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Abstract

Human iPSC-derived cardiomyocytes (hiPSC-CMs) are a convenient cell source of

human cardiomyocytes (CMs), valuable for modelling cardiac disease, drug testing,

and regenerative research. However, they remain immature, limiting use in adult-

onset diseases. Despite many maturation efforts since the 2010s, full maturity

hasn’t been achieved. Recent work points to the β-adrenergic pathway’s role, but

cAMP nanodomain formation and regulation are still unclear. Therefore this thesis

aimed to explore the dynamics between maturation and organisation of the cAMP

signalling pathway in hiPSC-CMs.

Specifically, this thesis explored how hiPSC-CM metabolic maturation and left ven-

tricular lineage specification affect cAMP signalling. Single nucleus transcriptomics

was used to assess RNA level maturity and cell types produced by differentiations.

Functional measurements of action potentials, calcium transients and contractility

were correlated with transcriptomic changes. Additionally, β-adrenergic-induced

alteration of cellular function was investigated, in relation to changes in activity of

PDE3 and PDE4 observed using FRET-based cAMP sensors.

This work found that the proportion of proliferative CMs was reduced with

maturation. Transcriptomics showed a high proximity between hiPSC-CM groups,

while functional analysis revealed that both protocols producedmore mature hiPSC-

CMs. Additionally, the left ventricular lineage specification robustly reduced hiPSC-

CM functional heterogeneity. An increased reliance on human adult isoform PDE3

was observed in hiPSC-CM from both maturation protocols, and was associated

with robust functional responses to β-adrenergic stimulation.

These findings advance our understanding of β-adrenergic signalling in hiPSC-CM

maturation. Mapping cAMP nanodomains, and the corresponding enhancement

of chronotropic and inotropic responses in hiPSC-CMs, will help establish clear

molecular and functional benchmarks of β-adrenergic maturation, that will serve

both as a sensitive readout and a driver of hiPSC-CM maturity.
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Chapter 1

Introduction

1.1 The cardiac function in health and disease

The human heart is an organ of central importance for the rest of

the organism. It acts as a mechanical pump with regular contractions

and relaxations, to ensure the circulation of blood through the entire

body, thereby enabling the continuous delivery of oxygen, nutrients, and

hormones to tissues while facilitating the removal of metabolic wastes.

Given its importance, any dysfunction in cardiac activity can have profound

consequences on overall health, making the heart a central focus of

biomedical research. A comprehensive understanding of cardiac physiology

and pathology is crucial for advancing the prevention, diagnosis, and

treatment of cardiovascular diseases, which remain among the leading

causes of death worldwide.

1.1.1 The excitation-contraction coupling

The coupling of excitation and contraction in cardiomyocyte (CM) is

crucial in cardiac physiology, enabling the heart to function efficiently as a

pump. This process integrates electrical signals with mechanical contraction

through a finely tuned interplay of ionic fluxes, intracellular signalling, and

molecular machinery (see Figure 1.1).

1.1.1.1 Cardiac action potentials

Spontaneous cardiac electrical activity arises from a subpopulation of

CMs located in the right atrium, the sinus nodal CMs, which are distinguished
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Figure 1.1: Schematic of excitation-contraction coupling in cardiomyocytes.
Representation of the link between intracellular calcium fluxes and CM
contraction/relaxation. Red arrows show calcium entry and release from the SR
that induce myofilaments to contract. Blue arrows illustrate calcium re-uptake
and extrusion that allow relaxation. NCX = sodium-calcium exchanger, PLB =
phospholamban, Ca = calcium ion, RyR = ryanodine receptor, LTCC = L-type Ca
channel.
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by their pacemaker ability. Unlike other CMs, pacemaker cells display

an unstable resting membrane potential with spontaneous depolarisation.

This is due, on one hand, to the specific expression of hyperpolarisation-

activated cyclic nucleotide–gated channels, a peculiar type of voltage-gated

channels which, unlike most voltage-gated ion channels, activate at low

voltages (below −50mV). They induce a mixed sodium/potassium influx

during the hyperpolarisation of sinus nodal CMs (called the ’funny current’),

which starts a slow depolarisation. In addition, localised spontaneous

calcium leak from the sarcoplasmic reticulum (SR) through ryanodine

receptor channels (RyRs), called calcium sparks, activate the sodium-

calcium exchanger at the membrane, which increases the sodium influx,

and therefore the depolarisation [1], [2]. When the membrane potential

reaches about −50mV, it triggers a the successive opening of T-type

and L-type calcium channels, which induces a fast depolarisation with

a large influx of extracellular calcium ions. Progressively, because of

the depolarisation, the calcium channels close and potassium channels

open, leading to the repolarisation by efflux of potassium ions. This

cyclic spontaneous depolarisation of pacemaker cells then propagates

synchronously to all CMs through the atria first, then the signal converges

to the atrioventricular node, and from there propagates to the ventricles

through the bundle of His and Purkinje fibers. The crucial temporal

and spatial coordination of action potentials across the myocardium is

regulated by gap junctions, primarily composed of connexin 43, which

enable rapid intercellular electrical communication [3]. In non-pacemaker

CMs the propagation of an action potential across the sarcolemma is initiated

by this transmitted depolarisation. The membrane potential rises from

−90mV to −70mV and this triggers the rapid depolarisation phase (less

than 2ms) to around +50mV, with the influx of sodium ions through

activation of the voltage-gated sodium channels (NaV1.5), followed by a

plateau phase driven by the balance between calcium influx via L-type

calcium channel, CaV1.2 (LTCC) and potassium efflux through delayed

rectifier channels (KV11.1, KV7.1). This prolonged depolarization ensures
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a sustained contraction necessary for efficient cardiac ejection. Finally,

calcium channels progressively close, allowing the fast repolarisation of

the CM. When the membrane potential returns below −70mV, the inward-

rectifier potassium channel (KIR) take over and participate to the ion fluxes

equilibrium maintaining the membrane potential at its resting value of

−90mV [4].

1.1.1.2 Calcium cycling

Calcium ions serve as the central link from electrical excitation to

mechanical contraction. Following the depolarization of the sarcolemma,

calcium enters the cytoplasm through LTCCs during the plateau phase of

the action potential. LTCC are located predominantly within the transverse

tubules (T-tubules), profound invaginations of the sarcolemma, required

for an efficient and synchronous excitation-contraction coupling [5]. T-

tubules associate with SR to form a functional dyad where LTCC and RyRs

are kept in close proximity. This is crucial as the initial modest calcium

influx through LTCC triggers a much larger release of calcium from the SR

via RyRs, in a process termed calcium-induced calcium release (CICR). The

resultant rise in cytosolic calcium concentration facilitates the binding of

calcium ions to troponin C on the actin filaments of sarcomeres, inducing a

conformational change in the troponins complex thereby promoting actin-

myosin cross-bridge formation and muscle contraction. The initiation of

relaxation necessitate the removal of calcium ions from the cytosol to allow

its dissociation from troponin C. This is primarily achieved by the reuptake

of calcium into the SR via the sarco-endoplasmic reticulum calcium-ATPase

(SERCA) pump, which thereby restores the SR calcium stocks for the next

contraction. SERCA activity is tightly modulated by the regulatory protein

phospholamban, which undergoes phosphorylation to relieve its inhibitory

effect on the pump. The SR calcium-buffering capacity is increased by

luminal calcium-binding proteins such as calsequestrin. In addition to the

SR reuptake, the sodium-calcium exchanger and the plasma membrane

calcium-ATPase also extrude calcium ions from the cell, to restore diastolic
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calcium levels.

1.1.1.3 Sarcomeres, the contractile unit

The sarcomere, the fundamental contractile unit of striated muscles,

plays a pivotal role in the contraction of the cardiac muscle by translating

biochemical signals into mechanical force. Its highly organized structure,

composed of repeating units of actin and myosin filaments, ensures the

efficient conversion of chemical signal into mechanical work. The sarcomere

is built in mirror and delimited by Z-discs, which anchor the thin actin

filaments. Within the sarcomere, thick myosin filaments are intercalated

between thin filaments, with their heads projecting outwards to interact

with actin. Thick filaments are formed by myosin heavy chains (MHCs) and

associated light chains (MLCs). Each myosin molecule contains a globular

head with actin-binding and ATPase activity, enabling force generation

through cross-bridge cycling. Myosin-binding protein C interacts with

both actin and myosin, modulating filament alignment and contraction

kinetics. The giant protein Titin extends from the Z-disk to the middle

of the sarcomere (the M-band) and runs along the thick filaments to

bind them. It also acts as a molecular spring to maintain sarcomeric

integrity and elasticity during contraction and relaxation cycles [6]. The

actin-myosin interaction is regulated by the troponin-tropomyosin complex,

which is embedded in the actin filaments. The troponin complex comprises

three subunits: troponin C, the calcium-binding component ; troponin

I, the inhibitory subunit that prevents actin-myosin interaction in the

absence of calcium ; and troponin T, the subunit anchoring the complex

to tropomyosin. Tropomyosin, is a filamentous protein which lies within

the grooves of the actin helix, blocking the myosin-binding sites under

resting conditions. Sarcomeres associate longitudinally at Z-disks to form

myofibrils, which are anchored to the sarcolemmal cytoskeleton by desmin

filaments. Myofibrils are organised in parallel bundles to ensure efficient

unidirectional contraction [7].
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The initiation of cardiac contraction is tightly regulated by intracellular

calcium transients. During excitation-contraction coupling, calcium released

from the SR binds to troponin C, inducing a conformational change in the

troponin-tropomyosin complex. This shift exposes myosin-binding sites

on actin, allowing cross-bridge formation. Adenosine triphosphate (ATP)

is indispensable for the energy-intensive process of cross-bridge cycling.

Myosin heads bind ATP, which is hydrolysed to adenosine diphosphate

(ADP) and inorganic phosphate (Pi), priming the myosin for interaction with

actin. Upon binding, Pi is released, which triggers a conformational change

wherein the myosin head pivots, pulling the actin filament. This generalised

phenomenon induces a global sliding of the actin filaments relative to the

myosin filaments, and towards the M-band, on both sides of the mirrored

sarcomere. This bi-directional sliding results in the overall contraction of

the sarmomere, and through this, the contraction of the whole CM. ADP

is subsequently released, and ATP binding to myosin detaches the cross-

bridge, allowing the cycle to repeat. This cyclical process, driven by the

hydrolysis of ATP, ensures continuous sarcomeric contraction as long as

calcium levels remain elevated.

The force developed is dependent on calcium concentration, actin

filaments’ calcium sensitivity and initial sarcomere length. The relation-

ship between cytoplasmic calcium concentration and force development

is sigmoidal, characterized by a threshold, steep activation phase, and

saturation plateau. Importantly, this relationship is modulated by coop-

erative interactions within the thin filament, whereby binding of calcium to

one troponin complex enhances the likelihood of neighbouring complexes

binding calcium [8]. At submaximal calcium levels, calcium sensitivity plays

a key role in thin filament activation, which critically determines the force

produced. Factors such as post-translational modifications of sarcomeric

proteins (e.g. phosphorylation of troponin I) and changes in the isoform

composition of troponin and tropomyosin can significantly alter calcium

sensitivity. Additionally, sarcomere length (SL) profoundly influences the

force-generating capacity of muscle through two primary mechanisms: the
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length-tension relationship and length-dependent activation. The length-

tension relationship delineates an optimal SL (2.0-2.2 μm in human striated

muscle) at which maximal overlap between actin and myosin filaments

occurs, allowing for optimal cross-bridge formation. Deviations from this

optimal length reduce force production due to suboptimal filament overlap

(at shorter lengths) or diminished cross-bridge binding potential (at longer

lengths) [9]. Length-dependent activation refers to the increase in thin

filament calcium sensitivity and therefore force generation with increasing

SL. This phenomenon is attributed to changes in the lattice spacing between

actin and myosin filaments, which influence the probability of cross-

bridge interactions. At longer SLs, reduced lattice spacing enhances the

proximity and alignment of myosin heads with actin-binding sites, thereby

increasing the likelihood of force-generating cross-bridges. Additionally,

length-dependent structural changes in the thin filament may enhance

the cooperative activation of troponin-tropomyosin complexes, further

augmenting calcium sensitivity [10].

Relaxation of the sarcomere occurs when cytosolic calcium levels decline

through reuptake in the SR and extrusion to the extracellular space. As

calcium dissociates from troponin C, tropomyosin re-blocks the myosin-

binding sites on actin, terminating cross-bridge cycling and allowing the

sarcomere to return to its resting state.

1.1.2 The β-adrenergic pathway

1.1.2.1 Role of the β-adrenergic stimulation on cardiac function

β-adrenergic stimulation is a key regulatory mechanism in cardiac phys-

iology, enabling the heart to adapt to increased peripheral metabolic de-

mands through enhanced force development (inotropy), heart rate (chronotropy),

and relaxation (lusitropy) (see Figure 1.2).

Adrenergic receptors are responsible for the signal transduction from

the sympathetic system to effector cells and in particular CMs. The most
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Figure 1.2: Schematic of excitation-contraction coupling adaptation to
β-adrenergic stimulation in cardiomyocytes. Representation of changes in
mature CM function induced by catecholamine activation of the β-adrenergic
pathway. Green arrows represent increased calcium entry and release from the
SR inducing faster and stronger contraction, and faster relaxation through calcium
re-uptake. β-AR = β-adrenergic receptor, AC = adenylyl cyclase, PKA = protein
kinase A catalytic subunit, Reg = PKA regulatory subunit, PLB = phospholamban,
Ca = calcium ion, RyR = ryanodine receptor, LTCC = L-type Ca channel.
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expressed isoform in human CMs is the β-adrenergic receptor (β-AR).

Upon catecholamine binding, β-ARs activate the stimulatory G protein (Gs),

leading to an increase in adenylyl cyclase (AC) activity and subsequent cAMP

production. cAMP serves as an intracellular second messenger, activating

protein kinase A (PKA), the central effector of β-adrenergic signalling. PKA

is a serine/threonine kinase and orchestrates a cascade of phosphorylation

events targeting key proteins in cardiac excitation-contraction coupling

[11]. In particular, PKA phosphorylates LTCCs, RyR, phospholamban and

troponin I, with the following effects:

Phosphorylation of the α1C subunit of LTCCs increases calcium influx

from extracellular space during depolarization, augmenting CICR from SR.

PKA-mediated phosphorylation of RyR2 directly promotes calcium release

from the SR, increasing the amplitude of calcium transients ; and, together

with phosphorylation of LTCCs, enhances contractility (inotropy). In its

unphosphorylated state, phospholamban inhibits the SERCA. PKA phospho-

rylation relieves this inhibition, accelerating calcium reuptake into the SR

and improving relaxation (lusitropy). Phosphorylation of troponin I reduces

calcium sensitivity of the thin filament, facilitating faster dissociation of

calcium from troponin C during diastole (chronotropy). These modifications

collectively enhance both systolic contraction and diastolic relaxation,

thereby increasing cardiac output.

1.1.2.2 cAMP compartmentalisation

cAMP is a ubiquitous second messenger that orchestrates - through

the activation of PKA - a myriad of cellular processes, including gene

expression, metabolism, and excitation-contraction coupling, particularly

in CMs. However, it has been shown since the late 1970’s that distinct

effects could be obtained through the activation of different G protein-

coupled receptors, despite a similar increase in global cAMP and PKA

activity [12]. The coordination of the multiplicity of cAMP/PKA dependent

effects is achieved via spatial and temporal confinement of PKA, but more
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importantly cAMP, within the cytoplasm [13]. These functional localised

gradients of cAMP are called nanodomains, as their size has been measured

to be in the range of 30-60 nm [14], [15]. Current evidence suggests

that four phenomena may contribute to generate these cAMP gradients:

localized cAMP production, localised breakdown by phosphodiesterases

(PDEs), restricted diffusion and buffering of cAMP.

One of the main actors of this confinement are A kinase-anchoring

protein (AKAP), scaffold proteins that bind together β-AR, AC, PKA, PKA

phosphorylation targets, phosphatases (PPs) and PDEs. Individual AKAPs

preferentially bind specific isoforms of β-AR, AC, PDE as well as specific

target proteins. This leads to the formation of various functional combi-

nations called signalosomes. For obvious reasons, these signalosomes are

mainly studied in rodents but there are discrepancies in many signalosomes

components, and the role of specific PDE isoforms can be different in

humans compared to what is seen in rodents, which is thought to be one of

the main reasons for recurring unsuccessful clinical translation of promising

findings [16]. In humans and rodents, AKAP18 links PKA to the SERCA,

phospholamban (PLN), and PDE3A [17]. In rodents, AKAP79 tethers PKA

to β2-AR, AC5/6, LTCC and PDE4D [18]. While this has not been directly

confirmed to be the case in human hearts, indirect evidence suggests a

similar complex [19] (see Figure 1.3).

The adrenergic pathway is highly responsive through the localised

production of cAMP, and the close proximity of PKA to its targets. However,

to ensure specificity of its effects, cAMP diffusion must be strictly controlled,

as evidenced by experiments using fluorescence resonance energy transfer

(FRET)-based cAMP sensors [20]. cAMP diffusion is thought to be shaped

by PDEs, which act as ”sinks” by degrading cAMP from specific locations

[21]. However some studies suggest that PDEs degradation capacity is not

sufficient to prevent all diffusion of cAMP out of the nanodomains so there

are likely other mechanisms involved [22], [23]. Recently, it was shown

that the regulatory subunit of PKA undergoes liquid-liquid phase separation,
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Figure 1.3: Schematic of several cAMP nanodomains and signalosomes in
cardiomyocytes. Representation of the main cAMP nanodomains and respective
signalosomes in adult CMs. Shaded green areas represent the limits of each
nanodomain, with color intensity showing variations of cAMP concentration. β-
AR = β-adrenergic receptor, PDE = phosphodiesterase, PKA = protein kinase A
catalytic subunit, AKAP = A kinase anchoring protein, PLB = phospholamban, Ca
= calcium ion, RyR = ryanodine receptor, LTCC = L-type Ca channel.
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forming aggregates in the cytosol. These aggregates can capture cAMP,

thereby limiting its diffusion [24]. Nonetheless, cAMP degradation by PDEs

remains a key process in the β-adrenergic pathway regulation.

Among the 9 PDE isoforms expressed in human cardiac tissues, PDE3 and

PDE4 have emerged as central regulators of the β-adrenergic pathway and

excitation-contraction coupling in CMs [16]. PDE3 enzymes hydrolyze both

cAMP and cyclic guanosine monophosphate, though they exhibit a markedly

higher affinity for cAMP. The two isoforms of the PDE3 family, PDE3A and

PDE3B, are expressed in the heart, with PDE3A being more predominant

in CMs [25]. PDE3B is expressed in T-tubules, while PDE3A localizes to

distinct subcellular domains, including the SR, where it modulates PLN phos-

phorylation and SERCA activity, and the sarcolemma, where it influences

LTCC activity. Through these mechanisms, PDE3 regulates intracellular

calcium handling, thereby exerting a profound effect on contractility and

relaxation. PDE4 enzymes however, specifically hydrolyse cAMP. 3 isoforms

of the PDE4 family are expressed in the heart: PDE4A, PDE4B and PDE4D

[26], [27]. PDE4D is the most abundant isoform and is restricted to cAMP

nanodomains via interactions with AKAPs and other scaffolding proteins.

At the plasma membrane, specific PDE4D variants modulate β1- and β2-

adrenergic receptor signalling, influencing receptor desensitization and

alternative signalling. PDE4B, associates with LTCCs and inhibits β-AR

stimulation of L-type calcium currents. Within the sarcoplasmic reticulum,

PDE4D localizes to the RyR2 and interacts with the SERCA2–phospholamban

complex, regulating calcium handling. Though PDE4 is expressed in both

rodent and human hearts, its overall contribution to cAMP degradation is

smaller in humans. Despite its localisation at the SR and β-ARs, inhibition

of PDE4 by selective agents like rolipram has been shown not to affect

catecholamine-induced inotropic and lusitropic responses. However, it was

shown to potentiate the inotropic responses of cardiac tissue to PDE3

inhibition, suggesting a more critical role when cAMP levels are increased

[26].
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1.1.3 The β-adrenergic pathway in disease and during car-

diac development

In the context of cardiovascular diseases, and particularly heart fail-

ure (HF), β-adrenergic signalling and cAMP nanodomains are profoundly

dysregulated. Chronic HF is associated with extensive cardiomyocyte

remodelling, including loss of T-tubule structure, which causes β2-ARs to

redistribute throughout the cell, losing their confinement to T-tubules. This

redistribution leads to a more diffuse cAMP signal, a mechanism linked to

arrhythmias [28]. In failing hearts, the proper association of PKA with

AKAPs is markedly reduced [29], including diminished interaction between

PKA and AKAP1 [30] and down-regulation of AKAP79 [31]. Despite elevated

sympathetic activity, HF is paradoxically associated with reduced intra-

cellular cAMP content and decreased phosphorylation of PKA substrates,

thereby impairing cardiac contractility. Specifically, phosphorylation of

PLN, cTnI, and myosin-binding protein C (MyBP-C) is diminished in human

HF [32], [33]. Altered regulation of PDEs also contributes to disease

progression: levels of PDE3A and PDE4D are decreased, which can provoke

sarcoplasmic reticulum Ca2+ leak and cardiomyocyte apoptosis through

PKA-dependent hyperphosphorylation of the RyR2 [34], [35], although

some discrepancies remain between studies about these PDEs expression

and activity. Conversely, PDE1 and PDE2 expression is upregulated in HF

[36], [37]. The redistribution of PDEs, caused by T-tubule and AKAP loss,

likely explains the impaired function, beyond changes in PDE expression

[38]. Numerous PDE inhibitors have undergone clinical evaluation for

their potential cardioprotective effects, due to chronic elevated sympathetic

activity. However, despite promising preclinical data, these trials have

showed mixed results, especially in long-term treatments [16]. Several

factors likely contribute to the discrepancies between preclinical success

and clinical outcomes. Key challenges lie in interspecies differences in PDE

expression and localisation patterns, but also the complex interplay between

the differential effect of specific isoforms. Moreover, even isoform-selective
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inhibitors may not solve the problem if the targeted PDE is in different

subcellular compartments with opposing physiological roles. This highlights

the need for further research on the matter, drug screening and disease

modelling to find new strategies against cardiovascular diseases.

Beyond HF, related pathologies also involve impaired cAMP/PKA signalling:

in hypertrophic cardiomyopathy (HCM), PKA-dependent phosphorylation

of myofilament proteins is reduced, while PLN phosphorylation remains

unaffected [39]. And in diabetic cardiomyopathy, insulin resistance drives

a PDE4D-mediated decline in total PKA activity [40]. Moreover, sus-

tained catecholamine stimulation not only accelerates HF progression but

also promotes insulin resistance in cardiomyocytes, where chronic β2-AR

overstimulation inhibits insulin-induced GLUT4 translocation to the plasma

membrane, thereby reducing glucose uptake in a PKA-dependent manner

[41].

The structural changes observed during disease remind what is seen

in immature CMs. However, very few studies have focused on the β-

adrenergic pathway evolution during cardiac development in vivo. In

neonatal rat cardiomyocytes, adrenergic stimulation increases the calcium

entry through LTCC [42]. Additionally, adrenergic stimulation induces

phospholamban phosphorylation. However, calcium transients are not sys-

tematically altered, reflecting the immature functional state of the SR [43].

Moreover, a decrease in β-AR/AC sensitivity is observed between foetal and

neonatal rat hearts, associated with a reduction in β-AR expression and also

suggests uncoupling from AC [44]. Expression of β2-AR is almost divided

by two between human fetal hearts and adult human hearts, while β1-AR is

increased two-fold in adult vCMs compared to fetal CMs [45].

As functional measurements from in vivo models are limited, in vitro

approaches using differentiating hiPSC-CMs represent an unprecedented

opportunity to study the establishment of the β-adrenergic pathway [38],

[46].
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1.2 The use of hiPSC-CM in cardiovascular disease

modelling

1.2.1 hiPSC-CM differentiation

Induced pluripotent stem cell (iPSC) originate from differentiated so-

matic cells that have been reprogrammed using specific transcription

factors. Takahashi and Yamanaka were the first to identify 4 transcription

factors necessary to de-differentiate cells: OCT3/4, SOX2, KLF4 and c-

MYC [47]. iPSCs have the same advantages as embryonic stem cells as

they self-renew and can then be re-differentiated into any cell type they

have the advantage of raising fewer ethical problems. Therefore, they

represent an easy way to obtain large quantities of human cells without

the sourcing difficulties associated with some human primary samples,

like cardiac cells. Moreover, human induced pluripotent stem cell (hiPSC)

provide a true revolution in biology as they can be generated directly from

patient cells, which is advantageous for medical applications as they possess

the unique advantage of reflecting the genetic background of individual pa-

tients, thereby improving cardiovascular diseases modelling and facilitating

personalized medicine approaches [48], [49]. For that reason, hiPSCs are

an extensive and powerful tool to study developmental processes, for drug

discovery, disease modelling, and regenerative medicine [50]. In particular,

hiPSC-CM have been successfully used to model different life-threatening

cardiac diseases such as hypertrophic [51] and dilated cardiomyopathy

[52], and long QT [53] and Brugada syndrome [54]. hiCMs are more

relevant than rodent CMs when studying human cardiac pathophysiology

because there are important species differences in terms of ion channel

abundance, protein isoforms, and electrophysiological properties between

rodent and human that can confound and slow down clinical translation [55].

Efficient differentiation into CMs is required to ensure robustness and

applicability of this promising research model. Several methods exist to
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generate hiPSC-CMs and differentiation protocols have rapidly evolved to

increase the CM yield (purity), and simplify the process. CM differentiation

from iPSCs uses modulation of signalling pathways involved in cardiac

development during normal embryogenesis [56]. There have been two

main strategies to generate functional CMs from iPSCs, the differentiation

of embryoid bodies and two-dimensional (monolayer) culture. Embryoid

bodies are floating cell aggregates of pluripotent cells that have the ability

to spontaneously produce derivative cells of all the three germ layers

[57]. Originally, uncontrolled embryoid bodies differentiation was used to

generate CMs from pluripotent cells. However, this procedure relying on the

presence of serum suffered from low reproducibility and inter-line variability

[58].

During embryonic development in vivo, pluripotent cells go through

several steps to give rise to CMs: A mesoderm induction followed by

early cardiac induction gives rise to cardiac progenitors, which in term

fully differentiate into CMs. The in vitro differentiation protocols now use

a directed specification of pluripotent cells, using this knowledge. Growth

factors such as activin A, FGF2, and BMP4 were transitorily added to the

culture medium to induce cardiac differentiation, in both embryoid bodies

and monolayers, with a much higher efficiency [59], [60]. The stage-

specific roles of these factors were subsequently examined, and highlighted

the need for carefully optimized timings and concentrations for each cell line,

through monitoring of cardiac differentiation, especially in the early stages

[61]. The yield of cardiomyocytes was further enhanced, and the overall

differentiation process became more consistent. A cross-talk between the

BMP4/activin A and Wnt/β-catenin pathways was then identified as central

for cardiac differentiation and new protocols explored this finding, using

various combinations of activators and inhibitors of these pathways.

The cost of growth factors being comparatively expensive, and often

less efficient in terms of variability and efficiency (CM yield), a transitory

activation of the sole Wnt pathway using CHIR99021, followed by inhibitors
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such as IWR, IWP2 or IWP4 have emerged as standard procedure [62].

However, these directed differentiation protocols did not selectively control

CM lineage generation, leading to heterogeneous populations predominantly

composed of ventricular CMs. Research on new procedures to generate

specific CM lineages (mainly atrial and nodal) highlighted the predominant

role for the activin A pathway, and more specifically the retinoic acid, in

generation of atrial CMs [63]. With timings and concentration adjustments

of this small molecule strategy, the differentiation efficiency is now around

90-95%. And with new protocols to generate specific CM lineages, hiPSC-

CMs have emerged as a powerful tool in cardiovascular research [64].

1.2.2 hiPSC-CM characteristics

No model is perfect, and the main limitation of hiPSC-CMs is their relative

developmental immaturity when compared to adult primary CMs. Indeed,

hiPSC-CMs show more similarities with foetal CMs than adult CMs in some

characteristics of their function and shape [65] (see Figure 1.4).

In terms of morphology, adult CMs display a rod-like shape with deep

tubular invaginations of the sarcolemma called T-tubules. T-tubules are

crucial in the normal physiology of CMs and the heart. They cluster ion

channels such as LTCC which are integral to excitation-contraction coupling,

and are rich in β2-adrenergic receptors, which are activated on sympathetic

stimulation. T-tubular disruption is associated with pathological mecha-

nisms that can lead to heart failure and increase the risk of life-threatening

arrhythmogenic events [68]. In addition, adult CMs have highly organised

sarcomeres and they display abundant tightly packed mitochondria, which

are well aligned with the cardiac sarcomeres. In contrast, hiPSC-CMs

are much smaller, with underdeveloped and disorganised sarcomeres,

no T-tubular network, and fewer mitochondria. Moreover, an isoform

switch occurs early on during development/maturation from foetal to adult

sarcomeric proteins. For example, the cardiac troponin I (cTnI) replaces the

slow skeletal troponin I (ssTnI), and a clear chamber specification occurs
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Figure 1.4: Features of immature and mature cardiomyocytes. Adapted
from Karakikes et al., Circulation Research (2015), Figure 3A [66] and Ottaviani
et al., Development (2023), Figure 1 [67]. Cardiomyocyte maturation from fetal
(left) to adult (right), with electrophysiological, morphological, transcriptional,
ultrastructural and metabolic changes. Top: Schematic of ventricular APs. Phases
0 to 4 are the rapid upstroke, early repolarization, plateau, late repolarization,
and diastole, respectively. A,B: Characteristic ion channels expressed at the
plasma membrane of (A) immature versus (B) mature cardiomyocytes. C,D:
Characteristics and structure of muscle fibres in cardiomyocytes, including
magnifications of the sarcomeres in fetal cardiomyocytes (C) versus adult
cardiomyocytes (D).
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between the atria and the ventricles with atrial myosin light chain 2 (MLC2a)

and ventricular myosin light chain 2 (MLC2v) respectively, whereas only

MLC2a is expressed in foetal and immature CMs [69]. These switches are

associated with a change in CMs contractility due to their different properties

[70].

