milk. Three 5 

minute washes in TBS-T milk are then made and then the membrane is incubated with the 

secondary antibody for 1 hour at room temperature in TBS-T milk. After 3 rinses with TBS-T 

for 10 minutes each, the revelation is done with an ECL plus western blotting detection 

system (Amersham) displayed using an imaging RT ImageQuant ECL (GE Healthcare).  

IV.2 – Immunofluorescence 

Immunofluorescence technique depends on the usage of a specific antibody to study, using a 

fluorescent microscope, the localization of a protein in the cell.  

For histological analysis two cell types were analyzed: undifferentiated hiPS cells, which 

were cultured in 12 well plates on MEF feeders, dissociated hiPS-derived cardiomyocytes, 

which were plated on IBIDI plates (Biovalley) and further cultured for 6 to 10 days. For, hiPS 

on MEFs were fixed with 4% PFA, permeabilized with 0.5% Triton X-100 and blocked with 

3% PBS-BSA. Cells were then stained with primary antibodies directed against OCT3/4 

(Santa Cruz), SOX2 (Santa Cruz) and TRA1-60 (eBioscience) diluted in 1% PBS-BSA. For , 

after methanol fixation, cells were permeabilized with 0.1% Triton X-100, blocked with 5% 

PBS-BSA and stained with primary antibodies against α-Actinin (Abcam), troponin I (Santa 

Cruz), MLC2a (Abcam), MLC2v (Proteintech Europ), connexin 43 (Chemicon), or Nav1.5 

(Alomone labs). Secondary antibody staining was performed using Alexa 488- and Alexa 

568-conjugated antibodies (Molecular Probes). DAPI was used for nuclear staining. 
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I – Towards Personalized Medicine: Using Cardiomyocytes Differentiated from Urine 

derived Pluripotent Stem Cells to Recapitulate Electrophysiological Characteristics of 

LQT-2 syndrome 
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I.1 – Introduction 

 Despite major advances in the understanding and treatment of heart arrhythmic 

disorders, sudden cardiac death still represents a significant cause of morbidity and mortality 

worldwide. Channelopathies associated with cardiac arrhythmias have essentially been 

studied in heterologous systems or animal models, independently of the patients‘ genetic 

background. However, the alteration of channel functions may lead to remodeling of other 

proteins, which would be missed in such models. Human Induced Pluripotent stem cells (hiPS 

cells) offer a new paradigm for these types of studies. hiPS cells-derived cardiomyocytes 

(hiPS-CMs) provide researchers with cardiomyocytes (CMs) of human origin which are 

better-suited than CMs of animal origin or heterologous cell systems. Furthermore, hiPS-CMs 

provide us with the opportunity to test drugs in disease-specific CMs instead of healthy CMs. 

In addition, this strategy enables to generate patient-specific myocytes, which could be used 

to recapitulate the features of inherited arrhythmias in the context of the patient‘s genetic 

background.  

Many studies have been reported on iPS-derived cardiomyocytes obtained from patients with 

heritable arrhythmias, where they demonstrated the applicability of this innovative approach 

to the study of inherited arrhythmias. From this point, fibroblasts isolated from skin biopsies 

have been the most commonly used primary somatic cell type for the generation of induced 

pluripotent stem cells. However, the required skin biopsy remains an invasive approach, 

representing a drawback for using fibroblasts as the starting material. More and more studies 

appeared over the last years, describing the reprogramming of other human somatic cell types. 

Cells isolated from urine, as well as more unexpected cell types, show promising 

characteristics for a reprogramming strategy. Here, we highlight the advantages of cells 

isolated from urine as a usable, noninvasive harvesting method for primary material in 

comparison with other commonly used cell types. We set up an experimental approach to 

obtain and characterize cardiomyocytes differentiated from urine-derived pluripotent stem 

cells (UhiPS-CMs), from a patient with Long QT syndrome. This patient presents a mutation 

on hERG KCNH2 gene (p.A561P).  

We validated the use of cardiomyocytes differentiated from urine-derived pluripotent 

stem cells as a new cellular model to study patient's specific arrhythmia mechanisms.  
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Objective 1:  To characterize and explore functional characteristics of UhiPS- CMs. 

Objective 2:  To characterize LQT-2 patient with hERG A561P mutation using UhiPS-CM, 

at molecular and functional levels. 
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I.2 – Article 

I.2.1 – Abstract 

Background: Human genetically inherited cardiac diseases have mainly been studied in 

heterologous systems or animal models, independently of the patients‘ genetic background. 

Since sources for human cardiomyocytes (CMs) are extremely limited, the use of urine 

samples to generate induced pluripotent stem (UhiPS) cell-derived CMs (UhiPS-CM) would 

be a non-invasive method to identify cardiac dysfunctions that lead to pathologies within the 

patients‘ specific genetic background. The objective was to validate the use of 

cardiomyocytes differentiated from urine-derived pluripotent stem cells as a new cellular 

model to study patient's specific arrhythmia mechanism.  

Methods and Results: Cells obtained from urine samples of a long QT syndrome patient 

harboring the hERG A561P mutation and his asymptomatic non-carrier mother were 

reprogrammed using the episomal-based method. UhiPS cells were then differentiated into 

CMs using the matrix sandwich method.  

UhiPS-CMs showed proper expression of atrial and ventricular myofilament proteins and ion 

channels. They were electrically functional; with nodal-, atrial- and ventricular-like action 

potentials (APs) recorded using high-throughput optical and patch-clamp techniques. 

Comparing hERG expression from the patient‘s UhiPS-CMs to the mother‘s UhiPS-CMs 

showed that the mutation led to a trafficking defect that resulted in a reduced IKr current. This 

phenotype gave rise to AP prolongation and arrhythmias. 

Conclusions: Urine-derived iPS cells from patients carrying ion channel mutations can be 

used as novel tools to differentiate functional cardiomyocytes that recapitulate cardiac 

arrhythmia phenotypes. 

 

Key words: Urine-derived induced pluripotent stem cells, cardiomyocyte, long QT syndrome 

modeling, HERG, arrhythmia. 
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I.2.2 – Introduction 

Despite important achievements in the understanding of cardiovascular diseases over the last 

decade, heart disease remains the principal cause of death in developed societies. Intense 

research efforts have been directed at using human induced pluripotent stem (hiPS) cells to 

invoke cardiac regeneration for heart repair and to model human cardiac development and 

diseases in vitro. Recent studies have demonstrated that hiPS cell-derived cardiomyocytes 

(CMs) can be used to model several human genetically inherited cardiac diseases that 

manifest defects in specific cardiac structural components, signaling pathways, or 

electrophysiological properties
1
, validating the technique as a powerful system to gain 

mechanistic insights into human cardiac disease. Currently, a wide variety of molecular, 

cellular, and physiological assays are optimized to investigate disease phenotypes in hiPS 

cell-derived cardiomyocytes. Experimental drugs have also been tested in this setting, 

inducing alleviation of the disease phenotypes, further paving the way for new therapeutic 

interventions for cardiac diseases. Importantly, as recently developed by S. Yamanaka, iPS 

cell technology can contribute to micromedicine (e.g., applied to an individual) and 

personalized medicine, including drug discovery based on cellular and molecular analyses. It 

may also contribute, in the next future, to macromedicine (e.g., applied to cohorts of 

individuals), including patient stratification, based on cellular and molecular analyses of 

participants in clinical trials or cohort studies.
2
 

 

Nevertheless, the standard approach in which hiPS cells are generated from skin biopsy as 

raw material obviously limits the extensive use of this technology. Indeed, skin biopsy 

requires an invasive procedure, accompanied by discomforts, a risk of bleeding, infection, and 

permanent scars. Skin biopsy collection also raises ethical issues in the case of young children 

and patients‘ healthy relatives. Furthermore, the obtained cells expand slowly in culture and 

the reprogramming efficacy is low. This may require several skin samples, whereas the 

procedure cannot be easily performed several times on the same patient. There is a growing 

consensus that an ideal cell source for hiPS cells should be easily and non-invasively 

available, with a high reprogramming efficacy. Progress has been made regarding this issue 

with the reprogramming of cells from blood samples, but there is still room for improvement.  

 

Recent reports showed that cells contained in a simple urine sample can also be an easy and 

non-invasive source for generating hiPS cells.
3-6

 Reprogramming efficacy of urine-derived 
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cells is higher than for human dermal fibroblasts: the efficacy for both viral and non-

integrative methods was consistently higher in urine cells as compared to dermal cells, 

including retroviral reprogramming that was about 50 times more efficient in urine cells 
3, 7-9

 

and episomal reprogramming, about 10 times more efficient.
4, 10, 11

 Furthermore, the cardiac 

molecular phenotype of a dystrophin-deficient patient was recapitulated in CMs derived from 

its urine cells.
12

 Thus, producing urine-derived CMs from patients with genetic disorders, and 

also from their healthy relatives, can facilitate the study of private genetic variation impact on 

the risk and progression of the disease of interest.  

In the present study, starting from a urine sample, we developed an in vitro model for a 

patient suffering from a mild form of type-2 long QT (LQT-2) syndrome. The long QT 

syndrome is an inherited cardiac channelopathy causing potentially fatal cardiac arrhythmia, 

and was one of the first successfully modeled human diseases using hiPS cells.
1, 13

 We 

investigated the mutation A561P located in the KCNH2 gene encoding the hERG channel. 

This mutation was the focus of a first study conducted in the laboratory.
14

 The patient 

harboring this mutation presented arrhythmias only when treated with clobutinol, an 

antitussive drug. Due to the lack of cardiac cellular model, the analyses were performed in 

transfected COS-7 cells and the overall effects on cardiac action potential were extrapolated 

with an in silico analysis. In the present study, we have used CMs obtained from urine-

derived hiPS cells (UhiPS-CM) to investigate both the molecular and functional phenotypes 

of the syndrome in a native cellular model. We observed AP changes, characteristic for the 

long QT syndrome, which were exacerbated by a hERG inhibitor, thus, modeling the patient-

specific arrhythmic drug sensitivity. Overall, we demonstrated that the use of urine-derived 

cardiomyocytes is a convenient and powerful approach to finely model human arrhythmic 

diseases. 

I.2.3 – Materials and methods 

II.2.3.1 – Patient characteristics 

The study was conducted in compliance with current Good Clinical Practice standards and in 

accordance with the principles set forth under the Declaration of Helsinki (1989). Institutional 

review board (IRB) approvals of the study were obtained before the initiation of patient 

enrollment. Each subject entering the study agreed to and signed an IRB-approved statement 

of informed consent. 

Somatic cells from urine sample were obtained from a 22-year-old man who presented 

syncopes and torsades de pointes arrhythmia at the age of 13, during a treatment with an 
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antitussive drug, clobutinol.
14

 ECG analysis showed a prolonged QT duration (QTcBazett = 628 

ms and QTcFredericia = 597 ms). The patient carries a missense mutation in KCNH2 gene, 

encoding the hERG K
+
 channel α-subunit, causing an alanine to proline substitution at 

position 561 (chr7: 150,648,800 G>C; NM_000238 A561P). As control, somatic cells from 

urine sample were also obtained from his 46 year-old mother who had no clinical symptoms, 

a normal ECG and was negative for the KCNH2 mutation. An additional control, the 

previously described foreskin fibroblast-derived hiPS cell clone iPS.C2a (FhiPS) was also 

used.
15

 

II.2.3.2 – Urine cell collection, isolation, culture 

Urine cells were isolated and cultured as previously described.
3
 Briefly, cell pellets were 

collected from whole urine samples (130-265 ml) via centrifugation (5 min at 1200 g) and 

washed with PBS. Pellets were resuspended in RE/MC medium composed of 50% of RE 

medium [Renal epithelial cell growth medium SingleQuot kit supplement and growth factors 

(Lonza, Cat#CC-3190)] and 50% of MC medium [DMEM/high glucose supplemented with 

10% (vol/vol) FBS, 1% (vol/vol) GlutaMAX, 1% (vol/vol) Non-essential amino acid 

(NEAA), 100 U/ml penicillin, 100 μg/ml streptomycin, 5 ng/ml bFGF (Miltenyi), 5 ng/ml 

PDGF-AB (Cell Guidance) and 5 ng/ml EGF (Peprotech)] and cultured on 0.1% gelatin 

coated plates. Urine cell clusters were passaged using TripLE (Life Technologies) and 

characterized. 

II.2.3.3– Urine cells reprogramming and UhiPS cells characterization 

Urine cells were reprogrammed into urine-derived hiPS (UhiPS) cells as previously 

described
6
. Briefly, 3x10

5
 to 5x10

5 
urine cells were nucleofected (Lonza) with episomal 

vectors coding for OCT3/4, SOX2, KLF4, MYC, LIN28, NANOG and SV40LT (Addgene 

Cat# 20922, 20923, 20924, 20925 and 20927), and a nonepisomal vector coding for 

miR302/367 (System Biosciences Cat# TDH101PA-GP) and cultured 14 to 21 days with E7 

medium (StemCell Technologies). UhiPS clones were manually picked on mouse embryonic 

fibroblasts (MEFs). Control UhiPS and A561P-UhiPS cells were characterized by RT-PCR to 

verify the expression of endogenous pluripotent factors OCT3/4, NANOG and SOX2 and the 

loss of episomal vectors (see below), immunostaining (see below), flow cytometry (see 

below), and their ability to form teratoma (see below).  
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II.2.3.4– Flow Cytometry analysis 

A total of 1x10
5
 cells in suspension, for each condition, were washed 3 times with PBS/BSA 

0.1%, then incubated with PE-labelled antibodies, SSEA3-PE, SSEA4-PE, TRA1-60-PE 

(eBioscience), for 30 minutes at 4°C in the dark and further rinsed 3 times with FACS buffer. 

Data acquisition was performed using FACSDiva software with LSR II instrument (Becton 

Dickinson, BD) or the Accury C6 (BD). 

II.2.3.5– Episomal vector detection 

Total RNA (tRNA) was extracted from hiPS cells at passage 10 using RNeasy mini kit 

(Qiagen). One µg of tRNA was reverse transcribed using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) following manufacturer‘s instructions. RT-PCR 

studies were conducted in triplicate using the Mesa green 2X PCR Master Mix for SYBR 

(Eurogentec). DNA concentration was 5ng/well. Conditions were: 2 s at 90°C, followed by 40 

cycles of 10 s at 95°C, 30 s at 60°C and ending by 60 s at 60°C. Cycle threshold was 

calculated using default settings by the real-time sequence detection software (Applied 

Biosystems). Primer sequences are indicated in Supplemental Table 1. 

II.2.3.6– Teratoma formation 

Undifferentiated UhiPS cells cultured on MEFs were mechanically dissociated with EZ 

Passage tools (Life Technologies), resuspended in matrigel (2 mg/mL) and injected 

subcutaneously into NOD/SCID IL2R gamma mice. Tumor samples were collected after 8 to 

10 weeks, fixed in 4% paraformaldehyde, embedded in paraffin, sectioned and stained with 

hematoxylin and eosin for analysis. The animal experiments were approved by the 

Governmental Ethical Comity (Protocol 02017.01). 

II.2.3.7– Culture of hiPS cells 

Established hiPS cell lines were maintained on mitotically-inactivated MEFs in DMEM/F12 

medium supplemented with 2 mmol/L L-glutamine, 0.07% β-mercaptoethanol, 20% knockout 

serum replacement, 5 ng/mL bFGF and 1% NEAA under low oxygen atmosphere (4% O2). 

Cells were passaged by manual dissection of cell clusters every 6-7 days. Before 

differentiation, hiPS cells were manually transferred from MEFs to matrigel-coated plates 

(0.05 mg/ml, BD Biosciences) and cultured on mTeSR1 medium (StemCell Technologies). 

Passages were performed using Gentle Cell Dissociation Buffer (StemCell Technologies). 
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II.2.3.8– Differentiation of hiPS cells into cardiomyocytes and 

dissociation 

Human iPS cells were differentiated into cardiomyocytes using the established matrix 

sandwich method
16

 with modifications. Briefly, 6 days before initiating differentiation, hiPS 

cell colonies were passaged on hESC-qualified matrigel-coated plates (0.05 mg/ml ; BD 

Biosciences) using Gentle Cell Dissociation Buffer (Stemcell Technologies) and cultured as a 

monolayer in mTesr1 with 1x Y-27632 Rock inhibitor (Stemcell Technologies) under normal 

oxygen atmosphere. When cells reached 80% confluence, cold mTesr1 with Growth Factor 

Reduced Matrigel (0.033 mg/ml) was added in order to create an overlay of Matrigel. 

