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‘‘Almost everything offered today for the treatment of 

heart disease is at the level of [halfway] technology, 

with the transplanted and artificial hearts as ultimate examples. 

When enough has been learned to know what really goes wrong 

in heart disease, one ought to be in a position to figure out 

ways to prevent or reverse the process.’’ 

Lewis Thomas, ‘‘The Lives of a Cell’’ (1974) 
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Ischaemic heart disease is the most common cause of death worldwide. Yet, standard 

procedures to treat myocardial damage still heavily depend on the availability of heart 

transplants. Cardiac cell therapy has arisen as a prospective strategy to halt the 

progression and potentially revert heart failure. Cardiac progenitor-like cells, such as stem 

cell antigen-1 (Sca-1) positive cells, are an attractive cell population as they proliferate 

and represent a source of cardiac cells. These Sca-1 positive progenitors, also known as 

human cardiomyocyte progenitor cells (hCMPCs), have been isolated from fetal and adult 

human hearts. However, despite promising preclinical data, clinical application of 

hCMPCs relies on heart tissue availability or is bound to carry patient associated co-

morbidities, which can ultimately influence the cells’ therapeutic potential. In addition, as 

a result of hCMPCs multipotent nature, another challenge is to predict cell fate upon 

transplantation into the myocardium. This thesis aims to address these issues.  

Genetically reprogrammed embryonic-like stem cells namely human induced pluripotent 

stem cells (hiPSCs) could represent a readily available unlimited source of hCMPCs. In 

this study, Sca-1 positive cells isolated from hiPSCs undergoing cardiomyocyte 

differentiation (iCPCSca-1) were highly proliferative and resembled fetal hCMPCs as 

assessed by expression of CD105, and absence of CD34 and CD45 expression. Also, 

84% of iCPCsSca-1 were cardiac troponin I positive and 15% expressed NKX 2-5, both 

markers associated to the cardiac lineage. Morphological changes and increased α-

actinin expression when cultured in differentiation medium suggested that iCPCsSca-1 

might hold cardiomyogenic potential. Next, a conditional gene expression system was 

combined with state-of-the-art RNA interference (RNAi) technology to modulate the Wnt 

signaling pathway, which governs differentiation of cardiac progenitors into 

cardiomyocytes. Founding experiments in a HeLa reporter cell line suggested that 

homogeneous and robust induction of RNAi expression can be achieved by inserting 

gene regulatory elements in different genomic loci. In this configuration, silencing β-

catenin, a Wnt key mediator, led to 85% β-catenin knockdown in hiPSCs harboring a 

single copy of RNAi. Moreover, silencing β-catenin in hiPSC-derived mesoderm cells for 

4 days led to nearly 3-fold cardiac troponin T positive cells at day 11 of differentiation as 

compared with untreated cells. Although the lower differentiation efficiency of cells 

harboring the RNAi targeting β-catenin remains to be investigated, conditional β-catenin 

silencing may be a promising strategy to increase the conversion rate of mesoderm cells 

into cardiomyocytes. 
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Ischämische Herzkrankheiten sind weltweit die häufigste Todesursache und 

Standardverfahren zur Behandlung von Myokardschäden hängen stark von der 

Verfügbarkeit von Herztransplantaten ab. Die Herzzelltherapie hat sich als eine 

vielversprechende Strategie erwiesen, um das Fortschreiten von Herzschäden zu 

stoppen und möglicherweise die Herzinsuffizienz umzukehren. Herzvorläufer-ähnliche 

Zellen, wie Stammzell-Antigen-1 (Sca-1)-positive Zellen, stellen hierfür eine attraktive 

Zellpopulation dar, da sie sich vermehren und in Herzzellen differenzieren. Diese Sca-1-

positiven Zellen, auch als humane Kardiomyozyten-Vorläuferzellen (hCMPCs) bekannt, 

können aus fötalen und erwachsenen menschlichen Herzen isoliert werden. Trotz 

vielversprechender präklinischer Daten hängt die klinische Anwendung von hCMPCs von 

der Verfügbarkeit von Herzgewebe ab und ist mit patientenassoziierten Komorbiditäten 

verbunden, die letztendlich das therapeutische Potenzial der Zellen beeinflussen können. 

Aufgrund der multipotenten Natur von hCMPCs besteht eine weitere Herausforderung 

darin, das Schicksal dieser Zellen vorherzusagen, wenn sie in das Myokard transplantiert 

werden. Das Ziel der vorliegenden Arbeit bestand daher darin, diese Sca-1-positiven 

Zellen näher zu untersuchen. 

In dieser Arbeit wurden Sca-1-positive Zellen aus induzierten pluripotenten Stammzellen 

(hiPSCs) isoliert und einer Kardiomyozyten-Differenzierung unterzogen. Sie waren 

hochproliferativ, exprimierten CD105 und ähnelten fötalen hCMPCs. Eine Expression von 

CD34 und CD45, zwei Marker für endotheliale Vorläuferzellen, wurde nicht 

nachgewiesen. Im Gegensatz dazu waren 84% der isolierten iCPCSca-1s positiv für 

kardiales Troponin I und 15% der Zellen exprimierten NKX 2-5, zwei Marker, die mit der 

kardialen Linie assoziiert sind. Morphologische Veränderungen und eine erhöhte α-

Aktinin-Expression während der Kultivierung in Differenzierungsmedium deuteten zudem 

darauf hin, dass iCPCSca-1s möglicherweise ein kardiomyogenes Potenzial besitzen. Um 

den Wnt-Signalweg zu modulieren, welcher die Differenzierung von Herzvorläuferzellen 

in Kardiomyozyten steuert, wurde ein konditionelles Genexpressionssystem mit der RNA-

Interferenz (RNAi)-Technologie kombiniert. Experimente in einer HeLa-Reporterzelllinie 

zeigten, dass eine homogene und robuste Induktion der RNAi-Expression durch die 

Insertion von Genregulationselementen in verschiedene Genomloci erreicht wird. In 

dieser Konfiguration resultierte die Stummschaltung von β-Catenin, einem wichtigen Wnt-

Mediator, in einem 85%igen β-Catenin-Knockdown in hiPSCs. Zudem führte die 

Stummschaltung von β-Catenin in von hiPSC-abgeleiteten Mesodermzellen für 4 Tage 
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zu einer annähernden Verdreifachung der Anzahl von kardialen Troponin T-positiven 

Zellen am Tag 11 der Differenzierung im Vergleich zu unbehandelten Zellen. Daher kann 

die Stummschaltung von β-Catenin eine vielversprechende Strategie zur Erhöhung der 

Umwandlungsrate von Mesodermzellen in Kardiomyozyten sein. 
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1.1  Cardiovascular diseases: a socio-economic burden 

Cardiovascular diseases (CVDs) are the leading cause of death globally (1). In Europe, 

it is estimated that CVDs account for 45% of all deaths and cost the European Union (EU) 

economy €210 billion a year, of which 53% are healthcare costs (2).  

The main risk factors in the development of CVD include genetic predisposition, 

hypertension, diabetes, obesity, and smoking (3). By addressing lifestyle choices such as 

unhealthy diet, physical inactivity, and tobacco use, 80% of premature deaths caused by 

CVD could be avoided (4). However, despite preventive measures such as nutrition 

education, the prevalence of obesity has increased in the EU (2), suggesting that CVD 

will continue to be a key health issue in the coming decades.  

Ischaemic heart disease, which can lead to myocardial infarction (MI), is the most 

common type of death related to CVD affecting over 800,000 patients every year in the 

EU (2). The gold standard treatments are heart transplants, limited by donor-availability, 

and left ventricle assist devices. The latter only offers mechanical support until a heart 

transplant is available but has no curative effect as seen by recurrent cardiovascular 

events and short lifespan after treatment. Current treatments are not only suboptimal for 

patients, but also represent a socio-economic burden that costs the EU economy €39 

billion each year in healthcare- and non-healthcare-related costs (2). As a result, curative 

treatments offering long-term solutions by for instance limiting ischemic injury shortly after 

infarction or regenerating and replacing damaged tissue have been a major focus in 

cardiovascular research.  

Atherosclerosis, or narrowing of the arteries due to plaque accumulation, often precedes 

MI. During MI, this blockage leads to vessel occlusion and thus ischemia, which causes 

massive cell death in the affected area. The damage can be greater when the occluded 

vessel is opened, known as reperfusion injury. Unlike lower vertebrates, which can grow 

large areas of functional myocardium after amputation via cardiomyocyte (CM) 

proliferation (5), humans clearly lack the ability to overcome ischemic injury damage. In 

the human heart, dead tissue is replaced by non-contractile scar tissue in an attempt to 

preserve heart integrity and, if untreated, can lead to progressive heart failure.  

Cardiac cell therapy aims to provide the infarcted myocardium with cells that will engraft, 

proliferate and differentiate, thereby substituting the scar for a new healthy tissue (direct 
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approach). In turn, the transplanted cells may also activate beneficial mechanisms, 

including pro-angiogenic, anti-fibrotic and anti-inflammatory processes –known as 

cardioprotective mechanisms (indirect approach). These mechanisms will potentiate the 

overall healing response and can be provided by cells or cell-derivatives such as 

extracellular vesicles (6). Cardiac cell therapy has thus the potential to stabilize or even 

revert heart failure and could be a game changer in the treatment of MI. However, 

although conceptually attractive, the promise of cell therapy-mediated regeneration for 

the heart is so far unfulfilled.  

Clinical studies of heart-targeted cell therapies began two decades ago with autologous 

skeletal myoblasts and showed efficacy at the expense of increased arrhythmogenesis 

(7). Later, bone marrow cells were claimed to be able to generate de novo myocardium 

in mice (8). Despite this discovery was immediately discredited (9), numerous clinical 

trials using bone marrow cells or purified populations such as mesenchymal stromal cells 

have followed.  

The benefits of adult progenitor cell therapy still remain uncertain due to controversial and 

insufficiently designed studies (10–12). Notably, the reported therapeutic benefits is 

inversely correlated to the study quality (12). Nevertheless, heart therapy with autologous 

and allogeneic adult progenitors is considered safe based on the results of clinical trials 

such as the POSEIDON (NCT01087996), ATHENA (NCT01556022) and MyStromalCell 

(NCT01449032) among other (13–15). In addition, despite some trials show short term 

benefits, studies like the 3-year follow up from the MyStromalCell trial do not report lasting 

benefits (16).  

In a nutshell, current cell therapies are safe but do not provide long-term benefits for 

patients suffering from ischemic cardiomyopathy as they do not show regenerative 

potential. In other words, indirect mechanisms described mainly for stromal cells might 

not be sufficient to induce sustained and long-term beneficial effects in cardiac function 

(17). As a consequence, promoting myogenesis by the addition of cells with 

cardiomyogenic potential has been contemplated as a promising alternative to overcome 

the limitations of current cardiac cell therapy strategies.  
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1.2  Heart regeneration  

Adult lower vertebrates like the zebrafish are able to fully regenerate their heart after 

ventricular injury or amputation, mainly by de-differentiation and proliferation of the 

remaining CMs (5). Although adult mammals fail to regenerate the heart, the existence of 

a developmental program leading to heart regeneration in the early stages of mammals’ 

life has motivated years of research in heart homeostasis and regeneration. If the human 

heart had some endogenous regenerative abilities, these could be therapeutically 

supported to promote heart regeneration after ischemia.  

The mammalian heart consists of a mosaic of cell types, including atrial and ventricular 

CMs, cardiac fibroblasts, endothelial cells, smooth muscle cells, and cells forming the 

conduction system such as pacemaker cells and those forming Purkinje fibers. In the 

quest to find cells with cardiomyogenic potential, answers to questions like: “How is this 

variety of cells generated and maintained? Is there a common cell ancestor that gives 

rise to these diverse cell types? Do any of these cells persist after birth, and if so could 

they be used in either in vivo or ex vivo regeneration of specific heart components?” lie 

at the core of modern regenerative medicine (18).   

Although initially considered a post-mitotic organ (19), compelling evidence has 

accumulated in the last decades suggesting that the adult human heart might be 

responding to external triggers (Figure 1). For instance, an increase in muscle fibers has 

been reported upon cardiac overload (20), as well as mitotic figures and signs of DNA 

synthesis upon cardiac stress, injury, and homeostasis (21,22). These observations 

raised the question of whether the heart could undergo some kind of regenerative process 

after injury.  

 

Figure 1.  Main discoveries in heart regeneration 
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To date, the most definitive evidence that human CM are renewed during the adult life 

was provided by Bergmann and colleagues (23). By using DNA radiocarbon dating, the 

authors calculated that CM renewal ranges for 0.5-1% per year. This translates into about 

half of an individual’s CMs being replaced over an average lifespan at a rate that 

decreases with age. Although these studies provided sound evidence of CM renewal, 

they did not provide insights about the origin of these new CMs; i.e., if they originate from 

resident progenitor cells, CMs proliferation or through transdifferentiation of other cells in 

the heart. To tackle this question, Hsieh et al. used green fluorescent protein (GFP)-

labeled CMs in a mouse model, and observed that the percentage of GFP-labeled CMs 

decreased after MI. The authors concluded that the new CMs had originated from a GFP-

negative progenitor (24). Along with this observation, the discovery of different 

myocardium resident cells based on markers such as tyrosine kinase receptor (c-kit) 

(25,26), stem cell antigen-1 (Sca-1) (27,28), side population (SP) (29) or Islet-1 (Isl-1) 

(30) raised the question of whether these resident cells were contributing to the observed 

CM renewal. In fact, c-kit, Sca-1, or SP cell populations re-enter the cell cycle when 

growth of the heart is attenuated, proliferate in culture, and form cells expressing cardiac 

markers (31). The last suggests that some of these progenitor-like cells might be 

contributing to CM renewal after heart injury. Unfortunately, the validity of the markers 

used to identify true CPCs have been called into question and still remain controversial. 