The contractile function of CMs is also intrinsically linked to calcium

dynamics. In hiPSC-CM, the immature calcium handling properties, ad-

ditionally to the under development and disorganisation of sarcomeres,

translate to reduced contractile force as compared to adult CMs. In

native human CMs, the contraction is initiated during the plateau phase

of the action potential, where calcium enters the cell via LTCC. This influx

triggers the opening of RyR2 channels on the SR, leading to a substantial

release of calcium into the cytoplasm. This allows myofilament contraction.

Subsequently, relaxation occurs as calcium is re-sequestered into the SR

through SERCA2 reuptake, or extruded from the cell via the sodium/calcium

exchanger NCX1. In hiPSC-CM, while the fundamental components of

calcium handling are present, there are notable differences compared to

adult CMs. As immature hiPSC-CM lack a well-developed T-tubule system,

there is a spatial separation between LTCCs and RYR2 channels. This

structural disparity leads to a reduced and slower calcium release from the

SR, making hiPSC-CM more reliant on transsarcolemmal calcium influx for

contraction. Additionally, a larger fraction of cytosolic calcium is removed

via NCX1 rather than reuptake into the SR, contributing to prolonged

calcium transients and slower relaxation times [71].

The electrophysiological properties of hiPSC-CM are foundational to their

function as cardiac cells. These cells exhibit spontaneous action potentials,

regardless for their specific lineage differentiation, whereas only a specific

subset of adult cardiac cells are pace-makers [72]. This phenomenon

is due to the presence of pacemaker currents, primarily mediated by

hyperpolarisation-activated cyclic nucleotide-gated channels. The action

potentials in hiPSC-CM are characterized by a more depolarized resting
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membrane potential, reduced upstroke velocity, and prolonged duration

compared to adult CMs. These differences are attributed to the distinct

profiles of ionic currents, including lower densities of inward rectifier

potassium currents (IK1) and variations in sodium (INa) and calcium (ICa)

currents [66].

Adult CMs are characterised by a high energy production and consump-

tion to support the constant contraction-relaxation cycles of the heart, which

increases dramatically during physical activity. Mitochondria are therefore

numerous and well organised, in close proximity to sarcomeres in adult

CMs. During cardiac development, additionally to increasing density and

organisation of mitochondria, substrate utilisation changes from glucose and

lactate in the fetal heart primarily to fatty acids in the adult heart [73]. On

this matter again, hiPSC-CMs display embryonic to fetal CMs characteristics

[74].

Fetal CMs show chronotropic responses (increased beating frequency)

in response to beta-adrenergic stimulation (norepinephrine) early in de-

velopment [75]. In hiPSC-CM, β-ARs are present and functional, but their

responsiveness varies with the maturation state of the cells. Younger hiPSC-

CM predominantly express β2-adrenergic receptors, while the expression of

β1-adrenergic receptors increases with maturation [46]. The effects of β-

adrenergic stimulation on contractile force and relaxation rate vary greatly

with the age of hiPSC-CM culture, but they are not as robust as in adult CMs

[76].

Such physiological properties reflect the immature state of hiPSC-CM,

and question the ability of this model to fully recapitulate adult disease

phenotypes. Additionally, current differentiation protocols often give rise

to heterogeneous populations of CMs and are characterised by excessive

variability [77]. These problems limit the applicability of hiPSC-CMs in

cardiovascular research and translational medicine, and underscore the

need for strategies aimed at promoting their maturation to achieve adult-

like cardiac physiology.
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1.2.3 Maturation of iPSC-CM

In order to improve the applicability of hiPSC-CMs as a research model,

focus incline toward generation of a highly mature and homogeneous

CM population through new differentiation methodologies and technical

modifications of current hiPSC-CM culture methods.

Prolonged time in culture, beyond 80 days, have proven to increase ma-

turity of hiPSC-CMs. It happened through the development of key current

densities implicated in cardiac action potentials, in relation to increased

corresponding ion channels expression. Calcium transient velocities and

sarcomere development were also reported [78]–[80]. However, in addition

to the substantial cost of this strategy, there are inconsistencies between

the different studies, and the variability within the hiPSC-CM cultures was

persistent [81].

Other approaches used to induce maturation in vitro target specific

pathways and processes underpinning CM physiology that are altered in

hiPSC-CMs using biophysical, biochemical and mechanical properties of the

native heart. 3-dimensional (3D) culture, long-term electrical stimulation,

increased mechanical strain and fatty acid enrichment have all aided,

separately, to produce more mature hiPSC-CMs [67].

Recently, several studies have focused on the influence of cardiac non-

myocytes on hiPSC-CMs maturity. Giacomelli and collaborators co-cultured

iPSC-derived cardiac fibroblasts (CFs), endothelial cells (ECs) and CMs, in

3D microtissues [82]. After 21 days, the CMs from these microtissues show

an enhanced maturity when compared to CMs cultured alone in 2D or in

the presence of only ECs or CFs. Their results suggest that cAMP and the

downstream β-adrenergic pathway could be involved in CM maturation. The

suggested mechanism of maturation in the co-cultured system is a close

coupling between CFs and CMs from these microtissues, involving Connexin

43 gap-junctions, which can act as a bridge to allow the diffusion of cyclic

guanosine monophosphate (cGMP) from the CFs to the CMs in co-culture.
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There, cGMP is thought to enhance cAMP levels via the inhibitory effects of

cGMP on PDE 3 that degrade cAMP. In other terms, PDE3-specific inhibition

could be used to further mature hiPSC-CM, even in 2D monolayer.

PDE3 and PDE4 are the main regulators of the cAMP-PKA pathway in

human CMs, although their relative predominance varies during cardiac

development and in disease. PDE4 is the primary isoform responsible

for regulating cAMP-PKA signalling in immature CMs, whilst PDE3 supplant

PDE4 in adult CMs. In disease, such as heart failure, both isoforms are

downregulated. It is important to highlight that PDE3 activity is associated

with various downstream effects, depending on the nanodomain it is in-

volved in [25]. With maturation, the cAMP-PKA pathway develops in hiPSC-

CM. Maturation is associated with a significant increase in β-AR and ACs

expression resulting in an increased cAMP production following isoproterenol

treatment, and increased PKA-mediated phosphorylation of Troponin I and

Phospholamban in hiPSC-CMs. Moreover, while no specificity of β-AR

subtype for activation of downstream mediators was shown in early hiPSC-

CMs, caveolar nanodomains develop, allowing β2-AR compartmentation in

more mature hiPSC-CMs [46].

Some techniques are more efficient than others at maturing hiPSC-

CMs, but there is still no protocol that generates fully matured adult CMs

from iPSCs. Research is now focusing on combining these techniques and

defining the mechanisms and pathways that progress CM maturity when

differentiating from iPSCs.

Combining methods has proven by far to give the best results in

terms of global maturity. In an experiment combining 3D culture with

electrical and physiological stimulation, the different types of stimulation

potentiated the effects on maturation and gave rise to cardiac cells with a

high comprehensive degree of maturity [83]. Another study combined fatty

acid enrichment, nanopatterning and electrostimulation, demonstrating

that although electrical stimulation contributed most to changes in maturity,

combination of the techniques achieved the highest level of maturity [84].
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However, integrating multiple techniques necessitates additional expertise,

materials, and costs. Therefore, gaining a deeper understanding of the

mechanisms underlying CM maturation could enhance robustness and

facilitate the development of more streamlined protocols.

1.2.4 Overview of hiPSC-CM maturation protocols used in

this thesis

In this thesis, the relative efficiency of two protocols designed to increase

hiPSC-CM maturity, on several features of CMs physiology are explored.

The first paper, published by Feyen and colleagues [85] established a

culture medium based on adult CM metabolic needs. Their maturation

medium is designed to increase utilisation of FAO in hiPSC-CMs and reduce

reliance on glycolysis as an energy source, pushing hiPSC-CMs towards the

metabolic switch CMs undergo during maturation. The MM medium differs

from routinely used media such as RPMI+B27 by an increased calcium

concentration to aid CM contractility; lower glucose levels to promote FAO;

and supplementation with creatine, L-carnitine, and taurine to support CM

energetics, as used in the culture of adult CMs. When cultured with MM

medium, hiPSC-CMs show an increase in FAO, but they also display more

global maturation. This includes a more mature ultrastructure with highly

aligned sarcomeres and more abundant mitochondria, localised closer to

the nucleus and sarcomeres. MM medium also induces maturational effects

in cellular electrophysiology, increasing IK1 density to the level observed

in adult CMs, inducing a more negative diastolic membrane potential, and

increases reliance on sodium channels for the cardiac action potential

upstroke, as expected in mature CMs. MM treatment also increases

calcium cycling proteins activity, therefore increasing SR calcium release

and re-uptake, which occurs alongside increased maximal contractile force.

This suggests that metabolism, and in particular FAO, might be directly

linked to different maturation events in CMs including electrophysiology and

contractile proteins.
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The second paper, published by Dark and colleagues [86] proposed

a new differentiation protocol, designed to specifically give rise to left

ventricle-like CMs. With this specification, hiPSC-CMs generated are

more homogeneous and exhibit an increased overall maturation when

compared with iPSCs differentiated with traditional small molecules-based

differentiations. The LV relies on a reduced concentration of the Wnt

pathway activator CHIR, combined with Activin A and BMP4, activators

of the eponymous pathway, involved in cardiac ventricular specification

alongside Wnt. Additionally, the retinoic acid pathway is continuously

inhibited to prevent the undesirable emergence of atrial CMs. When

differentiated with LV protocol, hiPSC-CMs exhibited an increased and fast

sarcomere development, with adult-like sarcomere length and higher levels

of MLC2v and cTnI, two adult ventricular sarcomeric protein isoforms. At the

metabolic level, hiPSC-CMs from the LV protocol displayed a higher cellular

respiration and ATP production. Electrophysiology was also significantly

improved, with prolonged, more rectangular and homogeneous action

potentials, and increased IK1-associated channel expression. Similarly,

calcium transients were closer to adult CM calcium transients, with increased

amplitude and time to peak, and significant increase in calcium cytoplasmic

entry, through both LTCC and RYR2. At the transcriptomics level, cells

clustered closely to adult ventricular CMs, preforming better than age-

matched hiPSC-CMs differentiated with standard protocols, even those

cultured with MM medium.

1.3 Thesis aims

HiPSC-CMs are valuable for cardiac research, disease modelling, drug

testing, and regeneration, but remain immature compared to adult cells.

While cAMP signalling influences maturation, the mechanisms regulating

cAMP nanodomains in hiPSC-CMs are unknown. Additionally, maturation

protocols are very rarely directly compared for efficiency, leaving unclear

whether they produce uniform maturity across all cardiac functions. Un-
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derstanding these processes could enhance our understanding of hiPSC-

CM maturation and open new avenues to improve their application in

cardiovascular therapies.

This thesis hypothesises that maturation protocols do not achieve ho-

mogeneous maturation across all cardiac functions and that it impacts the

development of the β-adrenergic pathway.

Using two previously published protocols that have been shown to

enhance maturation of hiPSC-CMs, their relative impact on the organisation

of the cAMP signalling pathway will be explored in this thesis. The first

protocol, designed by Feyen and collaborators, involves a specific culture

medium formulated to promote a metabolic switch from glycolysis to fatty

acid oxidation in hiPSC-CMs. This switch naturally occurs during cardiac

development but hiPSC-CMs usually still rely mainly on glucose for ATP

synthesis at the end of conventional differentiation protocols. Enforcing this

metabolic switch in hiPSC-CMs is associated with a more global maturation

[85]. The second protocol, designed by Dark and collaborators, is a

differentiation protocol designed to specifically give rise to left ventricle-

like hiPSC-CMs, and is associated with an enhanced overall maturation,

as compared to traditional non-specific CM differentiation protocols [86].

There is little understanding of how enforced metabolic switch toward fatty

acid oxidation, or a more directed left ventricular like differentiation may

impact cAMP signalling and indeed how it alters the make-up of the cells

that are produced during the differentiation protocols.

Therefore the aims of this thesis are:

1. Establish how differentiation and maturation protocols influence the

proportion and maturity of CMs produced in 2D culture, using transcrip-

tomics to gain an in-depth understanding of RNA level maturity and

cell types produced by differentiations, protein gels to assess mature

protein isoform abundances that are associated with CM maturation,

and functional measurements of action potentials, calcium transients
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and contractility to correlate transcriptomic and protein level changes

with CM functional changes.

2. Assess the relative activity of specific phosphodiesterases in hiPSC-

CMs matured metabolically or pushed towards a more confined left

ventricular lineage using live cell FRET-based cAMP imaging.

3. Assess the maturity of the cAMP signalling pathway in metabol-

ically matured and left ventricular like CMs by assaying how β-

adrenergic stimulation alters cellular function, and how this correlates

with changes in PDE3 and PDE4 activity.
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Chapter 2

Material and Methods

2.1 Definitions

Throughout this thesis, the terms differentiation batch was used to refer

to all hiPSC-CMs that originated from the same hiPSC culture passage

and were differentiated at the same time, with the same protocol. The

differentiation batches were different for each chapter.

Unless otherwise stated, the terms control cells, control group or control

(C) refer to hiPSC-CMs differentiated with the regular protocol that were

not subjected to any maturation process. Not to be confused with DMSO

control or control treatment.

2.2 General

2.2.1 Stem cell culture

The hiPSC line PGP1 was retrieved from vapour phase nitrogen storage.

Cells were rapidly thawed and mixed with >5 mL of warm mTeSR1 medium

containing 10 µM of Y-27632 (ROCK inhibitor). They were then centrifuged

at 200 relative centrifugal force ( rcf) for 3 min. The supernatant was

discarded and the pellet resuspended in 2 mL of the same medium. 1 mL of

the cell suspension was then transferred in 2 wells of a Matrigel-coated 12-

well plate. The plate was then incubated at 37°C, 5% CO2 for 24 h. Medium

changes were carried out daily, without the addition of ROCK inhibitor as

soon as the confluence was >20%.
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Passaging was performed when the confluence reached >75%. The medium

was removed and the cells were dissociated with 0.5 mL of Dulbecco′s

Phosphate buffered saline (DPBS) with 0.5 mM of EDTA, for 7 min at 37°C,

5% CO2. DPBS was then removed and the cells were resuspended in 1 mL

of warm passaging medium (mTeSR1 medium containing 10 µM of ROCK

inhibitor). The 2 stock wells were then diluted at 1:6 for a total of 13.5

mL of passaging medium and distributed in a 12-well plate (propagating

plate), with the remaining volume topped-up with passaging medium to 2

mL (approximately 1:12 final dilution) and then distributed evenly in 2 wells

of a 12-well plate (stock plate). The cells were then incubated at 37°C, 5%

CO2, and medium changes were performed daily with plain mTeSR1.

2.2.2 Regular cardiomyocyte differentiation

Once the propagating hiPSCs confluence reached >85%, the culture

medium was replaced with 1 mL of 10 µM CHIR99021 (CHIR) in RPMI1640

medium supplemented with B27 minus insulin (RPMI+B27–). This was day

0 of differentiation. After a 24 h incubation, the medium containing CHIR

was diluted with 0.5 mL of RPMI+B27– per well and incubated for a further

24 h. On day 2, the medium was entirely replaced with RPMI+B27–. On

day 3, the medium was replaced with 5 µM of IWP2 in RPMI+B27– and

incubated for 48 h. Subsequent medium changes were performed every

48 h. On day 5, the medium was replaced with RPMI+B27–. On day 7, it

was switched to RPMI supplemented with B27 plus insulin (RPMI+B27+).

On day 11, metabolic selection with glucose-free RPMI+B27+ and 4 mM L-

lactic acid was performed to eliminate a maximum of non-cardiomyocytes

that have arisen from the differentiation. From day 13, the medium was

replaced with regular RPMI+B27+ (See supplementary figure A.1).

2.2.3 Metabolic maturation

From day 20 of differentiation, half of the culture dishes or wells were

assigned to the MM medium. This medium was designed to shift metabolic
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processes to fatty acid oxidation instead of glycolysis to achieve maturation

of the hiPSC-CMs [85]. The medium recipe remained unchanged from

the original paper : ”DMEM without glucose (Thermo Fisher Scientific,

11966025) supplemented with 3 mM glucose (Sigma Aldrich, G7021),

10 mM L-lactate (Sigma Aldrich, 71718), 5mg/ml Vitamin B12 (Sigma

Aldrich, V6629), 0.82 mM Biotin (Sigma Aldrich, B4639), 5 mM Creatine

monohydrate (Sigma Aldrich, C3630), 2 mM Taurine (Sigma Aldrich,

T0625), 2 mM L-carnitine (Sigma Aldrich, C0283), 0.5 mM Ascorbic acid

(Sigma Aldrich, A8960), 1x NEAA (Thermo Fisher Scientific, 11140), 0.5%

(w/v) Albumax (Thermo Fisher Scientific, 11020021), 1x B27 and 1% KOSR

(Thermo Fisher Scientific, 10828028).”

The cells were kept in this medium for 3 weeks and were either harvested

for transcriptomics/proteomics experiments, or used in live fluorescent

imaging for physiological measurements (See supplementary figure A.1).

2.2.4 Left ventricle-like differentiation

The ventricular specification differentiation protocol was adapted from

the published work of the Bernardo Laboratory [86]. Briefly, differentiation

was started by replacing the iPSC medium with RPMI+B27– containing

100 nM of the retinoic-acid receptor inhibitor AGN193109 (AGN), 5 ng/mL

Activin A, 3 ng/mL BMP4 and 3 µM CHIR. This was day 0. Our optimisation

protocol eliminated FGF2 as the PGP1 iPSC line showed a better success

rate of the differentiations without it. BMP4 and CHIR concentrations were

optimised for the PGP1 iPSC line, to give rise to the highest proportion of

mature ventricle-like cardiomyocytes, as evaluated by their expression of

HAND1, MLC2v and cTnI proteins on day 20. 24 h later, the medium was

replaced with RPMI+B27– containing 100 nM AGN. On day 2, the medium

was changed to RPMI+B27– with 100 nM AGN, 65 μg/mL L-ascorbic acid

and 5 µM IWP2. From then on, medium changes were performed every

48 h. On day 4 and 6 the medium was replaced with 100 nM AGN and

65 μg/mL L-ascorbic acid in RPMI+B27–. From day 8 the medium was
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changed to RPMI+B27+ minus vitamin A with 65 μg/mL L-ascorbic acid,

except on day 10. On day 10, the cells were subjected to metabolic

selection with glucose-free RPMI supplemented with B27+ minus vitamin

A and 65 μg/mL L-ascorbic acid. Cells were replated on day 18 for imaging,

as described above. On day 40-45 the cells were either harvested for

transcriptomics/proteomics experiments, or used in live fluorescent imaging

for physiological measurements (See supplementary figure A.2).

2.2.5 hiPSC-CM replating for live imaging

On day 18-20, hiPSC-CM were dissociated by removing the medium

and adding 300 μL of 10X TrypLE Select per well. Cells were incubated at

37°C, 5% CO2 for 8-10 min until sufficient dissociation was observed under

the microscope at 10x magnification. Dissociation was neutralised with

1 mL of cardiomyocyte passaging medium (RPMI+B27+ with 10% KOSR

and 2 µM Thiazovivin) and the cells were resuspended by gently pipetting

6 times. The cell suspension was then transferred to a 15 mL tube and

diluted with an additional 4 mL/well of passaging medium. The cells were

centrifuged at 200 rcf for 3 min and the supernatant was discarded. Cells

were resuspended with 2 mL/well of passaging medium and passed through

a 100 µM cell strainer to remove cell clumps and facilitate cell counting. Cells

were counted with the automatic cell counter Countess II and 150k cells

were seeded per 35 mM Ibidi imaging dishes (polymer coverslips imaging

surface), by pipetting 400 μL of cell suspension in the micro-well. After 24

h at 37°C, 5% CO2, 1.5 mL of hiPSC-CM medium was added to each well.

Medium changes with 1.5 mL/dish were performed every 48-72 h.

2.2.6 Imaging buffer recipe

The imaging buffer was used for calcium, contractility, membrane

potential and cAMP measurements. It was a modified Tyrodes-HEPES buffer

(136.5 mM NaCl, 5.4 mM KCl, 1 mM MgSO4, 1.8 mM CaCl2, 5.5 mM D-

Glucose, 4.2 mM NaHCO3, 0.3 mM NaH2PO4, 10 mM HEPES). The pH was
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adjusted to 7.4 at 37°C with NaOH. The buffer was filter-sterilised and

stored at 4°C.

2.2.7 Adeno-associated viral vector generation

Amplification and purification Ad293 cells were plated in a T25 flask

and cultured in Dulbecco’s Modified Eagle’s Medium +10% foetal bovine

serum +1% Penicillin-Streptomycin. On the day of plating, the cells were

transfected with the adenovirus DNA plasmid with Lipofectamine according

to manufacturer’s protocol. The culture medium was changed every 2-3

days. Around 2 weeks after transfection, when most cells displayed strong

viral expression under fluorescent microscope, the cells were resuspended

by scraping in culture medium and split into 3 T75 flasks. The cells were

maintained as described above and the flasks were split into 12 T175 flasks,

and finally 50 T175 flasks. Then, the cells were resuspended by scraping

in culture medium, centrifuged at 200 rcf for 3 min, and resuspended in 10

mL hypotonic VSB solution. They were lysed by freezing in liquid nitrogen

for a couple of minutes, rapidly thawed in water bath at 37°C and vortexed

thoroughly. This sequence was repeated 3 more times. The suspension

was centrifuged at 3000 rcf for 5 min and the supernatent was transferred

to a new tube and centrifuged again. The supernatent was transferred

to another tube and 1.55 g of solid CsCl was added to the 10.5 mL of

virus suspension. 1 mL of 1.4M CsCl was pipetted into 4 polyallomer

ultracentrifuge tubes, then 1.5 mL of 1.3 M CsCl, followed by 2.5 mL of

viral suspension were carefully pipetted on top to create a gradient. The

tubes were weighed individually, and an additional volume of 1.1 M CsCl

was finally added to the tubes, calculated to precisely balance the tubes.

They were then put in an ultracentrifuge at 4°C, 45000 rpm, overnight. On

the next day, a white band was visible in the CsCl gradient, corresponding to

the purified virus. With an 18 gauge needle mounted on a 2 mL syringe, the

tubes were pierced and the white band was aspirated. The viral suspension

was transferred to regular tubes and mixed with an equal volume of storage

32



buffer. Viruses were aliquoted into small volumes to avoid freeze-thaw

cycles and stored at −80°C.

Titration To ensure consistent expression across different virus batches,

an endpoint dilution assay was performed. To do so, a serial tenfold dilution

of viral suspension ranging from 10−1 to 10−7 was distributed in a 96-well

plate, at 100 μL/well, with 5 replicates per dilution. Untreated medium

was used as a control. 100k competent cells resuspended in 100 μL were

added to each well. The plate was then incubated at 37°C, 5%CO2 and

the cells were cultured as usual. Counting was performed when a strong

viral expression in the wells with the lowest dilution was visible under

fluorescent microscope, usually after 48 h. Wells with cells expressing the

virus, however low in number or expression, were counted as positive. The

proportion of positive wells were calculated for each dilution. The medium

tissue culture infectious dose (TCID50) was calculated with the improved

Kärber method [87]:

𝐿𝑜𝑔10(𝑇𝐶𝐼𝐷50) = 𝐿 −𝑑(𝑠−0.5)

where 𝐿 = log10(viral dilution giving highest response), 𝑑 = log10(dilution

factor), 𝑠 = ∑ (proportions of positive wells of each dilution).

The titer per millilitre (TCID50/mL), was calculated as:

𝑇𝐶𝐼𝐷50/𝑚𝐿 = 1
10𝐿𝑜𝑔10(𝑇𝐶𝐼𝐷50)+𝑣

where 𝑣 = log10(viral volume conversion to mL). In our protocol, 𝑣 =

log10(0.1) = −1.

multiplicity of infection (MOI) was calculated approximately as:

𝑀𝑂𝐼 ≈ 0.7×𝑇𝐶𝐼𝐷50/𝑚𝐿
𝑛𝑐𝑒𝑙𝑙𝑠

where 𝑛𝑐𝑒𝑙𝑙𝑠 = number of cells seeded.
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2.2.8 Cell pellet preparation and storage for snRNA-seq and

western blots

hiPSC-CM were washed 3 times with DPBS on ice and then scraped off in

0.5 mL of DPBS per well. 2 wells of a 12-well plate (approximately 4 million

cells) were combined and transferred in a single 1.5 mL tube. Tubes were

kept on ice until centrifuged at 4°C and maximum speed for 1 min, and the

supernatant was then discarded. The cell pellets were immediately frozen

and stored at -80°C.

2.2.9 Western blots

Cell pellets were retrieved from storage at -80°C. Protein extraction was

performed on ice by gently resuspending the cell pellet in 200 μL of RIPA

buffer supplemented with protease and phosphatase inhibitors (RIPA+) to

the pellet. The tube was centrifuged at max speed for 10 min at 4°C, the

supernatant was transferred to a clean tube and the pellet was discarded.

Protein quantification was performed using a BCA protein assay kit. A 1:1

RIPA+ buffer diluted in ddH2O (0.5X RIPA
+) was used to prepwere a serial

dilution of a BSA solution, ranging from 2 mg/mL to 0.125 mg/mL, by factor

2 dilutions. Pure 0.5X RIPA+ was used for 0 mg/mL. These known protein

dilutions were used to build a standard curve which was used to quantify

the samples. 60 μL of each sample diluted at 1:10 in 0.5X RIPA+ was then

prepared. 25 μL of each BSA standard value was pipetted in duplicates in a

flat-bottom 96-well plate, alongside each diluted sample in duplicates. 200

μL of the kit’s working reagent (reagent A + 1:50 reagent B) was added to

each well, then the plate was covered with Parafilm and incubated at 37°C

for 30 min. The absorbance of each sample and standard was measured

at 562 nm with an Omega MARS plate reader and each sample protein

concentration was calculated using the standard curve. Samples were then

diluted to a concentration of 1 μg/μL in RIPA+ buffer and prepared with

1X NuPAGE LDS Sample buffer and 1X NuPAGE Reducing agent so that 8

μg of protein were loaded per sample. The samples were heated at 95°C
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for 10 min and then spun to collect any condensation droplets. Samples

were loaded in a Stain-Free 4–15% precast polyacrylamide gel alongside

pre-stained 10–250 kDa protein standards. The gel was then run in 1X Tris-

Glycine SDS-PAGE running buffer at 150 V. The stain-free dye of the gel was

then activated by UV light for 1 min to show the relative total protein amount

loaded per well and allow normalisation. A dry transfer was then performed

on nitrocellulose membrane using the BioRad iBlot transfer system at 20

V for 7 min. The membrane was blocked with 5% milk in DPBS+0.1%

Tween20 for 1 h at room temperature on a rocker. The membrane was

then incubated overnight at 4°C on a rocker with primary antibodies at the

dilution indicated below:

Antibody

target

Dilution Antibody

target

Dilution

β2-AR 1:500 SERCA2 1:1000

MLC2a 1:2000 MLC2v 1:1000

ssTnI 1:1000 cTnI 1:500

PDE4D 1:200 HAND1 1:200

PDE3B 1:100 CaV1.2 1:1000

The membrane was washed with Tris buffered saline (TBS)+0.1%

Tween20 on a rocker, 3 times 10 min. The membrane was incubated at room

temperature on a rocker with horseradish peroxidase conjugated secondary

antibodies for 1 h, diluted at 1:5000 for anti-goat, 1:20000 for anti-mouse,

or 1:50000 for anti-rabbit. The membrane was washed with TBS+0.1%

Tween20 on a rocker, 3 times 10 min. Then the membrane was incubated

with 1.5 mL of Western Blotting ECL substrate for 2 min and imaged with

a Bio-Rad ChemiDoc imaging system. For myosin light chain and troponin

I, the adult ventricular isoform was blotted for first, and the membrane

was stripped for 10 min on a rocker at room temperature. Subsequently,

the membrane was washed twice, then blocked and incubated again, as

described above, with the foetal isoform.
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Analysis The bands intensity volumes were determined using Image Lab

(v5.1, Bio-Rad) and divided by the corresponding whole lane intensity

volumes from the gels stain-free total protein imaging. The corrected values

were then divided by the median corrected value of the control group.

The statistical analysis was performed using R (v4.4.1). A Shapiro-Wilk

normality test followed if needed by a Levene’s test, were performed using

the Rstatix (v0.7.2) package. According to the results, either an ANOVA

followed by Tukey post-hoc pairwise comparisons if significant, or a Kruskal-

Wallis test followed by Dunn’s test for post-hoc pairwise comparisons if

significant, were done. Data were presented as median±interquartile range

(IQR).

2.3 Specific to chapter 3

2.3.1 Single nucleus RNA sequencing

Sample processing and library preparation Note: This work was per-

formed by Joshua Gorham and Seong Won Kim, Harvard, Boston, USA.

Nuclei were prepared from frozen cell pellets. 3 samples, each from a

different differentiation batch, containing >2×106 hiPSC-CM aged 40-45

days, from the control (C) and MM protocols, were processed for single

nucleus RNA sequencing (RNA) together in the same run. 3 similar samples

from the LV protocol were processed later, in a second run. After barcoding

using Cell Plex (10X Genomics) and previously described protocols [88],

snRNA-seq libraries were prepared using Chromium 3′ dual index (v3.1,

10X Genomics). Sequencing data were mapped to the human reference

genome (hg38) with Cell Ranger.

