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Samenvatting
Het hart een is onmisbaar orgaan van het (menselijk) lichaam, verantwoordelijk 
voor het rondpompen van bloed door de bloedvaten, dat onder andere de 
uitwisseling van voedingsstoffen, afvalstoffen en communicatiemiddelen mogelijk 
maakt tussen organen. Het pompvermogen van het hart wordt gegenereerd door 
hartspiercellen, die door middel van een electrische prikkel gedreven worden 
om op gecoördineerde wijze samen te trekken om zo de hartkamer te verkleinen 
en het bloed in de slagaderen te stuwen. Problemen in de (coördinatie van de) 
samentrekking van de hartspiercellen leidt tot hartfalen, in het ergste geval met 
de dood tot gevolg. Het is daarom van belang om te begrijpen hoe de pompfunctie 
van het hart kan worden verstoord en hoe dat dan opgelost kan worden. Tot 
op heden wordt veel gebruik gemaakt van proefdieren om het hart als orgaan, 
maar ook de ziekte of vergiftiging ervan beter te begrijpen. Echter, dierenharten 
gedragen zich anders dan mensenharten en zijn daarom van lage voorspellende 
waarde. Dit leidt tot onvermogen om bepaalde hartfuncties in mensen adequaat 
na te bootsen en tot schijnveligheid bij het testen van medicatie op toxiciteit. 
Het veelbelovende alternatief voor proefdieren is het gebruik van pluripotente 
stamcellen, waarmee cellen en weefsels van het menselijk hart kunnen worden 
nagemaakt. Pluripotente stamcellen kunnen alle celtypen van het menselijk 
lichaam vormen en zijn afkomstig uit embryo’s (hESCs), of kunnen worden 
verkregen uit cellen van volwassen mensen of patiënten via reprogrammering. 
Deze laatste geïnduceerde pluripotente stamcellen (hiPSCs) zijn in het bijzonder 
veelbelovend, omdat er geen ethische bezwaren tegen zijn, en ze een bron van 
patiënt-specifieke stamcellen kunnen vormen, waarmee dan een ziektemodel 
met de genetische achtergrond van de patiënt kan worden gemaakt. 

Helaas zijn de hartcellen verkregen uit pluripotente stamcellen niet zo volwassen 
als de hartcellen die we in patiënten tegenkomen, maar blijven ze steken op een 
foetaal niveau. Dit maakt dat ze zich niet precies zo gedragen als de cellen in 
het mensenhart, waardoor ze als model niet altijd geschikt zijn. Eerdere studies 
suggereerden dat hartcellen verkregen uit stamcellen een onvolwassen metabole 
activiteit laten zien, en dat foetussen voor de geboorte al beïnvloed worden 
door de blootstelling aan hun directe omgeving in de baarmoeder. In hoofdstuk 
2 reflecteren we daarom op de literatuur om een oplossing te vinden voor deze 
onvolwassenheid door de directe metabole omgeving van de ontwikkelende 
hartcellen in menselijke foetussen beter na te bootsen in het lab. We geven een 
aangepaste formulatie voor het kweekmedium, waarmee een stap gemaakt zou 
kunnen worden om de hartcellen in het lab naar een volwassener niveau te tillen. 

Desalniettemin kunnen we de hartspiercellen die worden verkregen uit 
stamcellen al wel gebruiken voor het maken van relevante (ziekte-)modellen. 
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In hoofdstuk 3 gebruiken we deze cellen, voorzien van een fluorescent label 
aan sarcomeer-eiwit alfa-actinine, (de DRRAGN cellijn) voor het bestuderen van 
het effect van weefselstijfheid op de samentrekking van de hartspiercellen en 
in het bijzonder, de sarcomeren. We vonden dat een hartspiercel meer kracht 
levert in geval van een verhoogte stijfheid, maar dat er een maximale stijfheid 
is waarbij de hartspiercel nog kan compenseren met extra kracht. Boven deze 
plafondwaarde trekken de sarcomeren nog wel samen, maar verkort de cel zelf 
niet meer, een ontkoppeling die wellicht ten grondslag ligt aan het ontstaan van 
hypertrofie en falen van het hart. 

Ook gebruiken we stamcellen om, naast hartspiercellen, pacemakercellen 
te verkrijgen. Deze cellen kunnen worden gebruikt voor onderzoek naar 
ritmestoornissen of voor het ontwikkelen van comlexere 3D modellen van het 
hart. In hoofdstuk 4 verkennen we de bestaande protocollen gevonden in de 
literatuur, en passen deze toe op de DRRAGN stamcellen om te testen of deze 
ook tot pacemakercellen differentiëren. De DRRAGN cellijn is hiervoor bijzonder 
geschikt, omdat de combinatie van fluorescente labels in deze cel zorgt voor een 
met het ook zichtbaar onderscheid tussen hartspiercellen en pacemakercellen, 
wat de beoordeling van de differentiatie ten goede komt. We identificeren het 
protocol dat de hoogste efficiëntie toont voor het genereren van pacemaker-
achtige cellen, maar verkrijgen niet de volledig volwassen pacemakercellen die 
in het mensenhart gevonden worden. Het protocol moet dus nog verder worden 
geoptimaliseerd.

In hoofdstukken 5 en 6 worden respectievelijk de bestaande op stamcellen-
gebaseerde modellen voor toxiciteit van anthracylines (kankermedicatie) 
beschreven zoals deze in de literatuur kunnen worden gevonden, en passen 
we zelf hartcellen van iPSCs en ESCs toe om een platform te genereren voor 
het voorspellen van toxiciteit van het hart veroorzaakt door kankermedicein 
Doxorubicin. Ook voor deze medicatie is in het verleden vooral getest op dieren 
voordat het in de kliniek werd toegepast, en ondanks de goede werking tegen 
kanker, veroorzaakt het middel ook regelmatig ernstige schade aan het hart. 
Er bestaat nog geen goed model om deze toxiciteit op te evalueren en om 
alternatieven voor Doxorubicin op te testen zonder gebruik van dieren. Daarom 
presentieren we in hoofdstuk 6 een combinatie van essays die het mogelijk 
maakt om de toxiciteit van Doxorubicin te evalueren en om analogen van het 
middel te vergelijken met Doxorubicin met betrekking tot de schadelijke effecten 
op hartspiercellen. We demonstreren dat we met het platform de bekende 
mechanismen van toxiciteit kunnen aantonen, en ontdekken dat een analoog van 
Doxorubicin, Amrubicin, veel minder schade toebrengt aan onze hartspiercellen 
dan Doxorubicin, wat suggereert dat deze analoog wellicht een betere keuze is 
in de kliniek.
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Het proefschrift wordt afgesloten met een algemene discussie over al het werk 
dat in de voorgaande hoofdstukken is beschreven, alsmede met een vooruitblik 
naar de toekomst.
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Summary
The heart is a vital organ of the (human) body, responsible for maintaining blood 
circulation through the blood vessels, which facilitates, among other things, the 
exchange of nutrients, waste and communicative molecules between organs. 
The pumping force of the heart is generated by cardiac muscle cells, which are 
stimulated by an electrical signal to contract in coördinated fashion in order to 
compact the heart chamber and force the blood into the arteries. Issues with (the 
coördination of) contraction of the heart muscle cells may lead to heart failure, 
which in worst case scenario could be fatal. It is therefore of great importance 
to understand how the pumping action of the heart could be disrupted and how 
this could be solved. Up until now, animal models have been used often to model 
the heart itself, and also diseases of the heart or cardiac toxicity. However, animal 
hearts behave quite different from human hearts and therefore suffer from a 
reduced predicability. This makes modelling certain human heart features difficult 
to reproduce in animals, and could lead to a false sense of safety when screening 
drugs. The promising alternative to animal models is the use of pluripotent stem 
cells, which can be used to develop cardiac cells and tissues of a human nature. 
Pluripotent stem cells are able to form every cell type of the adult human body 
and can be derived from embryos (hESCs) or by reprogramming adult cells from 
a donor or patient. The latter, called induced pluripotent stem cells (iPSCs), 
are especially advantageous because of the absence of ethical objections and 
because they form a source of patient-specific stem cells, which could be used to 
create disease models with the exact genetic background as found in the patient.

Unfortunately, stem cell-derived cardiac cells do not reach the level of maturity 
of those found in human adults or patients, but rather they resemble more the 
cells of the fetal heart. This difference means that the cells behave somewhat 
different from the human adult heart, which means that they are not always 
appropriate for modeling adult disease. Previous studies have shown that cardiac 
cells derived from stem cells present a fetal-like metabolic activity that may 
contribute to their overall immature status. In chapter 2, we therefore reflect on 
literature to find a solution for the immaturity by better replicating the metabolic 
environment of the human heart during fetal development. We suggest an 
altered composition of the culture medium, which may enable or drive further 
maturation of cardiac cells in the lab.

Nevertheless, cardiac muscle cells derived from stem cells can already be 
used for the development of relevant (disease-) models. In chapter 3, we use 
cardiomyocytes derived from embryonic stem cells, containing a fluorescent tag 
for sarcomeric protein alpha-actinin (the DRRAGN cell line), to study the effect 
of tissue stiffness on contraction of the cells, and in particular, the sarcomeres 
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within the cell. We found that a cardiomyocyte can increase contraction force 
in response to increased stiffness, but that this compensation has a limit. At 
stiffness higher than the limit, the sarcomeres within the cell can still contract, 
but the cell itself does not shorten anymore: A dyssynchrony that may be the 
trigger for cardiomyocyte hypertrophy and heart failure.

Next to cardiomyocytes, we also apply stem cells to derive cardiac pacemaker 
cells. These cells could be used for research on cardiac arrhythmias, or for the 
development of more complex 3D models of the heart. In chapter 4, we explore 
the existing protocols found in literature to derive pacemaker cells from stem cells 
and apply these on the DRRAGN stem cells. The DRRAGN cell line is particularly 
appropriate to use for this purpose, since the combination of fluorescent labels 
within the cell enables us to quickly, by microscopy, destinguish between 
cardiomyocytes and pacemaker cells. We identified the protocol that lead to 
the highest efficiency of pacemaker derivation, but the pacemaker cells that 
we obtained did no completely match the adult cells that can be found in adult 
human hearts. The protocol therefore requires further optimization.

In chapters 5 and 6, we explore the existing stem cell-based models that predict 
toxicity to the heart induced by anthracyclines (a type of cancer medication), and 
apply our own assays based on stem cell-derived cardiac cells to evaluate the 
toxicity of Doxorubicin (a common anthracyline). Also for this class of medication, 
safety screening was mostly relying on animal models, before the compounds 
were admitted into the clinic. Despite a potent action against cancer cells, it was 
found to trigger severe cardiac complications in certain patients after treatment. 
There are no adequate models to predict or evaluate the toxicity of Doxorubicin 
on the heart without the use of animals. That is why we present in chapter 6 a 
combination of assays that enables the evaluation of Doxorubicin toxicity and 
facilitates the screening of Doxorubicin analogues for their potentially less toxic 
effects on the heart. We demonstrate that we can recapitulate the known toxic 
mechanisms of Doxorubicin in our platform and then we apply the platform to 
identify a potentially less toxic analogue of Doxorubicin, called Amrubicin, which 
may hold promise for future clinical application. 

The disseration is concluded with a general discussion on the work presented in 
the chapters and with a future outlook on these subjects. 
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Chapter 1: Introduction
An introduction to the heart
The heart is a vital organ, conserved widely among almost all animals throughout 
evolutionary history, and can be found in the tiniest ant and the biggest whale. 
Even though the organ may differ in morphology and physiology from species 
to species, its function remains the same: to provide a never-ceasing flow of 
blood that acts as the road network of the body, transporting resources, waste 
and information from cell to cell. Without a circulatory system driven by the 
heart, vital resources such as oxygen and nutrients could not reach the cells in 
the interior of our bodies, and waste would accumulate indefinitely, so that cells 
could not survive there. Oxygen can only diffuse through tissue for about 200 
µm, which marks the maximal thickness of a multicellular entity if no circulation 
is present.(9) Due to this severe limitation in logistics, the formation of a heart 
in evolution was required for the development of multicellular organisms that 
are bigger than a grain of sand. Clearly, this development was a major step in 
evolution, without which we could not exist. For such a critical organ, it has a 
remarkably low capacity for self-repair. It is well known that the human heart 
cannot overcome substantial loss of viable tissue.(10) Whereas you can remove 
up to 70% of a liver and still have it grow back to its original size, for the human 
heart, almost no damage can be repaired.(10, 11) This makes the heart incredibly 
vulnerable to damage or disease, but also very interesting for researchers. The 
lack of regenerative power of the heart has driven research to study ways to 
prevent damage, as well as repair it once it happens. Research on cardiovascular 
disease is one of the major research areas in the world and will continue to be 
so since most major issues have not been solved yet in the hundreds of years 
that cardiovascular research has been conducted. This is caused, in part, by the 
design of the heart itself, as for such a “simple thing” as a fluid pump, the cardiac 
architecture turns out to be quite intricate. 

Heart physiology
The human heart consists of four compartments, two atria and two ventricles 
(see Fig 1). The atria receive the blood returning from the venal circulation, and 
pump this into the ventricles. The ventricles in turn contract to pump the blood 
from the heart into the arterial circulation, starting with the pulmonary arteries 
and the aorta. The right side of the heart receives blood from the periphery and 
pumps to the lungs, while the left side of the heart receives blood from the lungs 
and pumps it to the periphery. In that sense, the heart may be considered to be 
two pumps, conjoined at the septum, linked in series to keep the blood flowing. 
This perspective is particularly important when thinking of heart failure on one 
of the sides; since both parts are linked in series, they both must pump the same 
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volume of blood with every beat, otherwise blood builds up in either the lungs or 
the periphery. Such a build-up affects the function of the other side of the heart, 
causing failure on the longer term as well. Thus, damage or disease manifesting 
in a specific part of the heart eventually will affect the whole heart, which makes 
treatment of heart problems a race against the clock to prevent extensive whole 
organ disease.

Pumping of the heart is facilitated by the heart musculature, in which 
rectangularly shaped cardiomyocytes (CMs) are the contracting cells responsible 
for heart compartment constriction (Fig 2). Cardiomyocytes, similar to skeletal 
myocytes, contract by shortening of sarcomeres, the smallest contractile unit in 
the myocyte, which span the cell along the long axis from beginning to end in 
a series of sarcomeres called a myofibril. Sarcomeres are complex multimeric 
structures, featuring actin “light” filaments and myosin “heavy” filaments 

Figure 1: The heart and circulatory system in a diagram, showing the heart as a “double pump” and 
the parallel circulation of the lungs and the rest of the body. Adapted from (4) 
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organized in a parallel array, similar to interlocking fingers of two hands, so that 
the actin and myosin filaments can interact with each other on the long axis. 
This interaction is uniaxial and is the driving power of CM contraction. Upon 
activation, myosin heads on the myosin filaments begin interacting with the 
actin filaments, binding to it, then pulling it along the long axis and releasing 
again, repeatedly, making the sarcomere shorter and shorter, until the trigger is 
removed, and the filaments move back to their original, relaxed position. Since 

Figure 2: The heart muscle is built up of rectangularly shaped cardiomyocytes, which can contract 
via “sliding” of the thick (myosin) and thin (actin) filaments. Contraction is regulated through 
calcium-sensitive proteins tropomyosin and troponins. Adapted from (8)
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the myofibrils are connected to the cytoskeleton of the cell at the short edges, a 
simultaneous contraction of all sarcomeres within the myofibril would contract 
the whole cell. If properly timed, all CMs contract in a rapid sequential, almost 
simultaneous manner, shortening the entire cardiac wall, thus constricting the 
atrial or ventricular compartments, and squeezing out the blood. Timing is thus 
crucial, both at the level of the sarcomere as at the level of the myocardial tissue. 
Untimed contractions of sarcomeres within a myofibril may lead to reduced 
cell shortening or contractile power, whereas untimed CM contractions in the 
myocardium lead to cardiac arrhythmias and heart failure. As such, a system 
is in place at each level, facilitating coordinated contraction and proper heart 
function.

On a sarcomeric level, actin/myosin interaction is initiated by the influx of a 
relatively small amount of calcium ions (Ca2+) into the CM from the extracellular 
space, in response to an action potential in the shape of a cell membrane potential 
depolarization. Calcium ions moving into the cell triggers the release of a much 
larger amount of Ca2+ stored in the sarcoplasmic reticulum (SR), which binds to 
the troponin-tropomyosin regulatory complex in the sarcomere. This binding 
changes the conformation of the troponin complex, exposing the binding sites 
of the myosin heads on the actin filaments and initiating sarcomeric shortening. 

Figure 3: The cardiac conduction system shown in yellow. A stimulus for contraction (action potential) 
is initiated in the sinoatrial node, then travels across the atrial wall towards the atrioventricular 
node, from where it is transported to the apex of the heart by the bundles of His and distributed 
across the ventricular walls by the Purkinje fibers. Adapted from (5) 
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Calcium ion binding to troponin thus dictates the onset and end of contraction, 
as well as intensity, and should be timed perfectly in the cell to contract all 
sarcomeres of the myofibril at the same time. Human adult CMs therefore locate 
the Ca2+ channels of the cell membrane in T-tubuli, which invaginate into the 
cell, and the SR Ca2+ channel Ryanodine Receptor (RyR) to closely approximate 
each sarcomere to ensure the shortest travel distance of Ca2+ and thus the most 
efficient delivery of the contraction signal. 

On a myocardial level, contraction is coordinated by delivery of the action 
potential from a central, pace setting region called the sino-atrial node (SAN). 
This biological pacemaker generates an action potential that is passed down to 
CMs of the atria and the ventricles via a dedicated conduction system. Through 
this, the SAN first activates the atrial myocardium, after which the signal is 
received in the atrio-ventricular node (AVN), then passed on along the bundles 
of His and the Purkinje fibers to the apex of the heart, from which the stimulus 
spreads up towards the valves of the heart. Since the exits of the ventricles, 
the arteries, are located at the top of the ventricles, this order of delivering the 
action potential ensures that the blood is pushed up towards the exit, instead 
of down towards the apex, a dead end. Sequential contraction of the atrial and 
ventricular myocardium is crucial to be able to pump blood in the right direction, 
and to build up enough pressure to make blood flow possible. Any disturbance 
in action potential transmission could jeopardize this well-coordinated muscular 
motion, resulting in failure of heart function and in the worst case, death. In 
Chapter 4: Generation of cardiac pacemakers from DRRAGN cells, we describe 
the efforts to develop our own pacemaker cells in vitro from human pluripotent 
stem cells (hPSCs, see also below), that may enable us to model diseases related 
to the conduction system and to develop a biologically paced cardiac tissue for 
arrhythmia modelling.

Proper heart function does not rely on CMs alone. Their contractile function 
is supported by numerous other cell types that contribute to normal heart 
development and function. Firstly, the conduction system mentioned above 
consists not of working CMs, but of pacemaker and signal transduction cells 
specialized in the generation and conduction of action potentials that pace the 
heart.(12) Second, residential supporting cell types play roles in organ formation 
and mechanical stability (such as fibroblasts), delivery of nutrients and removal 
of waste (including endothelial cells and smooth muscle cells), and direct CM 
functional support and tissue maintenance (such as macrophages and epicardial 
cells).(13) Dysfunction of any of these cells, including the CMs themselves, 
may lead to heart failure, and are thus important to include in research into 
cardiovascular disease (CVD).
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Modelling human cardiovascular disease
Cardiovascular disease (CVD) is a broad term for a number of causes for 
cardiac and vascular dysfunction, any cause that can interfere with proper 
pumping function of the heart or circulation of the blood. The entire group of 
cardiovascular diseases account for a fifth to a quarter of all deaths in the USA, 
making it the leading cause of mortality in that country.(14) In Europe, CVD is 
the cause of a third to almost a half of all deaths, and costed an estimated 210 
billion euros to the EU economy in 2015.(15) The incidence (new cases) of CVD 
is roughly 1000 cases per 100.000 inhabitants, indicating that every year in the 
Netherlands alone, roughly 170.000 new cases of CVD are being diagnosed.(16) 
These numbers underline the threat of this group of diseases to public health, 
but also the economy, and the urgent need to find solutions to these illnesses.

Models that mimic heart function are important for three distinct reasons: 1) To 
understand fundamental developmental and functional processes of the human 
heart under normal circumstances. 2) To simulate the onset and progression 
of genetic or non-hereditary heart diseases for understanding or treatment 
purposes, and 3) To evaluate the potentially harmful effect of novel and existing 
drug agents on the heart (toxicity and safety screening).(17) 

When recreating heart function or disease, predictability of the model is key. 
Whether the desired readout is of complex or simple nature, the chosen model 
should be capable of delivering the right answer to the research question. 
Predictability is determined by a number of factors: complexity, relevance, and 
read-outs. The level of complexity and relevance should be tailored to the model 
to achieve the highest possible predictability but does not necessarily have to 
be high. Historically, heart function and disease were predominantly modelled 
on animal hearts, either in vivo as part of a living test animal, or ex vivo in a 
Langendorff setup. Such in vivo heart models feature the greatest achievable 
complexity, since the heart is being studied in its natural environment, providing 
all stimuli that the heart would normally be exposed to. However, this complexity 
comes at the cost of technical flexibility and relevance since readouts on cellular 
level are difficult to obtain and animal tissue is known to respond differently to 
disease cues than human hearts. This does not make them inferior to models 
of human origin by default, but it may make them the less optimal choice in 
a subset of studies. More controlled and consequently less complex are the in 
vitro models on cellular scale. Due to the scarcity of human heart cells, in the 
past these models also relied heavily on cells of animal origin, reducing their 
relevance for human disease while also showing inferior complexity compared 
to in vivo models. 

The arrival of hPSCs as a source for cardiac cells in vitro paved the way to 
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humanized cardiac models that could benefit from the technical flexibility of 
in vitro systems without sacrificing relevance.(18) Pluripotent stem cells can 
be obtained from the inner cell mass of human embryos that were no longer 
required for in vitro fertilization treatment in the clinic (Fig 4). These cells are 
capable of unlimited proliferation and of differentiating into all cells of the 
human body (hence “pluripotent”). In research, they can then be coerced into 
differentiating towards cells of a cardiac phenotype, such as cardiomyocytes, 
and, due to the unlimited proliferation of the stem cells, provide an inexhaustible 
source of human CMs for use in experiments. Using cells from human embryos is 
controversial though and provides only a limited diversity in genetic background 

Figure 4: Stem cell sources for in vitro research. Pluripotent stem cells may be harvested from the 
inner cell mass of blastocyst stage human embryos (top left) or produced from reprogrammed 
somatic cells of donors or patients (top right). These pluripotent cells can then be differentiated to 
all cells of the human body, including blood cells and cardiomyocytes. Adapted from (7).
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of the cells. The development of a technique to reprogram differentiated somatic 
cells back to pluripotent stem cells through the induction of four essential 
embryonic transcription factors meant that stem cells could be derived from any 
patient, thus inheriting the exact genetic background of that patient.(19) These 
induced pluripotent stem cells (iPSCs) are ideal for studies of hereditary disease, 
but also for studying cardiac disease in models of phenotypical diversities. 
Protocols for the derivation of several cardiac cell types from hPSCs have been 
established over the years, enabling the study of CMs and other cardiac cells, in 
combination or individual, to great extent. 

The specialized architecture of CMs found in vivo is often lacking in immature 
pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) differentiated in vitro, 
giving these cells a less powerful and coordinated contraction signature.(18) 
Immaturity is a persistent flaw of hPSC-CMs, and continuing research to this day 
is performed to improve the mature state of the derived CMs. Factors known to 
enhance CM maturity include 1) mechanical stimulation, in the shape of stretch 
or compression of the cell or by substrate-related cues, 2) electrical stimulation, 
using electrical pacing equipment to deliver a steady beating rhythm, 3) 3D (co-)
culture, where interaction with CMs or other cell types on all sides of the cell 
improve the function of the CM, and 4) the metabolic and hormonal micro-
environment of the cell.(20) The latter has been underexposed in studies to date, 
but received more attention in recent years and will be discussed in the next 
chapter of this thesis (Chapter 2: Metabolic environment in vivo as a blueprint 
for differentiation and maturation of human stem cell-derived cardiomyocytes). 
In that chapter, we postulate that the current typical cell culture conditions are 
so far off from the in vivo situation, that generated CMs in vitro are retained in 
an immature state. By matching the exposure to metabolites and hormones as 
closely as possible to the in vivo development, the maturity of hPSC-CMs may be 
enhanced or facilitated through a more mature metabolism.

The pathophysiology of CVD and the complexity of disease 
modelling
CVD may be caused directly by genetic defects, environmental factors, or a 
combination of both, as well as indirectly as a result of other body system 
failures.(16) As mentioned earlier, any cause of reduced contractile function of 
the cardiac wall may cause a cascade towards total organ failure if not handled 
appropriately, due to the intrinsic response of the heart to failure. This response 
compensates for the loss in cardiac output and is termed cardiac remodelling. On 
a cellular level, remodelling includes an adaptive response of the CMs to increase 
their contractility to improve cardiac contraction through hypertrophy.(21) On 
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tissue level, the increased ventricular wall stress and loss of cells both lead to 
enhanced deposition of collagen, as lost CMs cannot be replaced with new cells. 
Cardiomyocytes may be lost due to ischemic heart disease, myocarditis or toxicity, 
all of which leads to irreversible damage to the heart. Underperforming CMs 
due to genetic defects or a hostile working environment respond by increasing 
in size, hypertrophy, which helps on the short term, but sustained hypertrophy 
often leads to cell loss. Other stresses to the heart, such as high blood pressure, 
moderate ischemia, or cardiac arrhythmias, often lead to a fibrotic response of 
the myocardial wall. These distinct cardiac illnesses therefore have in common 
that they may all trigger extensive cardiac remodelling, including fibrosis 
formation and CM hypertrophy.(21) Collagen deposition makes the myocardial 
wall more fibrotic, strengthening it against pressures and stresses, but hindering 
the required contractile motion of the muscle by increasing the stiffness, and 
thus the resistance, of the muscle tissue.(21) In addition, fibrous tissue acts as 
a conduction block for action potentials, through which it may generate a more 
favourable substrate for additional arrhythmias to occur or be sustained. Fibrosis 
of the heart is therefore often a progressive phenotype, as increased stiffness 
of the heart wall leads to harder work of the CMs, consequent CM failure and 
additional remodelling.(22) The effect is known in the clinic, but the exact 
response of the CM to increased surface stiffness remains largely unknown. In 
Chapter 3: A cardiomyocyte show of force: A fluorescent alpha-actinin reporter 
line sheds light on human cardiomyocyte contractility versus substrate stiffness 
we describe an exploratory study of the contractile response of hPSC-derived 
CMs to an increased substrate stiffness, by using a fluorescent reporter cell line 
that continuously expresses fluorescent α-Actinin. 

Damage to the myocardium may also be caused by toxic compounds. Due to 
their highly active and contractile phenotype, CMs are rather sensitive to toxins 
that may affect ion homeostasis and metabolism, or induce the formation of 
reactive oxygen species.(23) Some drugs are marketed despite the cardiotoxic 
effects that it may possess, but only because the side effects are worth the risk. 
An example is the group of anti-neoplastic drugs called Anthracyclines, drugs 
that are quite potent in combatting a number of malignancies such as breast 
cancer. Unfortunately, they are also rather effective in targeting CMs, which 
makes them undesirable treatment options. In Chapter 5: Human pluripotent 
stem cell-derived cardiomyocytes for assessment of anticancer drug-induced 
cardiotoxicity, we summarize the toxicity caused by these Anthracyclines, in 
particular doxorubicin, and the usefulness of hPSC-CMs for the screening of 
toxicity in the development of these drugs, or the development of a proper 
strategy to reduce the side effects of the anti-cancer drugs. 

Relatively many drugs present with cardiotoxic side effects either during clinical 
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trial phase or after marketing.(24) Interestingly, only 9% of all rejected drugs in 
clinical trial phase are rejected on account of their cardiotoxic properties, while 
45% of all drugs withdrawn from the market after approval are removed for the 
same reason.(24) This discrepancy clearly illustrates the lack of predictability of 
current (pre-)clinical models, often based on lab animals or simplified (animal) cell 
cultures. Since animals differ in their heart physiology from humans, the outcome 
of toxicity screening in animals is of low predictive value. There is thus a need for 
improved drug screening platforms to eliminate cardiotoxic compounds from the 
developmental phase before they enter clinical trial or indeed the market and this 
may be done by developing more reliable human cell-based models. In Chapter 
6: Doxorubicin-induced cell-type specific toxicity can be recapitulated in vitro 
using hPSC-derived cardiac cells, we use hPSC-derived cells to demonstrate the 
toxic effect of doxorubicin on the heart using a safety screening in vitro system. 
Testing for toxicity is thus paramount, and the better the quality of the cardiac 
model, the better the prediction of potential safety failures. The development of 
novel drugs is an undertaking of billions of euros, of which a major part is spent in 
pre-clinical and clinical trial phases at the end of the developmental track. Drugs 
failing in this stage of development due to safety issues may have been detected 
earlier in development with the appropriate in vitro model, which could save 
large amounts of time and money in drug development. Proper in vitro models 
thus can contribute to a swifter drug development and lower health care costs, 
as well as a reduction of animal use in safety pharmacology. 

Advanced 3D micro-physiological human cardiac models
Although the human identity of hPSC-derived cardiac cells greatly improves their 
relevance and with that their predictability, studying effects of disease or toxicity 
on an organ level remains a challenge. The current frontier of human heart in 
vitro modelling therefore lies in the development of more complex, organ-like 
human cardiac tissues using hPSC-derived cells to enhance complexity while 
retaining relevance and preferably, great read-out possibilities. Examples of such 
technologies include, but are not limited to, organ-on-chip (OOC) models and 
engineered heart tissues (EHTs, as seen in chapter 6) (Fig 5A+B). Organ-on-chip 
models feature microfluidic cell culture compartments that can be continuously 
perfused with cell culture medium, which gives them a temporal resolution within 
the experiment, and superior control over the cell micro-environment compared 
to conventional static cell culture.(25) Microfluidic heart-on-chips may range from 
simple, single straight channels to complex multichannel devices with coculture 
of several cell types in order to better recapitulate the cardiac tissue environment 
in vivo.(25) Due to their limited size (they often fit on top of a microscope slide) 
and transparency, they are ideal for real-time monitoring of cardiac responses on 
a cellular level. Thus, organ-on-chips weigh heavily on technical flexibility while 
allowing some improved complexity compared to conventional 2D static cultures. 
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Novel heart-on-chips are known to house miniature cardiac 3D tissues, that 
combine the technical flexibility of organ-on-chip technology with the complexity 
of 3D cultures (Fig 5C).(3) Engineered heart tissues on the other hand are 
millimetre- to centimetre-sized 3D cardiac tissues organised in a ring shape that 
are spanned across flexible pillars (Fig 5B).(26, 27) These pillars provide a passive 
pull on the tissue, enhancing cellular organisation and arguably maturation(28), 
but more importantly, allow for contraction force measurements as a functional 
cardiac muscle readout. These models are superior to conventional 2D models 
in predicting the effect of a toxin or drug on the contractile function of CMs(29), 
but sacrifice in cell level resolution. Hybrid models of EHTs and heart-on-chips 
also exist, spanning the gap between both technologies.(30) The most complex in 

Figure 5: Towards more complex, human cell-based in vitro models for the study of health, 
disease, and safety pharmacology. A) A schematic representation of an organ-on-chip device in 
a simple, 3-channel layout. Adapted from (1) B) A schematic representation of an EHT construct 
of hPSC-CMs suspended between flexible pillars (left), and a top view micrograph used for live 
contractility measurements (right). Adapted from [Ribeiro et al 2021] C) The fabrication of EHT-like 
cardiac tissue constructs on horizontal wires within a microfluidic chip (left), demonstrating the 
convergence of microfluidics and EHT technologies. Top view Biowire tissues inside the microfluidic 
chip (right). Adapted from (2, 3) D) A hPSC-CM-based “mini-heart” composed of only one chamber 
is able to pump fluid into an “arterial” channel, enabling clinical readouts such as pressure-volume 
relationships, and arrhythmia on a 3D structure. Adapted from (6)
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vitro hPSC-based heart models however are developed as mini-hearts, featuring 
a balloon like tissue of cardiac cells containing a lumen that can be filled with 
medium and ejected by contraction of the cardiac tissue (Fig 5D).(6) These 
models go one step further in functional readouts, by enabling the measurement 
of ejection fraction, end-diastolic or systolic volumes, and may also be used for 
3D arrhythmia modelling. In this way, the complexity of an ex-vivo heart can be 
approximated using cells that are relevant for human disease modelling. 

Concluding remarks
Cardiac (disease) modelling is important for the understanding of heart physiology 
and pathophysiology, and for the safety pharmacology and drug discovery. As 
the heart is an intricate and vulnerable organ, and conventional models are not 
able to fully recapitulate heart function or pathological response, improvement 
of models is of upmost importance. This thesis contains work related to several 
aspects of cardiovascular disease. The development of the cardiac pacemaker is 
described as a tool for the study of arrhythmias; the toxic effect of doxorubicin is 
explored in hPSC-CMs as a cause for CM dysfunction and death; and the effect of 
increased substrate stiffness is evaluated in a custom developed reporter cell line 
as a model for cardiac remodelling after injury. In that sense, the development, 
onset of disease and aftermath are represented in this work, and, albeit not 
directly linked to one another, provide an impression of the capabilities of 
the hPSC as a tool for cardiac model development. Furthermore, a strategy to 
enhance the maturity of hPSC-CMs is proposed that may facilitate to improve 
future in vitro cardiac models. Naturally, this work is only a collection of baby 
steps in the scientific march to the ultimate goal of cardiac disease-free living, 
however my hope is that it may contribute to reaching that goal eventually. 
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Patient-derived human pluripotent stem cell-derived cardiomyocytes (hPSC-
CMs) are increasingly being used for disease modeling, drug screening and 
regenerative medicine. However, to date, an immature, fetal-like, phenotype 
of hPSC-CMs restrains their full potential. Increasing evidence suggests that the 
metabolic state, particularly important for provision of sufficient energy in highly 
active contractile CMs and anabolic and regulatory processes, plays an important 
role in cardiomyocyte maturation, which affects crucial functional aspects of 
CMs, such as contractility and electrophysiology. During embryonic development 
the heart is subjected to metabolite concentration that differ substantially 
from that of hPSC-derived cardiac cell cultures. A deeper understanding of the 
environmental and metabolic cues during embryonic heart development and 
how these cues change postnatally, will provide a framework for optimizing cell 
culture conditions and maturation of hPSC-CMs. Maturation of hPSC-CMs will 
improve the predictability of disease modeling, drug screening and drug safety 
assessment and broadens their applicability for personalized medicine and 
regenerative medicine.