For instance, lineage-tracing studies in mice showed that Isl-1 and c-kit co-localize with 

other cell type markers such as sinoatrial node cells, and endothelial cells, respectively 

(32,33). In turn, expression of Sca-1 in the hematopoietic lineage raised the question of 

whether the Sca-1 positive cells found in the adult mice heart might have extracardiac 

origin (34). 

Regardless of cell origin, the emerging consensus is that c-kit and Sca-1 positive cells 

reside in the adult heart and have cardiomyogenic potential, yet none are capable of 

regenerating the damaged heart to a physiologically meaningful extent (35,36). 

Therefore, the ex vivo expansion or manufacturing of these populations arise as 

promising strategies to enhance the intrinsic regenerative potential of the heart. 
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1.3  Human cardiac progenitor cells for regenerative 
medicine  
Cardiac progenitors have self-renewal properties and can thus technically be isolated 

from the heart and expanded in vitro before transplantation. To date, different 

myocardium-resident CPCs have been identified in human hearts either using mouse 

CPC markers, including c-kit (37), Sca-1 (28) and Isl-1 (38,39), or based on their ability 

to form cardiospheres – known as cardiosphere-derived cells (CDCs) (40) (Table 1).  

Table 1. Simplified list of different cardiac progenitor cells populations isolated from 
human adult, fetal and post-natal hearts. Associated markers and functionality in vitro 

and in vivo are also listed. CM: cardiomyocyte; EC: endothelial cell; SMC: smooth muscle 

cell; LVEF: Left ventricular ejection fraction; LV: left ventricle; n.d. not determined. 

Population Phenotype Differentiation in vitro      in vivo Ref. 

c-kit+ 

CD34-, CD45-, Sca-1+, 
Abcg2+, CD105+, 

CD166+. GATA4+,  
NKX2-5+/-, MEF2C+ 

CM, EC, SMC 

Attenuation of 
chamber dilation, 

improvement of 
ventricular function 

(37,41) 

Sca-1+ 
CD105+, CD34-, CD45-, 
c-KIT+/-, GATA4+,  
NKX2-5+/-, MEF2C+ 

CM, EC, SMC 

New cardiac tissue, 
improved LVEF, 

and reduced LV 
remodeling 

(28,41,42) 

CDC 
CD31+, CD34+, c-KIT 
(low), Sca-1+, CD45+, 

CD105+, ABCG2+ 

CM, EC, SMC 
Improved LVEF 
and wall thickness, 

reduced infarct size 

(40,41)  

Isl-1+ 
CD31-, Sca-1-, c-KIT+/-, 
GATA4+, NKX2.5+ 

Right ventricle, atria, 
outflow cells, and 

cardiac neural crest  

n.d. (30,41) 

 

Preclinical studies have confirmed that adult CPC therapy is beneficial for the 

myocardium as it improves left ventricular function and reduces adverse remodeling 
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(Table 1). The mechanisms of action involve direct and indirect pathways leading to 

induced angiogenesis, increased viable heart muscle mass, enhanced cell survival by 

preventing ageing, and reduced inflammation and scar size (Figure 2) (6). Novel research 

venues focus on the indirect mechanisms, usually extracellular vesicle-mediated, and 

have shown that they modulate extremely specific gene regulatory pathways (43).  

 

Figure 2. Direct and indirect mechanisms of action of cardiac progenitor cells. 
Adapted from (6). Processes that can be stimulated by these mechanisms are indicated with 

arrows, and processes that can be inhibited, by lines.    

However, similar to other adult progenitors, clinical studies with CPCs have so far 

demonstrated safety and only shown a modest effect on cardiac function (44,45). The 

latter suggests that the injected CPC might have similar shortcomings as other adult 

progenitors. For instance, pre-clinical studies have shown that fetal and adult CPC have 

different developmental potential suggesting that age and possibly donor morbidity 

affects the quality of the cells (46). To avoid the ethical dilemma of using fetal cells to 

obtain high quality cells for cell therapy, the possibility of generating de novo heart tissue 

from ethically uncharged sources like human induced pluripotent stem cells has been 

intensively investigated.  

1.4  Human pluripotent stem cells as a source of de novo 
cardiac progenitors  
Human pluripotent stem cells (hPSCs), including embryonic stem cells (hESCs) and 

induced pluripotent stem cells (hiPSCs), which can recapitulate heart development in 

vitro, were initially regarded as the ultimate source of de novo CM. Pre-clinical studies in 

large animals have shown that hiPSC-derived cardiomyocytes (hiPSC-CM) electrically 

couple with host CMs (47,48). Yet that is at the cost of an increased incidence of 
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ventricular tachycardia, thereby increasing the risk of arrhythmias (48). The most 

accepted explanation is that current differentiation protocols fail to recreate the 

developmental spatial-temporal cues needed to promote full maturation of hiPSC-CM, 

which eventually have a fetal-like phenotype (49).  

hPSCs have also been instrumental in identifying and characterizing progenitor cell 

populations in the early stages of human cardiac development and could therefore be a 

potential source of de novo CPC-like cells.   

Current strategies to obtain de novo CPCs from hPSCs rely on differentiation towards 

mesoderm and cardiac lineages followed by isolation of CPCs based on surface markers 

(e.g., SSEA-1, KDR, PDGFR-α) or reporter gene expression in genetically engineered 

hiPSC. Also, direct CPC differentiation protocols using chemically defined media have 

recently been published (Table 2) (50). Several strategies to induce CM lineage 

differentiation of hPSC include the formation of embryoid bodies, monolayer cultures 

supplemented with growth factors, serum or small molecules, matrices or inductive co-

cultures (51). All these hPSC differentiation processes are thought to proceed through a 

similar hierarchy of CPCs as described for cardiac development in mammals (52). 

Briefly, the earliest precursors originate in the mesoderm germ layer, marked by T-box 

transcription factor Brachyury, and transition to expressing mesoderm posterior 1 

(MESP1) (53). MESP1- expressing cells encompass all cardiac progenitor cells, but have 

not yet committed to the cardiac fate (54). These cells expand rapidly, and ultimately 

segregate into two spatially and temporally distinct cardiogenic heart fields. The first heart 

field, marked by TBX5, NKX 2-5 and HCN4, will contribute to the left ventricle (55,56), 

and the second heart field, marked by NKX 2-5, ISL-1 and MEF2C will develop right 

ventricle, atria, and the outflow tracts (57). At this stage the heart precursor cells have 

irreversibly committed to the cardiac lineage and will become cardiac progenitor cells. 

Finally, the epicardial lineage, marked by TBX5, TBX18 and WT1, will further differentiate 

into CMs, smooth muscle cells, endothelial cells and fibroblasts (58).  
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Table 2. Strategies to derive cardiac progenitor cells from human iPSC or ESC and 
current limitations. CM: cardiomyocyte; EC: endothelial cell; SMC: smooth muscle cell;  

(¥) in vitro, (‡) in vivo, n.d: not determined 

Marker CPC- 
markers Differentiation Expansion Limitations Ref. 

(i) Surface marker isolation 

SSEA-1 

OCT4+, 
SSEA-1+, 
MESP1+, 
GATA4+, 
MEF2C+, 
NKX 2-5+, 
ISL1+, 

CM, EC, SMC 
(¥) 
CM  (‡) 

Clonal 
expansion 

Heterogeneous CPC 
population: early and 
late CPC-markers 

Only one ESC line 
tested 

No long-term expansion 

(59–63) 

KDR low/ 
C-KIT- cells 

 

 

n.d. 
CM, EC, SMC 
(¥) 

EC (‡) 
n.d. 

Low yield due to 
multiple sorting steps 

No engraftment 
reported in diseased 
hearts 

(64,65) 

KDR/ 
PDGFR-α 

 

n.d. CM (¥) n.d. 

iPSC line variability 

Presence of this 
population does not 
correlate to CM 
differentiation 

(66) 

(ii) Reporter-based isolation 

ISL-1 

NKX 2-5+, 
KDR+,  
MESP1+, 
TXB20+, 
GATA4+ 

 
CM, EC, SMC 
(¥) (‡) 

n.d. 
No expansion reported 

Effect in cardiac 
function not assessed 

(67) 

ISL-1+  
CD24 -  

ISL1+, 
MESP1+, 
GATA4+, 
MEF2C+,  
T-
BRACHURY+ 

CM, EC, SMC 
(¥ )(‡) 

 
 

Clonal  
(30 
passages) 

Differentiation potential 
in vivo is affected by 
expansion 

Mainly EC 
differentiation at high 
passage 

Effect in cardiac 
function not assessed 

(68,69) 
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NKX 2-5 n.d. 

CM, EC, SMC 
(¥) 

CM, EC, SMC 
(‡) 

>40 
population 
doublings 

C-MYC mediated 
expansion 

Limited expandability 

No cardiac 
function improvement 

(70–72) 

(iii) Chemically-defined media 

BMP4, 
CHIR99021, 

AA,  
ROCK 

inhibitor 

SSEA-1+ 
MESP1/2+  
ISL1+ 
GATA4+ 
MEF2C+ 

CM, EC, SMC 
(¥) 

 
10 7 
expansion 

Only one iPSC line 
tested 

Heterogeneous CPC 
population: early and 
late CPC-related 
markers co-expressed 

Subculturing leads to a 
decrease in the 
proliferation rate 

Differentiation in vivo 
not fully assessed 

(73,74) 

CHIR99021 

MESP1+ 
NKX2.5+ 
ISL1+ 
MEF2C+ 
PDGFRa + 

CM, EC, 
SMC(¥) 

SMC (‡) 

 
Similar to 
(73) 

Only SMC 
differentiation in vivo 

CM differentiation in 
vivo not proved 

(75,76) 

 

Consensually, de novo CPC’s identity is confirmed by the expression of CPC-related 

markers, the ability to self-renew for at least 30-40 passages and to differentiate into CM, 

endothelial and smooth muscle cells in vitro and in vivo. Unfortunately, current strategies 

fail to generate de novo CPCs that fulfill all these criteria (Table 2). Generally, cells that 

phenotypically resemble CPCs do not hold proliferative capacity or proliferate at the 

expense of multipotency loss. To increase proliferation capacity, immortalization 

strategies by forced expression of oncogenes such as C-MYC have been employed (70). 

However, this hinders clinical translation as it increases the risk of tumorigenesis upon 

transplantation. Likewise, in the case of surface marker-based isolation such as stage 

specific embryonic antigen 1 (SSEA-1), the resulting cells are too early in development 

and express pluripotent factors such as OCT4, which raises the concern of tumor 

development from remaining hPSCs (60). Similar concerns apply to CPC-like cells 

generated using chemically induced protocols without additional enriching steps, which 
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essentially leads to a mixture of cells at different stages of development (73). In addition, 

these protocols are bound to vary from batch-to-batch and may have unpredictable 

therapeutic effects. In this context, the use of widely studied CPC-associated surface 

markers such as Sca-1 may be advantageous to select proliferative CPCs.  

Sca-1 is a member of the Ly-6 family that was first reported as a hematopoietic stem cell 

surface marker in mouse (77). Although Sca-1 has not been described in humans (78), 

Sca-1 positive cells can be reproducibly isolated from fetal and adult human hearts with 

the anti-Sca-1 mouse antibody (28,79). These so-called human cardiomyocyte progenitor 

cells (hCMPCs) resemble clonally isolated cells from the heart, and express Isl-1, c-kit, 

CD31, GATA-4 and NKX 2-5 (46,80). hCMPCs can be expanded and differentiated into 

electrically mature CMs in vitro (28,81) and generate new cardiac tissue of human origin 

when injected in the infarcted myocardium of mice (42). In addition, hCMPCs show long-

term benefits in cardiac function as assessed by higher ejection fraction and reduced left 

ventricular remodeling in mice (42). Also, it has recently been shown that Sca-1 cells 

contribute to CM mass during mice embryonic development (82), suggesting that 

hCMPCs could also be obtained from human embryos. In this thesis, the possibility to 

isolate Sca-1 positive cells from hiPSCs undergoing CM differentiation will be investigated 

as a potential strategy to obtain fully competent de novo CPCs from an ethical source of 

cells.  

In addition to tumorigenesis due to residual oncogene expression, arbitrary differentiation 

upon transplantation is also a challenge when using multipotent stem cells. In fact, 

although CM differentiation in vivo has been reported with some de novo CPCs (Table 2) 

most of them differentiate mainly into endothelial and smooth muscle cells (64,69,75). As 

a result, strategies to modulate cell fate toward CM upon transplantation would not only 

be beneficial to reduce the risk of aberrant replication in vivo, but also to ensure that new 

heart muscle is regenerated. 