Analysis hiPSC-CM snRNA-seq data were analysed in R using Seurat

(v5.1.0) [89]. Briefly, data were cleaned by run, by filtering genes

and nuclei based on the distribution of the whole dataset, to remove

doublets, poor quality droplets and low quality genes. Each parameter
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relative to nuclei filtering (presented below) was log2-transformed prior

outlier identification. Values were considered outliers if out of the interval

[Q1−1.5×IQR , Q3+1.5×IQR] (𝑥 ∉ 𝐼) or only above the upper bound of that

interval (𝑥 > 𝐼).

• Filter by gene:

– Genes expressed in less than 0.1% of the cells were excluded

• Filter by nucleus:

– Nuclei with a number of different genes expressed (nFeatureRNA)

∉ 𝐼 were excluded

– Nuclei with a total number of counts (nCountRNA) ∉ 𝐼 were excluded

– Nuclei with a percentage of mitochondrial genes > 𝐼 were excluded

Then data were integrated by sample using Harmony (v1.2.3) [90]

and scaled for RNA counts using SCTransform (v0.4.1) [91]. 2D UMAP

projections were generated using 30 dimentions. Cells were clustered with

a resolution of 0.1. Non-CMs, identified by their low expression of cardiac

marker genes (TTN, MYL7, RYR2, SCN5A, etc.), were removed from the

analysis and a new normalisation, dimentionality reduction, and clustering

were run. Differentially expressed genes were identified with a pseudobulk

analysis using DESeq2 (v1.46.0) [92], with data aggregated by sample

and cluster, with log2(FC) cutoff at log2(1.2). P-values were adjusted for

multiple testing by the Benjamini–Hochberg method. Genes with adjusted

P-values <0.05 were used for gene ontology enrichment analysis (GO)

or gene set enrichment analysis (GSEA) and differential gene expression

heatmaps. GO and GSEA were performed with clusterProfiler (v4.14.4)

[93] with biological processes terms. Heatmaps have been generated

with pheatmap (v1.0.12). Integrated unsupervised Ward’s hierarchical

clustering (ward.D2) of both genes and cells origin was performed using

the Euclidean distance method.

The adult human cardiomyocyte dataset used in this analysis was

obtained from the Human Cell Atlas project ”Cells of the adult human heart”

37



[94]. This dataset have been filtered using the associated metadata, to

select healthy ventricular cardiomyocytes snRNA-seq data. Integration,

normalisation, dimentionality reduction, clustering and gene enrichment

analysis of the combined datasets (adult ventricular cardiomyocytes and

hiPSC-CM) was performed as described above, and was followed by a

pseudotime trajectory analysis and analysis of varying genes along the

trajectory using Monocle3 (v1.3.7) [95].

2.4 Specific to chapter 4

2.4.1 AAV transduction of FRET-based cAMP indicators

hiPSC-CMs were transduced with one of the FRET-based cAMP indicators

AAV, 48 h prior imaging for AKAP79-CUTie and AKAP18δ-CUTie [96], and 24

h prior imaging for EPAC-SH187 [97]. They were all three diluted to an MOI of

25 in culture medium. Cells were incubated at 37°C, 5%CO2. Immediately

prior imaging, the cells were washed twice with warm imaging buffer and

equilibrated for 5-10 min at 37°C in 2 mL of the same buffer.

2.4.2 Immunofluorescent staining and imaging

To confirm targeting of sensors, transduced cells were immunostained

for CaV1.2 to confirm colocalisation with AKAP79-CuTie and SERCA2 to

confirm co-localisation with AKAP18δ-CuTie (Supplementary figure 4.11).

120k cells were seeded on ethanol sterilised glass cover slips 48 h prior

transduction and transduced as described above, 48 h before fixing. Cells

were then washed with DPBS 3 times 5 min and fixed in 1 mL 4%

paraformaldehyde for 10 min. The cells were permeabilised with 0.1%

Triton in TBS for 10 min and then blocked with 2% bovine serum albu min

(BSA) + 0.1% sodium azide in TBS for 30 min. They were next washed

once with TBS for 5 min and incubated with primary antibody diluted at

1:200 for either CaV1.2 or SERCA2 in blocking buffer for 1-2 h at room
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temperature. The cells were washed with 0.1% Triton in TBS for 3 times 5

min and incubated with secondary antibodies diluted at 1:200 in blocking

buffer for 1 h at room temperature, protected from light. After washing 3

times 5 min with 0.1% Triton in TBS, they were incubated for 30 min with

TO-PRO-3 Iodide diluted at 1:200, protected from light. A last wash with

0.1% Triton in TBS for 3 times 5min was then performed, then the coverslips

were inverted on 15 μL of Mowiol mounting medium on glass slides and left

overnight at 4°C in a humidifed chamber, protected from light. Finally, the

coverslips were sealed with nail varnish and stored at 4°C protected from

light until imaged, in the following days. Imaging was performed with a

Leica DM 6000 CFS confocal imaging system.

2.4.3 Live fluorescent microscopy for cAMP measurements

Live fluorescent imaging was performed on the same setup as described

above, except at x10 magnification with a Nikon Plan Apo λ (Nikon, Japan).

Excitation was at 435nm (mTurquoise2) and simultaneous mTurquoise/YFP

emissions were split with a T495lpxr UF and filtered through an ET470/24

(mTurquoise) or ET535/30 (YFP). The cells were maintained at 37°C

throughout the imaging. Time lapses were acquired at 1 frame per 5

s, with 20 ms exposure, and the image binned 4×4. Each imaging dish

was used to record FRET at baseline and after the successive addition to

the bath of either 10 µM PDE inhibitor or a matched volume of dimethyl

sulfoxide (DMSO) after 5 min, 1nM ISO after 17 min, 0.1 mM 3-isobutyl-1-

methylxanthine (IBMX) after 29 min, and finally 10 µM forskolin (FSK) after

37 min. Each experiment was stopped after 43 min.

Video analysis Data were extracted from images using a Matlab (R2023a

- v9.14.0.2337262) pipeline. The two recorded channels were aligned

automatically using the imregcorr function. Polygonal regions of interest

(ROI) were manually drawn over ~10 individual cells per field of view to

create a mask with the drawpolygon function, and mean intensities of each
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ROI were recorded for each frame for both channels using the regionprops

function.

2.4.4 Targeting of Cx43 with FluoSTEP sensors

CRISPR-Cas9 insertion of GFP fragment at the Cx43 To target Flu-

oStep sensors to Cx43 junctions, the GFP11 fragment was tagged at the

C-terminus of the Cx43 protein by genome editing using CRISPR-Cas9 on

Personal Genome Project 1 (PGP1) wild type cells, as described before

[98]. In brief, two batches of PGP1 wild type hiPSC were nucleofected

with a Lonza nucleofector. One batch with Cas9 nuclease, HDR template,

forward and reverse guides (see table below), and the second batch with

a GFP plasmid to control the success of the nucleofection protocol. The

guides and HDR template were designed using the Benchling software

to maximise the probability of insertion and minimise the probability of

off-targets [99] (See table 2.1). iPSCs were passaged twice to allow

the nucleofected cells to recover, before re-plating at low density (2500

or 5000 cells per 6cm-dish) for clonal selection. Single colonies were

picked from clonal selection dishes and grown in individual wells of a 96-

well plate. Each clonal colony DNA was extracted, amplified by PCR and

used to run DNA gels by electrophoresis to control the insertion. This

resulted in 3 potential homozygous lines and 4 potential heterozygous lines

observed by gel electrophoresis. To maximise the expression of the tagged

Cx43, a homozygous line (D3, Cx43-GFP+/+) was selected alongside a

control line which was not inserted (E10, Cx43-GFP-/-). Their genotypes

were confirmed by Sanger sequencing (Supplementary figure A.3) and

pluripotency confirmed by immunofluorescent staining (Supplementary

figure A.4). Both lines were then propagated and successfully differentiated

into cardiomyocytes.

2.4.4.1 PCR and gel electrophoresis

iPSC were resuspended for passaging as previously described, and 2×104

were transferred to PCR tubes. 20 μL of Dilution buffer with 0.5 μL of DNA
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Table 2.1

Sequence

HDR template

GACCAGCGACCTTCAAGCAGAGCCAGCAGTCGTGCCAGCA
GCAGACCTCGGCCTGATGACCTGGAGATCGGCGGTAGTG
GAGGACGTGACCACATGGTCCTTCATGAGTATGTAAATGCT
GCTGGGATTACATAGATACAGGCTTGAAAGCATCAAGATTC
CACTCAATTGTGGAGAAGAAAAAAGGTGCTGTAGAAAGT

Forward Cas9 guide TGACCTGGAGATCTA

Reverse Cas9 guide AAGCCTGTATCTAGA

Forward PCR primer CAAAATCGAATGGGGCAGGC

Reverse PCR primer TGTGCAAGTGGATGGAAAAAGAATA

release enzyme was added to each tube. They were left to incubate for 5

min at room temperature, and heated for 2 min at 98°C. Each sample was

diluted with nuclease-free water to a final concentration of 100 ng/μL. The

master mix containing nuclease-free water, 2x buffer, forward and reverse

primers, and the Phire polymerase was prepared according to manufacturer

indications, and a final volume of 40 μL per PCR tube was added to 100 ng

DNA. DNA amplification was performed in a BioRad thermocycler with an

initial heating phase at 98°C for 5 min, followed by 40 cycles of the following

sequence [98°C for 5 s, 61°C for 5 s, 72°C for 30 s], and terminated with

a final incubation at 72°C for 1 min. This PCR product was used as was

for Sanger sequencing and gel electrophoresis. Gel electrophoresis was

performed with 2% agarose gel containing 2 μL/100 mL GelRed stain and

run in sodium borate buffer at 150 V.

2.5 Specific to chapter 5

2.5.1 Sample preparation for live fluorescent microscopy

AAV co-transduction of calcium reporter and α-actinin reporter

Cells were co-transduced with calcium and α-actinin reporters, 48 h prior

imaging. The calcium reporter, RGECO [100], was diluted to an MOI of 40

and GFP-α-actinin AAV was diluted to an MOI of 10 in culture medium. Cells

were incubated at 37°C, 5%CO2 for 48 h. Immediately prior imaging, the
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cells were washed twice with warm imaging buffer and equilibrated for 5-10

min at 37°C in 2 mL of the same buffer.

Treatment with chemical voltage reporter FluoVolt Prior to imaging,

cells were washed twice with imaging buffer and incubated for 15 min in

1 mL of the same buffer with 1 μL of FluoVolt dye and 10 μL of 100X

PowerLoad. The buffer was then replaced with 2 mL of fresh buffer.

2.5.2 Live fluorescent microscopy for calcium, contractility

and voltage measurements

Live fluorescent imaging was performed with a Nikon Ti-2 Eclipse

inverted microscope (Nikon, Japan) at x100/1.45NA magnification with a

Nikon Plan Apo λ (Nikon). Excitations at 550nm (RGECO, FluoVolt) and

470nm (GFP-α-actinin) were provided with a CooLED pE4000 (CooLED).

Fluophores were imaged in pairs using dual illumination through a Quod-

Filter (LED-DAPI/FITC/TRITC/Cy5). Emissions were passed through a

TwinCam dual camera splitter (Cairn Research). Simultaneous RGECO/GFP

emissions were split with a T565lpxr and filtered through an ET632/60

(RGECO, FluoVolt) or ET520/40 (GFP). All filters were purchased from

Semrock, IDEX. Emissions were collected over dual aligned Teledyne

Photometrics Kinetix sCMOS cameras (Teledyne Photometrics). Time lapses

were acquired at 10 ms exposure (100 fps) for calcium and contractility

measurements, and 4.9 ms exposure (200 fps) for voltage measurements.

For the latter, acquisition was binned at 2×2. Cells were kept at 37°C and

paced at 1 Hz for the duration of the experiment. Each imaging dish was

used to record control (untreated buffer) and then incubated at 37°C for

10 min with either DMSO (dilution-matched vehicle control), 1 nM ISO, 10

nM ISO, or 100 nM ISO. Cells were imaged for no longer than 45 min and

pacing was stopped during incubation to limit any effect of the pacing on

the data.
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Video analysis Dually acquired videos were split into contractility videos

at AVI format and calcium videos as TIFF stack using a custom Matlab

(R2023a - v9.14.0.2337262) script.

Calcium and voltage measurements Calcium and voltage videos were

analysed using the CalTrack pipeline [101]. Briefly, CalTrack is a Matlab-

based algorithm, which parametrises fluorescent calcium transients in living

cardiomyocytes, including isolated single cells. 5 sec-long sequences of

calcium transients (or action potentials) from single cells were extracted

from fluorescent time-series. Abnormal transients (not returning to base-

line, presenting arrhythmias, etc.) were both automatically and manually

identified, and then removed from further analysis. For each cell sequence,

individual transients were isolated and averaged. From the average traces,

parameters were automatically calculated. Parameters measured include

time to peak, time of decay, time decay constant (Tau), calcium transient

duration, and calcium transient duration at various amplitudes.

Additional measurements of action potential duration at 10%, 40% and 80%

repolarisation were performed on CalTrack output traces, with a custom R

script.

Contractility measurements Contractility videos were analysed with

a modified version of SarcTrack [102] using a Python pipeline on a

supercomputation cluster. Videos were used to fine-tune sarcomere

detection to the following parameters:

• Sarcomere minimun:maximum distances (in pixels) of 18:40

• Sub-window size (in pixels) of 0.2

• Morlet wavelet stretch of 1

• Morlet wavelet scale of 2

• Similarity threshold of 0.15

Sarcomeres were fitted at 8 degrees of angle variance and an angle variance

filter was applied. Parametrisation of the resulting contractility trace was
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performed with a hybrid sinusoid-sawtooth model. Results were manually

filtered for poor fitting and parameters were converted to spatiotemporal

units at a pixel size of 70 nm and timing of 10 ms per frame.

2.5.3 Statistical analyses

A custom R-based script was used to analyse the individual measure-

ments from CalTrack or SarcTrack. These were aggregated and filtered to

exclude differentiation subgroups with less than 10 data points, extreme

outliers (>3 IQR from median), as well as impossible time constant (Tau)

values (<0 or >decay time) resulting from a bad fitting of the calcium curve,

and impossible contraction timings (<0 or >1sec). Then a non parametric

Kruskal-Wallis test was conducted, followed by Dunn’s test for post-hoc

pairwise comparisons if significant, using the rstatix package (v0.7.2). The

P-values were adjusted for multiple comparisons with the Holm–Bonferroni

correction. All P-values presented were adjusted. This type of analysis was

chosen because of important deviations from normality and inequality of

variances of the data.

To evaluate the differences of variability between the protocols tested, a

Brown-Forsythe test was also performed using the levene_test function

from rstatix. Data were presented as median±IQR.

2.6 Reagents list

Product name Purchased from
Catalogue

number

mTeSR1™, basal medium and

supplement

Stemcell

Technologies
85850

Y-27632 (ROCK inhibitor)
Cell guidance

systems
SM02-5
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Product name Purchased from
Catalogue

number

Matrigel® hESC-qualified

matrix

Corning 354277

DPBS Gibco CLS354277

EDTA Invitrogen 15575020

CHIR99021 Tocris 4423

RPMI 1640 Gibco 21875034

B-27™ supplement minus

insulin

Gibco A1895601

B-27™ supplement plus insulin Gibco 17504044

Glucose-free RPMI Gibco 11879020

L-lactic acid Sigma-Aldrich L1750

Enzyme TrypLE™ Select 10X Gibco A1217701

KOSR Gibco 10828028

Thiazovivin SelleckChem S1459

AGN193109
Santa Cruz

Biotechnology
sc-210768

Activin A R&D Systems 338-AC-010

BMP4 R&D Systems 314-BP-010

B-27™ supplement minus

vitamin A

Gibco 12587010

RIPA buffer 10X
Cell Signalling

Technologies
9806

cOmplete™ mini protease

inhibitor cocktail

Roche 4693124001

PhosSTOP™ phosphatase

inhibitor

Roche 4906845001

Pierce™ BCA protein assay kit Thermo Scientific 23225

NuPAGE™ LDS sample buffer 4X Invitrogen NP0007
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Product name Purchased from
Catalogue

number

NuPAGE™ sample reducing

agent 10X

Invitrogen NP0004

4–15% mini-PROTEAN™ TGX

Stain-Free™ protein gels

BioRad 4568086

Precision Plus Protein™

prestained protein standards

BioRad 1610373

Tris Glycine SDS PAGE buffer

10X

National

Diagnostics
EC-870

Anti-CaV1.2 antibody (WB & IF) Alomone Labs ACC-003

Anti-SERCA2 antibody (WB &

IF)

Santa Cruz

Biotechnology
sc-8095

Anti- MLC2a antibody Synaptic Systems 311 011

Anti- MLC2v antibody Proteintech 60229-1-Ig

Anti-ssTnI antibody
Santa Cruz

Biotechnology
sc-514899

Anti-cTnI antibody Abcam ab47003

Anti-PDE3B antibody
Santa Cruz

Biotechnology
sc-376823

Anti-PDE4D antibody Proteintech 12918-1-AP

Anti-β2-AR antibody Invitrogen PA5-80323

Anti-HAND1 antibody R&D Systems AF3168

Anti-rabbit HRP antibody Promega W4011

Anti-mouse HRP antibody Promega W4021

Anti-goat HRP antibody Promega V8051

Clarity™ Western Blotting ECL

substrate

BioRad 1705060

Restore™ Western Blot

stripping buffer

Thermo Scientific 21059
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Product name Purchased from
Catalogue

number

Penicillin-Streptomycin Gibco 15140148

Lipofectamine™ Transfection

Reagent

Invitrogen 18324012

FluoVolt™ membrane potential

kit

Invitrogen F10488

Paraformaldehyde Thermo Scientific 28908

BSA Sigma-Aldrich B4287-25G

Sodium azide Sigma-Aldrich S8032

TO-PRO™-3 Iodide Invitrogen T3605

Mowiol Millipore 475904

Phire Animal Tissue Direct PCR

Kit

ThermoFisher F140WH

GelRed® Nucleic Acid Stain Millipore SCT122
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Chapter 3

Using unbiased single nucleus RNA

sequencing to compare the effects

of two hiPSC-derived

cardiomyocytes maturation

protocols

3.1 Introduction

hiPSC-derived cardiomyocytes (hiPSC-CM) have emerged as a revolu-

tionary model for cardiovascular research, enabling unprecedented access

to patient-derived CMs for disease modelling, drug screening, and regen-

erative medicine. However, despite important advances in differentiation

protocols, a persistent and widely acknowledged limitation of hiPSC-CM is

their incomplete maturation relative to adult human CMs. This immaturity

affects multiple aspects of CMs physiology, including structural, metabolic

and electrophysiological properties, and represents a major limit to their

translational application. These limitations are also seen at the molecular

level. hiPSC-CM retain a transcriptional program reminiscent of early

developmental stages.

Numerous studies have sought to promote maturation through a variety

of approaches, including long-term culture, electrical or mechanical stim-

ulation, metabolic modulation, and three-dimensional tissue engineering.
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While these strategies have achieved varying degrees of success in pro-

moting specific aspects of maturation, a comprehensive method capable to

drive hiPSC-CMs to a fully adult-like state remains out of reach.

One of the principal challenges in evaluating the efficacy of matu-

ration protocols lies in the cellular heterogeneity inherent to hiPSC-CM

preparations. Bulk RNA sequencing approaches, although valuable, may

mask critical information regarding cell-to-cell variability, like the presence

of immature subpopulations within mature cultures. Single cell RNA

sequencing has offered new insights into the transcriptional landscapes of

hiPSC-CMs; however, its reliance on viable cell dissociation limits its utility in

the context of highly structured or engineered tissues, where dissociation

protocols may introduce technical artifacts like signs of cellular stress, or

selectively bias recovery of specific cell types [103], [104].

Single nucleus RNA sequencing (snRNA-seq) has emerged as a powerful

complementary approach, capable of interrogating transcriptional profiles

from isolated nuclei without the need for complete cellular dissociation.

This technique is particularly well-suited for mature or engineered cardiac

tissues, which often resist enzymatic dissociation. Moreover, snRNA-seq

enables the analysis of archived or cryopreserved samples, expanding the

range of experimental designs applicable to maturation studies. snRNA-seq

was therefore chosen to enable a direct comparison between adult cardiac

tissues and hiPSC-CM, as adult myocardium is challenging to dissociate into

viable single cells, and the majority of available transcriptomics data from

human heart tissues have been generated using snRNA-seq.

Recent applications of snRNA-seq have begun to illuminate the transcrip-

tional heterogeneity of hiPSC-CMs subjected to different maturation proto-

cols, revealing distinct subpopulations characterized by varying degrees of

metabolic, structural, and electrophysiological gene expression signatures

[105], [106]. Importantly, snRNA-seq enables direct comparison of mat-

uration efficiency across experimental conditions at single-cell resolution,
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providing critical insights into the relative success of different approaches

and uncovering previously unappreciated transcriptional intermediates.

As the field advances, this technique holds promise for constructing a

comprehensive molecular atlas of hiPSC-CM maturation. Such efforts are

likely to not only inform the optimization of maturation protocols but also

advance fundamental understanding of human cardiomyocyte development

and plasticity.

The work presented in this chapter is part of this approach. hiPSC-CMs

from the different protocols were sent for snRNA-seq and a selection of

proteins were blotted for, with the aim to determine how the two maturation

protocols differ in terms of maturation efficiency and pathways involved.

3.2 Results

3.2.1 Single nucleus RNA sequencing

3 samples, each from a different differentiation batch, containing >2×106

hiPSC-CM aged 40-45 days, from the C and MM protocols, were processed

for snRNA-seq together in the same run. 3 similar samples from the LV

protocol were processed later, in a second run.

3.2.1.1 Investigating cell types found in hiPSC-CM samples

After filtering, the two runs were merged together and the data were

integrated to account for the technical variability arising from their sep-

arated processing. This was followed by normalisation, and the multi-

dimensional dataset (the expression level of each gene expressed being

one dimension of the dataset) was projected on two dimensions (gene sets

with the highest variability across the entire dataset), where each dot is a

single nucleus. This dimensionality reduction was done using the Uniform

Manifold Approximation and Projection (UMAP). An unsupervised clustering
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was then performed with the nuclei on this UMAP. As a result, the nuclei

with a similar expression profile are represented closer on the UMAP, and

cluster together.

Eight clusters arose from this analysis. The first step was to investigate

the different cell types present in the dataset. Top 100 most expressed

genes per cluster underwent gene ontology (GO) analysis to unbiasedly

identify cell types. Pluripotency markers were also checked, but no read

of either SOX2, NANOG, OCT4, TRA-1-60, or POU5F1 could be found.

This confirmed that the differentiation was efficient as pluripotent cells

were undetectable in this dataset. The figure 3.1 displays the GO terms

associated with each cluster. These terms exhibited high redundancy

across clusters and predominantly represented cardiac myocyte-associated

annotations. These data revealed that all the clusters were hiPSC-CM, and

no other cell-type could be identified.

The UMAP visualisation showed a clear separation between certain

clusters; consequently, the relative expression levels of cardiac-specific

genes were quantitatively compared across these clusters for improved

characterisation. The figure 3.2 shows the different clusters identified and

their expression of canonical cardiac markers. This analysis highlighted

that two categories of hiPSC-CM were present in the samples, one group

exhibiting higher expression of cardiac genes (clusters 0, 3, 5 and 7),

compared to the other (clusters 1, 2, 4 and 6). This difference in expression

was not linked to cell cycle phase. Further investigation of these ’hiPSC-CM

low’ and ’hiPSC-CM high’ clusters was made difficult by the high complexity

of the data, and it was therefore decided to focus only on the ’hiPSC-CM

high’ clusters for the rest of the analysis, as they were most probably better

defined cardiomyocytes.

A new clustering was done on the data and revealed six different clusters

(Figure 3.3). When compared to the protocol used for differentiation, it

appeared that a majority of LV nuclei clustered together to form the clusters
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Figure 3.1: GO analysis of top 100 most expressed genes shows only
cardiomyocytes. Top 15 GO terms associated with the top 100 most expressed
genes for each clusters. These terms are highly redundant between the clusters,
and are associated with cardiac myocyte function. Circles size represent the count,
and colour represent adjusted P-values associated with each term. Count is the
number of different genes associated with the corresponding GO term.
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Figure 3.2: The differentiation gives rise to two groups of hiPSC-CM,
separated by their expression of cardiac genes. Top left: The UMAP displays
the different clusters of nuclei. Dashed line represents the separation between the
two groups: hiPSC-CM high, which have a high expression of cardiac genes, and
hiPSC-CM low, which have a low expression of these genes. Top right: The UMAP
displays the cell cycle phase of nuclei. All clusters have similar proportion of each
phase. Bottom: Violin plots of the relative expression of cardiac genes, in two
groups. Expression level is the normalised number of corresponding reads for each
nuclei. Comparison of individual clusters expression is shown in supplementary
figure A.5.
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0 and 2, away from the control and MM nuclei. This suggested a relatively

strong difference in the expression profile of LV nuclei, when compared to

the other two.

To explore the differences between the clusters, a gene ontology analysis

was done on genes enriched in each cluster, compared to all the others. As a

result, it appeared that nuclei forming the small cluster 5 were characterised

by terms involving some kind of virus-associated activity. While they

showed this anti-virus response, they were still hiPSC-CMs and did not

show immune-related terms associated with other micro-organisms. For

this reason, they are hereafter referred to as ’virus-activated’.

More interestingly, nuclei from the cluster 3 expressed genes involved

in cellular division (Figure 3.4). This suggested that they were proliferative

cardiomyocytes, and therefore highly immature cardiomyocytes. Of note,

the proportion of proliferative hiPSC-CM was the highest with the control

protocol (16% in C, 10% in MM and 8% in LV), suggesting a better efficiency

of the MM and LV protocols in maturing cardiomyocytes.

The GO analysis did not output significant terms that would have allowed

the characterisation of the five other clusters, although cluster 0 seems to

separate from the rest of the cells on the UMAP.

3.2.1.2 Comparison between the different protocols

To be able to investigate the maturing effect of the MM and LV pro-

tocols, the proliferative and ’virus-activated’ cardiomyocytes identified by

the previous clustering were removed from the following analysis. The

nuclei were then pooled by sample to create a pseudobulk dataset, which

gives better results with the differential expression analysis. In this first

comparison, differentially expressed genes were identified for each protocol,

as compared to the rest of the nuclei (one protocol versus the combined two

others). A gene set enrichment analysis (GSEA) was then done on these

differentially expressed genes by protocol. Contrary to the previous gene
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Figure 3.3: New clustering reveals a subpopulation of proliferative
cardiomyocytes. Top: UMAPs show the new clusters identified within the hiPSC-
CM population, and from which protocol the nuclei originate. Bottom: the top 10
enriched GO terms are showed for the clusters 3 and 5. The GeneRatio is calculated
as the number of differentially expressed genes associated with the corresponding
GO term over the total number of differentially expressed genes. The count is the
total number of reads of all genes associated with the corresponding GO term.
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Figure 3.4: The proportion of proliferative cardiomyocytes is decreased with
maturation protocols. Proportion of the different cell states for each protocol.
C=control, MM=maturation medium and LV=left-ventricle-like differentiation.

ontology enrichment analysis, this analysis takes into account both up- and

down-regulated genes and regroups them in large sets associated with the

same GO terms to distinguish robust effects and their relative direction.

Considering that a majority of LV nuclei clustered together away from

the control and MM nuclei, suggesting a relatively strong difference in

the expression profile of LV nuclei compared to the other groups, it was

expected that many GSEA terms would be significantly changed between

the protocols. However, the GSEA resulted in surprisingly very few terms,

and in only 2 out of 3 groups (Figure 3.5). The only meaningful result

that could be seen on this analysis was the relative reduction in aerobic

respiration in LV hiPSC-CMs. This weak power of the statistical analysis

was attributed to the high complexity of the dataset, and it was therefore

decided to compare the protocols two by two from this point on.

C versus MM When comparing C to MM hiPSC-CM, which separated nicely

on the UMAP, the GSEA showed terms associated with synapse development

in C hiPSC-CM and terms associated with metabolism in MM hiPSC-CM

(Figure 3.6). Unsurprisingly, this suggests a better developed metabolism

in hiPSC-CM from the MM group, compared to control cells.
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Figure 3.5: Aerobic respiration is the main driver of the separation of LV
from C and MM hiPSC-CM. Top 10 activated and top 10 suppressed gene ontology
terms associated with differentially expressed gene sets between all three groups.
Terms in only the MM and LV groups were significantly activated or suppressed, as
compared to the other two groups. The GeneRatio is calculated as the number of
differentially expressed genes associated with the corresponding GO term over the
total number of differentially expressed genes. The count is the total number of
reads of all genes associated with the corresponding GO term. C=control protocol,
MM=maturation medium and LV=left-ventricle-like differentiation.

C versus LV When comparing C to LV hiPSC-CM, which also separated on

the UMAP, the GSEA showed terms associated with cellular respiration that

were suppressed in LV hiPSC-CM (Figure 3.7).

MM versus LV When comparing the two maturation protocols, MM and

LV, they separated nicely on the UMAP. The GSEA gave consistent results,

with suppressed cellular respiration in LV hiPSC-CMs and activated axon

development, as compared to MM (Figure 3.8). Of note, transmembrane

potassium channels regulation was activated in LV hiPSC-CM as well.