Highlights
•	 hPSC-CMs are characterized by metabolic and functional immaturity. 
•	 Metabolism influences maturation of CMs in vivo and in vitro.
•	 The metabolic micro-environment in vitro differs substantially from in 

vivo.
•	 Reformulation of culture medium may enable enhanced maturation of 

hPSC-CMs in vitro.
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Introduction
Advantages of human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) 
in the fields of disease modeling, drug screening and safety pharmacology and 
regenerative medicine have been convincingly demonstrated in the past decade.
(1) Nevertheless, hPSC-CMs suffer from an immature fetal-like phenotype 
compared to adult CMs in vivo (1), which hamper their use in pre-clinical and 
clinical applications. It is therefore of paramount importance to develop defined 
strategies to improve maturity of hPSC-CMs. Immaturity of hPSC-CMs can, 
at least in part, be attributed to their non-native exposure to environmental 
cues.(2) While mechanical and electrical triggers for hPSC-CM maturation 
have been described in length (1), only recently attempts have been made to 
improve maturity of hPSC-CMs through metabolic cues. During embryonic, 
fetal and postnatal development, the heart is exposed to a variety of metabolic 
cues and environmental and cellular changes that affect metabolism of cells, 
which consequently enable, or even trigger CM functional maturation. During 
development, cells of the heart undergo profound changes in expression 
patterns of genes that are involved in metabolism, specifically controlling the 
use of fatty acids, glucose, and lactate as energy substrates, as well as oxygen for 
metabolic oxidation. Previously, it has been suggested that metabolism can be 
driven to a more mature state in hPSC-CMs, with a concomitant improvement 
of contractile function.(2, 3) Observations such as these suggest that lessons 
learned from in vivo heart development and metabolism may be translated to the 
in vitro situation, in order to generate hPSC-CMs that are comparable to human 
adult CMs. In contrast to adult CMs in vivo, hPSC-CMs rely mostly on anaerobic 
glycolysis instead of oxidative phosphorylation for adenosine triphosphate (ATP) 
generation.(3) Clearly, in order to meet with the high energy demand required 
to sustain contractile function in adult CMs, a switch from anaerobic glycolysis 
to a more efficient mitochondrial oxidative metabolism needs to be realized.(4) 
Mechanisms governing the essential switch from the fetal to the adult metabolic 
phenotype are only partly understood. However, increasing evidence suggests 
that environmental changes, mainly differences in substrate availability, may play 
an important role. 

The notion that metabolic gradients play a crucial role during embryonic 
development has been recognized for more than a century. Exposure of the 
developing heart to non-physiological concentrations of metabolites in utero may 
adversely affect CM or heart function later in adult life.(5) This so-called “fetal 
programming” may also occur in vitro during differentiation of hPSCs towards 
the cardiac lineage and may contribute to the observed immature phenotype of 
hPSC-CMs. Nevertheless, in vitro culture conditions have not been appropriately 
adjusted, but rather provide metabolites in a ratio and concentration that does 
not support proper maturation of cardiac cells.(6) Most hPSC cultures feature a 
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stepwise differentiation towards the cell type of interest by controlled activation 
and/or inhibition of signaling pathways, accurately mimicking local signaling 
cascades that occur during early embryonic development. However, additional 
medium nutrients and components are mostly based on practical and historical 
considerations for survival, maintenance and expansion of cell cultures, without 
taking into account how in vivo conditions may facilitate CM maturation. Here, 
we will discuss micro-environmental and metabolic changes during human 
embryonic and postnatal cardiac development and maturation, which could 
serve as a blueprint for CM maturation in vitro.  

Cardiomyocyte function and metabolism in adult human hearts
Contractile CMs are responsible for heart muscle shortening and subsequent 
pumping action of the heart. Adult CMs are composed of myofibril bundles that 
interconnect with each other via intercalated discs to form a syncytium of striated 
muscle. The smallest contractile unit of each myofibril, known as the sarcomere, 
consists of myosin ‘thick’ and actin ‘thin’ filaments, as well as a troponin-
tropomyosin regulatory complex. Contraction is initiated upon depolarization 
of the cell membrane via Na+ influx, which results in trans-sarcolemmal calcium 
influx via L-type calcium channels. This relatively low amount of calcium 
stimulates ryanodine receptors to induce calcium release from the sarcoplasmic 
reticulum (SR) storage pools. Calcium released by the SR subsequently binds to 
the troponin regulatory unit, enabling a conformational change that results in 
the detachment of the actin filament from the regulatory complex. Actin is then 
accessible for binding to myosin. This interaction between myosin and actin leads 
to the hydrolysis of the main energy carrier ATP, followed by a conformational 
change in the actin-myosin complex, which enables thick and thin filaments 
sliding along each other, resulting in contractile shortening of the sarcomere. This 
repetitive cycle of contractions of the heart at a rate of 60-80 times per minute 
requires 60-70% of the total ATP production, while the remaining ATP is primarily 
utilized by ATP-dependent calcium membrane transporters of the sarcoplasmic 
reticulum and other ATP-dependent ion pumps.(7) 

It is obvious that continual cyclic contractions by CMs are dependent on 
extraordinarily high amounts of energy. An adult human heart has a turnover of 
an estimated 12 moles of ATP per day, which roughly equals 6 kg of ATP molecules 
that need to be synthesized each day for normal heart function.(8) Adult CMs 
are able to generate energy in form of ATP from several substrates. In times of 
sufficient oxygen supply, carbohydrates, of which the majority is glucose, but 
also lactate, fructose and galactose, cover only around 30% of the total energy 
demands of the heart. Glucose is metabolized to pyruvate by glycolysis which 
yields 5 molecules of ATP. In the absence of oxygen, or during high proliferative 
behavior, pyruvate is fermented to lactate, which costs 3 ATP, making (an-)aerobic 
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glycolysis relatively inefficient with a net gain of 2 ATP molecules per molecule 
glucose. However, when enough oxygen is supplied, pyruvate can also be 
converted to acetyl-CoA for the production of ATP via oxidative phosphorylation. 
Aerobic oxidation of pyruvate produces additional 25 molecules of ATP on top 
of the 5 ATP molecules generated in glycolysis, thus generating a total of 30 
molecules of ATP when glucose is oxidized in the tricarboxylic acid (TCA) cycle.7 
Due to its much higher potential ATP yield, the preferred energy source for 
adult CMs are fatty acids, which cover 50 to 70% of the energy demand of the 
heart. Fatty acids are broken down to acetyl-CoA by mitochondrial β-oxidation. 
Acetyl-CoA can then enter oxidative phosphorylation in the mitochondria (via 
TCA cycle and electron transport chain) (Figure 1). Together with the β-oxidation, 
the yield of ATP is much higher than that of glucose oxidation: a fatty acid of 6 
carbon atoms (the same number as glucose) would yield 44 molecules of ATP, 
compared to the total yield of 30 ATP molecules per glucose molecule. In adult 
hearts, CMs therefore mainly rely on fatty acids to generate the vast amount of 
required energy for contraction. However, in utero, fatty acids are not available in 
sufficient numbers to be used as an energy source, forcing immature fetal CMs to 
rely on glucose metabolism.

Early-stage embryonic metabolism (first trimester)
Before fertilization, oocyte metabolism primarily uses oxidation of fatty acids, 
glucose and amino acids.(9, 10) Upon fertilization, the zygote and early developing 
embryo in morula stage derives its nutrients and oxygen directly from the 
surrounding maternal tissue through diffusion. In the human oviduct, the embryo 
is exposed to around 5% oxygen, a relatively high concentration of pyruvate (0.24-
0.32 mmol/L) and lactate (4.87-10.5 mmol/L), while the glucose concentration is 
relatively low (0.5 mmol/L, see Figure 2).(10) At this early stage of development, 
the embryo relies mostly on pyruvate, aspartate and lactate as an energy source, 
which are oxidized in the TCA cycle in the mitochondria (see Figure 1).(11) As 
the embryo further develops, glucose becomes more prominently available for 
energy generation through glycolysis to lactate and through oxidation in the 
TCA cycle, which triggers a concomitant increase in oxygen consumption by the 
embryo.(11) At this point, the embryonic stem cells of the inner cell mass of the 
blastocyst use glucose as the primary source of energy through aerobic glycolysis 
to facilitate rapid hyperplasia, thereby generating high amounts of lactate, 
despite the presence of oxygen.(10, 11) The high (aerobic) lysis of glucose is 
considered to be required particularly for biosynthesis of building blocks needed 
for cell growth and proliferation through the pentose phosphate pathway (PPP).
(11) The blastocyst embryo takes up metabolites from the uterine fluid, which 
contains glucose (3.15±0.31 mmol/L), pyruvate (0.1±0.05 mmol/L) and lactate 
(5.87±1.19 mmol/L), and offers an oxygen tension of between 1 and 4%.(10, 
12, 13) Pyruvate continues to be taken up by the embryo as a source of energy, 
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however its uptake and oxidation may be reduced with increasing extracellular 
lactate concentration.(14) Other minor contributors to blastocyst metabolism 
are lactate and amino acids.(11)

Figure 1: Schematic representation of the metabolic pathways in the cardiomyocyte. Lactate, 
glucose, aspartate and fatty acids (acyls) may be used by the cardiomyocyte as a substrate for 
oxidative phosphorylation. Glucose may also be converted to lactate when required, for example 
when insufficient oxygen is available for oxidative phosphorylation.  C = Carnitine, CoA = Co-enzyme 
A
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Energy sources and oxygen concentration during fetal heart 
development
During fetal growth, the developing heart is supplied with nutrients and oxygen 
by the fetal circulation. The availability of glucose, lactate and fatty acids are 
actively and passively determined by the syncytiotrophoblast layer of the 
placenta and remain rather constant throughout the fetal phase of development. 
Fetal glucose is solely provided by the mother, since gluconeogenesis is activated 
after birth.(15, 16) Glucose plasma concentration may fluctuate according to the 
maternal plasma concentration in a linear fashion, always lagging at 60% of the 
maternal concentration.(17, 18) In fasting state, this implies that the glucose 
concentration will not exceed 7 mmol/L under healthy conditions.(18) Higher 
glucose concentrations in mammalian cardiogenesis (including human) during 
gestation have been associated with an increased risk of developmental heart 
defects. In addition, fetuses from mothers diagnosed with diabetes mellitus, 
characterized by glucose plasma concentration of >7 mmol/L in fasting state, have 
an increased risk of congenital heart disease. Cardiac hypoplasia, hypertrophic 
cardiomyopathy, septum defects and endocardial endothelial-to-mesenchymal 
transition (EMT) with excessive fibrosis have been reported to be more prevalent 
in case of gestational diabetes.(19-22) Proposed mechanisms of cell damage 
caused by a high concentration of glucose during heart development include: 1) 
generation of excess ROS species; 2) reduced intracellular folic acid and increased 
homocysteine, causing direct or indirect damage to cardiac progenitor cells; 3) 
endoplasmic reticulum (ER) stress(23-25); 4) oxidative stress; 5) nitrosative 

Figure 2: Metabolite plasma concentration per stage of gestation and neonatal life. Solid line 
represents the average, the margins represent the reported variation in literature. 
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stress(26, 27); 6) lipoperoxidation and 7) caspase-8-regulated apoptotic pathway 
activation.(21)

Fatty acids were omitted due to the low values of fatty acid 
concentrations throughout development.
Glucose is the major metabolic substrate that is taken up from the maternal 
circulation, however the fetal heart primarily uses lactate produced by the 
placenta as its energy substrate for oxidative phosphorylation.(18) The placenta 
is a major producer of lactate during fetal development, providing lactate as 
the most important energy substrate for the heart. Lactate concentrations vary 
between 0.5-2.0 mmol/L at 18-21 weeks of gestation(28), and were measured at 
1.15 ± 0.08 mmol/L at late gestation (>35 weeks).(29) The high concentration of 
lactate in the fetus does not imply acidosis of the infant(30), but rather indicates 
a high aerobic glycolytic activity of the placenta. A high ratio of lactate over fatty 
acid availability mediates the primary use of lactate as an oxidative substrate for 
ATP synthesis. Even though gene expression involved in fatty acid metabolism 
is gradually increased, the contribution of β-oxidation thus remains relatively 
small, also due to a lack of available substrate and insufficient concentration of 
fatty acid transporters and β-oxidation intermediates.(18) The availability and 
composition of fetal plasma fatty acids is controlled by selective fatty acid binding 
proteins on the placenta, and are primarily selected for their role in anabolic 
activities of organs in the fetus.(31, 32) The free fatty acid (FFA) concentration in 
the fetal plasma at time of delivery (term) may vary between individuals between 
0.06 and 0.33 mmol/L, and are enriched for the essential fatty acids (EFAs) by 
the placenta (Table 1).(31, 33, 34) Deficiencies in fatty acid delivery to the fetus 
during development may be catastrophic for organogenesis, in particular brain 
and retina in the third trimester(31), however the effect on heart development 
is not clear. In mice, a high fat diet of the mother has been correlated to CM 
dysfunction in the offspring because of lipid droplet accumulation, oxidative 
stress and mitochondrial dysfunction, although this has not yet been reported 
in humans.(5) 

Lactate will remain more important as an energy substrate for oxidative 
phosphorylation than fatty acids until birth, after which the sudden drop of fetal 
plasma lactate concentration and the vast increase in fatty acid concentration 
reverses the lactate over fatty acid ratio, thus forcing the cardiac metabolism to 
switch to fatty acid oxidation. Other carbohydrates only play a minor role as an 
energy substrate, but may have an effect on development, nonetheless. Fructose 
and galactose both are present in fetal plasma at a relatively low concentration, 
and although high intake of either carbohydrate has been shown to affect fetal 
development, little is known in their effect on cardiac development.(35-37) 
Amino acids are essential to fetal growth not in the least for protein synthesis, 
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but may also account for approximately 20 percent of metabolite oxidation for 
energy production. Amino acid presence in the fetal circulation is higher than in 
maternal blood and is likely to be transported actively from the maternal to the 
fetal bloodstream.(30)

The fetal human heart develops under relative hypoxic circumstances. Maternal 
arterial oxygen partial pressure is maintained around 90-100 mmHg (11-13%), 
while oxygen pressure in fetal umbilical vein was measured at 32-35 mmHg 
(4,2-4,6%) and in the coronary arteries at 25-28 mmHg (3,3-3,7%) in fetal lambs.
(38) Interestingly, umbilical cord vein partial pressure of oxygen during the fetal 
phase of development slowly declines with increasing gestational age, an effect 
speculated to function as protection against oxygen toxicity in the fetus.(38, 39)

Hormonal influence on heart development
Several studies have shown that thyroid hormone (TH) is fundamentally 
important for heart development and maturation. Although TH is thought not 
to cross the placenta, some animal studies indicated that a drop of maternal 
TH 3,5,3′-triiodothyronine (T3) concentration affect normal fetal development 
of the heart and brain.(40, 41) The human fetus itself initiates the production 
of TH at the gestational age of 12 weeks.(42) In the first two trimesters, the less 
active TH thyroxine (T4) is mostly produced in the thyroid. However, when the 
hypothalamic-pituitary-adrenal axis becomes activated in the third trimester, 
cortisol-mediated conversion of T4 to T3 leads to a profound increase in T3 
hormone in the fetus, reaching a concentration of 0.77 nmol/L at term.(42, 43) 
The highly active T3 hormone drives maturation by modulation of contractile 
protein myosin heavy chain α/β, voltage-gated potassium channels (Kv1.5, Kv4.2 
and Kv4.3) and sarcoplasmic reticulum Ca2+-ATPase (SERCA2a) and downregulation 
of phospholamban (PLN).(44-46) 

Insulin receptor (INSR) and insulin-like growth factor 1-receptor (IGF1R) signaling 
had been reported to be of high importance in the developing heart. Conditional 
knock-out models in mice have demonstrated that without INSR signaling, CMs 
remained smaller, which correlated to a reduced heart size in newborn mice.(5) 
Conditional knock-out of both INSR and IGF1R signaling in the developing heart 
resulted in severe cardiomyopathy and death of the mouse pups.(5) In mouse 
and other species, it has been demonstrated that insulin-like growth factor 2 
(IGF2) is the main ligand for IGF1R, driving CM proliferation and morphogenesis 
of the ventricles in vivo(47), although IGF1 binding to the IGF1R activates a 
similar response. IGF2 is produced by the epicardial and endocardial layers of 
the heart(47) and is delivered locally. Therefore, an absolute concentration of 
IGF2 in the myocardium is unknown. Gestational diabetes with concurrent fetal 
hyperinsulinemia on the other hand, have been associated with disproportionate 
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fetal cardiac hypertrophy in humans, determined by intrauterine echocardiography.
(48) These findings suggest that there is an optimal window for insulin signaling 
in relation to proper heart development. In human fetuses at term, the insulin 
concentration was found to be 39.2 pmol/L for infants that were at full term(49), 
however in the case of preterm delivery this value may be twice as high.(50)

Postnatal cardiac maturation in relation to exposure of metabolites.
Whereas fetal CMs are predominantly dependent on aerobic glycolysis and lactate 
oxidation as preferred substrate, within days after birth, a switch is made to the 
energetically more efficient oxidation of fatty acids. Glycolytic rates after birth 
decrease to less than 10% of total cardiac ATP production. Due to downregulation 
of the insulin-independent glucose transporter  1 (GLUT1) and replacement by the 
insulin-responsive GLUT-4 as the dominant transporter, uptake of glucose becomes 
more correlated to the insulin concentration, and thus the metabolic state of the 
neonate.(52) To a lesser extent, transporters GLUT-3 and GLUT-11 (with a high 
affinity for fructose), are also expressed in the human heart after birth.(52, 53) 
In the clinic, the neonatal plasma glucose concentration is targeted between 3.9 
mmol/L and 8.3 mmol/L, which is comparable to the fetal glucose concentration.
(54) In humans, the shock of birth causes the T3 plasma concentration in neonates 
to peak to 4.5 nmol/L in the first days of life (approximately 5- to 6-fold higher 
than prenatal concentration), likely as a response to a colder environment.(55) 
This increase in T3 concentration mediates the switch of glucose transporters 
to the insulin-sensitive phenotype (GLUT1 switches to GLUT4) at birth and may 
also be responsible for the metabolic switch from aerobic glycolysis to oxidative 
phosphorylation and the increase in fatty acid use for energy derivation.(56, 57) 
The importance of TH in postnatal cardiac maturation is further shown by the 
finding that the T3 surge is also responsible for an arrest in cell cycle of CMs.
(58) The insulin concentration of neonates directly after birth was found to be 
6.3 ± 3.7 µU/mL or 43,8 ± 25,7 pmol/L.(59)

Fatty acids become the dominant source of energy substrate after birth, 
replacing lactate and glucose as the main metabolite of the heart. Within days 
after birth, the plasma fatty acid concentration increases from 0.1 mmol/L in 
the fetus, to up to 0.4 mmol/L in the neonate, while the lactate concentration 
drops from 2 mmol/L to 1.5 mmol/L.(60) As a consequence of this metabolic 
switch, mitochondrial respiration in the neonatal heart accounts for ~90% of the 
total ATP production, with a 10-fold increase in fatty acid oxidation, making it 
the dominant resource for oxidative phosphorylation.(60-63) To accommodate 
this increased rate of β-oxidation, the mitochondria in neonatal CMs rapidly 
proliferate, relocate from perinuclear to peri-myofibrillar locations in the cell, and 
become more mature, leading to increased inner membrane surface area (the 
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lamellar phenotype) and a 2-4 fold increase in expression of proteins involved 
in respiratory activity. The metabolic switch from a fetal to an adult phenotype 
coincides with a higher concentration of gene expression of key regulators in 
fatty acid transport and oxidation(60), such as  peroxisome proliferator-activated 
receptor (PPAR)-α and γ. PPARs can exhibit their function only after establishing 
a transcriptional complex with their co-activators, such as PPARγ coactivator-1α 
(PGC-1α). In contrast to other PPAR co-activators, PGC-1α is restrictively expressed 
in tissues with high oxidative capacities, such as myocardial tissue. PPAR-α/PCG-
1α signaling not only increases the expression of fatty acid transporters, such 
as the mitochondrial rate-limiting carnitine palmitoyltransferase 1 (CPT-1), but 
also activates genes responsible for other steps in fatty acid metabolism, such 
as: 1) fatty acid transport (FATP, FAT/CD36, H-FABP), 2) activation of fatty acids 
for mitochondrial import (fatty acid acyl-CoA synthetase, FACS), 3) mitochondrial 
import (mCPT-I/CPT2); and 4) oxidative phosphorylation (medium-chain acyl-CoA 
dehydrogenase, an oxidoreductase that is specific for acyl chain lengths of 4 to 16 
carbons). Strikingly, PGC-1α experiences an enormous increase in expression after 
birth, suggesting that this increase is tightly coupled to the postnatal metabolic 
switch of the fatty acid machinery.(64) Overall, these results demonstrate that 
PPAR-α/PGC-1α signaling is essential for the establishment and maintenance of 
efficient mitochondrial fatty acid β-oxidation in postnatal CMs.

Metabolic characteristics of hPSC-CMs compared to adult CMs
In recent years differentiation of hPSCs towards CMs have been greatly 
improved, yielding CM cultures of 90% and higher. In defined, serum-free culture 
conditions undifferentiated hPSCs are directed within two weeks to functional 
CMs following a precisely controlled activation and inhibition of signaling 
pathways, comparable to formation of mesoderm-derived cardiac cells during 

Table 1: Fatty acid composition in human umbilical vein sampels prior to cesarian section and 
human adult plasma, data in % (mg/100mg) normal [s.e.m.]

Fatty acid Fetus at delivery(32) Human adult(51)
Palmitic acid 25.4 [1.1] 23.7 [1.97]

Stearic acid 19.8  [1.9] 18.64 [2.91]

Palmitoleic acid 3.62 [0.29] 0.75 [0.42]

Oleic acid 19.4 [0.5] 11.11 [1.89]

Linoleic acid 7.81 [0.30] 17.65 [3.81]

Eicosatrienoic acid 2.47 [0.19] 2.29 [0.61]

Arachidonic acid 12.2 [0.3] 9.44 [2.51]

a-linoleic acid - 0.2 [0.12]

Docosahexaenoic acid 3.99 [0.16] 4.16 [1.53]
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embryonic development.(65) Although key in vivo cardiac signaling cascades 
are accurately mimicked in these hPSC cultures, environmental and metabolic 
cues are deviating considerably from the human in vivo situation, indicated by 
the high concentration of glucose (~15 mmol/L) and low concentration of fatty 
acids ( 2.6 µmol/L). In order to determine real-time energy metabolism, hPSC-
CMs are usually seeded in multi-well plate metabolic assay platform. Based on 
relative contribution of glycolysis and mitochondrial respiration to total energy 
production by measuring the oxygen consumption (OCR) and extracellular 
acidification rates (ECAR), hPSC-CMs rely primarily on aerobic glycolysis instead of 
mitochondrial oxidative respiration when cultivated under commonly accepted 
non-native cell culture conditions (high glucose-low fatty acids).This immature 
phenotype of hPSC-CMs is supported by the low  expression of genes related to 
glycolysis, fatty acid β-oxidation and mitochondrial respiration, when compared 
to gene expression concentration in adult human CMs.(66, 67) Furthermore, 
mitochondrial numbers are lower in hPSC-CMs than their adult counterparts.
(67) Nevertheless, despite their immature character, hPSC-CMs have the capacity 
for mitochondrial respiration as indicated by a 5 to 8-fold increase in OCR/ECAR 
relation when grown in presence of galactose or fatty acids and not glucose.(3) 
Lysis of galactose to pyruvate yields no net ATP, forcing CMs to feed the galactose-
derived pyruvate into the TCA cycle.(68)

Substrate changes as possible strategy to optimize cardiac 
differentiation in hPSCs
Mechanisms governing the essential switch from the metabolic phenotype in 
fetal CMs to that in adult CMs are only partly understood. However, increasing 
evidence suggests that differences in substrate availability may partially be 
involved in cardiac maturation. As the concentration of lactate decreases shortly 
after birth from 2 mmol/L to about 1.5 mmol/L and fatty acid concentration 
increases from 0.1 mmol/L to approximately 0.4 mmol/L in adult blood(60, 69), 
it is conceivable that a shift from lactate to fatty acids may be able to induce a 
metabolic transition in CMs, which may serve as a trigger for CM maturation. 
Considerable evidence to support this hypothesis is based on animal studies. In 
vivo perfusion experiments in neonatal rabbit hearts disclosed that increased 
fatty acid supply promotes oxidative metabolism and hence ATP generation in 
the neonatal heart. This increase in respiratory capacity was indeed attributable 
to higher fatty acid oxidation rates, given that significantly greater ATP values 
could be measured in hearts perfused with high palmitate concentration (2.4 
mmol/L) than with low palmitate (0.4 mmol/L). Most importantly, perfusion 
with 2.4 mmol/L palmitate, but not 0.4 mmol/L palmitate, was sufficiently able 
to improve contractile function.(70) Another study evaluated the effect of long-
chain fatty acids on cardiac gene expression in primary cultures of neonatal rat 
ventricular myocytes cultured in presence of either glucose (10 mmol/L), fatty 
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acids (palmitic and oleic acid, 0.25 mmol/L each) or (glucose and fatty acids) 
as exogenous substrates. First of all, these long chain fatty acids were taken 
up into the cell for storage in endogenous lipid pools until oxidation.(71, 72) 
This suggests that fetal CMs possess the capacity to shuttle fatty acids into the 
cell. Second, supplementation of fatty acids resulted in a 2 to 4-fold increase in 
expression of fatty acid translocase (FAT/CD36), H-FABP, FACS and long-chain acyl-
CoA dehydrogenase with a consecutive increase in CM fatty acid oxidation that 
ultimately more than doubled. Importantly, no obvious undesired phenotypical 
alterations could be detected within 48 hours.(71) Of special relevance is that 
fatty acids most probably exhibit their function via activation of PGC-1α/PPAR-α 
“feed-forward” signaling pathway, which not only plays a pivotal role in the 
control of fatty acid β-oxidation, but also in cardiac mitochondrial biogenesis(73). 
The activation of PPAR-α is not the only mode of action in which fatty acids, such 
as palmitate, could improve maturity in hPSC-derived CMs. Exposure to 0.5 
mmol/L palmitate for 4 hours increases nitric oxide synthase activity by about 
2-fold in cultured chick ventricular CMs resulting in an elevated cellular nitric 
oxide concentration(74), which has been shown to increase inwardly rectifying 
potassium current  IK1 in human atrial CMs in another study.(75) HPSC-CMs 
not only exhibit very low or even absent IK1 currents, but also the majority of 
CMs displays little to no Kir2.1 (responsible ion channels for IK1 currents) at the 
gene and protein concentration.(76) Low IK1 current results in the relatively high 
resting membrane potential and intrinsic automaticity in hPSC-CMs compared 
to their more mature counterparts. Elevated expression of Kir2.1 in hPSC-CMs 
leads to complete cessation of spontaneous firing along with a significant 
hyperpolarization of the resting membrane potential to values comparable to 
adult current. Although IK1 increases with time in culture, currents are dramatically 
lower than in adult ventricular CMs, suggesting that the deficiency in IK1 may 
contribute to the functional limitations of hPSC-CMs. In addition, nitric oxide may 
also exert a protective function in CMs against detrimental effects of palmitate 
treatment, which has been shown to lead to a 2-fold increase in cell death within 
4 hours of exogenous exposure to 0.5 mmol/L palmitate.(74) This also indicates 
that simply exposing CMs to an increased concentration of fatty acids may not 
be sufficient for optimal uptake and efficient use for β-oxidation and driving 
cardiac maturation.  Yang et al. developed a proof-of-concept to show that 
hPSC-CMs have the capacity to take up approximately 25% of supplied fatty acids 
(105 μmol/L palmitate-albumin, 81 μmol/L oleic acid-albumin, and 45 μmol/L 
linoleic acid-albumin complexes supplemented with 250 μmol/L carnitine).(77) 
Interestingly, absence of the amino acid carnitine reduced fatty acid uptake to 
about 13%. This relatively low uptake suggests that fatty acid uptake by CMs is 
not optimal. Co-culture of CMs in direct contact with other cell types, especially 
endothelial cells, may be required to increase fatty acid uptake and trigger 
metabolic maturation in CMs. The endothelial cell-mediated fatty acid transport 



Chapter 2

31

from lipid vesicles towards CMs for example has been extensively described in 
literature as an important source of lipids.(78)

As opposed to cardiac development in vivo, CMs generated in vitro are usually 
cultured in non-physiologically high concentrations of glucose and a low 
concentration of fatty acids and thus provide an environment that predisposes 
for glycolysis, inhibits fatty acid β-oxidation and thereby precludes sufficient 
ATP generation to support increased cardiac workload as it occurs in the adult 
human heart. Dzeja et al. demonstrated that a high concentration of glucose 
(50 mmol/L) in differentiation media reduced the formation of beating areas in 
murine embryonic stem cells (mESCs) differentiations.(79) In the presence of 
high glucose, mESC-derived cells displayed an immature myofibrillar organization 
with fragmented mitochondria that had lost their connection to the myofibrils. 
Moreover, not only structural proteins were affected, but also electrical activity 
was weaker as evidenced by lower expression of membrane potential marker 
RH 237. These findings support the hypothesis that a high concentration of 
glucose may have a detrimental effect on sarcomeric organization, mitochondrial 
biogenesis, electrical activation and consequently interfere with cardiomyocyte 
differentiation and maturation.(79) 

To explore the distinct effects of different fuels on the metabolic adaptions 
necessary to sustain the high energy demand in CMs,  Rana et al. maintained 
hPSC-derived CMs in media containing either 1) glucose (5.5 or 25 mmol/L), 2) 
glucose (5.5 mmol/L) and fatty acids (0.1 mmol/L oleic acid and 0.05 mmol/L 
palmitic acid),  3) galactose (10 mmol/L) or 4) galactose (1 mmol/L) and fatty 
acids (0.1 mmol/L oleic acid and 0.05 mmol/L palmitic acid) for 21 days. CMs 
did not show fuel-related differences in ATP production. However, the type 
of carbon source was shown to influence the relative contribution of active 
mitochondrial respiration and glycolysis. In presence of galactose and fatty 
acids, but surprisingly also galactose alone, CMs experienced increased levels 
of mitochondrial respiration relative to glycolysis.(3) Interestingly, the overall 
ATP content did not increase, suggesting subsequent utilization of the generated 
ATP. These findings may suggest a higher need for increased ATP production 
in hPSC-CMs. Despite the availability of fatty acids, CMs remained glycolytic 
when additional glucose was provided in the media. In none of the conditions, 
expression levels of key genes involved in glycolysis or mitochondrial respiration 
changed significantly.(3) A possible explanation for the highly glycolytic 
phenotype in these cells, even in the presence of energetically favorable fatty 
acids, could be related to the presence of glucose, since glucose has the capacity 
to inhibit fatty acid β-oxidation via the Randle cycle where fatty acids and glucose 
compete for their oxidation and uptake into muscle or adipose tissue. Moreover, 
long chain fatty acid esters of coenzyme A (LC-CoA), which are intermediates 
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of fatty acid metabolism, inhibit all inwardly rectifying potassium channels (Kir) 
except KATP under conditions that promote cytoplasmic accumulation of LC-CoA, 
as, for instance, at high glucose concentration. A glucose concentration above 
25 mmol/L has been shown to inhibit CPT-1 and thereby mitochondrial fatty 
acid import (figure 1).(80, 81) Consequently, exposure to a high concentration 
of glucose, not only has an inhibitory effect on fatty acid oxidation, but also 
directly inhibits IK1 currents, which are key to (electrophysiological) maturation 
in hPSC-derived CMs. A possible alternative to long chain fatty acids are medium 
chain fatty acids. In contrast to long-chain fatty acids with 14 or more carbons, 
medium-chain fatty acids are composed of 6 to 12 carbons and are always 
saturated. These structural differences confer to medium fatty acids the unique 
ability to cross the mitochondrial membranes regardless of the regulatory effects 
of CPT-1. Hence, medium fatty acids are an unlimited ATP source. Interestingly, 
milk, which is the primary fuel source during the postnatal period in mammals, 
contains a high concentration of medium fatty acids.(82) 

Interestingly, in analogy to fetal CMs, hPSC-derived CMs have been shown to 
have the potential to metabolize lactate, unlike undifferentiated hPSCs or other 
non-CMs in culture.(83, 84) As knowledge gathered from in vivo development 
points to the role of substrate changes, including the switch from lactate to fatty 
acids, for maturation of hPSC-derived CMs, it may be preferable to maintain 

Figure 3: The effects of in vitro maturation of hPSC-CMs by culture in medium containing fatty 
acids. Most widely used fatty acids for cardiomyocyte maturation are palmitic acid, oleic acid and 
linoleic acid. Palmitate is a saturated fatty acid which is the most common one found in animals, 
plants and microorganisms. Oleic acid is a mono-unsaturated omega-9 fatty acid and linoleic acid, 
a poly-unsaturated omega-6 fatty acid, is one of two essential fatty acids for humans.



Chapter 2

33

hPSC-derived CMs in a lactate-enriched culture medium and then switch to 
fatty acids as major fuel. Furthermore, fatty acid supplementation in insulin-
containing medium increased hPSC-CM hypertrophy, contractile force, calcium 
dynamics, as well as action potential up-stroke velocity (a well-described feature 
of electrophysiological maturation) and maximal mitochondrial respiratory 
capacity.(77) Together, these data implicate that exogenous fatty acids have the 
capacity to drive maturation in hPSC-derived CMs.