1.5  Conditional modulation of cardiac progenitor cell fate 
With the growing understanding of cell phenotype and cell differentiation, it has become 

increasingly possible to manipulate cells to produce effective customized cell products for 

regenerative medicine. In this context, synthetic gene systems such as Tetracycline 

controlled transcriptional activation systems (Tet systems) could be used to temporarily 
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modulate key signaling pathways involved in cell differentiation to ensure that myocyte 

biomass is formed after the cells have been implanted. 

Tet systems can be divided into Tet-OFF and Tet-ON types based on whether gene 

expression is allowed in the absence or presence of small doses of tetracycline 

antibiotics. Concretely, the Tet-ON system, which supports gene expression in the 

presence of doxycycline (DOX), a tetracycline derivative, consists of two elements: (i) a 

constitutively expressed transcriptional activator protein responsive to DOX, called 

reverse tetracycline-controlled transactivator (rtTA), and (ii) the inducible Tet promoter 

formed by the tetracycline response element (TRE) fused to a minimal promoter that is 

regulated by the rtTA and conditionally drives expression of the transgene of interest (83). 

Originally, the Tet-ON system relied on introducing both elements in two subsequent 

rounds of genetic engineering until Tet-ON-all-in-one single vectors were developed to 

deliver all the elements within a single gene construct (Figure 3).  

 

Figure 3. Tet-ON controlled gene expression in a Tet-ON-all-in-one vector. TRE: 

tetracycline response element; GOI: gene of interest; Pconstitutive: constitutive promoter; rtTA: 

reverse tetracycline-controlled transactivator; DOX: doxycycline. Created with 

BioRender.com 

During development, cells up- and down-regulate gene expression of key regulatory 

molecules according to decision-making checkpoints e.g., pluripotent stem cells to 

mesoderm cells. Thus, by inducing or repressing signaling pathways that may modulate 

competing gene expression, cell fate commitment can be exogenously steered during in 

vitro differentiation. For instance, Wnt/β-catenin signaling is an attractive strategy. 

The Wnt/β-catenin signaling pathway has vital functions during embryonic development, 

adult homeostasis, and tissue and organ regeneration (84). Concisely, the activation of 
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this pathway relies on the availability of Wnt ligands such as Wnt11, the expression of 

Frizzled receptors, and the co-receptor low-density lipoprotein receptor related proteins 

5/6 (Lrp5/6) in the target cell. In the presence of Wnt ligands, “WNT-on-state”, the ligand-

receptor interaction stabilizes the downstream effector molecule, β-catenin. Cytoplasmic 

β-catenin is translocated into the nucleus, where it transactivates target genes expression 

in a complex with lymphoid enhancer-binding factor (TCF/LEF) (Figure 4) (84). When 

Wnt ligands are absent or sequestered by secreted frizzled related proteins (SFRP), 

“WNT-off-state”, β-catenin is phosphorylated by a cytoplasmic complex of proteins that 

includes the glycogen synthase kinase 3β (GSK3β), the scaffolding protein Axin, and the 

tumor suppressor adenomatous polyposis coli (APC). Phosphorylated β-catenin is 

ubiquitinated and targeted for degradation by the proteasome pathway (Figure 4) (84).  

 

Figure 4. Canonical Wnt signaling pathway (simplified). Lrp5/6, low-density lipoprotein 

receptor related proteins 5/6. Wnt: Wnt ligands; GSK3β: glycogen synthase kinase 3β; 

APC: adenomatous polyposis coli; β-cat: β-catenin; TCF/LEF: lymphoid enhancer-binding 

factor; SFRP: secreted frizzled related proteins. 

During in vitro differentiation of hiPSCs the WNT-on-state is necessary to induce 

mesoderm cell commitment, followed by a WNT-off-state to further modulate 

differentiation of cardiac mesoderm cells into CMs (85). The exogenous modulation of 

the Wnt/β-catenin signaling pathway could be brought about by a plethora of pathway 
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inhibitors (86) or by RNA interference (RNAi)-mediated knockdown of Wnt mediators such 

as β-catenin (85).  

RNAi is an evolutionarily conserved mechanism of post-transcriptional gene regulation 

that uses small RNAs produced by multi-complex machineries to control the suppression 

of complementary transcripts. The most extensively characterized endogenous RNAi 

triggers are microRNAs (miRNAs). miRNAs are expressed as hairpin-like structures in 

primary transcripts (pri-miRNAs), which are translocated to the cytoplasm as precursor 

miRNAs (pre-miRNAs), where they are further processed into mature small RNA 

duplexes (“stem”) (87–89). A myriad of synthetic RNAi triggers has been developed 

mimicking miRNAs at different stages of their maturation pathway. While small interfering 

RNAs (siRNAs) – equivalent to RNA duplexes – provide an efficient approach for transient 

gene knockdown, short hairpin RNAs (shRNAs) – equivalent to pre-miRNAs – can be 

expressed from DNA vectors that enable stable and regulated expression (Figure 5). 

However, shRNA enforced expression can saturate endogenous miRNA pathways and 

result in severe cell toxicity (90). Alternatively, synthetic shRNA stems can be embedded 

into the context of endogenous miRNAs that can be integrated into the cell genome. The 

resulting structures named shRNAmir serve as natural substrates in miRNA biogenesis 

pathways and can trigger potent knockdown (91). shRNAmir systems such as the miRE 

developed by Fellmann et al. (91) offer several advantages when compared with shRNA 

or siRNA: (i) miRE can be expressed from tissue-specific polymerase-II promoters and 

enables tissue-specific expression as well as remote control of expression when 

combined with Tet systems; (ii) miRE is less prone to cause toxicity by interfering with 

endogenous miRNA pathways (92); and finally, (iii) miRE leads to 10- to 30-fold higher 

mature small RNA levels, even when expressed under low- or single-copy conditions (91). 
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Figure 5. Tetracycline controlled shRNAmir expression and miRNA biogenesis.  For 

simplicity, not all the factors involved in miRNA biogenesis are shown. Synthetic silencing 

RNA names are shown in bold and the equivalent biologic miRNA is indicated in brackets. 
Created with BioRender.com. 

For stable chromosomal integration into the genome of the therapeutic cells, the genes 

of interest can be delivered to the target cells using lentiviral particles, non-viral vectors 

such as transposons (e.g., Sleeping Beauty or Piggybac transposon systems), or by site-

specific recombination technology such as Zinc-finger nucleases (ZFN) or CRISPR-Cas9 

technology. In this thesis, different gene delivery strategies are investigated to deliver Tet 

promoter-driven expression of miREs targeting β-catenin with the aim to modulate cell 
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fate in hiPSC-derived cardiac mesoderm cells. Unlike small molecule-mediated 

modulation, this strategy is cell-specific and will only modulate Wnt signaling in the 

modified cells that have been implanted into the heart. 

1.6  Aims  
This work aimed to explore solutions to overcome the current challenges associated with 

CPC-based therapies, such as the uncontrolled differentiation of CPCs after implantation 

or the limited availability of healthy CPCs. The aims are based on the following 

hypotheses:  

I. Remote control of the Wnt signaling pathway is sufficient to steer differentiation of 

hiPSC-derived cardiac mesoderm cells into CMs. 

II. Sca-1 positive CPCs can be derived from hiPSCs. 

Accordingly, the results in this thesis are divided into two main chapters:  

I. “Conditional expression of miREs to modulate the Wnt signaling pathway”, which 

includes Tet-ON system optimization experiments in a HeLa reporter cell line. 

II. “Expandable Sca-1-positive CPC-like cells from hiPSCs”, which describes a 

differentiation protocol and includes a phenotypical characterization of hiPSC-

derived CPC-like cells.  
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2.1  Materials 

2.1.1 Reagents  

Table 3. List of reagents  

Product name Cat. number Manufacturer/supplier 

Accutase® Cell Detachment Solution 423201 BioLegend, Inc. 

Agarose broad range T846.3 Carl Roth GmbH + Co. KG 

Alt-R® Cas9 Nuclease 3NLS 1081058 Integrated DNA Technologies, Inc. 

Alt-R® CRISPR-Cas9 tracRNA 1072534 Integrated DNA Technologies, Inc. 

BambankerTM serum-free freezing 
medium 

BB01 Lymphotec Inc., Nippon Genetics 
Europe GmbH 

BamHI-HF® restriction enzyme R3136S New England Biolabs, Inc. 

B-27 minus Insulin (50x) A1895601 Gibco™, Thermo Fischer Scientific Inc. 

B-27 supplement (50x), serum-free 17504044 Gibco™, Thermo Fischer Scientific Inc. 

B-27 supplement without vitamin A 
(50x) 

12587010 Gibco™, Thermo Fischer Scientific Inc. 

Bone morphogenetic protein 4 (BMP4) 120-05ET PeproTech, Inc 

Bovine Serum Albumin (BSA) 8076.2 Carl Roth GmbH + Co. KG 

cDNA Synthesis (Maxima First Strand 
cDNA Synthesis Kit for RT-qPCR) 

K1632 Thermo Fischer Scientific Inc 

CHIR99021 SML1046 Sigma-Aldrich, Merck KGaA 

DAPI (4',6-Diamidino-2-Phenylindole, 
dihydrochloride) 

D1306 Invitrogen, Thermo Fischer Scientific 
Inc. 

DAPI staining solution 130-111-570 Miltenyi Biotec, GmbH 

DH5α Competent Cells 18265017 Thermo Fischer Scientific Inc. 

Distilled Water (UltraPure™ 
DNase/RNase-Free Distilled Water) 

10977035 Gibco™, Thermo Fischer Scientific Inc. 

DMEM, high glucose, GlutaMAX™ 
Supplement 

10566016 Gibco™, Thermo Fischer Scientific Inc. 

DMSO (Dimethyl sulfoxide) A3672,0050 AppliChem GmbH 
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Doxycycline monohydrate, 97% 458890250 Acros OrganicsTM, Thermo Fischer 
Scientific Inc. 

Dulbecco's Phosphate-Buffered Saline 
without MgCl2/ CaCl2 (PBS) 

14190144 Gibco™, Thermo Fischer Scientific Inc 

Dulbecco's Phosphate-Buffered Saline 
with MgCl2/CaCl2 (PBS+) 

14040091 Gibco™, Thermo Fischer Scientific Inc. 

EcoRI-HF® restriction enzyme R3101S New England Biolabs, Inc. 

Ethylenediaminetetraacetic acid 
(EDTA) 

8043.3 Carl Roth GmbH + Co. KG 

EGM-2 (EGMTM 2 Endothelial Cell 
Growth Medium-2 BulletKitTM) 

CC-3162 Lonza Group AG 

Ethanol 9065.1 Carl Roth GmbH + Co. KG 

Ethidium Bromide solution 15585-011 Invitrogen, Thermo Fischer Scientific 
Inc. 

Essential 8TM medium A1517001 Gibco™, Thermo Fischer Scientific Inc 

Fetal Bovine Serum (FBS) 10270106 Gibco™, Thermo Fischer Scientific Inc. 

Fibroblast Growth Factor-2 (FGF-2) 100-18B PeproTech, Inc. 

Gel Loading Dye, Purple (6X) B7024S New England Biolabs, Inc. 

Gelatin from bovine skin G9391 Sigma-Aldrich, Merck KGaA 

Geltrex™ A1413202 Gibco™, Thermo Fischer Scientific Inc. 

HCS CellMaskTM Blue Stain H32720 Invitrogen, Thermo Fischer Scientific 
Inc. 

HyperLadder™ 1kb BIO-33053 Bioline © 

IWR-1-endo S7086 Selleck Chemicals LLC 

KnockOut™ DMEM/F-12 12660012 Gibco™, Thermo Fischer Scientific Inc. 

KpnI-HF® restriction enzyme R3142S New England Biolabs, Inc. 

LB agar X965.3 Carl Roth GmbH + Co. KG 

LB medium X946.1 Carl Roth GmbH + Co. KG 

Lipofectamine™ 2000 Transfection 
Reagent 

11668019 Invitrogen, Thermo Fischer Scientific 
Inc. 

Lipofectamine™ 3000 Transfection 
Reagent 

L3000015 Invitrogen, Thermo Fischer Scientific 
Inc. 
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Lipofectamine™ RNAiMAX 
Transfection Reagent 

13778100 Invitrogen, Thermo Fischer Scientific 
Inc. 

Medium 199 (M199) + GlutaMAX™ 41150020 Gibco™, Thermo Fischer Scientific Inc. 

MEM non-essential amino acids 
(NEAA 100x) 

11140035 Gibco™, Thermo Fischer Scientific Inc. 

2-Mercaptoethanol (50mM) 31350010 Gibco™, Thermo Fischer Scientific Inc. 

MluI-HF® restriction enzyme R3198S New England Biolabs, Inc. 