All this suggested that LV hiPSC-CM had reduced cellular respiration

compared to the two other groups, and MM hiPSC-CM had reduced neuronal-

like activity.
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Figure 3.6: Metabolism in MM and synaptic organisation in C are the main
drivers of the separation between these groups. Top 10 activated and top 10
suppressed gene ontology terms associated with differentially expressed gene sets
in the C vs MM groups. The GeneRatio is calculated as the number of differentially
expressed genes associated with the corresponding GO term over the total number
of differentially expressed genes. The count is the total number of reads of all genes
associated with the corresponding GO term. C=control, MM=maturation medium.
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Figure 3.7: Decreased aerobic respiration in LV hiPSC-CM mainly drives
their separation from C. Top 10 activated and top 10 suppressed gene ontology
terms associated with differentially expressed gene sets in the C vs LV groups. The
GeneRatio is calculated as the number of differentially expressed genes associated
with the corresponding GO term over the total number of differentially expressed
genes. The count is the total number of reads of all genes associated with the
corresponding GO term. C=control, LV=left-ventricle-like differentiation.
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Figure 3.8: Decreased aerobic respiration and increased axon development
make LV hiPSC-CM separate from MM. Top 10 activated and top 10 suppressed
gene ontology terms associated with differentially expressed gene sets in the
MM vsLV groups. The GeneRatio is calculated as the number of differentially
expressed genes associated with the corresponding GO term over the total number
of differentially expressed genes. The count is the total number of reads of all genes
associated with the corresponding GO term. MM=maturation medium and LV=left-
ventricle-like differentiation.
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Figure 3.9: MM and LV protocols do not bring hiPSC-CMs expression
profile significantly closer to adult vCMs. UMAPs showing combined hiPSC-
CM and adult vCM nuclei. Left: comparison between C, MM and vCM. Middle:
comparison between C, LV and vCM. Right: comparison between MM, LV and
vCM. C=control, MM=maturation medium, LV=left ventricle-like differentiation,
vCM=adult ventricular CM.

3.2.1.3 Comparison to adult ventricular cardiomyocyte

After determining what made MM and LV hiPSC-CM different from control

cells, it was interesting to compare these groups to adult ventricular

cardiomyocyte (vCM), to evaluate whether these changes were making

hiPSC-CMs closer to adult CMs, how far they still were from this objective,

and what marker genes could be identified as interesting targets to increase

hiPSC-CM maturity.

To this aim, snRNA-seq data from healthy adult human left vCM were

downloaded from the Human Cell Atlas project, ”Cells of the adult human

heart” [94]. After integration and normalisation with the hiPSC-CM data,

comparisons between the same pairs presented above and adult CMs were

performed.

The UMAPs projections highlighted that while some vCM nuclei were

clustering with C and MM nuclei, most of the hiPSC-CM were clustering

together, completely apart from adult vCM. Moreover, no clear progression

could be seen between hiPSC-CM and adult vCM with the maturation

protocols, indicating that MM and LV cells are still much closer to control

hiPSC-CMs than adult vCMs (Figure 3.9).

To explore more robustly and specifically the differences between hiPSC-

CMs and adult vCM, the different group data (control, MM, LV and leftvCM)
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Figure 3.10: MM cells display signs of cardiac maturation and increased
metabolism. Top 20 gene ontology terms associated with differentially expressed
gene sets between all cell origins (control, MM, left vCM) compared to the others.
These terms are split between upregulated (activated) and downregulated terms
(suppressed). C=control, MM=maturation medium and vCM=adult ventricular CM.

were pooled by sample to perform a pseudobulk differential expression

analysis by pairs against adult left vCM. Then a GSEA was run on the

differentially expressed genes to study the relative specificities of each

group.

vCM versus C and MM Results comparing left vCMs to C and MM hiPSC-

CM are presented in the figure 3.10. Genes associated with muscle structure

development and contraction were downregulated in C hiPSC-CM compared

to the other groups, indicating that MM hiPSC-CMs were more mature
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on this aspect. Unsurprisingly, MM cells show increased expression of

genes involved in metabolic processes. Finally, results from adult left vCM

highlighted that the main difference between the hiPSC-CM groups and

adult vCMs lay in ATP production that was still decreased in hiPSC-CM, and

mesenchymal development which was increased in hiPSC-CM.

vCM versus C and LV Results comparing left vCMs to C and LV hiPSC-CM

are presented in the figure 3.11. Genes associated with muscle structure

development and contraction were downregulated in C hiPSC-CM compared

to the other groups, indicating that LV hiPSC-CMs were also more mature on

this aspect. Additionally, it appeared that control cells still displayed terms

associated with defence response against viruses, even though the cluster

5 presented in the figure 3.3 was previously removed from the analysis. To

investigate more in depth, the core enrichment genes associated with these

terms were extracted from the GSEA results. These genes (MX1, STAT1,

EIF2AK2, TRIM5, ZC3HAV1, IFITM3, ISG15, RSAD, OAS1, OAS2, OAS3)

are interferon-induced genes involved in anti-viral defence. Moreover, LV

cells showed increased transcriptomic activity and reduced ATP production.

Finally, results from adult left vCM highlighted that mesenchymal devel-

opment and nervous system development were increased in hiPSC-CM. The

core enrichment genes associated with these nervous system development

terms were extracted from the GSEA results. These genes (EPHA4, BMPR2,

SEMA5A, RELN, VEGFA, NRP1, PLXNA4, BMP7, ROBO2, SLIT2, ROBO1)

are also involved in the development of various other tissues, including

cardiac tissue, and in cell migration. This suggested that hiPSC-CM retain

developmental activity.

vCM versus MM and LV Results comparing left vCMs to MM and LV

hiPSC-CM were presented in the figure 3.12. Similarly to the previous

comparison, the MM group was characterised by an increased signalling and

metabolism, compared to the others. Additionally, LV hiPSC-CMs displayed

increased processes associated with neuronal development. In this case,
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Figure 3.11: LV display signs of cardiac maturation and increased
transcriptomic activity. Top 20 gene ontology terms associated with
differentially expressed gene sets between all cell origins (control, LV, left
vCM) compared to the others. These terms are split between upregulated
(activated) and downregulated terms (suppressed). C=control, LV=left-ventricle-
like differentiation and vCM=adult ventricular CM.
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Figure 3.12: MM and LV hiPSC-CM still differ from adult left vCM mainly
because of reduced cellular respiration. Top 20 gene ontology terms associated
with differentially expressed gene sets between all cell origins (MM, LV, left vCM)
compared to the others. These terms are split between upregulated (activated) and
downregulated terms (suppressed). MM=maturation medium, LV=left-ventricle-
like differentiation and vCM=adult ventricular CM.
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the common core enrichment genes (BMPR1B, SMAD4, ETV1, FGFR2, SMO,

NEO1, ADNP) are involved in cell growth, differentiation and various tissues

development. This again pointed towards a general developmental activity

rather than a specific neuronal specification. Finally, cellular respiration-

and ATP production-related genes were activated in adult left vCMs and

suppressed in hiPSC-CMs, predominantly in LV hiPSC-CMs.

3.2.1.4 Expression of genes of interest

Additionally, the differentially expressed genes determined with the

pseudobulk analysis mentioned above were filtered and manually regrouped

into sets corresponding to physiological functions of interest for the rest of

this project. The results were gathered in the figure 3.13. The genes were

clustered by similarity of expression profile across the different groups. The

two biggest clusters were grouping genes that were differentially expressed

between hiPSC-CMs andvCMs, which demonstrated still a high similarity

between all hiPSC-CM, compared to adult vCM.

To conclude, snRNA-seq data showed a change in the expression profile

of hiPSC-CM treated with the metabolic maturation medium or differentiated

with the left-ventricle specification protocol. These changes were mainly

related to the muscular structure and contractility of the cells, which was

more developed in the MM and LV groups. Despite this, it was evident that

a long way still separates the hiPSC-CM from the fully matured vCMs. Cells

from the MM and LV groups still shared much more similarities with the

relatively immature control hiPSC-CM than with vCMs. The main reason of

this separation from vCMs was the cellular respiration and ATP production,

which appeared still significantly reduced in the MM an LV groups.

3.2.2 Western Blots

As RNA does not always translate into protein, expression of a selection

of proteins was investigated by western blotting. First, β2-AR, PDE3B
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Figure 3.13: MM and LV hiPSC-CMs are still much closer to C hiPSC-CMs
than adult left vCMs. Heatmap presenting the relative expression of selected
genes of interest between the four groups (Origin) C, MM and LV hiPSC-CMs,
and left vCM. Genes were manually grouped into cardiac physiological functions
(Functions). Columns (groups) and rows (genes) were automatically clustered (see
trees on the left side and top of the heatmap), based on their relative expression
profile (Scaled expression level). C=control, MM=maturation medium, LV=left-
ventricle-like differentiation and vCM=adult ventricular CM.
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and PDE4D were investigated. β2-AR and PDE4D are crucially involved

in the regulation of the excitation-contraction coupling, and while PDE3B

appears to have only a minor impact on CM physiology through regulation

of energy metabolism, it was chosen as it is the only PDE3 isoform

differentially expressed between the hiPSC-CM protocol tested (Figure

3.13). Additionally, the two pairs of sarcomeric proteins ssTnI/cTnI and

MLC2a/MLC2v were also blotted for. During maturation of the sarcomeres,

an isoform switch occurs from foetal to adult ventricular isoform for several

proteins. In the human ventricles, ssTnI is replaced by cTnI and MLC2a is

replaced by MLC2v. Finally, the SERCA and LTCC, crucial for maintaining

the calcium cycling necessary to muscle contraction and relaxation were

investigated.

6 samples from control and MM hiPSC-CM, and 5 from LV hiPSC-CM,

each from a different differentiation batch, were harvested. A standard

SDS-PAGE electrophoresis on acrylamide gels was done, followed by a

dry transfer. The expression of the blotted proteins was normalised to

the total protein expression observed on the corresponding gels before

transfer, with the Bio-Rad Stain-Free technology, to correct for loading

variability. Total protein normalisation was used because the expression of

most housekeeping genes changes during maturation. The corrected values

were then normalised to the control group median, for a direct comparison

relative to the control group.

Blot for PDE3B gave highly variable band intensities, with variable

background and no band at the expected size, around 124kDa. Similarly,

LTCC showed no band at the expected size around 210-240kDa but the

bands of the SERCA2 were still visible, indicating most probably that the

stripping was not efficient in this case (Figure 3.14). For these reasons,

PDE3B and LTCC blots were excluded from the analysis.

PDE4D blots revealed 2 main bands around 80-100kDa (Figure 3.15).

The non-specific PDE4D antibody was expected to give 2 bands at 100kDa
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Figure 3.14: PDE3B and LTCC show no band at the expected size.
Representative blots of PDE3B, LTCC and SERCA2.

and 85kDa for PDE4D5 and PDE4D3 isoforms. Interestingly, LV samples

showed relatively high intensity for the upper band, associated with

PDE4D5. The total quantification of PDE4D appeared to be down-regulated

by 50% in the MM group, compared to the others, but this change was

not statistically significant (1±0.6233 in C vs 0.484±0.1904 in MM and

0.9495±0.4131 in LV, P=0.476). This tendency was corroborated by the

previous snRNA-seq data, where the same reduction in PDE4D expression

compared to control hiPSC-CM could be observed in the MM group. With

this reduction, PDE4D expression in MM hiPSC-CMs was closer to vCM

expression. PDE4D is a key regulator of the calcium cycling and β-

adrenergic-cAMP-PKA pathway in cardiomyocytes [16] but the main isoform

regulating cAMP in human CMs switches from PDE4 to PDE3 in adult CMs.

β2-AR blots display 3 main bands, one at the expected 46kDa, another

at ~55kDa corresponding to post-translational modifications, and finally,

a dimerised form at ~105kDa. The total β2-AR expression showed a

significant rise in hiPSC-CM from both maturation protocols (1±0.1587 in C

vs 3.05±0.8972, P=0.020 in MM or 4.071±1.271, P=0.005 in LV). This

rise is compatible with an increased maturation of the hiPSC-CM when
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Figure 3.15: A sarcomeric maturation is induced by both the MM and LV
protocols. Representative blots and total protein expression on corresponding
gels. Protein expression is normalised to total protein and to control. See detailed
statistics in supplementary table B.1.
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accompanied by an increase in β1-AR [46]. The snRNA-seq data were

inconsistent with this finding, ADRB2 expression level was reduced in both

LV and MM hiPSC-CM.

A single band at ~95kDa showed the relative expression of SERCA2 in

the different groups. This protein expression appeared to be doubled in MM

hiPSC-CM, but reduced by 2/3 in LV cells, with the exception of one outlier

(1±0.861 in C vs 2.167±1.84 in MM and 0.3402±0.6455 in LV, P=0.094).

Although these tendencies were not statistically significant, snRNA-seq data

showed a similar pattern, with an increased expression of ATP2A2 in MM and

a decrease in LV hiPSC-CM. An increase in SERCA2 expression seems to be

associated with ventricular cardiomyocyte maturation [107], which would

indicate that the MM protocol contributed to the hiPSC-CM calcium handling

maturation, while the LV protocol did not. But calcium handling is also

dependant on SERCA2 activity, and this tendency needed to be correlated

to the actual calcium cycling measurements.

cTnI and ssTnI blots exhibited a single band at ~30kDa. Quantification

revealed a robust increase in cTnI expression in cells treated with the MM

medium (1±1.664 in C vs 14.25±8.841, P=0.057 in MM or 0.5435±2.123,

P=0.777 in LV), while a reduction of >50% in expression of the foetal cardiac

isoform ssTnI was observed in LV hiPSC-CM (1±0.6407 in C vs 1.282±1.022

in MM and 0.4165±0.286 in LV, P=0.064). Although this reduction was not

statistically significant for the LV group, it was correlated with a reduction

in TNNI1 RNA expression. If confirmed, this would indicate an increasing

reliance on the adult cardiac isoform cTnI, and therefore a maturation of

the sarcomeres, in both maturation protocols.

Finally, a single band at ~20kDa showed the relative expression of

MLC2v and MLC2a. Although not statistically significant, a strong tendency

revealed an important increase in the adult ventricular isoform MLC2v in

both MM and LV hiPSC-CM (1±1.066 in C vs 4.803±4.737 in MM and

2.65±2.365 in LV, P=0.117), as well as a robust reduction in the foetal

71



pan-cardiac isoform MLC2a (1±0.697 in C vs 0.0994±0.0914 in MM and

0.107±0.0551 in LV, P=0.051). snRNA-seq data showed a similar pattern

for MYL2, which is still far from the left vCM level, but not for MYL7 which

expression is identical between hiPSC-CMs groups. If confirmed, this would

indicate an isoform switch from the foetal to the adult isoform, as expected

in matured sarcomeres, for both maturation protocols.

While only a limited number of proteins were investigated, the results

presented above indicated a maturation of the sarcomeres in both MM and

LV hiPSC-CM.

3.3 Discussion and perspectives

In this chapter, the objective was to determine how the two maturation

protocols differ in terms of maturation efficiency and pathways involved.

The results gathered from the snRNA-seq data highlighted that a subpopu-

lation of proliferative hiPSC-CMs coexists with more mature hiPSC-CMs in all

groups, but their proportion was reduced with the two maturation protocols.

This information would have been lost with bulk RNA-sequencing, and

implies that measurements affected by the maturity of the cells are biaised

by this subpopulation. Moreover, data from both snRNA-seq and western

blots were consistent with a maturation of the sarcomeric structure in both

MM and LV hiPSC-CMs, as compared to control cells. Finally, snRNA-seq

data suggested that the main difference between hiPSC-CMs, cultured in the

conditions presented here, and human adult left vCM was the mitochondrial

activity associated with cellular respiration. This was most probably due to

the limiting culture conditions. Indeed, a recent study showed that long-

term electrical stimulation of MM hiPSC-CM induced a significant maturation

of the cells, associated with an increase in mitochondrial development and

activity [84].
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3.3.1 Limitations

Several limitations can affect the translatability of the results presented

in this chapter. First, in terms of numbers, the LV hiPSC-CM samples

sent for sequencing contained 2-3 times the amount of cells in the C and

MM samples. This led to huge disparities in group sizes and probably

have biaised the GSEA results, artificially inflating the importance of LV-

related terms when comparing hiPSC-CM pairs to adult left vCMs. Moreover,

to limit the complexity of the adult data, only left ventricular samples

have been included, resulting in samples originating from only 2 donors.

However, data from the 2 vCM donors clustered separately on the UMAP,

even after data batch integration by sample, which indicated a significant

difference between the two donors. A GSEA showed that the samples from

donor D3 had reduced cardiac activity-related gene expression, in favour

of pro-inflammatory genes, as compared to the donor D1 and hiPSC-CMs

(Figure 3.16). The same inflammation-associated terms were enriched

when comparing the left vCM samples form donor D3 to the right vCM

samples of the same donor (data not shown). For this reason, as the donor

D3 would not be a good comparator to the hiPSC-CM, it was removed from

the analysis. As a result, samples from only one vCM donor were included,

which may lead to confounding results because of genetic background

differences.

Other limitations actually include the data batch integration and its

impact on UMAP distances. Distances on the UMAP are theoretically

proportional to the differences in expression profile: nuclei from two

different cell-types have very different expression profiles and should be

represented far apart on the UMAP. However, technical variability can

add-up to biological variability and affect these UMAP distances, artificially

separating similar cell-types. This is why the different datasets (or batches)

are ’integrated’. The Harmony package used in this chapter for the data

integration by sample works as followed: The expression profile of all cells

or nuclei is used to group them by similarity of expression profile (grouping
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Figure 3.16: Adult vCM donor D3 shows reduced cardiac activity-related
gene expression, in favour of pro-inflammatory genes. Top left: UMAPs
showing the clusters and the nuclei donor origin of combined hiPSC-CM and adult
vCM data with the two donors D1 and D3. Top right and bottom: GSEA
results showing the top 10 enriched and top 10 suppressed GO terms in the 3
groups (nuclei origin donor D1, donor D3, and hiPSC-CM). Highlighted terms show
reduced cardiac activity-related gene expression and increased pro-inflammatory
gene expression.
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together identical cell-types), favoring clusters with mixed sample origin.

Based on these soft cluster memberships, the technical variability that exists

between samples (or batches) is regressed-out [90]. However, this means

that integrating datasets with only one cell type (at one time-point) leads

to less robust results, especially on UMAPs. This fact has been tested on

the data presented in this chapter. In one of the UMAPs comparing vCMs

to hiPSC-CMs, a small difference in filtering of just adult vCM snRNA-seq

data (from adaptive filtering to a slightly more stringent manual filtering)

lead to a very different UMAP, with a subset of adult left vCM completely

separating from the rest, while it was perfectly merged with the main vCM

cluster before (Figure 3.17). Because of this, the biological proximity of

the different groups tested in this chapter cannot be inferred by the UMAP

distances. A more robust indication is the GSEA.

On the other hand, the GSEA also have limitations. It is based on manual

annotations grouping genes within Gene Ontology (GO) terms, and this is

not optimal on every biological process. As an example, in GO Biological Pro-

cess 2023 annotation, MYL2 and TNNI3 are associated with 21 terms, MYL7

is associated with only 6 terms. Among all these terms, only 4 are common

between the 3 cardiac sarcomeric genes, and they are very general terms:

Blood Circulation (GO:0008015), Heart Development (GO:0007507), Heart

Process (GO:0003015) and Heart Contraction (GO:0060047). The other

terms are highly redundant but do not always overlap between the different

genes, as terms in italics show (see Table 3.1). The most specific term

grouping these 3 genes, Heart Contraction, also groups genes involved

in the excitation-contraction coupling like SCN5A, KCNQ1, ATP1B1 and

ATP1A2, CASQ2, RYR2 (but not CACNA1C).

Table 3.1: Example of discrepancies in GO annotations between well-known
genes of similar functions.

GO Biological Process 2023 associated terms MYL2 MYL7 TNNI3

Blood Circulation (GO:0008015) X X X

Blood Vessel Morphogenesis (GO:0048514) X

Calcium Ion Homeostasis (GO:0055074) X

Calcium-Mediated Signaling (GO:0019722) X
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Table 3.1: Example of discrepancies in GO annotations between well-known
genes of similar functions. (continued)

GO Biological Process 2023 associated terms MYL2 MYL7 TNNI3

Cardiac Muscle Cell Development (GO:0055013) X

Cardiac Muscle Contraction (GO:0060048) X X

Cardiac Muscle Tissue Development (GO:0048738) X

Cardiac Muscle Tissue Morphogenesis (GO:0055008) X X

Cardiac Myofibril Assembly (GO:0055003) X

Cardiac Ventricle Morphogenesis (GO:0003208) X X

Circulatory System Development (GO:0072359) X X

Heart Contraction (GO:0060047) X X X

Heart Development (GO:0007507) X X X

Heart Process (GO:0003015) X X X

Intracellular Calcium Ion Homeostasis (GO:0006874) X

Intracellular Monoatomic Cation Homeostasis

(GO:0030003)

X

Muscle Cell Fate Commitment (GO:0042693) X

Myofibril Assembly (GO:0030239) X

Negative Regulation Of ATP-dependent Activity

(GO:0032780)

X

Negative Regulation Of Cell Growth (GO:0030308) X

Negative Regulation Of Cellular Process

(GO:0048523)

X

Negative Regulation Of Growth (GO:0045926) X

Regulation Of Cardiac Muscle Contraction

(GO:0055117)

X

Regulation Of Cardiac Muscle Contraction By Calcium

Ion Signaling (GO:0010882)

X

Regulation Of Cell Growth (GO:0001558) X

Regulation Of Muscle Contraction (GO:0006937) X

Regulation Of Striated Muscle Contraction

(GO:0006942)

X

Skeletal Muscle Contraction (GO:0003009) X

Striated Muscle Contraction (GO:0006941) X X

Striated Muscle Tissue Development (GO:0014706) X
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Table 3.1: Example of discrepancies in GO annotations between well-known
genes of similar functions. (continued)

GO Biological Process 2023 associated terms MYL2 MYL7 TNNI3

Vasculogenesis (GO:0001570) X

Ventricular Cardiac Muscle Tissue Development

(GO:0003229)

X X

Ventricular Cardiac Muscle Tissue Morphogenesis

(GO:0055010)

X X

Similarly, neurodevelopmental processes were highlighted in hiPSC-CMs,

and especially in control cells, as compared to adult vCMs. While it has been

suggested from single-cell proteomics studies that there might be a novel

neuro-cardiac hybrid cell-type in hiPSC-CM cultures [108], it is an early

finding and remains debatable, especially whether it is a characteristic of

in vivo developing human CMs, or if it is indicative of hiPSC-CMs culture

conditions. Furthermore, when individually investigated, most genes found

under the neurodevelopmental terms were also involved in more general

cell growth and cardiac development [109]–[113]. This is in line with

other findings from single cell transcriptomics which found an interaction

between certain neurogenesis genes and cardiogenesis transcription factors

during hiPSC-CM differentiation [114]. This suggests a bias toward neuronal

development in GO annotations, obscuring these genes role in cardiogenesis

and falsely implying a hybrid cell type. Future work should focus on this

important aspect of hiPSC-CMs.

Taken together, these observations constitute a limit to the use of

GSEA and prevents unbiased and meaningful analysis of global physiological

system changes, and forces the manual exploration of a limited number of

genes.

A lot of discrepancies were seen between RNA and protein expres-

sion: ADRB2/β2-AR, TNNI3/cTnI, MYL7/MLC2a showed opposite patterns

of expression between RNA and protein levels, in the LV and MM groups
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Figure 3.17: UMAP distances are not robust, a small change in data filtering
can completely separate a cluster in two. Left: Dot plots and box plots show
data distribution for three important measurements (nCount_RNA, nFeature_RNA
and percent_mitochondria). Colors indicate which nuclei were excluded by the
filtering. The filtering was adaptive to each measurement distribution, extreme
outliers (>3 IQR from median) were excluded. The UMAP below was generated
after the corresponding filtering. Right: Dot plots and violin plots show data
distribution for three important measurements (nCount_RNA, nFeature_RNA and
percent_mitochondria). Colors indicate which nuclei were excluded by the filtering.
The filtering was manually determined based on each measurement density. The
UMAP below was generated after the corresponding filtering.
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compared to the control group. This highlights the importance of focusing

on global transcriptomic analyses — such as GSEA, which assesses patterns

across sets of related genes — rather than relying on individual gene

analysis to draw meaningful conclusions. Beyond translation regulations

that occur in cells, this problem might have been intensified by the use

of single nucleus RNA-sequencing instead of single cell-RNA sequencing.

snRNA-seq does not rely on viable cell dissociation, which is particularly

useful for adult cardiac tissue since it is resistant to enzymatic digestion,

which leads to technical artifacts. Additionally, snRNA-seq can be used

with fixed and frozen samples, making it well-suited for many experimental

designs. To be able to compare hiPSC-CM samples to adult human cardiac

samples, snRNA-seq was chosen for this project. The drawback however, is

that snRNA-seq only gives access to nuclear RNA. Some genes have been

shown to be depleted in nuclei compared to the cytoplasm, which might

explain part of the discrepancies between transcriptomics data and protein

expression [115].

Additionally, different antibodies were used for blotting adult and foetal

ventricular sarcomeric protein isoforms (MLC2v & MLC2a and cTnI & ssTnI).

As the antibodies affinity for the proteins is probably different, the proper

adult/foetal ratio could not be calculated, and only tendencies could be

stated. Moreover, loading normalisation was performed with total protein

quantification. This was chosen to avoid the problems associated with

variations in many proteins expression (including numerous housekeeping

genes) during hiPSC-CM maturation, but total protein quantification was

performed on gels. This introduced possible bias associated with inhomo-

geneous transfer of proteins on the membrane. To be able to draw robust

conclusions on protein expression, future work will include proteomics. This

future analysis will include 6 samples from different differentiation batches

from the three protocols, similar to the samples presented in this chapter, as

well as 6 human adult cardiac samples. This work is ongoing as the samples

have been sent for processing and mass spectrometry in early April 2025.
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Finally, while the focus has been made on hiPSC-CM highly expressing

cardiac genes to reduce the complexity of the data and increase the power

of further analyses, a deeper investigation of the different ’hiPSC-CM low’

clusters would also give an interesting perspective on the effects of the

maturation protocols. Interestingly, most ’hiPSC-CM low’ clusters were

solely LV hiPSC-CM, with C and MM nuclei appearing in mostly one ’hiPSC-CM

low’ cluster (Figure 3.18). Of note, along with differences in the composition

of these clusters, the total proportion of ’hiPSC-CM low’ nuclei was increased

with the LV protocol but remained unchanged with the MM protocol, ranging

from 20% in C and MM groups, to 35% in LV. This suggested that this

proportion was not changed due to the maturation of the cells, but rather

due to the type of differentiation they originated from.

Differences in canonical cardiac genes expression with a population

characterised by a higher expression of these genes compared to the other,

was also reported in a single-cell proteomics study published earlier this

year [108]. These ’hiPSC-CM low’ cells could be hybrid or intermediate cell-

types as they were found to co-express some features of other cell-types,

such as smooth muscle cell proteins in this study. Future work on snRNA-

seq data will include further investigation of these clusters.
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Figure 3.18: Most ’hiPSC-CM low’ clusters are solely LV hiPSC-CM, with C
and MM nuclei appearing in only one cluster. Top left: The UMAP displays
the different clusters of nuclei. Dashed line represents the separation between the
two groups: hiPSC-CM high, which have a high expression of cardiac genes, and
hiPSC-CM low, which have a low expression of these genes. Top right: The UMAP
displays the protocol of origin of the nuclei. Bottom: Proportion of hiPSC-CM high
versus hiPSC-CM low from the different protocols. This proportion is increased in
the LV group but unchanged in the MM.
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Chapter 4

Using FRET-based cAMP sensors to

explore the impact of maturation

on β-adrenergic pathway in

hiPSC-derived cardiomyocytes

4.1 Introduction

β-adrenergic stimulation is a key regulatory mechanism in cardiac phys-

iology, enabling the heart to adapt to increased peripheral metabolic de-

mands through enhanced force development (inotropy), heart rate (chronotropy),

and relaxation (lusitropy). Catecholamines signal through binding to β-ARs,

leading to an increase in AC activity and subsequent cAMP production. cAMP

serves as an intracellular second messenger, activating PKA, the central

effector of β-adrenergic signalling. However, cAMP is a ubiquitous second

messenger that orchestrates, in addition to excitation-contraction coupling,

a myriad of other cellular processes in CMs, including gene expression and

metabolism, among others. The coordination of the multiplicity of cAMP/PKA

dependent effects is therefore of primordial importance. For example, when

sympathetic stimulation enhances cAMP signalling as we walk up a flight of

stairs, it must do so without simultaneously triggering gene transcription.

Such coordination is achieved via spatial and temporal confinement of both

PKA and cAMP, within subcellular compartments where PKA is anchored in

proximity of specific phosphorylation targets and is activated by spatially

confined pools of cAMP. These functional localised gradients of cAMP are
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called nanodomains, as their size has been measured to be in the range of

30-60 nM [14], [15]. Current evidence suggests that four phenomena may

contribute to generate these cAMP gradients: localized cAMP production,

localised breakdown by PDEs, restricted diffusion and buffering of cAMP.