Differentiation was initiated 24 h later (day 0) by culturing the cells in RPMI1640 medium 

(Life Technologies) supplemented with B27 (without insulin, Life Technologies), 100 ng/mL 

Activin A (Miltenyi), and 10 ng/mL FGF2 (Miltenyi) for 24 hours. On the next day, the 

medium was replaced by RPMI1640 medium supplemented with B27 without insulin, 10 

ng/mL BMP4 (Miltenyi), and 5 ng/mL FGF2 for 4 days. By day 5, cells were cultured in 

RPMI1640 medium supplemented with B27 complete (Life Technologies) and 1% NEAA 

and changed every 2–3 days.  

For protein and electrophysiological analyses, cardiomyocytes were dissociated around day 

20 of differentiation, by a 20 min incubation with collagenase II (200 U/mL; Gibco) and 0.2 

U/mL protease XIV (Sigma-Aldrich) at 37°C. Isolated cells were then incubated at room 

temperature for 30 min in Kraft-Bruhe solution containing 85 mmol/L KCl, 30 mmol/L 

K2HPO4, 5 mmol/L MgSO4, 1 mmol/L EGTA, 2 mmol/L Na2-ATP, 5 mmol/L Na-pyruvate, 

5 mmol/L creatine, 20 mmol/L taurine, and 20 mmol/L glucose, pH 7.2.
17

 

II.2.3.9– Gene expression analysis 

Total RNA was extracted from hiPS colonies or during differentiation at day 5, 18 and 28, 

using RNeasy mini kit (Qiagen). One µg of tRNA was reverse transcribed using High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following manufacturer‘s 

instructions. PCR amplification was performed using FAM labeled-TaqMan probes (Applied 

Biosystems; Supplemental Table 1). 

II.2.3.10– Protein expression analysis 

For histological analysis two cell types were analyzed: (1) undifferentiated UhiPS cells, which 

were cultured in 12 well plates on MEF feeders, (2) dissociated hiPS-derived cardiomyocytes, 

which were plated on IBIDI plates (Biovalley) and further cultured for 6 to 10 days. For (1), 
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UhiPS on MEFs were fixed with 4% PFA, permeabilized with 0.5% Triton X-100 and 

blocked with 3% PBS-BSA. Cells were then stained with primary antibodies directed against 

OCT3/4 (Santa Cruz) and TRA1-60 (eBioscience) diluted in 1% PBS-BSA. For (2), after 

methanol fixation, cells were permeabilized with 0.1% Triton X-100, blocked with 5% PBS-

BSA and stained with primary antibodies against α-actinin (Abcam), troponin I (Santa Cruz), 

MLC2a (Abcam), MLC2v (Proteintech Europ), connexin 43 (Chemicon), hERG (Santa Cruz) 

or Nav1.5 (Alomone labs). Secondary antibody staining was performed using Alexa 488- and 

Alexa 568-conjugated antibodies (Molecular Probes). DAPI was used for nuclear staining.  

For Western blot analysis, 40 µg of protein lysate from UhiPS-derived cardiomyocytes 

(UhiPS-CMs) were incubated with antisera against hERG (Santa Cruz) protein. Secondary 

antibody staining was performed using goat anti-mouse IgG-HRP antibody (Santa Cruz). 

Stain Free gel technology (Bio-Rad) has been used as loading control for protein 

normalization.
18, 19

 The amount of total proteins in each lane on the blot has been calculated 

and used for normalization.  

II.2.3.11– Cellular electrophysiology 

Action potential optical recordings were performed on cardiomyocytes after 28 days of 

differentiation, with 5 µmol/L di-8-ANEPPS (Life Technologies) as the voltage-sensitive dye 

using the CellOptiq technology (Clyde Biosciences). Cells were incubated at 37°C, 5% CO2 

and 20% O2 during the 2 h incubation of the dye and during the recording. 

Dissociated hiPS-derived CMs were resuspended in RPMI + B27 supplemented with insulin 

and 1% non-essential amino acids and then plated on matrigel-coated 35-mm plastic Petri 

dishes. Isolated beating cells were used for patch-clamp recordings using whole-cell 

configuration, between day 10 and day 14 post-dissociation. The rapid component of the 

delayed rectifier K+ current (IKr) and action potentials (APs) were recorded in the ruptured 

and the permeabilized patch-clamp configurations, respectively. Cells were continuously 

superfused with a Tyrode solution containing (in mmol/L): NaCl 140, KCl 4, CaCl2 1, MgCl2 

1, glucose 10, HEPES 10; pH 7.4 (NaOH). During recording, a local gravity microperfusion 

system allowed application of drugs, dissolved in Tyrode solution where glucose was replaced 

by mannitol 20 mM.
20

 For APs recording, the pipette solution contained (in mmol/L): K-

gluconate 125, KCl 20, NaCl 5, amphotericin B 0.85, HEPES 10; pH 7.2 (KOH). For IKr 

recording, the pipette was filled with a solution containing (in mmol/L): K-gluconate 125, 

KCl 20, K2ATP 5, HEPES 10, EGTA 10; pH 7.2 (KOH).
21

 All products were purchased from 

Sigma. Data were recorded through an A/D converter (Digidata 1440A, Molecular Devices), 
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using an Axopatch 200B amplifier (Molecular Devices). Membrane currents and APs were 

analyzed with Axon pClamp 10 (Molecular Devices). Borosilicate patch pipettes had a tip 

resistance of 2-2.5 MΩ. All experiments were made at 35 ± 2°C. During voltage-clamp 

experiments, nifedipine (4 µmol/L) was added to the external solution to block the L-type 

calcium current (ICa,L). IKr was measured as a 1 µmol/L E-4031-sensitive current, by digitally 

subtracting the current in the presence of E-4031 from that in its absence. IKr densities were 

calculated by dividing current amplitude (pA), measured at the peak of the tail current at -

50mV following a depolarization to 60 mV (prepulse), by cell membrane capacitance (pF). 

Activation curves, determined from peak tail current normalized to the maximal value and 

plotted against the prepulse voltage, were fitted with a single Boltzmann function: G/Gmax = 

1/(1+exp((V1/2-V)/k)), where G/Gmax is the conductance normalized with respect to the 

maximal conductance, V1/2 is the half-activation potential, V is the prepulse voltage prior to 

the tail current measurement, and k is the slope factor. Data extracted from this equation are 

presented as mean ± SEM. Statistical significance of differences in current densities or 

activation properties was calculated using Student's t-test. 

II.2.3.12– Statistical analysis 

Data are expressed as mean ± S.E.M. Statistical analysis was performed with Prism5 

(GraphPad Software, Inc.). Significant differences between mean values were determined 

with Mann-Whitney U test for comparison of two groups or paired Student's t test when 

appropriate. For more than two groups, 2-way ANOVA was performed. A P value below 0.05 

was considered to indicate significance.   
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I.2.4 – Results 

II.2.4.1– Generation of patient-specific hiPS cells from urine sample 

using episomal-based reprogramming 

Cells isolated from urine samples from the patient carrying the hERG A561P mutation and 

from his healthy mother displayed a mesenchymal stem cell phenotype, including spindle-

shaped morphology and expression of cell surface markers CD49a, CD73, CD90, CD105 and 

CD146. They did not express the hematopoietic stem cell markers CD14, CD45 and CD184 

(not shown). Cells were reprogrammed upon transfection of episomal vectors. Control UhiPS 

clones and A561P-UhiPS clones carrying the A561P mutation were manually picked for 

further characterization. Endogenous expression of the pluripotent stem cell markers, OCT3/4, 

SOX2 and NANOG, absent in the urine cells, was detected by qRT-PCR in both UhiPS cells 

types, while the loss of episomal vector expression was verified (Supplemental Figure 1B). 

Endogenous expression of OCT3/4 and TRA1-60 proteins was also visualized by 

immunofluorescence staining in control and A561P-UhiPS cells (Supplemental Figure 1A). 

Flow cytometry analysis showed that more than 90% of control and A561P-UhiPS cells were 

positive for the expression of pluripotency markers TRA1-60, SSEA4 and SSEA3 

(Supplemental Figure 1C). Finally, the ability of UhiPS cells to form teratoma with all three 

germ layers was observed (Supplemental Figure 1D). Overall, urine cells were successfully 

reprogrammed into bona fide hiPS cells and a total of 2 to 3 clones per lines have been 

selected to perform the following experiments. 

II.2.4.2– UhiPS cells can be differentiated into functional 

cardiomyocytes 

Cardiomyocytes were differentiated, using the matrix sandwich method, from (1) control hiPS 

cells derived from foreskin fibroblasts (FhiPS-CMs), a reference tissue source that has 

previously been successfully used for differentiation into functional CMs (Marsman et al., 

2014) [263], and from hiPS cells derived from urine samples: (2) the control healthy mother's 

cells (Control UhiPS-CMs) and (3) the hERG A561P-mutated cells (A561P-UhiPS-CMs). All 

three hiPS cells showed comparable cardiac differentiation potential (Figure 1), giving rise to 

spontaneously contracting cell areas after 6-8 days of differentiation. Gene expression 

profiling of the three hiPS cells revealed a similar differentiation pattern into cardiac cells 

over time, including significant reduction of pluripotent stem cell markers, OCT3/4, NANOG 

and SOX2, and progressive upregulation of a cardiac transcription factor, NKX2-5, connexins 

(GJA1 and GJA5), and a regulator of calcium homeostasis, RYR2 by day 18 (Figure 1A). 
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Similar gene expression profile was also observed for SCN5A, CACNA1C, CACNA1G, 

KCND3, KCNQ1, KCNH2 and KCNJ2, the genes encoding the major cardiac ion channel α-

subunits. We also analyzed the protein expression pattern of several structural and functional 

proteins that characterize cardiomyocytes, using immunofluorescence on cells isolated after 

30 days of differentiation (Figure 1B). Cardiomyocytes displayed organized cross-striations 

resembling sarcomeres with proper alignment of the myofibrils, that were positive for cardiac 

and muscular specific cytoskeletal proteins, troponin I, α-Actinin, ventricular myosin light 

chain (MLC2V) and atrial myosin light chain (MLC2A). The sodium channel Nav1.5, 

responsible for the action potential upstroke in atrial, Purkinje and ventricular 

cardiomyocytes, was properly addressed at the plasma membrane (not shown). Finally, dual 

staining of troponin I and connexin 43, essential for coordinated cell depolarization, showed 

that the transmembrane proteins were located, as expected, in contact areas between CMs 

(Figure 1B). These results show that UhiPS cells could be differentiated into CMs using the 

matrix sandwich method.  

II.2.4.3–Cardiomyocytes differentiated from UhiPS cells are 

electrically functional 

Action potentials of the differentiated CMs were assessed using both patch-clamp and optical 

recording using the voltage-sensitive dye, di-8-ANEPPS. Isolated CMs derived from both 

FhiPS and UhiPS cells started beating by day 6 post-dissociation. Using the patch-clamp 

technique, spontaneous APs from control and A561P-UhiPS-CMs were recorded and 

classified as nodal-, atrial- and ventricular-like APs, based on their duration, maximum 

upstroke velocity (dv/dtmax), peak to peak duration and maximum diastolic potential (Figure 

2A, Supplemental Table 2). The three types of APs were also obtained during CellOptiq AP 

optical recordings (Figure 2B), and their quantification showed that, irrespectively of the hiPS 

cell origin and genotype, ventricular-like APs were the most frequent (Figure 2C). Inversely, 

nodal-like APs were the less frequently recorded with none observed in A561P-UhiPS-CMs 

using patch-clamp technique (Figure 2A).   

II.2.4.4– A561P KCNH2 mutation causes a trafficking defect of the 

hERG channel in human cardiomyocytes 

We then investigated whether we could model and characterize LQT-2 syndrome molecular 

phenotype using UhiPS-CMs. The A561P mutation studied in COS-7 cells induced a decrease 

in plasma membrane expression of the channel that potentially causes the disease phenotype14 

We first examined cellular localization of hERG by immunofluorescence in UhiPS-CMs. As 
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compared to control FhiPS- and UhiPS-CMs, hERG plasma membrane expression was 

reduced in A561P-UhiPS-CMs (Figure 3A). Higher magnification analyses confirmed that in 

both FhiPS-CM and UhiPS-CMs, hERG staining was prominently observed at the cell plasma 

membrane (Figure 3B, arrows and plot profiles). In contrast, hERG A561P protein was 

detected at the plasma membrane at the same intensity as in intracellular compartments 

(Figure 3B, plot profile). Further analysis of hERG protein cellular localization has been 

performed, combining plot profile analysis of multiple cardiomyocytes differentiated from 

each hiPS cell line. We found a statistically significant enrichment of hERG protein at the 

membrane as compared to the intracellular compartment, in the two control cell lines. In 

opposition, the A561P-UhiPS cardiomyocytes did not show membrane enrichment of hERG 

protein (Figure 3C). These findings suggest a trafficking defect of hERG ion channel in 

UhiPS-CMs carrying the hERG A561P mutation. To further confirm this result, we 

investigated whether this mutation had an effect on KCNH2 gene expression. Interestingly, 

the A561P mutation did not alter transcriptional expression of KCNH2 gene (supplemental 

Figure 2). Using western blot analysis, the differential expression of the immature cytosolic 

protein was quantified as compared to the mature plasma membrane protein (Supplemental 

Figure 3A) 24. The difference in hERG mature over immature forms was abolished in A561P-

UhiPS-CMs (Supplemental Figure 3B), confirming a trafficking defect of mutated hERG 

proteins. 

II.2.4.5– IKr current density is altered in patient derived UhiPS-CMs 

Using patch-clamp, we investigated whether this trafficking defect had an effect on hERG-

associated ionic current (IKr). As shown in Figure 4A and B, the IKr current was significantly 

reduced in A561P-UhiPS-CMs (p=0.007), in comparison to control UhiPS-CMs. The tail K
+
 

current density measured at -50 mV was markedly reduced to approximately 50-60% of the 

control values (Table 1). However, the activation kinetics was not modified by the A561P 

mutation (Figure 4C and Table 1). The current density reduction observed in A561P-UhiPS-

CMs was consistent with the membrane expression reduction described above (Figure 3 and 

Supplemental Figure 3). 

II.2.4.6– A561P hERG mutation impairs IKr contribution to the action 

potential in UhiPS-CMs 

As expected, A561P-UhiPS-CMs had statistically significant longer ventricular-like AP 

durations compared to control UhiPS-CMs, mainly APD75 and APD90 (Figure 5A). In order to 

exclude that the AP frequency difference was responsible for these changes, we compared AP 
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duration in the two cell groups at comparable frequencies. To do so, we used the CellOptiq 

method to record a high amount of APs at spontaneous automatic rates. Action potentials 

were then classified and compared according to the beating frequency. The data show that 

A561P-UhiPS-CMs APD90 was significantly longer than in control cells regardless of the 

frequency, and that, as expected, the AP prolongation in A561P-UhiPS-CMs was potentiated 

at slower rates(Clancy and Rudy, 2001) (Figure 5B).  Also, statistical analyses with a two-

way ANOVA show that the effect of the frequency on APDs was minor as compared to the 

effect of the hERG mutation. Thus, the APD prolongation observed in our LQT-2 model was 

likely mainly due to the mutation. These data show that UhiPS-derived cardiomyocytes model 

the typical AP prolongation associated with LQT-2 syndrome.  

II.2.4.7– UhiPS-CMs carrying the hERG A561P mutation have 

increased susceptibility to arrhythmia 

The hERG A561P mutation carrier experienced arrhythmic episodes, namely torsades de 

pointes, when treated with a hERG channel blocker, clobutinol. As this drug is no longer 

available, we used the hERG blocker E-4031 to evaluate susceptibility to arrhythmia in 

control and A561P-UhiPS-CMs. E-4031 did not trigger any arrhythmic event in control 

UhiPS-CMs recorded with CellOptiq method (n = 51), but an arrhythmic event was recorded 

in one A561P-UhiPS-CM over 6 upon E-4031 treatment. Ventricular-like action potentials 

recorded with patch-clamp technique exhibited spontaneous EADs only in A561P-UiPS-CMs 

(in 2 among 7 cells). As shown in Figure 5C, EADs, were exacerbated in presence of E-4031, 

a reminiscence of the patient‘s phenotype, which was characterized by arrhythmias when 

treated with the antitussive drug clobutinol. Quantitative analysis of the prolongation of 

APD50, 75 and 90 showed a statically significant prolongation of APD75 and APD90 in both 

control and A561P-UhiPS CMs with, as expected, a greater prolongation in the mutated cells 

(Figure 5D).  
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I.2.5 – Discussion 

In the present study, we demonstrated that the use of patient-specific iPS cells obtained from 

urine samples is a powerful approach to model the subtlety of human cardiac arrhythmic 

disease in vitro. The cells were differentiated into functional cardiomyocytes, which 

reproduced both phenotypic characteristics of this LQT-2 mutation, i.e., (i) prolonged 

repolarization and (ii) increased drug-induced arrhythmogenicity.  