Conclusions & Recommendations
Patient-derived hPSC-CMs often exhibit characteristics that reflect the disease 
pathology of the patient. For these reasons, hPSC technologies are recognized 
as cutting edge research platforms for disease modelling, drug discovery and 
regenerative medicine. Significant advances in the efficiency of CM differentiation 
and analytical procedures have spearheaded efforts to use patient-derived hPSCs 
to capture the patient phenotypes “in a dish”. Nevertheless, immaturity of hPSC-
CMs remains a major obstacle to their pre-clinical and clinical applications and 
adoption by pharmaceutical industry. Even though strategies such as 3D culture, 
mechanical, and/or electrical stimulation have been developed to advance the 
maturity level of the hPSC-CMs, success remains limited. One other aspect that 
might prevent hPSC-CMs from reaching a higher maturity level is their metabolic 
state, which is primarily dependent on aerobic glycolysis instead of fatty acid 
oxidation, in contrast to adult CMs in vivo.(3) HPSC-CMs cultured in vitro are 
classically exposed to high glucose, low fatty acid and low lactate environment, 
one that does not resemble the in vivo situation of CMs during heart development. 
Due to the inhibitory effect of high glucose on fatty acid oxidation, described 
in the Randle cycle(85), it is expected that in vitro culture of hPSC-CMs in high 
glucose will not facilitate metabolic maturation towards fatty acid metabolism, 
as required and observed in highly contractile adult CMs.(4) Studies focused on 
embryonic heart development suggest that especially the switch from a lactate to 
a fatty acid-dominated environment may drive the metabolic switch to an adult-
like metabolic phenotype of CMs.(62) Moreover, deviations from optimal in vivo 
metabolite concentration may lead to metabolic changes that endure postnatally 
(fetal programming)(5), or even cause cardioymopathies.(19-22) It is therefore 
not unlikely that culture conditions in vitro could also have a suboptimal or 
detrimental effect on CM development and function, as these culture conditions 
deviate strongly from the preferred in vivo concentration. 

Here we summarized developmental metabolic conditions of CMs in vivo, in 
order to provide a guideline for a cell culture medium that might facilitate CM 
maturation in vitro. It must be emphasized that changing metabolite concentration 
in culture medium alone will most likely not result in extensive maturation of 
hPSC-CMs, since other aspects of cardiac maturation, as explained below, need 



Chapter 2

34

to be considered as well. Based on metabolic concentration during gestation and 
shortly after birth, a fetal CM culture medium and neonatal CM culture medium 
can be devised (see Table 2), which consists of a lower glucose concentration (4.5 
mmol/L instead of 15 mmol/L), lactate (especially in the fetal stage of culture), 
and fatty acids (present in millimolar range and thus high enough to serve as a 
metabolic substrate), in addition to T3 hormone and insulin.

It is important to note that reported values of metabolites during fetal development 
and the post-natal period were measured in plasma in umbilical cord or peripheral 
blood samples. This implies that those values are systemic concentrations and 
might not precisely correspond to the cardiac micro-environment. In vivo, CMs 
are shielded to some extend by the endothelial layer, which separates CMs 
from blood plasma. Therefore, metabolite concentration in the plasma may not 
directly correspond to CM exposure, since the effect of endothelial cell transport 
and metabolism is not taken into account. The metabolic micro-environment 
may also be directly dictated by cells in close proximity of the CM. Several 
studies have reported improved (partial) metabolic and functional maturity in 3D 
cultured cardiac tissues, with or without mechanical stimuli, and with mixed cell 
populations (both cardiac and non-cardiac cell-types) or purified CMs.(86-88) It is 
unclear whether these 3D organized cardiac tissues in vitro alters CM (metabolic) 
behavior directly through cell-cell interaction, indirectly through changes in the 
exposure to metabolites and oxygen of the cells in the interior of the 3D tissue, a 
combination of both, or via an alternative route. 

Another important factor required for optimal metabolism, cell growth, 
differentiation and survival, is oxygen. The role of oxygen in cell signaling and stress 
has been well described. Indeed, some in vitro differentiation protocols utilize 
oxygen signaling to derive certain cardiac subtypes from hPSCs, highlighting the 
importance of oxygen to the cell.(89) Moreover, the significance of low oxygen 
tension is further underlined by a study demonstrating impaired cardiovascular 
development and premature fetal death in a knock-out model of HIF1a in mice.

Table 2: Suggested metabolite and factor concentrations in culture medium for hPSC-derived CMs, 
resembling the human in vivo situation.

Fetal medium Neonatal medium
Glucose 4.5 mmol/L 4.5 mmol/L

Lactate 2 mmol/L 0.5 mmol/L

Fatty acids 0.06-0.3 mmol/L 0.4 mmol/L

Pyruvate 0.1 mmol/L 0.1 mmol/L

T3 hormone 0.7 nmol/L 4.5 nmol/L

Insulin 39 pmol/L 40 pmol/L
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(90) HIF1a protein expression is dependent on oxygen tension, where it stabilizes 
at low oxygen concentration (<7%), but is degraded at higher concentration. 
Loss of HIF1a (corresponding to a high oxygen concentration) disrupts cardiac 
development. Standard in vitro cell culture experiments are performed at oxygen 
concentration of around 20%, which suggests that improved differentiation and 
maturation may be achieved at a lower oxygen concentration.  

In conclusion, current typical in vitro cell culture conditions deviate substantially 
from the micro-environment of the developing heart in vivo, which may an 
important factor for suboptimal hPSC-CM differentiation and maturation, 
hampering their applications in disease modeling, drug screening and regenerative 
medicine. Based on in vivo and in vitro observations, maturation of hPSC-CMs 
may be (partially) achieved by adjusting culture medium and micro-environment 
in such a manner that it resembles more closely the native in vivo conditions 
during heart development and maturation. Although it may be challenging to 
emulate the metabolic and functional aspects of the adult human heart in its full 
complexity, even in highly organized multicellular 3D cardiac tissues derived from 
hPSCs, cultured in defined and optimal physiological and metabolic conditions, it 
is expected that improved cardiac maturation of patient-derived hPSC-CMs will 
increase their potential to capture complex disease states. Moreover, successful 
maturation of hPSC-CMs will spark scientists to assess clinically relevant 
readouts in healthy and diseases conditions and will initiate a paradigm shift 
for personalized medicine, cardiac disease modelling, drug discovery and safety 
pharmacology and regenerative medicine. 
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Abstract:
Cardiovascular disease  is often associated with cardiac remodeling, including 
cardiac fibrosis, which may lead to increased stiffness of the heart wall. This 
stiffness in turn may cause subsequent failure of cardiac myocytes, however 
the response of these cells to increased substrate stiffness is largely unknown. 
To investigate the contractile response of human pluripotent stem cell-derived 
cardiomyocytes (hPSC-CMs) to increased substrate stiffness, we generated a 
stable transgenic human pluripotent stem cell line expressing a fusion protein 
of α-Actinin and fluorescent mRubyII in a previously characterized NKX2.5-GFP 
reporter line. Cardiomyocytes differentiated from this line were subjected to 
a substrate with stiffness ranging from 4 kPa to 101 kPa, while contraction of 
sarcomeres and bead displacement in the substrate were measured for each 
single cardiomyocyte. We found that sarcomere dynamics in hPSC-CMs on 
polyacrylamide gels of increasing stiffness are not affected above physiological 
levels (21 kPa), but that contractile force increases up to a stiffness of 90 kPa, 
at which cell shortening, deducted from bead displacement, is significantly 
reduced compared to physiological stiffness. We therefore hypothesize that this 
discrepancy may be the cause of intracellular stress that leads to hypertrophy 
and consequent heart failure in vivo. 

 Keywords: Transgenic model; alpha-actinin; contractility; substrate stiffness
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Introduction
Disease of the heart often leads to remodeling of the heart wall, which can 
eventually lead to heart failure.(1) Cardiac remodeling is an adaptive response to 
heart function impairment. It is influenced by a variety of factors, including genetic 
predisposition, loss of viable cardiac tissue, volume- and pressure overload and 
myocarditis, among others. The most common features of cardiac remodeling are 
increased cardiomyocyte size, fibroblast proliferation and increased deposition 
of extracellular matrix (ECM) proteins. Together, these changes lead to increased 
cardiac wall stiffness, which is associated with (diastolic) heart failure.(2-4) 
Regardless of the underlying cause, cardiomyocytes increase their contraction 
force in response to increased stiffness, which may ultimately lead to adverse 
cardiac hypertrophy and cell death.(5, 6) It is therefore important to determine 
how the cardiomyocyte adapts to an increase in stiffness and at which value the 
cell is not further able to contract, as this environment is a major stress trigger 
for adverse hypertrophy and cell death.  

Sarcomeres are the smallest contractile units of cardiomyocytes. 
Sarcomeric organization, length and movement are key elements in the 
adaptability of cardiomyocyte contraction to increased stiffness. However, it is not 
clear how sarcomere length and movement are affected with increasing substrate 
stiffness in order to maintain cardiomyocyte contraction. Here, we generated a 
clonal transgenic α-Actinin-mRubyII fusion reporter using CRISPR-Cas9-mediated 
genome editing in a previously described cardiomyocyte fluorescent (NKX2.5-
eGFP) human pluripotent stem cell (hPSC) reporter line.(7) The resulting Double 
Reporter of mRubyII-ACTN2 and GFP-NKX2.5 (DRRAGN) line allows real-time 
monitoring of z-disk distance and contractile movement in live cardiomyocytes 
as substrate stiffness increases. Using the DRRAGN reporter line we assessed the 
adaptive response of contraction force of single hPSC-derived cardiomyocytes 
(hPSC-CMs) to increased substrate stiffness and measured sarcomere length and 
movement within the same cells. We found that different aspects of sarcomere 
dynamics of hPSC-CMs are differentially affected by increased substrate stiffness.

Methods
Plasmid design and construction
The Cas9 plasmid (Addgene #62988) carrying CAS9 and the gRNA sequences 
was generated as described by Ran et al.(8) Briefly, gRNA-coding Fwd 
DNA oligonucleotide 5’-CACCGTTCTCTTCCGCACTCTACG-3’ and Rev DNA 
oligonucleotide 5’-AAACCGTAGAGTGCGGAAGAGAAC-3’ were ordered as single 
strand complementary DNA oligonucleotides (Sigma-Aldrich) and subsequently 
phosphorylated and annealed using T4 PNK (ThermoFisher) in a thermocycler 
running the parameters set by the protocol from Ran et al, that creates sticky 
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ends on the dsDNA fragment for seamless insertion into the plasmid. The 
annealed double stranded gRNA DNA oligo was then incorporated in the Cas9 
plasmid by simultaneous cutting of the plasmid with restriction enzyme BbsI 
(ThermoFisher) and T7 (ThermoFisher) ligation of the oligo at the cut site. The 
Cas9 gRNA plasmid was then transformed and expanded in DH5a (ThermoFisher) 
bacteria and subsequently isolated and sent for Sanger sequencing and stored 
for transfection.

The homology-directed repair template plasmid consisted of a pENTR1A 
backbone carrying the mRubyII sequence flanked by two homology arms of the 
target genomic locus of ACTN2, which would mediate homology-directed repair-
based insertion of the mRubyII sequence into the host genome. The mRubyII 
sequence was amplified by hifi PCR (Phusion polymerase, ThermoFisher) 
using In-Fusion primers (mRubyII Fwd and Rev, see Suppl table 1) and plasmid 
mRubyII-N1 (Addgene #54614) as template. Homology arm sequences were 
amplified by hifi PCR of isolated human genomic DNA of HUVECs using In-Fusion 
primers (5’ flanking sequence Fwd and Rev for the upstream homology arm, and 
3’ flanking sequence Fed and Rev for the downstream flanking sequence, see 
Suppl table 1). Using primers designed for In-Fusion cloning created overlapping 
termini after hifi PCR between each DNA fragment and the plasmid backbone 
at the insertion site that is required for In-Fusion based assembly of the HDR 
plasmid, as described in the Takara Clontech In-Fusion cloning manual. Care was 
taken to mutate the PAM sequence in the plasmid to prevent Cas9 from cutting 
the template plasmid during transfection (see Fig 1C). To generate the targeting 
vector, amplified fragments were assembled by In-Fusion cloning (Takara CL 
639648) according to the manufacturer’s directions. 

Stem cell maintenance
Human embryonic stem cells (hESCs, female) carrying a GFP reporter for NKX2.5(7)  
were maintained on irradiated mouse embryonic fibroblasts (MEF feeder cells) 

Non-standard Abbreviations and Acronyms.
ECM extracellular matrix
hPSC-CM human pluripotent stem cell-derived cardiomyocyte
PAA polyacrylamide
hESC human embryonic stem cell
bFGF basic fibroblast growth factor
MEF mouse embryonic fibroblasts
HDR homology-directed repair
PDMS polydimethylsiloxane
FACS fluorescence-activated cell sorting
hIPSC human induced pluripotent stem cell
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats



Chapter 3

51

in hESC medium (DMEM/F12-based medium containing 20% knockout serum 
replacement (ThermoFisher) and 10 ng/ml basic fibroblast growth factor (bFGF) 
(Miltenyi Biotech)). Passaging of hESCs on MEFs was done by dissociation using 
1x TripLE Select (ThermoFisher), subsequent inactivation by dilution in hESC 
medium, collection of the cells by centrifugation at 240x g for three minutes, 
resuspension of the pellet in 1 mL hESC medium, manual counting using Trypan 
blue (ThermoFisher) and finally seeding as single cells on freshly prepared plates 
with MEF cells on 0.1% gelatin.

Transfection
HPSCs were maintained in hESC medium (see above) and were seeded at a 
density of 50 K cells per cm2 on MEF cells one day before transfection. hPSCs 
were simultaneously transfected with 4 µg Cas9 plasmid and 2 µg of HDR 
plasmid using Lipofectamine 2000 (ThermoFisher) according to manufacturer’s 
instructions. Transfected cells were selected by puromycin exposure for 72 
hours, followed by recovery culture on MEFs in hESC medium for seven days 
and passaged once to fresh feeder cells before single cell clonal expansion was 
initiated by flow cytometry-mediated single cell deposition onto MEF feeder cells 
in 96-well plates. Single cell colonies were manually identified and passaged to 48 
well format on feeder cells. Insertion of the mRubyII sequence into one or both 
ACTN2 alleles was validated by hifi PCR and subsequent gel electrophoresis. Two 
passages after single cell sorting and clonal expansion, the cells were transferred 
to vitronectin-coated plates without feeder cells and grown in Essential 8 medium 
(ThermoFisher).

Stem cell differentiation
Differentiation to cardiomyocytes was done as described previously.(9) Briefly, 
hPSCs were seeded at a density of 25 K cells per cm2 on Matrigel-coated 6-well 
plates in Essential 8 medium (ThermoFisher) (described in (10)) on day -1. At day 0, 
mesodermal differentiation was initiated by addition of Wnt activator CHIR99021 
(1.5 µmol/L, Axon Medchem 1386), Activin-A (20 ng/mL, Miltenyi 130-115-010) 
and BMP4 (20 ng/mL, R&D systems 314-BP/CF) in BPEL medium. At day 3, Wnt 
was inactivated by adding XAV939 (5 µmol/L, R&D Systems 3748) in BPEL. In 
addition, Matrigel (1:200) was added to promote adhesion of cells. Cell cultures 
were refreshed on Day 7 and 10 with BPEL after the start of differentiation until 
differentiation was completed (day 13).

Cell line validation
Proper insertion of the mRubyII sequence at the ACTN2 locus was validated 
by Sanger sequencing (Eurofins Genomics) of Phusion hifi PCR (Thermofisher) 
products covering the insert within the HDR template and at the site of insertion 
in the genome of the targeted cells. Primers used for sequencing can be found 
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in supplementary table 2. Human pluripotent stem cell identity was assessed 
by expression of TRA-1-60 (Miltenyi Biotech GmbH) quantified by MACSQuant 
VYB flow cytometer (Miltenyi Biotech GmbH). Potential off-target locations were 
identified using the Off-Spotter web tool of Jefferson.

Acrylamide gel fabrication
Coverslips of 15 mm diameter were micro-patterned with 1% gelatin lines (20 um 
width) using a PDMS stamp. Polyacrylamide (PAA) gels with varying degrees of 
stiffness were produced by mixing 40% acrylamide, HEPES (pH 8.5), ammonium 
persulphate (10%) and H2O (volume depending on Bis solution volume). This 
mixture was vortexed and spun down to remove air. Subsequently, TEMED and 
a 2% Bis solution at incrementing dilutions were added: 0.02%, 0.08%, 0.15%, 
0.24%, 0.50% and 0.66%, and completed with 1 µL FluoSpheres, (Invitrogen, Ø 
0.2 µm polystyrene beads loaded with dark red fluorophore Ex/Em = 660/680 
nm). Precisely 9.2 µL of the polyacrylamide mixture was added at the center of 
a silane coated coverslip of 25 mm diameter to control thickness, then topped 
with micro-patterned coverslip before the acrylamide polymerized. Patterning 
coverslips were removed after 18 minutes of polymerization. Coverslips with 
patterned gels were UV sterilized before use. To measure gel stiffness, 5 circles of 
1.5 mm thick PAA gels per stiffness with a diameter of 25 mm were compressed 
linearly in a wet state by a rheometer (Anton-Paar Physica MCR 301), which 
measured gap distance (remaining thickness of the gel, in mm) and the normal 
force (N) required to compress the gel to this thickness. We then used these 
readouts to approximate the Young’s modulus of the gel using the following 
formula: 

Where YM = Young’s Modulus, dF = the increase in normal force from baseline 
to current compression, A = area of the plunger (=25 mm), dL/Lo = fraction of 
compression, with dL the gap distance at current compression compared to 
baseline L0.

Cell culture on gels
HPSC-CMs were incubated in maturation medium(9) with a T3 hormone 
concentration of 5 µmol/L for three days starting at day 13 of the differentiation, 
followed by dissociation with 1x TripLE (ThermoFisher) and replating on the 
patterned coverslips at a density of 60K cells per cm2 on day 16. Cells were 
then allowed to recover for 4 days in maturation medium until start of image 
acquisition at day 20.

Data collection and analysis
HPSC-CMs seeded on gelatin patterns were maintained at 37oC in 5% CO2 during 
image analysis. Cardiomyocytes were paced at 1 Hz. Image acquisition was done 
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at 70 frames per second for both bead displacement recording and α-Actinin 
tracking on a Nikon Eclipse TE2000-U fluorescence microscope fitted with a Nikon 
CFI Super Fluor 40x oil immersion objective (MRF01400) and a mercury light as 
excitation source.  Alpha-Actinin-mRubyII was visualized at 60x magnification 
(using a 1.5x enhancer on the microscope) with filters at excitation 542/20 nm 
and emission 560LP; the fluorescent beads at 40x magnification using filters at 
excitation 620/60 and emission 700/75 nm. Transmitted light was captured at 
40x magnification. The GFP signal was used to confirm individual cell identity 
as cells of the working myocardium, excluding cells of the nodal lineage during 
analysis. All data was collected from hPSC-CMs derived from one heterozygous 
(3F4) and one homozygous (3A1) clone (4kPa: 58 and 44; 21 kPa: 43 and 44; 32 
kPa: 33 and 48; 59 kPa: 49 and 46; 90 kPa: 43 and 45; 101 kPa: 27 and 44 cells for 
the heterozygous and homozygous clone, respectively) of at least 3 independent 
differentiations (n=5 for 4 kPa group, n=3 for other stiffnesses). Data was pooled 
and averaged across all cells of the same experimental group. 

Bead displacement in the PAA gel was quantified using the Mosaic Particle Tracker 
plugin on ImageJ. The travel distances of all beads were calculated using the raw x 
and y coordinates of each particle in each frame. We exclusively analyzed moving 
beads that were located directly under the attached cardiomyocyte, using a 
tracing of the cell outline prepared manually for each cell on the transmitted 
light image. This outline was also used to determine cell area for normalization. 
Exerted stress (from here on referred to as force for ease of reading) of the cell 
onto the substrate was calculated using the known substrate stiffness and the 
sum of travel distances of the beads, using a previously described equation(11), 
and normalized to cell area using the cell outline trace for fair comparison:  

In which v = Poisson’s ratio ( = 0.457 for PAA(12)), b = bead diameter, u is 
displacement and Em = Young’s modulus, which is dependent on the stiffness 
of the gel. This equation assumes the beads are located at the surface of the 
gel for simplicity, which we took into account by focussing on the beads directly 
underneath the cell on the surface of the gel, using the 40x objective. The unit 
of measure for contraction force in this paper is µN/mm2, whereas stiffness of 
the substrate is defined in kPa. These units of measure are interchangeable, but 
in order to facilitate comparison to literature we chose to report both forces in 
different units. For reference: 1 kPa = 1000 µN/mm2.

To assess cell contraction distance (shortening), bead movement on the short 
edges of the cell was quantified. We identified these beads from the total 
bead population under the cell by selecting the 5% of beads showing greatest 
movement in the collected data.

Sarcomere kinetics were analyzed by custom made LabView-based software 
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quantifying z-line movement using the fluorescent α-Actinin signal of the reporter 
cells (LabView, Vision and Motion, National Instruments Austin, Texas, USA). In 
short, eight individual Z-line profiles were recorded (for 8 to 10 contraction-
relaxation cycles) per myofibril in the hPSC-CM (Suppl Fig 8A). The profiles were 
analyzed by fast Fourier transformation which gave a central peak which was 
fitted (Levenberg-Marquardt algorithm) with a gaussian profile. The peak of the 

gaussian was taken for the computation of the amplitude at each point during 
the contraction relaxation amplitude (Suppl Fig 8B). Contraction relaxation 
profiles were then computed plotting the amplitude (calibrated for mm/pixel) 
with the known time interval during recording. Beginning and end of contraction 
and relaxation were determined using this plotted contraction-relaxation profile 
based on changes in slope, after which the software calculated time and distance 
parameters of contraction and relaxation. 

Statistics 
Results are displayed as mean ± standard error of the mean (s.e.m.) unless 
stated otherwise. Statistical analyses were performed on IBM SPSS Statistics 25, 
comparing means of groups using one-way ANOVA and Bonferroni post-Hoc test. 

Results
Characterization of the DRRAGN α-Actinin/NKX2.5 double reporter line
Incorporation of the DNA fragment (Suppl Fig 1) encoding mRubyII at the 
genomic locus of ACTN2 was facilitated by transfection of two vectors: A Cas9-
gRNA plasmid and HDR template plasmid (Supply Fig 2). The gRNA mediated DNA 
cleavage was directed 17 base pairs upstream of the stop codon at the end of 
the last exon of the ACTN2 gene where the mRubyII sequence was inserted in 
frame via homology-directed repair. Of 192 single cells deposited by FACS after 
transfection and antibiotic selection, 82 colonies could be identified (survival of 
43%), of which 22 clones were successfully targeted clones identified by PCR and 
subsequent gel electrophoresis. Fifteen of these were mono-allelic and 7 were 
bi-allelic (Fig 1B). Sanger sequencing of these clones validated the insertion of the 
mRubyII sequence according to the in silico design (Fig 1A + C). Of the 22 clones, 
three clones demonstrated a genetic alteration, of which one was a frame-shift 
mutation knocking out mRubyII; the other two were silent mutations (see suppl. 
table 3).  At this point, two sequence-validated mono-allelic (clone numbers 
3A1 and 3A6) and two bi-allelic clones (numbers 4D2 and 3F4) were selected for 
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further analysis. Off-target screening of these four clones revealed no mutations 
in the top 4 most likely targeted sites as predicted by the Off-Spotter web tool 
(Suppl Fig 3). Targeted clonal lines revealed a high percentage (> 97%) of stem cell 
marker TRA-1-60 as shown by flow cytometry (Suppl Fig 4).

Targeted hPSC cells differentiate efficiently to cardiomyocytes in vitro.
Upon differentiation, the DRRAGN hPSC line to cardiomyocytes showed a clear 
and organized striated pattern of fluorescent α-Actinin along the long axis of 

the cell upon differentiation to cardiomyocytes, of which the homozygous clone 
expressed a higher average mRubyII signal intensity than the heterozygous 
clone as detected by flow cytometry (Fig 2C). Figure 2A shows the fluorescent 
signal of the α-Actinin under identical microscopic acquisition settings for 
both a mono-allelic (3A1) and a bi-allelic (3F4) clone, demonstrating that both 
genotypic variants were readily detectable. Compared to the parental cell line, 
all but mono-allelic clone 3A6 of the double reporter cell line differentiated 
into comparable percentages of cardiomyocytes (parental line 65.3±3.2%; 
mono-allelic clones 3A1: 59.5±4.0% & 3A6: 36.6±4.5%; bi-allelic clones 4D2 
63.5±3.1% & 3F4 63.3±2.7%), indicated by the NKX2.5-GFP+ populations (Suppl 
Fig 5+6). Interestingly, a subset of NKX2.5+/ACTN2+ (cardiomyocytes), NKX2.5+/
ACTN2-, NKX2.5-/ACTN2+ and NKX2.5-/ACTN2- populations could be identified 
in differentiated DRRAGN cultures following analysis by flow cytometry, which 
suggested cell populations were heterogeneous (Fig 2B). Bi-allelic and mono-
allelic clones showed similar population distributions except for 3A6, which 
had significantly (p<0.001) fewer NKX2.5-GFP+/ACTN2-mRUBY+ cardiomyocytes, 
indicating less efficient cardiomyocyte differentiation. 

Defined stiffness exposure of hPSC-CMs on gelatin patterned acrylamide 
gels.
Several studies have reported physiological human adult cardiac wall stiffness 
to range from 24 kPa to 30 kPa, while patients suffering from congestive 
cardiomyopathy were reported to have cardiac wall stiffness over 100 kPa.(13-15) 
To model for heart wall stiffening, we increased the stiffness of the cardiomyocyte 
substrate using polyacrylamide gels with a stiffness ranging from 4 to 101 kPa 
(Fig 3) and measured sarcomere shortening and contraction force. In order to 
decrease the cell-to-cell variability we aligned hPCS-CMs on 20 µm wide gelatin 
lines that were patterned on these acrylamide gels by microcontact printing (Fig 
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3A). Adjustment of the PAA crosslinker concentration resulted in a near-linear 
increase of gel stiffness as measured by rheometry (Fig 3B). The presence of evenly 
aligned gelatin patterns was verified microscopically for gels with all stiffnesses 
(Fig 3C), on which hPSC-CMs were seeded. Single cardiomyocytes attached to the 
gelatin pattern were analyzed by real-time imaging of fluorescent beads in the 
acrylamide substrate and α-Actinin-mRubyII in the cell (Fig 3D).  We confirmed 
that the fusion of the mRubyII to the α-Actinin did not alter the contraction force 
of these cells in comparison to the cardiomyocytes from the parental stem cell 
line, using the substrate stiffness previously published for these cardiomyocytes 
(5.8 kPa) (Suppl. Fig. 7).(9)

hPSC-CMs increase their applied contraction force in response to increased 
substrate stiffness.
HPSC-CMs displayed significantly increased contraction force as substrate stiffness 
increased up to 90 kPa (p<0.01), above which the contraction force did not 
further increase (Fig. 4A). By tracking bead displacement on the contractile edges 
of the cardiomyocytes, we found that cell shortening was significantly higher at 4 

Figure 1: The designed and validated targeting of the α-Actinin locus. A) The in-silico sequence of 
the α-Actinin locus before and after targeting. B) Agarose gel demonstrating mono-allelic and bi-
allelic targeted α-Actinin loci. C) Sanger sequencing validation of the insert. Note the G->T mutation 
in the targeted genome that corresponds with the PAM sequence inactivation in the construct.
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kPa when compared to all the other stiffnesses (p<0.001), indicating a significant 
change in cell response to its substrate between 4 kPa and the physiological-like 
21 kPa stiffness. We observe a trend of decrease of cell shortening from 21 kPa 
and 90 kPa, whereas cell shortening significantly decreased at 101kPa compared 
to the physiological-like 21 kPa stiffness (p<0.05, Fig. 4B), indicating that this is 
the level of stiffness at which cell shortening is significantly restrained by the 
substrate. Neither the time of contraction nor relaxation changed significantly 
between the different stiffnesses (Fig 4C), except the time of relaxation at 4 kPa, 
which was significantly lower than the time at 21 kPa (424±19 vs 520±29 ms, 
p<0.05). However, the speed of contraction and relaxation decreased significantly 
from 4 kPa to - 21 kPa and to the higher stiffnesses. Both speed of contraction 
and relaxation gradually decreased from 21 kPa and higher stiffnesses, with a 
significant change at 101 kPa (Fig 4D).

Sarcomeric shortening does not change at supraphysiological 
substrate stiffnesses
Sarcomeric movement was measured on the same cardiomyocytes as in bead 
displacement measurement in figure 4 (Suppl video 1). Substrate stiffness 

Figure 2: DRRAGN hESC differentiate to cardiac cells, and specifically to cardiomyocytes, in a 
similar fashion to the parent line. A) Photomicrograph of a single cardiomyocyte expressing 
mono-allelic or bi-allelic fluorescent α-actinin after differentiation from the reporter cell line using 
identical acquisition settings. B) Populations of cells derived from monolayer differentiations (n≥3) 
of parent line (dN3), mono-allelic reporters (3A1 and 3A6) and Bi-allelic reporters (3F4 and 4D2), 
with NKX2.5+/ACTN2+ population representing cardiomyocytes. C) Fluorescent signal intensity 
differs significantly (p<0.001) between the homozygote clone 3F4 (N=14) to heterozygote clone 
3A1 (N=8) as detected by flow cytometry. Significance: * = p<0.05, ** = p<0.01, *** = p<0.001, ns 
= not significant.
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appeared not to affect sarcomeric organization of cardiomyocytes (Fig 5A), 
except for the lowest stiffness of 4 kPa, on which the cardiomyocytes retained a 
more elliptic morphology compared to other stiffnesses. The sarcomere length 
(spacing between two z-disks) of 1.54±0.014 µm at maximum contraction did not 
significantly change with the increase in substrate stiffness except between 4 kPa 
and 32 kPa (p<0.05), and sarcomere length at full relaxation remained constant 
around 1.73±0.015 µm (Fig 5B), except at 4 kPa, where sarcomere length was on 
average 1.85±0.02 µm (p<0.001). The shortening of the sarcomere (measured 
in z-disk displacement) significantly decreased from 0.34±0.014 µm at 4 kPa to 
0.21±0.01 µm at the physiological-like 21 kPa (p<0.001) and remained constant 
with further increase in substrate stiffness (Fig 5C), indicating that the sarcomere 
shortening does not adapt to increase in substrate stiffness beyond physiological-
like stiffnesses. Even though the duration of both sarcomere contraction (210±1.1 
ms) and relaxation (300±1.8 ms) did not change with the increase in substrate 
stiffness (Fig. 5D), both sarcomere contraction and relaxation speed significantly 
decreased from 4kPa up to 32 kPa (p<0.001) and remained constant with the 
further increase in substrate stiffness (Fig 5E), which reiterates the sarcomere 

Figure 3: The manufacturing of substrates with defined stiffness and single cardiomyocyte 
attachment. A) Schematic representation of micro-contact printing gelatin line patterns on PAA 
gels. B) Increased crosslinker in the PAA mixture provides gels with increasing Young’s Modulus 
(stiffness). C) Photomicrographic representations of gelatin lines on acrylamide gels ranging from 4 
kPa to 101 kPa in Young’s Modulus. Scale bars represent 20 µm. D) A single cardiomyocyte attached 
to a gelatin line, imaged in transmitted light microscopy (left), the underlying fluorescent beads in 
the PAA gel (middle), and the corresponding α-Actinin signal of the cell (right). Scale bars represent 
10 µm.
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maximum adjustment up to a substrate stiffness between 21 and 32kPa. No 
differences in sarcomeric dynamics were observed between the mono-allelic and 
bi-allelic clone (Suppl. Fig. 9).

Adaptation of sarcomere contraction diverges from cell contraction at 
higher substrate stiffnesses 
We measured both contraction force and sarcomere shortening in the same 
cells in order to assess the correlation of these two parameters with the increase 
in substrate stiffness. Interestingly, both sarcomere shortening and bead 
displacement during contraction significantly decreased from a very soft substrate 
to a more physiological substrate. However, at higher stiffnesses the bead 
displacement significantly decreased while sarcomere shortening and elongation 
were maintained (Fig 6A, statistics in 4B & 5C), implying a decoupling between 

Figure 4: Quantification of the manipulation of the PAA substrate by the cardiomyocytes (pooled 
data from heterozygous and homozygous clone). A) Average applied force on the acrylamide gel by 
the cardiomyocyte per substrate stiffness, normalized to cell surface area B) Average length of bead 
travel trajectory in the PAA gel upon contraction of the cardiomyocyte. C) Average time of substrate 
shrinkage and elongation due to cardiomyocyte contraction and relaxation, respectively. D) The 
average speed of contraction and relaxation as a function of bead travel time and displacement. 
Data presented in mean ± s.e.m. Significance: * = p<0.05, ** = p<0.01, *** = p<0.001, ns = not 
significant. (n= 104, 99, 96, 102, 94 and 98 cells for groups 4 kPa, 21 kPa, 32 kPa, 59 kPa, 90 kPa 
and 101 kPa, respectively)
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Figure 5: Sarcomeric dynamics in relation to substrate stiffness (pooled data from heterozygous and 
homozygous clone). A) Representative pictures of single cardiomyocytes attached to gelatin on all 
different PAA stiffness. B) The absolute maximum and minimum length of the space between two 
z-disks (a sarcomere) at full relaxation and full contraction, respectively. C) The absolute shortening 
and elongation of the space between two z-disks during contraction and relaxation, respectively. D) 
Travel time of the z-disk (α-actinin line) during contraction and relaxation of the sarcomere. E) The 
travel speed of the z-disk line during contraction and relaxation. Data presented in mean ± s.e.m. 
Significance: * = p<0.05, ** = p<0.01, *** = p<0.001, ns = not significant. (n= 102, 87, 81, 95, 87 and 
71 cells for groups 4 kPa, 21 kPa, 32 kPa, 59 kPa, 90 kPa and 101 kPa, respectively)
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the sarcomere shortening and actual cell shortening capacity. Furthermore, we 
observed that although sarcomere shortening was maintained through higher 
stiffnesses, the contraction force applied by the cell reached its limit around 
the 90 kPa substrate stiffness (Fig 6B), indicating that the maximum force that 
the sarcomeres of these cells can generate is around 160±14 µN/mm2. This is 
corroborated by the fact that at a higher substrate stiffness (101 kPa) both the 
bead displacement (cell shortening) is significantly smaller, and the contraction 
force reaches a plateau (Fig 6C). Finally, we observed that time to contract and 
relax of hPSC-CMs based on bead displacement is more than 2-fold higher than 
the time required for combined sarcomeric contraction and relaxation. This 
observed difference was maintained with the increase in substrate stiffness (Fig 
6D). This discrepancy suggests that transfer of sarcomeric to cellular movement 
may be delayed by a stretch or relative movement of the adhesion complexes at 
the adhesion points of the cell to the gel. 