One of the main actors of this confinement are AKAPs, scaffold proteins that

bind together β-AR, AC, PKA, PKA phosphorylation targets, phosphatases

(PP) and PDEs. Individual AKAPs preferentially bind specific isoforms of β-

AR, AC, PDE as well as specific target proteins. This leads to the formation

of various functional combinations called signalosomes. The adrenergic

pathway is highly responsive through the localised production of cAMP,

which occurs in close proximity to PKA and its targets. However, to ensure

specificity of its effects, cAMP diffusion must also be strictly controlled, as

evidenced by experiments using FRET sensors [20]. FRET sensors allow

the precise assessment of cAMP levels and PKA activity throughout the

cell with sub-cellular resolution [116]. Indeed, when used in intact living

cells, they allow for the real-time measurement of cAMP levels and PKA

activity variations in a physiological state where intracellular organisation is

preserved. FRET consists of an energy transfer from a donor fluorophore to

a suitable acceptor that is proximity dependent (effective when the distance

between the fluorophores is <10 nM). cAMP FRET sensors are usually made

of a cAMP binding site from the PKA regulatory subunit, or the exchange

protein directly activated by cAMP (EPAC), sandwiched between a donor

and an acceptor fluorophore. Upon cAMP binding to the sensor cAMP

binding site, the sensor conformation changes and therefore the distance

between the fluorophores changes, which alters the efficiency of energy

transfer. This change in FRET efficiency can then be measured by live

cell imaging. Importantly, FRET sensors can be genetically fused to target

protein domains, allowing accurate subcellular localisation of the sensor,

and a very precise spatiotemporal measurement of cAMP across diverse

nanodomains [20]. cAMP diffusion is thought to be shaped by PDEs, which

act as ”sinks” by degrading cAMP from specific locations [21].

The cAMP pathway is also involved in the differentiation and maturation
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processes of different cell lineages, including CMs, and most differentia-

tion protocols include treatment with cAMP-elevating agents [82], [117]–

[119]. When treated with ISO, a β-adrenergic agonist, hiPSC-CMs aged

90 days produce significantly more cAMP than cells aged 30 days. This

stimulation by ISO is associated with a significant increase in β-AR and

ACs expression, and increased PKA-mediated phosphorylation of Troponin

I and Phospholamban in older hiPSC-CMs. Moreover, no specificity of β-

AR subtype for activation of downstream mediators was shown in early

hiPSC-CMs. In more mature (from day 90) hiPSC-CMs, the expression

of caveolin3, a protein implicated in the formation of caveolae as well as

T-tubules increases. As a consequence, caveolar nanodomains develop,

allowing β2-AR compartmentation. And with the establishment of the PDE

”sinks”, localisation of associated cAMP signals is possible [45], [46].

Recently, Giacomelli and collaborators co-cultured cardiac fibroblasts

(CFs), endothelial cells (ECs) and CMs, in 3D microtissues. Their results

suggest that cAMP and the downstream β-adrenergic pathway could be

involved in CM maturation [82]. After 21 days, the CMs from these

microtissues show an enhanced maturity when compared to CMs cultured

in 2D or in the presence of only ECs or CFs. As a marker of maturity, CMs

display a more rectangular shape with an increased sarcomere alig nMent,

which is associated with enhanced contraction. These co-cultured CMs also

have a more negative resting membrane potential and a prolonged action

potential duration, closer to adult ventricular electrophysiology. Moreover,

these cells display a more mature metabolic profile, as they primarily use

fatty acid oxidation and produce more ATP. The authors found that this

maturation was associated with the upregulation of adrenergic signalling

proteins such as ADCY5, a cardiac specific adenylyl cyclase. Consistently,

they found a higher concentration of cAMP in co-cultured CMs as compared

to CMs cultured alone in 2D. This was correlated with the upregulation of the

soluble guanylyl cyclase isoform GUCY1A3, as well as a higher expression of

connexin 43 (Cx43) in both CMs and CFs from the microtissues. Silencing

GJA1 (coding for Cx43) in CFs prior to microtissue formation impaired CM
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maturation. Conversely, treatment of 2D cultured CMs with a membrane

permeant form of cAMP enhanced maturity. The suggested mechanism of

maturation in the co-cultured system is a close coupling between CFs and

CMs from these microtissues, involving Cx43, which can act as a bridge to

allow the diffusion of cyclic guanosine monophosphate (cGMP) from the CFs

to the CMs in co-culture. There, cGMP is thought to enhance cAMP levels

via the inhibitory effects of cGMP on PDE3 that degrade cAMP.

Despite interesting advances, research on cAMP nanodomains in hiPSC-

CMs remains limited, and their mechanisms of formation and regulation

are still not well understood. Addressing this knowledge gap is crucial

for gaining deeper insights into embryonic and fetal cardiac development.

Moreover, it could lead to the identification of novel targets to enhance the

maturation of hiPSC-CMs, ultimately improving their utility for disease mod-

elling and regenerative medicine. The work presented in this chapter aligns

with this perspective: The specific aim is to use real-time FRET imaging

to compare the contributions of PDE3 and PDE4 — two phosphodiesterases

whose relative expression marks the transition from embryonic to mature

cardiac myocytes — in regulating the cAMP-PKA pathway in hiPSC-CMs

subjected to different maturation protocols.

4.2 Results

As an attempt to assess more directly cAMP signalling, both cytosolic

and targeted FRET-based cAMP sensors were transduced (via AAV vector)

in hiPSC-CMs aged 40-45 days, either treated with the maturation protocols

presented before, or grown with the regular protocol. The cytosolic

sensor, named EPAC-SH187 differs from the targeted CUTie sensors, as

it is made with a pair of acceptor fluorophores, which greatly increases

its brightness (Figure 4.1). Two targeted CUTie sensors were used, one

linked to the AKAP79 anchoring protein, localised at the plasma membrane

; and the other linked to AKAP18, an anchoring protein localised at the SR
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Figure 4.1: Schematic presenting the different FRET-based cAMP sensors
used.

membrane (Figure 4.1). For each sensor, PDE-specific inhibitors were used

to investigate the relative contribution of PDE3 and PDE4 at these sites,

where known cAMP nanodomains relevant to the β-adrenergic signalling

are maintained in CMs.

In addition to these known nanodomains, the presence and maturity of

a novel nanodomain localised at the gap junction Cx43 was investigated,

where Giacomelli et al. [82] suggest that cAMP diffuses from CFs to

CMs. To this aim, CRISPR-Cas9 was used to insert the 11th β strand

of the super-folder GFP (GFP11) at the C-terminus of the human gene

GJA1 (coding for Cx43) in hiPSCs. This genetically modified hiPSC line

(Cx43-GFP11) have been used in combination with specific FRET sensors

(FluoSTEP ICUE) designed by our collaborators from the University of

California, San Diego. In the FluoSTEP sensors, the donor fluorophore is the

complementary fragment of the super-folder GFP (GFP1-10) [24]. Neither

of the GFP fragments (GFP1-10 and GFP11) are fluorescent by themselves.

However, when expressed in the same cell, the two fragments associate

to form a fully functional fluorescent GFP. This allowed to investigate cAMP

gradients specifically at Cx43 where the FRET sensor’s donor fluorophore

was functional (Figure 4.1). This approach also has the advantage of

preserving endogenous levels of the targeted protein (here, Cx43) and avoid

mistargeting of the sensor.
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4.2.1 EPAC-SH187

The principle of the FRET experiments presented in this chapter is

as follows, with the example of the EPAC-SH187 sensor: This sensor is

composed of a cAMP binding domain derived for the EPAC protein. This

binding domain is sandwiched between a cyan fluorescent protein (CFP)

and a couple of yellow fluorescent proteins (YFPs) (Figure 4.2). In the

absence of cAMP, upon excitation of the CFP, a fluorescence resonance

energy transfer (FRET) occurs and the CFP emission excites the pair of

YFP. The main emission of the sensor is therefore the YFP wavelength.

Upon treatments that induce a rise in cAMP concentration, cAMP has better

chances to bind to the sensor. This induces a conformational change in

the cAMP binding domain which results in the donor CFP and acceptor YFP

to move away from each other. As a result, the FRET cannot occur as

effectively and the main emission of the sensor is the CFP wavelength. The

two emission wavelengths are recorded separately and the ratio CFP/YFP

is used as a direct readout of cAMP concentration variations. Experiments

were performed on live cells, maintained at 37°C. The measurements were

carried out on individual cells, by manually drawing regions of interest

before extracting the data for each cell (Figure 4.3). The results presented

below were calculated as the percentage of change in fluorescent ratio

normalised to baseline (R/R0), or the maximum absolute R/R0 (Rmax).

4.2.1.1 Specific phosphodiesterase inhibition

After 5min of recording baseline fluorescence, a selective PDE inhibitor

was added to the bath. Two different inhibitors were tested: rolipram (ROLI)

(10 μM), a selective PDE4 inhibitor and cilostamide (CILO) (10 μM), a PDE3

inhibitor. DMSO was used as a control, as it is the solvent of both selective

inhibitors. Addition of DMSO alone induced a transitory increase in cAMP in

all hiPSC-CM groups, but this response was increased in LV and especially

MM cells, and more sustained in MM (Figure 4.4). This response to the

control treatment was unexpected but seemed to be due to an increase in
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Figure 4.2: Schematic presenting the
principles of the FRET experiments, with the
example of the cAMP sensor, EPAC-SH187.

Figure 4.3: Example of
ROIs drawn over hiPSC-CM
transduced with EPAC-SH187

AAV.

cAMP concentration as both fluorescence traces (CFP and YFP) evolved in

opposite direction, whereas an artefactual response due to changes in the

optical properties of the bath would most likely have induced asymmetrical

variations of the curves (Supplementary figure A.6).

ROLI induced a much higher and sustained rise in cAMP compared to

DMSO alone, and this was even enough to saturate the sensor in the

MM group, as the curve stayed flat, even with the addition of the other

treatments. This saturation of the signal while other traces reached a higher

amplitude strongly suggested these cells had a higher basal concentration

of cAMP, thereby starting closer to the sensors saturation point and limiting

the maximal amplitude. Traces from one biological replicate (1/3) exhibited

a decrease in cAMP after the peak response, in C and LV hiPSC-CM (Figure

4.5), which suggested an increase in activity of other PDEs, in response to

the rise in cAMP and subsequent PKA activity [120].

CILO however, induced an almost immediate but transitory decrease in
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Figure 4.4: PDE4 remains the main regulator of β-AR stimulation in hiPSC-
CM. (Legend on next page.)
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Figure 4.4: PDE4 remains the main regulator of β-AR stimulation in
hiPSC-CM. Curves are rolling median (5-points average, centred) of cAMP
sensor normalised fluorescence ratio, and coloured areas are corresponding 95%
confidence interval. The curves are normalised to baseline ([Fluorescence/Baseline
fluorescence]×100-100). Vertical dark lines indicate timings of each treatment
successive addition to the bath. A) The first treatment is a DMSO control at volume
matched to PDE inhibitors. B) The first treatment is the PDE4 inhibitor rolipram
(ROLI) at 10 μM. C) The first treatment is the PDE3 inhibitor cilostamide (CILO)
at 10 μM. DMSO/PDE_I = DMSO or selective PDE inhibitor, as indicated above
each plot. isoproterenol (ISO) at 1 nM, 3-isobutyl-1-methylxanthine (IBMX) at 0.1
mM, forskolin (FSK) at 10 μM. C = control protocol, MM = metabolic maturation
protocol, LV = left ventricle-like differentiation protocol. n=30 for DMSO, n=28
for rolipram (ROLI), n=29 for cilostamide (CILO), from 2-3 differentiations in C;
n=28 for DMSO, n=18 for ROLI, n=20 for CILO, from 2-3 differentiations in MM;
n=28 for DMSO, n=30 for ROLI, n=29 for CILO, from 2-3 differentiations in LV.
See individual fluorescence channels in supplementary figure A.6.

cytoplasmic cAMP in all C hiPSC-CM and some MM (cells from replicate 1,

50% of the cells with a negative Rmax) and LV cells (cells from replicates 2

and 3, 67% of the cells with a negative Rmax) (Figure 4.6). This counter-

intuitive result could be explained by the increased activation of other,

more prominent PDE isoforms in response to a local increase in cAMP. But

interestingly, the cells that responded to CILO with an increase in cAMP,

were nearly already saturated by this treatment. Of note however, it

is difficult to distinguish this response of MM hiPSC-CM to CILO and the

response of these cells to DMSO alone, as it induced a similar and sustained

increase in one biological replicate (1/3).

Taken together, these results indicated that PDE4 was the main isoform

responsible for cytoplasmic cAMP regulation at baseline in hiPSC-CM but

to a lesser extent in C and LV, compared to MM. This was expected in

immature human cardiomyocytes, where this isoform remains the principal

regulator of cAMP, before PDE3 becomes the main isoform in adult human

cardiomyocytes [121]. Interestingly, a subset of hiPSC-CM from both

maturation protocols exhibited an increased reliance on PDE3, indicating

a maturation of the β-adrenergic-cAMP-PKA pathway in progress.
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Figure 4.5: Traces of individual biological replicates show the diversity
of responses to the successive treatments. Curves are rolling median (5-
points average, centred) of cAMP sensor fluorescence ratio, averaged by biological
replicate for each experimental condition. The curves are normalised to baseline
([Fluorescence/Baseline fluorescence]×100-100). Vertical dark lines indicate
timings of each treatment successive addition to the bath. The first row shows
responses to treatments in presence of the DMSO control ; The second row
shows responses to treatments in presence of the PDE4 inhibitor ROLI ; The
third row shows responses to treatments in presence of the PDE3 inhibitor CILO.
The first column shows responses of C hiPSC-CM ; The second column shows
responses of MM hiPSC-CM ; The third column shows responses of LV hiPSC-CM.
DMSO/PDE_I = DMSO or selective PDE inhibitor, as indicated above each plot. C
= control protocol, MM = metabolic maturation protocol, LV = left ventricle-like
differentiation protocol.
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Figure 4.6: An increased reliance on PDE3 is seen in some MM and LV hiPSC-
CM in basal conditions. Rmax in response to PDE inhibitor or DMSO, as indicated
above each plot. Colors indicate the biological replicate (differentiation batch) of
origin for individual cells.

4.2.1.2 β-adrenergic stimulation

The response to β-adrenergic stimulation and its potentiation by selective

PDE inhibition was then tested by the addition of 1 nM isoproterenol

(ISO). The figure 4.5 showed that, following the DMSO control, a small

sustained cytoplasmic response to ISO was observed only in one out of

three replicates (replicate 3 for C and LV, replicate 1 for MM). However, The

MM replicates unresponsive to ISO showed strong DMSO responses, which

might have masked any small ISO response. The observed lack of response

to β-adrenergic stimulation was attributable to either insufficient cAMP

synthesis (because of reduced β-AR expression, activity, coupling, reduced

AC expression or activity, etc.), or enhanced PDE-mediated degradation

of cAMP, counteracting its accumulation at the cytoplasmic level. Specific

inhibition of PDEs provided insight on this matter.

In the case of PDE4 inhibition by ROLI, β-adrenergic stimulation induced

a further increase in cAMP production in both C and LV hiPSC-CM but not
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Figure 4.7: The response to low ISO dose is mainly restricted by PDE4, with
an increased importance of PDE3 in matured hiPSC-CM. Rmax in response to
ISO with or without selective PDE inhibitor, as indicated above each plot. Colors
indicate the biological replicate (differentiation batch) of origin for individual cells.

MM, compared to PDE4 inhibition alone. This increase indicated that these

cells were sensitive to ISO stimulation and were able to increase cAMP

production in response. As the PDE4 inhibitor ROLI allowed this ISO-

induced increase to become visible at the cytoplasmic level (which was

not the case in control conditions), it indicated that PDE4 was, at least

in part, responsible for the adaptive degradation of cAMP generated by β-

ARs stimulation, preventing its rise in control conditions (DMSO+ISO). As

indicated before, PDE4 inhibition alone was enough to saturate MM cells,

completely masking any ISO-induced rise in cAMP. But interestingly, a

subset of LV hiPSC-CM demonstrated a degradation of cAMP despite PDE4

inhibition (cells from replicate 1, <25% Rmax), that was barely counter-

balanced by the increased production of cAMP in response to ISO (Figure

4.7).

Similarly, PDE3 inhibition potentiated hiPSC-CM response to β-adrenergic

stimulation. This effect was minor and mainly transitory in most C hiPSC-
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CM (except in cells from replicate 1, >25% Rmax) but more significant on

MM (cells from replicate 2, >25% Rmax) and especially LV cells (cells from

replicates 1 and 3, >25% Rmax). Some LV cells did follow the same transitory

pattern observed in C (cells from replicate 2) but most of them displayed

a strong increase in cytosolic cAMP, almost as high as what was observed

under PDE4 inhibition. This indicated that PDE3 was of almost equivalent

importance in ISO-induced cAMP homeostasis in LV hiPSC-CM, which was

consistent with a switch in the relative role of PDE isoforms towards mature

regulation of the β-adrenergic stimulation. On the other hand, the results in

MM hiPSC-CM were more difficult to interpret as the response pattern was

highly similar to what was seen with DMSO alone. But it was undeniable that

PDE3 was of less importance compared to PDE4, in regulating the response

to β-adrenergic stimulation.

These results indicated a strong inhibition of the β-adrenergic response

to ISO stimulation in hiPSC-CM. This inhibition was primarily due to the

PDE4 isoform, but a vast proportion of LV cells (2/3) seemed to rely on

PDE3, to the same extent. This was again consistent with a maturation of

the β-adrenergic pathway.

4.2.1.3 Non-selective PDE inhibition

To investigate the role of other PDE isoforms in regulating cAMP, 100 μM

of the non-selective PDE inhibitor 3-isobutyl-1-methylxanthine (IBMX) was

then added to the bath. The results are also presented in the figure 4.4.

Unsurprisingly this induced a strong rise in cytoplasmic cAMP, of an even

larger amplitude in LV hiPSC-CM in DMSO control. Interestingly, this rise

appeared to be transitory in some C (replicates 1 and 3) and LV (replicates

2 and 3), but not MM hiPSC-CM.

Following combined PDE4 and non-selective inhibition, a further increase

in cAMP was also observed in a similar way in C and LV hiPSC-CM,

although replicates 2 were almost already saturated with the combined

PDE4 inhibition and ISO stimulation for both protocols (Figures 4.5). As
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Figure 4.8: An increased reliance on PDE3 over PDE4 for cAMP regulation
in the context of β-adrenergic stimulation is observed in hiPSC-CM from
maturation protocols. The proportion of PDE4 or PDE3 activity in response to
ISO, is calculated as 𝑀𝑎𝑥𝐼𝑆𝑂/𝑀𝑎𝑥𝐼𝐵𝑀𝑋 , where 𝑀𝑎𝑥𝐼𝑆𝑂 is the Rmax following ISO
treatment, and 𝑀𝑎𝑥𝐼𝐵𝑀𝑋 is the same following IBMX, after PDE4 or PDE3 inhibition
respectively.

mentionned before, all MM cells were already saturated. PDE4 accounted

for 71.58±45.39% of the measurable cAMP hydrolytic activity following β-

adrenergic stimulation in C hiPSC-CM, 100% in MM and 92.11±73.54% in

LV (Figure 4.8). Noteworthy, two distinct subpopulations were identified in

the LV group: one group of cells from the replicates 2 and 3, 67% of cells

with PDE4 accounting for around 90% of total measurable PDE hydrolytic

activity and the other group around 20% of the total measurable activity.

In the case of PDE3 inhibition, the increase in cytoplasmic cAMP following

IBMX treatment was lower in the LV group, where a great proportion of

cells were already saturated (cells from replicate 1) or nearly saturated

(cells from replicate 3) by the combination of CILO and ISO. However, the

total amplitude of the response was higher in the LV group, compared to

C, where the variability was substantial. The proportion of PDE3 activity

in regard to the total measurable PDE activity, in response to β-adrenergic

stimulation, was much lower in C hiPSC-CM, compared to both maturation

protocols: 30.08±45.23% in C, 63.74±93.83% in MM, and 69.98±70.32%
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in LV. Again, two subpopulations could be observed in the LV group, one

around 10-20% (cells from replicate 2) and the other around 80-90% (cells

from the replicates 1 and 3). This was also seen in MM hiPSC-CM, one

population of cells being grouped at 100% (replicate 2), and the other at

20% (replicate 1).

Overall, these results indicated a predominance of PDE4 over PDE3 in

the regulation of the β-adrenergic signalling pathway. PDE4 accounted

for >70% and PDE3 <30% of the measurable cAMP hydrolytic activity, in

response to ISO. However, a proportion of cells exhibited a switch in this

dynamic. This switch was gradual and not as advanced in C hiPSC-CM but

more pronounced in both MM and LV groups. Replicate 1 of the LV group

being the perfect example of matured hiPSC-CM, with an inverted reliance,

where PDE4:PDE3 is ~15%:95%. The internal variability of the maturation

protocols was mostly due to the differentiation batches, indicating that

events related to the differentiation process can prevent proper maturation

of the hiPSC-CM.

4.2.1.4 Adenylyl cyclase direct activation

Lastly, the adenylyl cyclase (AC) activator forskolin (FSK) was added to

the cells (10 μM). To investigate the intrinsic activity of β-ARs in response

to ISO, the Rmax after β stimulation and in the absence of PDE control (just

before FSK addition to the bath) was compared to the Rmax after total AC

activation (maximummeasurable cAMP production, just after FSK addition).

The results displayed in the figure 4.9, highlighted that β-ARs in C hiPSC-CM

were significantly less active in response to ISO, compared to the cells from

maturation protocols (75.17±38.48% in C ; 92.54±15.73%, P=3.69e-10 in

MM ; 87.09±19.37%, P=4.57e-06 in LV).
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Figure 4.9: Maturation protocols induce an enhanced β-AR activity in
response to ISO. The percentage of β-AR activity in response to 1 nM ISO (in
absence of PDE control) is calculated as 𝑀𝑎𝑥𝐼𝐵𝑀𝑋/𝑀𝑎𝑥𝐹𝑆𝐾 , where 𝑀𝑎𝑥𝐼𝐵𝑀𝑋 is the
maximum CFP/YFP ratio change following IBMX treatment, and 𝑀𝑎𝑥𝐹𝑆𝐾 is the same
following FSK.

4.2.2 Targeted sensors

4.2.2.1 CUTie sensors

The previous results indicate a significant maturation of the β-adrenergic-

cAMP-PKA pathway in hiPSC-CM from the MM and LV protocols. However,

to ensure specificity of the β-adrenergic signal, cAMP is mainly confined

in specific pools around PKA and its targets. The use of targeted FRET-

based cAMP sensors allows the investigation of these nanoscale pools of

cAMP and the proteins involved in the associated signalosomes. A variety

of targeted sensors have been developed to this aim and among them, the

targeted CUTie sensors have been tested in hiPSC-CM for this project [96].

Among them, only two were properly expressed and localised in hiPSC-CM:

AKAP79-CUTie, targeted at AKAP79 which anchors LTCC, PKA and PDE4

together ; and AKAP18δ-CUTie, targeted at AKAP18δ which anchors SERCA,

PKA and PDE3 [122] (Figure 4.10).

The expression of the cAMP sensors was good, the localisation could
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Figure 4.10: AKAP79- and AKAP18-associated signalosomes in human
cardiomyocytes.

be confirmed for each sensor (cell membrane for AKAP79-CUTie and SR

membrane for AKAP18-CUTie, see figure 4.11). During the test experiments

with a quick analysis, a decent Rmax was observed at maximum stimulation,

which indicated the correct function of the sensors. However, following a

more thorough analysis, it has become obvious that the poor signal to noise

ratio was making the measurements difficult and not reliable. This noise

induces a random variability of the fluorescence intensity of individual pixels,

which masks the ”real” signal as its amplitude is close to the measured ”real”

signal amplitude. To minimise the noise impact, a single region of interest

(ROI) over the whole field of view was used, instead of much smaller ROIs

over individual cells. This slightly ameliorated the signal to noise ratio but

also reduced the number of different measurements that could be done for

each experiment.

Additionally, a recurring drift in the signal could be identified in recording

from both targeted CUTie sensors. This drift is a non-cAMP dependent

constant increase (or decrease) of the measured fluorescence. As showed

in the Figure 4.12, the Rmax displayed a constant increase following the

CILO, ISO and IBMX treatments but this drift is also seen in the individual

fluorescence channels, both going in the same direction and at the same
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Figure 4.11: Immunofluorescence confirms AKAP79- and AKAP18-CUTie
sensors correct targeting in hiPSC-CM. Top line: Fluorescent images of
AKAP18-CUTie and its signalosome partner in adult CM, SERCA. Co-localisation
of both protein and sensor indicates proper sensor targeting. Bottom line:
Fluorescent images of AKAP79-CUTie and its signalosome partner in adult CM,
CaV1.2. No co-localisation, but CaV1.2 does not appear at the cell membrane,
while AKAP79-CUTie does, which indicates proper sensor targeting.

rate, compared to the baseline. A cAMP-dependent response would induce

a change in fluorescence intensity in opposite directions depending on the

channel.

Moreover, as seen following the FSK treatment, CUTie sensors displayed

prolonged kinetics as compared as what was measured in the cytoplasm

with the EPAC-SH187 sensor. This resulted in the end of the recording before

the fluorescence change could reach a plateau, indicative of the maximum

measurable cAMP production.

For all these reasons, no reliable measurement of cAMP variations at

targeted sites could be performed, and it was decided to stop further

analyses.

4.2.2.2 FluoSTEP sensors

To study cAMP levels in a specific nanodomain, the FRET-based biosensor

is typically fused to a protein that localizes to that domain. The biosensor is

then delivered to CMs, which express the construct in large quantity. This is
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Figure 4.12: Targeted CUTie signal analysis faces important obstacles. Top
left: example of ROI covering the entire field of view, except saturated areas. Top
right: representative traces of CUTie cAMP sensor individual channels normalised
fluorescence from the example ROI. Bottom: rolling median (5-points average,
centred) of cAMP sensor normalised fluorescence ratio from the example ROI.
Vertical dark lines indicate timings of each treatment addition to the bath.
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typically the case with the targeted CUTie sensors presented in the previous

section. However, because of the high level of expression, the sensor

can also end up in locations other than the intended nanodomain, thereby

confounding the analysis. To overcome this problem, a new FRET-based

cAMP biosensor was developed, taking advantage of a split GFP system:

FluoSTEP [24]. In FluoSTEP, the donor GFP is missing a small fragment that

is tagged to the targeting protein of interest using CRISPR-Cas9 genome

editing. Neither part of the split GFP fluoresces by itself, so only when

FluoSTEP is introduced in the edited cells, the two parts assemble at the

target protein to form a complete GFP donor, resulting in a functional sensor

(Figure 4.1). This technique enables live cell imaging of cAMP nanodomains

with high resolution at endogenous expression levels of the target protein.

To understand the role of the gap junction-associated cAMP nanodomain in

hiPSC-CM, endogenous levels of protein expression must be maintained to

avoid interference with the hiPSC-CM maturation process. This technique

was therefore used in hiPSC-CMs to study how the maturation of these cells

is affected by a newly identified cAMP nanodomain found at gap junctions,

which regulates communication between adjacent CMs [82].

To do so, the missing GFP fragment (the 11th β strand of the GFP

super folder, GFP11) was added to the C-terminus of the Cx43 protein

using CRISPR-Cas9 on the same PGP1 hiPSC cell line used throughout this

thesis. The successfully edited clones are noted Cx43-GFP11+/+. Once

differentiated into CMs, the Cx43-GFP11+/+ cells were transduced with

the FluoSTEP ICUE sensor, which GFP complementary fragment (GFP1-10)

could associate with GFP11 at Cx43.

The FRET imaging was performed similarly as presented in the previous

sections, with the exception of the PDE selective inhibition, which was not

done, and the concentration of ISO was increased to 1 μM. The localisation

of the sensor was confirmed as cell membranes were brighter, and especially

cell-cell junctions where clusters of sensor were visible, which corresponded

to the Cx43 localisation pattern 4.13.
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Figure 4.13: FluoSTEP sensors can be used to target endogenous proteins.
Left: example of ROIs drawn over cell junctions. The cells are Cx43-GFP11+/+

hiPSC-CMs transduced with FluoSTEP ICUE sensor. Green arrows indicate bright
clusters of the sensor, at a cell-cell junction. Right: Curves are FluoSTEP cAMP
sensor normalised fluorescence ratio from individual ROIs showed on the left.
The curves are normalised to baseline ([Fluorescence/Baseline fluorescence]×100-
100). Vertical dark lines indicate timings of each treatment addition to the bath.

A Rmax of 8-20% was observed at cell-cell junctions following the ISO

treatment, which indicated a nice and sustained response of the cells to

β-adrenergic stimulation, visible around Cx43 gap-junctions. This also

confirmed that the localisation did not affect the sensor function. Further

treatments with IBMX and FSK showed a much slower but sustained

increase in cAMP measurable concentration around Cx43.

The Cx43-GFP11+/+ iPSC started to differentiate spontaneously in culture

shortly after the first experiments, leading to undirected non-specific differ-

entiations which prevented further directed differentiations into CMs. This

challenge could not be resolved within the timeframe of my PhD, preventing

the repetition and expansion of these experiments to investigate the Cx43

nanodomain. Nevertheless, these experiments serve as proof-of-principle

studies, demonstrating a promising approach for future research aimed

at targeting FRET-based cAMP sensors at endogenous protein expression

levels.

102



4.3 Discussion and perspectives

This chapter focused on the evaluation of PDE3 and PDE4 hydrolytic

activity and their relative importance in regulating the cAMP-PKA pathway

in hiPSC-CMs subjected to different maturation protocols. The results

indicated that PDE3 and PDE4 are both important isoforms in hiPSC-CM,

as they are in primary CMs, but PDE4 is the main isoform responsible for

cytoplasmic cAMP regulation in hiPSC-CM. This was expected in immature

human CMs, where this isoform remains the principal regulator of cAMP,

before PDE3 becomes the main isoform in adult human CMs [121].

Interestingly, a proportion around ~50% of hiPSC-CM from both mat-

uration protocols exhibited an increased reliance on PDE3, indicating a

maturation of the β-adrenergic-cAMP-PKA pathway in progress.

An increased β-AR activity in response to ISO stimulation in matured

hiPSC-CM could also be observed. This is probably due to an increased

expression of β-ARs and/or ACs, as seen in the western-blots from the

previous chapter (Figure 3.15) an expected in more mature hiPSC-CM [45],

[46].