The opportunity of producing unique patient- and disease-specific human iPS cell lines
7, 26, 27

 

provides genetically-defined cellular human models to study diseases, taking in consideration 

the patient's specific genetic background. This approach has been successfully applied to 

cardiac arrhythmic diseases
28

, including type 2 long QT syndrome
29-32

 in which human iPS 

cell lines were derived from dermal fibroblasts. However, owing to the complications 

associated with skin biopsy collection, in all these studies, control hiPS cells were derived 

from genetically unrelated individuals
30-32

 or even from hES cell-derived fibroblasts, therefore 

with a different genetic context.
29

 Nevertheless, direct reprogramming of somatic cells into 

pluripotent cells should address the need for studying patient-specific cells as well as cells 

derived from control subjects, of any age and, ideally, from family relatives. Indeed, this 

would allow testing the specific role of a mutation in a pathological phenotype, by comparing 

phenotypes in similar genetic backgrounds.  

To avoid skin biopsy, an invasive procedure that raises ethical issues when collected from 

young individuals or healthy relatives, less invasive methods are required. Recently, Zhou et 

al. have been able to reprogram urine-derived cells, collected with a completely non-invasive 

method, into induced pluripotent stem cells.
3
 Our study shows that these cells can be 

differentiated into cardiomyocytes and used to model an arrhythmic cardiac disease. There 

are, however, some limitations. First, in our laboratory seventy-nine urine samples have been 

collected from the same number of individuals for several ongoing studies. Using both 

penicillin and streptomycin in culture medium at usual concentrations, eight samples were 

contaminated (not shown). Cells from urine samples were isolated and expanded from only 

forty-five (57%) donors. These results are comparable to the ones obtained by one of the first 

studies on using urine cells to generate iPS cells.
3
 Nevertheless, they are an important 

limitation as compared to PBMCs that can be usually obtained from any subject. As a result, 

when no urine cells can be isolated from urine samples of donors, either more urine samples 

need to be harvested and cultivated, or the use of PBMCs or a skin biopsy may be necessary. 
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Second, there was no ―quarantine‖ time necessary to eliminate contaminated samples, but 

usually 2 to 3 weeks were necessary to obtain a sufficient number of cells for reprogramming. 

This culture duration is usual with fibroblasts from skin biopsies, but is a second limitation 

compared to PBMCs that can be used immediately after purification. However, urine samples 

are easy to obtain from any subject, including intrafamilial controls and pediatric patients. 

Therefore, the use of urine samples may be a good starting point to obtain iPS cells, followed 

by blood harvesting in case of lack of urine cells. Finally, the study has been performed on 

only one patient and two controls. Similar investigations on other patients with other hERG 

mutations would be useful to confirm the strength of this new model. 

Intense research efforts have been directed at developing methods to differentiate 

cardiomyocytes from human iPS cells by mimicking the cell-signaling environment during 

early stages of cardiogenesis. We chose to use the matrix sandwich method, one of the most 

recent designed protocols, reported to give one of the highest differentiation efficacy.
16

 

However, differentiation efficacy can be iPS cell line specific. For instance, this method has 

been unsuccessful at differentiating cord blood-derived iPS cells, in opposition to skin 

fibroblasts-derived iPS cells, due to their parental source memory.
33

 Thus, we tested whether 

this method would be efficient at differentiating urine-derived iPS cells. Here we show that 

urine cells reprogrammed with non-integrating episomal vectors, can be differentiated into 

cardiomyocytes from a monolayer cell culture, using the matrix sandwich method.  

In order to validate the use of urine-derived iPS cells for modeling cardiac arrhythmic disease, 

we selected a mild form of type 2 long QT syndrome, related to hERG, because the LQT-2 

syndrome is the reference model in studies using conventional skin fibroblast-derived iPS 

cells. Before the use of iPS cells, studies of hERG channel mutations, as for other channels, 

were conducted in heterologous expression systems, providing insights into the probable 

mechanism of LQT-2. Those studies have shown that defects in expression, trafficking and/or 

function of the mutated channels can be responsible for the diseased phenotype. However, 

these systems hampered the complete understanding of this disease mechanism. Indeed, they 

are non-cardiac cell types that do not provide a fully integrated vision and some of the disease 

phenotypes cannot be investigated using these systems, forcing to resort to non-cellular 

methods such as mathematical modeling of action potential. 

The studied patient presented a QT prolongation (QTc = 597 ms) and was asymptomatic until 

he experienced syncope and torsades de pointes arrhythmias during treatment with clobutinol, 
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a common antitussive drug.
14

 It has been proposed that the population prevalence of milder 

LQT syndrome mutations might be high,
34

 and it is now recognized that such form of LQT 

syndrome could manifest itself as a predisposition to drug-induced torsades de pointes, as in 

the case of the A561P patient we present here. Also, it has been demonstrated by Moss et al. 

that mutations in different locations of the HERG potassium-channel gene are associated with 

different levels of risk for arrhythmic cardiac events in LQT-2, which makes it important to 

focus on mild phenotypes and discriminate them from severe phenotypes.
35

  Interestingly, this 

study demonstrates that the use of urine-iPS derived models allows replicating the subtlety of 

a patient-specific phenotype, a result that widens the usefulness of iPS to model 

arrhythmogenic syndromes with complex phenotypes.  

 

The A561P mutation has been the subject of a previous study conducted in the lab using 

transfected COS-7 cells.
14

 This study had shown that the A561P mutation induced defects in 

hERG trafficking and biophysical properties. Due to the lack of cardiac cellular model, its 

impact on action potential duration had been tested using computer simulations.
14

 In the 

present study, we investigated the mutation-associated disease mechanism in human 

cardiomyocytes differentiated from UhiPS carrying hERG A561P mutation, in comparison to 

two controls, one of which was UhiPS-CMs generated from a healthy family member 

(mother). The second one was derived from foreskin fibroblasts of a healthy individual.
15

 

Almost all studies that investigated the mutations associated arrhythmic diseases in hiPS-CMs 

recognized that those cells are immature, with electrical properties that are similar to fetal or 

neonatal cardiomyocytes. However, our results show that these cells are capable of capturing 

specific traits of LQT-2 syndrome, i.e., reduced IKr current amplitude leading to a 

prolongation of the action potential. One discrepancy between the present study and our 

former one is that we did not confirm that hERG A561P mutation results in a modification of 

the voltage-dependence of activation, as described in COS-7 cells.
14

 In COS-7 cells, this 

phenotype was probably due to the specific protein environment of the exogeneous channel in 

COS-7 that may exacerbate subtle differences that do not exist in native environment. 

 

Our data further support the use of cardiomyocytes differentiated from iPS cells rather than 

non-cardiac heterologous expression systems for providing genuine knowledge of the 

mechanism for cardiac channelopathies. They are the closest model to human cardiomyocytes 

sourced directly from cardiac tissue, providing to date accurate insights into the molecular 

basis of disease phenotypes. Moreover, we demonstrated that iPS cells derived from a urine 
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sample are an alternative strategy for cardiac arrhythmic disease modeling, with the advantage 

to facilitate the study of familial controls compared to more invasive fibroblasts collection 

procedures, broadening the potentialities for iPS-guided personalized medicine. 
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I.2.6 – Figure legends and figures 

Figure 1: Human UhiPS cells differentiated into functional cardiomyocytes. (A) 

Transcriptional profile of control hiPS cells derived from skin fibroblasts (control FhiPS-

CMs), and from urine cells (control UhiPS-CMs and A561P-UhiPS-CMs) at days 5, 18 and 

28 of cardiac differentiation. Quantitative RT-PCR analysis was performed on pluripotent 

stem cells markers (OCT3/4, NANOG, SOX2), on cardiomyocyte markers (NKX2-5, GJA1, 

GJA5, RYR2), and on key genes encoding cardiac ion channels (SCN5A, CACNA1C, 

CACNA1G, KCND3, KCNQ1, KCNH2 and KCNJ2) to show enrichment for the 

cardiomyocyte population. The expression for each gene and sample (n=5 per condition) was 

normalized to ß-actin gene, ACTB, and was calculated relative to the median expression level. 

Raw minimum (min) and raw maximum (max) values were taken as a reference for heatmap 

representation. (B) Top: In control UhiPS-CMs, representative immunofluorescence images 

of the cardiac sarcomeric protein α-Actinin (green, left), co-staining of myosin light chain 2a 

(MLC2a; green; middle) and 2v (MLC2v; red, middle) and troponin I and connexin 43 (green 

and red, respectively, right). Bottom: In A561P-UhiPS-CMs, representative 

immunofluorescence images of α-Actinin (red, left), co-staining of MLC2a (red; middle) and 

MLC2v (green, middle) and troponin I and connexin 43 (green and red, respectively, right). 

Scale = 5µm. 

 

Figure 2: Human UhiPS cells differentiated into electrically functional cardiomyocytes. 

Representative traces of spontaneous nodal-, atrial- and ventricular-like action potential 

recordings using patch-clamp (A) or optical dye (CellOptiq; B) in control UhiPS-CMs and 

A561P-UhiPS-CMs. (No nodal-like AP was obtained in A561P-UhiPS-CMs using patch-

clamp technique.) (C) Distribution of the three types of action potentials obtained by optical 

measurement. Irrespectively of the hiPS cell type, the majority of the action potentials were 

ventricular-like. Control FhiPS-CMs: n=38, control UhiPS-CMs: n=41, and A561P-UhiPS-

CMs: n=51.  

 

Figure 3: hERG trafficking defect in A561P-UhiPS-CMs. (A) hERG protein localization 

(red) after cardiac differentiation of hiPS cells, highlighting the low membrane expression of 

hERG in A561P-UhiPS-CMs relative to intracellular signal (magnification x20) as compared 

to both controls (control FhiPS-CMs and UhiPS-CMs). (B) Left, specific cellular localization 

of hERG (red) in cardiomyocytes with counterstaining for troponin I (green, magnification 
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x65). Right, surface plots of hERG staining in each cell at the level of the line. (C) Statistical 

analysis of surface plots of hERG fluorescence intensity signal. Control FhiPS-CMs: n=12, 

control UhiPS-CMs: n=12, and A561P-UhiPS-CMs: n=20. The surface plot was arbitrarily 

segmented in three different areas: the first and last 15% of the surface plot, corresponding to 

plasma membrane (M1 and M2 as described in Figure 3B), and the remaining intermediate 

70% of the surface plot, corresponding to the intracellular compartments (I). For each of these 

areas in each cell, the hERG fluorescence intensity values were averaged and normalized to 

the average cell hERG fluorescence intensity signal. Paired T-tests were performed between 

membrane and intracellular signals. *** P<0.001, for membrane vs intracellular fluorescence 

intensity signal. 

 

Figure 4: Reduction of IKr current density in A561P-UhiPS-CMs. (A) Representative raw 

data of currents recorded from control UhiPS-CMs (left) and A561P-UhiPS-CMs (right); 

protocol is shown as inset (holding potential: -50 mV; stimulation frequency: 1/12.5 Hz; 

traces with test pulse from -40 to 0 mV are shown). Currents are shown before and after 1 

µmol/L E-4031 application. E-4031-sensitive currents are considered as IKr. (B) Tail current 

density measurement obtained upon repolarization after test pulse at +60mV in control 

UhiPS-CMs (n=13) and A561P-UhiPS-CMs (n=11), highlighting a significant reduction in 

A561P-UhiPS-CMs. Protocol is shown in inset. ** P<0.01 vs control UhiPS-CMs. (C) 

Voltage-dependent activation curves obtained by plotting the relative E-4031-sensitive current 

upon repolarization at -50 mV (arrows in A) in control UhiPS-CMs (n=13) and A561P-

UhiPS-CMs (n=8) (arrows in A). 

 

Figure 5: Action potentials recorded from A561P-UhiPS-CMs model type 2 long QT 

syndrome. (A) Ventricular-like AP durations using patch-clamp (left, n=7 in each group) and 

optical measurement (right, n=27 and 30 for control and A561P cells, respectively). (B) 

APD90 at two different AP frequencies, showing a larger prolongation in A561P-UhiPS-CMs 

at slow rate (white circles) as compared to control UhiPS-CMs (black circles; n=13 and 6 for 

control and A561P cells, respectively). Statistical significance: * P<0.05, *** P<0.001, for 

A561P-UhiPS-CMs vs control UhiPS-CMs.  (C) Increased arrhythmia susceptibility in 

A561P-UhiPS-CMs in presence of E-4031: representative action potential patch-clamp 

recordings before and after 1µM E-4031 treatment. (D) Quantification of the prolongation of 

the action potential duration (APD) after E-4031 treatment of control UhiPS-CMs (gray bars) 
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and A561P-UhiPS-CMs (white bars). Statistical significance of APD prolongation after E-

4031 treatment in each cell type: * P<0.05.  

 

Table 1. Effects of A561P mutation on IKr in UiPS-CMs. 

 control UhiPS-CMs A561P-UhiPS-CMs 

Tail current density  

(n) 

1.79 ± 0.2 pA/pF 

(13) 

0.89 ± 0.1 pA/pF ** 

(11) 

 

Activation   

 V1/2 -26.49 ± 1.7 mV -23.81 ± 1.5 mV 

 k 

(n) 

7.75 ± 0.7  

(13) 

7.1 ± 0.7  

(8) 
V1/2: prepulse voltage for which the tail current is half of its maximal value; k: slope factor (see protocol in 

figure 4A). The tail current density was measured at -50 mV following a depolarization to +60 mV. 

** P<0.01 vs control UhiPS-CMs 

 

 

 

Figure 1. 
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Figure 2. 
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II – Mechanisms of Induction of Cardiac Arrhythmias in HIV patients 

In this part of the results, I am showing the results we have related to objective 2 (refer to 

hypothesis and objectives). This manuscript is in preparation, and will be submitted soon. 
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II.1 – Article 

II.1.1 – Abstract 

Rationale: HIV-positive individuals are showing a mean SCD rate 4.5 fold higher than in the 

general population and the risk of SCD related to LQT syndrome is higher than in the general 

population. Several studies, using heterologous expression systems as well as in vivo models, 

have been performed in order to investigate the pathological QT prolongation observed in 

HIV patients, and to determine the origin of this pathological condition. Human induced 

pluripotent stem cells-derived cardiomyocytes may provide an alternative approach to further 

understand the underlying associated arrhythmic conditions. 

Objective: To use cardiomyocytes derived from hiPS-CMs to decipher the mechanism of a 

non-genetic disease, such as cardiac arrhythmias in HIV patients. 

Methods and results: Despite the proved Tat transcriptional activity and its ability to get into 

the both heterologous expression systems used, no modification of the hERG current was 

observed. On the other hand, hiPS-derived cardiomyocytes incubated with Tat had a modified 

electrical activity characterized by a decrease in the IKr current, and an increase in the 

frequency of APD alternans. 

Conclusion: In conclusion, this study provides novel insights into the link between 

arrhythmia in HIV-positive individuals and hERG Tat-related alteration in human 

cardiomyocytes. Our work shows that Tat protein has a direct effect on cardiac electrical 

activity in the absence of the treatment or other HIV proteins. 

Key words: hERG; IKr; HIV Tat protein; induced pluripotent stem cell-derived 

cardiomyocytes; long QT syndrome; cardiac arrhythmia. 
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II.1.2 – Introduction 

As a consequence of the development of antiretroviral therapies (ART), life expectancy of 

HIV-positive individuals has greatly increased, as for many of them excess mortality is 

moderate in industrialized countries and comparable with patients having other chronic 

conditions [1] [2]. Worldwide, the increasing access of patients to ART, from 31% in 2008 to 

36% in 2014 [3, 4] should lead to further increase in survival of HIV-positive individuals. 