Discussion
In this study we generated an α-Actinin/NKX2.5 double reporter line (DRRAGN), 
which allowed live imaging of sarcomeric organization and dynamics specifically 
in cardiomyocytes of the working myocardium, differentiated from hPSCs, and 
enabled evaluation of both sarcomere shortening and contraction force in the 
same hPSC-CMs at increasing levels of substrate stiffness. We found that force 
generation increased up to 90 kPa but cardiomyocyte shortening gradually 
decreased. Moreover, sarcomere shortening decreased up to physiological 
substrate stiffness (21 kPa), but remained constant thereafter. By assessing both 
of these parameters in each cell we could show that sarcomere shortening did 
not correlate with cell shortening, and consequently with contraction force 
output, at stiffness higher than 90 kPa.

Increased myocardial wall stiffness through cardiac remodeling is a response to 
impaired heart function and may ultimately lead to end-stage heart failure. The 
use of a hPSC sarcomeric reporter line allows for the assessment of contraction 
force and sarcomere function within the same single hPSC-CM, in response to 
increased substrate stiffness. Stable endogenous expression of fluorescently 
tagged α-Actinin has the advantage over previously reported lentiviral 
transduced constructs of uniform expression of α-Actinin-mRubyII across all 
single cardiomyocytes in culture.(16, 17) Moreover, due to the double nature of 
our reporter for NKX2.5 and α-Actinin, the DRRAGN line can also be used to study 
early stages of differentiation towards cardiac cells, as well as in the identification 
or separation of cardiac subpopulations. For example, sinoatrial pacemaker or 
nodal cells of the heart, which have been reported to lack expression of NKX2.5, 
leaving them single positive for α-Actinin-mRubyII expression.(18)
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Analysis of contraction force of single aligned cardiomyocytes cultured on 
a substrate with different stiffnesses showed their capacity to adapt to the 
increase in stiffness by increasing contractile force output up to 90 kPa, which 
is in agreement with previous descriptions using human induced pluripotent 
stem cell- (hiPSC-), hESC- and rat-derived cardiomyocytes by Hazeltine et al.(19) 
Interestingly, we showed for the first time that single hPSC-CMs are able to 
maximally generate a force of 160±14 µN/mm2, as this value was maintained 
on substrates from 90 kPa to 101 kPa stiffness. However, hPSC-CMs generate 
less force than their maximum capacity when maximum force is not required 
(lower substrate load reduced the required and thus generated force by the 
cardiomyocytes). This means that hPSC-CMs reach their maximum contraction 
force capacity at substrate stiffness of 90 kPa. These results are in accordance 
with diseases such as congestive cardiomyopathy where cardiac wall stiffness is 

Figure 6: Correlations between sarcomere dynamics data and substrate displacement quantification. 
A) In contrast to sarcomere shortening (in red), bead displacement continues to drop with increasing 
stiffness. B) Increase of force generated by the cardiomyocytes at higher stiffness is not explained 
by changes in sarcomere shortening (in red). C) As maximum force of the cardiomyocyte is reached 
at 90 kPa, cell shortening is significantly reduced upon further increase in stiffness of substrate. 
D) Both sarcomere (in red) and bead contraction and relaxation time are unaffected by substrate 
stiffness. Note that cell contraction in general takes longer than sarcomere contraction. Data 
presented in mean ± s.e.m.



Chapter 3

63

Figure 7: Schematic representation of a possible change in contractile behavior with increase in 
substrate stiffness. Left, the representation of a myofibril with sarcomeres connected in series. 
Center-top: When the cell contracts from end-diastole to end-systole the sarcomere length, 
shortens pulling the cytoskeleton and the adhesion proteins with it. At substrate stiffness of 21 kPa 
the cytoskeleton and adhesion proteins are relatively free to move with the sarcomere shortening 
generated with a relatively low force, which in vivo can be translated into a large compression 
of the ventricle wall and consequent normal stroke volume (center-bottom). When the substrate 
stiffness increases to 101 kPa or higher the cytoskeleton and adhesion proteins are restrained by 
the substrate from moving freely with the sarcomere shortening although the force generated 
has significantly increased. In the working myocardium in vivo cardiomyocytes have to generate 
an increasing amount of force, in order to increase intraventricular pressure and transition from 
isometric systole phase to ejection phase. At very high wall stiffnesses, this may translate to lower 
ventricle compression, despite the larger force applied by the cells, and consequently may lead to a 
reduction in stroke volume.
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well above 100 kPa(2), leading to heart failure and ultimately cardiac death as the 
heart becomes unable to cope with the increasing load (contraction resistance) 
generated by the high stiffness of its walls. 

The force applied on the 4 kPa stiff gels was significantly lower than other 
substrate stiffnesses, while bead movement was significantly larger, meaning 
that the cell applies a relatively low force for maximal shortening. The most 
pronounced adaptation of hPSC-CMs occurred between 4 kPa and physiological-
like 21-30 kPa, as both bead displacement (cell shortening) and sarcomere 
shortening, as well as corresponding speeds, significantly decreased over this 
range. This effect is a response to the increase in load applied by the substrate to 
the cell. As described by Engler et al. 2008, at lower stiffness the cardiomyocytes 
do not produce maximal force output due to the low opposing load of the 
substrate, while at physiological stiffness, the opposing load of the substrate is 
optimal for the cardiomyocyte to generate maximum contractile work.(20) Our 
results show that the increase in substrate stiffness from 4 kPa to 21-32 kPa 
induces a sarcomeric adjustment to both decreased contraction and elongation 
(increased sarcomere length at full contraction and decrease sarcomere length 
at full relaxation), which is translated to a decreased sarcomere shortening 
during contraction and consequently a decreased cell shortening distance. 
Interestingly, at higher stiffnesses this sarcomere length adjustment does not 
occur but the cell shortening distance continues to decrease, which suggests 
that at higher stiffnesses the cell is spending more energy to generate more 
force as the opposing load of the substrate restrains the cell from shortening 
maximally, in similarity to the increase in energetic cost of contraction in patients 
with hypertrophied hearts.(21) In vivo, this increase in stiffness beyond the 
healthy physiological range has the consequence of higher energy spending 
during isometric systole phase in order to increase intraventricular pressure and 
transition to the ejection phase, which at very high wall stiffnesses probably 
translates to lower ventricle compression capability and lower stroke volume (Fig 
7). Such cardiac energy inefficiency has been described in patients with systolic 
dysfunction and associated with development and progression of diastolic heart 
failure.(22, 23)

Furthermore, different studies have shown that cardiomyocytes are able to 
“sense” their surroundings and to respond to biomechanical cues.(5, 24) Our 
results show that at substrate stiffness higher than 90 kPa, cardiomyocytes 
shorten significantly less while sarcomere shortening is maintained. These 
observations suggest that the force generated by the sarcomere contraction is 
applied to, and partially absorbed by, stretching of internal cytoskeletal filaments 
that connect the sarcomeres to the focal adhesions and desmosomes (Fig 7). In 
vivo restraint of cardiomyocyte shortening by such increased wall stiffness has the 
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effect of decreasing stroke volume, leading to a decreased cardiac output. One 
of the possible response of cardiomyocytes  to counter this restrain is to build 
more contractile sarcomere myofilaments in order to overcome the opposing 
load imposed by the high wall stiffness, which by definition further increases the 
wall stiffness.(25) Such a self-propagating cycle has been shown to be the major 
biomechanical stress in the development and progression of cardiac diseases 
such as dilated and hypertrophic cardiomyopathies and heart failure.(5, 26, 27) 
Our in vitro model for adaptation of sarcomere dynamics with variable substrate 
stiffness provides a first basis to model this aspect of heart failure. We establish 
a variable substrate stiffness with a clear readout on the sarcomere dynamics 
that can be further coupled with coculture of CMs with fibroblasts, sarcomere 
mutations and analysis on metabolic derangements and on calcium handling in 
order to investigate heart failure in a more comprehensive manner.

Conclusion 
We generated a stable transgenic hPSC reporter line that expresses fluorescent 
α-Actinin-mRubyII upon differentiation to cardiomyocytes, which enabled us to 
mimic and model “cardiac wall stiffening” in vitro. With this model we showed 
that increasing substrate stiffness affected cardiomyocyte contractile behavior 
of both sarcomere shortening and force generation. We conclude that the 
maximal sarcomere length adaptation to increased stiffness is reached in the 
physiological range of 21-32 kPa, while the contraction force generated keeps 
rising until reaching its maximum at 90 kPa. Finally, the discrepancy between 
sarcomere shortening and the magnitude of cell shortening at stiffnesses higher 
than 90 kPa suggests a “tipping” point at which stress-induced mechanisms are 
activated in cardiomyocytes. Here, we show an in vitro model which enables 
studying the underlying mechanisms of cardiac remodeling and heart failure at 
the cardiomyocyte level.
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Abstract
Pacemaker cells are a distinct subpopulation of cardiac cells that are responsible 
for generating a pace-setting action potential that controls cardiomyocyte 
contraction rate. Disturbances in action potential generation, shape or 
conduction may lead to life-threatening cardiac arrhythmias and death. Hence, 
understanding the underlying causes and pathophysiology of arrhythmias 
is of utmost importance. Existing models for arrhythmia depend heavily on 
animal models or in vitro models based on animal cells, which provide limited 
information on arrhythmias in humans and are not adequately predictive for 
disease modeling or safety screening. Human pluripotent stem cells (hPSCs) have 
the capacity to differentiate to specialized cardiac subtypes, which offers the 
opportunity to create human in vitro models of cardiac arrhythmia. In addition, 
hPSC-pacemaker cells may be used in the clinic for the treatment of pathologies 
of the sino-atrial node (SAN). Several protocols for the derivation of pacemaker 
cells have been reported in literature. Recently, we created an NKX2-5/ACTN2 
double fluorescent reporter hPSC cell line (DRRAGN line), which may serve as a 
useful tool to identify and select pacemaker cells, since these cells are negative 
for the cardiomyocyte transcription factor NKX2-5, but positive for sarcomeric 
protein α-Actinin. Current cardiomyocyte differentiation protocols yield only a 
small percentage (<10%), of pacemaker cells as a side product, which indicates 
the need for establishing an efficient pacemaker differentiation protocol. Here, 
we applied three previously reported pacemaker differentiation protocols using 
the DRRAGN hPSC line in order to optimize the derivation of human pacemaker 
cells in vitro. Highest differentiation efficiency yielded 35,5% pacemaker-like cells 
or possibly progenitor cells thereof. This indicates that further optimization and 
maturation towards pacemaker cells are required to obtain true SAN pacemakers.



Chapter 4

74

Introduction
Pacemaker cells (PMs) of the heart determine the contraction frequency of atrial 
and ventricular myocardium by initiating rhythmic electrical impulses (action 
potentials) which are necessary for contraction of myocytes. The heart features 
two locations where pacemaker cells reside: the sino-atrial node (SAN) and the 
atrioventricular node (AVN), of which the SAN is pace-setting and upstream of the 
AVN in the conduction system. During embryonic development, SAN pacemaker 
cells arise from a ISL1+ and TBX18+ subpopulation of the sinus horn, a part of the 
second heart field progenitor cells responsible for the development of the atria 
and the outflow tract of the heart, through the coordinated expression of SHOX2 
and TBX3.(1, 2) They differ from pacemaker cells of the AVN in their origin and gene 
expression profile. AVN pacemaker cells develop from the AV ring, an embryonic 
heart feature that separates the early atria and ventricles and has low electrical 
conduction properties.(3) As progeny of the AV ring, composed of immature 
cardiomyocyte precursors, AVN pacemaker cells continue to express transcription 
marker NKX2-5, similar to fetal and adult cardiomyocytes (CMs), in contrast to 
SAN pacemaker cells, which lose NKX2-5 expression during development. Other 
distinguishing gene expression profiles include the expression of TBX2 and MSX2, 
which can be identified in the AVN, but not in the SAN.(3) 

From the SAN, located at the top of the right atrium, the action potential (AP) 
travels across the atria, triggering the latter to contract synchronously, and 
ends in the AVN, located at the junction of the right atrium and ventricle. From 
there, the AP is transferred to the bundle of His and the Purkinje fibers, which 
subsequently conducts it to the apex of the heart, triggering a contraction of 
the ventricles from the bottom to the top to eject blood out of the ventricles 
into the pulmonary artery and the aorta. Any abnormalities in the initiation, 
characteristics and propagation of these electrical impulses may result in atrial 
or ventricular arrhythmia (such as ventricular fibrillation or atrial fibrillation), 
potentially causing life-threatening situations.(4) 

Current treatment strategies, including anti-arrhythmic drugs, catheter ablation 
or the use of implantable cardioverter-defibrillators (ICD), are effective in 
controlling cardiac rhythm, but cannot exclude recurrence of cardiac arrhythmias 
and adverse effects of applied drugs and insufficiently take patient-to-patient 
variations into consideration. Due to the complex nature of the SAN and 
intercellular interactions of various cardiac cell subtype in health and disease, 
modelling of cardiac arrhythmia remains largely dependent on animal models.
(5) Even though animal models have their specific usefulness in elucidating 
elements of arrhythmic disorders, successful translation to the clinic has been 
very limited, because of species differences in the anatomy and function of the 
heart and the difficulty to emulate patient-specific genetic and environmental 
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factors. Therefore, there is an urgent need to develop predictable models for 
human pacemaker function.  

Human pacemaker cells developed or cultured in vitro would provide a cell 
source that is relevant to human disease modelling and may be used to repair 
malfunctioning aspects of the human conduction system in the heart. Since adult 
human pacemaker cells from donors or patients are practically impossible to 
obtain in sufficient numbers, in vitro development of human pacemaker cells 
is sparked by the possibility to use human (patient-derived) pluripotent stem 
cells (hPSCs). Human PSCs (both embryonic and induced pluripotent stem cells; 
ESCs and iPSCs, respectively) have the capacity to differentiate to any cell-type, 
including specialized cardiac cells(6), while retaining the same genetic makeup 
as the patient they originate from. For disease modeling and clinical applications 
this is an important feature, since it enables research on hereditary conduction 
disorders specific to the situation of the patient, leading to personalized medicine.

As mentioned above, SAN pacemaker cells may be distinguished by their loss of 
NKX2-5 expression during development, in combination with the expression of 
pacemaker-specific genes TBX3, TBX18, ISL1 and SHOX2.(1, 2) Both cardiomyocytes 
from the myocardium as well as from the SAN express sarcomeric proteins (such 
as α-Actinin) for contractile function, albeit that sarcomeres from myocardial 
cardiomyocytes are better organized, since they have to sustain a higher 
workload. Since we recently generated a double fluorescent reporter hPSC line 
for NKX2-5_GFP and α-Actinin_mRubyII (DRRAGN hESC line, see chapter 3), we 
are able to distinguish myocardial cardiomyocytes (double positive cells) from 
SAN pacemaker cells (single positive for α-Actinin-mRubyII) during and after 
differentiation by live cell imaging.(7)

We and others have previously shown that pacemaker-like cells can be derived 
during differentiation to the cardiac lineage(7, 8), however the typical yield 
of pacemaker cells in these differentiation protocols is very low. Therefore, 
we sought to develop a specific pacemaker protocol that could increase the 
efficiency of pacemaker cell differentiation from the DRRAGN hESC line and 
characterize these cells accordingly. Several groups have reported protocols that 
result in pacemaker-like contractile cells, yet their rationale differs substantially.
(1, 8, 9) Here we describe the systematic reproduction and variations of these 
protocols, in order to efficiently produce, purify and characterize pacemaker cells 
for subsequent use of modeling cardiac development and disease in vitro.  



Chapter 4

76

Results
Cardiomyocyte differentiation of DRRAGN hESCs yields a small NKX2-5 
negative subpopulation.
Efficient differentiation of the DRRAGN (Double Reporter mRubyII-Actinin/GFP-
NKX2-5) cell line to cardiomyocytes was demonstrated in chapter 3. DRRAGN 
hESCs feature a dual color reporter system for the expression of NKX2-5 in GFP, 
and α-Actinin in mRubyII (Fig 1A). GFP replaced exon 1 of a single allele of the 
NKX2-5 gene and expression is thus regulated by the NKX2-5 promotor, so that 
GFP expression signals NKX2-5 transcription (Fig 1A). MRubyII was engineered 
into the ACTN2 gene at the last exon before the stop codon to create a fusion 
protein of α-Actinin and mRubyII. Thus, mRubyII, but not GFP, can be used to 
study localization of the respective protein (see chapter 3 and Fig 1A). DRRAGN 
hESCs were differentiated to working cardiomyocytes according to the protocol 
described in chapter 3 (Protocol 1, see Fig 1B). Using this protocol, CMs could 
be generated at high efficiency of around 70 percent using the dN3 parental line 
(NKX2-5_GFP reporter only), and at ~60% using the DRRAGN reporter line (Fig 1C-
E). Since the parental line does not have a mRubyII reporter, no distinction can be 
made between NKX2-5 negative putative pacemaker myocytes (PPMs) and other 
non-CM cells, such as fibroblasts, smooth muscle cells and endothelial cells (Fig 
1C). CMs are in this line represented by the GFP+ population in the top left panel 
of a flow cytometry (FC) dot plot (Fig 1C). However, with the DRRAGN-hESCs, 
the CM population is represented in the upper right panel for double positive 
cells, since CMs express both NKX2-5 and α-Actinin. Moreover, in addition to 
differentiation to double positive (GFP+/mRuby+; G+/R+) CMs, we also observed 
a small fraction of α-Actinin positive cells that were negative for NKX2.5 (R+/G-), 
which could represent PPMs based on a similar expression profile of pacemaker 
cells during cardiac development (indicated in the bottom right panel of the dot 
plot; Fig 1D). The protocol for robust CM differentiation does not result in a clear 
PPM population, indicated by the low yield of R+/G- cells (<10%, Fig 1E). 

Following fluorescence-assisted cell sorting (FACS) based on GFP and mRubyII 
expression, purified CMs or PPMs could be seeded into culture wells plates, 
whereafter the expression of α-Actinin and NKX2-5 could be confirmed and 
evaluated in single cells by fluorescence microscopy (Fig 1F, upper panel). As 
expected, double positive CMs expressed GFP throughout the cytoplasm and 
demonstrated characteristic organized sarcomeric structures with α-Actinin line 
patterns perpendicular to the cell’s long axis. On the other hand, PPMs only 
display the α-Actinin pattern, but no GFP signal can be observed in the cytoplasm 
(Fig 1F, lower panel). Both cell types are contractile, however confirming PM 
identity remains challenging given the low absolute cell number that is obtained 
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Figure 1: DRRAGN hESCs can be differentiated to CMs and contractile non-CMs that may be 
distinguished through NKX2-5 and α-Actinin reporter signals. A) Genetic organization of the 
DRRAGN reporter line, showing the NKX2-5_GFP reporter construct and the α-Actinin fusion protein 
construct. B) Schematic representation of the differentiation protocol of hESCs to CMs through 
monolayer induction of mesoderm and cardiac specification. C+D) Flow cytometry charts of the 
mixed population resulting from the CM differentiation protocol depicted in B; the parental NKX2-5 
single reporter line (dN3) can distinguish only between NKX2-5 positive and negative cells, whereas 
the DRRAGN reporter line can identify sarcomere-positive cells in the absence of NKX2-5 expression 
(upper left corner). E) Quantification of double positive and single mRubyII positive cell populations 
(for the DRRAGN line only) resulting from a CM-directed differentiation of the NKX2-5 parental line 
and the DRRAGN reporter line. F) From left to right: Transmitted micrographs and corresponding GFP 
and mRubyII signals of a cardiomyocyte and putative pacemaker myocyte; both cell types express 
patterned fluorescent α-Actinin (ACTN2), indicating the presence of organized sarcomeres. Only the 
cardiomyocyte co-expresses cytoplasmic GFP. Scale bars = 20 um. Abbreviations:  A=activin-a, B= 
BMP4, C= CHIR99021, MG= Matrigel
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from the standard CM differentiation protocol. Therefore, a more robust, PM-
dedicated differentiation protocol is required to adequately confirm the identity 
of these PPMs.

Protocol optimization for effective pacemaker differentiation.
In order to increase the yield of PPMs from hPSC differentiation, several previously 
reported protocols were reproduced or adjusted with minor modifications (Fig 
2). Firstly, Ren et al emphasized the importance of reactivation of canonical Wnt 
signaling during differentiation to pacemakers.(9) Their differentiation protocol 
is very similar to a standard CM differentiation protocol, as depicted in Fig 1 
(protocol 1, Fig 1B), with the addition of a Wnt activator CHIR on day 5 (Protocol 
2A, Fig 2A). On D+7, medium was refreshed with BPEL, and cells were maintained 
in BPEL alone until FACS on day D+17. This differentiation yielded slightly more 
PPMs than the CM protocol (19,1%, n=1 v. 10,8%, n=8, respectively) (Fig 2E). The 
increase in GFP negative cells appeared to be at the cost of CM derivation, which 
was lower than typically found in a standard CM differentiation (27,4% v. 55,8%, 
respectively). 

A second protocol for deriving nodal pacemaker cells is reported by Protze et al, 
and utilizes hypoxia signaling to drive pacemaker differentiation.(1) Comparable to 
that study, we generated embryoid bodies (EBs) in StemPro-based differentiation 
medium (containing various growth factors, see table 2) in 5% O2 (Protocol 2B, Fig 
2B). Since the basis of this medium (StemPro) differs from our standard medium 
(BPEL), we verified that StemPro medium supported cardiac differentiation of 
the hPSC lines used in this study (suppl Fig 1). At D+2, the developing EBs were 
dissociated into single cells and reaggregated into spheroids of 80k cells per well. 
From D+5 to the end of the differentiation (D+17), the EBs were maintained 
in cardiomyocyte maintenance medium containing VEGF and were placed in 
atmospheric O2 pressure from D+11 onwards. The incubation of differentiating 
cells in hypoxia did not result in an increase in the PPM population compared 
to the standard CM differentiation (4,8% v 10,8%, Fig 2E). In addition, we also 
tested the effect of hypoxia on our standard CM differentiation protocol to 
study the potential effect on differentiation to PM. Performing protocol 1 in 5% 
oxygen conditions resulted in 8,5% PPMs versus 3,1% PPMs in control conditions 
(n=1). Hypoxia alone could therefore not induce the desired effect on pacemaker 
differentiation.

Finally, we used a modified protocol, described by Birket et al(8),  that we 
previously used for derivation of pacemaker cells from expanding cardiac 
progenitor cells (CPC) in a MYC-inducible NKX2.5-GFP hPSC line.(8) To verify the 
efficacy of the protocol, we used a comparable MYC-inducible hPSC reporter 
line, which activates MYC in the presence of doxycycline and in which GFP was 
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incorporated in the NKX2.5 locus. In addition, mCherry was incorporated in the 
YAP1 (Yes-associated protein 1) genomic locus, for producing YAP1-mCherry 
fusion proteins, although this fluorophore was not used for analysis during 
PPM differentiation. This cell line was differentiated to PPMs according to the 
described protocol(8) and yielded a total of 70% pacemaker-like cells according 
to flow cytometric analysis on the expression of cardiac Troponin -T.

In order to adjust this protocol in other cell lines than the MYC-inducible line, 
we used the DRRAGN reporter line and excluded the CPC expansion step 
present in the original protocol. For the derivation of PPMs from the DRRAGN 
line, mesodermal differentiation was initiated in an EB format, followed by 
dissociation of EBs at D+7 at the CPC phase and replated as a monolayer on 
Matrigel-coated plates. Subsequently, cells were directed to a PM phenotype 
using specific culture media, as provided in table 2. This method resulted in a 
profound increase in PPM population in the differentiated population, increasing 
to an average 35,5%. Next, we adjusted this differentiation protocol in monolayer 
cultures, which would be beneficial with respect to the upscaling of cells and 
reduced labor intensity. However, the monolayer differentiations resulted in 
lower PPM differentiation efficiencies when compared to EB differentiations. 
Since the timing of dissociation in the original protocol described by Birket et 
al depends on the expansion of progenitor cells in EBs, which cannot be exactly 
estimated in monolayer differentiations, we varied the timing of dissociation. 
Monolayers were dissociated between D+4 to D+7 and replated according to the 
EB-based protocol, resulting in 11,8% for D+4, 7,85% for D+5, 12,34% for D6 and 
7,8% for D+7, versus 5,4% PPMs in the control standard CM protocol. None of 
these monolayer differentiation protocols could recapitulate the yield of PPMs 
from the EB-protocol (Protocol 2C).

In conclusion, protocols 2A and 2B failed to robustly increase the efficiency of 
pacemaker differentiation. Protocol 2C yielded the highest number of pacemakers 
and was selected to further characterize the mRubyII+/GFP- population in order 
to verify their pacemaker identity. 

Figure 2 (previous page): Overview of pacemaker differentiation protocols from hPSCs adapted 
from literature. A) Monolayer-based differentiation towards mesoderm with an additional Wnt 
induction step at D+5, adapted from Ren et al.(9) B) EB-based differentiation towards mesoderm, 
featuring hypoxic culture conditions for the initial 11 days of differentiation, and a dissociation and 
reaggregation step at D+2, protocol adapted from Protze et al.(1) C+D) Mesodermal differentiation 
in EB format (C) or monolayer (D), with dissociation of the EBs or monolayers at D+7 and subsequent 
reseeding as a monolayer. Protocol adapted from Birket et al.(8) E) Summary of the flow cytometry 
quantification of the PPM fraction in the resulting cardiac population following the above-described 
protocols. 
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Immunocytochemical characterization of putative pacemaker 
myocytes
To verify the identity of the PPMs derived from protocol 2C as SAN pacemaker cells, 
we assessed the expression of pacemaker cell markers by immunocytochemistry. 
In SAN pacemaker cell development in vivo, the expression of NKX2-5 should 
diminish early in cardiogenesis, while expression of TBX3, ISL1 and SHOX2 
have been described to mark the pacemaker population during embryonic 
development and adulthood. CMs and PPMs were isolated and purified based 
on their expression of GFP and mRubyII using flow cytometry as described before 
and plated in vitronectin-coated glass bottom microwell plates. Cells were allowed 
to recover for 10 days in CM-TDI (T3 hormone, Dexamethasone and hrIGF-1) 
medium (cardiomyocyte maturation medium, described in (10)) before fixation 
and subsequent immunostaining. Although the fluorescent intensity appeared 
lower in PPMs, surprisingly, both sorted PPMs and control CMs showed a positive 
immunoreactivity to NKX2-5 in the nucleus, while NKX2-5 expression in vivo is lost  
in PMs of the SAN. (see Fig 3). TBX3, which is enriched in pacemaker cells, was 
not detectable in PPMs but may show light immunoreactivity in CMs. SHOX2 
expression was more pronounced in the PPM population compared to the CM 
control group, although not all cells of the PPM group expressed SHOX2. Finally, 
ISL1 was visible in both CM and PPM populations (Fig 3). 

Single cell RNAseq analysis of PPMs 
Further analysis of the transcriptome of the PPM and CM populations were 
done using single cell RNA sequencing (scRNAseq). GFP-/mRubyII+ and GFP+/
mRubyII+ populations were deposited as single cells in a 384 wells plate using 
FACS at D+14 of differentiation according to protocol 2C. The samples were 
then prepared using CEL-Seq2 protocol, reads were mapped against the human 
genome GRCh38 and a resulting cell-by-gene matrix was generated with the 
Kallisto | Bustools workflow (v0.24.4). First, each cell was clustered according 
to the GFP expression determined by the FACS sort, representing the PPM and 
CM populations as are obtained by FACS purification. Indeed, these populations 
form two distinct clusters of expression profiles as represented in the UMAP plot 
(Fig 4A). Then, both populations were subjected to automated Seurat clustering 
based on each cell’s transcriptome signature, resulting in five separate clusters 
of cell types. Of these, Seurat clusters 1, 3 and 4 are corresponding to the GFP- 
population and clusters 0 and 2 correspond to the GFP+ population (Fig 4B). All 
clusters expressed genes related to the contractile phenotype of cardiac cells, 
namely GATA4, MYL7, RYR2 and ACTN2, however cluster 3 uniquely demonstrated 
a low expression of NKX2-5 combined with relatively high expressions of ISL1 and 
TBX18, making it the best candidate to represent the PPM population (Fig 4C). 
Even though cluster 1 demonstrated a higher level of ISL1 expression, with its 
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relatively high count of NKX2-5 transcripts and relatively low TBX18 count, this 
cluster most likely represents a cardiac cell subtype other than PPMs. Cluster 
0, with high levels of NKX2-5 and IRX4, and low expression of ISL1 and TBX18 
may represent the ventricular working cardiomyocyte population. Cluster 4 
demonstrates high mRNA counts on MKI67, marking a proliferative population 
of cells, yet expressing cardiac genes related to contractility and development 
in combination with an elevated PDGFRA expression, and may thus represent a 
progenitor population. Cluster 2 expresses NKX2-5 and ISL1 at low levels, but no 
TBX18 nor MKI67 or IRX4. TBX3 expression was found low in all clusters and could 
therefore not be used to identify the PPM population, which is in agreement with 
the results of the immunostainings in figure 3.

PPMs gain pacemaker marker expression upon long term culture
Since our PPM population expressed TBX18 and ISL1 but not TBX3, the gene 
expression profile of the population does not completely match the expected 

Figure 4: Single cell RNA sequencing analysis of the GFP-/mRubyII+ and GFP+/mRubyII+ populations 
obtained from DRRAGN differentiation using protocol 2C. A) UMAP representation of relative 
similarity of transcriptome of GFP+ cells (in blue) and GFP- cells (in red) based on FACS-determined 
fluorophore thresholding. Circle represents the PPM Seurat cluster location B) UMAP representation 
from A, now clustered automatically in Seurat clusters based on correlation of gene expression 
profile. Circle represents PPM population C) Violin plots indicating the log counts of mRNA 
transcripts per target gene, categorized per Seurat cluster.
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pattern of mature SAN pacemaker cells. In order to evaluate whether this would 
improve upon maturation of the cells, we cultured the population of CMs and 
PPMs from a protocol 2C differentiation until D+28 before fluorescent cell 
sorting of 384 random cells from all populations for scRNAseq analysis. UMAP 
representation demonstrates 5 populations of cells based on their fluorescent 
properties that correspond to 6 Seurat clusters of cells (Fig 5A + B). Of these, 
cluster 3 is predominantly composed of GFP negative cells (Fig 5A+B) and is 
characterized by the expression of cardiac transcription factor GATA4, contractility-
related reges RYR2 and TNNT2, and transcription factors ISL1 and NR2F2, while 
being negative for NKX2-5. The expression of ISL1 and absence of NKX2-5 in this 
cluster is more pronounced in the D+28 sample group compared to the D+14 (Fig 
4C), however the expression of TBX3 remains low (data not shown). Ventricular 
cardiomyocyte cluster 1 may be distinguished by the expression of NKX2-5 and 
IRX4 in addition to the cardiac markers GATA4, RYR2 and TNNT2, however it also 
expresses MYL7 instead of MYL2 indicating an immature phenotype. Cluster 5 
represents a proliferative group of cells, co-expressing cardiac markers as well as 
ISL1, NKX2-5 and COl3A1 next to proliferation marker KI67. 

Selective gene expression analysis by qPCR
We next validated the single cell RNAseq data using qPCR by quantifying the 
expression of genes that are characteristically found in pacemaker myocytes or 
cardiomyocytes. FACS-purified populations of GFP-/mRubyII+ and GFP+/mRubyII+ 
were lysed for RNA isolation at D+17 of differentiation for qPCR analysis (Fig 6). 
As expected, the GFP- population (PPM) demonstrated a reduced expression of 
NKX2-5 compared to GFP+ CMs, which correlates with the reduced GFP signal 
of the NKX2-5_GFP reporter construct in PPMs. Expression levels of pacemaker-
related genes ISL1 and TBX18 were significantly increased in PPMs, whereas a 
trend towards elevated expression of CACNA1C and SHOX2 in PPMs was observed. 
However, expression levels of TBX3 and HCN4 were not different between PPM 
and CM populations. 

A higher CX45/CX43 expression ratio is characteristic for pacemaker cells in 
vivo. However, we did not observe any differences in expression of these gap 
junction proteins between the sorted PPMs and CMs.  Both PPMs and CMs were 
found to express ACTN2, where CMs trended to a higher level of expression. 
Finally, we found a significantly higher expression of smooth muscle cell markers 
smooth muscle actin (α-SMA) and a tendency to elevated expression of SM22, 
a smooth muscle transcription factor, and Myogenin-1, a skeletal muscle marker 
in the PPM group compared to CMs. Taken together, these gene expression data 
from PPMs show a transcription profile that differs from CMs and confirms the 
increased expression of several pacemaker identifying genes, including TBX18 
and ISL1. Nevertheless, it is also clear the PPM gene expression profile does not 
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completely overlap with the adult SAN pacemaker gene expression profile. 

Discussion
In this chapter, we performed various differentiation protocols for generating 
SAN pacemaker-like cells from hPSCs. We compared the efficiency of PM 
differentiation from previously reported studies and variations thereof and 
characterized cell-types using a specific double fluorescent hPSC DRRAGN 
reporter line. Since pacemaker cells of the SAN do not express NKX2-5, but are 
contractile and express α-Actinin, the DRRAGN reporter enables quick screening 
for non-CM contractile pacemaker cells. Given the low efficiency of PM cell 
derivation from a standard CM differentiation protocol, a specific PM protocol 
with the possibility to purify these cells would be a great advancement for 
obtaining sufficient number of pacemaker cells without contamination of other 
cardiac subtypes for subsequent experimentation. 