MS Columns 130-042-201 Miltenyi Biotec, GmbH 

mTeSR™1 medium 85850 Stem Cell TechnologiesTM 

Natriumazid >99% (NaN3) K305.1 Carl Roth GmbH + Co. KG 

NdeI restriction enzyme R0111S New England Biolabs, Inc. 

Neomycin, G418 sulfate BP6731 Fisher Scientific, Thermo Fischer 
Scientific Inc 

Nuclease-free duplex buffer 11-05-01-12 Integrated DNA Technologies, Inc. 

Opti-MEM™ I Reduced Serum 
Medium, no phenol red 

11058021 Gibco™, Thermo Fischer Scientific Inc 

Paraformaldehyde (PFA) 0335.3 Carl Roth GmbH + Co. KG 

Penicillin/Streptomycin (P/S) 15140122 Gibco™, Thermo Fischer Scientific Inc. 

Puromycin ant-pr-1 InvivoGen © 

Propidium Iodide solution 130-093-233 Miltenyi Biotec, GmbH 

Quick Ligation kit ™ M2200S New England Biolabs, Inc. 

Q5® High-Fidelity 2X Master Mix M0492S New England Biolabs, Inc. 

RNaseZap® AM9784 Applied Biosystems, Thermo Fischer 
Scientific Inc. 

ROCK inhibitor 253-00513 FUJIFILM Wako Pure Chemical 
Corporation 

RPMI 1640 Medium, GlutaMAX™ 61870010 Gibco™, Thermo Fischer Scientific Inc. 

SalI-HF® restriction enzyme R3138S New England Biolabs, Inc. 

SpeI-HF® restriction enzyme R3133S New England Biolabs, Inc. 

SYBRGreen  
(Power SYBR™ Green PCR Master 
Mix)

4367659 Gibco™, Thermo Fischer Scientific Inc. 
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SOC medium P/N 46-0700 Invitrogen, Thermo Fischer Scientific 
Inc. 

Taq 2X Master Mix M0270L New England Biolabs, Inc 

TGF-ß1 PHG9204 Invitrogen, Thermo Fischer Scientific 
Inc. 

1-Thioglycerol M6145-25ML Sigma-Aldrich, Merck KGaA 

Triton X100 3051.3 Carl Roth GmbH + Co. KG 

Trypan Blue solution T8154 Sigma-Aldrich, Merck KGaA 

TrypLE™ Express Enzyme (with 
phenol red) 

12605010 Gibco™, Thermo Fischer Scientific Inc. 

Trypsin-EDTA (0.05%), phenol red 25300054 Gibco™, Thermo Fischer Scientific Inc. 

XhoI-HF® restriction enzyme R0146S New England Biolabs, Inc 

100 bp DNA-Ladder 15628-019 Invitrogen, Thermo Fischer Scientific 
Inc. 

50 bp DNA-Ladder 10416-014 Invitrogen, Thermo Fischer Scientific 
Inc. 

 

Table 4. List of kits  

Kit name Cat. number Manufacturer/supplier 

Anti-Sca-1 Microbeads (Cardiac 
Progenitor Cell Isolation Kit (Sca-1), 
mouse) 

130-098-374 Miltenyi Biotec, GmbH 

eBioscience™, Foxp3 / Transcription 
Factor Staining Buffer Set 

00-5523-00 Invitrogen, Thermo Fischer Scientific 
Inc. 

LIVE/DEAD™ Fixable Aqua Dead Cell 
Stain Kit, for 405 nm excitation 

L34957 Invitrogen, Thermo Fischer Scientific 
Inc. 

NucleoSpin Gel and PCR Clean-up, 
Mini kit for gel extraction and PCR 
clean up 

740609.50 Macherey-Nagel GmbH & Co. KG 

NucleoSpin Plasmid, Mini kit for 
plasmid DNA 

740588.50 Macherey-Nagel GmbH & Co. KG 

NucleoSpin RNA, Mini kit for RNA 
purification 

740955.50 Macherey-Nagel GmbH & Co. KG 
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NucleoSpin Tissue, Mini kit for DNA 
from cells and tissue 

740952.50 Macherey-Nagel GmbH & Co. KG 

NucleoBond Xtra Midi EF, Midi kit for 
endotoxin-free plasmid DNA 

740420.50 Macherey-Nagel GmbH & Co. KG 

 

Table 5. List of antibodies. FC: flow cytometry, IF: immunofluorescence 

Antibodies Species Concentration 
(technique) Cat. number Manufacturer/supplier 

Primary and conjugated antibodies  

α-actinin mouse 1:800 (IF) A7811 Sigma-Aldrich, Merck KGaA 

β-catenin rabbit 1:200 (FC) ab32572 Abcam plc. 

CD34-PE mouse 1:20 (FC) 12-0349-42  
clone: 4H11 

eBioscience™, Thermo 
Fischer Scientific Inc. 

CD45-FITC human 1:20 (FC) 130-080-202 Miltenyi Biotec, GmbH 

CD105-APC mouse 1:20 (FC) 17-1057-42 
clone: SN6 

eBioscience™, Thermo 
Fischer Scientific Inc. 

cardiac troponin 
T-APC  

human 
recombinant 1:50 (FC) 130-106-689 Miltenyi Biotec, GmbH 

cardiac troponin I goat 1:100 (IF) 4T21/2 HyTest Ltd 

mCherry- Alexa 
Fluor 596  rat 1:100 (FC) M11240 

clone: 16D7 
Invitrogen, Thermo Fischer 
Scientific Inc. 

Nkx-2.5 mouse 1:100 (IF) sc-376565 Santa Cruz Biotechnology 

Sca-1-PE rat  1:10 (FC) 130-102-832 
Clone D7 Miltenyi Biotec, GmbH 

Secondary Antibodies 

Alexa Fluor 488 
(donkey anti-
mouse IgG (H+L)) 

donkey 1:200 (FC, IF) A21202 Invitrogen, Thermo Fischer 
Scientific Inc. 
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Alexa Fluor 488 
(Donkey anti-
Rabbit IgG (H+L)) 

donkey 1:200 (FC) A32790 Invitrogen, Thermo Fischer 
Scientific Inc. 

Alexa Fluor 647 
(donkey anti-goat 
IgG (H+L)) 

donkey 1:200 (IF) A21447 Invitrogen, Thermo Fischer 
Scientific Inc. 

2.1.2 Primers and synthetic DNA probes 

Table 6. List of primer sequences used listed by purpose 

Primer name Sequence 5’ to 3’ 
Cloning  

mCherry_SpeI fw ACTTACTAGTATGGTGAGCAAGGGCGA 

miRE-EcoRI-rv TCTCGAATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGC 

mirE_KpnI rv CCCGGGTACCCGCGTCAATTGAAAAAAGTGA 

miRE-Xho-fw TGAACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG 

pPB-mirE-NdeI fw CTAATCATATGTGGCCTGGAG 

pPB-mirE-Sal I rv AATCGTCGACCATGAATGGATCCGCTGG 

rtTA3-BamHI-fw ATTCGGATCCATGAGTAGACTGGACAAGAGCAA 

rtTA3-Mlu-rv AGCTACGCGTTACCCGGGGAGCATGTCAA 

Plasmid sequencing  

bGH C-ter seq GAAGACAATAGCAGGCATGC 

bGH seq  AACAACAGATGGCTGGCAAC 

CMV seq  AACCGTCAGATCGCCTGGA 

mCherry-C Seq CCATCGTGGAACAGTACGAAC 

M12 seq rev GACTTTGCTCTTGTCCAGTCT 

M13 puc fwd CCCAGTCACGACGTTGTAAAACG 

ROSA-rtTA seq CTGCTAACCATGTTCATGC 

SV40pA-R-156-175 GAAATTTGTGATGCTATTGC 

Genotyping  

hAAVS1-genome (5') CTGTTTCCCCTTCCCAGGCAGGTCC 

hAAVS1-genome (3') TGCAGGGGAACGGGGCTCAGTCTGA 

mCherry-C-ter genotyping CCATCGTGGAACAGTACGAACGCGC 

pUC-AAVS1- vector BB (3') ATGCTTCCGGCTCGTATGTT 

Puro-N-ter rv TCGTCGCGGGTGGCGAGGCGCACCG 
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Real time- PCR  

b-Actin fw CGTCTTCCCCTCCATCGTG 

b-Actin rv TCGATGGGGTACTTCAGGGT 

GAPDH fw TGCACCACCAACTGCTTAGC 

GAPDH rv GGCATGGACTGTGGTCATGAG 

GATA4 fw CAACTGCCAGACCACCACC 

GATA4 rv CCCTCTTTCCGCATTGCAAG 

ISL 1 fw TGATGAAGCAACTCCAGCAG 

ISL 1 rv TTTCCAAGGTGGCTGGTAAC 

Nkx2.5 fw CCCGCCTTCTATCCACGTG 

Nkx2.5 rv GCCTCTGTCTTCTCCAGCTC 
 

Table 7. Target specific crRNA sequences to synthesize sgRNA to knock the 
puromycin cassette out  

Guide # Score Seq (PAM) Position 
PURO crRNA 1 99 ACGCGCGTCGGGCTCGACAT (CGG) 163 
PURO crRNA 2 98 CACGCGCCACACCGTCGATC (CGG) 96 

 

Table 8. List of shRNA 97-mer oligonucleotides  

Name Sequence  

shRNA-Ren713 
(miRE mock) 

TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAA
GCCACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCCTC
GGA 

shRNA-CTNNB1_2 
(miRE β-cat) 

TGCTGTTGACAGTGAGCGCCAAGAACAAGTAGCTGATATATAGTGAA
GCCACAGATGTATATATCAGCTACTTGTTCTTGATGCCTACTGCCTC
GGA 

shRNA-d2eGFP 
(miRE d2eGFP) 

TGCTGTTGACAGTGAGCGACCAACGAGAAGCGCGATCACATAGTGA
AGCCACAGATGTATGTGATCGCGCTTCTCGTTGGGTGCCTACTGCC
TCGGA 

2.1.3 Plasmids  

Table 9. List of plasmids 

Plasmid name Origin Description/ experiment 

LT3GEPIR_mCherry-
miRE_ PGK_Puro 
_rtTA3_pA 

Modified from 
Fellmann et al.  (91) 

Lentivirus donor plasmid/ HeLa Tet-
all-in one 
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pMD2.G Addgene. #12259 VSV-G envelope expressing 
plasmid/ HeLa Tet-all-in one 

psPAX2 Addgene. #12260 2nd generation lentiviral packaging 
plasmid/ HeLa Tet-all-in one 

pPB transposase Gossen’s lab stock Piggybac transposase/ HeLa Tet-all-
in one 

pPB-
TRE_mCherry_miRE_ 
PGK_Puro _rtTA3_pA  

Modified from pPB-CAG 
Gossen’s lab stock.  

Piggybac donor plasmid/ HeLa Tet-
all-in one 

pUC_AAVS1_p- 
Responder-miRE 

Modified from Pawlowski et al.  
(93) 

Tet-ON miRE unit flanked with 
AAVS1 locus homology arms/  
hiPSC conditional differentiation 

pUC-ROSA26-CAG-
rtTA3G/rtTA3 

Modified from Pawlowski et al.  
(93) 

rtTA flanked with ROSA26 locus 
homology arms/ rtTA3G rescue  

pZFN-AAVS1-L-ELD Pawlowski et al.  (93) AAVS1 locus ZFN left/ hiPSC 
conditional differentiation 

pZFN-AAVS1-R_KKR Pawlowski et al.  (93) AAVS1 locus ZFN right/ hiPSC 
conditional differentiation 

ROSA26-guideA_Cas9n Pawlowski et al.  (93) Cas9 nuclease guide A/ rtTA3 
rescue in ROSA 26 

ROSA26-guideB_Cas9n Pawlowski et al.  (93) Cas9 nuclease guide B/ rtTA3 
rescue in ROSA 26 

2.1.4 Recipes 

Table 10. Cell culture media formulations 

Media Composition 

Basal medium RPMI 1640 plus B-27 minus insulin supplement (1x) 

Cardiac priming medium Basal medium plus 3-6 µM CHIR99021 

Cardiac induction medium Basal medium plus 5 µM IWR-1 endo 

CM differentiation medium (CDM) Basal medium plus 10 ng/ml BMP4 and 4 or 5 µM IWR-1 
endo 

CM maintenance medium (CMM) RPMI 1640 plus B-27 supplement (1x) 

hCPC medium 4:1 (M199 GlutaMAX™:EGM-2) medium plus 1% NEAA, 
10% FBS (non-heat inactivated) and 1% P/S 

DMEM  DMEM GlutaMAX™ plus 10% FBS (non-heat inactivated) 
and 1% P/S 
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Table 11. Buffer recipes. FACS: fluorescent-activated cell sorting; MACS: magnetic-

activated cell sorting.  

Buffer Composition 

Blocking buffer 1% BSA in PBS+ 

FACS buffer 0.5% BSA, 0.1% NaN3 and 2 mM EDTA in PBS, 0.2 µm 
filtered  

MACS buffer 1% FBS, 2 mM EDTA in PBS 

Permeabilization/ blocking buffer 0.1% TritonX100, 1% BSA in PBS+ 

2.1.5 Instruments  

Table 12. List of instruments 

Device Model Developer/Manufacturer 

Centrifuges 

Allegra™ X-15R Centrifuge 
Beckman Coulter GmbH 

Allegra™ X-22 Centrifuge 

Micro Star 17/17R VWR International, LLC. 