This survived population will face additional pathologies that are over-represented, as pointed 

out by a recent study on sudden cardiac death (SCD) in HIV-positive individuals, showing a 

mean SCD rate 4.5 fold higher than in the general population [5]. Furthermore, up to 13.5% 

of the HIV patients are presenting with a long QT syndrome (LQT), and the risk of SCD 

related to LQT is higher than in the general population [6, 7]. However, the link between LQT 

and HIV remains unclear.  

Many drugs and their combinations may be potential triggers of LQT through the inhibition of 

a major cardiac repolarizing current IKr, conducted by the voltage gated potassium channel 

hERG [11]. Among them, numerous drugs currently prescribed to HIV-positive individuals 

have been associated with a QT prolongation, such as macrolides, pentamidine, azole 

antifungals, fluoroquinolones [9], and methadone [10].  

On the other hand, QT prolongation on ECGs from HIV-positive individuals is correlated to 

the duration of HIV infection rather than the anti-HIV treatment [6] and QTc prolongation is 

observed in non-treated HIV-positive individuals [8], suggesting a role for HIV in inducing 

LQT. In addition, several studies using animal models suggest a rather direct implication of 

HIV in LQT. Prolonged cardiac repolarization and decreased repolarizing potassium currents 

were observed in mice expressing the whole HIV-1 genome [12, 13]. Among the 19 proteins 

encoded by the virus, Tat appears as a potential candidate for inducing ventricular 

arrhythmias, as it prolongs the action potential of guinea-pig ventricular cardiomyocytes 

through a reduction in the hERG associated IKr current [15]. In addition, Tat was shown to 

promote bradycardia in a rat model [20]. This bradycardia may be related to the dysregulation 

of the autonomic nervous system, as observed in some HIV patients [21], which may favor 

LQT [22]. However, small animal models, especially rodents, are not the most appropriate 

ones to study LQT since molecular mechanisms conducting repolarizing potassium currents 

are different from human [14]. 
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In face of the different hypothetical models explaining the long QT syndrome in HIV patients, 

we aimed at testing whether Tat alters the activity of hERG channels in human 

cardiomyocytes, and modifies their electrical activity. To this end, we used cardiomyocytes 

differentiated from human induced pluripotent stem cells (hiPS-CM).  

Surprisingly, we found no effect of Tat treatment on IhERG in two heterologous expression 

systems, whereas significant decrease of IKr, as well as impairment of the action potentials has 

been observed in Tat-treated hiPS-CMs. These observations suggest that a decrease in IKr 

activity due to Tat protein provokes the long QT syndrome in HIV patients, through 

abnormalities in cardiomyocytes electrical activity. 

. 
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II.1.3 – Materials and methods 

II.1.3.1 – Tat protein preparation 

Recombinant Tat was purified from Escherichia coli as previously described [23] and 

suspended immediately before use in citrate buffer (110 mM sodium chloride, 30 mM sodium 

citrate, 20 mM sodium phosphate, pH 7.3) at concentrations of 200 ng/ml, 400 ng/ml or 600 

ng/ml, which are similar to those used in previous studies and consistent with patient serum 

levels [15, 18]. BCA protein assay (Pierce) was used to measure Tat protein concentration.  

II.1.3.2 – Cell culture and transfection 

HEK293 cells stably expressing hERG (HEK-hERG; CreaCell; protein accession number: 

NP_000229.1) and COS-7 cells (American Type Culture Collection) were cultured in 

Dulbecco‘s modified Eagle‘s medium (Invitrogen) supplemented with 10% fetal calf serum 

(Eurobio) and antibiotics (100 international units/ml penicillin and 100 μg/ml streptomycin; 

Gibco) at 5% CO2 and 37°C in a humidified incubator. For HEK-hERG cells, 1200 µg/ml 

G418 (Life Technologies) were used for maintenance of hERG expression. 

When reaching 60–80% cell confluence, COS-7 cells were transiently transfected in 35-mm 

plates with 2 μg of total DNA (as described below) complexed with FuGENE 6 (Promega) 

according to the manufacturer‘s instructions. For experiments on rapidly activating delayed 

rectifier K
+
 (hERG) channels, DNA amounts were 600 ng of pSI-hERG (protein accession 

number: NP_000229.1) [24] + 1.4 μg of pEGFP-C1 (Clontech). For experiments on slowly 

activating delayed rectifier K
+
 channels, the ionic currents were obtained from a fusion 

protein of the human KCNE1 regulatory subunit (protein accession number: AAA58418.1) 

linked to the N-terminus of the human KCNQ1 channel (protein accession number: 

NP_000209.2), a kind gift from Dr Robert S. Kass, Columbia University, New York, NY. 

DNA amounts were 200 ng of pCDNA3.1-KCNE1-KCNQ1 + 1.8 μg of pEGFP-C1. Twenty-

four hours post-transfection, cells were isolated using trypsin and seeded in plastic petri 

dishes at low density for 24 h, after which whole-cell currents were recorded. 

II.1.3.3 – Tat analysis using immunofluorescence 

hERG-HEK cells were treated with citrate buffer or with 200 or 400 ng/ml Tat for 24 h at 

37°C. Cells were then fixed with 3.7% formaldehyde, permeabilized with 1% Saponin and 

blocked with 1% PBS-BSA. Cells were then stained with primary antibodies directed against 

HIV-1 Tat or hERG (Santa Cruz) diluted in 0.1% PBS-BSA, 1% Saponin. Secondary 

antibody staining was performed using Alexa 488 and Alexa 568 conjugated antibodies 
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(Molecular Probes) for Tat and hERG proteins respectively. DAPI was used for nuclear 

staining. 

II.1.3.4 – Transactivation assays 

Transactivation assays were performed as previously described [25]. Briefly, COS-7 cells 

were cultured in 24-well plates and co-transfected with 0.22 µg/well pGL3-LTR, which 

encodes firefly luciferase under the control of Tat-activated HIV-1-LTR promoter, and 1.78 

µg/well pRL-TK (Promega), which encodes Renilla luciferase under the control of herpes 

simplex virus thymidine kinase promoter, to normalize results. After 24 h, 200 ng/ml 

recombinant Tat and 100 µM chloroquine were added. One day later, cells were lysed for dual 

luciferase assays (Promega), and transactivation activity was calculated using the 

firefly/Renilla activity ratio. 

II.1.3.5 – Culture of hiPS cells 

A previously described foreskin fibroblast-derived hiPS cell clone C2a (hiPS, [26]) was used  

to generate cardiomyocytes. Established hiPS cell line was maintained on mitotically-

inactivated MEFs in DMEM/F12 medium supplemented with 2 mM L-glutamine, 0.07% β-

mercaptoethanol, 20% knockout serum replacement, 5 ng/ml bFGF and 1% NEAA under low 

oxygen atmosphere (4% O2). Cells were passaged by manual dissection of cell clusters every 

6-7 days. Before differentiation, hiPS cells were manually transferred from MEFs to hESC-

qualified matrigel-coated plates (0.05 mg/ml, BD Biosciences) and cultured on StemMACS 

(iPS-Brew XF) medium (Miltenyi Biotec). Passages were performed using Gentle Cell 

Dissociation Buffer (StemCell Technologies). 

II.1.3.6 – Differentiation of hiPS cells into cardiomyocytes and 

dissociation 

Human iPS cells were differentiated into cardiomyocytes as previously described (refer to 

first article). In addition, cells were dissociated with the same protocols used in article 1. 

II.1.3.7 – Single-cell electrophysiology in COS-7 and HEK-hERG 

cells 

HEK-hERG and transfected COS-7 cells were treated either with citrate buffer or with Tat for 

24 h at 37°C, followed by whole-cell currents recordings at room temperature using the patch-

clamp technique. The cells were continuously superfused with a HEPES buffered Tyrode 

solution containing (in mM): NaCl, 145; KCl, 4; MgCl2, 1; CaCl2, 1; HEPES, 5; glucose, 5; 
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pH adjusted to 7.4 with NaOH. For K
+
 current recordings, pipettes (Kimble Chase; tip 

resistance: 1.8 to 2.5 MΩ) were filled with an intracellular medium containing (in mM): KCl, 

150; MgCl2, 1; EGTA, 5; HEPES, 10; pH adjusted to 7.2 with KOH. All products were 

purchased from Sigma. Stimulation and data recording were performed with Axon pClamp 10 

(Molecular Devices) through an A/D converter (Digidata 1440A, Molecular Devices). hERG 

current (IhERG) density was measured using a depolarization from -80 mV to +60 mV for 2 s 

and repolarization to -40 mV for 2 s where the tail current was measured (stimulation 

frequency: 0.125 Hz). Activation was evaluated by a series of 2-s depolarization from -70 to 

+60 mV (increment: 10 mV, same frequency as above) followed by a 2-s repolarization to -40 

mV. Inactivation was studied with a three-pulse protocol: a 1-s depolarization to +40 mV was 

followed by a 15-ms repolarization to potentials ranging from +30 to -130 mV and a 500-ms 

depolarization to +40 mV where the remaining current was measured (0.2 Hz). Kinetics of 

deactivation were evaluated by a two-exponential regression of the decaying current recorded 

at various potentials from -20 to -130 mV (3 s duration), after a 2-s depolarization to +40 mV 

(0.125 Hz). The same protocol was used to evaluate the recovery from inactivation kinetics by 

fitting the rising phase of the current, before deactivation, with a single exponential function. 

Finally, inactivation kinetics were studied with another three-pulse protocol: a 1-s 

depolarization to +60 mV was followed by a 25-ms repolarization to -110 mV followed by 

500-ms-depolarizations to potentials ranging from +10 to -60 mV and a 500-ms where the 

inactivating  current was fitted with a single exponential function (0.2 Hz). 

IKCNE1-KCNQ1 current density was measured using a depolarization from -80 mV to 60mV for 

4 s and repolarization to -40 mV for 1 s where the tail current was measured (stimulation 

frequency: 0.125 Hz). Activation was evaluated by a series of 2-s depolarization from -60 to 

+90 mV (increment: 10 mV, same frequency as above) followed by a 1.2-s repolarization to  

-40 mV. 

II.1.3.8 – IKr and AP recordings in hiPS-CM 

Dissociated hiPS-derived cardiomyocytes were obtained with the same protocol used in the 

first article (refer to article 1). Before recordings, cells were treated for 24 h either with citrate 

buffer or with 200 ng/ml of Tat. For the solutions used refer to article 1. 

Action potentials were recorded using the perforated-patch configuration at spontaneous rate 

or stimulated by 1.3-1.5 ms current pulses of 300-1500 pA at various basic cycle lengths 
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II.1.3.9 – Data analysis 

Steady-state activation and inactivation curves were fitted with a single Boltzmann function 

using GraphPad Prism 3.02. Data are presented as mean ± SEM or Tukey boxplots (Q1-Q3 

boxes). Statistical significance was estimated using Student's t-test, Mann-Whitney test, or 

two-way repeated-measurement ANOVA when appropriate. Post-hoc test for multiple 

comparisons (Holm-Sidak method) was performed when ANOVA P value was < 0.05. A 

value of p<0.05 was considered significant. 
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II.1.4 – Results 

II.1.4.1 – Tat is active in heterologous expression systems 

To verify that Tat entered cells, after a 24-h incubation with recombinant Tat protein 

immunohistochemistry was performed on HEK-hERG cells, showing that Tat was present in 

most of the cells, while only background signal was observed in untreated cells or citrate 

buffer; Supplemental Figure 1A). As seen on confocal immunostaining images of HEK-hERG 

cells, Tat was observed (Supplemental Figure 1B). Similar results were also obtained with 

200 ng/ml Tat treatment (data not shown). Therefore, in our experimental conditions, Tat 

enters the cells where it accumulates.  

Tat transactivation potential was tested by measuring its activity on the Tat-activated HIV-1-

LTR promoter linked to a firefly luciferase, in COS-7 cells incubated with 200 ng/ml Tat for 

24 h. LTR-luciferase luminescence was increased by about 4 fold as compared to untreated 

cells (3.9 ± 0.3 normalized luciferase activity (n = 3) in Tat-incubated cells, as compared to 1 

± 0.1 normalized luciferase activity (n = 3) in citrate buffer incubated cells (Supplemental 

Figure 2)). These results confirm that Tat enters the cells and is active.  

II.1.4.2 – Tat has no major effect on repolarizing currents in 

heterologous expression systems 

Tat has been shown to delay action potential repolarization in guinea-pig cardiomyocytes 

[15]. Guinea-pig and human cardiomyocytes hold IKr and IKs repolarizing currents, that may 

be altered by Tat, provoking an action potential lengthening responsible for the QT interval 

prolongation [30]. Since IKr is conducted by the voltage-gated potassium channel hERG, we 

first evaluated the effects of Tat on hERG channel activity in HEK293 cells stably expressing 

hERG channels. Figure 1A shows representative hERG current recordings from cells 

incubated with the buffer or Tat at 200 or 400 ng/mL. Surprisingly and unlike the observation 

from Bai et al. [15], IhERG developed similarly after 24-h Tat (200 or 400 ng/ml) or buffer 

treatment (Figure 1A). Quantitative analysis confirmed that Tat incubation (200 or 400 ng/ml) 

did not induce any significant change in hERG current density in this model (Figure 1B; 

Table 1). In addition, neither the steady-state activation nor the fast deactivation kinetics were 

modified (Figure 1C-D; Table 1). However there was a slight but significant slower late phase 

of deactivation when cells were incubated with the higher Tat concentration. Similarly, 

neither the steady-state inactivation nor the kinetics inactivation and of recovery from 

inactivation were modified by Tat (Figure 1E to G; Table 1). In order to evaluate whether the 
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cell type could explain the absence of Tat effect on IhERG, this analysis was repeated in COS-7 

cells transiently expressing hERG. Again, no change on the hERG current was observed after 

a 24-h incubation with Tat (200 ng/ml; Figure 2A-B; Table 1). 

The second current involved in the action potential late repolarization, IKs, is conducted by the 

voltage-gated potassium channel KCNQ1 associated with its regulatory subunit KCNE1. 

Therefore, the effect of 200 ng/ml Tat was tested on COS-7 cells transiently transfected with 

the human KCNE1-KCNQ1 fusion protein. Similar slowly activating and deactivating 

potassium currents were observed whether the cells were incubated with buffer or with Tat 

(Figure 2C). Indeed, no effect of a 24-h Tat incubation was observed, neither on the KCNE1-

KCNQ1 current density, nor on the activation and deactivation kinetics (Figure 2D to F; 

Table 1). 

II.1.4.3 – Tat decreases IKr repolarizing current in cardiomyocytes 

derived from human induced pluripotent stem cells 

Cardiomyocytes differentiated from foreskin fibroblast-derived human induced pluripotent 

stem cells (hiPS-CMs) provided an opportunity to evaluate Tat effects on a more relevant 

cellular model than transfected non-cardiac cells. As shown in figure 3A, IKr, isolated as the 

E-4031-sensitive current, was significantly reduced hiPS-CMs incubated with 200 ng/ml Tat-

treated. After full activation, the maximum tail K
+
 current density measured at -50 mV was 

reduced by about 30% (Figure 3B; Table 1). In addition, the current activation was impaired: 

half-activation potential was shifted toward more negative potentials and the slope K was 

decreased (Table 1). The net effect of these modifications led to a decrease of the tail current 

(figure 3C). However, deactivation kinetics were not modified by Tat incubation (Figure 3D).  

Altogether, these data show that Tat alters endogenous hERG activity in hiPS-CMs but not 

exogenously expressed hERG activity in COS-7 or HEK293 cells.  

II.1.4.4 – Tat modifies the electrical activity of cardiomyocytes derived 

from human induced pluripotent stem cells 

Action potentials (APs) were recorded using perforated patch-clamp configuration from hiPS-

CMs. Three types of AP shapes were obtained and categorized as nodal-, atrial-, and 

ventricular-like APs (Supplemental Table). Since the long QT syndrome is associated with 

ventricular AP prolongation, we focused on ventricular-like APs. As illustrated in figure 4A, 

the AP duration was longer in hiPS-CMs incubated with Tat than in hiPS-CMs incubated with 
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buffer. AP durations (APD) at different percentages of full repolarization were quantified at 

two pacing cycle lengths (PCL). As shown in figure 4B, AP prolongation was larger for the 

late phase of repolarization than for the early phase, and this effect was more pronounced at 

long PCL, in accordance with the hERG-related long QT syndrome (Figure 4B).  