Figure 5: Single cell RNA sequencing result of the entire mixed population resulting from protocol 
C differentiation. A) UMAP representation of relative similarity of transcriptome of the cell 
population according to gene expression profile, marked with color based on fluorescent signal as 
determined by the cell sorter. The oval indicates the GFP-/mRubyII+ ppm population. B) The same 
Seurat clustering, now identified with color on cells with similar gene expression profile. The oval 
again indicates the ppm population. The correlation of both the fluorescent identity as the gene 
expression profile indicates that the fluorescent marker can identify a specific subpopulation in the 
differentiation. C) Relative enrichment of mRNA within the clusters of cells indicated in B, identified 
by the color. Circled in black is the ppm population.
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During embryonic development, the heart originates from mesodermal 
progenitor cells from the first and a second heart field (FHF and SHF). The FHF 
encompasses cells that will predominantly form the left ventricle of the heart, 
while the SHF mostly gives rise to the right ventricle, the atria and the outflow 
tract (arterial and venous connections). Cardiac pacemakers from the SAN arise 
as a subpopulation of ISL1+ cardiac progenitor cells of the second heart field, 
influenced by activation of canonical Wnt signaling. Under the control of TBX18 
and SHOX2, cells destined to become SAN pacemaker cells start to express TBX3 
and lose their expression of NKX2-5.(2) For derivation of PM cells from hPSCs, 
mesoderm formation is required followed by a further specification towards to 
the SHF lineage, in order to emulate the molecular events during early cardiac 
development.

By following the stepwise approach from previous reported differentiations, 
not all protocols resulted in efficient and robust differentiation of PPM, based 
on FACS analysis using the DRRAGN reporter line and transcriptomic analysis. 
The protocols described by Protze et (protocol 2B) al and Ren et al (protocol 2A) 
showed no improvement (4,8% v 10,8% for protocol 2B), or a slight increase in 
PPM differentiation (19,1% v 10,8% for protocol 2A) when compared to standard 
CM differentiation (protocol 1). Protocol 2C showed more promising results, with 
approximately a 3-fold increase in PPMs when compare to protocol 1 (35,5% vs 
10,8%), based on flow cytometry analysis of GFP-/mRubyII+ and GFP+/mRubyII+ 

Figure 6: Gene expression analysis using qPCR for selected target genes that may identify the 
phenotype of the pacemaker cell. Symbol shape indicates replicate per target gene. Data plotted in 
mean ± SD., n=3. 
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cell populations. 

It is not clear why the other protocols did not result in a strong PPM differentiation; 
however, several aspects need to be considered. While signaling pathways play 
an important role in cell fate determination, the protocols applied in this chapter 
differ considerably in modulating signaling pathways. Protocol 2A described 
by Ren et al.(9) “simply” activates, inactivates and reactivates canonical Wnt 
signaling on days 0, 3 and 5, respectively, with a reported yield of 40-60% 
pacemaker-like cells, whereas protocols 2B and 2C, as described by Protze(1) 
and Birket(8), applied inhibitors and activators of various signaling pathways (e.g. 
Wnt, FGF, VEGF, RA, TGFb) that are considered to be important for early cardiac 
specification and differentiation towards the PM lineage, yielding a reported 55% 
and >90% pacemaker cells, respectively. Depending on the hPSC line, basic culture 
conditions, microenvironment, and subtle differences in timing and activity of 
exogenous and endogenous factors that interfere with signaling pathways, great 
differences in cell fate determinations may be apparent. 

Differentiation efficiency to pacemaker cells is quantified in all three publications 
by FC, where Protze and Birket both used the NKX2-5_eGFP reporter cell line 
(of which the DRRAGN line is derived, described in chapter 3) in combination 
with antibodies specific for SIRPA (Protze) or posterior heart field marker PDPN 
(Birket) to distinguish between pacemaker and cardiomyocyte populations.(1, 8) 
Ren et al quantified cardiomyocytes by FC by cardiac troponin-2 expression and 
determined the fraction of pacemakers in this population by quantifying NKX2-5 
expression by immunohistochemistry.(9) 

The FGF and Wnt signaling pathways crosstalk and have a reciprocal regulation 
during cell specification.(11) It is therefore difficult to determine their exact role 
in pacemaker differentiation, although it seems perceivable that Wnt signaling 
may play an important role in all three reported protocols. It has been previously 
shown that dissociation of cells, which is also part of Protze’s and Birket’s 
differentiation protocol at the CPC stage (protocol 2B and C, respectively), may 
activate Wnt signaling through the release of β-catenin from cadherin adhesion 
complexes.(11) In addition, Wnt activation (or inhibition of Wnt inhibitor DKK1) 
at specific stages has been previously described to facilitate PM differentiation 
and inhibit the CM phenotype.(12) Interestingly, Wnt reactivation is also most 
effective around day 4 - day 8 of differentiation, corresponding to the dissociation 
steps of protocols 2B and C.(12) Reactivation of Wnt in protocol 2A on D+5 
(similar to Ren et al) led to a slight increase in the pacemaker population, but the 
increase was not significant. Interestingly, Wnt reactivation did not interfere with 
CM development when compared to the standard CM differentiation protocol 
(Protocol 1), suggesting that canonical Wnt activation at D+5, or at later stages, is 
not inhibitory to CM development, but may be permissive for PM differentiation.
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Since Protocol 2C yielded the highest percentage of mRubyII+/GFP- cells following 
differentiation, we continued to characterize the phenotype of these cells. 
Although several SAN-specific markers were increased, the putative pacemaker 
population did not reveal a mature pacemaker phenotype. The reduced expression 
of NKX2-5 was confirmed with both ICC, qPCR and scRNAseq, and is in agreement 
with strongly reduced GFP intensity using the DRRAGN reporter. The apparent 
enriched expression of SHOX2 in PPMs compared to CMs, as identified by ICC 
and qPCR, also points to a pacemaker-like phenotype, however SHOX2 could not 
be detected by scRNAseq. In addition, the GFP- population was enriched for ILS1 
and TBX18 (both expressed in SAN in vivo(2)), according to scRNAseq analysis, 
which was confirmed by qPCR.  However, another SAN marker, TBX3, was not 
differentially expressed between the two populations according to ICC, scRNAseq 
and qPCR. 

The SAN comprises a heterogeneous cell population, including pacemaker 
myocytes, fibroblasts, atrial-like cardiomyocytes, immune cells and endothelial 
cells, among others.(2) In particular, the transitional cardiomyocytes in the 
pacemaker node are of a blended phenotype, sharing functional and morphological 
features with both atrial cardiomyocytes and SAN pacemaker cells. However, the 
exact molecular fingerprint of these transitional cells remains unknown.(2) Since 
the sorted PPMs in our study share characteristics of both PM and (atrial) CMs it 
is feasible that these PPMs are more comparable to transitional cells. Indeed, at 
D+28 of differentiation, the PPM Seurat cluster 3 presents an expression of both 
PM-related genes (ISL1+, TBX18+, NKX2-5-) and atrial marker COUPTFII (NR2F2+), 
which highlights their relation to the atrial population of cardiac cells.

Alternatively, PPMs are immature and therefore more comparable to progenitor 
cells of PMs. During development, activation of transcription factors changes 
over time as the heart develops to maturity.(2) For example, TBX3 expression is 
downstream regulated by TBX18 and ISL1, thus a lack of TBX3 expression in our 
cells may suggest a differentiation stage prior to activation of TBX3 activation. 
On the other hand, TBX18 expression is gradually lost during fetal development, 
until it is undetectable in neonates. In addition, the comparable expression 
levels of HCN4 between the GFP- and GFP+ populations may be explained by the 
immature state of the hPSC-CMs, which are known to express HCN4 in vitro.(13) 
Transient expression patterns during differentiation and specification both in 
vitro as well as in vivo, may explain why certain markers are expressed, whereas 
others are not (yet) expressed. Enhancing the maturity of PPMs may therefore 
be a valid strategy to improve the phenotype of PPMs to adult SAN pacemaker 
cells. Several strategies to mature hPSC-derived cardiac cells have been followed, 
including co-culture with relevant cell types in a 3D configuration to mimic native 
cardiac tissue, mechanical load, electrical pacing or supplementing media with 
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maturation-inducing factors (e.g., thyroid hormone, fatty acids, etc.). A similar 
approach can be envisioned for maturation of PPMs by defined 3D organization 
of PPMs, combined with other cell types such as fibroblasts, atrial cardiomyocytes 
or macrophages.(10, 14) In our study, we cultured our PPM population for an 
additional two weeks after differentiation, which resulted in a more pronounced 
ISL1 expression and loss of NKX2-5, suggesting that time-dependent maturation 
may already drive the PPM population to a more distinctive PM expression profile. 
Nevertheless, additional approaches to mature cells are required to establish a 
SAN PM phenotype.

To characterize pacemaker cells more extensively, it is important to analyze their 
functional aspects.  Pacemaker cells are typically identified by their alternate 
electrophysiological profile and response to blockers of ion channels specific to 
pacemakers (e.g., funny current inhibitor ivabradine), which provide, together 
with the gene expression profile, a more definitive conclusion on the identity 
of the PPMs.(1, 8, 9) Future studies will determine whether differentiation and 
maturation strategies will lead to genetic and functional profiles that are more 
closely resembling SAN in vivo.  

Conclusion
Here, we describe the differentiation of an NKX2-5/α-Actinin double reporter 
cell line (DRRAGN) towards pacemaker-like cardiac cells. DRRAGN cells could 
indeed be used to differentiate between NKX2-5+ working myocardial cells 
and a pacemaker-like, NKX2-5 contractile cardiac subtype. A protocol for 
the derivation of the NKX2-5 cells could be optimized in order to generate an 
adequate cell number for future experiments. Although further characterization 
of these potential pacemaker cells (PPMs) did not completely match with a 
SAN phenotype, our findings suggest that PPMs may represent transitional or 
SAN progenitor cells.  In order to further drive the differentiation of the PPMs 
to a mature pacemaker phenotype, the addition of supporting cell types and/
or maturation strategies such as maturation medium or electro/mechanical 
stimulation will be applied in future studies. 

Materials and methods
Cell culture
Double Reporter mRubyII Actinin GFP NKX2-5 (DRRAGN) hESCs were maintained 
on vitronectin and cultured in Essential 8 medium (ThermoFisher). Cells were 
passaged twice a week to maintain the line as follows. Dissociation to single cell 
suspension was done with 0,5 mM EDTA (ThermoFisher) for 3 minutes, after 
which EDTA was aspirated, and cells were resuspended in 1 mL E8 medium. After 
counting using Trypan blue (ThermoFisher), cells were seeded at ~18K cells / cm2 
on Mondays, or ~10k cells per cm2 on Thursdays. 
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PPM differentiation protocols
Protocol 1
Human ESCs were differentiated to CMs in monolayer as described in chapter 
3(9). Briefly, hPSCs were seeded at a density of 25 K cells per cm2 on Matrigel-
coated 6-well plates in Essential 8 medium (ThermoFisher) (described in(10)) one 
day before the start of the differentiation (D-1). The next day (D0), mesodermal 
differentiation was initiated by addition of Wnt activator CHIR99021 (1.5 µmol/L, 
Axon Medchem 1386), Activin-A (20 ng/mL, Miltenyi 130-115-010) and BMP4 
(20 ng/mL, R&D systems 314-BP/CF) in BPEL medium (see(15)). At D+3, Wnt was 
inactivated by adding XAV939 (5 µmol/L, R&D Systems 3748) in BPEL. In addition, 
Matrigel (1:200) was added to promote adhesion of cells. Cell cultures were 
refreshed on D+7, D+10 and D+13 with BPEL after the start of differentiation until 
differentiation was completed (D+17). 

Protocol 2A
Differentiation was initiated according to protocol 1 (see above). On D+5, CHIR 
was added at a final concentration of 1.5 µM to the BPEL medium. Control 
wells were equally refreshed with BPEL on D+5, without the addition of CHIR. 
Remainder of the differentiation was equal to protocol 1.

Study qPCR imaging (electro-)physiology
Birket et al(8)

(protocol 2C)

↑ TBX18, TBX3, SHOX2, HCN4

↓ MYL2, SCN5A, NKX2-5

= TNNT2, MYL7, TBX5, MEF2C, 

GATA4, SMARCD3, HAND1, 

HAND2, MYOCD, NPPA, CX40, 

CX43

↓ NKX2-5, MYL2 ↑ DDR100

↓ MDP, dV/dtmax , APA, APD20, 

APD50, APD90, cycle length, 

contraction stress 

= cell area

Protze et al(1)

(protocol 2B)

↑ NR2F2, TBX18, SHOX2, TBX3, 

ISL1, KCNJ3

↓ SCN5A

= NPPA, TBX2, MSX2, HCN1, 

HCN4

↑ SHOX2

↓ MLC2V, NKX2-5

= cTnT

↓ dV/dtmax ,

↑ It, INa, CCH/ATR response

= ISO/PRP response

Ren et al(9)

(Protocol 2A)

↑ TBX18, BMP4, SHOX2, HCN4, 

ISL1, TBX3

↓ NKX2-5

= WT1, TCF21

↑ SHOX2

↓ NKX2-5

= TNNT2

↑ beat rate

Table 1: Pacemaker identity confirmation of each reported protocol, by type of analysis. ↑indicated 
increase of value compared to CM population within the differentiation, ↓indicates lower value 
compared to CM, and = indicates no difference between PM and CM.
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Protocol 2B
Stem cells were seeded at 5k cells per well of a 96-well V-bottom microplate, 
in StemPro-based D-1 medium (see table 2) and plate was placed in 5% O2. A 
control plate was kept at atmospheric O2 pressure, and a control plate submitted 
to Protocol 1 was placed in O2 in order to evaluate the effect of low oxygen tension 
on pacemaker differentiations. On D0, medium was refreshed with SANLPC D0 
medium (see table 2) that was allowed to equilibrate to 5% O2 for two hours before 
use. On D+2, cell aggregates were dissociated in 1x TripLE Select (ThermoFisher) 
for 5 minutes at 37oC. TripLE was subsequently inactivated by dilution in StemPro 
basal medium, and the cell suspension was spun down at 240x g for 3 minutes. 
Next, the pellet was resuspended in SANLPC D2 medium (table 2) and single cells 
were reseeded at 80k cells per microwell in a 96-well V-bottom microplate and 
allowed to reaggregate. From D+5 onwards, cell aggregates were maintained in 
cardiac maintenance medium (table 2) and refreshed every third day. On D+11, 
plates were placed in atmospheric O2 pressure until FC quantification, while 
refreshed with cardiac maintenance medium every two days.

Protocol 2C
For EB differentiation, 5 K cells were seeded in 96-well V-bottom plate 
(GreinerBioOne) in E8 + 1:1000 Rock inhibitor + 0,025% PVA on D-1. On D0, 
mesodermal differentiation was induced by replacing the culture medium with 
BPEL + BMP4 (20 ng/mL) + ACTA (20 ng/mL) + CHIR (1,5 µM) + SCF (40 ng/µL) + 
VEGF (30 ng/µL), 3 mL per 6-well. Medium was refreshed on D+3 with BPEL. On 
D+7, EBs were dissociated to single cells in 1x TripLE Select (ThermoFIsher) for 10’ 
at RT, which was inactivated by dilution in DMEM/F12 Glutamax (ThermoFisher), 
followed by a spin down at 240 rcf for 3’ and subsequent resuspension in CM2 
medium (see table 2). Cells were counted with Trypan blue and seeded in matrigel-
coated (8,3 ng/cm2) 6-wells at a density of 125 K cells / cm2. On D+8, medium was 
refreshed with CM2+ medium (see table 2), followed by refreshments on D+10 
with CM3, and D+12 and D+14 with CM4. On D+17, cells were dissociated for 
FACS purification (see below). 

FACS
Cells on D+17 of differentiation were dissociated to single cells with 10x TripLE 
(ThermoFisher) for 10’ at RT. TripLE was deactivated through dilution with 
3 mL DMEM per mL TripLE, then spun down for 3’ at 240 rcf. The pellet was 
resuspended in PEB buffer (0,25% BSA + 2 mM EDTA in DPBS), filtered through a 
cell strainer into a 5 mL FACS tube. FACS was performed on fluorescent reporter 
signals GFP for NKX2-5 (525/50), and mRubyII for ACTN2 (661/20). The pacemaker 
population was identified as single positive for mRubyII (GPF-/mRubyII+), whereas 
cardiomyocytes were identified by their double positive fluorescent signal (GFP+/
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Protze
CM

2 m
edium

CM
2+ m

edium
CM

3 m
edium

CM
4 m

edium
Base m

edium
EB m

edium
 (D-1)

SAN
LPC m

edium
 (D)

SAN
LPC m

edium
 2 (D2)

Vendor
List nam

e
Cat #

Com
ponent

BPEL + 
BPEL +

BPEL + 
BPEL +

Stem
Pro-34 +

Base m
edium

 +
Base m

edium
 + 

Base m
edium

 +
Sigm

a Aldrich
Sm

oothened Agonist, SAG - CAS 364590-63-6 - Calbiochem
566660-1M

G
SAG

1 uM
1 uM

Tocris
XAV 939

3748
XAV939

1 uM
1 uM

1 uM
Tocris

Dexam
ethasone

1126/100
Dexam

ethasone
1 uM

Bio-connect
Y-27632 2HCl

S1049-5M
G

Rock inhibitor
10 uM

IW
P-2

0,5 uM
SB

5,4 uM
Sigm

a Aldrich
LO

N
G® R3 IGF-I hum

an
I1271-1M

G
IGF-1

100 ng/m
L

100 ng/m
L

100 ng/m
L

100 ng/m
L

M
iltenyi

Hum
an FGF-2 IS, prem

ium
 grade

130-104-923
bFGF

100 pg/m
L

100 pg/m
L

10 pg/m
L

5 ng/m
L

R&
D system

s
BM

P4, CF
314-BP-050/CF

BM
P4

20 ng/m
L

20 ng/m
L

1 ng/m
L

3 ng/m
L

2,5 ng/m
L

M
iltenyi

Hum
an Activin A

130-115-010
ActivinA

3,33 ng/m
L

Therm
oFisher

Invitrogen™
 TGFB1 Recom

binant Hum
an Protein

PHG9204
TGFβ1

2,5 ng/m
L

Sigm
a Aldrich

3,3′,5-Triiodo-L-thyronine sodium
 salt

T6397 
T3

100 ng/m
L

VEGF
10 ng/m

L
Retinoic acid

0,25 um
Therm

oFisher
Penicillin-Streptom

ycin (5,000 U/m
L)

15070063
Pen/Strep

part of BPEL
1%

Therm
oFisher

GlutaM
AX™

 Supplem
ent

35050038
Glutam

ax
part of BPEL

1x (2 m
M

)
Sigm

a Aldrich
L-Ascorbic acid 2-phosphate sesquim

agnesium
 salt hydrate

A8960
Ascorbic acid

part of BPEL
50 ug/m

L
Therm

oFisher
Insulin-Transferrin-Selenium

-Ethanolam
ine (ITS -X) (100X)

51500056
ITS-X

part of BPEL
5,5 ug/m

L
Sigm

a Aldrich
1-Thioglycerol

M
6145

α-M
TG

part of BPEL
50 ug/m

L

Birket standard

Table 2: M
edia specifications of attem

pted pacem
aker differentiation protocols reported by Birket et al (Protocol 2C) and Protze et al (Protocol 2B)
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mRubyII+). Quantification of PMs in YAP control line was done by staining with 
α-TNNT2-VioBlue antibody (Miltenyi) for 30 minutes at 4oC in PEB buffer. Cells 
were sorted into CM-TDI medium (see appendix 2), then spun down at 240 rcf for 
3’, after which the pellet was resuspended in CM-TDI medium for cell seeding in 
imaging plates, or RLT buffer (Qiagen) for RNA isolation. Cells seeded for imaging 
were seeded at a density of 125k cells / cm2 in a 96 well glass bottom plate 
(PerkinElmer) on vitronectin. 

ICC
Cells in 96 well glass bottom plate were cultured for 10 days in CM-TDI medium 
before fixation with 4% FA (Sigma-Aldrich) for 10’ at RT. No wash was performed 
before fixation. Wells were washed 3 times in DPBS after fixation finished, after 
which the wells were incubated with 0,1% Triton-X100 (Sigma-Aldrich) in PBS for 
8 minutes. After washing, the wells were blocked with 2% BSA and 10% normal 
goat serum (Sigma-Aldrich) for >1 hour at RT. Primary antibody was added after 
removal of the blocking buffer without intermediate washing and incubated 
for 1.5 hours at RT or O/N at 4oC. Antibody buffer was 2% BSA in PBS, antibody 
concentrations can be found in table 3.  After incubation, wells were washed 
with PBS 3x5’ before adding the secondary antibody. Secondary antibody buffer 
was added in 2% BSA in PBS (table 2) and incubated for 1 hour at RT. Wells were 
washed 3x 5’ in PBS, then mounted in ProLong Gold antifade reagent with DAPI 
(ThermoFisher) to stabilize the fluorophores for long term storage. 

RNA isolation, cDNA synthesis and qPCR
RNA was isolated from FACS sorted PPM or CM populations using the RNeasy mini 
kit (Qiagen), according to manufacturer’s protocol. Briefly, after FACS purification 
of the respective cell populations, the cells suspension was spun down at 240 rcf 
for 3’, supernatant was aspirated, and RLT lysis buffer was added to the cell pellet. 
Cells were lysed by careful resuspension with a pipet, after which the RLT mixture 
was stored at -80oC until RNA isolation. CDNA synthesis was performed using the 
Antibody name vendor cat # dilution
NKX2-5 Cell Signaling Technology 8792S 1:200
SHOX2 Abcam AB55740 1:400
ISL1 DSHB 40.2D6 1:400
TBX3 Sigma Aldrich SAB1409728 1:400
Alexafluor 647 Donkey-a-Mouse Thermofisher A31571 1:400
AlexaFluor 647 Goat-a-Rabbit ThermoFisher A21244 1:400

Tabel 3: Antibody origins and concentrations
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iScript cDNA synthesis kit (Bio-Rad) according to manufacturer’s protocol. QPCR 
was performed using 6 ng of cDNA per reaction well in a 384 wells plate (Bio-Rad) 
in the CFX384 Touch real-time PCR detection system (Bio-Rad), using primers as 
indicated in table 4. 

Single cell RNA seq
DRRAGN hESCs were differentiated using protocol C and dissociated on D+17 for 
FACS sorting. GFP-/mRubyII+ and GFP+/mRubyII+ populations were gated and cells 
from both populations were deposited as a single cell in lysis buffer directly inside 
a 384 wells plate. The plate was then frozen at -80oC until analysis (see below).

Target Primer name sequence 5’ -> 3’ Tm

RPLP0
hARP fwd569 CACCATTGAAATCCTGAGTGATGT 59,3
hARP rev684 TGACCAGCCCAAAGGAGAAG 59,6

ACTB
ACTB Fwd AGAGCTACGAGCTGCCTGAC 61,7
ACTB Rev AGCACTGTGTTGGCGTACAG 60,9

ACTN2
ACTN2 Fwd CTGCTGCTTTGGTGTCAGAG 59,1
ACTN2 Rev TTCCTATGGGGTCATCCTTG 56,3

ACTA2
aSMA Fwd CCAACTGGGACGACATGGAAA 60,5
aSMA Rev GCGTCCAGAGGCATAGAGAGACA 63,7

CACNA1C
CACNA1C Fw CAATCTCCGAAGAGGGGTTT 54,5
CACNA1C Rv TCGCTTCAGACATTCCAGGT 56,2

CX43
CX43 Fwd GCGCACATGAGAGATTGGGA 60,5
Cx43 Rev GGTGACTGGAGCGCCTTAG 60,2

CX45
CX45 Fwd GAGCTTCCTGACTCGCCTGCT 64,5
CX45 Rev CCCGGCTGTTCTGTGTTGCAC 64,6

HCN4
HCN4 Fw CAATGAGGTGCTGGAGGAGT 59,4
HCN4 Rv GGTCGTGCTGGACTTTGTG 59,1

ISL1

MYOG
Myogenin Fwd GCTCAGCTCCCTCAACCA 58,9
Myogenin Rev GCTGTGAGAGCTGCATTCG 59,3

NKX2-5
NKX2.5 Fwd AGCTCTTTCTTTTCGGCTCTAGG 60,4
NKX2.5 Rev CCCGCCTTCTATCCACGTG 60,2

SHOX2
hSOX2 Fwd GCCGAGTGGAAACTTTTGTCG 60,3
hSOX2 Rev GCAGCGTGTACTTATCCTTCTT 58,5

TBX18
TBX18 Fwd TTAACCTTGTCCGTCTGCCTGAGT 63,8
TBX18 Rev GTAATGGGCTTTGGCCTTTGCACT 64,4

TBX3
TBX3 Fwd CGAAATGCCAAAGAGGATGT 56,4
TBX3 Rev GAATTCAGTTTCGGGGAACA 56,0

SM22
SM22 Fwd CGCGAAGTGCAGTCCAAAATCG 63,1
SM22 Rev GGGCTGGTTCTTCTTCAATGGGC 64,1

Table 4: Primer list of oligos used for qPCR gene expression analysis



Chapter 4

95

Single-cell RNA sequencing library construction and sequencing
The sorted 384-well plates were processed using the CEL-Seq2 protocol(16). 
In short, ERCC spike-in (1:50,000) were dispensed using a Nanodrop II (BioNex 
Solutions Inc.) in each well. After a 5 min. incubation step at 65°C, 150 nL of the 
Reverse Transcription (RT) mix was dispensed into each well and the first strand 
synthesis was performed with the following thermal cycles: 4°C for 5 min, 25°C 
for 10 min, 42°C for 1 hr, 70°C for 10 min. Within an incubation of 2 hrs at 16°C the 
second strand synthesis was performed in the plate. After each of the dispensing 
steps, the plates were spun down at 1000 rcf for 1 min at 4°C. Subsequently, the 
well of a plate were pooled and purified using AmpureXP (New England BioLabs). 
Overnight in vitro transcription (Ambion MEGAScript; 14 hrs at 37°C) was 
followed by a 20 min at 37°C exonuclease step and chemical fragmentation of the 
amplified RNA. The sample was purified using the magnetic beads, after which 
a library RT and amplification PCR (with 9 cycles) was performed to introduce 
unique sample indices to the plate libraries and prepare the samples for Illumina 
sequencing (NextSeq 500), at a depth of 20 million reads per plate. 

Read mapping, dataset processing and downstream analysis
Reads were mapped against the human genome GRCh38 and a resulting cell-
by-gene matrix was generated with the Kallisto | Bustools workflow (v0.24.4)
(17). The R package Scater (v1.10.1,(18)) was used for sample filtering and quality 
check of the cells. Only the genes with > 1 UMI counts in at least 2 cells were kept 
in the analysis, and cells were filtered on the basis of the total amount of UMI 
counts (> 1000), the total amount of genes (> 1000), mitochondrial percentage (< 
40% of total reads) and percentage of reads mapped to ERCC spike ins (< 20%). 
Further downstream analysis on the filtered dataset was performed in Seurat 
V3.(19)
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Supplementary Figures

Supplementary Figure 1: DRRAGN hESC differentiation to CMs in StemPro medium. A) CM culture 
at D+14 of the differentiation. B) Flow cytometry plot presenting the relative CM yield of this 
differentiation, indicating that an efficiency of 74.98% can be achieved using StemPro medium as 
the basis instead of BPEL.

Supplementary Figure 2: Quantification of PM differentiation from the YAP inducible c-MYC line 
using protocol 2C, including the expansion of the progenitor population at D+7, as described in (8). 
A) Flow cytometry dotplot showing the unstained control (left) and population stained with anti-
TNNT-VioBlue antibody. B) quantification of posititve population for TNNT of all differentiations 
(n=2).
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Abstract
Cardiotoxicity is a major cause of high attrition rates among newly developed 
drugs. Moreover, anti-cancer treatment-induced cardiotoxicity is one of the 
leading reasons of mortality in cancer survivors. Cardiotoxicity screening in vitro 
may improve predictivity of cardiotoxicity by novel drugs, using human pluripotent 
stem cell (hPSC)-derived-cardiomyocytes. Anthracyclines, including Doxorubicin, 
are widely used and highly effective chemotherapeutic agents for the treatment 
of different forms of malignancies. Unfortunately, anthracyclines cause many 
cardiac complications early or late after therapy. Anthracyclines exhibit their 
potent anti-cancer effect primarily via induction of DNA damage during the 
DNA replication phase in proliferative cells. In contrast, studies in animals and 
hPSC-cardiomyocytes have revealed that cardiotoxic effects particularly arise 
from 1) the generation of oxidative stress inducing mitochondrial dysfunction, 
2) disruption of calcium homeostasis, and 3) changes in transcriptome and 
proteome, triggering apoptotic cell death. To increase the therapeutic index of 
chemotherapeutic Doxorubicin therapy several protective strategies have been 
developed or are under development, such as 1) reducing toxicity through 
modification of Doxorubicin (analogs), 2) targeted delivery of anthracyclines 
specifically to the tumor tissue or 3) cardioprotective agents that can be used in 
combination with Doxorubicin. Despite continuous progress in the field of cardio-
oncology, cardiotoxicity is still one of the major complications of anti-cancer 
therapy. In this review, we focus on current hPSC-cardiomyocyte models for 
assessing anthracycline-induced cardiotoxicity and strategies for cardioprotection. 
In addition, we discuss latest developments towards personalized advanced pre-
clinical models that are more closely recapitulating the human heart, which are 
necessary to support in vitro screening platforms with higher predictivity. These 
advanced models have the potential to reduce the time from bench-to-bedside 
of novel antineoplastic drugs with reduced cardiotoxicity.
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Introduction
Cardiovascular diseases and cancer are the two leading causes of death in 
industrialized countries. Although in recent years new anti-cancer therapies 
improved long-term survival rates, this is unfortunately also accompanied by an 
increased risk of cardiovascular complications because of adverse side effects of 
these anti-cancer drugs. Anthracyclines are a group of widely used anti-cancer 
drugs that are known to cause cardiac complications, either early or late after 
start of treatment.(1-7) The history of anthracyclines originates in the 1950s 
when Daunorubicin was isolated from the bacteria Streptomyces peucetius. 
Ten years later Doxorubicin, a more effective derivative of Daunorubicin, was 
identified.(8) However, Doxorubicin received the ominous nickname “Red Devil” 
because of the detrimental side effects in combination with its red color. In 
approximately 11% of patients, Doxorubicin-induced cardiotoxicity leads to an 
acute response within 2-3 days of administration (early onset of cardiotoxicity), 
manifested by chest pain resulting from different forms of arrhythmia.(3) Chronic 
Doxorubicin-induced cardiomyopathy has a lower incidence (ranging from 4-36 
% dependent on the dose) and can occur as late as 10 years after the last dose 
(late onset of chronic cardiotoxicity), with only a 50% 1 year survival prognosis 
when cardiomyopathy further develops into congestive heart failure.(3, 7) 
Importantly, anthracycline-induced cardiotoxicity endangers cancer patients 
since the early 70s.(9, 10) At present, almost half a century later, success in 
preventing or counteracting anthracycline-induced cardiotoxicity has been very 
limited. Moreover, although novel anti-cancer therapeutic compounds to specific 
target molecules, such as tyrosine kinase inhibitors, have been developed, drug-
induced cardiotoxicity remains a persistent problem. One major reason for this 
is that current in vitro and animal models fail to show sufficient predictive power 
and limit extrapolation to patients, which consequently leads to high attrition 
rates during the process of drug development. 

Development of preclinical human cell-based models for drug discovery that 
mimic human physiology and pathophysiology, has the potential to improve the 
predictability of adverse drug events.(11) In particular, human pluripotent stem 
cells (hPSCs) are excellent candidates for developing these models since they 
replicate indefinitely and have the capacity to differentiate to any cell type of the 
human body, including functional cardiomyocytes. This is especially embraced 
in the cardiac field, since isolated primary human cardiomyocytes are extremely 
difficult to obtain and maintain in culture. Advances in differentiation and 
purification of hPSC-derived cardiomyocytes (hPSC-Cardiomyocytes) and their 
unlimited availability has promoted strategies to use these cells for cardiotoxicity 
assessment of new drugs.(12) Previously, the Food and Drug Administration 
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(FDA), the supreme body worldwide that checks the quality and safety of medical 
products, initiated the so-called “Comprehensive In vitro Proarrhythmia Assay 
(CIPA)”, which represents a paradigm shift and encompass evaluation of life-
threatening proarrhythmic risk for all new compounds in a preclinical assay using 
hPSC-Cardiomyocytes.(13) This CIPA initiative signifies the enormous potential of 
hPSCs-derived cardiomyocytes for preclinical drug screening. Here, we describe 
underlying mechanisms of anthracycline-induced cardiotoxicity, as well as 
therapeutic approaches for cardioprotection. Furthermore, we will discuss the 
potential to use hPSC-derived cardiac models for improved safety assessment of 
anti-cancer drugs and strategies to overcome current limitations for developing 
in vitro drug testing platforms with a higher predictivity.