Rotilabo®-mini-centrifuge Carl Roth GmbH + Co. KG 

High content 
screener 

Operetta™ PerkinElmer Inc. 

Opera Phenix™ PerkinElmer Inc. 

Incubator HERAcell 240i CO2 Incubator Thermo Fischer Scientific Inc. 

Flow cytometry  
device MACSQuant® VYB Miltenyi Biotec GmbH 

Microscope Nikon Eclipse Ti Nikon Corporation 

Microscope camera DS-Qi2 Nikon Corporation 

Nanodrop NANODROP 1000 
Spectrophotometer PEQLAB Biotechnologie GmbH 

RT-PCR device QuantStudio 6 Flex Real-Time PCR 
System 

Applied Biosystems™, Thermo 
Fischer Scientific Inc. 

Thermocycler Mastercycler® pro S mit Bedienfeld Eppendorf AG 
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2.1.6 Software  

Table 13. List of software 

Software Developer 

ColumbusTM Image Data System, version 2.9.1 PerkinElmer Inc. 

FlowJo, version 10 Becton, Dickinson and Company  

GraphPad Prism, version 6.0 and 8.0 GraphPad Software 

Harmony® High-content Imaging and Analysis 
Software 

PerkinElmer Inc. 

ImageJ 1.440  National Institutes of Health (NIH) 

Inkscape, XQuartz 2.7.11 Inkscape Project 

MACSQuantifyTM, Version: 2.13.0 
 

Miltenyi Biotec 

Mendeley Desktop, version 1.16.3 Elsevier 

Microsoft Office Professional 2011 Microsoft Corporation 

SnapGene®, version 3.3.4 GSL Biotech LLC 
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2.2  Methods 

2.2.1 Cell culture   

2.2.1.1 HeLa d2eGFP cells 

HeLa d2eGFP cells were cultured in DMEM (Table 10). Medium was changed three times 

a week and cells were typically passaged once or twice a week in a ratio of 1:10.  

2.2.1.2 hiPSCs 

Unless otherwise stated, hiPSCs were cultured in Essential 8TM medium (E8 medium) on 

Geltrex-coated plates. Cultures were fed daily and the differentiating cells were removed 

regularly. Cells were passaged every 4-6 days with 0.5 mM EDTA. Briefly, cells were 

washed once and incubated with 0.5 mM EDTA solution for 5 min at 37°C. Subsequently, 

the dissociation reagent was removed and the cell clumps were resuspended and 

mechanically disrupted with E8 medium. The resulting clumps of cells were plated in a 

ratio of 1:6, 1:10 or 1:20, depending on the cell line  

For given experiments such as cardiomyocyte differentiation or flow cytometry analysis, 

hiPSCs were preferably seeded in single cells so that they could be counted and 

quantified. For this procedure, Accutase ® was added to the cells and incubated at 37°C 

for 5 min. Accutase ® was diluted with twice the volume of medium and cells suspensions 

were centrifuged at 300xg for 5 min. The supernatant was discarded and the pellet was 

re-suspended in medium containing 10 µM ROCK-inhibitor. Cells were then seeded at 

the specified density and maintained in medium containing ROCK-inhibitor for 24 h to 

prevent cell death.  

2.2.1.3 hCMPC and iCPCSca-1  

Fetal hCMPCs (donor 15 HFH17.1) were obtained from the Gouman’s laboratory (Leiden, 

the Netherlands). iCPCSca-1 and hCMPCs were grown in hCPC medium (Table 10) and 

on 0.1% gelatin coated plates. Cells were fed three times a week and typically passaged 

once to twice a week when cells had reached 70-80% confluence. Cells were detached 

with TrypLE Express for 5 min at 37°C. Trypsinization was stopped by adding medium to 
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the cells, and cell suspensions were centrifuged for 5 min at 300xg at room temperature 

(RT). Thereafter, cells pellets were resuspended and typically plated in ratio of 1:6 to 1:8. 

iCPCSca-1 passages were re-named after MACS starting from passage 0. iCPCSca-1 

between passage 5-10 and hCMPCs no older than passage 20 were used in this thesis.  

2.2.1.4 Human cardiac fibroblasts  

Human cardiac fibroblasts (306-05a- Cell applications Inc., lot no: 2827) were cultured in 

DMEM. Cells were typically passaged twice a week using TryplE express and plated at a 

cell density of 10,000 cells/cm2. 

2.2.1.5 Cell growth monitoring 

To monitor cell growth over passaging, cells were split when 80% confluent, counted and 

seeded always at a density of 5,000 cells/cm2 in T25 flasks. The population doubling time 

(PDT) was calculated, according to the following formula: 

 

PDT= " !"#
!"!"!#

# x	(t1 − t2)  

where, c1 is the starting cell number, c2 cell number at the harvesting time, and t1 and t2 

represent the time difference in hours between seeding and harvesting.  

In turn, the cumulative population doublings were calculated by adding up the population 

doubling level (PDL) from passage 2 until passage 15. The PDL refers to the total number 

of times the cells in the population have doubled since their primary isolation in vitro and 

is calculated as followed: PDL= 3.32 x (log c2 - log c1). 

2.2.1.6 Cryopreservation of cells 

The procedure for freezing hiPSCs is identical to that of cluster passaging of these cells 

until resuspension. Briefly, after incubation with 0.5 mM EDTA the detaching solution was 

removed and cell clumps were resuspended in 1 ml of cold BambankerTM freezing 

medium and transferred to a cryovial.   
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HeLa, hCMPC, iCPCSca-1, and human cardiac fibroblasts were cryopreserved in 

homemade freezing medium (10% DMSO and 50% FBS). Typically, 1x106 cells were 

resuspended in 400 µl culture medium and transferred to pre-cooled cryovials containing 

500 μl FBS and 100 μl DMSO.  

All cryovials were transferred to a freezing container and stored at -80°C overnight until 

moved to liquid nitrogen for long-term storage. 

2.2.2 Differentiation protocols  

2.2.2.1 hiPSC differentiation into CMs 

For CM differentiation, hiPSC at a confluence lower than 80% were seeded in single cells 

at a density of 10,000-20,000 cells/cm2 and 10 µM ROCK inhibitor. The day after, medium 

was replaced with E8 medium without ROCK inhibitor. Daily medium changes were 

perfomed for two to three days, until cells reached 70-80% confluence and were ready 

for differentiation. CM differentiation was induced based on a published protocol (94), 

which was optimized by the BIH Stem cell core facility. Briefly, mesoderm differentiation 

was induced by adding cardiac priming medium to induce Wnt signaling for two days. 

Thereafter, basal medium was added for one day. Subsequently, cardiac lineage was 

induced by adding cardiac induction medium to inhibit Wnt signaling for two days. Daily 

medium changes with basal medium were subsequently performed for two days. 

Eventually, cells were kept in CMM. See media formulations in Table 10. Cell seeding 

density as well as the CHIR99021 concentration was titrated for each cell line.  

2.2.2.2 hiPSC differentiation into iCPCSca-1  

Three different hiPSC donors provided by the BIH Stem cell core facility were used to 

obtain iCPCSca-1 (Table 14) 
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Table 14. Origin and reprogramming strategy of the hiPSC lines used in this study. 
Information kindly provided by the BIH iPS core. 

Name Cell line Origin Reprogramming strategy CHIR99021 

Donor A BIHi001-B 

Human Foreskin 
Fibroblast  

(HFF; ATCC;  
CRL-2429); male 

mRNA reprogramming 
(Milteny Biotec) 

5 µM 

Donor B BIHi004-A 

Normal human 
dermal fibroblasts 

(NHDF, Lonza 
CC2511); female 

Epi5™ Episomal Kit  

(Life Technologies) 
4 µM 

Donor C BIHi005-A 

Stanford 
Cardiovascular 

institute 111  

(SCVI 111); male 

Sendai Virus 5 µM 

 

Differentiation into iCPCSca-1 started equally as for cardiomyocyte differentiation until 

cardiac induction. At day 4 (early) and day 5 (late), cardiomyocyte differentiation was 

halted by culturing the cells in hCPC medium in two sequential medium changes: 25% 

and 50% hCPC medium, on the first and second day, respectively. Thereafter, at day 6 

(early) and day 7 (late), cells were trypsinized with TryplE Express for 5 min at 37°C, and 

Sca-1 positive cells were subsequently isolated using magnetic activated cell sorting 

(MACS) according to published protocols (80). Shortly, on the isolation day cells were 

trypsinized with TrypIE Express for 5 min at 37°C. Subsequently, cells were washed in 

cold MACS buffer, centrifuged for 5 min at 300xg and RT and resuspended in 450 μl cold 

MACS buffer. Cells were incubated with 50 μl of anti-Sca-1 microbeads under rotation for 

2 h at 4°C. After incubation with the microbeads, the cell solution was washed with cold 

MACS buffer, centrifuged for 5 min at 300xg and RT and resuspended in 1ml of cold 

MACS buffer, ensuring that there were no clumps. Thereafter, the cell suspension was 

run through a 40 mm-strainer, to avoid column clogging. The filtered cell solution was 

transferred to the pre-wet MS separation column held onto a MiniMACS™ Separator. 

During column washing with cold MACS buffer the unbound cell fraction (flow-through, 
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FT) was collected. Finally, the Sca-1 positive fraction was collected in MACS buffer after 

the MS column was removed from the magnets. Both, FT and the Sca-1 positive fraction 

were centrifuged for 5 min at 300xg and resuspended in MACS buffer. Live cells were 

counted in the flow cytometer by discrimination with propidium iodide staining solution. 

Upon isolation, early and late Sca-1 positive cells (iCPCSca-1) and the correspondent FT 

fraction were expanded in hCPC medium with 10 ng/ml FGF-2 until passage 3. 

2.2.2.3 iCPCSca-1 differentiation into cardiomyocytes 

For cardiomyocyte differentiation, iCPCSca-1 were seeded into Geltrex-coated plates at a 

density of 40,000 cells/cm2 in hCPC medium. When cells were 80% confluent, cardiac 

differentiation was induced by adding CDM for 3 days and cultured in CMM for up to 14 

days in total. During cardiac induction, CDM was changed daily and IWR-1-endo was 

added fresh. Once the cells were cultured in CMM, the medium was changed three times 

a week. 

2.2.3 Flow cytometry analysis 

Antibodies were titrated on control cells depending on the recommended concentrations 

suggested by the manufacturer. The lower concentration leading to the best 

discrimination between positive and negative populations was selected as the optimal 

antibody concentration. Typically, 10,000 events per sample were analyzed in MACS 

Quant® VYB.  

After obtaining a single cell suspension the protocol differed depending on the nature of 

the analyzed proteins. For endogenous fluorescent proteins, half to one million cells per 

sample were resuspended in cold FACS buffer and transferred to a FACS tube. Live dead 

staining was done before measuring by adding DAPI (1:100).  

For extracellular epitopes, typically, 0.5-1x106 cells/sample in blocking buffer were 

transferred to V-bottom 96-well plates or 1.5 ml Eppendorf tubes and incubated for 15 

min on ice. Conjugated antibodies were added directly to the samples and incubated for 

15-30 min on ice. Thereafter, samples in plates or tubes were centrifuged, at 450xg or 

300xg, respectively, for 5 min. The staining solution was removed and the cells were 
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washed with FACS buffer. Live dead staining with DAPI was performed as described 

above.  

For intracellular epitopes, cells suspensions in PBS+ were stained with Aqua Live/Dead® 

Fixable Dead Cell Stain working solution for 30 min on ice in the dark. Thereafter, cells 

were washed with PBS+ twice and fixed and stained following Foxp3/Transcription factor 

staining buffer set instructions. Briefly, cells were incubated in fixation/permeabilization 

solution for 30 min at RT in the dark. Then, cells were washed twice with 1x 

permeabilization buffer and resuspended in 1x permeabilization buffer with 1% BSA, 

where they were incubated for 15 min at RT for blocking. Primary antibodies were added 

directly to the samples, mixed by pipetting, and incubated for 1 h at RT. Thereafter, wells 

were washed twice with 1x permeabilization buffer. If primary antibodies were not 

conjugated, secondary antibodies were added in 1x permeabilization buffer with 1% BSA 

and incubated for 30 min at RT in the dark. After the final washing step, samples were 

resuspended in FACS buffer and analyzed directly by MACS Quant® VYB or kept at 4°C 

until measurement. Unstained and secondary antibody controls were always measured 

in parallel.  

2.2.4 Genetic engineering 

2.2.4.1 Puromycin knockout in HeLa d2eGFP cells  

In order to apply antibiotic selection in HeLa d2eGFP cells obtained from Wang et al. (95), 

puromycin resistance gene was knocked out with CRISPR-Cas9 technology (Figure 6). 

Crispr RNA (crRNA) sequences were designed using the Benchling CRISPR tool 

developed by the Zhang lab (96). The algorithm retrieved four 20-bp guides next to the 

protospacer adjacent motif (PAM) sequences. PAM sequences with the minimal off-target 

effects were selected (Table 7).  

crRNA sequences were ordered from IDT Inc. and resuspended to 100µM stock solution. 