A surprising observation is the transitory aspect of the response to IBMX

in both DMSO and CILO conditions. This cAMP degradation despite a non-

selective inhibition of PDEs is most probably due to PDE8, a PDE isoform

that is insensitive to IBMX, and usually plays a minor role in cardiac cAMP

regulation [16], [123]. However, this cAMP hydrolytic activity seems to

disappear with the ROLI treatment, and PDE8 is also insensitive to ROLI.

PDE4 has a IC50 of 26 μM for IBMX so, by using 100 μM, PDE4 activity

should be completely blocked. But as most traces reach saturation already

after the ISO treatment in the case of ROLI pre-treatment, this could mask

the variations induced by PDE8. This potential involvement of PDE8 in

regulating cAMP in hiPSC-CM would require further investigation as it is
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not seen - to this extent - in adult CMs, nor in rodent neonatal CMs, and

could indicate a specificity of early human cardiomyocytes.

These findings advance our knowledge on the mechanisms of formation

and regulation of cAMP nanodomains in hiPSC-CMs. This will help gaining

deeper insights into embryonic and fetal cardiac development. Moreover,

it creates new leads for the identification of novel targets to enhance

the maturation of hiPSC-CMs, ultimately improving their utility for disease

modelling and regenerative medicine.

4.3.1 Limitations

While these results provide new insight in the regulation of the cAMP-PKA

pathway in hiPSC-CM, there are limitations that need to be accounted for.

Firstly, the control treatment DMSO induced a rise in cytoplasmic cAMP,

particularly in MM hiPSC-CM. While this effect is minimal and transitory

in most groups, it is strong and sustained in replicates 2 and 3 of MM

hiPSC-CM. The concentration used was matched to the one from PDE

selective inhibitors: 1μL of pure DMSO in 2.2mL of buffer (0.0045%).

DMSO is a known solvent, widely used in comparable conditions as the

ones presented in this chapter, and such effect on cAMP has never been

described. This points to a possible chemical contamination of the DMSO

used for control in MM hiPSC-CM, with one of the other drugs used to

elevate cAMP concentration. This experiment should therefore be replicated

with care, to ensure no contamination of the DMSO control would limit the

interpretability of the data.

The second limitation lies with the high variability between differentiation

batches seen throughout the experiments and is a known pitfall of the use

of hiPSC-CM. This probably depends on the efficiency of the differentiation,

which leads to the generation of more or less mature hiPSC-CM. Rather

than increasing the number of cells for each measurement, future work

should focus on including cells from more differentiation batches. But
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understanding the technical origin of this important variability would be of

utmost importance to increase the robustness and reproducibility of the data

obtained with these cells. This problem has remained understudied for over

a decade and guidelines published for neurology sciences in 2023 still point

out important unknowns on the influence of various culture parameters on

this variability [124]. But a recent paper suggests that more defined culture

conditions of iPSCs could reduce the variability between batches [125],

which is something to consider for future work involving iPSC-derived cells.

Finally, the technical obstacles faced during the experiments involving

the targeted cAMP sensors limits the applicability of these findings. Indeed,

in terms of cellular signalling, functionally relevant cAMP dynamics are not

the global ones, but rather the localized events within specific nanodomains

[13]. Developing targeted sensors from EPAC-SH187 would increase the

signal to noise ratio, and therefore increase the robustness of the data.

In this biologically highly variable model, reduce the technical variability is

of higher importance, and should be considered for future work involving

hiPSC-CM.
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Chapter 5

Investigating maturation-induced

physiological changes in

hiPSC-derived CMs

5.1 Introduction

The immature phenotype of hiPSC-CM is manifested across multiple bio-

logical domains, including electrophysiology, calcium handling, metabolism,

and contractile function. Morphologically, hiPSC-CM retain a fetal-like

round or polygonal shape, lack well-organized sarcomeres, and exhibit no

T-tubules that are hallmarks of adult vCM. Electrophysiologically, hiPSC-

CM display unstable resting membrane potentials, leading to spontaneous

depolarisations, and prolonged action potential durations, reflecting an

underdeveloped ion channel organisation. Similarly, their calcium han-

dling machinery is characterized by reduced SR calcium storage, impaired

excitation-contraction coupling, and blunted responsiveness to β-adrenergic

stimulation [72].

Given these limitations, considerable efforts have been directed to-

wards designing maturation protocols to recapitulate the structural and

functional properties of adult CMs. Strategies have encompassed long-

term culture, mechanical and electrical stimulation, metabolic conditioning,

three-dimensional tissue engineering, and co-culture with non-myocytes.

As these approaches variably enhance specific aspects of CM maturation,

a point of central importance remains the quantitative and functional

assessment of their efficacy.
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Physiological measurements — particularly those probing contractile per-

formance, calcium handling dynamics, and electrophysiological properties

— are therefore indispensable tools in benchmarking iPSC-CM maturation.

High-resolution video microscopy easily provide metrics of contractile prop-

erties, while fluorescent optical methods readily quantify action potential

kinetics and calcium transient features. Importantly, the responsiveness of

hiPSC-CM to neurohormonal stimulation, particularly via the β-adrenergic

signalling pathway, offers a critical functional readout of maturation status,

and the relevance of hiPSC-CMs to model specific conditions.

In the adult heart, β-adrenergic stimulation via catecholamines such

as ISO elicits well-characterized enhancements in contractility, relaxation

kinetics, and calcium cycling through PKA-mediated phosphorylation of key

targets including PLN, RyR2 and LTCC. However, in immature hiPSC-CM, the

β-adrenergic pathway is often underdeveloped or dysregulated, exhibiting

attenuated chronotropic, inotropic, and lusitropic responses [46], [126].

This deficiency may reflect incomplete expression of β-AR, impaired G-

protein coupling or AC activity, or an imbalance in PDEs expression and lo-

calisation. Therefore, evaluating the amplitude and kinetics of β-adrenergic

responses in hiPSC-CM serves both as an additional diagnostic measure of

the β-adrenergic pathway maturation and as a functional endpoint to assess

the efficacy of maturation protocols. Ultimately, integrating physiological

measurements with omics-level and FRET-based characterisation holds

promise not only for refining maturation strategies but also for elucidating

the developmental assembly of β-adrenergic signalling networks in human

CMs.

Using high-resolution fluorescent microscopy, this chapter explores the

functional maturity of hiPSC-CMs and investigates the relative efficiency of

the maturation protocols with regards to the actual physiology of the cells,

but also assesses more directly the β-adrenergic development of hiPSC-CM

cultured with the two protocols, MM and LV.
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5.2 Results

Definition In this chapter, basal conditions refers to no treatment condi-

tions.

5.2.1 Calcium handling

To investigate the extent of calcium handling maturity, the RGECO

fluorescent calcium reporter was used to record calcium transients of

hiPSC-CM aged 40-45 days, maintained at 37°C and paced at 1Hz. The

image stacks were analysed using CalTrack [101]. To further explore the

magnitude of the changes observed, data have been compared to simulated

adult CM physiological measurements. These simulated measurements

have been generated with the published model [127], by Alfonso Bueno-

Orovio, University of Oxford.

5.2.1.1 Basal conditions

Under basal conditions, only subtle differences in calcium handling could

be observed between the protocols tested (Figures 5.1, 5.2). hiPSC-

CM generated with the LV protocol exhibited a shorter CTD40 than what

was observed in C or MM. This shortening was due to a faster calcium

reuptake, in the early part of the calcium decay. Indeed, the CTD90 was

not significantly decreased. In the case of MM, a delayed time to peak was

observed, with a shorter decay time, maintaining a similar CTD.

When compared to simulated adult CM calcium transients, the time to

peak calcium was significantly prolonged in all hiPSC-CMs (~45ms in adult

vCMs, ~200ms in hiPSC-CMs), resulting in a prolonged transient (~550ms

in adult vCMs, ~770ms in hiPSC-CMs) despite similar decay times (~500ms

in adult vCMs, ~550ms in hiPSC-CMs). This demonstrated efficient calcium

reuptake/extrusion, as opposed to the calcium release/entry in hiPSC-CMs.
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Figure 5.1: The maturation protocols tested do not induce a calcium
handling maturation in basal conditions. Calcium transients from hiPSC-CMs
maintained at 37°C and paced at 1Hz. Curves are rolling median (3-points average,
centred) of calcium transients and coloured ribbons are 95% confidence intervals.
Top: The curves are normalised to baseline (Fluorescence/Baseline fluorescence).
Bottom: The normalised curved are scaled between 0 and 1. n=80, from 4
differentiation batches in C ; n=66, from 4 differentiation batches in MM ; n=66,
from 3 differentiation batches in LV.
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Figure 5.2: The LV protocol gives rise to more homogeneous hiPSC-
CM populations in terms of calcium handling. Dark grey lines and shaded
areas are the median and interquartile range of corresponding measurement on
simulated adult CM calcium transients (Sim). CTD = calcium transient duration,
CTD40|CTD90 = calcium transient duration at 40|90% of peak, Tau = decay time
constant (from fitted double exponential curve), TDecay = decay time, TPeak
= time to peak. n=80, from 4 differentiation batches in C ; n=66, from 4
differentiation batches in MM ; n=66, from 3 differentiation batches in LV ; n=83
in Sim. See detailed statistics in supplementary table B.2.
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Of note however, the LV protocol produced more homogeneous hiPSC-

CMs, exhibiting less variable calcium transient shapes, as evidenced by

the reduced variability in CTD40 (IQR 129.7ms in C and 108.1ms in MM,

compared to 54.87ms in LV, P=1.04e-06), time to peak (IQR 98.86ms in

C and 122ms in MM, compared to 64.05ms in LV, P=4.5e-04) and decay

time (IQR 76.50ms in C and 74.51ms in MM, compared to 56.26ms in LV,

P=2.45e-02).

5.2.1.2 β-adrenergic stimulation

To explore the extent of β-adrenergic development, hiPSC-CMss were

treated with increasing doses of the β2-adrenergic receptor agonist iso-

proterenol (ISO), before recording calcium transients. The control cells

responded to ISO in a dose-dependent manner with a significant shortening

of the time of decay, resulting in a faster calcium transient ; with the

exception however of the highest dose (0.1μM), which didn’t induce a

further shortening of the time of decay compared to the previous dose, but

on the contrary induced a prolonged time to peak (Figure 5.3). This showed

that control hiPSC-CM had an efficient calcium reuptake/extrusion, that was

adaptable to β-adrenergic stimulation whereas the calcium entry/release

from the sarcoplasmic reticulum was not. Conversely, in LV hiPSC-CMs, a

dose-dependant shortening of the transient at 40% and 90% of the peak

was seen, in relation to faster time to peak. Similarly, the MM hiPSC-

CM responded to the highest dose of ISO with a reduction of the calcium

transient duration, mainly due to a faster time to peak. However, the

high variability of the C and MM data (especially the CTD40 and TPeak

measurements) demonstrated that this effect was not robust, contrary to

what was seen in the LV cells.

Overall, these data suggested no significant maturation of the calcium

handling induced by either protocol, but the LV protocol lead to more

homogeneous hiPSC-CM populations, more mature calcium transient shape

and more robust responses to β-adrenergic stimulation.
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Figure 5.3: β-adrenergic stimulation induces a shortening of calcium
transient decay time in control but a shortening of time to peak in ”matured”
hiPSC-CM. Dark grey lines and shaded areas are the median and interquartile
range of corresponding measurement on simulated adult CM calcium transients
(Sim). CTD = calcium transient duration, CTD40|CTD90 = calcium transient
duration at 40|90% of peak, Tau = decay time constant (from fitted double
exponential curve), TDecay = decay time, TPeak = time to peak. n=51 for
DMSO, n=42 for 1nM ISO, n=42 for 10nM ISO, n=68 for 0.1μM ISO, from 2-
4 differentiation batches in C ; n=27 for DMSO, n=50 for 1nM ISO, n=50 for
10nM ISO, n=48 for 0.1μM ISO, from 2-3 differentiation batches in MM ; n=58
for DMSO, n=70 for 1nM ISO, n=69 for 10nM ISO, n=45 for 0.1μM ISO, from
2-3 differentiation batches in LV ; n=83 in Sim. See corresponding traces in
supplementary figure A.7, and detailed statistics in supplementary table B.3.
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Figure 5.4: MM and LV maturation protocols have mixed effects on
contractility. Contraction curves from hiPSC-CMs maintained at 37°C and paced
at 1Hz. Curves are simulated average contraction traces generated from median
contraction parameters extracted with SarcTrack. n=89, from 4 differentiation
batches in C ; n=77, from 4 differentiation batches in MM ; n=101, from 4
differentiation batches in LV.

5.2.2 Contractility

To investigate the impact of maturation on hiPSC-CM contractility —

which is closely linked to calcium handling — a GFP-tagged α-actinin protein

was overexpressed in hiPSC-CMs and fluorescent sarcomeres were recorded

simultaneously with calcium. hiPSC-CMs were aged 40-45 days, maintained

at 37°C and paced at 1Hz. Image stacks were analysed using SarcTrack

[102].

5.2.2.1 Basal conditions

Under basal conditions, the MM protocol induced a lengthening of the

sarcomere length to physiological adult length (2-2.2μm). But it also

impaired the contractile function, reducing the fractional shortening and

increasing the relaxation time (Figures 5.4, 5.5). Conversely, the LV
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Figure 5.5: Maturation protocols mainly impact sarcomere length. Max
SL = maximal sarcomere length, Min SL = minimal sarcomere length, FShort =
fractional shortening, TContr = time to contraction peak, TRelax = relaxation time.
n=89, from 4 differentiation batches in C ; n=77, from 4 differentiation batches
in MM ; n=101, from 4 differentiation batches in LV. See detailed statistics in
supplementary table B.4.
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protocol induced a shortening of the sarcomere length along with a slight

reduction of relaxation times.

These two maturation protocols induced opposite effects on hiPSC-CM

contractility. Sarcomere length was at the expected adult size in MM hiPSC-

CMs, but this protocol also impaired contractility, by inducing a reduction

in fractional shortening and increasing relaxation time. The opposite was

found in LV hiPSC-CMs. In both cases, the overall contraction-relaxation

times were directly following the tendencies of calcium transient duration

at 90% off peak.

5.2.2.2 β-adrenergic stimulation

To explore further the functional adaptability of hiPSC-CMs to β-adrenergic

stimulation, they were treated with increasing doses of the β-AR agonist

isoproterenol (ISO) and their fluorescent sarcomeres were tracked over

time. Overall, ISO had no effect on control cells contractility and only

minor effects on cells from other protocols (Figure 5.6). Low ISO treatment

induced a shortening of time to contraction peak in MM cells, with no further

increase at higher doses. It also induced a similar decrease in relaxation

time. The LV protocol only induced a reduction in relaxation time following

low β-adrenergic stimulation, with no further increase at higher doses.

In all cases, β-adrenergic stimulation dramatically increased data vari-

ability, which indicated that this response was far from robust.

Overall, these data suggested an incomplete and subtle maturation of

hiPSC-CM contractility with the protocols tested. The LV protocol gave more

promising results in basal conditions, compared to MM. However, while β-

adrenergic stimulation did have a coherent effect in both MM and LV hiPSC-

CM, the response was neither dose-dependent nor robust, as the treatment

led to increased variability in the data. This contrasts with the results

observed for calcium handling in LV hiPSC-CM, suggesting that β-adrenergic

maturation at the level of the sarcomere is less developed compared to

calcium handling mechanisms.

115



Figure 5.6: β-adrenergic stimulation induces a shortening of contraction
times in MM and LV hiPSC-CMs. Max SL = maximal sarcomere length, Min
SL = minimal sarcomere length, FShort = fractional shortening, TContr = time
to contraction peak, TRelax = relaxation time. n=48 for DMSO, n=42 for 1nM
ISO, n=54 for 10nM ISO, n=62 for 0.1μM ISO, from 2-3 differentiation batches
in C ; n=32 for DMSO, n=54 for 1nM ISO, n=71 for 10nM ISO, n=75 for 0.1μM
ISO, from 2-4 differentiation batches in MM ; n=75 for DMSO, n=58 for 1nM ISO,
n=68 for 10nM ISO, n=64 for 0.1μM ISO, from 2-3 differentiation batches in LV.
See corresponding traces in supplementary figure A.8, and detailed statistics in
supplementary table B.5.
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5.2.3 Action potentials

Finally, to determine the impact of maturation protocols on hiPSC-CM

eletrophysiology, action potentials were investigated using the fluorescent

reporter dye FluoVolt on cells maintained at 37°C and paced at 1Hz. Image

analysis was performed using CalTrack.

5.2.3.1 Basal conditions

The LV protocol gave rise to hiPSC-CMs with more rectangular and

therefore more ventricular-shaped action potentials. Surprisingly, this was

not accompanied by a significant rise in triangulation score. MM cells,

however, displayed a significantly higher score compared to the control,

confirming that MM cells had more rectangular action potentials compared

to control hiPSC-CMs (Figures 5.7, 5.8). Moreover, LV cell population was

highly homogeneous compared to C and MM hiPSC-CMs, as showed by

a much lower IQR (0.1927 in C and 0.2257 in MM versus 0.1041 in LV,

P=5.43E-05). Additionally, action potential duration was robustly reduced

in the LV group, in relation to both a reduction in time to peak and much

shorter repolarisation time. Impressively, action potential duration at 50%

of repolarisation was exactly the expected measurement for adult CMs.

Conversely, MM hiPSC-CMs displayed a very high variability (for the APD

measurement, IQR=297.62ms in MM versus 136.49ms in C and 138.51ms

in LV, P=3.30E-07 ; and for TRepol, IQR=321.31ms in MM vs 130.72ms in C

and 140.07ms in LV, P=1.07E-09) leading to seemingly two sub-populations

of hiPSC-CM with different repolarisation times and action potential shapes.

The majority of the cells however display a prolonged action potential

induced by both an increase in time to peak, and a slower repolarisation

time, compared to both the other protocols.

Action potential shape was also specifically studied, grouping the traces

between ventricular-like and non-ventricular action potentials. The ventricular-

like action potentials were defined by APD40/APD10 > 1.75 (characteristic
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Figure 5.7: LV action potentials are shorter and more rectangular. Action
potentials from hiPSC-CMs maintained at 37°C and paced at 1Hz. Curves are
rolling median (3-points average, centred) of action potentials and coloured areas
are 95% confidence intervals. Top: The curves are normalised to baseline
(Fluorescence/Baseline fluorescence). Bottom: The normalised curves are scaled
between 0 and 1. n=81, from 4 differentiation batches in C ; n=81, from 4
differentiation batches in MM ; n=79, from 4 differentiation batches in LV.

118



Figure 5.8: LV hiPSC-CMs electrophysiology is much closer to adult
ventricular electrophysiology. Dark grey lines and shaded areas are the median
and interquartile range of corresponding measurement on simulated adult CM
calcium transients (Sim). APD = action potential duration, APD50|APD90 = action
potential duration at 50|90% repolarisation, TRepol = repolarisation time, TPeak =
time to peak, Triangulation = APD40/APD90 score (closer to 1 is more rectangular
versus triangular). n=81, from 4 differentiation batches in C ; n=81, from 4
differentiation batches in MM ; n=79, from 4 differentiation batches in LV ; n=83
in Sim. See detailed statistics in supplementary table B.6.
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of the prolonged plateau phase) and APD80/APD40 < 1.5 (characteristic of

the faster repolarisation after plateau) based on empirical observations of

the data. The figure 5.9 highlighted a rise in the proportion of ventricular-

like action potentials with both maturation protocols, but more importantly

the LV protocol (~45% in C, ~55% in MM, ~65% in LV). It is important

to note that these proportions were solely indicative, as the parameters

selected for AP shape characterisation were non-standard and might have

under-estimated the real proportions. Additionally, the average control

ventricular AP was unexpectedly triangular, due to greater variability

in individual durations compared to MM and LV, though individual APs

remained ventricular-like with a distinct plateau and rapid repolarisation.

Overall, the LV protocol gave rise to more mature action potentials,

closer to adult ventricular action potentials. On the contrary, the MM

protocol increased the variability of the dataset and induced delayed and

prolonged action potential, characteristic of an immature electrophysiology,

despite more rectangular action potentials in majority. Compared to adult

ventricular action potentials, as observed with calcium handling, the time

to peak was significantly delayed (~35ms in hiPSC-CM vs <5ms in mature

CMs). Repolarisation time was also delayed, although the LV group was

getting significantly closer.

5.2.3.2 β-adrenergic stimulation

Finally, to investigate whether basal maturation of hiPSC-CM action

potential would ensure a robust β-adrenergic adaptability, hiPSC-CM were

also treated with increasing doses of ISO prior action potential recording.

Surprisingly, the ISO treatment induced a prolonged APD50 in control

cells, opposite of the expected effect in mature CMs. In the LV group,

a non-significant tendency to faster time to peak, in a dose-dependent

manner was observed (Figure 5.10). Additionally, a reduction in APD50 was

observed in response to the highest doses but this effect was not seen in
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Figure 5.9: The proportion of ventricular-like action potentials is elevated
in MM and further increased in LV hiPSC-CMs. Top: Action potentials grouped
between ventricular-like and non-ventricular action potentials (AP). Curves are
rolling median (3-points average, centred) of action potentials and coloured
areas are 95% confidence intervals. The curves are normalised to baseline
(Fluorescence/Baseline fluorescence). Bottom: Proportion of ventricular-like
versus non-ventricular AP. n=81, from 4 differentiation batches in C ; n=81, from
4 differentiation batches in MM ; n=79, from 4 differentiation batches in LV.
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Figure 5.10: MM hiPSC-CM react to ISO with a dose-dependant shortening
of action potentials duration. Dark grey lines are the median of corresponding
measurement on simulated adult CM action potentials (Sim), and shaded areas are
interquartile range. CTD = calcium transient duration, CTD40|CTD90 = calcium
transient duration at 40|90% of peak, Tau = decay time constant (from fitted
double exponential curve), TRepol = repolarisation time, TPeak = time to peak.
n=72 for DMSO, n=75 for 1nM ISO, n=86 for 10nM ISO, n=88 for 0.1μM ISO,
from 4 differentiation batches in C ; n=70 for DMSO, n=96 for 1nM ISO, n=89
for 10nM ISO, n=89 for 0.1μM ISO, from 4 differentiation batches in MM ; n=51
for DMSO, n=71 for 1nM ISO, n=66 for 10nM ISO, n=57 for 0.1μM ISO, from
2-3 differentiation batches in LV ; n=83 in Sim. See corresponding traces in
supplementary figure A.9,and detailed statistics in supplementary table B.7.
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ADP90 measurements. Finally, the MM protocol induced a dose-dependant

reduction in time to peak and especially repolarisation time, leading to a

robust reduction in action potential duration. This suggested a subtle and

non-robust effect of the β-adrenergic stimulation on action potentials in LV

hiPSC-CMs, while MM hiPSC-CM treated with ISO had a robust shortening

of action potential kinetics, as expected in mature CMs.

Overall, it appears that both maturation protocols helped mature hiPSC-

CM electrophysiology in a different way. LV cells exhibited shorter and more

rectangular, ventricle-like action potentials, much closer to adult ventricular

action potentials, and with homogeneous action potential shapes. β-

adrenergic stimulation induced a subtle shortening of the action potential

duration at 50% of repolarisation, thereby correcting the reverse effect

the drug had on control hiPSC-CM. MM cells also showed more rect-

angular action potentials, although this protocol exacerbated population

heterogeneity (especially the electrophysiology), inducing a very high

variability in the data. MM hiPSC-CMs reacted to ISO with a robust

dose-dependant shortening of action potentials duration, with response

amplitudes exceeding the effect observed in adult ventricular CMs.

5.3 Discussion and perspectives

The objective of this chapter was to establish how differentiation and

maturation protocols influence the functional maturity of CMs produced in

2D culture, and assess the maturity of the cAMP signalling pathway by

assaying how β-adrenergic stimulation alters cellular function.

When compared to adult vCMs, all hiPSC-CMs still demonstrated a

significant immaturity.

In terms of calcium handling, all hiPSC-CMs showed a slightly prolonged

decay time compared to what was observed in adult ventricular CMs, with a

significantly prolonged time to peak. This highlighted a robust immaturity
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of the calcium release, while calcium reuptake/extrusion was more efficient.

This delay could be explained by an extended reliance on extracellular

calcium rather than SR stocks in hiPSC-CM subpopulations [128]. But more

importantly — as the delay was asymetrical between release and reuptake

— this was probably due to spacially uncoupled LTCC and RyR, induced by

the lack of T-tubules in hiPSC-CM, which delays the opening of RyRs as the

calcium must diffuse on longer distances to activate them [129].

Similarly, action potential depolarisation time was still significantly

increased in all hiPSC-CM compared to adult vCMs. This is usually explained

by the depolarised resting membrane potential in hiPSC-CMs, which reduces

the driving force and therefore slows down sodium influx [130], combined

with slower kinetics of the NaV1.5e channel (neonatal) isoform [131].

Interestingly, hiPSC-CM dose-dependent responses to β-adrenergic stim-

ulation were progressing linearly with increasing doses, while adult vCM

showed an exponential evolution. Additionally, hiPSC-CMs were more

sensitive to low ISO dose than adult vCMs, which illustrates the persistent

immaturity of β-adrenergic responses in hiPSC-CMs, despite maturation

protocols.

Comparing the relative functional maturation status of hiPSC-CMs re-

vealed that the functional impact of both maturation protocols was different

depending on the cellular function examined. The MM protocol induced im-

provements in electrophysiology compared to control hiPSC-CM, with more

ventricular-like action potentials and a robust adaptation to β-adrenergic

stimulation only for action potentials and not for calcium handling. On the

other hand, the LV protocol increased further the proportion of ventricular-

like action potentials, but only demonstrated a robust adaptation of calcium

handling to ISO.

Calcium transients were not robustly matured by either maturation

protocol at basal state, but the contractile function of hiPSC-CM was

differentially affected by the two protocols. The MM protocol induced
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longer sarcomeres, to the expected length in mature CMs, but at the same

time impaired the contractile function by reducing the fractional shortening

and increasing relaxation times, although calcium reuptake had close to

mature kinetics. In contrast, LV differentiation gave rise to hiPSC-CMs

with shorter, less mature sarcomere length, but decreased relaxation times.

Electrophysiology, however, was dramatically improved by the LV protocol.

Although both protocols promoted the generation of rectangular, ventricle-

like action potentials, only LV hiPSC-CMs exhibited a robust reduction of

action potentials depolarisation and repolarisation times, leading to close to

mature action potential duration.

LV maturation protocol induced an interesting change in calcium han-

dling in response to β-adrenergic stimulation. While control hiPSC-CM

demonstrated a shortening of calcium transient duration due to a shorter

decay time, LV hiPSC-CM responded to ISO with a reduction in the time

to peak. MM cells demonstrated an intermediate response, with a non-

significant shortening of decay time, alongside a shortening of time to peak

at high ISO dose. Moreover, both MM and LV hiPSC-CM tolerated the

highest dose of ISO, which induced the greatest amplitude of response,

while it induced an opposite effect in control cells. Taken together, these

results suggested significant changes in cAMP dynamics around NCX1 or

SERCA/PLN complexes, and LTCC as well as RYR channels, by maturation

protocols ; thereby limiting increasing activity of proteins involved in calcium

reuptake/extrusion and increasing the speed and probability of opening

of calcium channels, in response to β-adrenergic stimulation. A further

investigation of this phenomenon would be required to elucidate the exact

mechanism involved. Phospho-protein quantification and targeted cAMP

sensors would have been of great help on this matter. Additionally, specific

inhibitors of these ATPase, exchanger and ion channels (such as ryanodine

and dihydropyridine for example) could be used to delineate the respective

roles of these proteins in calcium handling and β-adrenergic adaptation

within these cells.
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The β-adrenergic stimulation induced a dose-independent shortening

of the relaxation time in a similar way in both MM and LV hiPSC-CMs.

Contraction time however, was only reduced in MM cells. These results

were not correlated to ISO-induced calcium kinetics changes, and therefore

suggested a subtle maturation of the sarcomeric cAMP nanodomain.

Looking at action potentials, β-adrenergic stimulation induced a dose-

dependent shortening of the action potential duration at 50% and 90%

in cells from both maturation protocols, but with more robust results in

MM hiPSC-CMs ; whereas ISO had a surprising reverse effect on control

cells. This demonstrated an increased maturation of β-adrenergic processes

associated with action potential modulation, induced by both maturation

protocols, and especially MM medium.

Overall, the functional impact of both maturation protocols was different,

demonstrating that these maturation protocols do not induce an homo-

geneous global maturation, and that care must be taken when selecting

maturation protocols, to ensure it gives the best results on studied functions

or pathways. But it also questions howmaturity is usually evaluated in these

cells, with often restricted focus on one or two functions, and calls for clearly

defined standards that still lack in this field.

Independently from the maturation status, the LV protocol gave rise to

impressively homogeneous population of hiPSC-CMs, as opposed to the

MM protocol which often inflated data variability from control cells. This

alone indicated that the LV protocol would be a preferable choice, especially

because high data variability is already a known hurdle of this model, thus

reducing reproducibility and applicability of the results.

This variability could come from either mixed or heterogeneous popula-

tions of CMs that emerge from the differentiation process, or from non-

CMs (endothelial cells, cardiac fibroblasts, etc.) that arise in different

proportions depending on the protocol used. These other cell types can

induce variability when they are included in the dataset and also have a
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direct impact on the CMs physiology through cell-to-cell communication

[82], [132]–[134]. In terms of mixed populations, analysis of action

potentials shape demonstrated an increased proportion of ventricular-like

AP in the MM group, and a further increase in the LV group. These CM

subtypes differences might explain part of this increased variability in the

MM group, as more mature atrial or ventricular hiPSC-CMs would have

increasingly robust differences in terms of function. This hypothesis will

be further explored in the next chapter.