Mechanism of anthracycline-induced cardiotoxicity in hPSC-
cardiomyocytes
The potent therapeutic anti-cancer effect of Doxorubicin is mediated primarily 
via inhibition of topoisomerase IIa, an enzyme responsible for unwinding 
DNA before replication or transcription. This inhibition leads to DNA damage 
and consequently death of highly proliferating cancer cells, but also affects 
healthy proliferating cells, such as hematopoietic precursors, epithelial lining 
of the intestine and hair follicle cells. Fully mature cardiomyocytes are typically 
quiescent and do not express topoisomerase IIα, however studies performed in 
hPSC-cardiomyocytes demonstrated that Doxorubicin may bind to the enriched 
topoisomerase IIβ in cardiomyocytes, and knock-out of this isotype improved 
cell viability significantly when exposed to Doxorubicin.(14, 15) A comprehensive 
review on damage mechanisms of anthracycline-induced cardiotoxicity has been 
published elsewhere.(16) The underlying mechanisms of Doxorubicin-induced 
cardiotoxicity is not yet completely understood. However, several studies in 
hPSC-cardiomyocytes have shown that mitochondrial dysfunction, disruption 
of calcium homeostasis, as well as altered gene and protein expression levels 
triggering apoptotic cell death, play important roles in anthracycline-induced 
cardiotoxicity (Figure 1). Increased oxidative stress by elevated production 
of reactive oxygen (ROS) and nitrogen species (NOS) in the mitochondria of 
cardiomyocytes are major factors of Doxorubicin-induced cardiotoxicity, since 
cardiomyocytes are more sensitive to these molecules because they possess 
lower levels of antioxidant enzymes than other cell types.(1, 3, 4, 17-20) As a 
consequence, higher stress levels in cardiomyocytes under oxidative stress 
circumstances can lead to cardiotoxicity.(20) An increase in intracellular levels 
of ROS and NOS cause mitochondrial dysregulation, lipid peroxidation, DNA 
damage and protein carbonylation. Cardiac mitochondria are the major site of 
Doxorubicin-induced ROS/NOS levels due to the localization of the major redox 
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cycling enzymes such as NAD(P)H. Additionally, Doxorubicin becomes nearly 
irreversibly bound to cardiolipin. Cardiolipin is an essential phospholipid, almost 
exclusively expressed on the inner mitochondrial membrane. It has been shown 
that pathological changes in cardiolipin trigger ROS production and impair 
mitochondrial function.(21) In addition, Doxorubicin also increases mitochondrial 
iron accumulation which further increases ROS production in the mitochondria. 
Indeed, cellular and mitochondrial (as measured by cellular H2O2 production and 
intra-mitochondrial O2− levels) ROS production in hPSC-cardiomyocytes increases 
already 24 hours after exposure to Doxorubicin at concentrations as low as 0.01 
µM (patient serum levels of Doxorubicin vary in the range of 5 – 10 µM after 
single injection). Moreover, short term exposure to 5 µM Doxorubicin induces 
dramatic reduction of the mitochondrial transmembrane potential indicating 
mitochondrial dysfunction.(14, 22) To meet the high energy demand required 
to sustain contractile function, cardiomyocytes rely on efficient mitochondrial 
oxidative metabolism for energy production instead of anaerobic glycolysis. 
Thus, a disturbed energy metabolism is a high risk for cardiomyocyte survival. 
Repeated Doxorubicin exposure reduces ATP levels which cannot be restored 
after Doxorubicin removal suggesting a prolonged effect of Doxorubicin on energy 
generation in hPSC-cardiomyocytes. Together these effects pinpoint to the fact 
that Doxorubicin induces mitochondrial dysfunction in hPSC-cardiomyocytes.(22, 
23) Importantly, structural and functional disturbances are more pronounced 

Figure 1: Damage mechanisms of Doxorubicin in hPSC-cardiomyocytes. Major mechanisms of 
anthracycline-induced cardiotoxicity in hPSC-cardiomyocytes are DNA damage, production of 
reactive oxygen species (ROS), mitochondrial dysfunction and disturbed calcium homeostasis.
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after repeated dosing of Doxorubicin (mimicking chronic exposure).(23-25)

Another mechanism by which anthracyclines fight cancer is the induction of 
apoptosis. Doxorubicin effectively induces apoptotic cell death via activation of 
so-called death receptors (DRs), such as TNF receptor 1 (TNFR1), Fas receptor, 
DR4 and DR5, in many cancer types. Activation of these DRs induces the 
assembly of death inducing signaling complex (DISC), which starts the caspase 
cascade to mediate cleavage of cellular proteins and ultimately apoptosis of the 
cell. This DR-mediated apoptosis machinery has been shown to be conserved 
in human cardiomyocytes. Indeed, a Doxorubicin concentration–dependent 
increase of caspase 3 and 7 and Annexin V, a marker of early apoptosis, and 
7-aminoactinomycin D (7–AAD) or propidium iodide as markers of late apoptosis 
or necrosis, suggest a strong contribution of programmed cell death to reduced 
cell survival after exposure to Doxorubicin. Interestingly, in hPSC- cardiomyocytes 
Doxorubicin induces the expression of all four DRs in a dose-dependent fashion 
with p53 being the key upstream activator. This suggests a p53-regulated DR-
mediated apoptotic pathway as key mechanisms involved in early Doxorubicin-
induced cardiotoxicity. In accordance with these findings, Doxorubicin-induced 
apoptosis was effectively blocked by pretreating hPSC-cardiomyocytes with a 
DR5 neutralizing antibody. This cardiotoxic effect was reversible since expression 
of DR4 and 5 proteins decreased after recovery for 7 days after washout of 
Doxorubicin.(14, 15, 22, 26, 27) In contrast to these studies with acute exposure 
to Doxorubicin,  Li et al. showed that p53 can protect against chronic Doxorubicin 
exposure by counteracting mitochondrial DNA depletion after chronic exposure 
of hPSC-cardiomyocytes (and mice) to low doses of Doxorubicin.(28) Disturbed 
calcium homeostasis in cardiomyocytes hampers proper cardiac contraction. 
Doxorubicin has been shown to induce accumulation of intracellular calcium 
release from the sarcoplasmic reticulum (SR) causing calcium overload with 
sarcomeric disarray and myofibril deterioration in hPSC-cardiomyocytes. 
Moreover, Doxorubicin exposure led to downregulation of several ion channel 
genes, including genes that encode for calcium channels CACNs.(14, 22, 26) 

In summary this data shows that mitochondrial dysfunction, apoptosis, as well 
as disturbed calcium homeostasis are the main mechanisms of anthracycline-
induced cardiotoxicity. However, in 2018, a new mechanism of Doxorubicin-
induced cardiotoxicity via downregulation of the RNA-binding-protein Quaking 
has been identified.(29) Downregulation of Quaking regulates a set of circular 
RNAs involved in Doxorubicin-induced apoptosis suggesting that other 
mechanisms cannot be excluded.
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Protective mechanisms to prevent or reduce anthracycline-induced 
cardiotoxicity
To increase the dose window of effective treatment without severe adverse 
side effects (therapeutic index) of conventional Doxorubicin therapy, several 
protective mechanisms have been developed, including modifications/analogues 
of Doxorubicin, targeted delivery or protective agents (Figure 2). 

Analogues of Doxorubicin
The cardiotoxic nature of Doxorubicin pushed the development of Doxorubicin 
analogues into overdrive in the 1970s and 1980s, with over a 1000 analogues 
manufactured or discovered since.(30) However, most of them failed to reach 
anti-tumor efficacy comparable to Doxorubicin and others were considered 
too toxic based on trials in rodents.(30) Only a handful of analogues reached 
clinical trial phase, such as epirubicin, pirarubicin (also known as THP), idarubicin, 
mitoxanthrone, and others.(31-42) The success of these analogues varies per 
clinical setting and malignancy, and a reduction in cardiotoxicity was not always 
achieved. In patients, cardiotoxic events are classically detected through loss 
of the left ventricular ejection fraction (LVEF), irregularities in ECG readings (in 
particular ST-T changes), changes in systolic time intervals (STI, indicating heart 
muscle failure) and in more recent work, the release of biomarkers in blood, such 
as cardiac Troponin-T and brain natriuretic peptide (BNP).(31, 33, 35-38, 41-45) 
Due to the year of discovery, early Doxorubicin analogues have not been tested 
in vitro using hPSC-cardiomyocytes to evaluate their cardiotoxicity, since these 
models were not available at the time. Whereas biomarker release can also be 
assessed in vitro using hPSC-Cardiomyocytes, other clinical read-outs are more 
difficult to evaluate in vitro. Nevertheless, measurement of changes in action 
potential, contractility and cell survival in vitro may be associated with ECG/STI 
changes and impaired LVEF and therefore it will be of interest to test Doxorubicin 
analogues in hPSC-Cardiomyocytes for cardiac safety. 

Targeted delivery strategies
An alternative to reducing cardiotoxic properties of anthracyclines is specifically 
delivering anthracyclines at the location where cancer cells reside. This can be 
achieved by carriers that encapsulate the compound and release it at the desired 
location. For example, liposomal encapsulation of anthracycline inhibits transfer 
from the circulation to tissues with a tight endothelial barrier (e.g. the heart), but 
allow transfer to tissues with leaky or fenestrated vasculature, such as in tumors, 
but also in organs such as  lung, bone marrow, lymph nodes and liver.(39, 46, 
47) In the last two decades, numerous trials have been conducted to assess the 
safety and benefit of liposome-encapsulated Doxorubicin. Success of liposomal 
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encapsulated anthracyclines is inconsistent. Liposomal encapsulation could 
abolish cardiotoxicity in some clinical trials, allowing a higher cumulative dose for 
treatment.(39, 48-50) However, in some clinical settings, liposomal Doxorubicin 
did not reduce cardiotoxicity compared to free anthracyclines(51), suggesting 
that liposomal encapsulation only has limited benefit. Unmasked liposomes such 
as described thus far are relatively quickly cleared from the circulation by the 
reticulo-endothelial system (RES), which limits the therapeutic index of NPL-
Doxorubicin.(39)

PEGylated liposomal Doxorubicin (PLD) features an anchored polyethylene 
glycol (PEG) group on the exterior lipid surface that masks them from the RES, 
thus reducing uptake from the circulation.(52) Caelyx (Doxil), a commercialized 
PLD, showed significant reduction in cardiotoxicity compared to free Doxorubicin 
in several studies, even when used for patients who have increased risk of 
cardiac complications.(53-55) Unfortunately, PLDs are limited in their use 
because of increased incidence and severity of non-cardiac side effects such 
as palmar-plantar erythrodysesthesia (PPE), mucositis and haematogenic 
disorders.(54, 56) Liposomes (PEGylated or not) cannot prevent severe adverse 
effects of Doxorubicin entering off-target tissues. The mechanism of specific 
delivery of classical liposomes depends greatly on the difference in endothelial 
barrier permeability, which is equally high in tumors and several healthy tissues 
alike, and not all malignancies cohere to the “tumor with a leaky vasculature” 
phenotype. In an attempt to increase specific targeting of cancer cells, liposomes 
were conjugated with antibodies that are directed against the human epidermal 
growth factor receptor 2 (HER2), which is highly expressed in breast cancer 
cells. In vitro, these liposomes were effective in killing HER2-positive cancer 
cells, but did not affect hPSC-cardiomyocytes, highlighting their specificity.(47) 
The HERMIONE phase II trial is now being conducted to test the safety and 
efficacy in patients.(57) Another recent development is the encapsulation of 
anthracyclines in nanocages, constructed of organic (virus-like particles (VLPs), 
protein, DNA or carbon-based particles) or inorganic particles (supramolecular 
nanosystems, hybrid metal-organic, gold, or silica-based systems). Advantages of 
this encapsulation method are: 1) a large carrier storage capacity,  2) a targeted 
release of the drug at the site of interest, 3) combined with a porous structure 
and 4) a low immunogenic surface.(58) Nanocages have not been tested in clinical 
trials yet, however in vitro data suggests improved drug targeting of cancer cells 
and killing efficacy, and a lower cardiotoxicity, when administered in rodents.
(59-63) Unfortunately, nanocages have not been specifically tested in vitro on 
hPSC-cardiomyocytes to test their cardiotoxicity. 

In addition to Doxorubicin encapsulation, latest modifications to Doxorubicin 
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are being tested on cell cultures prior to animal testing to assess their safety 
for the heart, using currently available hPSC-cardiomyocyte in vitro models. 
These modifications of Doxorubicin are aimed at preventing the anthracycline 
from exerting its toxicity on cardiomyocytes by making the drug delivery more 
specific. For example, DTS-201, a Doxorubicin prodrug that is injected in a 
stable, cell-impermeable state, is cleaved by endopeptidases that are released 
by tumors, enabling entry into nearby cells and specific anti-tumor activity. In 
a phase I trial, DTS-201 could be administered at a cumulative dose equivalent 
to three times the recommended dose of free Doxorubicin, without triggering 
a significant drop in LVEF.(64) Another promising technique is the development 
of Doxorubicin-dendrimer conjugates with acetylgalactosamine attached to the 
dendrimer surface. These conjugates are specifically taken up by hepatic cancer 
cells, increasing therapeutic index and reducing cardiac exposure and thus toxicity 
in mice. In addition, in vitro, these conjugates did not affect hPSC-cardiomyocytes 
viability and electrophysiology, or induce apoptosis, demonstrating the specificity 
for drug uptake by the target cell type.(65)

Protective agents to alleviate cardiotoxicity
Cardioprotection during anthracycline-based therapies can also be offered by 
combining the anthracycline with a protective compound. As the cardiotoxic 
mechanism of anthracyclines involves inducing oxidative stress and mitochondrial 
dysfunction, protective agents that are able to lower the production of ROS 
or lower the workload of the heart during anthracycline treatment may be 
beneficial to reduce anthracycline-induced cardiotoxicity. Factors that may 
reduce oxidative stress in the heart, such as statins and natural antioxidants, 
and compounds that reduce the workload of the heart, such as angiotensin-
converting-enzyme (ACE) inhibitors and beta-blockers, have been combined with 
anthracyclines in clinical trials, with mixed success.(66-77) As far as known, these 
compounds have never been tested in hPSC-Cardiomyocytes for assessment of 
their direct cardioprotective potential, even though reducing oxidative stress in 
particular can be readily modelled in vitro. Since both ischemic heart disease and 
anthracycline-mediated cardiotoxicity share common pathological pathways, 
therapies for one disease could also be beneficial for the other. Trials with more 
original approaches, such as remote ischemic conditioning or physical exercise 
and caloric restriction, strategies that were beneficial in the setting of ischemic 
heart disease, have been started with the purpose to reduce cardiotoxicity 
caused by chemotherapy.(78, 79) Results of these trials are not yet available.

In hPSC-cardiomyocytes it has been shown that Doxorubicin causes arrhythmic 
contractions by inducing the accumulation of calcium in the cell and thereby 
disturbing calcium homeostasis.(14, 22) This would suggest that calcium 
antagonists can help to reduce Doxorubicin-induced cardiotoxicity. Interestingly, 



Chapter 5

111

a calcium antagonistic compound called prenylamine, was able to reduce 
cardiotoxic effects when co-administered with Doxorubicin, before it was 
withdrawn from the market one year later.(80) Reason for withdrawal was the 
pro-arrhythmic properties of prenylamine, inducing long QT syndrome.(81) 
Other calcium agonists are currently primarily used at lower doses to reduce 
Doxorubicin resistance of cancer cells, by inhibiting their capacity to pump out 
drugs via the P-glycoprotein ATP-dependent efflux pumps.(82) Low doses of 
these calcium antagonists could be repurposed to reduce Doxorubicin-induced 
cardiotoxicity. 

Neuregulin-1β, an ErbB receptor (HER2) family ligand, has been proven effective 
against Doxorubicin-induced cardiotoxicity, but is also pro-neoplastic in many 
cancers via formation of ErbB2/3 interactions.(83-86) Even if neuregulin, as key 
mediator of endothelial–cardiomyocyte crosstalk, is able to protect ventricular 

Figure 2: Strategies for cardioprotection. Protective mechanisms for anthracycline-induced 
cardiotoxicity include the generation of Doxorubicin analogues with reduced toxicity, the combined 
treatment with protective compounds and targeted therapy approaches including liposomal 
packaging of Doxorubicin. Liposomal packaging prevents Doxorubicin from exiting the vasculature 
in tissues with tight endothelial barriers such as the heart but allows targeting of a tumor with leaky 
capillaries.  
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cardiomyocytes from anthracycline-induced apoptosis, its use might thus be 
controversial in the clinic. Nevertheless, phase I, II and III clinical trials have been 
completed or are ongoing (NCT01251406, NCT1214096, and NCT01541202).(84-
86) Patients with symptomatic heart failure (HF) and left ventricular dysfunction 
showed improved cardiac function with increased LVEF after treatment with 
recombinant human neuregulin 1. In contrast to native neuregulin-1β, engineered 
bivalent neuregulin-1β has reduced pro-neoplastic potential because of a shift 
towards ErbB3 homotypic interactions. Bivalent neuregulin-1β is anti-neoplastic 
or cytostatic in cancer cells. Importantly, bivalent neuregulin-1β showed similar 
cardioprotective properties as neuregulin in hPSC-cardiomyocytes and in mice 
with chronic cardiomyopathy.(87) Especially the reduced pro-neoplastic potential 
of bivalent neuregulin-1β offers translational potential for cardioprotection after 
anthracycline therapy, however to date, no bivalent neuregulin-1β has not been 
taken into clinical trial.

Dexrazoxane, a catalytic topoisomerase inhibitor and iron chelator, is the only 
marketed cardioprotective agent that is used specifically to counteract the 
adverse effects of anthracyclines.(88) In children with acute lymphoblastic 
leukemia, leukemia or lymphoma, the combined treatment with Doxorubicin 
and Dexrazoxane significantly reduces release of troponin (as biomarker of 
cardiotoxicity) and Doxorubicin-induced cardiac remodeling. Importantly, the 
combination with Dexrazoxane improves left ventricular function compared to 
Doxorubicin alone.(89, 90) Dexrazoxane is also effective in relapsed patients with 
leukemia when administered prior or after a high cumulative dose.(91) In breast 
cancer patients with increased risk of cardiotoxicity because of an enhanced 
cumulative dose of anthracycline, Dexrazoxane also robustly reduced the 
incidence of cardiac events, such as decreased ejection fraction, and incidence and 
severity of CHF.(92, 93) Even in a retrospective 2-20 year follow-up, Dexrazoxane 
demonstrated late-clinical and subclinical cardioprotective effect.(94) Treatment 
of cardiomyocytes with Dexrazoxane is therefore expected to prevent 
cardiotoxicity. However, pre– and co–treatment of hPSC-cardiomyocytes with 
Dexrazoxane could not alleviate Doxorubicin-induced cardiotoxicity and increased 
cardiotoxicity at concentrations as low as 0.1 µM.(22, 95) This discrepancy 
between in vivo and in vitro may be related to the relative immature character of 
hPSC-Cardiomyocytes. Early stage hPSC-Cardiomyocytes may be more sensitive to 
Doxorubicin because of higher expression levels topoisomerase IIα and are thus 
more prone to severe DNA damage (as mentioned earlier: Doxorubicin primarily 
affects topoisomerase IIα), whereas in mature cardiomyocytes topoisomerase IIα 
switches to the IIβ isoform. Importantly, Dexrazoxane might exert its protective 
effects via depletion of topoisomerase IIβ, the major topoisomerase isoform in 
more mature cardiomyocytes.(95, 96) This suggests that more advanced models 
are needed to assess cardiotoxicity in vitro.
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HPSC-cardiomyocyte models in drug screening of tyrosine kinase 
inhibitors (TKis)
Not only anthracyclines, but also safety assessment of other classes of anti-cancer 
drugs may benefit from hPSC-based in vitro models. For example, malignancies 
caused by hyperactive receptor tyrosine kinases (RTKs), which drive proliferation 
and survival, are treated with FDA-approved tyrosine-kinase inhibitors (TKis). 
However, a number of TKis have been associated with adverse cardiac side 
effects following treatment of cancer patients, such as reduced LVEF, myocardial 
infarction, arrhythmias and heart failure.(97) While animal models have often 
failed to predict cardiotoxic effects during safety assessment(98), TKis have 
shown to inhibit viability, contractility, electrophysiology, calcium handling and 
cardiac oxidative phosphorylation of hPSC-cardiomyocytes.(99-101) Different 
TKis show cell type specific cytotoxicity, either in hPSC-derived cardiomyocytes, 
endothelial cells and fibroblasts or hPSCs, suggesting that TKis differently affect 
cardiovascular and non-cardiovascular cell types.(99)

TKis can be subdivided into small molecules, including crizotinib, sunitinib or 
sorafenib, and monoclonal antibodies. Importantly, different TKis have distinct 
toxicity profiles and not all TKIs induce cardiotoxicity.(97) The broad-range TKi 
sunitinib, for example, decreased hPSC-cardiomyocyte viability, as well as AMP-
activated protein kinase (AMPK), increased lipid accumulation and induced 
arrhythmic events in sunitinib-treated hPSC-cardiomyocytes. Crizotinib, an 
ALK/MET inhibitor, increased ROS production and caspase activation, induced 
cholesterol accumulation and an irregular beat pattern. Similarly, Nilotinib, a 
second generation Bcr-Abl inhibitor, increased ROS generation and caspase 
activation and induced arrhythmic beating. Interestingly, compared to the TKis 
sunitinib, crizotinib and nilotinib, the relatively cardiac-safe TKi erlotinib only 
displayed minor effects on hPSC-cardiomyocyte health in the same study(98) 
which suggests that hPSC-cardiomyocytes may represent a reliable in vitro model 
for predicting cardiotoxic side effects.

RTK activity may also be reduced by blocking the human epidermal growth factor 
receptor 2 (HER2), which activation is a common feature of a subset of malignant 
diseases, particularly breast cancer.(102) While trastuzumab (TZM), a TKi 
monoclonal antibody blocking HER2, greatly improves treatment against HER2 
positive malignancies, inhibition of HER2 signaling was found to be detrimental 
for cardiac function.(102-104) In a subset of breast cancer patients, treatment 
with TZM led to mild to severe decrease in LVEF without apparent myocardial 
tissue damage or cell loss. Using patient-derived hPSC-cardiomyocyte 2D 
monolayer cultures it was shown that TZM affected metabolic and mitochondrial 
processes, of which the severity depended on genetic variation. Moreover, this 
disease phenotype could be rescued using metabolism-stimulating agents, such 
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as AMPK.(102) Additionally, HER2 activation triggered by exogenous neuregulin-1 
could reduce hPSC-CM damage and cell loss during Doxorubicin exposure, an 
effect that was lost upon inhibition of the HER2 receptor by TZM.(103, 104) These 
findings indicate that hPSC-cardiomyocyte 2D models may serve as a valuable 
tool to identify cardioprotective compounds in a high throughput system, which 
can be further validated in more advanced human-based 3D cardiac models.

Generation of advanced hPSC-derived in vitro models for accurate 
assessment of cardiac safety.
Although cardiotoxic effects could be observed in hPSC-cardiomyocyte based 
models, not all aspects of in vivo cardiotoxicity are recapitulated in current human 
in vitro models. One of the important shortcomings of hPSC-cardiomyocyte 
models is their relative immature phenotype. Reviews on the topic of the 
immaturity of hPSC-cardiomyocytes, including strategies to increase the level 
of maturity have already been described elsewhere.(105-107) Figure 3 shows a 
description of current in vitro models utilizing hPSC-cardiomyocytes, including 
their advantages and limitations. It is therefore crucial to develop innovative 
advanced human models that approximate the adult human heart. In order to 
achieve this, defined multicellular models, consisting of the main cell-types of 
the heart, such as atrial or ventricular cardiomyocytes, endothelial cells, smooth 
muscle cells and fibroblasts, need to be constructed. 

Cardiac tissue formation in 3D tissues, such as cardiac microtissues, more closely 
mimics native heart tissue which might allow studying more physiologically 
relevant dosing profiles and deciphering acute versus chronic cardiotoxicity.
(25) For generating other 3D advanced cardiac models, so-called engineered 
heart tissues (EHTs), hPSC-cardiomyocytes are mixed with fibroblasts (or other 
cardiac cells) in a hydrogel and poured into a casting mold around silicon posts, 
leading to beating structures within the first week under continuous mechanical 
strain. Previously, it has been shown that 3D EHTs display a higher degree of 
maturation based on sarcomeric organization, formation of T-tubules and 
functional characterization (e.g. contraction force, electrophysiology).(108-110) 
Cardiotoxicity of anti-cancer agents, other than anthracyclines, such as the 
TKi sunitinib, has already been assessed in EHTs, which resulted in triggered 
activation of apoptosis and loss of contractile force, spontaneous beating and 
mitochondrial membrane potential.(111)

Until now studies did not consider subtype-specific cardiomyocytes for 
cardiotoxicity testing. This would be of high importance, as different cardiac 
subtypes may exhibit different susceptibility to Doxorubicin. Especially, because of 
the well-established arrhythmogenic potential of Doxorubicin(31, 112, 113), it is 
highly relevant to assess arrhythmogenic effects of Doxorubicin on hPSC-derived 
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atrial and ventricular cardiomyocytes. Moreover, in a trial comparing Doxorubicin 
to Epirubicin in treatment of breast cancer, a quarter of all cardiac side effects 
of Doxorubicin was identified as sinus tachycardia, for Epirubicin this was half 
of the cardiotoxic responses in the trial population.(31) In addition, a recent 
study showed that genetic loci are associated with both increased sensitivity to 
Doxorubicin-induced hPSC-pacemaker cell death and a higher risk of arrhythmia 
in patients(114), which justifies to perform cardiotoxicity testing on pacemaker 
cells. Previously, we and others have shown efficient production of atrial, 
ventricular and pacemaker Cardiomyocytes from hPSCs.(115-118)

In the cardiac microenvironment in vivo, each cardiomyocyte is surrounded by 
3-4 capillaries with a distance between each cardiomyocyte and an endothelial 
cell of about 1 μm.(119) This delicate build-up allows for defined cardiomyocyte-
endothelium crosstalk via paracrine signaling and cell-cell contact.(119-122) This 
data suggests that the crosstalk of human cardiomyocytes with highly metabolic 
active cardiac endothelial cells is very important. Recent advances in micro-
engineering and stem cell technologies enabled development of microfluidic 
devices in which living cells (mostly several cell-types) are cultured in channels 
or small compartments and perfused in a controlled manner, mimicking the 
microenvironment and responses of tissues or organs.(123-125) These so-called 
organ-on-chips can be combined with integrated sensors (for example for 
biochemical and electrical readouts) and are compatible with live imaging (for 
example using stem cell-based fluorescent reporter lines)(126) and human cell and 
tissue sampling. Very recently, Weng and colleagues(127) generated a multiple 
chambered tissue chip, a so-called organ-on-a-chip, which allowed simultaneous 
culturing of tumor tissue and hPSC-cardiomyocytes while being connected via a 
microfluidic channel, lined with endothelial cells. This design enables simultaneous 
testing of potential anti-tumor effects and cardiotoxicity of drugs administered 
via the endothelial layer. Another important aspect of drug efficacy and safety 
assessment is to predict pharmacokinetic parameters, determined by absorption, 
distribution, metabolism and excretion (ADME) of drugs, which are difficult to 
measure or model in vitro. As mentioned before, organ-on-chips mimic organ-
like function and responses in perfusable mircophysiological systems and may 
offer an opportunity to overcome current limitations related to pharmacokinetic 
modelling. Multiple organ-on-chip devices with organ-level functionality could 
be connected to each other with vascularized, endothelium-lined channels 
mimicking blood circulation and recapitulating tissue-tissue interfaces, thus 
modelling organ crosstalk and metabolism of compounds in a single system.(128, 
129) For predictive physiologically based pharmacokinetic (PBPK) modelling, it 
is of paramount importance to combine defined hPSC culture methods and 3D 
tissue engineering or organoid formation with technical advances in the field of 
organ-on-chip technology, ultimately leading to interconnected multiple human 
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organ-on-chip platforms (for example, combining heart-, liver- and gut-on-chip 
models).

Future outlook: 
Because of the previously mentioned shortcomings, a full recapitulation of 
clinical cardiotoxic manifestations is beyond the capacity of current in vitro 
models. Interestingly, recent developments have shown that it is feasible to build 
human in vitro models that are more closely resembling functional human hearts 
for assessment of clinically relevant parameters, which may greatly enhance 
the predictivity of these in vitro models for safety pharmacology and disease 
phenotypes. Recently, Li et al. created for the first time a human ventricular-
like cardiac organoid chamber (hvCOC) with hPSC-cardiomyocytes and dermal 
fibroblasts.(130) Similarly, Macqueen and colleagues generated a one cell layer 
thick ventricular-like tube from hPSC-cardiomyocytes.(131) Both HvCOCs and 
ventricular tubes were able to pump fluid, which allowed measuring ejection 
fraction and pressure-volume loops as readouts for cardiac function. Although 
these developments are promising, combination with other cardiac cells, such 
as endothelial and smooth muscle cells and fibroblasts, may lead to further 
maturation and improvement of function. Future studies will be required in order 
to evaluate the predictive values of these human advanced 3D cardiac models in 
preclinical drug testing and their potential to reduce time for bringing new drugs 
from bench-to-bedside and repurposing of drugs.

Moreover, state-of-the-art multiple organ-on-chip platforms will also advance 
predictivity of efficacy and toxicity of combinatorial drug (cardioprotective) 
treatment and specific target delivery. 

It is evident that interpatient variability further complicates development of 
predictive in vitro models for drug screening. This is also true for anthracycline-
induced cardiotoxicity, which varies tremendously from patient to patient. These 
variations may be caused due to environmental factors, lifestyle or genetic 
variance. Patient-derived (or genetically modified) hPSCs provide the possibility 
to include disease-associated genetic risk factors in these in vitro models, which 
can be directly compared to isogenic control hPSC lines.  Interestingly, studies with 
hPSC-cardiomyocytes have shown that cardiotoxic effects of Doxorubicin  were 
dependent on the genetic background of patient-derived hPSC-cardiomyocytes.
(22) Similarly, characterization of hPSC-cardiomyocytes from 45 individuals 
showed inter-individual variation in transcriptional response after 24 hour 
exposure to different concentrations of Doxorubicin, which were predictive of 
in vitro cell damage as measured by cardiac troponin release of cardiomyocytes.
(132) These findings highlight the importance of personalized medicine and risk 
stratification, which will allow us to predict for which patients new therapies will 
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be effective and safe and for which not. This will reduce the attrition rate, costs 
and time of drug development and facilitate repurposing of drugs that have shown 
a lack of efficacy or risk of toxicity. Consequently, successful implementation of 
these advanced human stem cell-based models will lead to better and safer 
drugs. 

Figure 3 (previous page): Current in vitro models with hPSC-cardiomyocytes and their advantages 
(+ green) and limitations (- red). Models with increasing complexity (from 2D monolayers to 3D 
advanced models) are available for assessment of drug-induced cardiotoxicity utilizing hPSC-
cardiomyocytes. Whereas 2D monolayer cardiomyocyte cultures can be used for high troughput-
screening for specific cellular responses, they lack the physiology, multicellular interactions and 
tissue organization, which can be provided by organ-on-chip, co-culture or 3D tissue models (for 
instance engineered heart tissues). Advanced cardiac models, such as an engineered mini heart 
tube with the capacity to pump fluid, mimic clinically relevant function(s) of the heart. 
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Abstract
Doxorubicin (DOXO) and its chemical analogues are widely used for the treatment 
of malignancies due to their effectiveness against cancer cells but are hampered 
by severe cardiotoxic side effects. Recent studies have described DOXO analogues 
with reduced toxicity found in animal models, however their effect on human 
heart tissue remains unknown. We sought to develop a drug screening platform 
based on human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) that 
could accurately predict the toxic parameters caused by DOXO as described 
previously, in order to screen DOXO analogues for their improved cardiac safety. 
To this end we combined 2D assays and 3D engineered heart tissue (EHT) models 
to capture DOXO damage mechanisms and tested these models by exposure 
of the hPSC-CMs to DOXO and its analogues Amrubicin (AMR) and Aclarubicin 
(ACLA). We found that our platform could faithfully capture the dose-dependent 
cardiotoxic effects of DOXO and were able to identify the less toxic analogue 
AMR as a potential candidate for further (pre-)clinical testing for the treatment 
of malignancies without severe cardiac side effects.

Introduction
Since its discovery decades ago, the anthracycline Doxorubicin (DOXO) has 
played an important role in treatment of various malignancies, however not 
without a cost. Nicknamed “the Red Devil”, DOXO treatment has been associated 
with a number of toxic side effects, among which DOXO-induced cardiotoxicity 
is a prevalent and life-threatening complication.(1) Despite the development 
of several approaches to reduce DOXO-induced (cardio-)toxicity, through 
development of analogues(2), DOXO-encapsulation(3) or co-treatment with 
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protective compounds(4), DOXO-induced cardiotoxicity remains a substantial 
limitation of its use in the fight against cancer. Because of its success in combating 
neoplasms, DOXO is still widely used for treatment, despite the drawback. 
Finding a solution for the DOXO-induced toxicity may therefore be very valuable 
to oncology, however to date, that solution has not been found. This may be 
due to the lack of an appropriate model to investigate the mechanisms of DOXO 
toxicity, which rely mostly on animal models, and only recently involved the use 
of human pluripotent stem cells (hPSCs).(4) 

The exact mechanism of DOXO-toxicity to human cardiomyocytes (CMs) remains 
unclear, however several suggested mechanisms have been published based 
on hPSC-CM models. DOXO toxicity in proliferating cells is mostly mediated 
through interaction with Topoisomerase IIα, where it induces DNA damage.(5) As 
discussed in the previous chapter, in adult CMs, which do not proliferate, toxicity 
is thought to be induced via a combination of DOX-mediated disturbances. It was 
recently suggested that cardiotoxicity is mediated through both the poisoning of 
topoisomerase IIβ in CMs, leading to double strand breaks (DSBs) in the DNA and 
through the eviction of histones, causing chromatin damage.(6) Moreover, DOXO 
is found to cause mitochondrial dysfunction, triggering elevated release of reactive 
oxygen species (ROS) and nitrous oxide (NOS), calcium ion (Ca2+) handling errors 
leading to Ca2+ overload, and the direct induction of apoptosis.(4) All these 
effects may affect the contractile function of the CM, and as such, DOXO-induced 
cardiotoxicity is mostly diagnosed by reductions in left ventricular ejection fraction 

Figure 1: Mechanisms of DOXO-induced cell damage to cardiomyocytes described by literature. 
Adapted from chapter 5  
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(LVEF) in patients, indicating a loss-of-function of heart contractility. Over the years, 
many chemical analogues of Doxorubicin have been developed in an attempt 
to find a molecular cousin to doxorubicin that is equally potent in combating  
malignancies, but less toxic to other organs, such as the heart. However, the less 
cardiotoxic nature of these compounds remains to be evaluated before entering 
clinical testing.  

Here, we describe the development of a toxicity screening platform, delivering 
read-outs on several of the proposed toxicity mechanisms described above (Fig. 
1). DOXO exposure on hPSC-CMs was found to substantially affect cell viability 
and function, in confirmation of earlier clinical reports on DOXO toxicity. The loss 
of LVEF was recapitulated by culturing hPSC-CMs in a 3D EHT platform, capable 
of generating functional data on contractility of the cardiac tissue, as has been 
demonstrated previously.(7) Additionally, we tested the toxicity of two analogues, 
Amrubicin (AMR) and Aclarubicin (ACLA), demonstrating that AMR, but not 
ACLA, could be administered to hPSC-CMs at clinically relevant doses without 
affecting cardiomyocyte viability or contractile function. Thus, we show that our 
combination of assays provides a platform for thorough toxicity screening of 
Anthracyclines that is capable of distinguishing less harmful analogues of DOXO 
for further use in (pre-)clinical development.