To complex crRNA:tracrRNA (sgRNA), 1 µl of PURO crRNA and 1 µl of tracrRNA (100 

µM) were mixed with 98 µl Nuclease-free duplex buffer, heated at 95°C for 5 min and 

cooled down to RT. The Cas9 working solution (1 µM) was prepared in OptiMEM. To 

prepare the ribonucleoprotein complexes (RNPs) 6 µL of crRNA:tracrRNA complex, 6 µl 

of Cas9 (1 µM) and 88 µl of OptiMEM medium were mixed per well. Finally, the 
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transfection mix was prepared by adding 3 µl of Lipofectamine RNAiMax reagent, and 87 

µl of OptiMEM to each RNP reaction. After incubation for 20 min at RT, 200 µl of 

transfection mix was added to the cells. Cells were kept at 37°C for 48 h before medium 

was changed. 

 

 

Figure 6. Puromycin cassette knockout in HeLa d2eGFP using CRISPR-Cas9. EF-1a: 

Human elongation factor-1 alpha promoter; d2eGFP: destabilized 2-hour enhanced green 

fluorescent protein; SV40: Simian virus 40 promoter; Puro: puromycin resistance cassette.  

Genomic DNA of the transfected cells was isolated for a preliminary assessment of the 

sgRNAs cleavage efficiency. The puromycin gene region was PCR-amplified using the 

GFP c-ter and SV40pA-R-156-175 primers and the PCR products were sequenced. 

Subsequently, single cells from cell pools modified with sgRNA2 were seeded in 96-well 

plates using the limiting dilution strategy. Colony-like growth was monitored for two weeks 

and wells containing more than one colony were discarded. Approximately 10 single-cell 

clones per sgRNA were expanded in parallel wells with or without puromycin (2 µg/ml), 

to determine puromycin sensitivity. Puromycin sensitive clones were expanded and used 

for subsequent experiments. 
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2.2.4.2 miRE design and cloning 

shRNA 97-mer sequences to silence CTNNB1 gene, coding for β-catenin, were obtained 

from shERWOOD database http://sherwood.cshl.edu:8080/sherwood/. Sequences with 

the highest score, indicating high specificity and low off-targets, were selected. shRNA 

sequence d2eGFP was designed using the shERWOOD web-tool, which is based on the 

algorithm described by Knott et al. (97).  

Subsequently, 0.05 ng of shRNA oligonucleotides (Table 8) were PCR amplified with 

miRE‐Xho‐fw and miRE‐EcoRI‐rv primers to flank the shRNA of interest with Xho I 

and EcoRI restriction sites using Taq polymerase 2x Master Mix. Cycling parameters 

were 95°C for 5 min, 30 cycles of 95°C for 25 s, 56°C for 30 s, and 68°C for 10 s, and a 

final elongation round at 68°C for 5 min.  

Following amplification, recipient Tet-ON-all-in-one vectors featuring the mCherry fused 

with the miRE backbone and the shRNAs of interest (Figure 7 A,B)  were digested with 

XhoI and EcoRI, and ligated using the Quick ligase kit. Quick ligation reactions were 

carried out with 50 ng of vector and a 3-fold molar excess of insert. The ligation product 

was transformed in DH5α competent bacteria using standard protocols. Single cell clones 

were expanded and the amplified vectors were control sequenced using mCherry-C Seq. 
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Figure 7. Tet-ON-all-in-one construct and shRNA cloning strategy. A Depiction of Tet-

ON all-in-one construct used in this thesis. TRE3G is the tetracycline-response element (Tet 

promoter), which controls the expression of mCherry-coupled miRE, a short hairpin RNA 

(shRNA). Downstream, a second transcriptional unit with the constitutive phosphoglycerate 

kinase promoter (PGK), induces the expression of a puromycin resistance cassette (Puro), 

the internal ribosomal entry site (IRES), and the reverse tetracycline-controlled 

transactivator (rtTA3). IRES promotes the co-expression of both genes under the same 

promoter. B Detailed scheme of the shRNA used in this study. This so-called miRE is an 

enhanced version of the synthetic miR30 published by Fellmann et al. (91). The shRNA 

containing the target-specific guide strand (yellow) is flanked by two restriction enzyme 

cutting sites (blue), XhoI and EcoRI, to virtually clone any sequence. The shRNA sequence 

is delimited by the orange nucleotides. shRNA characteristic secondary structures: loop, 

stem, and basal stem are indicated. Adapted from Fellmann et al. (91). 

2.2.4.3 Lentiviral particles packaging 

HEK293TN cells cultured in DMEM were used to generate viral particles. A day before 

transfection, cells were seeded in 150 mm dishes and transfected the day after. A mixture 

of 10µg of plasmid of interest (LT3GEPIR_mCherry-miRE), 6.7 µg of the gag/pol plasmid 

(psPAX2), and 3.3 µg of the envelope plasmid (pMD2.G) was added to each dish using 

standard protocols. Cells were incubated overnight. The morning after, medium was 
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added to the cells and after 7 h the first viral particle harvest was performed. Thereafter, 

two subsequent harvests were performed every 24 h. Supernatants were filtered with 

0.45 µm diameter filters and kept at 4°C. The harvested supernatants were pooled 

together and ultracentrifuged at 22,000 rpm for 3 h and 30 min at 4°C. Viral pellets were 

resuspended in PBS and temporarily stored at 4°C for viral particle titration. Long term 

storage was at -80°C.  

Virus titer was calculated by transducing HT1080 cells with 1, 10-1, 10-2, 10-3, and 10-4  µl 

of the concentrated vector. At day 1 after transduction, medium was replaced with fresh 

medium containing 1 µg/ml DOX. At day 2, cells were harvested and the number of 

reporter positive cells was determined by flow cytometry. Titer was calculated by using 

the following formula:     

𝐓𝐢𝐭𝐞𝐫 =
𝐍𝐮𝐦𝐛𝐞𝐫	𝐨𝐟	𝐭𝐚𝐫𝐠𝐞𝐭	𝐜𝐞𝐥𝐥𝐬	(𝐜𝐨𝐮𝐧𝐭	𝐚𝐭	𝐭𝐫𝐚𝐧𝐬𝐝𝐮𝐜𝐭𝐢𝐨𝐧	𝐝𝐚𝐲)𝐱 9%𝐆𝐅𝐏	𝐩𝐨𝐬𝐢𝐭𝐢𝐯𝐞	𝐜𝐞𝐥𝐥𝐬𝟏𝟎𝟎 B

𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐞𝐝	𝐯𝐞𝐜𝐭𝐨𝐫	𝐯𝐨𝐥𝐮𝐦𝐞	(𝐦𝐥)
 

2.2.4.4 Single vector Tet-system transfer to HeLa d2eGFP Puromycin KO 
cells  

To transduce HeLa d2eGFP cells with lentiviral particles, 50,000 cells/cm2 were seeded 

in 6-well plates. Next day, at 70-80% confluency cells were transduced with a multiplicity 

of infection equal to 2 in 2 ml medium containing 3 μg/ml polybrene and incubated 

overnight at 37°C and 5% CO2. The day after, the viral particles were removed and 

depending on cell density cells were split 1:6 and seeded without antibiotics. The next 

day, selection with 2 μg/ml puromycin was started for at least 10 days.  

To modify HeLa d2eGFP cells with transposons, cells were seeded at a density of 25,000-

40,000 cells/cm2. The following day, cells were co-transfected with the Piggybac 

transposase vector (pPB_transposase) and the donor transposon plasmid (pPB-

TRE_mCherry_miRE_PGK_Puro _rtTA3_pA). For a 6-well-plate well a total of 2.5 μg 

DNA at a ratio 1 to 10 (1:10, PB transposase:transposon) was mixed with 6 μl 

Lipofectamine 2000 Reagent in Opti-MEM® reduced serum medium. The DNA lipid 

complexes were added to cells drop-wise and incubated for 48 h at 37°C and 5% CO2. 

Thereafter, cells were split 1:6-1:8 and cultured in medium containing 2 μg/ml puromycin 

as explained above. mCherry expression upon culturing with 0.5 μg/ml DOX for 3 days 

was used to monitor transgene integration.  
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2.2.4.5 rtTA3 rescue in the ROSA26 locus 

HeLa cells were seeded one day before transfection. The next day, DNA-lipid complexes 

were formed using Lipofectamine 3000 Reagent. Briefly, 3.75 µl of Lipofectamine 3000 

reagent in Opti-MEM® reduced serum medium was mixed with a plasmid DNA solution 

in Opti-MEM with 4 µl of P3000 reagent. A total of 2 µg of plasmid DNA consisting of: (i) 

0.5 µg ROSA26-guideA_Cas9n, (ii) 0.5 µg ROSA26-guideB_Cas9n, and (iii) 1 µg puC-

ROSA26-CAG-rtTA3G or rtTA3 was used per reaction. DNA-lipid complexes were added 

to the cells dropwise and incubated for 24 h. Thereafter cells were cultured in DMEM with 

neomycin (1000 µg/ml) and puromycin (2 µg/ml). 

2.2.4.6 Targeted integration of the Tet-ON-miRE transgene in hiPSC 

OPTi-OX® cells were kindly provided by the Kotter lab, Cambridge. These cells, hereafter 

named hiPSC-rtTA, constitutively express the rtTA3G protein under the control of the 

CAG promoter, which is integrated in the ROSA26 safe harbor locus (93). 

To integrate the Tet-ON-miRE transgene in the AAVS1 locus, hiPSC-rtTA were cultured 

in mTESR1 medium before transfection. When the cells had reached 70-80 % 

confluence, single cells were plated 12,500 cells/cm2 in mTESR1 supplemented with 10 

µM ROCK inhibitor. The next day, mTESR1 medium without ROCK inhibitor was added. 

DNA-lipid complexes were formed following Lipofectamine 3000 Reagent instructions. A 

total of 2 µg of plasmid DNA consisting of: (i) 0.5 µg pZFN-AAVS1-L-ELD, (ii) 0.5 µg 

pZFN-AAVS1-R_KKR, and (iii) 1 µg pUC-AAVS1-miRE mock or pUC-AAVS1-miRE 

CTNNB1 was used per reaction. DNA-lipid complexes were added to the cells dropwise 

and incubated for 24h. The next day, medium was removed and replaced with mTESR1 

medium. After 24 h, cells were split in single cells in two wells at a density of 100,000 

cells/well, in mTESR1 with 10 µM ROCK inhibitor. After one day of recovery, mTESR1 

medium with 1 µg/ml puromycin with or without 1 µg/ml DOX was added to the wells. 

Selection was carried out for at least three days, until all cells were dead in non-

transfected controls. Presence of the transgene was visualized in the wells with 

doxycycline. After selection, cells were recovered for at least 6 days in mTESR1 medium 

until normal cell growth was re-established and there were no signs of spontaneous 

differentiation.  



MATERIALS AND METHODS 

 70 

To isolate single cell clones, antibiotic resistant hiPSCs were dissociated in single cells 

and plated in limiting dilution in Geltrex-coated 6-well plates with 10 µM ROCK inhibitor.  

For up to a week, daily medium changes were performed and colonies growing close to 

each other were scrapped out. At least four individual colonies per cell line were 

mechanically detached, and manually transferred to Geltrex-coated 24-well plates 

containing mTESR1 medium supplemented with 10 µM ROCK inhibitor. When 24-well 

plates were repopulated, single cell passaging and subsequent expansion of the cells in 

6-well plates was performed. Cells were expanded for at least 2 passages until cell growth 

was established without spontaneous differentiation.  

To genotype the cells, genomic DNA from one well of a 6-well plate was isolated for each 

monoclonal cell line using NucleoSpin® Tissue. The genomic DNA was eluted in two 

steps of 40 µl elution buffer each, and 50-100 ng per reaction was used as template. The 

genotyping strategy followed was published by Palowski et al. (93). Primers and the 

PCR strategy followed are summarized in Table 15. 

Table 15. AAVS1 locus Tet-miRE-mCherry genotyping primers 

PCR name Primer binding site Primer name Band size 

Locus PCR 
Genome (5') hAAVS1-genome (5’) WT: 1692 bp 

Insert: no band Genome (3') hAAVS1-genome (3’) 

5'-INT PCR 
Genome (5') hAAVS1-genome (5’) WT: no band 

Insert: 991 bp Puromycin N-terminal Puro-N-ter rv 

3' -INT PCR 
mCherry C-terminal mCherry-C-ter genotyping WT: no band 

Insert: 1601bp Genome (3') hAAVS1-genome (3’) 

3'-BB PCR 
mCherry C-terminal mCherry-C-ter genotyping WT: no band 

Vector: 1622 bp Vector Backbone (3') pUC-AAVS1- vector BB (3') 

2.2.5 Immunohistochemistry 

For staining cells growing on culture plates, cells were washed twice with PBS and fixed 

with 4% PFA in PBS for 15 min at RT. Afterwards, the fixative was removed and cells 

were washed with PBS+ twice. To stain intracellular proteins, cells were incubated with 

permeabilization/blocking buffer for 30 min at RT. Thereafter, primary antibodies were 
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diluted to the working concentration in permeabilization and blocking buffer added to the 

cells, and incubated for 60 min in the dark at RT or overnight at 4°C. Thereafter, cells 

were washed twice PBS+ and incubated with fluorescently labeled secondary antibodies 

for 30-60 min at RT. Subsequently, cells were washed two times with PBS+ to remove 

excess of secondary antibodies. Finally, cell nuclei were counterstained with DAPI (0.1 

µg/ml) for 15 min at RT in the dark, washed once with PBS+ and stored at 4°C in the dark 

until imaging. The cells were imaged with Operetta™ High-Content Imaging System for 

image analysis and Opera Phenix™ High-Content screening system for confocal images.   