5.3.1 Limitations

Several limitations can affect the translatability of the results found in

this chapter.

First, similar to FRET measurements, the high data variability and low

number of differentiation batches per condition, coupled with the use of a

single cell line, limit the robustness of the results presented in this chapter.

Another limitation of this work was the use of fluorescent reporters. This

choice was motivated by the ease of use, as all facilities and expertise were

already on site, as opposed to gold standard procedure such as patch clamp.

Moreover, only global function was investigated while specific currents or

activity of ion channels or pumps could have brought in-depth knowledge

of hiPSC-CM maturity and underlying mechanisms.

Additionally, the use of the calcium reporter RGECO instead of a

ratiometric chemical dye, such as Fura-2 for example, was preferable in

this experimental design, as our group showed that chemical dyes alter

contractility in CMs [135], and contractility measurements were performed

simultaneously to calcium measurements. Future work will develop an

integrated pipeline combining CalTrack and SarcTrack to directly correlate

calcium handling with contractility at the single-cell level, to complete this

analysis.
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However, the fluorescent reporters used in this chapter limit the func-

tional investigation to kinetics and do not give access to actual voltage,

calcium concentration, nor force generation, which prevent these data from

being generalised. Future work will complete this dataset with contractility

measurements — including contraction force — with the use of engineered

heart tissues. The results presented here are therefore preliminary, and

indicative of effects to investigate further with more robust and costly

methods.

128



Chapter 6

Discussion

hiPSC-CMs have emerged as an innovative tool in cardiovascular research

as they represent a convenient source of human CMs, can be genetically

modified to create new cell lines, or even reflect the genetic background

of individual patients when derived directly from patient cells. hiPSC-

CM therefore offer unprecedented opportunities to model human cardiac

disease mechanisms at the cellular level, improve predictability of preclinical

studies in drug testing, and explore regenerative medicine.

But despite their promise, hiPSC-CMs resemble fetal CMs in terms of

structure and function, rather than adult CMs. This relative immaturity

limit their applicability in adult-onset diseases. Despite the proliferation

of methods since the 2010s to improve hiPSC-CM maturation, no strategy

so far has achieved a fully mature CM phenotype.

Several studies have suggested a role for the β-adrenergic pathway in

hiPSC-CM maturation. However, at present it is unknown how cAMP

nanodomains are established and regulated during maturation. This is

why this thesis aimed to explore the dynamics between maturation and

organisation of the cAMP signalling pathway in hiPSC-CMs.

The first objective was to establish how differentiation and maturation

protocols influence the proportion and maturity of CMs produced in 2D

culture.

Results from snRNA-seq, highlighted that while all protocols gave rise

to a heterogeneous population of hiPSC-CMs, with highly immature and

proliferative CMs alongside more mature CMs, the proportion of immature

cells was reduced with the MM medium treatment, and even more with the
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LV protocol. Compared to regular age-matched hiPSC-CM, cells treated

with the MM medium showed increased maturation as developmental

processes were suppressed. The principal influence of the MM protocol was

unsurprisingly the development of metabolic processes. hiPSC-CMs from

the LV protocol, however, only robustly exhibited a reduction in cellular

respiration, compared to both control and MM cells. LV hiPSC-CMs also

had increased developmental processes compared to MM cells. Reduced

cellular respiration and increased developmental processes tend to indicate

a relative immaturity of LV hiPSC-CMs compared to those from the MM

protocol.

However, at the functional level, LV hiPSC-CMs appeared to be significantly

closer to the adult phenotype than control cells, and often than MM

cells. Moreover, this lineage specification induced a significantly greater

homogeneity of the hiPSC-CM physiology.

The second objective investigated the relative contribution of PDE3

and PDE4, as an in-depth investigation of the β-adrenergic-cAMP pathway

development in the context of hiPSC-CM maturation.

Results from the FRET-based cAMP measurements highlighted a persistent

predominance of PDE4 in regulating cAMP levels, in basal conditions or in

response to ISO stimulation. However, both LV and MM protocols gave

rise to hiPSC-CMs with an increased reliance on the principal adult isoform,

PDE3; an indication of progressed β-adrenergic-cAMP pathway maturation.

The final objective was to assess the maturity of the cAMP signalling

pathway by assaying how β-adrenergic stimulation alters cellular function,

and how this correlates with changes in PDE3 and PDE4 activity.

At the functional level, β-adrenergic stimulation demonstrated an ongoing

maturation of this pathway in hiPSC-CM from both protocols, with more

robust alterations of cellular function compared to control cells. MM cells

had a more robust response to β-adrenergic stimulation of action potentials

compared to LV hiPSC-CM, while conversely calcium transient were more

robustly altered by ISO treatment in LV cells. This corroborated the previous
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finding, with an increasing predominance of the mature isoform PDE3 in

these cells.

6.1 The predictive power of snRNA-seq on hiPSC-

CM function

To evaluate the predictive power of snRNA-seq on hiPSC-CM function,

this section will integrate the findings of the different chapters.

Comparative expression of sarcomeric protein isoforms showed a strong

tendency toward sarcomeric maturation with both maturation protocols,

with a reduction in the expression of foetal cardiac ventricular isoforms

and and/or an increase in adult isoforms. This was not consistent with

the corresponding genes expression in half of the investigated proteins.

Gene expression coding for key proteins involved in calcium cycling

revealed several changes between the protocols (Figure 6.1). SLC8A1 and

CACNA1D, both found to be overexpressed in immature CMs are still highly

expressed in all hiPSC-CM groups, compared to adult left vCMs. RYR2 and

CASQ2 expression was significantly reduced in all hiPSC-CM compared to

adult vCMs, and this could be correlated with a prolonged time to peak

calcium. PLN and ATP2A2 were up-regulated in MM hiPSC-CM, compared to

C and LV cells and this was correlated with a reduction in calcium transient

decay time in these cells. However, LV hiPSC-CMs show a reduction in these

genes expression, with no effect on calcium decay.

The highest impact of maturation protocols was seen on action poten-

tials. MM and LV action potentials were more rectangular, ventricle-like,

with a sustained calcium plateau and faster repolarisation. Gene expression

of key proteins involved in action potentials also revealed important changes

induced by the MM maturation protocol (Figure 6.2). But although SCN5A

(INa) and KCNA4 (ITo), KCNQ1 (IKs), KCNH2 (IKr) are highly expressed in MM

hiPSC-CM, depolarisation (sodium current) and repolarisation (potassium
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Figure 6.1: Comparison of the expression of genes involved in calcium
cycling.Heatmap presenting the relative expression of selected differentially
expressed genes involved in calcium cycling between the four groups C, MM and LV
hiPSC-CMs, and left vCM. Columns (groups) and rows (genes) were automatically
clustered (see trees on the left side and top of the heatmap), based on their relative
expression profile (Scaled expression level).

current) were on the contrary prolonged compared to LV hiPSC-CM. The

lack of significant change in ion channels gene expression in LV cells was

not consistent with the observed advanced maturity of measured LV action

potentials.

snRNA-seq revealed a decrease in PDE4D and PDE4B genes expression,

in both MM and LV hiPSC-CM compared to control cells, while PDE4A did

not show a significant change (Figure 6.3). PDE3B gene expression was

massively reduced in MM cells, while the main PDE3 isoform, PDE3A, did

not show any significnt change between hiPSC-CM groups. Overall, this

shows a global reduction in all PDEs gene expression in MM cells, but only

a reduction in PDE4 isoforms in LV cells, compared to C. But at the protein

level, PDE4D expression was only reduced (not significantly) in MM cells.

Additionally, FRET-based experiments revealed that, while PDE4 remained

the main isoform regulating global cAMP variations, an increased reliance on

PDE3 was observed in half of the MM and LV batches. This change was not
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Figure 6.2: Comparison of the expression of genes involved in action
potential.Heatmap presenting the relative expression of selected differentially
expressed genes involved in action potentials between the four groups C, MM
and LV hiPSC-CMs, and left vCM. Columns (groups) and rows (genes) were
automatically clustered (see trees on the left side and top of the heatmap), based
on their relative expression profile (Scaled expression level).

robust across differentiation batches but suggested a progression induced

by both maturation protocols towards a more mature β-adrenergic pathway.

Finally, while no significant change in gene expression of either β1-AR

or β2-AR could be seen, protein expression of the latter was significantly

increased in both MM and LV hiPSC-CMs compared to control cells. This

finding was linked to an increased β-AR activity in response to ISO in both

groups, highlighting a higher maturity induced by both MM and LV protocols.

AKAP7 gene expression was reduced in MM hiPSC-CMs and increased in

LV hiPSC-CM as compared to C. Another alias for AKAP7 is AKAP18, the

anchoring protein found at SERCA-associated cAMP nanodomain. However,
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Figure 6.3: Comparison of the expression of genes involved in β-adrenergic
pathway.Heatmap presenting the relative expression of selected differentially
expressed genes involved in β-adrenergic pathway between the four groups C,
MM and LV hiPSC-CMs, and left vCM. Columns (groups) and rows (genes) were
automatically clustered (see trees on the left side and top of the heatmap), based
on their relative expression profile (Scaled expression level).
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at the functional level, β-adrenergic stimulation induced no change in

calcium decay time, in both MM and LV hiPSC-CM, contrary to what was

seen in control cells. On the whole, more robust responses to β-adrenergic

stimulation were seen in both MM and LV hiPSC-CMs, while no such tendency

could be deduced from the snRNA-seq data.

Besides functional maturity, LV cells displayed a significantly reduced

variability in calcium transients and action potentials, highlighting the

advantage of this protocol, which gives rise to a functionally homogeneous

hiPSC-CM population. As this hurdle is known to reduce significantly the

reliability of hiPSC-CMs as a model, such benefit is non negligible.

This is in relation to a significantly reduced proportion of immature hiPSC-

CM in the LV group, as shown by snRNA-seq; although MM hiPSC-CMs also

had a reduced proportion of immature hiPSC-CMs but showed a significant

global increase in functional variability, compared to both control and LV

cells. This suggests that this observed functional variability comes from

heterogeneity within the mature hiPSC-CM population.

Other cell-types emerging from the differentiation could induce variability

when they are included in the dataset and also have a direct impact

on the CMs physiology through cell-to-cell communication [82], [132]–

[134]. In this study however, snRNA-seq analysis demonstrated that no

other cell types were detectable in either protocol, thereby ruling out their

contribution as a significant factor affecting data variability. Taken together,

these results suggested that the population of cardiomyocytes itself was

therefore probably heterogeneous.

snRNA-seq analysis revealed the existence of two populations, one with

lower cardiac genes expression (’hiPSC-CM low’) compared to the other

(’hiPSC-CM high’), which could have been the reason of this increased

variability in MM data. But, on the contrary, the proportion of ’hiPSC-CM

low’ was only increased in LV hiPSC-CM.

One other explanation investigated was the proportion of atrial versus

ventricular CMs in culture. These CM subtypes differences might explain
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part of this increased variability in the MM group, as more mature atrial and

ventricular hiPSC-CMs would have increasingly robust differences in terms

of function. The proportion of ventricle-like action potentials was shown

to be increased in LV hiPSC-CMs, which could explain the robust decrease

in variability in this group, compared to the other two. This analysis also

showed more ventricular-like action potentials in the MM group than in C;

but the proportion of ventricular CM was still lower than in LV samples, and

it is possible that the MM medium matures atrial CMs better than the LV

differentiation, thereby exacerbating subtype functional specificities, and

inflating global variability.

The expression of specific atrial and ventricular markers was addition-

ally compared across all three protocols using snRNA-seq data, but no

definitive trends could be identified (Figure 6.4). Of note, differentiation

at the time of physiology measurements was increasingly challenging

(for both differentiation protocols), with most differentiations yielding no

cardiomyocytes. The few successful cases showed reduced purity, with only

scattered patches of beating cells, compared to the higher purity obtained

for snRNA-seq samples. This might explain the discrepancy between

functional measurements and snRNA-seq data on atrial versus ventricular

CMs proportion differences.

Nevertheless, one of the main sources of variability identified was the

differentiation itself. The figure 6.5 shows that the variability between dif-

ferentiation batches was often higher than the variability within each batch,

and therefore represents the main driver of the global data variability. One

extreme example was action potential measurements in MM hiPSC-CMs,

where two distinct subpopulations were visible, that were in fact coming

from different differentiation batches (Figure 6.6). This also contradicts

the idea that differentiation batches contained varying proportions of atrial

and ventricular CMs both matured by the MM protocol, as such variability

should be evident within batches, not just between them.

In conclusion, snRNA-seq data were not predictive of the changes
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Figure 6.4: Marker gene expression shows no difference in ventricular
versus atrial hiPSC-CM proportions across protocols. Violin plots of ventricular
or atrial marker genes expression in the different protocols. The whole dataset is
presented here (including both ’hiPSC-CM low’ and ’hiPSC-CM high’). Top line:
Ventricular markers. Bottom line: Atrial markers.
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Figure 6.5: The variability between differentiation batches is the main
driver of global variability. Violin plots represent the global distribution of the
data per protocol. The superimposed boxplots represent the distribution of each
differentiation batches that form the dataset, per protocol. Of note, the control
hiPSC-CMs and MM hiPSC-CMs showed here come from the same differentiation
batches that have been split between the two protocols from day 20.
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Figure 6.6: Differentiation variability creates functionally distinct
subpopulations. Left: Violin plots represent the global distribution of the
data per protocol. The superimposed boxplots represent the distribution of each
differentiation batches that form the dataset, per protocol. Of note, the control
hiPSC-CMs and MM hiPSC-CMs showed here come from the same differentiation
batches that have been split between the two protocols from day 20. Right:
Dots represent single cells from the whole dataset, per protocol. Two distinct
subpopulations are visible in MM.

observed at the protein, nor at the functional level. This could be

confounded by the fact that differentiation batches between chapters were

unmatched; but nonetheless questions the use of this technique as a

robust predictor of cells physiology, especially in the context of bottom-up

analyses, which focus on a small number of genes to infer more global and

robust changes. This is especially true for hiPSC-CMs, which are subjected

to broad changes involved in maturation processes. Robust and various

functional measurements are therefore of utmost importance in evaluating

hiPSC-CMs maturity.

6.2 The replication of maturation protocols

Although significant improvements in hiPSC-CMmaturity were found with

the use of both MM and LV protocols (See table 6.1), the results from the

corresponding papers could not be entirely replicated.

Consequently to MM treatment, Feyen and colleagues [85] found sig-

nificant and global increase in the RNA expression of genes involved
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MM protocol LV protocol

Transcriptomics ↓ Proliferative CM, ↑
Metabolism

↓↓ Proliferative CM, ↓
Aerobic respiration

Protein
expression ↑ MLC2v, ↑ cTnI, ↓ MLC2a,

= ssTnI, ↑↑ β2-AR
↑ MLC2v, = cTnI, ↓ MLC2a,
↓ ssTnI, ↑↑ β2-AR

β-adrenergic
pathway ↑ PDE3 reliance, ↑ β-AR

activity
↑ PDE3 reliance, ↑ β-AR
activity

Calcium, no
stimulation = =

Calcium, β
stimulation ↓ (No robust adaptation) ↑ (Dose-dependent

shortening)

Contractility Longer SL, ↓ fractional
shortening

Shorter SL, = fractional
shortening

Action potentials,
no stimulation ↑ Ventricular AP ↑↑ Ventricular AP

Action potentials,
β stimulation ↑ (Dose-dependent

shortening)
= (No robust adaptation)

Global ↑↑ data variability ↓↓ data variability

Table 6.1: Summary of the relative efficiency of MM and LV protocols on
hiPSC-CMs. Based on this study measurements. β stimulation, β-adrenergic
stimulation; ↓, decreased or worse compared to control protocol; ↑, increased or
better compared to control protocol; =, equivalent to control protocol.

adult CMs processes (metabolism, calcium cycling, sarcomeres and ion

channels). This was only partially consistent with this study snRNA-seq

data. Consistently, they found that metabolic activity was increased in these

cells. Metabolic function was not assessed in this study, leaving a significant

gap, especially since the MM protocol targets metabolism. Additionally,

snRNA-seq data indicated metabolism as the primary differentiator between

LV and other protocols, as well as between adult vCMs and hiPSC-CMs.

Given the limited predictive power of snRNA-seq data on hiPSC-CM function,

evaluating metabolic function would have provided valuable insight into

the relative impact of both protocols. Additionally, INa and IK1 densities

were significantly increased, with faster depolarisation times, in the original

paper. Although specific currents densities were not evaluated here, MM

action potentials demonstrated a higher proportion of ventricular CM. Feyen

and colleagues also showed that calcium transient duration was reduced,
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with faster time to peak and decay, consistent with an increased reliance

on SR calcium stocks; and associated with increased contraction rate.

However, none of this could be replicated.

According to Dark and colleagues, the LV specification induced a higher

proximity with adult LV CMs at the transcriptomic level. Although difficult

to evaluate, it was not robustly demonstrated in the present work. At the

phenotypic level, higher mitochondrial content correlated with increased

metabolic activity and ATP production in the original paper, important data

which are missing from this thesis. Intriguingly, transmission electron

micrographs (TEM) showed longer sarcomere length in LV hiPSC-CMs,

reaching adult CM length. The opposite was measured on fluorescent-

tagged sarcomeres using SarTrack. A likely explanation is the difficulty

in transducing mature CMs compared to immature ones. Experiments

with AAV-transduced fluorescent reporters showed significantly reduced

expression in LV cells compared to MM and C hiPSC-CMs, though not

quantified. Since mature CMs are harder to transduce, many mature

LV CMs may have been excluded from live measurements due to low

fluorescence, biasing results toward more immature CMs with shorter

sarcomeres. Finally, as calcium and action potential measurements were

performed in engineered heart tissues (EHT) in the original paper, the

results are not directly comparable to this study, as the three dimensional

culture itself has an impact on hiPSC-CMs maturity. Nevertheless, a

predominance of the LV protocol in terms of data homogeneity and increased

ventricular CM proportion was evident already in 2D culture.

In this thesis, although functional measurements were matured under

the effects of both protocols, the maturation level was mostly not as

advanced as expected, with the exception of LV action potentials. Several

reasons could explain these discrepancies. First, the cell line used was

different from the ones in the published papers. In the case of LV hiPSC-

CM, culture conditions were different from the published paper, optimised to
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better correspond to the PGP1 cell line physiology. But time in culture was

also different, while most measurements were done at Day 20 in the original

paper, it was prolonged to Day 40-45 in this thesis to match the other

groups time in culture. Additionally, important measurements presented by

Dark and colleagues were performed in EHTs (calcium, action potentials),

and measurements performed with different techniques (TEM versus AAV-

transduced fluorescent tag). In addition, for the generation of MM hiPSC-

CM, the differentiation protocol was slightly different from the published

paper.

Excessive variability exhibited within the differentiated products, including

batch-to-batch variabilities, is a wide-spread challenge in the reproducibility

of results obtained with hiPSC-CM [136]. Beyond line-to-line variability,

known sources of variability that can explain batch-to-batch variability can

be intrinsic to the cells used or acquired. For example, the dynamic tran-

scriptional state of cells at the start of differentiation induces heterogeneity

in pluripotency [137]; iPSC culture conditions can significantly imprint

their behaviour [138] (mechanical stress, cell-to-cell contact, oxygen

levels, genetic drift, cryopreservation); subtle differences at the start or

within differentiation protocols (cell density or cell cycle phase at start of

differentiation, small changes in various components concentration) [77].

However, despite this knowledge, the use of commercial media with graded

formulation and efforts made to standardise iPSC culture, there are still

significant changes in differentiation efficiency over time. During the course

of this work, it happened several times that differentiations would suddenly

stop working for months in a row before starting to work again, without

notable changes in iPSC culture or differentiation conditions. More work

is required to identify the sources of variability, and properly address this

problem.
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6.3 How far are we still from adult CMs ?

When comparing snRNA-seq data of hiPSC-CMs to adult CMs, it appeared

that all hiPSC-CMs, regardless of their protocol of origin, demonstrated

a higher proximity between themselves than with adult vCMs. This

difference was mainly due to reduced processes involved in mitochondrial

ATP production, in all hiPSC-CM groups compared to adult vCM. This was

expected as increased mitochondrial density and activity seems to be

mainly linked to long-term electrical stimulation in 2D monocultures. In a

study combining MM medium with nanopatterning and long-term electrical

stimulation, a key finding was that mitochondrial ATP production was also

the main difference between hiPSC-CMs cultured with MM medium alone

and highly mature hiPSC-CM cultured with the combined three techniques

[84]. However, it is difficult to know if this is a robust finding, as

few studies using electrical stimulation assessed mitochondrial activity,

and even fewer studies directly compared the respective efficiency of the

different techniques on hiPSC-CM maturity.

Overall the results of this thesis demonstrated that both maturation proto-

cols, despite their different design and some specificities, induced a similar

maturation of the β-adrenergic pathway and global physiology of hiPSC-

CMs. However, the LV protocol led to the generation of homogeneous

hiPSC-CMs, while the MM protocol seemed to even have the opposite effect,

as dramatically visible at the functional level. These findings underscore

the importance of selecting effective differentiation protocols and optimal

culture conditions to generate iPSC-CMs that are more homogeneous, and

will therefore robustly recapitulate the adult human CM phenotype when

matured.

This study represents an introduction to the systematic study of the β-

adrenergic pathway development, in relation to hiPSC-CM global maturity.

These advances contribute to bridging the gap in knowledge around β-

adrenergic pathway development through the nanodomains structure and

the relative importance of associated PDE isoforms.
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Importantly, it also highlights that functional maturation must be evaluated

in an integrative context, rather than relying on single-parameter improve-

ments. For instance, enhanced maturation of action potentials do not

necessarily indicate mature β-adrenergic responses or enhanced calcium

handling. Standardization of maturation metrics is needed to enable cross-

study comparisons and meta-analyses.

Despite the fact that hiPSC-CMs still do not reach full maturity in vitro, the

continued improvement in differentiation and maturation protocols brings

hope to see this outcome in future work. Specific-lineage differentiation

[86], 3D culture conditions, inclusion of the appropriate stromal cells [82],

as well as ’Organ-on-a-chip’ microfluidic devices [139] have emerged as

robust techniques to improve hiPSC-CM functional maturity. Moreover,

combined electrical and mechanical stimulation play important roles in the

emergence of adult-like phenotypes from hiPSC-CMs [84].

Although bottom-up analyses involving RNA sequencing have shown impor-

tant predictive limitations, transcriptional profiling of both hiPSC-CM and

human organ samples provide robust benchmarks for cellular identity, and

differentiation and maturation processes.

To compare human iPSC-CMs to primary rat neonatal CMs, with a focus on

G-protein-coupled receptor signalling components, Bourque and colleagues

[140] used integrated single-cell signalling and bulk RNA sequencing. Their

data revealed species-specific GPCR landscapes: differential expression

of β-adrenergic, α-adrenergic, and endothelin receptors that influence

electrophysiological and contractile properties. These differences were

mainly attributed to cross-species transcriptomic differences, rather than

maturity-induced, suggesting that hiPSC-CMs are still superior for human

disease modelling than rat models.

When investigating cardiac differentiation process in vitro, single-cell tra-

jectory using transcriptomics at multiple differentiation time points has

proven to be very informative. Li and colleagues [105] generated a high-

resolution map of cardiac differentiation by sequencing 32,365 single cells

from two human iPSC lines at four key time points. They found discrete
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populations corresponding to several pluripotent progenitors, mesodermal

intermediates, early cardiomyocytes, and more mature iPSC-CMs. Addition-

ally, reconstruction of a differentiation trajectory and single-cell regulatory

network interference highlighted CREG and NR2F2 as putative master

regulators of CM lineage commitment. This work provides a transcriptomic

benchmark of stage-specific gene expression programs, against which new

differentiation protocols can be quantitatively evaluated.

Ai and colleagues [108] applied label-free, single-cell proteomics to over

1,600 individual cells, encompassing undifferentiated iPSCs, iPSC-CMs at

multiple differentiation time points, and adult human CMs. They quantified

>700 proteins per cell, revealing distinct metabolic subtypes: one iPSC-CM

population enriched in glycolytic enzymes versus an adult CM population

dominated by fatty acid–oxidation machinery. They also reported a

rare hybrid phenotype: single cells co-expressing cardiac and neuronal

markers, that was also seen in the chapter 3 of this thesis, although

many of the involved gene ’markers’ were in fact broader developmental-

associated genes. Finally, and very interestingly, spatial heterogeneity

in iPSCs was found. Cells at colony edges expressed high Lin28a and

Tra-1-60, underscoring microenvironment influences on pluripotency, and

adding a new hint to variablity in differenciation efficiency and hiPSC-CM

heterogeneity.

Recognizing that neither proteomics nor transcriptomics alone capture the

full complexity of the human heart, Tang and colleagues [141] reviewed

the integration of scRNA-seq with spatial transcriptomics, proteomics, and

epigenomics to map cellular heterogeneity in situ. They highlight advances

in data-integration algorithms, advocate for multi-layered human cardiac

atlases (healthy and diseased) to avoid current limitations in aligning

disparate omic datasets and the need for robust computational frameworks.

Such integrative atlases will provide the ultimate external benchmarks

to validate the fidelity of iPSC-CM models across molecular, spatial, and

functional dimensions.

These studies underscore that rigorous characterization of iPSC-CMs,
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and the advancement of maturation protocols, also depends on parallel

transcriptomic and proteomic profiling, anchored by direct comparisons to

human cardiac tissue. By codifying protein and RNA level signatures of

cellular identity, signalling maturity, and lineage commitment, the field

will move closer to establishing quantitative, multi-omic benchmarks that

will guide the development of iPSC-CMs for research, drug screening, and

ultimately, regenerative therapies.
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Appendix A

Supplementary figures

Chapter 2

Figure A.1: Regular hiPSC-CM differentiation protocol and metabolic
maturation.