In addition, most Tat-treated cells presented with a higher APD90 dispersion compared to 

untreated cells. As seen in Figure 5A, this dispersion resulted from AP duration and amplitude 

alternans. These alterations were larger in some cells (cells 2 and 3) compared to others (cell 

1). APD alternans were exacerbated at faster stimulation rates (shorter PCLs; Figure 5B). 

Action potential prolongation and alternans were also observed in atrial-like cardiomyocytes 

(not shown). 
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II.1.5 – Disscusion 

In the present study, Tat induces modifications of hiPS-derived cardiomyocyte electrical 

activity: decrease in the IKr current, and increase in the frequency of APD alternans. These 

modifications may represent the molecular and cellular background for QT prolongation in 

HIV patients.  

Although we confirmed the presence and the transcriptional activity of the Tat protein in both 

heterologous expression systems, we observed only minor or no modification of the hERG 

current. Indeed, Tat did not lead to a decrease in hERG current in HEK-hERG cells, as 

previously reported in the study of Bai and collaborators [15]. In addition, Tat did not exhibit 

any effect on hERG expressed in COS-7 cells. Tat used in this study is 86 amino acid long, as 

in the study on Tat cardiac effect on rats [20]. This short form is observed in viral isolates 

from humans [19]. It is slightly longer than the form used by Bai and collaborators, which 

corresponds to the first exon of the protein only (72 amino acids). Both Tat-72 and Tat-86 

contain the transactivation domain, and are frequently used for in vitro studies. Tat-86 is more 

readily taken up than Tat-72 in various cell types [36]. Thus, the origin of the difference in the 

effects of Tat-72 and Tat-86 is still unclear.  

Nevertheless, most interestingly in the context of HIV, we observed reduction in IKr current as 

well as ventricular AP prolongation and alternans occurrence in hiPS-derived 

cardiomyocytes. This study underlines the usefulness of iPS-derived cardiomyocytes which 

represent a more integrated model than the heterologous expression system. The fact that we 

did not observe any effect of Tat on hERG stably expressed in HEK293 or transfected in 

COS-7 cells, but a decrease in IKr in the human cardiomyocytes suggests that Tat, which is 

interacting with an array of cellular processes, exhibits an indirect effect on hERG, through a 

molecular mechanism which is present in the cardiomyocytes, but absent in HEK293 and 

COS-7 cells. 

Similar results were obtained in a cellular and in silico study regarding the effects of a hERG 

mutation related to the LQT syndrome i.e. mildly modified biophysical properties, AP 

prolongation at lower rate and APD alternans at elevated rate [35]. Furthermore, mild 

reduction in repolarization reserve due to alteration of IKr parameters led to APD alternans in 

an established human AP computer model of M-cells [34]. The mechanisms responsible for T 

wave alternans are still uncertain although regional heterogeneity of repolarization has been 

repeatedly proposed as one of them. In LQT patients, T-wave alternans are strongly 
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associated to delayed repolarization and are a known risk factor for sudden death [31, 32]. 

Conversely, increasing IKr by overexpression of hERG in canine cardiomyocytes suppressed 

AP alternans as suspected previously, using in silico models [37, 38]. 

In conclusion, this study provides novel insights into the link between arrhythmia in HIV-

positive individuals and hERG Tat-related alteration in human cardiomyocytes. Tat in vivo is 

massively secreted by infected cells [17], and serum Tat concentration can reach hundreds of 

ng/ml in patients [18]. Noteworthy, serum levels of Tat remain high in treated patients, which 

could explain the lack of correlation between prolonged QT interval and antiretroviral 

therapies [18]. Our work shows that Tat protein has a direct effect on cardiac electrical 

activity in the absence of the treatment or other HIV proteins. At the clinical level, 

consideration of T wave alternans in the HIV patient's ECG may improve the patients care 

management. 
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Table 1: Biophysical characteristics of the hERG channels in HEK-hERG, COS-7 cells and 

hiPS-CMs, and of the KCNE1-KCNQ1 channels expressed in COS-7 cells.  

 

(n): number of cells; *: P<0.05; V1/2 and K: voltage for half-activation or -inactivation of the 

K
+
 currents and slope. 

II.1.6 – Figure legends and figures 

Figure 1: Tat has no major effect on hERG current in HEK-hERG cells. (A) 

Representative superimposed currents recorded from HEK293 cells stably expressing hERG, 

incubated with citrate buffer (left), 200 ng/ml Tat (middle) or 400 ng/ml Tat (right). (B) 

Tukey boxplots presenting hERG tail current densities. (C-G) Biophysical parameters in the 

same conditions as in (B). (C) Voltage-dependence of activation. (D) Time constants of 

deactivation (fast and slow) versus voltage. *: Buffer versus Tat 400 ng/ml; $: Tat 200 ng/ml 

versus Tat 400 ng/ml. *: p< 0.05, *** and $$$: p< 0.001 (Holm-Sidak test). (E) Voltage-

dependence of inactivation. (F) Time constants of recovery from inactivation versus voltage. 

(G) Time constants of inactivation versus voltage. The protocols used are shown as insets. 

 

Figure 2: Tat does not significantly alter hERG or human KCNE1-KCNQ1 current in 

COS-7 cells. (A) Tukey boxplots presenting hERG tail current densities in COS-7 cells 

expressing hERG channels incubated with buffer or 200 ng/ml Tat. (B) Voltage-dependence 

of activation. The protocols used for A and B are the same as insets in Figure 1B and A, 

respectively. (C) Representative human KCNE1-KCNQ1 currents after buffer or 200 ng/ml 
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Tat incubation. (D) Tukey boxplots presenting human KCNE1-KCNQ1 current densities. 

Protocol for C and D is shown in inset. (E) Voltage-dependence of activation (protocol in 

inset). (F) Averaged time constants of deactivation upon repolarization at -40 mV in buffer 

and 200 ng/ml Tat-treated cells. 

 

Figure 3: Tat reduces IKr recorded from hiPS-CMs. (A) Representative superimposed 

currents recorded from hiPS-CMs incubated with buffer (left) or Tat (right), before (control) 

and after 1 µM E-4031 application; the E-4031-sensitive current, IKr, was obtained by digital 

subtraction of the current recorded after E-4031 application to the one recorded before 

application (inset: voltage-clamp protocol). (B) Tukey boxplots presenting IKr tail current 

density measured at -50 mV after depolarization at +20 mV. Mann-Whitney test: * P<0.05. 

(C) Relative IKr tail current density measured at -50 mV versus prepulse potential. (D) 

Averaged time constants of deactivation upon repolarization at -50 mV (Student t-test).  

 

Figure 4: Tat significantly increases ventricular-like action potential durations in hiPS-

CMs. (A) Left, representative ventricular-like action potentials recorded from hiPS-CMs 

incubated with buffer or 200 ng/ml Tat, stimulated at a pacing cycle length (PCL) of 700 ms. 

Right, corresponding expanded action potentials (tagged  in left panel). Dashed line and 

horizontal bar: 0 mV. (B) Averaged action potential duration at 30 (APD30), 50 (APD50), 70 

(APD70) and 90% (APD90) of full repolarization measured in ventricular-like cells incubated 

with in buffer or Tat at 2 different PCLs.*: p < 0.05 (Holm-Sidak test).  

 

Figure 5: Tat treatment leads to alternans events in ventricular-like hiPS-CMs. (A) 

Representative ventricular-like action potentials recorded from 3 different hiPS-CMs 

incubated with 200 ng/ml Tat. Cell 1: APD90 of five consecutive APs indicated below. (B) 

Poincaré plots of APD90 (one color per cell) recorded at 3 different PCLs. The graph shows 

the APD90 of each AP (number n) versus the APD90 of its preceding one (n-1). Same color 

code used in A. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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 I.2 – Supplemental Material 

Supplemental data 

Es-Salah-Lamoureux et al.: Mechanisms of induction of cardiac arrhythmias in HIV 

patients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 1: Tat protein enters in HEK-hERG cells. (A) Tat protein 

localization (green) after treatment of HEK-hERG cells by citrate buffer (left) or 200 ng/ml 

Tat (right) for 24 h. (B) Left, specific localization of Tat (green) in HEK-hERG cells treated 

with 400 ng/ml Tat with counterstaining for hERG (red). Right, surface plots of Tat, hERG 

and DAPI stainings at the level of the lines. 
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Supplemental Figure 2: Tat protein is active in COS-7 cells. Firefly/Renilla luciferase 

activity ratio in non-transfected, untreated (Buffer) and treated transfected COS-7 cells. 
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Supplemental Table. Quantitative parameters used for classification of action potentials 

obtained from patch-clamp experiments on buffer-treated cells. 
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III – Induced pluripotent stem cell-derived cardiomyocytes reveal the role of 

depolarizing currents in Brugada syndrome 

In this part of the results, I am showing the results we have related to objective 3 (refer to 

hypothesis and objectives). In this study, three BrS patients are included: 

1. A patient with an SCN5A mutation, encoding Nav1.5 channel 

2. A patient with un unidentified mutation  

3. A patient with a CLASP2 variant encoding the Cytoplasmic Linker Associated Protein 

iPSC platform at Nantes, generated hiPS cells from the three patients. Characterization of 

hiPS-CMs for the first two patients was performed. On the other hand, no data are collected 

for hiPS-CMs from the third patient with the CLASP2 variant. We faced some problems in 

amplifying hiPS cells form this patient. There is a suggestion that the mutation these cells 

have in CLASP2 may affect their amplification potency. So, in the following part only data 

from the first two patients are presented. 

Furthermore, this study includes some limitations that we are working on. First, one control is 

contained in the study; to better validate the obtained results a second control will be added. 

Furthermore, in the family of the N1722D-SCN5A mutated patient, another BrS-affected 

family member is being reprogrammed by the iPSC platform of Nantes. Interestingly, 

sequencing results for this patient revealed the absence of the N1722D-SCN5A mutation. 

Adding the data form hiPS-CMs from this patient may help better understand the pathological 

mechanisms of BrS, at least in the context of SCN5A mutations. Indeed, this paper is a first 

draft, further experiments are planned to be done in the near future. 
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III.1 – Article 

III.1.1 – Abstract 

Rationale: Brugada syndrome (BrS) is a hereditary cardiac disease characterized by typical 

electrocardiogram and ventricular tachycardia. In about 20% of the patients, mutations have 

been identified in the gene encoding the voltage gated Na
+
 ion channel (SCN5A); however, 

more than 65% of the cases have no genetic abnormalities identified. Most genotype-

phenotype studies have been performed in heterologous expression systems and animal 

models that lack the patients‘ genetic background, human induced pluripotent stem cells 

(hiPS) offer a new paradigm for these types of studies.  

Objective: To characterize and explore functional characteristics of iPS-derived 

cardiomyocytes from BrS patients carrying different genetic backgrounds in order to 

investigate the underlying pathological mechanisms. 

Methods and results: hiPS cells from two BrS affected patients, one carrying a SCN5A- 

N1722D mutation and one without identified mutation, have been generated and validated. 

hiPS cells from a healthy subject were used as control. Using patch clamp techniques, 

biophysical properties of the Na
+
 channel and action potential characteristics were evaluated. 

Preliminary data revealed that while peak INa is only decreased in the SCN5A mutated hiPS 

cell line and both lines share a ventricular action potential arrhythmic phenotype. In this 

study, INa is fully characterized to investigate its role in the occurrence of these arrhythmias 

and observed that the late INa is altered in both Brugada patients. 

Conclusion: Modeling BrS using hiPS cells-derived cardiomyocytes suggests the role of the 

late sodium current in the ventricular arrhythmia of the two BrS patients. Therefore, this work 

is a key step towards unveiling a common mechanism involved in the pathophysiology of 

BrS. 
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III.1.2 – Introduction 

Brugada syndrome is a cause of sudden cardiac arrest in patients without structural cardiac 

abnormalities. Recognition and diagnosis of this syndrome has been slowly increasing. 

Syncope, ventricular dysrhythmia, or sudden cardiac arrest may be the presenting symptoms, 

but detection of the characteristic right precordial ST-segment elevation on ECG is the main 

diagnosis criteria [1] [2] [3]. However, the majority of patients with such ECG abnormalities 

remain completely asymptomatic [4].  

Over the past years, at least 17 genes have been identified either to cause BrS or to be BrS-

susceptibility genes. Mutations in SCN5A, which encodes the cardiac sodium channel Nav1.5, 

is presented as a gene ‗causing‘ BrS, but are observed in only ∼20% of the patients [5]. 

Despite extensive efforts, most instances of BrS remain genetically unexplained as a 

monogenic disorder. Moreover, no common genetic variants in all BrS patients have been 

identified. Additionally, many families that carry a SCN5A mutation contain non-clinically 

affected members with the SCN5A mutation and clinically affected members with BrS who 

are not genetic carriers [30]. On the other hand, we showed that BrS patients exhibit a 

common ion-channel molecular expression signature that includes reduction of SCN5A 

expression irrespectively of the culprit gene [6].  

Although heterologous expression systems and animal models [7] [8] [9] [10] [11] [12] have 

provided important insights into cardiac arrhythmic syndromes pathogenesis, the lack of in 

vitro sources for human cardiomyocytes and the inability to model patient-specific disease 

variations has significantly hampered the study of these diseases. Thus, there is a need for an 

alternative strategy to further understand the pathophysiological mechanisms associated with 

BrS. Human induced pluripotent stem cells derived cardiomyocytes (hiPS-CMs) [13] [14] are 

offering new opportunities to analyze heart rhythm disorders by enabling to study 

mechanisms of genetic diseases. Patient-specific hiPS cells that carry all the disease-relevant 

genetic alterations are important not only for understanding complex disease mechanisms in 

the affected cell types, but also for providing insights into factors that predispose individuals 

to develop these diseases. Recapitulation of cardiac diseased phenotypes by iPS-derived 

cardiomyocytes (hiPS-CMs) has been shown for several cardiac arrhythmias including 

overlap syndrome of cardiac sodium channel disease [15] but not for BrS only. Based on that, 

we hypothesized that hiPS-CMs may lead to novel insights in cardiac BrS pathophysiology, 

and offer a unique approach to improve understanding of patient-specific genotype-phenotype 

relationships. 
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In this study, we characterized and explored functional characteristics of iPS-derived 

cardiomyocytes from two BrS patients carrying different genetic backgrounds. Our data 

revealed that while peak INa is only decreased in the SCN5A mutated hiPS-CMs, both lines 

share a ventricular action potential arrhythmic phenotype. We fully characterized INa to 

investigate its role in the occurrence of this arrhythmia and observed that the late INa is altered 

in both BrS patients. 
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III.1.3 – Materials and methods 

III.1.3.1 – Patients selection and clinical characterization 

The study was conducted in compliance with current Good Clinical Practice standards and in 

accordance with the principles set forth under the Declaration of Helsinki (1989). Institutional 

review board approvals of the study were obtained before the initiation of patient enrollment. 

Each subject entering the study agreed to and signed an institutional review board-approved 

statement of informed consent. 

Two BrS patients, originating from two families of different genetic backgrounds, were 

selected by the ―Rhythmic Hereditary diseases‖ center at the University Hospital (CHU 

Nantes). The two families have been medically monitored at the CHU Nantes since their 

medical diagnosis (figures 1A and 2B). Both patients had a Brugada-specific type one ECG, 

with an elevation in the ST segment either at baseline or when medically challenged (figures 

2A and 2B). In addition, both patients had a family history of ventricular fibrillation and 

syncope episodes. Using second generation sequencing based on HaloPlex technology, a list 

of 160 BrS candidate genes including, SCN5A, CACNA1C, GPD1L, HCN4, KCND3, KCNH2, 

TRPM4 and SCN10A, were sequenced in both families. In the first family, a novel SCN5A 

mutation was found to segregate with the disease phenotype, while no identified mutation was 

identified in the second family. The SCN5A mutated patient is a 47 year old asymptomatic 

male who presented an ST elevation segment when treated with flecainide. The patient carries 

a missense mutation in SCN5A gene encoding α-subunit of the Nav1.5 sodium channel. The 

mutation causes an Asparagine to Aspartic acid substitution at position 1722 

(chr3:38,589,553-38,674,850A>G; NM_198056.2 N1722D) (Figure 1C). The second patient, 

a 52 year old male, suffered from syncope at night. Skin biopsies form these two patients 

were processed to obtain fibroblasts, by the iPSC core facility of Nantes, to be used as 

somatic cells for the generation of human induced pluripotent stem cells specific for each 

patient. 