2.2.6 High content screening image analysis 

For high content image analysis purposes, cells were stained with CellMask Blue reagent 

diluted 1:5000 to delineate the cells cytoplasm or DAPI for nuclear staining.  

Images for analysis were acquired using the Operetta™ High-Content Imaging System 

at a magnification of 10x. Image analysis was done using the Columbus image data 

system developed for high content screening analysis. A total of 25 fields were analyzed 

per well leading to an average of 10,000 analyzed objects per well. Two and three 

technical replicates were analyzed for differentiation and cell morphology, respectively.  

Cells were identified based on CellMask or DAPI channel using the Find Nuclei method 

B function using the following parameters: common threshold: 0.55, area > 50 µm2, 

splitting coefficient: 7.0, individual threshold: 0.4, contrast > 0.1. Morphology parameters 

such as cell area and α-actinin mean fluorescent intensity were calculated on the 

generated cell masks. Using the same mask, cTNI positive cells were quantified by 

counting the Alexa647 positive cells.  Nuclear expression of NKX 2-5 was calculated by 

counting the Alexa488 positive nuclei using the function “Find Cells” following method B 

with the same parameters described above despite the common threshold, set to 0.4, 

and the area > 100 µm2.  
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2.2.7 Transcriptome analysis by real time PCR (RT-PCR)  

For RNA isolation and purification, pellets of 0.5-1 x106 cells were snap frozen with liquid 

nitrogen and stored at -80°C until further processing. RNA purification was performed with 

the NucleoSpin® RNA Kit by MACHEREY-NAGEL and the purified RNA was eluted in 40 

μl of RNase-free H2O and immediately kept on ice.  

cDNA was synthesized according to Thermo Scientific RevertAid H Minus First Strand 

cDNA Synthesis Kit manufacturer’s instructions. The RNA input ranged between 600-

1000 ng RNA per sample. Briefly, if oligo (dT)18 primers were used, samples were 

incubated for 60 min at 42°C followed by 70°C for 5 min. For random hexamer primers, 

samples were incubated for 5 min at 25°C, followed by 60 min at 42°C and terminated by 

70°C for 5 min. The cDNA product was either directly used for qPCR or stored at -20°C. 

For RT-PCR reactions, cDNA samples were diluted in DNAse/RNAse free water to a 

concentration of 2.5 ng/ml. Forward and reverse primer working mixtures for RT-PCR 

were prepared by diluting primer stocks to 1.5 μM in DNAse/RNAse free water. For RT-

PCR reactions in 384-well plates, 6 μl of cDNA dilution or non-template control (water), 3 

μl of primer working mixture and 9 μl of SYBR Green was added per well. All samples 

were analyzed in triplicates. Standard RT-PCR program consisting of 2 min at 50°C, 10 

min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C, each, was run in 

QuantStudio 6 Flex Real-Time PCR System. The melting curve for each sample was 

calculated at the end.  

Finally, the delta Ct method (ΔCt) was used to calculate the relative gene expression. 

Only genes with Ct values lower than the water controls were included in the calculation. 

Next, the average Ct values of GAPDH and ß-actin was calculated for each sample (Ct 

housekeeping) and subtracted to each gene to obtain the ΔCt. Thereafter, the mRNA 

expression was calculated using the following formula 2- ΔCt. 

2.2.8 Statistics  

Every experiment was performed at least three times or using three biological replicates 

unless otherwise stated. Data are shown as mean ± standard deviation. The statistical 

method was defined for each experiment individually. Generally, unpaired and paired t 

tests were performed to test differences between two unrelated or related groups. One-
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way ANOVA and two-way ANOVA were performed when more than two groups were 

compared in order to test the effect of one or two variables, respectively. Multiple 

comparisons were assessed using a Bonferroni post-test correction. A p value of less 

than 0.05 was considered significant. GraphPad Prism versions 6.0 and 8.0 were used to 

plot and analyze the data. 
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3.1  Conditional expression of miRE to modulate the Wnt 
signaling pathway  
Several studies have shown that inhibition of the canonical Wnt signaling pathway 

promotes differentiation of mesoderm cells into CMs (85,98). In order to have a cell-

specific and inducible Wnt signaling inhibition, miRE targeting the Wnt key mediator β-

catenin was combined with Tet-ON system.  

In this chapter, different gene delivery strategies and transgene configurations were 

tested first in a reporter cell line to optimize the gene engineering strategy and later 

applied during CM differentiation of hiPSCs in vitro.  

3.1.1 Single vector Tet-system in HeLa cells 

Tet-ON single vector constructs, also known as “Tet-ON-all-in-one” systems, have been 

designed to introduce the elements necessary for conditional gene expression, namely 

the reverse tetracycline-controlled transactivator (rtTA) and the Tet promoter, in one 

single vector. This configuration simplifies the gene engineering process and increases 

safety as reduces the risk of insertional mutagenesis or gene disruption. However, it has 

been reported that insertion of transgenes with several promoters in tandem can lead to 

bimodal expression of Tet promoter regulated genes (99).  

3.1.1.1 Characterization in a reporter HeLa cell line  

Transgene expression in engineered cells can be lost over time due to transgene erasure 

from the genome or by transcriptional and post-transcriptional related mechanisms. To 

evaluate these two aspects, a customized reporter cell line was designed to visualize 

transgene transcription and translation, simultaneously. 
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Figure 8. Customized HeLa reporter cell line. Tet-all-in-one construct was integrated in 

the genome of clonally expanded HeLa-d2eGFP cells. Upon conditional activation of 

transgene expression by adding doxycycline (DOX), miRE mock cells will co-express d2GFP 

and mCherry, and miRE d2eGFP cells will only express mCherry. TRE3G: Tet-response 

element 3rd generation. PGK: phosphoglycerate kinase promoter, IRES: internal ribosomal 

entry site. rtTA3: third generation reverse tetracycline controlled transactivator. 

Briefly, a HeLa cell line constitutively expressing a destabilized 2-hour enhanced green 

fluorescent protein- short-lived eGFP (d2eGFP) subjected to a puromycin resistance 

cassette knockout (HeLa d2eGFP) was used as a starting cell. Once Tet-ON-all-in-one 

transgenes with a mock (miRE mock) or a miRE silencing d2eGFP (miRE d2eGFP) are 

integrated in the cells’ genome, Tet promoter-driven expression and miRE function can 

be visualized. In the absence of DOX, all cells are green. When cells are cultured in DOX, 

miRE mock cells co-express d2eGFP and mCherry, thereby becoming yellow, whereas 

miRE d2eGFP cells become mCherry positive (Figure 8). In the miRE d2eGFP, post-

transcriptionally related silencing mechanisms can be observed if double negative cells 

arise, which would depict correct miRE functionality but lack of mCherry translation. 

3.1.1.2 Bimodal transgene expression is independent of transgene delivery 
strategy  

DNA transposons and retroviruses integrate exogenous DNA in the genome in a random 

fashion. However, both show preferential integration in certain DNA regions of the 

genome, depending on structural features associated with DNA flexibility (100). 
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To assess the effect of the chromatin environment on the activation of Tet promoter 

mediated gene expression, the Tet-all-in-one miRE mock and miRE d2eGFP constructs 

were delivered either by transfection with the Piggybac transposon system (virus-free) or 

by transduction with lentivirus. Immediately after transduction or transfection, cells were 

selected with puromycin to ensure that cells carrying at least one copy of the transgene 

are analyzed. After DOX treatment for 3 days, both lentivirus and Piggybac-mediated 

miRE d2eGFP cells showed remaining green cells, suggesting lack of Tet promoter-

mediated miRE d2eGFP expression, which highly correlated with mCherry reporter 

absence. Similarly, the mock controls had a high percentage of mCherry negative cells 

(Figure 9 A,B). 

 

Figure 9. Tet promoter-driven gene expression in HeLa d2eGFP miRE is independent 
of gene delivery strategy. mCherry and GFP pictures of A. lentivirus-transduced cells 3-

days after DOX treatment (1 µg/ml) and B. Piggybac-transfected cells, both using miRE 

mock and miRE d2eGFP constructs. miRE d2eGFP cells were previously fixed with 4% 

paraformaldehyde. Scale bars: 100 µM C. Flow cytometry histograms showing the 

percentage of mCherry positive cells in lentivirus-transduced cells during subculturing with 

high Puromycin concentration (2 µg/ml) for 3 weeks.  
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Flow cytometry quantification in lentivirus-transduced cells under constant high selective 

pressure (2-fold puromycin concentration) for 1 week showed that Tet promoter-driven 

expression is only restored by 6.7% and 7.7% for miRE mock and miRE d2eGFP, 

respectively, as compared with unselected cells (-Puro). In turn, prolonged selection for 

3 weeks, contributed to a partial increase of mCherry positive cells but did not fully restore 

expression in all cells. Almost a fourth of the cells, 28.8% and 23.1% of the selected miRE 

mock and miRE d2eGFP, respectively, were mCherry negative under prolonged selective 

pressure (Figure 9 C). 

 

Figure 10. Mosaicism in puromycin resistant single cell HeLa d2eGFP miRE mock and 
d2eGFP clones occurs early during expansion. Expression of mCherry reporter protein 

and endogeneous d2eGFP in single cell HeLa clones carrying  miRE mock or miRE d2eGFP 

constructs at day 5 and day 8 after transfection with Piggybac transposons. Cells were 

cultured with doxycycline (1 µg/ml) and puromycin (2 µg/ml). Scale bars: 100 µm. 
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In addition, single cell colonies growing under selective pressure and continuous 

induction with doxycycline showed mosaic expression of mCherry positive and negative 

cells early after transfection with Piggybac in three independent clones for each miRE.  

No differences were observed between the two miREs (Figure 10). 

The rapid loss of transactivation ability and the antibiotic selection time needed to achieve 

75% of transcriptional activation in polyclonal cell populations is suboptimal for hiPSCs, 

the target cell line. hiPSCs are stress-sensitive and can only be exposed to antibiotics for 

a few days before they undergo apoptosis or spontaneously differentiate. 

3.1.1.3 Epigenetic modifiers partially restore Tet promoter driven gene 
expression in mosaic cells 

Based on the described results, whether the transgene remained in the cells genome and 

is repressed by epigenetic gene regulatory mechanisms such as DNA methylation or 

histone deacetylation remained unanswered.  

To investigate this, lentivirus-transduced miRE mock isogenic cells showing mosaicism 

were cultured with epigenetic modifiers: 5’azacytidine, a DNA methylation inhibitor, and 

Trichostatin A (TSA), a class I and II mammalian histone deacetylase inhibitor. As 

expected, higher doses and long exposure of these epigenome modifiers led to a certain 

degree of cell toxicity, from mild in cells treated to 5’Azacytdine to high in those treated 

with TSA (Figure 11 A,B). Quantification of mCherry and GFP positive cells using flow 

cytometry showed no significant increase in transgene activation after treatment for 48 h 

with 5’ Azacytidine or TSA. However, treatment with TSA for 48 h showed a 

concentration-dependent increase in double mCherry-GFP positive cells (Figure 11 C,D). 

This trend became significant when isogenic cell lines were treated with TSA for 72h 

although at the expense of high cell toxicity, as assessed by a decrease in cell number in 

groups treated with TSA concentrations higher than 20 ng/ml (Figure 11 B,D). Likewise, 

treatment with 5’ Azacytidine for 72h partially reverted gene silencing in all isogenic 

clones in a concentration-dependent manner although to a lesser extent than TSA; 

whereas 5’ Azacytidine (2 µM) treatment for 72h led to 47.67 ± 13% mCherry-GFP 

positive cells (2.6-fold increase of double positive cells compared with untreated cells), 

TSA treatment (30 ng/ml) for 72h led to 74.17 ± 10.8% mCherry-GFP positive cells in the 

same clonal cells achieving an average 8.66-fold increase (Figure 11 C,D).   
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Interestingly, exposure to the analyzed epigenetic modifiers had a different effect in 

clones with similar baseline silencing degree. For instance, treatment with TSA for 72h 

induced an 18-fold increase of mCherry-GFP positive cells in clone 3, and 9.1-fold in 

clone 1, which had an initial 4.5% and 6.8% mCherry-GFP positive cells, respectively.  