Figure A.2: Left-ventricle like hiPSC-CM differentiation protocol.
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Figure A.3: Insertion of the GFP11 fragment at the C-terminus of Cx43
using Cas9 genome editing. A: Homology directed repair template sequence
and labels stating its structure. B: Electrophoresis gel showing DNA amplified
from insertion region. Rectangles highlight edited lines. C: Pictures from bright
field microscopy of iPSCs in culture from selected clones, after genome editing. D3
is a homozygous edited clone and E10 is a non-inserted clone used as a technical
control. D: Sequencing from the two selected lines: the homozygous edited line
D3 and non-inserted line E10.
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Figure A.4: Immunostaining confirmed pluripotency of edited Cx43-GFP
cells. A: Bright field view of newly edited cell-line Cx43-GFP+/+ iPSCs in culture,
and corresponding immunofluorescent staining of four pluripotency markers. B:
Bright field view of newly edited cell-line Cx43-GFP-/- iPSCs in culture, and
corresponding immunofluorescent staining of four pluripotency markers.
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Chapter 3

Figure A.5: The relative expression of early and late cardiac genes by
clusters reveals clusters with either high or low expression. Violin plots of
the relative expression of cardiac genes, in the different clusters. Expression level
is the normalised number of corresponding reads for each nuclei. Clusters 0, 3, 5
and 7 show higher expression in most late cardiac genes investigated.
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Figure A.6: Average traces of cAMP sensor individual channels. Curves
are rolling median (5-points average, centred) of each cAMP sensor channel
fluorescence, and coloured areas are corresponding 95% confidence interval. The
curves are normalised to baseline ([Fluorescence/Baseline fluorescence]×100-
100). Vertical dark lines indicate timings of each treatment addition to the bath.
PDE_I=PDE inhibitor (ROLI or CILO, as indicated above each plot). n=30 for DMSO,
n=28 for ROLI, n=29 for CILO, from 2-3 differentiations in C, n=28 for DMSO, n=18
for ROLI, n=20 for CILO, from 2-3 differentiations in MM, n=28 for DMSO, n=30
for ROLI, n=29 for CILO, from 2-3 differentiations in LV.
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Figure A.7: β-adrenergic stimulation have no robust effect on hiPSC-
CM calcium transient. Curves are rolling median (3-points average, centred)
of calcium transients and shaded areas are 95% confidence intervals. The
curves are normalised to baseline (Fluorescence/Baseline fluorescence). n=51
for DMSO, n=42 for 1nM ISO, n=42 for 10nM ISO, n=68 for 0.1μM ISO, from
2-4 differentiation batches in C ; n=27 for DMSO, n=50 for 1nM ISO, n=50 for
10nM ISO, n=48 for 0.1μM ISO, from 2-3 differentiation batches in MM ; n=58
for DMSO, n=70 for 1nM ISO, n=69 for 10nM ISO, n=45 for 0.1μM ISO, from 2-3
differentiation batches in LV.
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Figure A.8: β-adrenergic stimulation induces a shortening of contraction
times in MM and LV hiPSC-CMs. Curves are simulated contraction traces from
median measured parameters. n=48 for DMSO, n=42 for 1nM ISO, n=54 for
10nM ISO, n=62 for 0.1μM ISO, from 2-3 differentiation batches in C ; n=32 for
DMSO, n=54 for 1nM ISO, n=71 for 10nM ISO, n=75 for 0.1μM ISO, from 2-4
differentiation batches in MM ; n=75 for DMSO, n=58 for 1nM ISO, n=68 for 10nM
ISO, n=64 for 0.1μM ISO, from 2-3 differentiation batches in LV.
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Figure A.9: β-adrenergic stimulation induces a prolongation of action
potentials in control cells but not in cells from the maturation protocols.
Curves are rolling median (3-points average, centred) of action potentials and
shaded areas are 95% confidence intervals. The curves are normalised to baseline
(Fluorescence/Baseline fluorescence). n=72 for DMSO, n=75 for 1nM ISO, n=86
for 10nM ISO, n=88 for 0.1μM ISO, from 4 differentiation batches in C ; n=70
for DMSO, n=96 for 1nM ISO, n=89 for 10nM ISO, n=89 for 0.1μM ISO, from 4
differentiation batches in MM ; n=51 for DMSO, n=71 for 1nM ISO, n=66 for 10nM
ISO, n=57 for 0.1μM ISO, from 2-3 differentiation batches in LV.
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Supplementary tables

Chapter 3

Table B.1: Statistical comparison of protein expression

Prot Group 1 Size Median±IQR Group 2 P-value Signif

MLC2a

C 6 1±0.697

NA 0.0513 nsMM 6 0.09941±0.091

LV 5 0.107±0.055

MLC2v

C 6 1±1.066

NA 0.117 nsMM 6 4.803±4.737

LV 5 2.65±2.365

ssTnI

C 6 1±0.641

NA 0.0641 nsMM 6 1.282±1.022

LV 5 0.4165±0.286

cTnI

C 6 1±1.664
MM 0.05726 ns

LV 0.7768 ns

MM 6 14.25±8.841 LV 0.102 ns

LV 5 0.5435±2.123 NA NA

SERCA2

C 6 1±0.861

NA 0.0941 nsMM 6 2.167±1.84

LV 5 0.3402±0.645

β2-AR

C 6 1±0.159 MM 0.02019 *

C 6 1±0.159 LV 0.004538 **

MM 6 3.05±0.897 LV 0.4718 ns

LV 5 4.071±1.271 NA NA

PDE4D

C 6 1±0.623

NA 0.476 nsMM 6 0.4840±0.19
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Table B.1: Statistical comparison of protein expression (continued)

Prot Group 1 Size Median±IQR Group 2 P-value Signif

LV 5 0.9495±0.413

Chapter 5

Table B.2: Statistical comparison of calcium transient parameters

Param Group 1 Size Median±IQR Group 2 P-value Signif

CTD

C 80 771.4±31.78
MM 1e+00 ns

LV 1e+00 ns

MM 65 771.4±45.52 LV 1e+00 ns

LV 65 774.3±48.41 NA NA

CTD40

C 80 331.4±129.7
MM 3.77e-01 ns

LV 4.09e-04 ***

MM 66 352.5±108.1 LV 3.38e-05 ****

LV 66 287±54.87 NA NA

CTD90

C 80 656.2±93.22
MM 5.09e-01 ns

LV 4.55e-01 ns

MM 66 652±88.45 LV 2.23e-01 ns

LV 66 653.6±88.64 NA NA

Tau

C 80 321.1±118.8
MM 1.79e-01 ns

LV 5.52e-01 ns

MM 66 283.8±132.5 LV 5.51e-02 ns

LV 66 343.7±152.5 NA NA

TDecay

C 80 580.7±76.5
MM 5.29e-04 ***

LV 1.04e-01 ns

MM 66 538.6±74.51 LV 1.04e-01 ns

LV 65 553.7±56.26 NA NA

TPeak

C 80 180.5±98.86
MM 9.22e-03 **

LV 3.87e-01 ns

MM 66 230.2±122 LV 9.09e-02 ns

LV 66 196±64.05 NA NA
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Table B.3: Statistical comparison of calcium transient parameters in
response to β-adrenergic stimulation

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

CTD, C

DMSO 51 778.1±24.87

1nM ISO 4.63e-05 ****

10nM ISO 7.99e-06 ****

0.1µM ISO 9.62e-01 ns

1nM ISO 42 750.5±59.99
10nM ISO 9.62e-01 ns

0.1µM ISO 1.97e-04 ***

10nM ISO 42 754.1±65.14 0.1µM ISO 3.95e-05 ****

0.1µM ISO 68 777.1±45.42 NA NA

CTD, MM

DMSO 27 783.3±68.04

1nM ISO 2.47e-03 **

10nM ISO 7.38e-02 ns

0.1µM ISO 4.51e-08 ****

1nM ISO 50 756.8±60.22
10nM ISO 1.10e-01 ns

0.1µM ISO 1.38e-02 *

10nM ISO 50 773.8±70.76 0.1µM ISO 5.09e-05 ****

0.1µM ISO 48 738±64.85 NA NA

CTD, LV

DMSO 58 756.7±47.9

1nM ISO 3.37e-01 ns

10nM ISO 7.23e-02 ns

0.1µM ISO 3.37e-01 ns

1nM ISO 70 747.3±49.38
10nM ISO 1.00e+00 ns

0.1µM ISO 1.00e+00 ns

10nM ISO 69 738.4±64.9 0.1µM ISO 1.00e+00 ns

0.1µM ISO 45 744.6±50.05 NA NA

CTD40, C

DMSO 49 283.2±98.28

1nM ISO 1.00e+00 ns

10nM ISO 6.01e-02 ns

0.1µM ISO 4.36e-03 **

1nM ISO 42 278±137.4
10nM ISO 2.45e-01 ns

0.1µM ISO 6.01e-02 ns

10nM ISO 42 353.4±124.2 0.1µM ISO 1.00e+00 ns

0.1µM ISO 69 348.3±91.86 NA NA

CTD40,

MM

DMSO 29 322.2±96.82

1nM ISO 1.00e+00 ns

10nM ISO 1.00e+00 ns

0.1µM ISO 6.98e-04 ***
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Table B.3: Statistical comparison of calcium transient parameters in
response to β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

1nM ISO 52 343.5±94.95
10nM ISO 1.00e+00 ns

0.1µM ISO 6.26e-05 ****

10nM ISO 53 322.7±66.98 0.1µM ISO 1.99e-04 ***

0.1µM ISO 48 270.7±58.43 NA NA

CTD40,

LV

DMSO 59 284.5±43.29

1nM ISO 3.03e-04 ***

10nM ISO 1.31e-05 ****

0.1µM ISO 5.73e-10 ****

1nM ISO 71 260.6±35.03
10nM ISO 4.21e-01 ns

0.1µM ISO 5.62e-03 **

10nM ISO 69 253.2±38.87 0.1µM ISO 3.34e-02 *

0.1µM ISO 43 235.8±38.7 NA NA

CTD90, C

DMSO 51 659.5±98.78

1nM ISO 2.80e-03 **

10nM ISO 1.30e-02 *

0.1µM ISO 1.00e+00 ns

1nM ISO 42 590.2±102.6
10nM ISO 1.00e+00 ns

0.1µM ISO 2.99e-04 ***

10nM ISO 43 629.7±124.8 0.1µM ISO 2.39e-03 **

0.1µM ISO 68 658.5±97.14 NA NA

CTD90,

MM

DMSO 29 653.6±111.7

1nM ISO 4.73e-01 ns

10nM ISO 8.30e-01 ns

0.1µM ISO 2.14e-05 ****

1nM ISO 51 631.1±131.5
10nM ISO 8.30e-01 ns

0.1µM ISO 6.12e-04 ***

10nM ISO 52 657.7±108.4 0.1µM ISO 3.36e-05 ****

0.1µM ISO 48 572.1±74.12 NA NA

CTD90,

LV

DMSO 59 634±59.05

1nM ISO 2.85e-02 *

10nM ISO 5.37e-03 **

0.1µM ISO 2.82e-04 ***

1nM ISO 69 613.7±70.63
10nM ISO 5.46e-01 ns

0.1µM ISO 2.60e-01 ns

10nM ISO 69 604.7±73.85 0.1µM ISO 4.77e-01 ns
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Table B.3: Statistical comparison of calcium transient parameters in
response to β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

0.1µM ISO 45 592.6±85.12 NA NA

Tau, C

DMSO 50 319.2±87.55

1nM ISO 1.04e-01 ns

10nM ISO 4.85e-01 ns

0.1µM ISO 7.91e-01 ns

1nM ISO 41 269.4±72.99
10nM ISO 7.91e-01 ns

0.1µM ISO 6.80e-03 **

10nM ISO 43 291.3±103.5 0.1µM ISO 1.04e-01 ns

0.1µM ISO 69 359.5±151.9 NA NA

Tau, MM

DMSO 29 350.6±134.7

1nM ISO 7.58e-02 ns

10nM ISO 1.00e+00 ns

0.1µM ISO 2.42e-02 *

1nM ISO 50 227.1±222.7
10nM ISO 7.58e-02 ns

0.1µM ISO 1.00e+00 ns

10nM ISO 53 324.2±233 0.1µM ISO 1.63e-02 *

0.1µM ISO 48 257.9±115.2 NA NA

Tau, LV

DMSO 56 308.8±148.6

1nM ISO 8.49e-01 ns

10nM ISO 9.86e-01 ns

0.1µM ISO 2.52e-02 *

1nM ISO 70 336.7±128.8
10nM ISO 8.49e-01 ns

0.1µM ISO 1.39e-01 ns

10nM ISO 69 332.5±156.9 0.1µM ISO 1.67e-02 *

0.1µM ISO 43 270.4±81.7 NA NA

TDecay, C

DMSO 48 605.7±42.02

1nM ISO 2.30e-01 ns

10nM ISO 2.45e-05 ****

0.1µM ISO 5.21e-04 ***

1nM ISO 42 578.8±50.36
10nM ISO 1.38e-02 *

0.1µM ISO 1.27e-01 ns

10nM ISO 43 536.7±72.56 0.1µM ISO 2.30e-01 ns

0.1µM ISO 68 544.2±98.31 NA NA

TDecay,

MM

DMSO 28 554±32.67

1nM ISO 1.00e+00 ns

10nM ISO 6.13e-01 ns
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Table B.3: Statistical comparison of calcium transient parameters in
response to β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

0.1µM ISO 6.13e-01 ns

1nM ISO 51 537.6±110.4
10nM ISO 1.00e+00 ns

0.1µM ISO 1.00e+00 ns

10nM ISO 53 529.4±81.85 0.1µM ISO 1.00e+00 ns

0.1µM ISO 48 533.2±55.47 NA NA

TDecay,

LV

DMSO 58 584.4±58.05

1nM ISO 9.92e-01 ns

10nM ISO 4.67e-01 ns

0.1µM ISO 1.17e-01 ns

1nM ISO 70 591.4±60.61
10nM ISO 9.92e-01 ns

0.1µM ISO 3.94e-01 ns

10nM ISO 69 596.1±49.89 0.1µM ISO 9.92e-01 ns

0.1µM ISO 44 604.8±97.03 NA NA

TPeak, C

DMSO 49 168.2±24.06

1nM ISO 3.62e-01 ns

10nM ISO 7.61e-01 ns

0.1µM ISO 2.27e-03 **

1nM ISO 42 161.7±65.07
10nM ISO 3.36e-01 ns

0.1µM ISO 1.03e-05 ****

10nM ISO 43 177.2±105 0.1µM ISO 9.32e-03 **

0.1µM ISO 69 213±81.07 NA NA

TPeak,

MM

DMSO 29 223.6±86.72

1nM ISO 3.90e-01 ns

10nM ISO 9.84e-01 ns

0.1µM ISO 2.58e-02 *

1nM ISO 51 196.2±162.4
10nM ISO 3.90e-01 ns

0.1µM ISO 3.90e-01 ns

10nM ISO 53 238.4±132.8 0.1µM ISO 6.29e-03 **

0.1µM ISO 48 196.1±66.51 NA NA

TPeak, LV

DMSO 59 179.6±50.91

1nM ISO 1.57e-02 *

10nM ISO 2.19e-05 ****

0.1µM ISO 1.98e-08 ****

1nM ISO 70 159.9±42.33
10nM ISO 1.11e-01 ns

0.1µM ISO 1.40e-03 **
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Table B.3: Statistical comparison of calcium transient parameters in
response to β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

10nM ISO 69 144.1±58.84 0.1µM ISO 1.11e-01 ns

0.1µM ISO 43 143±39.74 NA NA

Table B.4: Statistical comparison of contraction parameters

Param Group 1 Size Median±IQR Group 2 P-value Signif

Max SL

C 89 1.973±0.1229
MM 6.13e-11 ****

LV 1.55e-03 **

MM 77 2.125±0.136 LV 1.58e-22 ****

LV 101 1.887±0.1585 NA NA

Min SL

C 89 1.68±0.1214
MM 8.41e-15 ****

LV 9.96e-04 ***

MM 77 1.853±0.1229 LV 8.00e-29 ****

LV 101 1.626±0.1148 NA NA

FShort

C 89 14.63±6.628
MM 3.83e-02 *

LV 8.66e-01 ns

MM 77 12.58±7.801 LV 3.83e-02 *

LV 101 14.39±6.134 NA NA

TContr

C 88 239.7±105.4
MM 7.82e-01 ns

LV 5.62e-01 ns

MM 75 253.5±138.8 LV 5.62e-01 ns

LV 97 222.9±101.7 NA NA

TRelax

C 89 263.8±156.3
MM 1.73e-01 ns

LV 1.03e-01 ns

MM 77 313.4±218 LV 3.25e-03 **

LV 99 233.5±153.2 NA NA
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Table B.5: Statistical comparison of contraction parameters in response to
β-adrenergic stimulation

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

Max SL, C

DMSO 48 1.924±0.1592

1nM ISO 1.61e-03 **

10nM ISO 1.13e-02 *

0.1µM ISO 3.25e-01 ns

1nM ISO 42 2.031±0.1064
10nM ISO 4.25e-01 ns

0.1µM ISO 8.20e-02 ns

10nM ISO 54 2.012±0.113 0.1µM ISO 3.25e-01 ns

0.1µM ISO 62 1.98±0.1774 NA NA

Max SL,

MM

DMSO 32 2.059±0.1594

1nM ISO 1.00e+00 ns

10nM ISO 1.00e+00 ns

0.1µM ISO 5.22e-02 ns

1nM ISO 54 2.058±0.1396
10nM ISO 1.00e+00 ns

0.1µM ISO 4.77e-02 *

10nM ISO 71 2.046±0.1282 0.1µM ISO 5.22e-02 ns

0.1µM ISO 75 1.991±0.166 NA NA

Max SL, LV

DMSO 75 1.902±0.2253

1nM ISO 1e+00 ns

10nM ISO 1e+00 ns

0.1µM ISO 1e+00 ns

1nM ISO 58 1.915±0.2259
10nM ISO 1e+00 ns

0.1µM ISO 1e+00 ns

10nM ISO 68 1.914±0.212 0.1µM ISO 1e+00 ns

0.1µM ISO 64 1.874±0.2519 NA NA

Min SL, C

DMSO 48 1.668±0.109

1nM ISO 2.97e-01 ns

10nM ISO 6.96e-02 ns

0.1µM ISO 7.02e-01 ns

1nM ISO 42 1.701±0.0853
10nM ISO 9.07e-01 ns

0.1µM ISO 9.07e-01 ns

10nM ISO 54 1.7±0.0974 0.1µM ISO 7.02e-01 ns

0.1µM ISO 62 1.683±0.1118 NA NA

Min SL, MM

DMSO 32 1.793±0.2261

1nM ISO 1.00e+00 ns

10nM ISO 1.00e+00 ns

0.1µM ISO 3.91e-01 ns
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Table B.5: Statistical comparison of contraction parameters in response to
β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

1nM ISO 54 1.813±0.1382
10nM ISO 1.00e+00 ns

0.1µM ISO 1.05e-02 *

10nM ISO 71 1.783±0.1027 0.1µM ISO 6.02e-02 ns

0.1µM ISO 75 1.729±0.1781 NA NA

Min SL, LV

DMSO 75 1.65±0.1452

1nM ISO 1.00e+00 ns

10nM ISO 1.00e+00 ns

0.1µM ISO 9.81e-01 ns

1nM ISO 58 1.608±0.1348
10nM ISO 1.00e+00 ns

0.1µM ISO 1.00e+00 ns

10nM ISO 68 1.641±0.1793 0.1µM ISO 1.00e+00 ns

0.1µM ISO 64 1.617±0.2245 NA NA

FShort, C

DMSO 48 12.94±8.123

1nM ISO 7.69e-02 ns

10nM ISO 7.27e-01 ns

0.1µM ISO 8.18e-01 ns

1nM ISO 42 17.17±5.567
10nM ISO 7.27e-01 ns

0.1µM ISO 1.60e-01 ns

10nM ISO 54 15.26±4.897 0.1µM ISO 8.18e-01 ns

0.1µM ISO 62 14.52±8.452 NA NA

FShort, MM

DMSO 32 12.45±7.689

1nM ISO 1e+00 ns

10nM ISO 1e+00 ns

0.1µM ISO 1e+00 ns

1nM ISO 54 11.45±7.509
10nM ISO 1e+00 ns

0.1µM ISO 1e+00 ns

10nM ISO 71 12.93±7.758 0.1µM ISO 1e+00 ns

0.1µM ISO 75 11.86±7.415 NA NA

FShort, LV

DMSO 75 13.07±9.233

1nM ISO 1e+00 ns

10nM ISO 1e+00 ns

0.1µM ISO 1e+00 ns

1nM ISO 58 13.76±7.615
10nM ISO 1e+00 ns

0.1µM ISO 1e+00 ns

10nM ISO 68 12.75±9.76 0.1µM ISO 1e+00 ns
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Table B.5: Statistical comparison of contraction parameters in response to
β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

0.1µM ISO 64 13.34±7.662 NA NA

TContr, C

DMSO 48 259.8±258.8

1nM ISO 1.00e+00 ns

10nM ISO 5.41e-01 ns

0.1µM ISO 1.00e+00 ns

1nM ISO 42 242.4±92.41
10nM ISO 1.00e+00 ns

0.1µM ISO 1.00e+00 ns

10nM ISO 52 221.9±83.69 0.1µM ISO 1.00e+00 ns

0.1µM ISO 61 247.3±124.4 NA NA

TContr, MM

DMSO 32 304.2±152.9

1nM ISO 7.15e-05 ****

10nM ISO 3.08e-06 ****

0.1µM ISO 3.23e-04 ***

1nM ISO 53 217.7±129.2
10nM ISO 9.19e-01 ns

0.1µM ISO 9.19e-01 ns

10nM ISO 69 198.8±100.3 0.1µM ISO 4.82e-01 ns

0.1µM ISO 72 223.6±107.4 NA NA

TContr, LV

DMSO 71 257.7±107.1

1nM ISO 1.00e+00 ns

10nM ISO 8.66e-02 ns

0.1µM ISO 2.39e-01 ns

1nM ISO 57 221.7±108
10nM ISO 1.99e-01 ns

0.1µM ISO 3.76e-01 ns

10nM ISO 66 216.4±80.58 0.1µM ISO 1.00e+00 ns

0.1µM ISO 60 220.3±149.7 NA NA

TRelax, C

DMSO 46 247.9±145.3

1nM ISO 1e+00 ns

10nM ISO 1e+00 ns

0.1µM ISO 1e+00 ns

1nM ISO 42 208.1±92.71
10nM ISO 1e+00 ns

0.1µM ISO 1e+00 ns

10nM ISO 52 206.6±106 0.1µM ISO 1e+00 ns

0.1µM ISO 61 230.9±131.3 NA NA

TRelax,

MM

DMSO 32 277.4±252.2

1nM ISO 5.55e-02 ns

10nM ISO 6.85e-03 **
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Table B.5: Statistical comparison of contraction parameters in response to
β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

0.1µM ISO 1.08e-02 *

1nM ISO 54 212.2±164.7
10nM ISO 1.00e+00 ns

0.1µM ISO 1.00e+00 ns

10nM ISO 71 205.4±121 0.1µM ISO 1.00e+00 ns

0.1µM ISO 74 191.8±143.3 NA NA

TRelax, LV

DMSO 73 274.4±116.4

1nM ISO 5.39e-03 **

10nM ISO 6.87e-03 **

0.1µM ISO 1.65e-01 ns

1nM ISO 58 207.6±114.4
10nM ISO 8.32e-01 ns

0.1µM ISO 6.14e-01 ns

10nM ISO 65 225.6±95.19 0.1µM ISO 6.14e-01 ns

0.1µM ISO 62 220.1±139.9 NA NA

Table B.6: Statistical comparison of action potential parameters

Param Group 1 Size Median±IQR Group 2 P-value Signif

APD

C 81 571.8±136.5
MM 4.39e-01 ns

LV 1.36e-06 ****

MM 81 671.2±297.6 LV 2.90e-08 ****

LV 79 440.4±138.5 NA NA

APD50

C 81 204.1±142.2
MM 2.59e-08 ****

LV 3.56e-01 ns

MM 81 279.9±181 LV 1.67e-10 ****

LV 78 204.4±64.73 NA NA

APD90

C 81 394.9±152.8
MM 1.43e-04 ***

LV 7.44e-03 **

MM 81 537.5±306.8 LV 1.06e-10 ****

LV 79 321.5±87.96 NA NA

TRepol

C 81 517.6±130.7
MM 5.89e-01 ns

LV 9.54e-06 ****
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Table B.6: Statistical comparison of action potential parameters (continued)

Param Group 1 Size Median±IQR Group 2 P-value Signif

MM 81 616.9±321.3 LV 9.61e-07 ****

LV 79 412.9±140.1 NA NA

TPeak

C 79 33.83±14.95
MM 2.59e-03 **

LV 2.96e-02 *

MM 78 41.61±18.56 LV 2.43e-07 ****

LV 77 33.24±13 NA NA

Triang

C 81 0.5481±0.1927
MM 1.34e-02 *

LV 2.30e-01 ns

MM 81 0.6481±0.2257 LV 2.09e-01 ns

LV 79 0.5944±0.1041 NA NA

Table B.7: Statistical comparison of action potential parameters in response
to β-adrenergic stimulation

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

APD, C

DMSO 72 553.3±143.3

1nM ISO 4.46e-02 *

10nM ISO 4.90e-01 ns

0.1µM ISO 1.86e-01 ns

1nM ISO 75 609.9±166.6
10nM ISO 6.51e-01 ns

0.1µM ISO 9.64e-01 ns

10nM ISO 86 565.3±159.2 0.1µM ISO 9.64e-01 ns

0.1µM ISO 88 591.4±126.6 NA NA

APD, MM

DMSO 70 713.2±349

1nM ISO 7.34e-03 **

10nM ISO 4.23e-07 ****

0.1µM ISO 9.86e-14 ****

1nM ISO 96 502±329.1
10nM ISO 1.98e-02 *

0.1µM ISO 1.38e-06 ****

10nM ISO 89 399.1±307.3 0.1µM ISO 1.98e-02 *

0.1µM ISO 89 316.2±266.2 NA NA

APD, LV

DMSO 51 376.3±79.01

1nM ISO 1.07e-01 ns

10nM ISO 9.18e-01 ns
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Table B.7: Statistical comparison of action potential parameters in response
to β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

0.1µM ISO 7.57e-01 ns

1nM ISO 71 444.2±163.7
10nM ISO 5.04e-01 ns

0.1µM ISO 9.18e-01 ns

10nM ISO 66 387.7±175.8 0.1µM ISO 9.18e-01 ns

0.1µM ISO 57 403.2±187 NA NA

APD50, C

DMSO 70 174.1±72.63

1nM ISO 2.21e-05 ****

10nM ISO 6.01e-09 ****

0.1µM ISO 3.47e-06 ****

1nM ISO 77 231.7±127.9
10nM ISO 4.22e-01 ns

0.1µM ISO 7.75e-01 ns

10nM ISO 87 261.1±91.26 0.1µM ISO 4.37e-01 ns

0.1µM ISO 88 241.4±117.3 NA NA

APD50,

MM

DMSO 74 301.3±210.9

1nM ISO 3.33e-01 ns

10nM ISO 6.60e-02 ns

0.1µM ISO 6.55e-10 ****

1nM ISO 96 323.1±175.3
10nM ISO 3.14e-01 ns

0.1µM ISO 2.02e-08 ****

10nM ISO 97 283.3±166.2 0.1µM ISO 2.61e-05 ****

0.1µM ISO 89 210.2±117.8 NA NA

APD50, LV

DMSO 51 188.5±38.52

1nM ISO 2.33e-01 ns

10nM ISO 9.31e-03 **

0.1µM ISO 2.33e-01 ns

1nM ISO 65 212.4±70.22
10nM ISO 3.58e-06 ****

0.1µM ISO 1.10e-02 *

10nM ISO 65 161.3±22 0.1µM ISO 2.01e-01 ns

0.1µM ISO 57 174.1±37.75 NA NA

APD90, C

DMSO 72 387.7±206.7

1nM ISO 3.44e-04 ***

10nM ISO 1.25e-03 **

0.1µM ISO 7.14e-05 ****

1nM ISO 77 446.1±144.3
10nM ISO 1.00e+00 ns

0.1µM ISO 1.00e+00 ns
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Table B.7: Statistical comparison of action potential parameters in response
to β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

10nM ISO 87 445±128.7 0.1µM ISO 1.00e+00 ns

0.1µM ISO 88 451.7±130.7 NA NA

APD90,

MM

DMSO 69 622.4±357

1nM ISO 4.46e-03 **

10nM ISO 9.14e-06 ****

0.1µM ISO 4.39e-14 ****

1nM ISO 96 431.1±273
10nM ISO 7.10e-02 ns

0.1µM ISO 9.99e-07 ****

10nM ISO 99 386.5±248.3 0.1µM ISO 1.58e-03 **

0.1µM ISO 89 286.5±182.6 NA NA

APD90, LV

DMSO 51 264±41.07

1nM ISO 4.19e-01 ns

10nM ISO 4.19e-01 ns

0.1µM ISO 9.04e-01 ns

1nM ISO 65 285.9±84.7
10nM ISO 4.49e-03 **

0.1µM ISO 4.19e-01 ns

10nM ISO 64 234.7±55.32 0.1µM ISO 4.19e-01 ns

0.1µM ISO 56 257.8±78.88 NA NA

TRepol, C

DMSO 72 513.4±135.1

1nM ISO 3.12e-02 *

10nM ISO 5.14e-01 ns

0.1µM ISO 1.47e-01 ns

1nM ISO 73 571.9±171.7
10nM ISO 4.83e-01 ns

0.1µM ISO 7.92e-01 ns

10nM ISO 87 526.5±171.6 0.1µM ISO 7.92e-01 ns

0.1µM ISO 88 553.9±146.7 NA NA

TRepol,

MM

DMSO 70 672.3±392.1

1nM ISO 5.38e-03 **

10nM ISO 1.94e-05 ****

0.1µM ISO 1.19e-12 ****

1nM ISO 96 455.4±331.4
10nM ISO 9.10e-02 ns

0.1µM ISO 9.02e-06 ****

10nM ISO 99 407.7±316.7 0.1µM ISO 4.87e-03 **

0.1µM ISO 89 280.9±268.1 NA NA

TRepol, LV

DMSO 51 340.3±77.55

1nM ISO 1.62e-01 ns
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Table B.7: Statistical comparison of action potential parameters in response
to β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

10nM ISO 1.00e+00 ns

0.1µM ISO 7.68e-01 ns

1nM ISO 70 400±161.4
10nM ISO 7.68e-01 ns

0.1µM ISO 1.00e+00 ns

10nM ISO 66 361.1±181.9 0.1µM ISO 1.00e+00 ns

0.1µM ISO 57 373.7±148.7 NA NA

TPeak, C

DMSO 69 33.54±11.78

1nM ISO 5.85e-01 ns

10nM ISO 2.55e-01 ns

0.1µM ISO 1.00e+00 ns

1nM ISO 75 36.52±13.67
10nM ISO 1.00e+00 ns

0.1µM ISO 7.71e-01 ns

10nM ISO 85 35.53±12.05 0.1µM ISO 4.12e-01 ns

0.1µM ISO 87 33.99±12.57 NA NA

TPeak, MM

DMSO 72 41.06±25.37

1nM ISO 8.84e-01 ns

10nM ISO 2.19e-02 *

0.1µM ISO 2.19e-02 *

1nM ISO 86 38.45±14.13
10nM ISO 9.85e-02 ns

0.1µM ISO 9.85e-02 ns

10nM ISO 92 36.28±12.58 0.1µM ISO 9.04e-01 ns

0.1µM ISO 81 34.58±9.789 NA NA

TPeak, LV

DMSO 51 30.96±6.481

1nM ISO 8.19e-01 ns

10nM ISO 4.77e-01 ns

0.1µM ISO 1.31e-01 ns

1nM ISO 69 32.8±7.363
10nM ISO 1.30e-01 ns

0.1µM ISO 1.82e-02 *

10nM ISO 64 29.18±9.312 0.1µM ISO 8.19e-01 ns

0.1µM ISO 54 26.29±9.284 NA NA

Triang, C

DMSO 72 0.4699±0.1357

1nM ISO 9.66e-01 ns

10nM ISO 4.03e-02 *

0.1µM ISO 9.66e-01 ns

1nM ISO 77 0.4861±0.2173
10nM ISO 9.94e-02 ns
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Table B.7: Statistical comparison of action potential parameters in response
to β-adrenergic stimulation (continued)

Param,

Protocol

Group 1 Size Median±IQR Group 2 P-value Signif

0.1µM ISO 7.26e-01 ns

10nM ISO 87 0.4984±0.176 0.1µM ISO 2.50e-03 **

0.1µM ISO 88 0.4432±0.121 NA NA

Triang, MM

DMSO 73 0.5984±0.2435

1nM ISO 5.78e-02 ns

10nM ISO 5.65e-03 **

0.1µM ISO 7.31e-01 ns

1nM ISO 94 0.6546±0.2013
10nM ISO 7.31e-01 ns

0.1µM ISO 8.94e-02 ns

10nM ISO 97 0.6746±0.1558 0.1µM ISO 1.03e-02 *

0.1µM ISO 89 0.599±0.2164 NA NA

Triang, LV

DMSO 51 0.6509±0.0483

1nM ISO 4.56e-01 ns

10nM ISO 1.11e-02 *

0.1µM ISO 2.11e-04 ***

1nM ISO 71 0.6564±0.1127
10nM ISO 4.13e-02 *

0.1µM ISO 1.02e-03 **

10nM ISO 65 0.6235±0.0601 0.1µM ISO 3.81e-01 ns

0.1µM ISO 57 0.6089±0.0769 NA NA
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