III.1.3.2 – Human skin fibroblast culture 

After isolation from skin biopsies, fibroblasts were kept in fibroblast media that contained: 

DMEM (high glucose, GlutaMAX ) (Invitrogen), 10 % Fetal Bovine Serum Hyclone (Perbio), 

1mM Sodium pyruvate (Invitrogen), 1 % nonessential amino acids (Invitrogen) and 10 µg/mL 

Gentamycin (Invitrogen). Cells were kept at 37°C and media was changed every two days. 
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III.1.3.3 – Fibroblasts reprogramming and hiPS cells characterization 

III.1.3.3.a – Sendai virus (Sev) reprogramming 

Fibroblasts form the patient with SCN5A (N1722D) mutation, were reprogrammed using 

Sendai virus (SeV) reprogramming. Reprogramming was performed using the Cytotune 

reprogramming kit (Life technologies) following the manufacturer‘s protocol. In brief: 80% 

confluent fibroblasts grown in fibroblast medium (10% FCS (Hyclone), 1% l-glutamine, 1% 

sodium pyruvate and 1% MEM-NEAA in high-glucose DMEM (Life technologies)) in a 6-

well plate were transduced with each viruses at a multiplicity of infection (MOI) of 5 for the 

Klf4-Oct4-Sox2 polycystronic construct, MOI 5 for Klf4 and MOI 3 for Myc. Cells were fed 

every other day, plated on day 7 onto 0.1% gelatin-coated dishes containing DR4 MEFs 

feeders and medium was switched to hESC medium (7 µl/liter 2ME (Sigma), 20% KOSR, 2× 

l-Glutamine, 1× MEM-NEAA, 10 ng/ml bFGF, in DMEM/F12 (Lifetech)). Clones were 

picked and amplified in KSR/feeder conditions until P10, and derived on Matrigel/TeSR 

before being transferred to us. 

III.1.3.3.b – mRNA reprogramming 

Fibroblasts form the patient without any identified mutation were reprogrammed using 

mRNA reprogramming [16], using Stemgent mRNA reprogramming kit and pluriton medium. 

Briefly, fibroblasts are transfected every day with a mix of mRNA of 6 genes (Oct4, Sox2, 

Klf4, cMyc, Lin28, Gfp) with Lipofectamine® RNAiMAX Transfection Reagent (life 

technologies) for 14 days in Pluriton. Colonies were manually picked on mouse embryonic 

fibroblasts (MEFs). Human induced pluripotent stem cells were characterized by RT-PCR to 

verify the expression of endogenous pluripotent factors OCT3/4, NANOG and SOX2, 

immunostaining, flow cytometry, and their ability to form teratoma [17]. 

III.1.3.4 – Culture of human induced pluripotent stem cells 

Established hiPS cell lines were maintained on mitotically-inactivated MEFs in DMEM/F12 

medium supplemented with 2 mmol/L L-glutamine, 0.07% β-mercaptoethanol, 20% knockout 

serum replacement, 5 ng/mL bFGF and 1% NEAA under low oxygen atmosphere (4% O2). 

Cells were passaged by manual dissection of cell clusters every 6-7 days. Before 

differentiation, hiPS cells were manually transferred from MEFs to matrigel-coated plates 

(0.05 mg/ml, BD Biosciences) and cultured on StemMACS (iPS-Brew XF). Passages were 

performed using Gentle Cell Dissociation Buffer (StemCell Technologies). 
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III.1.3.5 – Flow Cytometry analysis 

A total of 1.10
5
 cells in suspension, for each condition, were washed 3 times with PBS/BSA 

0.1%, then incubated with PE-labeled antibodies, SSEA3-PE, SSEA4-PE, TRA1-60-PE 

(eBioscience), for 30 minutes at 4°C in the dark and further rinsed 3 times with FACS buffer. 

Data acquisition was performed using FACSDiva software with LSR II instrument (Becton 

Dickinson, BD). 

III.1.3.6 – Differentiation of hiPS cells into cardiomyocytes and 

dissociation 

Human iPS cells were differentiated into cardiomyocytes using the established matrix 

sandwich method with modifications [18]. Briefly, 6 days before initiating differentiation, 

hiPS cell colonies were passaged on hESC-qualified matrigel-coated plates (0.05 mg/ml, 

using Gentle Cell Dissociation Buffer and cultured as a monolayer in StemMACS (iPS-Brew 

XF) (Miltenyi), human with 1x Y-27632 Rock inhibitor (Miltenyi) under normal oxygen 

atmosphere. When cells reached 80% confluence, cold StemMACS with Growth Factor 

Reduced Matrigel (0.033 mg/ml, BD Corning) was added in order to create an overlay of 

Matrigel. Differentiation was initiated 24 h later (day 0) by culturing the cells in RPMI1640 

medium (Life Technologies) supplemented with B27 (without insulin, Life Technologies), 

2 mmol/L L-glutamine (Life technologies), 1% NEAA (Life technologies), 100 ng/mL 

Activin A (Miltenyi), and 10 ng/mL FGF2 for 24 hours. On the next day, the medium was 

replaced by RPMI1640 medium supplemented with B27 without insulin, 2 mmol/L L-

glutamine, 1% NEAA, 10 ng/mL BMP4 (Miltenyi), and 5 ng/mL FGF2 for 4 days. By day 5, 

cells were cultured in RPMI1640 medium supplemented with B27 complete (Life 

Technologies), 2 mmol/L L-glutamine and 1% NEAA, and changed every 2-3 days. 

For protein and electrophysiological analyses, cardiomyocytes were dissociated around day 

20 of differentiation, for 20 min in collagenase II (200 U/mL; Gibco) at 37
o
C. Isolated cells 

were then incubated at room temperature for 30 min in Kraft-Bruhe solution containing 85 

mmol/L KCl, 30 mmol/L K2HPO4, 5 mmol/L MgSO4, 1 mmol/L EGTA, 2 mmol/L Na2-ATP, 

5 mmol/L Na-pyruvate, 5 mmol/L creatine, 20 mmol/L taurine, and 20 mmol/L glucose, pH 

7.2 [19]. 
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III.1.3.7 – Gene expression analysis 

Total RNA was extracted from hiPS colonies, using RNeasy mini kit (Qiagen). One µg of 

tRNA was reverse transcribed using High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems) following manufacturer‘s instructions. PCR amplification was 

performed using FAM labeled-TaqMan probes (Applied Biosystems). 

III.1.3.8 – Gene expression analysis 

For histological analysis two cell types were analyzed: undifferentiated hiPS cells, which 

were cultured in 12 well plates on MEF feeders, dissociated hiPS-derived cardiomyocytes, 

which were plated on IBIDI plates (Biovalley) and further cultured for 6 to 10 days. For, hiPS 

on MEFs were fixed with 4% PFA, permeabilized with 0.5% Triton X-100 and blocked with 

3% PBS-BSA. Cells were then stained with primary antibodies directed against OCT3/4 

(Santa Cruz), SOX2 (Santa Cruz) and TRA1-60 (eBioscience) diluted in 1% PBS-BSA. For , 

after methanol fixation, cells were permeabilized with 0.1% Triton X-100, blocked with 5% 

PBS-BSA and stained with primary antibodies against α-Actinin (Abcam), troponin I (Santa 

Cruz), MLC2a (Abcam), MLC2v (Proteintech Europ), connexin 43 (Chemicon), or Nav1.5 

(Alomone labs). Secondary antibody staining was performed using Alexa 488- and Alexa 

568-conjugated antibodies (Molecular Probes). DAPI was used for nuclear staining. 

III.1.3.9 – Functional analysis in COS-7 cells 

III.1.3.9.a – Site-directed mutagenesis 

The point mutation N1722D (1859G>A) in SCN5A was introduced using mutated 

oligonucleotide extension (QuikChange II XL Site-Directed Mutagenesis Kit) in SCN5A 

isoform 2 cDNA (GenBank Acc. No. NM_000335). The mutated plasmid was verified by 

complete DNA sequencing of the cDNA insert by the genomics core facility. 

III.1.3.9.b – Cell culture and transfection 

The African green monkey kidney-derived cell line COS-7 cells were kept in DMEM 

(University of Copenhagen, Denmark) supplemented with 10% FCS (GIBCO, Invitrogen, 

Carlsbad, CA) and 40 mg/L L-proline at 37°C in 5% CO2. Cells were transfected with 2 μg 

SCN5A plasmid (wild type or mutant) together with 2 μg of beta subunit (SCN1B) plasmid. 

Transfections were performed using JetPI reagents (Polyplus Transfections, France) 
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according to the manufacturer‘s instructions. Enhanced green fluorescent protein GFP 

encoding plasmid (1.2 μg) was included to identify transfected cells. 

III.1.3.9.c – Sodium current recordings (INa) 

Currents were recorded 2 days after transfection using an Axopatch 200A amplifier (Axon 

Instruments, Molecular Devices, Sunnyvale, CA, USA). Cells were super fused with a 

solution containing the following (in mmol/L): 145 NaCl, 4 CsCl, 1 CaCl2, 1 MgCl2, 5 

HEPES, and 5 glucose, pH=7.4 with NaOH. Patch pipettes were fabricated from borosilicate 

glass capillaries (and had resistances between 1.5 and 2 MΩ when filled with pipette solution 

(in mmol/L): 90 KCl, 45 K-gluconate, 10 NaCl and 10 HEPES, pH=7.4 with CsOH. All 

recordings were made at room temperature (20°C -22°C). Data were analyzed using 

pClamp10 software (Axon Instruments). 

III.1.3.10 – Single cell electrophysiology 

Dissociated hiPS-derived cardiomyocytes were suspended in RPMI + B27 supplemented with 

insulin, 2 mmol/L L-glutamine and 1% NEAA and then plated on matrigel-coated 35-mm 

plastic Petri dishes. Isolated beating cells were used for patch-clamp recordings using whole-

cell configuration, between day 10 and day 14 post-dissociation. Data were collected from a 

minimum of 4 independent differentiations for at two to three clones per patient. 

III.1.3.10.a – Action potential recordings 

Using amphotericin permeabilized patch clamp (I clamp), APs were measured at 35±0.2°C 

using a modified Tyrode‘s solution containing (in mM): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1.0 

MgCl2, 5.5 glucose, 5.0 HEPES; pH 7.4 (NaOH). The pipette solution contained (in mM): 

125 K-gluconate, 20 KCl, 10 NaCl, 10 HEPES; pH 7.2 (KOH) and 0.22 amphotericin-B [20]. 

Maximum diastolic potential (MDP), maximal upstroke velocity (Vmax), AP amplitude (APA), 

and AP duration (APD) at 20, 50, 75 and 90% repolarization (APD20, APD50, APD75 and 

APD90, respectively) were analyzed. Data from 3 consecutive APs were averaged. 

III.1.3.10.b – Sodium current recordings (INa) 

INa measurements were recorded in the ruptured patch clamp configuration. Cells were 

perfused using a Tyrode solution containing (in mM): 130 NaCl, 10 CsCl, 1.8 CaCl2, 1.2 

MgCl2, 11.0 glucose and 5.0 HEPES; pH 7.3 (CsOH). The pipette solution contained (in 

mM): 3.0 NaCl, 133 CsCl, 2.0 MgCl2, 2.0 Na2ATP, 2.0 TEACl, 10 EGTA, 5.0 HEPES; pH 
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7.2 (CsOH). During recordings, a local gravity micro perfusion system allowed application of 

an extracellular solution containing (in mM): 20 NaCl, 110 CsCl, 1.8 CoCl2, 1 MgCl2, 30 

mannitol and 5.0 HEPES; pH 7.4 (CsOH) [15] [21]. 

INa densities and gating properties were measured at 35± 2°C using voltage-clamp protocols 

shown in the relevant figures. All measurements were performed using a holding potential of  

-100 mV with a cycle time of 2 seconds for single step and activation, 3 seconds for 

inactivation and 4 seconds for recovery form inactivation. Current densities were calculated 

by dividing current amplitude by membrane capacitance (Cm) in (pF). Voltage-dependence of 

activation and inactivation curves were fitted with a Boltzmann function (y=[1+exp{(V-

V1/2)/K}]-1 ), where V1/2 is the half-maximal voltage of (in)activation and K is the slope 

factor. Recovery from inactivation was assessed with a double pulse protocol. Data were 

normalized to the current elicited by the first pulse (P1) and fitted with a bi-exponential 

function (y=y0+Af {1-exp[-t/τf]}+As{1- exp[-t/τs]}), where Af and As represent the amplitudes 

of the fast and the slow components of recovery from inactivation, and τf and τs are their 

respective recovery time constants.  

Late INa was measured as a TTX-sensitive current (Tetrodotoxine Citrate 1069 mg, TOCRIS 

Bioscience) at room temperature using an ascending ramp protocol. Same intracellular and 

extracellular solutions were used as in the case of INa peak current with a local gravity micro 

perfusion system of the following composition (in mM): 130 NaCl, 10 CsCl, 1.8 CoCl2, 1 

MgCl2, 20 mannitol, 10.0 HEPES and 0.01 TTX; pH 7.4 (CsOH) [21]. 

III.1.3.10.c – L type Calcium current recordings (ICa,L) 

ICa,L measurements were recorded in the ruptured patch-clamp configuration. Cells were 

perfused using a Tyrode solution containing (in mM): 140 NaCl, KCl 4, 1.0 CaCl2, 0.5 

MgCl2, 10.0 glucose and 10.0 HEPES; pH 7.4 (NaOH). The pipette solution contained (in 

mM): 5.0 NaCl, 145 CsCl, 2.0 CaCl2, 5.0 EGTA, 5.0 MgATP, 5.0 HEPES; pH 7.2 (CsOH). 

During recording, a local gravity micro perfusion system allowed application of an 

extracellular solution containing (in mM): 160 TEA-Cl, 5.0 CaCl2, 1.0 MgCl2, 1 MgCl2, 10 

glucose and 5.0 HEPES and 0.01 TTX; pH 7.4 (CsOH). ICa,L densities and gating properties 

were measured at room temperature using voltage-clamp protocols shown in the relevant 

figures [21]. 
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III.1.3.10 – Statistical analysis 

Results are expressed as mean ± SEM. Comparisons were made by use of an unpaired Mann 

Whitney t-test, one-way ANOVA, or two-way repeated measures ANOVA. Values of P < 

0.05 were considered statistically significant. Statistical analyses were performed with 

GraphPad software. 
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III.1.4 – Results 

III.1.4.1 – Generation and Characterization of N1722D-hiPS-CMs 

and Um-hiPS-CMs 

Skin fibroblasts were obtained from two patients with clinical symptoms of Brugada 

syndrome: one carrying the N1722D-SCN5A mutation and the other with an unidentified 

mutation (Um). Fibroblasts were reprogrammed using non integrative methods to generate the 

corresponding hiPS cell lines. Ten independent clones for each patient were manually picked. 

A previously described foreskin fibroblast-derived hiPS cell clone C2a (Control-hiPS) was 

used as a control [22]. Endogenous expression of the pluripotent stem cell markers, OCT3/4, 

SOX2 and NANOG, absent in the fibroblasts, were detected by qRT-PCR in hiPS cells of both 

patients (figure 3A). Endogenous expression of OCT3/4 and TRA1-60 proteins was also 

visualized by immunofluorescence staining in hiPS cells of both patients (figure 3B). Flow 

cytometry analysis showed that N1722D-hiPS cells and Um-hiPS cells were positive for the 

expression of pluripotency markers TRA1-60, SSEA4 and SSEA3 (figure 3C). Moreover, 

N1722D heterozygous mutation in the SCN5A locus was confirmed to be present in the 

N1722D-hiPS cells but not in control-hiPS cells (figure 3D). Overall, the adult somatic cells 

were successfully reprogrammed into induced pluripotent stem cells and a total of 2 to 3 

clones per lines have been selected to perform the following experiments. 