Results
Doxorubicin is internalized by CMs in our hPSC-CM based platform.
For the cardiotoxicity platform we generated CMs from hPSCs in vitro, both from 
hESCs and hiPSCs (Fig 2A). Upon differentiation, hPSC-CMs were further lactate-
purified, resulting in a cell population comprised of ~90% cardiac Troponin T+ 
cells quantified by flow cytometry analysis (Fig 2B). These CMs were then used 
for EHT formation or 2D monolayer assays (Fig 2A). In order to confirm that 
DOXO is taken up by hPSC-CMs, we performed a time lapse of DOXO uptake at 
a concentration of 1 µM over the course of 24 hours, quantifying the intrinsic 
fluorescent property of DOXO in the cell by fluorescent microscopy (Fig 2C) 
and flow cytometry (Fig 2D). We observed that in the first three hours, DOXO is 
taken up by an increasing number of cells, until it reaches a plateau phase where 
no additional cells take up the agent (Fig 2D+E). During this time however, the 
amount of DOXO that accumulates inside the cells is still increasing up to 5 hours 
after the start of exposure (Fig 2F).

Doxorubicin induces an acute cardiotoxic response in 2D hPSC-CMs
We next assessed the toxicity of DOXO on hPSC-CMs in a monolayer configuration 
to validate that the suggested toxicity mechanisms of literature could indeed 
be observed in our model. For this, we cultured hPSC-CMs at full confluency 
in cell culture dishes, exposed them to DOXO or DMSO as control at different 
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concentrations for 24 hours, and assessed toxicity by quantification of viability 
and Ca2+ handling. Monolayers of hPSC-CMs were stained with Calcein live cell 
dye to assess the surface area covered by cells as a measure of survival (Fig 3A). 
Loss of cells was observed in a dose-dependent manner, where a significant 
reduction in covered area was demonstrated at a DOXO concentration of 1 µM and 
above, compared to DMSO control and 0,1 µM DOXO (Fig 3B). The area covered 
by cells did not change between DMSO control and 0,1 µM DOXO, indicating 
that 0,1 µM DOXO is not lethal to hPSC-CMs within the timeframe of 24 hours. 
We continued to determine the kinetics of Ca2+ ions in the hPSC-CMs, since Ca2+ 
overload and arrhythmic behavior in CMs is found in vivo after DOXO exposure. 
To this end, we again cultured hPSC-CMs in a monolayer fashion, exposed them 
to the DOXO concentration range or DMSO as control, for 24 hours, and added 
Fluo-4 Ca2+ dye subsequently, which allows for real-time quantification of Ca2+ 
using fluorescent microscopy. As seen in figure 3C, a dose-dependent increase 
in fluorescent signal indicated an increase of Ca2+ within the cell, regardless of 
contraction cycle fluctuations, pointing to a DOXO-dependent Ca2+ overload in 
our hPSC-CMs. An exposure to 5 µM or 10 µM DOXO for 24 hours resulted in a 
significantly higher amount of Ca2+ inside the CMs (Fig 3C, D). The live imaging 
of Ca2+ in hPSC-CM culture also provided information on the Ca2+ handling by 
the CMs in the presence of DOXO, as well as the frequency of Ca2+ influx that 
serves as an approximate of contraction frequency. DOXO concentrations above 
1 µM substantially affected normal Ca2+ handling, as indicated by the significant 
increase in beating frequency, as well as the reduction of the time-to-peak and 
time-to-decay of Ca2+ signal (Fig 3E-G). In summary, DOXO thus induced dose-
dependent cardiomyocyte toxicity within 24 hours of administration, which can 
be visualized and quantified in our 2D hPSC-CM model.

Prolonged DOXO exposure leads to functional defects in hPSC-CMs
In vivo, acute extensive cell loss due to DOXO exposure is not apparent, and 
thus does not represent the pathophysiology of DOXO toxicity to the heart. At 
the lowest DOXO dose at which cardiotoxic effects could be readily observed 
in the monolayer assays, we continued to evaluate multiple day exposure to 
1 µM DOXO over time using various subtle CM damage assays. The DRRAGN 
reporter line is very suitable to study the effect of DOXO on sarcomeric function 
and integrity, due to its fusion protein of α-Actinin and mRubyII which makes 
sarcomeres visible in live fluorescent microscopy (see Chapter 3). We therefore 
used CMs differentiated from DRRAGN hESCs (DRRAGN-CMs) to assess the 
organization of sarcomeres following exposure to 1 µM DOXO for 5 days (Fig 
4A). Through custom software, we determined that the sarcomeric organization 
was significantly affected upon exposure to DOXO over the time course of 
5 days, compared to the control (DMSO treated) group (Fig 4B). Whereas the 
control group only showed minimal changes in sarcomeric organization, the 
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DOXO-treated group demonstrated excessive loss of sarcomeric organization, 
which is also apparent in the fluorescent images (Fig 4A). Since DRRAGN-CMs 
also express GFP in the cytosol, their survival could be quantified by measuring 
total area covered by GFP signal, similar to the Calcein quantification described 
in figure 3 (Fig 4C). While DMSO-only treated CM monolayers remain constant in 
the area covered by cells, the DOXO group shows a gradual decrease in covered 
area over time, losing up to 75% of area coverage after 5 days of exposure to 1 

Figure 2: Experimental setup and DOXO uptake validation. A) schematic representation of the 
experimental workflow. B) Quantification of hPSC-CM purity after differentiation and subsequent 
purification using lactate-enrichment. C) Micrograph series of the DOXO uptake in hPSC-CMs over 
the course of 24 hours. Scale bar represents 75 µm. D) flow cytometric quantification of DOXO 
within the CMs over time. E) Quantification of the percentage of cells positive for DOXO signal as 
determined by FC, over time. F) Mean fluorescent intensity of the cell population positive for DOXO, 
over time.
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µM DOXO (Fig 4D). Cardiomyocyte damage and loss was further quantified by 
the release of troponin I (TnI), a biomarker commonly used in the clinic. Hitherto, 
we exposed hPSC-CM monolayers to DOXO concentrations ranging from 0 to 10 
µM and quantified the amount of released TnI in the culture media after 4 days 
using ELISA (Fig 4E). Release of TnI indicates damage or death of cardiomyocytes 
since TnI is not released outside of the cell under normal circumstances. In our 
monolayers, we observed a TnI release correlating to the increase of DOXO 

Figure 3: Short-term read-outs for DOXO-induced cytotoxicity following 24-hour exposure in 
hPSC-CMs. A) Loss of hPSC-CMs in a monolayer as a result of DOXO exposure quantified by area 
covered by Calcein live cell dye. B) Quantification of cell loss depicted in A. C) Micrograph images 
demonstrating the accumulation of Ca2+ inside hPSC-CMs in a monolayer after 24 hours of exposure 
to DOXO using Fluo-4 calcium dye in live hPSC-CMs. D) Quantification of calcium accumulated in 
the hPSC-CMs visualized by fluorescent microscopy. E-G) Quantification of Ca2+ kinetics using Fluo-4 
dye, showing the effect of DOXO exposure on beating frequency (E), time-to-peak (F), and time-to-
decay (G). p < 0,05 = *, p < 0,01 = **, P < 0,001 = ***, ns = not significant. Significance tested by 
one-way-ANOVA.
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concentration, further confirming that DOXO actively damages hPSC-CMs in a 
monolayer culture. We then proceeded to assess the toxicity of DOXO in a 3D 
format using the EHT platform, previously established by our group. The extend 
of disruption of CM function caused by DOXO exposure led to severe reductions 
in contractile force measured in EHTs formed with hPSC-CMs and exposed to 
DOXO ranging from 0 µM to 10 µM over a time course of 3 days. Whereas on 
a macroscopic level the EHTs remained intact throughout the experiment (Fig 
4F), contractility of the tissues was affected substantially. Force of contraction 
remained constant over three days of culture for the DMSO treated control group 
and the 0.1 µM DOXO-treated tissues, while 1 µM DOXO exposure triggered an 
intermediate decrease of force over time, and 5 µM and 10 µM DOXO resulted in 
a complete loss of measurable force of contraction within the three-day period 
(Fig 4G). A similar trend can be observed for contraction and relaxation speed 
of the tissues, suggesting that Doxorubicin affects the contractile capability of 
hPSC-CMs in a dose-dependent manner. 

DOXO analogue AMR, but not ACLA, demonstrates reduced cardiomyocyte 
toxicity.
The data so far has demonstrated that the platform of 2D CM monolayer and 3D 
EHT constructs could faithfully reproduce the damage to CMs that is also observed 
in vivo. We therefore applied the platform to test whether doxorubicin analogues, 
designed to have a similar anti-neoplastic effect without the adverse cardiac side-
effect, could be screened for their cardiotoxic properties in our platform. We thus 
applied the same readouts as described above for DOXO, to assess cardiotoxicity 
of compounds AMR and ACLA. To validate the anti-neoplastic activity of the 
anthracyclines, we treated hPSCs and tumor cells with DOXO, AMR and ACLA at 
5 10 and 20 µM and confirmed that the agents were cytotoxic to proliferative 
cells (Suppl Fig 1). Next, hPSC-CM viability after 24 hours of exposure to AMR and 
ACLA was determined by Calcein live stain imaging and subsequent analysis (Fig 
5A). In comparison to DMSO control and corresponding DOXO concentrations, 
ACLA appeared to cause a similar loss of covered area by viable cells to the DOXO 
counterpart at 5 µM, 10 µM and 20 µM (Fig 6B). In contrast, AMR performed 
markedly better with a surface area covered similarly to DMSO after 24 hours 
of exposure at 5, 10 and 20 µM. Analogue toxicity was further assessed by 
long-term exposure of the compounds on monolayer hPSC-CM cultures, and TnI 
release was again measured at 4 days post-exposure (Fig 5C). AMR at 5 µM and 
10 µM again displayed a very low impact on CM damage and survival, indicated 
by the low level of TnI released in the culture medium, comparable to DMSO 
control. ACLA, on the other hand, clearly demonstrated an increased release of 
TnI at a concentration of 5 and 10 µM, which was comparable to the 5 µM DOXO-
treated condition. This further supports the results found in the viability assay 
in Figure 5A. Lastly, we assessed the impact of the analogues on contractility of 
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EHTs made from hPSC-CMs, in comparison to DOXO. While ACLA affected force 
of contraction (Fig 5D) and contraction and relaxation velocities (Figs 5E+F) at all 
tested concentrations to a similar degree as DOXO at 5 µM, AMR at 5 µM did not 
affect force of contraction and only slightly affected contraction and relaxation 
velocities of the EHTs. All together, these findings provide evidence of reduced 
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cardiotoxic properties of anti-neoplastic agent AMR, whereas ACLA displayed 
cardiotoxic effects, which was comparable to DOXO.

DNA damage response measurement reveals transcription factor eviction 
from nucleus.
One other aspect of DOXO induced cell damage is the development of DNA damage 
in the cell (Fig 1). We assessed the induction of DNA double strand breaks (DSBs) 
in our platform by quantifying the number of cells expressing phosphorylated 
histone H2AX (yH2AX), which is known to be triggered upon DNA double strand 
break repair.(6) To this end, we treated monolayers of hPSC-CMs with our DOXO 
range or analogues for 24 hours, and then fixed the cells for immunocytochemical 
analysis of yH2AX (Fig 6). We found that, compared to DMSO-treated control 
cells, substantially more CMs exposed to 0,1 µM or 1 µM DOXO were positive for 
yH2AX in the nucleus (Fig 6A). However, at higher concentrations of DOXO, the 
fluorescent signal of yH2AX as well as the DAPI counterstain appeared to fade. 
This effect may be due to histone eviction, which has been described before.
(6) Interestingly, AMR-treated cells displayed yH2AX signal at all concentrations, 
whereas ACLA did not show this DNA damage response (Fig 6B+C). Instead, ACLA, 
but not AMR, caused a loss of histone H2AX, comparable to DOXO treatment. 
Thus, DOXO induces DSBs at concentrations as low as 0,1 µM, a level that 
appeared non-toxic in the viability assay of Figure 3A and in the EHT data of 
figure 4G-I. Similarly, AMR induced substantial phosphorylation of H2AX, while 
expressing a low toxicity level in previous assays, suggesting that DSBs may occur 
as an effect of anthracycline exposure, but it has little apparent effect on CM 
function or viability within the timeframe of our assays, and may therefore not 
be a dominant contributor to clinical cardiotoxicity. 

Anthracycline treatment causes NKX2-5 depletion in hPSC-CMs
While counterstaining CM monolayers in the yH2AX assay for transcription factor 
NKX2-5 to validate their cardiac phenotype, we observed that the NKX2-5 signal 
of the immunofluorescent tag diminished with an increasing concentration of 

Figure 4 (previous page): Long term exposure of DOXO to hPSC-CMs. A) Fluorescent images of 
the a-Actinin_mRubyII signal of DRRAGN CMs before and after 5 days of exposure to DMSO or 1 
µM DOXO, and the corresponding binary mask of the signal. B) Quantification of the sarcomeric 
organization based on the binary masks, determined by custom software. C) The cytosolic GFP 
signal expressed by DRRAGN-CMs in monolayer as a proxy for cell area coverage, after 5 days of 
exposure to DMSO or 1 µM DOXO, and the corresponding binary mask used for image analysis. D) 
Quantification of surface area covered by GFP signal as determined by the binary mask analysis. E) 
Quantification of Troponin I release by hPSC-CMs in monolayer after 4 days of exposure to DOXO at 
a range of concentrations, measured by ELISA. F) Brightfield images of EHTs at baseline and after 3 
days of exposure to the range of DOXO concentrations. G) The contractile force of the EHTs during 
exposure to DOXO over the time course of 3 days. H+I) The speed of contraction and relaxation of 
the EHTs during exposure to DOXO over the time course of 3 days. p < 0,05 = *, p < 0,01 = **, P < 
0,001 = ***, ns = not significant. Significance tested by one-way-ANOVA.
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Figure 5: Evaluation of the cardiotoxic effect of DOXO analogues Amrubicin and Aclarubicin on 
hPSC-CMs. A) Calcein live staining of hPSC-CMs after 24 hours of exposure to DOXO or the analogue 
at indicated concentration. B) Quantification of total area covered by hPSC-CMs after 24 hours 
of exposure to the anthracycline. N=3. C) Quantification of Troponin-I release following 4 days of 
exposure to DOXO or analogues at specified concentration, as determined by ELISA. D) Normalized 
force of contraction of EHTs made of hPSC-CMs during exposure to DOXO or analogue at indicated 
concentration over the course of 3 days. E+F) The speed of contraction and relaxation of the 
EHTs during exposure to DOXO or analogue over the time course of 3 days. p < 0,05 = *, ns = not 
significant. Significance tested by one-way-ANOVA.
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DOXO (Fig 7A). We therefore also assessed NKX2-5 expression after 24 hours of 
exposure to AMR and ACLA at various concentrations (Fig 7B+C). Interestingly, 
the sensitivity to loss of NKX2-5 caused by DOXO, AMR and ACLA appears to 
vary between the agents: DOXO induced NKX2-5 loss at a concentration of 
1 µM and above, ACLA at 5 µM still showed a low signal of fluorescence, 
although NKX2-5 immunoreactivity was lost at higher concentrations, 
whereas for AMR, NKX2-5 was retained at 5 µM, and only displayed reduced 
immunoreactivity at the highest concentration (20 µM). This indicates a distinct 
difference in working mechanism of both analogues and DOXO and may 
provide an explanation of the difference in toxicity to hPSC-CMs. Since yH2AX  
signal does not correlate with NKX2-5 loss, NKX2-5 loss cannot be attributed to 
DNA damage caused by the anthracyclines. To determine whether the observed 
loss of NKX2-5 fluorescent signal is a technical artifact of the immunostaining, we 
tracked the disappearance of NKX2-5 in a time-lapse, to determine the dynamics 
of NKX2-5 loss (Fig 7D). We found that the NKX2-5 signal disappears between 
4 and 6 hours after adding 1 µM DOXO to the culture medium, suggesting that 
the loss of fluorescent signal is not caused by a technical error. Indeed, earlier 
studies suggest that DOXO enhances the activity of a specific proteasome that 
accelerates co-factor P300 breakdown and consequently diminishes NKX2-5 
gene expression.(8) This mechanism would match the time-course of 4-6 hours 
in which NKX2-5 is gradually lost. A loss of NKX2-5 expression in CMs may have 
profound consequences to function(9), and may therefore be of great interest in 
the screen for less cardiotoxic anthracycline analogues.

DOXO induces transcriptional changes related to P300 and NKX2-5 
depletion. 
Next, we explored whether anthracyclines affected expression levels of other 
cardiomyocyte-related genes. We therefore performed a qPCR analysis on isolated 
total RNA from EHTs exposed to DOXO or analogues (Fig 8). First, we confirmed 
the loss of NKX2-5 due to DOXO or ACLA-mediated suppression of transcription, 
while AMR at 5 µM failed to down-regulate NKX2-5. This corresponds well with 
the initial observation done by immunohistochemistry in Figure 7A-C. A similar 
effect could be observed for the transcriptional level of MEF2C and HAND2, 
which both have been reported in literature to be vulnerable to DOXO-mediated 
downregulation. Importantly, we found that NKX2-5 downstream targets ACTN2, 
SERCA and CAGNA1 are downregulated in 5 µM DOXO and ACLA, but not in 
AMR or DMSO control, suggesting a loss of a positive regulatory effect of NKX2-
5. Interestingly, not all cardiac-specific genes were similarly affected; proton 
channel HCN4 was only downregulated after treatment with 5 µM DOXO and 
ACLA when compared to 5 µM AMR-treated samples; GJA1, encoding for gap 
junction channel protein connexin-43, was only significantly downregulated at 
1 µM DOXO; and transcription factor IRX4 and calcium channel CAV1.3 were 
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not significantly affected by anthracycline exposure. Surprisingly, HAND1, a 
transcription factor involved in early cardiac development and expressed in the 
first heart field, was upregulated at 1 µM DOXO. Overall, our qPCR analysis of the 
transcriptome of EHTs exposed to DOXO, ACLA or AMR indicates a specific effect 
of the compounds on cardiac genes related to the NKX2-5 or P300 regulatory 
pathway, which suggests that the downregulation of NKX2-5 is not caused by a 
cell-wide reduction in transcription.

Figure 6: DNA damage in hPSC-CMs in a monolayer culture following DOXO or analogue treatment 
(AMR and ACLA), assessed by yH2AX immunofluorescent imaging. A) panel of immunostaining 
for yH2AX after 24 hours of incubation with DOXO at indicated concentration. DOXO-RFP channel 
represents the fluorescent signal of DOXO, used for identification of the nuclei at higher DOXO 
concentrations. B+C) Fluorescent micrographs showing the presence of phosphorylated H2AX after 
24h of analogue incubation at indicated concentration. Note the loss of DAPI signal due to DNA 
binding competition between DOXO/ACLA and DAPI.  Scale bar = 100 µm
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Figure 7: Quantification of transcription factor NKX2-5 in the nucleus of hPSC-CMs using 
immunofluorescent tagging. A) NKX2-5 protein localization after 24h of DOXO exposure to hPSC-
CMs at the indicated concentration. B+C) NKX2-5 protein localization after ACLA and AMR exposure 
for 24 h at indicated concentration. D) Time course of NKX2-5 loss upon exposure to DOXO. E) Time 
course of NKX2-5 recovery after 24h DOXO incubation followed by washout at the 24h timepoint.    
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Discussion 
This chapter is dedicated to the application of hPSC-CMs in safety pharmacology 
in a 2D and 3D organization. We created a platform of assays capable of 
predicting cardiac toxicity caused by doxorubicin exposure, with readouts that 
match observations in vivo. We demonstrated that DOXO at physiologically 
relevant concentrations can 1) cause direct cell damage and loss, 2) trigger 
calcium accumulation and alter ion balance, 3) induces double strand DNA 
breaks in CMs (at low concentrations), 4) affect functional performance of 3D 
EHTs with respect to contractile force and contraction kinetics, and 5) affects the 
CM transcriptome partially through downregulation of NKX2-5 and subsequent 
down-stream targets of the transcription factor. Moreover, we demonstrated that 
toxicities of analogues AMR and ACLA could be distinguished from DOXO due 
to the combination of assays within the platform, exposing differential working 
mechanisms of toxicity between the three compounds. Our findings indicated 
that AMR treatment is more favorable than DOXO in terms of cell viability and 
functional EHT performance. In accordance with previously reported in vivo 
studies, AMR only induced DSBs, but did not evict histones from the nucleus. 
Its action on cardiomyocyte viability and performance is therefore more benign 
than ACLA.(6) ACLA on the other hand showed a very similar pattern of damage 
induction compared to DOXO: EHT performance is affected in a dose-dependent 
manner and it lowered cell viability to a level equal to DOXO. DNA damage is 
difficult to assess, since ACLA may invoke the same histone eviction response as 
DOXO, hampering H2AX quantification. The significance of DNA damage in CMs 
to the total cardiotoxic event is unclear. In our data, we observed DNA damage 
at 0,1 µM DOXO, a concentration that does not seem to affect viability of the 
monolayers, contractility of the EHTs, or transcription of NKX2-5 and other genes. 
Therefore, the onset of DNA damage as a marker for cardiotoxicity is perhaps 
more sensitive than other assays performed in this platform but may also be less 
predictive of CM malfunction and thus toxicity itself. 

The significance of NKX2-5 loss requires additional evaluation, but first evidence 
seems to point to an important role. NKX2-5 as a transcription factor is involved 
in the expression of key cardiac genes in cardiomyocytes, including calcium-
handling proteins RYR2 and SERCA2.(9) The speed at which the function of these 
proteins would be disturbed upon loss of the transcription of their respective 
genes is unknown, however it is striking to observe both a mishandling of calcium 
in DOXO treated cardiomyocytes in our platform, and the loss of NKX2-5 as a 
regulator for the proteins responsible for the calcium handling. Indeed, RYR2 and 
SERCA2 transcription is negatively affected by a loss of NKX2-5 (NKX2-5 facilitates 
the transcription of these genes), and a loss of function of either, or both, would 
result in an accumulation of calcium ions in the cytoplasm, which corresponds 
well with the calcium overload that is observed in treated CMs. Our data shows 
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Figure 8: Gene expression analysis by qPCR of transcriptome isolation from EHTs after 72h exposure 
to DOXO.
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Antibody target dilution Supplier
Mouse-α-yH2AX 1:200 Merck (05-636)
Rabbit-α-NKX2-5 1:400 Cell signalling technology (#8792)
Goat-α-Rabbit AlexaFluor 647 1:400 ThermoFisher (A21244)
Goat-α-Mouse AlexaFluor 488 1:400 ThermoFisher (R37120)

Table 1: List of antibodies with dilution factor and supplier.

that NKX2-5 protein disappears from the nucleus within 6 hours after DOXO 
exposure, a timing that holds clinical relevance, since patients are treated with 
a single high dose bolus infusion per treatment. Recovery time of NKX2-5 in the 
nucleus may be crucial to the extent of disruption the loss of the transcription 
factor will cause. If this period of NKX2-5 protein loss is long enough to affect 
protein function of the downstream targets of NKX2-5, it may explain some of 
the cardiotoxic mechanisms observed in CMs. The loss of NKX2-5 signal in ACLA 
treated cells is correlated to the loss of H2AX and is more severe than in cells 
treated with AMR. If the loss of NKX2-5 proves to be another contributor to CM 
damage, this may point to a more toxic nature of ACLA compared to AMR, making 
AMR the preferable analogue to use in terms of cardiotoxicity.

Some limitations to this study may be mentioned. Firstly, Calcein live staining is 
used to quantify the integrity of hPSC-CM monolayers as a measure of cell viability. 

While it is expected that subsequent loss of monolayer integrity is due to cell 
death, it cannot be excluded that some loss may also be caused by detachment 
of the hPSC-CM before the cell is dead. Therefore, loss of monolayer integrity 
may represent both cell death and cell detachment, although cell detachment 
in case of CMs may also be considered a substantial toxic effect. Secondly, the 
exposure to DOXO or analogues in this work is strictly speaking not like clinical 
exposure, since patients in the clinic are infused with one bolus per treatment, 
resulting in a fast peak and decline of DOXO in the serum. Our study exposes the 
hPSC-CMs at least for 24 hours, depending on the stability of DOXO in the culture 
medium, and up to 5 days with continuous refreshment of DOXO in the EHT 
platform. Whether this exposure regime mimics the in vivo setting properly is up 
for debate, however in our platform this handling resulted in expected toxicity 
outcome and proved able to determine the difference in toxicity between DOXO 
and analogues. Thus, even though the exposure regime does not completely align 
with the clinical situation, it proves adequate in our platform. Thirdly, the 2D and 
3D models described here are a simplistic representation of the in vivo heart, and 
other factors may play a role in cardiotoxicity in the patient. It is expected that 
endothelial cells in the heart may have a great effect on actual cardiomyocyte 
exposure to the anthracycline, since they effectively shield the CMs from the 
circulation. At what rate the endothelial cells allow DOXO to pass on to the CMs 
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is unclear, however the endothelial layer of the heart is rather permeable and 
may thus not pose a major barrier for anthracyclines to pass. 

This, however, does not diminish the contribution of other cell types in the heart 
to the complete cardiotoxic effect of DOXO. It has been reported that endothelial 
dysfunction as a result of DOXO may directly be responsible for the acute 
cardiotoxic response of the organ, demonstrating the importance of including 
other cell types to the platform. DOXO-induced toxicity may also involve the 
development of cardiac arrhythmias, especially in the atria(10), which may 
suggest that DOXO toxicity may vary between cardiomyocyte subtypes. Moreover, 
resident macrophages have recently been implied as important supportive cells 
in the heart, specifically the atrio-ventricular node, that may directly influence 
the gene expression profile of the surrounding tissue, thus affecting contractility 
and action potential signal conduction. If DOXO also affects the function of these 
residential macrophages, it is not unthinkable that their altered / loss of function 
may induce impaired contractility of the heart. LVEF reductions observed in 
patients may be caused by a reduced contractile capacity of cardiomyocytes on 
the level of sarcomeres but may also be caused by an impaired signal transduction 
and thus cardiomyocyte activation. It has been previously suggested that DOXO 
may not only directly induce cardiotoxicity in cardiomyocytes themselves, but 
may also exert an effect on contractility via affecting cardiac subtypes such as 
nodal pacemaker cells(11), and proliferative cell types of the heart, such as 
endothelial cells, fibroblasts, smooth muscle cells and others. Therefore, it is of 
great interest to assess the effect of DOXO exposure on cardiac subtypes when 
screening for toxicity in vitro, since ventricular cardiomyocytes alone might not 
provide a complete picture of the toxicity. 

Conclusion
In this chapter, we describe the development of a screening platform capable of 
predicting cardiotoxic effects of anti-cancer drug Doxorubicin and its analogues. 
We show that the toxic mechanisms of DOXO described in literature could be 
faithfully recapitulated in a dose-dependent manner and could be successfully 
applied to determine the toxicity of the analogues AMR and ACLA in relation to 
DOXO. Our platform indicates that AMR is less toxic to hPSC-CMs with respect to 
cell viability and contractility than DOXO or ACLA and proposes it as a preferred 
anti-neoplastic agent to be evaluated for further use in the clinic. 

Materials and Methods
Cell maintenance 
Two previously characterized stem cell lines were used in this study, one iPSC 
line designated FLB (LUMC0020iCTRL-06) and the DRRAGN (ACTN2mRubyII/
NKX2-5GFP double reporter) hESC line reported in Chapter 3 of this thesis, only 
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used for the sarcomere organization assay. Both cell lines were maintained as 
described previously. Briefly, the cells were maintained in Essential 8 medium 
(ThermoFisher) on vitronectin-coated CellStar cell culture plates. Passaging was 
done twice per week, by dissociation using 0,5 mM EDTA in PBS, resuspension in 
E8 medium, counting using Trypan blue and reseeding at a density of 17K cells / 
cm2 on Mondays and 10K cells / cm2 on Thursdays for the DRRAGN line, and 50K 
cells on Monday and 30K cells on Thursday for the FLB line.

Cardiac differentiation
Differentiation to ventricular cardiomyocytes was done as described previously.
(12) Briefly, hPSCs were seeded at a density of 25 K cells per cm2 for the DRRAGN 
line and 15 K cells per cm2 for the FLB line, on Matrigel (Corning)-coated 6-well 
plates in Essential 8 medium (ThermoFisher) on day -1. At day 0, mesodermal 
differentiation was initiated by addition of Wnt activator CHIR99021 (1.5 µmol/L, 
Axon Medchem 1386), Activin-A (20 ng/mL, Miltenyi 130-115-010) and BMP4 (20 
ng/mL, R&D systems 314-BP/CF) in BPEL medium (described in (13)). At day 3, 
Wnt was inactivated by adding XAV939 (5 µmol/L, R&D Systems 3748) in BPEL. In 
addition, Matrigel (1:200) was added to promote adhesion of cells. Cell cultures 
were refreshed on Day 7 and 10 with BPEL after the start of differentiation until 
differentiation was completed (day 13). At day 13 of differentiation, CMs were 
purified in glucose-free-lactate-containing medium for 3 days. After purification, 
CMs were cultured in CM-TDI medium.(14) For all assays in 2D, CMs were seeded 
as monolayers into CellCarrier-96 well special optics plates (PerkinElmer). HPSC-
CMs were maintained in a humidified incubator at 37∘C and 5% CO2 and were 
refreshed with CM-TDI medium twice a week. 

Anthracycline exposure
HPSC-CMs were maintained for 10 days after seeding in the test plate or after 
formation of the EHT to allow full recovery after dissociation. Then, CM-TDI 
medium containing 10 µM dimethylsulfoxide (DMSO) or compound at respective 
concentration was added to the cells, starting the exposure to the compound. 
Depending on the experiment, the cells were incubated with the medium and 
compound for 24 hours or 5 days. EHTs required refreshment of the medium every 
day and were refreshed with CM-TDI with the compound, however monolayers 
exposed to compounds for multiple days were not refreshed in between.

Flow Cytometry 
CMs were stained with Cardiac Troponin T Antibody-VioBlue and were immediately 
quantified with a MACSQuant VYB flow cytometer (Miltenyi Biotech). Plots were 
analyzed with FlowLogic software.
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hPSC-CM viability assay
Cardiomyocytes cultured in monolayer in 96 well culture plates for imaging 
(CellCarrier-96, PerkinElmer) at a density of 30k cells per well were exposed to 
24 hours of anthracycline in a concentration range. Calcein AM (ThermoFisher) 
live cell dye in PBS at 4 µM was added to the cells in the well after washing the 
well 1x with DPBS-. The dye was incubated with the cells for 30 minutes at 37oC 
inside a CO2 incubator, followed by microscopic analysis using the EVOS auto II 
(ThermoFisher) imaging system. Keeping the acquisition settings constant, the 
Calcein AM fluorescent signal was captured using the GFP filter cube at 482/25 
nm excitation; 524/24 nm emission, making 12 images per culture well. Calcein 
signal as a fraction of total surface area was then assessed by a custom ImageJ 
macro, selecting the Calcein signal using a hard (manual) threshold set constant 
per replicate batch, of which the area was divided over the total area of the 
image. This fraction represented the area covered by live cells, thus viability of 
the hPSC-CMs. 

Immunocytochemistry
Monolayer hPSC-CMs were exposed to anthracyclines equal to the Calcein live 
cell quantification but were fixed in the culture plate with 4% formaldehyde for 
15 minutes after the anthracycline exposure was completed. After fixation, plates 
were stored at 4oC until immunostaining was performed. For this, cells were 
permeabilized with 0,1% Triton-x100 for 8 minutes at RT, followed by blocking 
with 10% normal goat serum + 2% BSA in PBS- for 1 hour at RT. Next, primary 
antibodies were added in 2% BSA in PBS buffer, and incubated for 1,5 hours at 
RT, or overnight at 4oC. Secondary antibody was added after 3x washing with PBS 
in a 2% BSA in PBS buffer, and incubated for 1 hour at RT. Finally, the secondary 
antibody solution was washed off by 3x rinse in PBS of 5 minutes each, followed 
by a DAPI counterstain for 5 minutes at RT. Plates we kept at 4oC in PBS for 
microscopic analysis and further storage. A list of antibodies with their respective 
dilutions is provided in table 1.

Ca2+ kinetics measurements
Calcium kinetics were analyzed by fluorescent microscopy using the Fluo-4-AM 
(ThermoFisher) Ca2+ imaging dye. For this, cells were cultured in 96 well monolayer 
format, incubated for 24 hours with anthracyclines or DMSO as described above 
and stained with Fluo-4 solution at 1 µM with Pluronic-127 at 1:20 for 30 minutes 
at 37oC. After incubation, cells were washed and put back in CM-TDI medium 
for subsequent analysis by microscope. Calcium imaging was performed on a 
Nikon Eclipse TE2000-U fluorescent microscope equipped with a mercury light 
source at 37oC and 5% CO2. Fluo-4 signal was captured in a video of tiff-stacks 
at 70 fps with constant acquisition settings between samples, using a FITC cube 
at 465-495 nm excitation; 515-555 nm emission at 20x magnification. Images 
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were thereafter analysed with custom software assessing fluorescent intensity 
per tiff frame, plotting intensity versus time and calculating the beat frequency, 
time-to-peak and time-to-decay from these plots. The minima of the fluorescent 
intensity provided the data for calcium accumulation within the cells.

Engineered heart tissue fabrication and contractility measurement.
Engineered heart tissues were generated as described previously. Force of 
contraction and contraction kinetics were recorded 10-12 days after tissue 
formation. During measurement, tissues were paced at 2 Hz. The next day, a 
second force measurement was performed, and treatment was started. Fresh 
DOXO medium was prepared for each daily treatment. To study a cumulative 
dose of DOXO tissues were refreshed daily. Force of contraction and contraction 
kinetics were measured every 12 hours for 72 hours.

qPCR
RNA was isolated from EHTs 72 hours after treatment using the Nucleospin 
mini kit (Macherey-nagel, 740955.250). CDNA was synthesized using the iScript 
cDNA synthesis kit (Bio-Rad, 1708891) and QPCR was carried out using SensiMix 
SYBRGreen (Meridian Bioscience, QT615-05) on the CFX384 real-time PCR 
detection system (Bio-Rad). 