III.1.4.2 – N1722D-hiPS and Um-hiPS can be differentiated into 

cardiomyocytes 

Cardiomyocytes were differentiated, using the matrix sandwich method from control-hiPS 

cells, N1722D-hiPS cells and Um-hiPS cells. All three hiPS cells showed comparable cardiac 

differentiation potential (figure 4), giving rise to spontaneously contracting cell areas after 8-

10 days of differentiation. Cardiomyocytes isolated from Control-hiPS cells, N1722D-hiPS 

cells and Um-hiPS cells displayed organized cross-striations with proper alignment of the 

myofibrils that were positive for cardiac and muscular specific cytoskeletal proteins, troponin 

I, α-Actinin, and both MLC2A and MLC2V. In addition RyR2, an actor of calcium 

homeostasis was expressed in the three cell lines (Figure 4). These results suggest that 

Control-, N1722D- and Um-hiPS cells have similar cardiac differentiation potentials. 
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III.1.4.3 – INa current density is reduced in N1722D-hiPS-CMs but not 

in Um-hiPS-CMs 

Using whole cell patch-clamp we investigated whether hiPS-CMs of both patients had a 

similar reduction in SCN5A-conducted current, INa. Representative traces of INa recordings 

obtained from N1722D-hiPS-CMs and Um-hiPS-CMs as well as control-hiPS-CMs are 

shown in figure 5A. As shown in Figure 5A, B and C, INa current was significantly reduced in 

N1722D-hiPS-CMs (p=0.0077), in comparison to Control-hiPS-CMs. In contrast, no similar 

reduction was observed in the second patient. Activation, inactivation and recovery form 

inactivation kinetics were not modified in hiPS-CMs of both patients, in comparison with the 

control (Figure 5D, E and G) and (Table 1 of supplementary data). Interestingly, similar data 

were also obtained in COS-7 cells transfected with plasmids expressing either Control- 

SCN5A or N1722D- SCN5A, as indicated in figures 6A, 6B and 6C. Indeed, a significant 

reduction of INa (p=0.0002) was also observed without any modifications in activation and 

inactivation kinetics (Figures 6D and 6E). 

III.1.4.4 – N1722D-SCN5A alters ventricular action potential 

parameters 

To investigate whether the BrS-hiPS-CMs had other alterations at the functional level, action 

potentials were recorded using perforated patch clamp (I-clamp). Action potential recordings 

provide a whole image of the potential altered functions of ionic channels involved in its 

generation. All recoded action potential were classified into nodal, atrial and ventricular, 

based on the maximum slope rise (dv/dtmax) and action potential duration at 90% of 

repolarization (APD 90) [21] (values are indicated in Table 2 in supplementary data ). 

Comparable proportions of the different types of action potentials were obtained from the 

three cell types. In the context of BrS, a ventricular arrhythmic disease, we focused on 

ventricular action potentials, and included only this type in the following figures. In 

accordance with the INa reduction observed solely in N1722D-hiPS-CMs, the maximum slope 

rise (dv/ dtmax) and peak amplitude were significantly reduced in these cells (p=0.0095 and 

p=0.0104 for maximum slope rise and peak amplitude respectively), but not in Um-hiPS-CMs 

(Figure 7A and 7B). On the other hand, likewise the patient‘s electrocardiographic phenotype 

(normal QTc), no significant differences in APD at 30, 50, 75 and 90% repolarization were 

observed in hiPS-CMs from both patients (Figure 7C). 
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III.1.4.5 – N1722D-hiPS-CMs and Um-hiPS-CMs have increased 

susceptibility to arrhythmia 

Action potential data revealed a common arrhythmic phenotype in the hiPS-CMs from both 

patients. Early afterdepolarizations (EADs) were observed in approximately 30% of the 

ventricular cells of N1722D-hiPS-CMs and Um-hiPS-CMs (Figure 8B), while none of these 

events were observed in atrial or nodal cells (figure 8A). Interestingly, EADs in N1722D-

hiPS-CMs were more pronounced than the ones observed in Um-hiPS-CMs (arrows in Figure 

8B). 

III.1.4.6 – Late sodium current INa and L type calcium current (ICa,L) 

are implicated in the action potential arrhythmic events 

The mechanism underlying the observed EADs was then investigated through the analysis of 

depolarizing currents (late sodium current and L-type calcium current (ICa,L), as alterations in 

these currents may lead to arrhythmic incidents such as EADs [23] [24] [25] [26].  

Late sodium current was measured as a 0.01 mM Tetrodotoxine (TTX)-sensitive current using 

an ascending voltage ramp protocol. Representative examples of traces obtained from 

N1722D-, Um- and control-hiPS-CMs, illustrating the difference in late INa after application 

of Tetrodotoxine along with the corresponding recording ramp protocol are shown in Figure 

9A. Interestingly, in 30% of the measured cells in both BrS hiPS-CMs, the late INa density was 

significantly increased as compared to the control (p=0.0052 for N1722D-hiPS-CMs and, 

p=0.0027 for Um-hiPS-CMs) (Figure 9B). This suggests that late INa may participate to the 

EAD phenotype commonly observed in both cell types. 

Calcium current, ICa,L, was also characterized using whole cell ruptured patch clamp. 

Representative traces are shown in Figure 9C. ICa,L was significantly increased in N1722D-

hiPS-CMs (p=0.00089), in comparison to control-hiPS-CMs (figure 9D), however, no 

modifications were observed in Um-hiPS-CMs cells. Kinetics of activation and inactivation 

were not modified in both hiPS-CMs (figure 9E). These data suggest that the persistent 

sodium current observed in the hiPS-CMs from both patients could be the substrate of the 

EADs while the increase in the ICa,L observed solely in N1722D-hiPS-CMs may be the trigger 

for the more severe EADs phenotype observed in these cells. 
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III.1.5 – Discussion 

In this study, we characterized and explored functional characteristics of iPS-derived 

cardiomyocytes from two BrS patients carrying different genetic backgrounds. We fully 

characterized INa to investigate its role in the pathophysiology of this disease and showed that 

alteration in persistent INa in both cell lines may be the substrate of arrhythmic incidents 

observed in hiPS-CMs in both patients. 

Since the identification of BrS in 1992 [27], even though huge work has been performed to 

further understand the pathophysiological bases of this disease, many questions remain 

unresolved and the cellular basis of the BrS is still not completely understood [28]. Several 

theories have been proposed, either based on abnormal electrical transmural gradient or on 

abnormal electrical impulse propagation or linked to minor abnormalities of cardiac structure 

[29]. At the genetic level, SCN5A, the gene that encodes the voltage-gated sodium channel, 

presents 20-30 % of mutations identified in BrS. However, more than 65 % of the disease 

cases remain genetically unidentified [5]. Moreover, our group suggested that SCN5A 

mutations may not be directly causal to the occurrence of the disease and that genetic 

background may play a powerful role in the pathophysiology of BrS [30]. Furthermore, 

Bezzina et al [31] showed that a number of other genetic variations are also associated in the 

pathophysiology of BrS. In brief, BrS has been proven to be an oligogenic, complex disease 

with a variety of genetic mutations and variants that are linked to its pathophysiology. In this 

context, heterologous expression systems and transgenic animals available may not be fully 

adequate to explain the pathophysiological mechanisms associated with BrS. In the present 

study we showed that human induced pluripotent stem cell-derived cardiomyocytes (hiPS-

CMs) [13] [14] provide an alternative approach to improve our knowledge on BrS in the 

context of the patients‘ genetic background. 

With this study, we made the first electrophysiological characterization of a BrS-specific 

SCN5A mutation using cardiomyocytes differentiated from induced pluripotent stem cells. 

Indeed, one of the selected patients carries a mutation in the SCN5A gene that has not been 

previously characterized. Comparative analysis of this mutation in COS-7 cells, a more usual 

cellular model, as well as in hiPS-CMs was also performed. Similar results from both models 

at the level of INa current characterization were observed, suggesting that heterologous 

expression systems are sufficient for modeling single ion channel mutations. However, as BrS 

is a complex disease that cannot be explained solely by SCN5A mutations, COS-7 cellular 

model may not provide a full picture of its mechanism. In opposition, hiPS-CMs provide is a 
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multiple approach investigating system, suitable for the study of Brugada syndrome. It allows 

analysis of other functional levels such as action potential measurements, as well as 

pathophysiological characterization of patients without any identified mutations.  

Based on previously published transcriptomic data [6], INa in both SCN5A mutated and not 

mutated CMs was characterized using patch clamp, but the expected common current 

reduction in the two cell lines was not observed. These data suggest that SCN5A is not the 

major contributor of the occurrence of BrS and that the pathophysiology of BrS includes other 

players beyond mutant sodium channels. Interestingly, early afterdepolarizations (EADs) 

were detected in 30% of ventricular action potentials of both hiPS-CM lines. EADs observed 

in the N1722D-hiPS-CMs were more severe than the ones observed in the Um-hiPS-CMs. 

EADs have been reported as a result of possible occurrence of abnormal depolarizing currents 

such as persistent INa and /or ICa,L [26] [24] [32] [33] [34] [35]. In 30% of total cells recorded 

from both hiPS-CM lines, a significant increase in late INa was observed. In contrast, ICa, L was 

only found to be increased in SCN5A mutated-CMs, along with the more severe EAD 

phenotype. With these data, we suggest that increase in late INa act as a substrate for the 

occurrence of the EADs in the two cell lines, and that ICa,L triggers the severe EAD 

phenotype. 

III.1.6 – Conclusion 

In this study, we showed for the first time that hiPS-CMs can (1) identify various features of 

an un-described BrS-associated SCN5A mutation, and (2) provide global analysis of CMs 

derived from a BrS patient without any identified mutation. We also unveiled in the two hiPS-

CMs of both patients a common electrophysiological phenotype that, to our best knowledge, 

had not been previously reported in BrS studies. Such model could thus prove beneficial for 

testing and developing novel pharmacological treatments for BrS patients. 
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III.1.7 – Figure legends and figures 

Figure 1: Clinical and genetic profile of the first BrS patient, carrying N1722D-SCN5A 

mutation (patient is indicated with a black arrow). (A) Genotype of BrS and SCN5A of each 

family member of the N1722D-SCN5A patient. (B) 12 leads electrocardiography of the patient 

challenged with flecainide and showing an ST elevation segment and T wave conversion in 

leads V1-V2-V3. (C) The N1722D mutation (red dot) is located in domain four of the Nav1.5 

protein, which is made of 6 trans-membrane segments (S1-S6). 

 

Figure 2: Clinical and genetic profile of the second BrS patient with an unidentified 

mutation (patient is indicated with a black arrow). (A) Pedigree of the patient‘s family. (B) 

12 leads electrocardiography for the patient at baseline showing an ST elevation segment and 

T wave conversion in lead V1.  

 

Figure 3: Characterization of hiPS cells. (A) Expression level of additional endogenous 

pluripotent stem cell marker (OCT3/4, NANOG and SOX2) genes by qRT-PCR in N1722D-

hiPS cells and Um-hiPS cells as compared to fibroblasts (B) Endogenous pluripotent stem cell 

marker (OCT3/4, SOX2 and TRA1-60) visualization by immunofluorescence staining of two 

N1722D-hiPS clones and three Um -hiPS clones. (C) Percentage of N1722D-hiPS cells and 

Um -hiPS cells expressing the SSEA4, SSEA3 and TRA1-60 pluripotency genes measured by 

flow cytometry. (D) Representative images of teratoma following injection of undifferentiated 

hiPS cells in NOD/SCID mice. The presence of neural tissue (ectoderm, top), intestinal 

epithelium (endoderm, middle) and immature bone tissue and cartilage (mesoderm, bottom) is 

shown. (E) Genetic screening in the patient N1722D-hiPS cells revealed the heterozygous 

single-nucleotide mutation A-G of the SCN5A gene, in position 1859 of the coding sequence, 

resulting in the substitution of an asparagine with an aspartic acid at position 1722 of the 

protein. 

 

Figure 4: Human hiPS cells differentiated into functional cardiomyocytes. Representative 

immunofluorescence images of the cardiac sarcomeric protein α-Actinin (green, left), RyR2 

(red, middle), troponin I (green, middle) and co-staining of myosin light chain 2a (MLC2a; 

green; right) and 2v (MLC2v; red, right) in control-hiPS-CMs, N1722D-hiPS-CMs and Um-

hiPS-CMs. Scale = 5µm. 
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Figure 5: Electrophysiological characterization of INa N1722D-hiPS-CMs and Um-hiPS-

CMs. (A) Representative whole cell current recordings for control-hiPS-CMs, N1722D-hiPS-

CMs and Um-hiPS-CMs. Currents were activated by the depicted voltage-clamp protocol. (B) 

INa density, measured at -30 mV showing a significant reduction in N1722D-hiPS-CMs. (C) 

Peak current density plotted as a function of voltage demonstrating a reduction in current for 

N1722D-hiPS-CMs (D) and (E) Average voltage dependence of activation and voltage 

dependence of inactivation respectively.(F) recovery from inactivation and (G) time constant 

(slow and fast) of recovery form inactivation. Statistical significance * P<0.05, *** P<0.001 

 

Figure 6: Electrophysiological characterization of N1722D in COS-7 cells. (A) 

Representative whole cell current recordings in COS-7 cells overexpressing SCN5A wild type 

(WT; n=10) and N1722D (n=9) cDNAs. Currents were activated by the depicted voltage-

clamp protocol. (B) INa density, measured at -30 mV in COS-7+SCN5A-WT and COS-7 

+SCN5A-N1722D, showing a significant reduction in the SCN5A-N1722D. (C) Peak current 

density plotted as a function of voltage demonstrating a reduction in current for N1722D. (D) 

and (E). Average voltage dependence of activation and voltage dependence of inactivation 

respectively. 

 

Figure 7: Analysis of Action potentials recorded from N1722D-hiPS-CMs and Um-hiPS-

CMs. (A) peak amplitude, (B) dv/dtmax, and (C) AP duration using patch-clamp measured in 

N1722D-hiPS-CMs and Um-hiPS-CMs. Statistical significance, * P<0.05, *** P<0.001 

 

Figure 8: Increased arrhythmia susceptibility in N1722D-hiPS-CMs and UmhiPS-CMs. 

Representative action potential recordings using patch clamp showing early after 

depolarization that happened specifically in 30% of ventricular cells of N1722D-hiPS-CMs 

and Um-hiPS-CMs, incidents were more prone in N1722D-hiPS-CMs. 

 

Figure 9 :( 1) Late sodium current recorded in N1722D-hiPS-CMs and Um-hiPS-CMs. 

(A) Example of ramp current traces elicited with an ascending ramp depolarization protocol. 

The protocol is shown at the bottom. (B) The currents recorded during the ramp expressed as 

current densities. (2) Electrophysiological characterization of ICA,L in N1722D-hiPS-CMs 

and Um-hiPS-CMs. (A) Representative whole cell current recordings for control-hiPS-CMs, 

N1722D-hiPS-CMs and Um-hiPS-CMs. Currents were activated by the depicted voltage-

clamp protocol. (B) Peak current density plotted as a function of voltage demonstrating an 



RESULTS– BrS analysis using hiPS-CMs 

 

135 

increase in current for N1722D. (C) and (D) Average voltage dependence of activation and 

voltage dependence of inactivation respectively. Statistical significance, * P<0.05, ** P<0.01 

and *** P<0.001. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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III.2 – Supplemental materials 

Supplemental Table 1. Biophysical characteristics of the Nav1.5 channels in control-hiPS-

CMs, N1722D-hiPS-CMs and Um-hiPS-CMs. 

 Activation Inactivation  

 V1/2 (mV) K V1/2 (mV) K 

Control-hiPS-CMs -31.3± 1.06 6.21± 0.26 -80.39± 1.01 -5.9± 0.37 

 (n=17) (n=17) 

N1722D-hiPS-CMs -29.21± 0.7 7.04 ± 0.33 -78.47± 1.45 -5.53± 0.39 

 (n=9) (n=9) 

Um-hiPS-CMs -30.58±0.6 6.46± 0.12 -79± 0.71 -5.748± 0.249 

 (n=44) (n=30 

 

 

Supplemental Table 2.  Quantitative parameters used for classification of action potentials 

obtained from patch-clamp experiments on control cells. 

Control-hiPS-CMs 

APs (n=17) 

AP amplitude 

(mV) 

MDP (mV) Peak to peak  

duration (ms) 

dv/dtmax 

(mV/msec) 

APD90 

(ms) 

Nodal like (n=4)  31.4± 5.5 -44.65± 1.65 604± 25.9 5± 0.51 90± 

13.77 

Atrial like (n=6) 41.82± 2.1 -50± 1.25 1051± 173 14.02± 0.814 187± 

13..26 

Ventricular like 

(n=7) 

49.52± 3.5 -54.02±3.4  1263± 69.02 14.1± 1.533 351± 

32.72 
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V.1. – General discussion 

Despite major advances in understanding and treatment of heart arrhythmic disorders, 

sudden cardiac death still represents a significant cause of morbidity and mortality worldwide. 

Sudden cardiac death is the cause of about half of deaths due to cardiovascular disease or 

about 15% of all deaths globally. About 80% of sudden cardiac death is the result of 

ventricular arrhythmias (Mehra, 2007). 

Much progress has been made in identifying the clinical phenotypes, cellular and genetic 

mechanisms underlying the various arrhythmic syndromes, including LQT  and BrS (Scicluna 

et al., 2008). Studying the electrophysiological and molecular consequences of a mutation 

associated with cardiac arrhythmia should ideally be done in native cardiomyocytes (CMs). 

However, obtaining ventricular cardiac biopsies from patients is a highly invasive procedure 

with significant risks. Consequently, the majority of functional studies on specific mutations 

associated with arrhythmic disorders relied on heterologous expression systems in which the 

mutated ion channel of interest is expressed. Such cellular models have significant 

shortcomings since they lack important constituents of cardiac ion channel macromolecular 

complexes that might be required to reproduce the exact molecular and electrophysiological 

phenotype of the mutation. One way to overcome this has been to generate transgenic mice 

for specific mutations (Derangeon et al., 2012). However, generation of these models are not 

practical for high-throughput screening of rare inherited arrhythmia mutations. Moreover, 

remains crucial differences between mouse and human cardiac electrophysiological 

characteristics. In addition, these models are limited in the case of unidentified mutations. 

Discovery of somatic cell reprogramming to generate induced pluripotent stem cells 

(Takahashi and Yamanaka, 2006) (Takahashi et al., 2007) has created much excitement 

because of the possibility to produce unique patient- and disease-specific human iPS cell 

lines. Zhang et al. (Zhang et al., 2009) were the first to show that hiPS cells can differentiate 

into functional cardiomyocytes, making it possible to generate patient-specific human 

cardiomyocytes that have the patient genetic background integrity. hiPS-CMs therefore 

represent a new model system for studying inherited arrhythmia disorders (Hoekstra et al., 

2012). 

Patient-specific hiPS-CMs have now been shown to provide valuable models of heritable 

cardiac arrhythmias, including congenital LQT syndrome and other diseases. Although the 

first hiPS cell lines were derived from dermal fibroblasts (Takahashi et al., 2007) hiPS cells 

http://journal.frontiersin.org/Journal/10.3389/fphys.2012.00346/full#B80
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can now be generated from a wide variety of somatic cells including urine derived cells (Zhou 

et al., 2012). Cells isolated from urine show promising characteristics for a reprogramming 

strategy. 

In this work, three main studies are included: 

1. In the first study: we used cardiomyocytes obtained from urine-derived hiPS cells 

(UhiPS-CM) to investigate both the molecular and functional phenotypes of the 

syndrome in an integrated cellular model. Overall, we demonstrated that the use of 

urine-derived cardiomyocytes is a convenient and powerful approach to model human 

arrhythmic diseases.  

2. In the second study: we were interested in modeling an acquired form of LQT-2 using 

hiPS-CMs. AIDS patients have an increased risk of cardiovascular events, including 

LQT-2. The cardiac arrhythmic incidents observed maybe a result of the drugs used to 

treat the disease and/or the viral proteins associated with the virus itself. In this study 

we investigated the possible mechanisms by which one of the HIV-viral proteins, Tat, 

may lead to arrhythmias in HIV-infected patients.  

3. In the third study, we were interested in modeling BrS, a second and more complex 

example of cardiac arrhythmic diseases. Despite extensive work in genetic testing, BrS 

pathology is still unclear; we aimed to use hiPS-CMs to further model this disease in 

the context of patients‘ genetic backgrounds. 

Despite the massive progress the usage of human induced pluripotent stem cells derived 

cardiomyocytes is witnessing, this model need to be evaluated at different levels.  

The striking advantage of using iPS cells rather than embryonic stem cell-based approaches is 

that iPS cells can be derived from any individual with relative ease, thereby allowing 

development of a personalized study platform on individual genomic information. iPS and 

differentiated cells from the iPS cells retain their personal identity, suggesting that iPS 

technology can be applied to disease-, patient-, and finally person-specific approaches to 

examine the individual differences in pharmacokinetic/pharmacodynamic features. Given that 

everyone will almost certainly become a patient at least once in his or her lifetime, individual 

iPS cells-based predictive therapeutic and toxicity profiling of all drugs available in multiple 

cell types will be a logical and attractive approach. This ―pharmaco-iPSCellomic‖ analysis 

could eventually be available in an array-based format for high-throughput assay before 
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specific drug therapy is prescribed for a particular disease condition (Inoue and Yamanaka, 

2011). 

Moreover, although most of the diseases studied so far using iPS cells-derived somatic cells 

were monogenetic diseases; one of the strengths of the iPS cell system is the ability to study a 

disease phenotype even if the genetic background is unknown. BrS is known to be caused by 

mutations of the cardiac sodium channel, voltage-gated, type V, α-subunit. However, these 

mutations account for 20-30% of cases. Moreover, a highly varying degree of penetrance 

exists among patients with known mutation status, and the typical ECG pattern is present 

more often in men than in women, suggesting that other genetic factors might play an 

important role for the precipitation of the phenotype (Campuzano et al., 2010). 

Cardiomyocytes generated from iPS cells derived from patients with and without known 

mutations as well as from mutation carriers with and without clinical symptoms might provide 

a tool to define a functional BrS phenotype and to identify novel molecular compounds 

involved in the pathophysiology of this disease. An example of this approach is what we did 

in the BrS study (refer to study #3).One of the patients that we had, was without an identified 

mutation. Using hiPS-CMs from this patient, we were able to start to analyze the underlying 

pathophysiological mechanisms with different levels of complexity. 

 

On the other hand, despite the fast advances we are witnessing, limitations and challenges 

remain before this model can be widely used to develop regenerative medicine strategies for 

treating cardiovascular disease. Challenges and limitations include: 

V.1.1 – Cardiomyocyte purification 

Despite considerable progress in improving the efficiency of cardiac differentiation, the 

isolation of cardiomyocytes or the removal of unwanted cell populations may be required. 

Genetic selection of cells based on the expression of a selectable marker driven by a lineage-

restricted promoter such as NKX2-5 (Elliott et al., 2011), MYH6 (Anderson et al., 2007) and 

MLC2V (Huber et al., 2007) offers the possibility of isolating myocardial precursors at high 

purity; when this process is coupled with antibiotic selection, it is possible to generate cells at 

greater than 99% purity. Although early studies were commonly based on either small 

plasmid based reporter constructs or transgenesis using bacterial artificial chromosomes, more 

recent studies have focused on the use of reporter lines that are established by gene targeting. 

Gene targeting is achieved in hiPS cells using technologies that are based on zinc-finger 
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nucleases, transcription activator-like effector nucleases (TALENs) or clustered regularly 

interspaced short palindromic repeats (CRISPRs) (Tabar and Studer, 2014). The principal 

drawback of genetic selection is the necessity of inserting a selection cassette into the host 

genome, which may increase the risk of tumor genesis and is therefore unsuitable for clinical 

practice. Antibodies to cell surface markers have the advantage of not requiring genetic 

modification of stem cell populations, and therefore may be applicable to all hiPS cell lines. 

FACS has the ability to analyze multiple surface markers simultaneously, and it has been used 

to isolate cardiac progenitor populations based on the expression of markers expressed 

specifically on cardiomyocytes, including EMILIN2 (Van Hoof et al., 2010), SIRPA (Elliott 

et al., 2011) (Dubois et al., 2011), and VCAM (Elliott et al., 2011) (Uosaki et al., 2011), and 

made it possible to isolate highly enriched populations of these cells. 

Another non-genetic method for isolating hiPS cells-derived cardiomyocytes is based on the 

use of the mitochondrial dye tetramethylrhodamine methyl ester perchlorate (TMRM) 

(Hattori et al., 2010). Because this dye only functions in cells with high mitochondrial density 

such as cardiomyocytes, it does not detect the most immature cells that develop in the cultures 

(Dubois et al., 2011). Moreover, a non-genetic method for mass-producing cardiomyocytes 

from mouse and human pluripotent stem cell derivatives is based on the marked biochemical 

differences in glucose and lactate metabolism between cardiomyocytes and non-

cardiomyocytes, including undifferentiated cells. hiPS-CMs were cultured with glucose-

depleted culture medium containing abundant lactate. Using this approach, cardiomyocytes of 

up to 99% purity were obtained (Tohyama et al., 2013). 

There has been extensive progress in developing genetic reporter lines to optimize directed 

differentiation and to prospectively purify defined cell types for downstream applications. 

Collectively, these recent discoveries have provided tools and reagents for the generation of 

highly enriched populations of hiPS-CMs. 

V.1.2 – Cardiomyocyte maturation 

One of the remaining challenges associated with the use of hiPS-CMs for cardiac repair as 

well as for in vitro drug discovery and disease modeling applications is their relative 

immature phenotype. Although hiPS-CMs have been demonstrated to possess cardiac-like 

molecular, ultra-structural, electrophysiological and excitation-contraction coupling 

characteristics, these properties were shown to be relatively immature. From the 

electrophysiological angle, such early-stage properties include the presence of spontaneous 

automaticity and a relatively depolarized resting membrane potential. Potential strategies to 
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induce human embryonic stem cells-derived cardiomyocytes or hiPS cells- techniques that 

can induce maturation include the use of small molecules such as tri-iodothyronine binding 

thyroid hormone receptors (Lee et al., 2010), overexpression or down regulation of specific 

genes (Yamanaka et al., 2008), and extrinsic cues from other non-cardiac cells, including 

endothelial cells (Kim et al., 2009). Exercise via mechanical force (Tulloch et al., 2011) has 

also been demonstrated to enhance maturation (Burridge and 2012) (Zwi-Dantsis and 

Gepstein, 2012). 

V.1.3 – Intrinsic variability and control definition 

hiPS-CMs offer a valuable approach to model various disorders, however, there are some 

limitations. In comparative studies, the different genetic backgrounds of the control hiPS-CMs 

lines may induce variability at molecular and/or functional levels that may hamper revelation 

of subtle disease-related phenotypic abnormalities in the diseased lines. In addition, 

phenotypic intra-variability between clones generated form the same donor (patient or 

control) also exists. Several approaches are now considered to overcome these inter- and 

intra-variations. First, to overcome intra-variability multiple clones must be analyzed to 

identify outlier clones even in the control lines. Regarding, inter-variability, some studies use 

healthy siblings as controls, however, only ∼50% of the genome is shared between siblings, 

so that phenotypic differences could result from DNA variants in the other ∼50% of the 

genome, rather than the disease-associated mutations. Furthermore, a number of studies have 

documented that the process of generating, expanding and passaging hiPS cell lines can lead 

to the accumulation of a variety of genetic alterations, ranging from single-nucleotide variants 

to copy-number variants and to chromosomal amplifications, deletions and rearrangements 

(Mayshar et al., 2010) (Laurent et al., 2011) (Hussein et al., 2011) (Gore et al., 2011) 

(Taapken et al., 2011) (Howden et al., 2011). Another significant aspect is epigenetic state. A 

number of studies have documented that iPS cells vary widely with respect to genomic 

methylation patterns, in some cases seeming to retain epigenetic ―memory‖ of the somatic cell 

from which the iPS cells were reprogrammed. Some iPS cells seem to retain this memory 

indefinitely, whereas others gradually lose this memory as they go through many passages in 

culture (Kim et al., 2010) (Polo et al., 2010). Other potential confounders include unmatched 

age, gender and ethnicity between the patients and control individuals; differences in the 

reprogramming methodology (e.g. lentivirus versus RNA transfection); and differences in 

passage number and adaptation to culture of the iPS cell lines. 
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The most rigorous possible comparisons would be between cell lines that differ only with 

respect to disease mutations. In this issue Wang et al. (Wang et al., 2014b) (Wang et al., 

2014a) proposed an approach in which genetic mutations are directly introduced by genome 

engineering in generic embryonic stem cells or non-diseased iPS cell lines. The engineered 

pluripotent cells can then be differentiated into cardiomyocytes, and display disease features 

as compared with the unedited cell lines (so-called isogenic controls). Isogenic controls would 

also eliminate, or at least limit, all of the other confounders (age, gender and ethnicity), 

allowing investigators to directly connect genotype to phenotype to establish causality. Such a 

strategy requires the ability to efficiently introduce specific genetic alterations into the 

genomes of hiPS cells known as in site-specific ―genome editing‖. This approach is supported 

by recent developments with the use of designer nucleases (molecular scissors) that cut DNA 

sequences within the chromosome that then can be replaced by another sequence template. 

Three different types of molecular scissors have been developed to cut at specific sites: 1) 

zinc finger nucleases (ZFN); 2) transcription activator-like effector nuclease (TALENS); and 

3) clustered regularly inter-spaced short palindromic repeats (CRISPR). These designer 

nucleases each have unique features, but the capability of each one to target specific DNA 

sequences makes them a very useful tool for manipulating pluripotent cells (Hajjar and Hulot, 

2014) (Burridge and 2012). In the context of the present work, Bellin et al (Bellin et al., 2013) 

demonstrated in a study about LQT-2, that isogenic pairs of hiPS cells can be used (1) to 

prove the authenticity of the genotype-phenotype correlation and (2) to unravel the 

pathophysiological mechanism seen in a genetically inherited cardiac disease. 
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V.2. – Conclusion 

In conclusion, the ability to generate cardiomyocytes de novo has progressed rapidly and an 

increasing number of potential sources of cells have become viable. The three major 

applications of these cardiomyocytes, in regenerative medicine, drug testing, and disease 

modeling, have their own specific requirements in terms of number of cells, speed of 

derivation, characterization, and similarity to adult cardiomyocytes. It is likely that a variety 

of approaches for making cardiomyocytes will be used in the future, depending on the specific 

parameters set by the application. Certainly, for applications in genetic disease modeling or 

personalized therapies, hiPS cells are an obvious choice. Such questions should not obscure 

the exciting prospect that, for the first time, it is possible to envisage overcoming the 

significant hurdles that have blocked the path to successful clinical application of de novo 

generated cardiomyocytes. 
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Etude de Maladies du Rythme Cardiaque à l'aide de Cellules Souches 

Pluripotentes Induites 
 

 

Les troubles du rythme sont des maladies cardiaques fréquentes et sont une cause majeure de 

mort subite par anomalie de l‘excitabilité du cœur. L‘étude de ces dysfonctionnements est 

essentielle pour comprendre les mécanismes responsables de ces maladies cardiaques et mettre 

au point de nouveaux traitements. La technologie des cellules souches pluripotentes induites 

(iPS) permet de générer, à partir de cellules somatiques d‘un patient, des cellules souches 

pluipotentes spécifiques de ce patient, qui peuvent ensuite être différenciées en tout type 

cellulaire, dont les cardiomyocytes. Lorsqu‘elles sont obtenues à partir de patients souffrant 

d‘un trouble du rythme, elles permettent la modélisation du trouble du rythme cardiaque du 

patient. Ce travail a permis la caractérisation moléculaire et fonctionnelle de troubles du rythme 

cardiaque génétiques héréditaires, syndrome du QT long et syndrome de Brugada, grâce à la 

différenciation en cardiomyocytes d‘iPS provenant de patients atteints de ces arythmies. 

Mots-Clés : Cellules souches pluripotentes induites humaines, cardiomyocytes, troubles du 

rythme cardiaque, syndrome du QT long, syndrome de Brugada 

 

 

 

Analysis of Heart Rhythm Disorders using Induced Pluripotent Stem Cells 

 
 

Heart rhythm disorders are frequent heart diseases and are a major cause of sudden cardiac 

death from abnormal excitability of the heart. Studying these dysfunctions is essential to 

understand the mechanisms of these cardiac diseases and develop new treatments. The 

technology of induced pluripotent stem cells (iPS) allows generation, from a patient‘s somatic 

cells, of pluripotent stem cells specific for this patient, which can be differentiated in any type 

cell, including cardiomyocytes. When obtained from a patient suffering from an arrhythmic 

syndrome, these cells will thus allow the modeling of the patient‘s cardiac rhythm disorder. In 

this thesis, we characterized at molecular and functional levels, genetically inherited cardiac 

arryhthmias, long QT and Brugada syndrome (BrS), using cardiomyocytes differentiated from 

induced pluripotent stem cells derived from patients suffering from these genetically inherited 

arrhythmias. 

Keywords: Human induced pluripotent stem cells, cardiomyocytes, arrhythmic diseases, long 

QT syndrome, Brugada syndrome. 

  