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8. Groups were 
compared using One-way ANOVA, unless stated otherwise.  Data is represented 
in mean ± s.e.m. unless stated otherwise.
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Supplementary figures

Supplementary Figure 1 (next page): DOXO, ACLA and AMR toxicity on hESCs. Stem cells were 
treated with 1 uM of either compound and monitored over the course of 24 hours. Disruption of the 
stem cell colony can be seen in the transmitted channel images, while the RFP fluorescent filter was 
used to visualize uptake of the anthracycline. Scale bar = 50 µm. 
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Chapter 7: Discussion
This work encompasses experimental and theoretical data on the use of human 
pluripotent stem cells (hPSCs) in modeling health and disease of the heart. In 
Chapter 2, we postulate that adverse exposure to metabolites may, as seen in 
vivo, lead to a type of “fetal programming” of the hPSC-derived cardiomyocyte 
(hPSC-CM), limiting their maturation and affecting their function.(1) We designed 
an optimal culture medium for hPSC-CMs based on metabolite values found in 
the serum during embryonic, fetal and adult stages of life, containing lactate and 
fatty acids in a metabolically relevant quantity. This alternative culture medium 
may partially alleviate the shortcomings in (metabolic) maturity of the hPSC-CMs 
in in vitro heart modelling. In Chapter 3, we apply CRISPR gene editing technology 
to generate the Double Reporter of mRubyII_ACTN2 and GFP_NKX2-5 (DRRAGN 
reporter) cell line that allowed us to visualize striated sarcomeres for live cell 
imaging and evaluate the contractile properties of hPSC-CMs on substrates 
with increasing stiffness.(2) We found that hPSC-CMs are able to adjust their 
contractile power output in response to increased substrate resistance, up to a 
maximum of 90 kPa of stiffness. A higher stiffness could not induce more force 
output of the CMs but demonstrated a potential tipping point where sarcomeres 
continued to shorten but the cytoskeleton could not follow, which may be a 
trigger for CM hypertrophy in the setting of cardiac remodeling after insult. In 
Chapter 4, we describe the use of these DRRAGN cells to derive and characterize 
a cell population closely related to the sino-atrial node (SAN) pacemaker cells 
found in the adult human heart. Because of the absence of NKX2-5 expression 
in SAN pacemaker cells, the DRRAGN reporter proved useful in the distinction 
between cardiomyocytes (CMs) and putative pacemaker myocytes (PPMs) and 
could be differentiated into cells that may be precursors of the nodal pacemaker 
cell, presenting a substantial overlap of expressed PM marker genes. In Chapters 
5 and 6, we discuss and apply the use of hESC-CMs, including the DRRAGN line, 
in cardiotoxicity screening of anti-neoplastic drugs, in particular Doxorubicin 
(DOXO) and its analogues. We discuss the current role of hPSC-CM models in 
cardiotoxicity screening, revealing a shortcoming of these models that limit their 
usefulness to screening, and highlight that latest 3D models and microfluidic 
models are promising new tools to screen for toxicity with hPSC-CMs as the 
cell source.(3) We then apply our own hPSC-CMs on a model for DOXO-induced 
cardiotoxicity and show in 2D and 3D formats that the mechanisms of DOXO-
induced cardiac damage may be recapitulated in vitro using these cells, and that 
differences in toxicity between DOXO and analogues could be quantified. Overall, 
pluripotent stem cell-derived cardiomyocytes have a central role in the chapters 
of this thesis and, despite their limitations, demonstrate a clear usefulness in 
modeling cardiac physiology and disease.
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Cardiomyocyte differentiation from hPSCs has been widely established, and can 
be achieved with high efficiency and productivity.(4) Cardiac subtypes can be 
derived and isolated on demand, in order to combine cell types in a controlled 
ratio, thus enabling highly controlled cardiac cultures or tissues. The main 
advantage of this cell source is the human origin of the CMs, which make the CMs 
a more relevant cell type than CMs originating from animal sources because of, 
amongst others, the fundamental difference in (electro)physiology between CMs 
of different species. Also, the use of human stem cells enables the generation of 
various cell types of the heart in theoretically unlimited numbers, in contrast to 
using adult cells derived from patient biopsies, which come in extremely limited 
availability. However, differentiating CMs and other cell types from hPSCs has its 
drawbacks, including uncertainty of derived cell phenotype and general immature 
state of the differentiated cell. These drawbacks are partially linked, as immature 
cells may not reflect the adult counterparts found in the human body and as such 
may be classified as “precursor” or “progenitor” cells that, as a consequence, 
express a different phenotype than the intended cell type of the adult stage. 
Proper characterization of the derived cell type is therefore important, and 
conclusions based on these cells should be carefully considered. For example, in 
Chapter 4 we describe the derivation of PPMs which have substantial overlap in 
phenotypic traits with the SAN pacemaker cell found in the adult heart, however 
since the overlap is not complete, we could not state that these cells are indeed 
SAN PMs and are thus of a different phenotype. This may be caused due to 
incomplete differentiation, or immaturity, but could also be caused by a 
differentiation protocol that simply steers the stem cells to a different cell type. 
Either way, in vitro derived cardiac cells reflect the human adult counterpart to 
more or lesser extent, which can affect their usefulness in organ and disease 
modelling. Indeed, work in this thesis shows signs of deficient maturity of CMs 
used in various experiments. In Chapter 3, immaturity of the CMs can be directly 
observed in the lower absolute contractile force of the cells compared to adult 
human CMs (160 µN/mm2 in the hESC-CMs versus 51.000 uN/mm2 in adult 
human CMs(5)), and the irregular contraction of the sarcomeres within one 
myofibril. Nevertheless, immaturity does not make the hPSC-CM useless in 
obtaining valuable information on human heart physiology. In Chapter 6, toxicity 
of Doxorubicin and analogues is quantified in CMs that lack the mature state of 
the adult heart CMs, however the cells do recapitulate cardiac toxicity that has 
been described in other studies and in the clinic.(3, 6), Moreover, immature CMs 
do demonstrate a contractile response to increased substrate stiffness that 
recapitulates the hypertrophic response of adult CMs in cardiomyopathic 
circumstances in Chapter 3.(7) Due to the short culture time on these substrates 
(4 days), this effect must be attributed to a short term response of the CMs to the 
stiffness of the substrate, however mechanical loading is also known to enhance 
maturation of hPSC-CMs.(8) It may therefore be worth investigating whether the 
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CM response is purely hypertrophic or whether these cells show initial signs of 
enhanced maturity. The maturity of hPSC-CMs across the scientific field is 
typically regarded as fetal, and thus may not recapitulate all functional and 
pathological responses of a mature cardiomyocyte. As mentioned above, one 
may speculate that the relative immaturity of hPSC-CMs is effectively caused by 
an incomplete differentiation or development of the cell towards adult CMs. This 
incomplete differentiation must be due to the absence of a trigger found in vivo, 
that is not recapitulated in vitro. Multiple studies describe or speculate on the 
value of an added trigger for improved maturation of the cardiomyocyte, 
including mechanical or electrical stimulation, co-culture with other cardiac cell 
types, 3D culture, and maturation factors added to the culture medium.(8) All of 
these maturation triggers are designed to recapitulate an exposure presumably 
found during in vivo  development and aim to enhance CM maturation through 
improved biomimicry. However, none of these stimuli truly imitate the in vivo 
situation for the in vitro differentiated CMs, and consequently fail to mature the 
CM to the level of an adult cardiomyocyte. It would thus seem that, in order to 
achieve full maturation, all but a complete human heart needs to be developed 
in vitro, a task that is as daunting as it is unrealistic at this point. The choice of 
using hPSC-CMs for heart model development, although more relevant due to 
the use of human cells, thus suffers from reduced predictability through cellular 
immaturity. Nevertheless, step-by-step, the culture conditions for hPSCs are 
moving in that direction. One major factor in cell environment that has been 
largely ignored, is the artificial exposure of cells to their metabolites in 
conventional in vitro systems. In static culture systems, cell culture medium is 
refreshed in regular intervals to provide cells with nutrients and remove waste 
products, however this practice leads to fluctuations of metabolite concentrations 
that rapidly change upon medium refreshment. Cells in static cultures are for 
example exposed to diabetically high initial glucose levels that decline to sub-
physiological levels over time because of cellular consumption, only to be 
refreshed back to overdose in an instant. This fluctuation of metabolites cannot 
be found in vivo. Although metabolite levels may fluctuate according to fasting 
state, an equilibrium is rapidly restored so that serum concentrations remain 
constant over time. Since it has been shown that cells respond to surrounding 
metabolite concentrations(9-11), in vitro fluctuations during culture may affect 
their behavior and, although sufficient to keep the cells alive, may affect their 
state of maturity and function. The conclusions made in Chapter 2 concerning 
the physiological nutrient levels in culture medium therefore need to be adjusted 
to the notion that this optimal culture medium should be supplied to the cells in 
a steady flow or refreshment. In the field of Organ-on-chips (OOCs), this 
continuous refreshment is achieved by culturing cardiac cells in fluidic channels 
that may be connected to fluid pumps, allowing precise control over culture 
medium, or even whole blood, flow speed and pattern. Although OOC systems 
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thus recapitulate this continuous refreshment, mimicking blood circulation, the 
effect of continuous refreshment versus static culture on CM maturation or 
metabolism has not been extensively explored. Continuous flow in OOCs is 
required for cell survival since the culture volume is extremely low and the 
medium would otherwise be depleted of nutrients rapidly without refreshment. 
This necessity and the ability to administer factors to cells with a temporal 
resolution makes OOCs an interesting model for exposure studies such as 
cardiotoxicity studies. Complex OOCs with coculture of endothelial cells lining 
the perfused microchannel may, for example, better mimic the delivery of 
Doxorubicin to the CMs, as DOXO may be administered with more controlled 
pharmacokinetics and has to cross the endothelial barrier of the “blood vessel” 
which is more in line with the in vivo situation. Purely for maintaining CM cultures 
in vitro though, OOCs have too little a capacity to be efficient in deriving adequate 
numbers of CMs or other cell types and would only be used for experimental 
purposes. This argues for a larger culture system that can house CMs in the order 
or millions and be perfused steadily with a physiologically appropriate culture 
medium. Devices such as bioreactors may be appropriate for this purpose, 
alternatively larger scale millifluidic devices may be constructed to enable vast 
numbers of cells to be cultured under flow conditions. Be that as it may, mimicking 
the exact cardiac micro-environment is incredibly hard, since there are no means 
to exactly quantify the content of the extracellular space directly surrounding the 
developing CM in vivo. The optimized culture media proposed in Chapter 2 are 
based on measurements of metabolites in fetal and adult serum, and since CMs 
in vivo are not directly exposed to serum because of the endothelial layer of the 
blood vessels, they do not exactly reflect the cardiac micro-environment. In 
addition, factors released by surrounding cells are not taken into account but 
may play an important role in cardiomyocyte development and behavior. 
Therefore, even under flow conditions, it will be challenging to completely 
recapitulate the exposure of hPSC-CMs to metabolites and other factors in a 
manner that reflects the in vivo situation. Still, a considerable advancement on 
cell maturation and function may be gained by improving cell culture techniques 
in this direction, especially when combined with complex multicellular 3D formats 
such as engineered heart tissues (EHTs), organoids or mini-heart tissues.

Chapter 6 of this thesis contains data generated by 3D culture of CMs and 
related cardiac cell types in the form of EHTs. The primary readout of these EHTs 
is contractility, specifically contractile force, which is approximated using the 
optical determination of support pole deflection by tissue contraction and the 
material stiffness value of the pillar.(12) EHTs and other 3D cardiac constructs 
provide information on cardiomyocyte function and generate data that are more 
closely related to heart function in vivo.  Even though these EHTs or equivalent 
constructs have been reported in literature extensively as an invaluable model 



Chapter 7

166

of cardiac functionality in for example toxicology research, they are susceptible 
to misinterpretation of the individual contractile force of cardiomyocytes within 
the tissue and can only provide information on the performance of the tissue 
as a whole. This is due to two major issues with pillar deflection as a readout: 
1) contracting cells that do not produce enough power to deflect the pillars 
are registered as “non-contractile” or no force generated, which may not be 
true for individual cells in the tissue. The EHT thus suffers from a lower limit of 
detection. This limitation was also encountered in chapter 3, where individual 
CMs on substrates with a high stiffness were measured as 0 force generated, 
but indeed showed sarcomeric shortening and contraction. Thus, cell shortening, 
and indeed tissue shortening, are not the same as generated force by the 
sarcomere. 2) As in the adult heart, where timing of contraction is crucial for 
effective contraction of the ventricle, coordinated CM contraction in the EHT is 
crucial for generated force. If CMs in the ventricle or the EHT do not contract 
simultaneously, the serial contraction of the individual cells may not be able to 
build up pressure in the ventricle or deflect the pillars of an EHT. Serial contraction 
of the cardiomyocytes leads to focal shortening in subparts of the EHT tissue and 
subsequent “sliding” of the tissue along the pillars instead of deflecting them, 
resulting in a false contraction force measurement. Well-timed contractions of 
all cells in the tissue may be considered a hallmark of maturation, and thus EHT 
contraction force may represent maturation of the tissue, however contractile 
force or state of maturity of the CMs in an EHT may be underestimated if other 
factors affect proper EHT tissue formation. Interestingly, this effect of ill-timed 
contractions affecting force measurements may also be found on a sarcomeric 
level. Measurements in Chapter 3 provided information on CMs in which the 
sarcomeres within a myofibril did not contract simultaneously, resulting in 
reduced to no cell shortening but a high sarcomeric shortening measurement. 
This effect may be one of the underlying causes of sarcomere and cellular 
mismatch in shortening due to inadequate maturity of the CMs. Field pacing of 
cardiac tissues may alleviate non-synchronous contractions between cells in the 
same tissue, however field pacing cannot always be applied, for instance when 
monitoring action potential propagation in modeling arrhythmia. In addition, 
field pacing was applied in Chapter 3 when assessing sarcomeric dynamics and 
cellular contraction on several substrate stiffnesses, but this could not prevent 
cases of non-synchronous sarcomeric contractions. 

Despite their above-described weakness, EHTs remain very effective in modeling 
heart tissue function, directly due to the contraction measurements that can be 
performed with these constructs, but perhaps also because of their 3D tissue 
architecture and continuously present mechanical stretch on the tissue. These 
features can add to CM maturity and may make the EHT model more predictable 
in certain heart tissue models.(8) Improvements may be made by increasing the 



Chapter 7

167

complexity and organization of the EHTs though, as they are generally formed in 
fibrin gels with random cell distributions. Organized tissues with endothelial cells 
lining the cardiomyocytes on a more physiologically relevant ECM protein such as 
collagen I may result in better metabolic biomimicry, especially when combined 
with continuous perfusion, a combination that still requires testing in the lab. 
For instance, by applying a layer-by-layer approach for formation of the EHT, it 
may be possible to add a perfusable network of endothelial cells to the tissue. 
This would greatly enhance the relevance of the model when performing toxicity 
screens, drug tests or metabolic experiments, since a more in vivo like endothelial 
barrier separates the CMs from the compound of interest. The addition of 
other supportive cell types such as smooth muscle cells and fibroblasts may be 
necessary to facilitate a stable capillary bed, as well as to support the CMs in the 
tissue.  

Clinically relevant read-outs can currently be obtained from recently developed 
3D models, featuring a hollow structure of cardiac cells that can contract and 
pump fluid upon contraction of the cardiomyocytes within.(13) Such “mini-
hearts” have the potential to provide clinical read-outs such as ejection fraction, 
cardiac output and stroke volume, read-outs that were previously impossible 
to emulate using 2D models or indeed 3D organoids and EHTs. They represent 
the most complex in vitro hPSC-based cardiac models and could be extremely 
interesting in the fields of cardiac toxicity and disease and may promote new 
ways to improve CM maturation through biomimicry. A proper combination of 
cardiac cell types with structured organization, relevant ECM and continuous 
perfusion (which is mediated by the tissue itself) would be required to reach this 
advanced model, which is starting to resemble the deemed impossible in vitro 
derived whole human heart. 

Outlook to the future
The introduction of this thesis mentioned that, despite the long history of 
cardiac research, some of the greatest challenges have not yet been resolved. 
Challenges such as the use of animal models in prediction of drug efficacy or 
compound safety, in elucidating a mechanism of disease, or even in exploring 
fundamental heart physiology. To date, no combination of in vitro models can 
completely replace animal models in medical science. From a moral point of 
view, this is especially wry since mounting evidence supports the notion that the 
predictability of animal models is subpar, yet we do not have a better alternative. 
The main advantage of an animal model is the superior complexity of the model 
compared to anything developed in vitro. This includes not only physiological 
organ architecture, containing the appropriate populations of cell types, ECM 
material and exposure to nutrients, oxygen, and other soluble factors, but also 
the interaction with the immune system and the communication between organs 
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and the rest of the body of the animal. Even if a mini heart could be developed 
in vitro containing all relevant cell types, incorporating it in a complex multiple 
organ system found in vivo is beyond the engineering capability of the current 
state of the art. Moreover, complex models suffer from complicated production 
processes and an enormous demand for cells, which make them rather low 
throughput. High complexity may not always be necessary for every study. It is 
thus worthwhile to evaluate whether more simple methods could provide the 
required answers. For example, in chapter 6 we show that a combination of 
assays of a relatively simple design could already predict differences in toxicity 
between Anthracycline analogues.

Still, considering the drawbacks of animal models, it is of great interest, for us 
and the animals, to develop in vitro models of equal or better predictive value 
than what animals can provide. Technologies such as organ-on-chips, perhaps 
more so than complex 3D tissue engineering, may provide a solution to this 
challenge. The development of multiple organs-on-chips, linked in series to allow 
for organ crosstalk, has already be reported in literature.(14) This represents a 
proof-of-concept system that may illustrate how an entire human-on-chip could 
replace animals in research if the system can be made complex enough to mimic 
all processes of the human body relevant to the research question. Since it is not 
always clear which systems are relevant, preferably the human-on-chip contains 
all systems. It goes without saying that this is a very ambitious technological goal, 
however research is moving into that direction already. Some concerns are the 
maturity status of the cells used in the organs-on-chips. Additionally, some drugs 
or toxins may have chronic or long-term effects, rather than acute, which needs 
to be accounted for when designing a human-on-chip model.(14) The advantage 
of human-on-chip technology is that it requires relatively low amounts of cells 
compared to for instance mini-heart models, and it is particularly compatible 
with a personalized medicine approach, since the organs of the human-on-chip 
could be produced using iPSCs that originate from the patient in question. 

Personalized medicine encompasses the development of disease models or 
drug efficacy and safety screening models that contain cells, or the (epi-)genetic 
background, of a specific patient. This is valuable to another major challenge in 
(cardiac) research: Since drug response and level of toxicity varies from person 
to person, depending on genetic background and personal factors such as age or 
behavior, it is all but impossible to develop a single model (one-size-fits-all) that 
can accurately predict the outcome of every patient. The difference in response 
to drugs may lead to situations where an approved drug with successful history 
does not work well in a particular patient, or that the drug elicits a negative side 
effect not seen in other patients. Personalized drug discovery models may provide 
information on the robustness of the drug on the development side (i.e., will it 
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work for everyone?) by including models derived from a variety of people, as well 
as provide information on which drug would elicit the best response in a specific 
patient (i.e., will it work for me?). Using a personalized medicine approach, a drug 
or therapy may be tailored to a specific patient so that the drug that provides 
the best outcome with the least side effects could be administered.(15) This 
makes therapies more successful and less costly.(15) Personalized medicine is 
not only applicable in organ-on-chip devices but can be applied on simple assays 
like the ones described in this thesis. For example, differences in contractility of 
cardiomyocytes derived from iPSCs from a patient with hereditary heart failure, 
such as a MYBPC3 mutation (encoding for myosin binding protein C, important 
for sarcomere function), compared to a healthy control may be apparent in our 
single cell analysis of contraction on different substrate stiffnesses described in 
Chapter 3. Similarly, iPSCs could be developed from patients that experienced 
heavy or light DOXO cardiotoxicity and could then be compared in parallel in the 
assays of Chapter 6. subsequently, iPSC-CMs from a patient about to be treated 
with anthracyclines could be used to screen whether the cardiomyocytes will be 
resistant or vulnerable to DOXO exposure. From a drug development point of view, 
this approach would require a stem cell bank with iPSC-lines from people with a 
variety of backgrounds that could be used for efficacy and safety screening. From 
the patient’s point of view, not every situation may be suitable for iPSC-based 
safety or efficacy screening, as it takes weeks to months to develop a patient-
specific cell line and run all the required assays on them. Holding off treatment 
until the results of these assays are available may thus be more damaging than 
applying a suboptimal drug. Nevertheless, personalized medicine may greatly 
contribute to making medical treatment safer, cheaper, and more effective. 

A final challenge for cardiac research can be found in the field of regenerative 
medicine. Whereas the challenges above mainly cover prevention of cardiac 
disease or managing it, regenerative medicine aims to repair the damage and 
restore the heart to a healthy condition. Since the conception of the idea, heart 
regeneration has not been successful, however considering the burden of CVD 
on quality of life and the economy, repairing a broken heart is of great interest. 
The field advances slowly towards functional replacement of loss cardiac tissue 
but is hindered by poor engraftment and coupling of a tissue engineered graft 
into the host tissue, often leading to arrhythmias and low retention rates of the 
implanted tissue.(16, 17) Advances in techniques to enhance complexity and 
maturation of in vitro developed 3D tissues could also be of interest for the field of 
regenerative medicine. Improving the graft architecture and maturation, in vitro 
or in situ, may alleviate some of these complications and enable advanced tissue 
engineering applications in the clinic.(17) In this sense, depending on the tissue 
engineering approach, improving hPSC-CM maturation as described in Chapter 2 
could enhance the success rate of engraftment. Another aspect of regenerative 
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medicine may be the repair of damaged parts of the cardiac conduction system. 
Hereditary or acquired loss of pacemaker function in the SAN is currently 
treated with the implantation of an electrical pacemaker device, one that cannot 
respond to cues of the body. A more elegant solution would be to regenerate the 
SAN tissue by implantation of healthy, patient-specific (personalized medicine) 
nodal pacemaker cells. This has the clear advantage of being independent of 
a battery and to be less invasive, and, more importantly, it has the capacity to 
respond to hormonal or neural regulation by the body.(18) A tissue engineering 
approach for SAN malfunction might not even be as challenging as a repair to 
the myocardium but relies heavily on the quality of the pacemaker cells that can 
be developed for implantation. Obviously, when it comes to repairing the SAN 
node, it is of vital importance that the engineered tissue performs flawlessly, 
for any irregularity may cause life-threatening arrhythmias. As seen in Chapter 
4 of this book, the process of differentiating nodal pacemaker cells is not clearly 
defined yet, but considerable progress has been made here and by others.(19-
21) A combination of such a differentiation protocol with additional maturation 
steps may enable production of clinically applicable pacemaker cells. Heart repair 
by tissue engineering appears to be within reach but requires final refinements 
before use in the clinic.

Conclusion
This thesis contains the evidence to support the use of hPSC-CMs in modeling 
heart physiology and disease. We demonstrate the successful application of these 
CMs and related hPSC-derived cardiac cells in models related to cardiomyopathy, 
arrhythmia, and cardiotoxicity, which provided relevant new insights that may 
contribute to advancement in cardiac organ and disease modeling. Having said 
that, it is important to remain critical when evaluating the value of hPSC-based 
models and the data that they may generate. Room for improvement may be 
found mainly in cell maturation and model complexity, on which continuous 
improvements can be found in literature. Follow-up steps may include the 
inclusion of patient-specific iPSC-CMs to develop a more personalized platform 
for drug screening, toxicity evaluation, or disease elucidation. An advanced in 
vitro-derived human whole heart model is on the horizon and may not be as 
unrealistic as previously thought.
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Words of gratitude
My memories on the PhD period start in 2015, when I applied for a PhD position 
in Leiden with Christine Mummery. At the time, she could not offer me a position, 
but gave me the advise to talk to Robert instead. So my first encounter with Robert 
was an unplanned and spontaneous one, yet felt very positive and comfortable. 
It took another (planned) meeting to accept me as a PhD candidate, if I were 
willing to start in Enschede instead of Leiden. Robert was starting a new group 
at the University of Twente, planned to take two Post-Docs there, but managed 
to convert one budget to a PhD position for me. On my first day I arrived late 
and was lost inside the Zuihorst, but found myself receiving a very hospitable 
welcome by the fresh new team. We started small with the “inner circle” of 
the AST group (quite literal on the ASTable) Robert, Andries, Kim, Heleen and 
Ingrid, to whom I owe my gratitude for the happy memories and the friendly 
work environment. Throughout the years, I have seen AST grow and develop. 
attracting more PhD candidates, students and staff. Very important is that Robert 
prioritised team spirit when hiring new members, which greatly contributed to 
the overall experience of my time at AST. We still are, after 5 years of growth and 
change, a great team with lots of happiness, one that I think colleages of other 
groups at the University of Twente are jealous of.

Robert can be formidable when fighting for something he wants, and competitive 
when challenged for a competition of any kind. I know him as a gentle ruler of 
the group, knowing when to be tough and when to let go. As a boss, he greatly 
values team spirit and positive working environment, becoming evident when 
he urged us, the team, to have more social activities, organize more drinks, have 
more fun. He also joined himself whenever possible. On the other side he has 
been a great mentor, scientifically and personally, always trying to get the best 
possible outcome for me and everyone else involved. He likes to talk (a lot) but 
is also a good listener, and his door is always open for anyone who needs him. In 
short, Robert has shown himself as the best boss I could ask for. Of course I am 
grateful for him giving me the job in the first place, but even more so, for being 
patient with me and supportive to me at times when the project (or when I) was 
struggling. I am grateful for the great work environment he provided and the 
trust he showed when offering me a position at AST after the PhD track. Robert, 
I cannot thank you enough for all the support and guidance. This PhD has been 
quite an adventure, and you are definitely a major factor in its success and of the 
happy memories that dominate it. 

My PhD project was not progressing well at the start. It took me quite some time 
to find my way in organizing my own tasks and in pushing the project forward. 
When Marcelo joined our group, this changed. He became my daily supervisor 
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and started me off on the DRRAGN cell ine project. His guidance in running this 
project gave me the necessary push to see the project through and to work in a 
more efficient way. In that sense, he is part of the success of this thesis, and I find 
it great to have him as my co-promotor at the defense. Many thanks for the great 
collaboration and all that you’ve done Marcelo! I wish you, your family and River 
Biomedics all the best. 

My first work together with Verena was in Leiden, where we performed 
the targeting   of the dN3 stem cells to make the DRRAGN cell line. That first 
impression was of a hard-working, enthousiastic and expert professional that 
made the whole thing look incredibly simple. Frankly, that first impression still 
applies to Verena, except now I know her also as a great colleague and friend 
who is always willing to help and always willing to listen. Verena, we worked 
together quite a lot in the last phase of my PhD, made a couple of (almost) papers 
together and will continue to work together in my new project, and I am looking 
forward to it! Thanks a bunch for the happy times in the lab and of course for 
being my co-promotor :) 

To my paranymphs Heleen and Yusuf, I am most grateful for all the years we 
spent together in the trenches. We were there at the very start of AST, making 
traditions and laying the basis for a happy team at work. Heleen left AST after 
a year or so, but truthfully, was never really gone, and could start her PhD just 
around the corner soon enough. The drinks at Starbucks never stopped at least, 
and neither did the Roomies dinners. We shared a lot of laughs together, and also 
some tears, but in the end we pulled through and here we are. Great that you 
could be my paranymph, it is only fitting. Bilgehan (aka billy, aka will, aka william, 
or Yusuf) started only a few months after me, and joined us in the room as the 
forth officer. Soon the quotes of Ace Ventura started flying around the office (not 
only because of you). Those were fun times. As the first two PhD students of AST 
we went through a lot, finding our way in the labs and going on trips and activities. 
You’ve been a constant factor throughout the whole ordeal and a constant friend 
to rely on. I am very happy to hear that finally you’ve been granted a permanent 
residency in the Netherlands, something you’ve been talking about for years. I 
hope we can stay in touch even after we both finish at AST. For now, I am just 
very grateful that you asked me to be your paranymph for your defense, and that 
you accepted to be mine. Thank you both for all the years of great friendship, it 
definitely made my PhD life much easier to bear.  

Almost six years ago, I made a promise to my brand new colleague Kim, to formally 
acknowledge her live-saving generosity that provided free coffee to Heleen and 
me. So here it is Kim: Thank you for single-handedly rescuing the first two weeks 
of my PhD life by sharing your coffee card with us. But I am even more gratetful 
that that little gesture led to what I now would like to call a solid friendship. As one 
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of the Founding Six, you’ve been at my side from the very beginning, helping me, 
teaching me, and sharing drinks, movies and dinners. In all, I have been lucky to 
have you in the group and as a friend and I hope we can continue this friendship 
for years to come. With Kim comes Andries, I learned on my first day at AST. 
Although not directly involved in my supervision, Andries somehow always has 
some great advice when you ask for it. He might come in for small talk, but when 
he leaves you feel like you see the whole project clearly again. Something that 
is retained on my memory is his “back-of-the-envelope” calculation that he likes 
to do during presentations. Anything can be calculated (at least by him), which 
often was not that simple for me. Andries adds a lot of cheerfulness to the group, 
with his lively discussions, sometimes about random stuff, but also with great 
laughs and optimism. It has been great having you around Andries!

Ingrid, the last of the Founding Six, but definitely not the least. You’ve been most 
helpful in all my years at AST. Always going out of your way to lend a hand, from 
the moment you guided me through the maze that is Carré five years ago. I hope 
you can continue for a while, because we can’t go without you! Thank you for all 
the support, and all the good stories and laughs we have had over coffee. You’ve 
been great!

Passaging stem cells is not fun without Marco Borsato, right Simone? Everybody 
in the ML1 must have hated us singing along with Marco while doing our cell 
work. But we had the best time that you can have with cell work. You’ve been a 
good friend and lab buddy for me, not only in support of all the practical stuff, 
but also for the coffees, the beachvolleyball, the climbing, the water fights, and 
of course all the complaining we needed to do while working. Thank you for the 
good times, I would have struggled without you!

My gratitute also goes out to all the PhD students that have been with us at AST. 
Together, we make a great team for science, but maybe more so for fun. Anyone 
of you has aded to the great atmosphere in the group, and your contribution to 
that happiness is greatly appreciated. Aisen, always very calm and casual. Almost 
walked into the water at sailing weekend :) You first joined as a student of AST 
(the first?), and later returned for a PhD, brave choice. We’ve had some good 
trips and fun together. Thanks for being a good friend and a fun guy to be around.  
Wesley, I remember you telling me that at the first time we met, you were 
seriously wondering why everybody was not hating me. I hope you found a good 
answer to that question. It is truly sad for AST that we parted ways, and even 
though I understand your decision, AST is not the same without you. You’ve been 
great fun at the group and a good friend outside work. Perhaps a bit too good at 
bouldering though ;) Hope to stay in touch and share some more good times and 
drinks José, the party maker. Always trying to buy Tequilla or some other cocktail 
in secret, so that you’re surpised by a shot. Un poco loco, but in a good way. Mi 
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casa es su casa. Mariel started not so long ago in the middle of the pandemic 
and thought AST was a boring group... Thankfully we found some opportunities 
to change that opinion. You bring a lot of optimism, cheerfullness and laughter 
to the group. It was fun having you around in the last part of my PhD, and it will 
be fun in the next couple of years I’m sure. Tarek, you are solely responsible for 
most of the heart attacks in the last year or so, with those super fast games of 
Ristretto and the one with the mouse (I don’t even remember the name), but I 
always had a lot of fun in those evenings. Thanks for all the good times and if you 
ever want to trade some vegetable plants, I’ll be happy to accomodate ;). Laura 
The AST bake-off award goes to Lena, who always manages to bake the most 
delicious pies and cookies. Next to a great baker, you’re also an extremely nice 
and helpful colleague. Even though you joined us mid-project, I am still happy to 
have a couple of years of Lena in the group. Thank you for the happy moments at 
AST. Maybe out of pity I have to add Tom and Jim to the list of “PhD people”, since 
there is no other place to go for them... But all jokes aside, these two, together 
with José, maybe responsible for my future wealth, in case you read this some 
years from now. Thanks for all the financial advise (not allowed to call it that), 
but also for the lively discussions during coffee or lunch. It has been great to have 
you around. 

She only worked in Enschede for a small period of time, but our collaboration 
endures to this day. Lu has always been a friendly face and a willing help for all 
the questions and challenges we faced in our projects at AST. Thanks you for 
all the time you spent overcoming the hurdles that we threw at you, but more 
importantly for your kindness.

All other members of AST I will have to thank in bulk, otherwise I will be saying 
the same sentence ten times over. That doesn’t make it less true or well earned. 
I’ve enjoyed working at AST mainly because of the great colleagues that work 
there, and you are directly responsible for that. So I would like to thank you all for 
your kindness, joy and support, it really is a big morale booster if your teammates 
are helping you out and lifting the spirits. Many thanks to Carla Annink, Kerensa, 
Danique, Anne, Federica, Anke, Ellen, Huub and all the students that were 
buzzing around during the last five years. 

I would also like to mention the great neighbors that we have in the Zuidhorst. A 
special thanks to Robert Molenaar for every time I came over with a microscopy 
problem, and you helping out even if you do not have to. You’ve done me (and 
us) a great favor. 

A special gratitude to the technicians of the Zuidhorst, Jacqueline, Irene, Kirsten, 
Yvonne and Wilma, who, regardless of group affiliation, were always happy to 
assist with all troubles and challenges that I’ve faced, as well as to the staff of the 
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BioNanoLab, Ine and Henk, for all their unconditional support.

Thanks to the fantastic DBE, NBP, and BME groups for making the Zuidhorst the 
best building of the UT. The joint borrels with the other groups in the building 
created an ambiance of collaboration and supportiveness. Jan in particular 
deserves some credit for organizing joint AST-DBE drinks on the Thursday of 
Friday evenings, something I think we should pick up btw. Lord knows we pulled 
off some great Borrels together, and they were much appreciated by the groups. 
Thanks also to Michelle and Lisanne for their friendship, fun, and for introducing 
me to bouldering!

Finally, I would like to close with a special thank you to the family and friends, who 
provided a stable and happy home front during the PhD period. Your continued 
trust and love, even when there was little time to meet eachother, means a lot. 
It helped me through the rough patches of the PhD and made it a success. Carla, 
I will try to keep it professional, but it goes without saying that you’ve changed 
my life since you arrived at AST. I am happy to say that you motivated me to work 
harder and helped abundantly in planning and performing my work. We even 
made some futuristic (but feasible) project plans together that will change AST 
forever ;) But next to that, you took care of me at home, which means the world 
to me. I am lucky to have had you by my side the past couple of years, and I hope 
I can be there for you like you have been there for me. Team Slafiño for the win! 

                 

            - Rolf Slaats -
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