 

Figure 11. Treatment with epigenetic modifiers in HeLa d2eGFP-miRE mock cells 
partially rescues transgene expression. A. Representative merged mCherry and GFP 

fluorescence images of HeLa d2eGFP miRE mock clonal cells (clone 3) cultured with 1 
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µg/ml Doxycycline and treated with different concentrations of 5’ Azacytidine or B. 
Trichostatin A (TSA) for 48 h or 72 h. Scale bars: 100 µm C. Flow cytometry quantification 

of the percentage of double mCherry-GFP positive cells after treatment with 5' Azacytidine 

and D. TSA represented as mean values ± SD (n=3, isogenic clones). NA: not applicable. 

two-way ANOVA followed by a multiple comparison Bonferroni test using untreated cells as 

the reference sample (* p<0.05).  

3.1.1.4 rtTA overexpression in a safe harbor locus rescues miRE expression  

Next, to test whether the rtTA is responsible for the observed mosaicism, the effect of 

overexpressing rtTA in another genome locus was evaluated. 

To that end, the rtTA3G gene was integrated into the ROSA26 locus (rtTA3GROSA26), a 

genomic safe harbor locus, of HeLa d2eGFP miRE cells showing bimodal Tet-dependent 

gene expression (Figure 12). 

 

Figure 12. rtTA3G rescue in the safe harbor locus ROSA26 of HeLa d2eGFP miRE 
cells. Workflow for targeting the ROSA26 locus of HeLa d2eGFP-miRE mock and miRE 

d2eGFP cells using CRISPR/Cas9 to provide the rtTA3G to the Tet system in trans.  5’ HA 

and 3’ HA (5’ and 3’ homology arm), Neo (neomycin resistance cassette) and CAG (CMV 

enhancer, chicken beta-Actin promoter and rabbit beta-Globin splice acceptor site). 

After selection with neomycin, rtTA3GROSA26 rescued cell pools showed highly 

homogeneous mCherry expression when cultured with DOX for 3 days (Figure 13 A,B). 

In addition to reporter gene expression, the phenotype in rtTA3GROSA26 rescued cells 

showed miRE specific functionality in 97.8 ± 0.3% and 96.2 ± 1.7% of the cells, for miRE 

mock and miRE d2eGFP, respectively (Figure 13 B). This increase was statistically 

significant in both cell lines as compared with non-rescued cells (Figure 13 C).  



RESULTS 

 84 

In contrast to the rtTA3 included in the Tet-all-in-one vector, the rtTA3G used in these 

rescue experiments, also known as third-generation rtTA, has three aminoacidic 

modifications: G12S, F67S and R171K. These modifications increase rtTA sensitivity to 

the DOX effector, thereby resulting in a higher transcriptional activity (101). To rule out 

the possibility that the enhanced transcription activation is due to the intrinsic higher 

rtTA3G affinity for the Tet promoter, a comparative rescue experiment was performed. 

First, the rtTA3G was replaced by the rtTA3 gene in the Tet-all-in-one vector in order to 

keep the genetic context identical. Then, like in the previous experiment, HeLa d2eGFP 

miRE mock cells were genetically modified either with rtTA3 or rtTA3G in the ROSA26 

safe harbor locus (Figure 14 A). 

 

Figure 13. Overexpression of rtTA3G in the ROSA26 locus rescues transgene 
expression in selected pools that previously exhibited bimodal expression. A. 
mCherry and GFP expression in HeLa d2eGFP miRE mock and miRE d2eGFP cells after 

3-day DOX treatment.  Left: expression in unmodified cells (-rtTA); right: expression in cells 

overexpressing the rtTA3G in the ROSA26 locus (+rtTA3GROSA26). Cas9n: Cas9 nuclease. 
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Scale bars: 100 µm. B. Representative flow cytometry plots of HeLa d2eGFP-miRE mock 

and d2eGFP cells with or without rtTA3GROSA26 overexpression. C. Flow cytometry 

quantification of the percentage of mCherry positive cells in three independent experiments 

represented as mean values ± SD (n=3). Statistical differences between -rtTA and + 
rtTA3GROSA26 were analyzed using a paired t-test for each cell line (* p<0.05 ** p<0.01). 

Both rescue strategies led to a significant increase in the percentage of mCherry 

expressing cells as compared with cells in the -rtTA group. As assessed by flow 

cytometry, the nature of rtTA protein did not affect the overall rescue efficiency, as both 

rtTA3ROSA26 and rtTA3G led to 96.8 ± 0.9% and 98.4 ± 0.3% of mCherry-expressing cells 

for rtTA3 and rtTA3GROSA26, respectively (Figure 14 B,C). Finally, both rescue strategies 

were highly reproducible as evaluated by the small variations between replicates (Figure 
14 B,C). Therefore, delivery of Tet system elements in separate constructs fully restored 

Tet promoter-driven gene expression, thereby reverting mosaicism. 

 

Figure 14. Both rtTA3ROSA26 and rtTA3GROSA26 can rescue transgene expression in 
bimodal cell populations when delivered in another genome location.  A. Workflow for 

targeting the ROSA26 locus of HeLa d2eGFP-miRE mock cells using CRISPR/Cas9 to 

provide either the rtTA3 or the rtTA3G to the Tet system in trans. B. Representative flow 

cytometry plots of HeLa d2eGFP-miRE mock and d2eGFP cells without (-rtTA) or with rtTA3 
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in the ROSA26 locus (+rtTA3ROSA26) or rtTA3G (+rtTA3GROSA26) overexpression in trans after 

transgene expression induction with DOX. C. Flow cytometry quantification of the 

percentage of mCherry positive cells in three independent experiments represented as 

mean values ± SD (n=3). Statistical differences were analyzed using a one-way ANOVA 

followed by a multiple comparison Bonferroni test (**** p<0.0001). 

3.1.1.5 rtTA3G overexpression in trans led to sustained Tet promoter-
mediated expression during subculturing 

To test whether the recovery of Tet promoter-mediated expression was stable over cell 

division, clonal cell lines were generated from HeLa d2eGFP miRE mock rescued with 

rtTA3G (+rtTA3GROSA26) and compared to clones derived from polyclonal cells before the 

rescue experiment (-rtTA cells). Transgene expression was analyzed in isogenic cells at 

passage 3 (low passage) and passage 13 (high passage) after treatment with DOX for 3 

days. Each isogenic cell line derived from pools rescued with rtTA3GROSA26 showed 

homogeneous mCherry expression, reaching a mean average of 96.8 ± 2.7% mCherry-

GFP positive cells (Figure 15).  

 

Figure 15. rtTA3G overexpression in trans led to sustained Tet promoter-mediated 
expression during subculturing. Flow cytometry quantification of the percentage of 

mCherry-GFP positive cells in isogenic clones derived from HeLa d2eGFP miRE mock cells 

(-rtTA, left) and HeLa d2eGFP miRE mock rescued with rtTA3GROSA26 (+rtTA3G ROSA26, right) 

at low and high passage, cultured with DOX: doxycycline, Puro: puromycin and Neo: 

neomycin. Each dot represents an isogenic clone, bars display mean values ± SD (n=9 

clones). A two-way ANOVA followed by a multiple comparison Bonferroni test showed no 

statistical differences between low and high passage for any groups.  
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Furthermore, homogeneous expression was sustained for at least 13 passages after 

clonal isolation as assessed by an average expression of 97.1 ± 3.7% mCherry-GFP 

positive at high passage (Figure 15). Importantly, sustained selection with antibiotics was 

not required to achieve that figure, which is crucial for application in highly sensitive cells 

(Figure 15). In contrast, out of 9 isogenic cells in the -rtTA group only 3 showed over 75% 

mCherry-GFP positive cells, 4 clones exhibited bimodal expression at low passage, and 

2 clones revealed less than 10% mCherry-GFP expressing cells (Figure 15). 

Interestingly, the average percentage of mCherry-GFP positive cells did not improved 

when -rtTA cells were cultured under continuous selective pressure with puromycin (46.1 

± 40.2% versus 48.9 ± 40.1%, respectively) (Figure 15). Based on these data, the two-

vector Tet system leads to a more robust and stable inducibility in the majority of isogenic 

clones as compared with the single vector system.  

3.1.2 Two-vector Tet-system in hiPSC 

In view of the previous results, Wnt modulation experiments in hiPSCs were conducted 

in the OPTi-OX® cell line, a commercially available hiPSC line that constitutively 

expresses rtTA3G in the ROSA26 locus under the control of the CAG promoter, hereafter 

named hiPSC-rtTA (93). 

To analyze the miRE functionality in this cell platform, the Tet promoter-mCherry-miRE 

gene unit was transferred to the AAVS1 safe harbor locus of hiPSC-rtTA cells using zinc-

finger nucleases (ZFN) (Figure 16). In these experiments, miRE mock and miRE 

targeting the canonical Wnt signaling pathway mediator β-catenin (miRE β-cat) were 

used. After puromycin selection, isogenic cell lines were isolated, expanded and 

genotyped (Figure 17 A). 

 

Figure 16. Knockdown of β-catenin in hiPSC-rtTA cells using miRE technology. 
Workflow to engineer hiPSC-rtTA cells with the Tet promoter controlling miRE expression in 

the AAVS1 locus using zinc-finger nucleases (ZFN). 
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All the genotyped clones despite miRE mock clone 2 were heterozygous for Tet promoter-

mCherry-miRE gene (Figure 17 B). hiPSC-miRE mock clones 1, 3, 5, and miRE β-cat 

clones 5, 6, and 7 were used for the experiments in this thesis. Finally, differences in 

mCherry reporter expression between heterozygous and homozygous clones were 

shown by flow cytometry, thereby validating the genotyping strategy (Figure 17 C).  

  

Figure 17. Genotypic and phenotypic characterization of hiPSC isogenic lines. A. PCR 

genotyping strategy. Figure adapted from (93). The amplicons for the different genotyped 

reactions are indicated as locus PCR, 5’INT, 3’INT and 3’BB. GSH-prom: genomic safe 

harbor promoter.  B. Results of genotyping PCR of 4 miRE mock clones and 6 miRE β-cat 

clones. Plasmid (PL) and water (H2O) are the control samples. Below, HET and HOM 

indicate whether the clones are heterozygous or homozygous, respectively. Clones marked 

with an asterisk (*) were used for the experiments shown in this thesis C. mCherry 

expression after 3 days DOX treatment in homozygous and heterozygous miRE mock clones 

as shown by flow cytometry on live cells. Scale bars: 100 µm. 

 

 



RESULTS 

 89 

3.1.2.1 Transgene expression characterization in hiPSC 

Induction of gene expression in clonally expanded heterozygous cell lines showed 

homogeneous reporter mCherry expression in all cells and correlated with miRE 

functionality in terms of β-catenin knockdown efficiency (Figure 18 A,B). Interestingly, 

miRE β-cat showed less reporter gene expression. Also, miRE mock cell lines had a lower 

β-catenin baseline expression (Figure 18 B). In this configuration, a single copy of miRE 

β-cat led to 85% total β-catenin reduction after 4-day doxycycline treatment (Figure 18 

C).  

In order to apply this conditional expression system during hiPSC differentiation, the 

kinetics and reversibility were analyzed. To that end, mCherry and β-catenin expression 

were monitored in hiPSC miRE β-cat isogenic lines during DOX treatment and 

subsequent withdrawal. Decreased mCherry expression and increased total β-catenin 

protein revealed that miRE β-cat induction was fully reverted 4 days after DOX withdrawal 

(Figure 18 D, red and green histograms, respectively). Total β-catenin peaked at day 5 

corresponding to 1.85-fold baseline β-catenin expression. Thereafter, β-catenin 

expression fluctuated from 1- to 1.85-fold as compared to day -4 and showed a 

decreasing trend towards baseline expression by day 9 (Figure 18 E). 
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Figure 18. Induction and reversibility of Tet promoter-driven miRE expression in 
hiPSC-rtTA.  A. Representative images of wild type (WT) and clonal engineered cells 

showing mCherry expression after 4-day doxycycline treatment (1 µg/ml). Scale bar: 100 

µm B. Representative flow cytometry plots on fixed cells at day 4 of dox-treatment, co-

stained for β-catenin and mCherry C. Quantification of the β-catenin knockdown efficiency 

percentage by subtraction of Alexa Fluor 488 mean fluorescence intensity (A488 MFI) in 

DOX-treated cells from untreated (-DOX) controls, divided by A488 MFI in -DOX controls 

multiplied by 100  (n=3 clonal cells). Unpaired t-test showed significant differences between 

miRE mock and miRE β-cat (*** p<0.001). D. Representative flow cytometry histograms of 

a time course analysis of mCherry expression (live measurement, left) and β-catenin 

expression (stained on fixed cells, right) during transgene expression induction with 

doxycycline, day -4 to day 0, and subsequent endogenous β-catenin expression recovery, 

day 0-9, after doxycycline withdrawal E. Quantification of β-catenin-A488 and mCherry MFI 

as a percentage of maximal baseline and maximal induction fluorescence, respectively  
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(day -1 for mCherry and day -4 for β-catenin). Represented as mean values ± SD (n=3 clonal 

cells).  

3.1.2.2 Induction of miRE expression during cardiomyocyte differentiation 
in vitro 

The modulation of Wnt/β-catenin is central and sufficient to drive cardiac lineage 

specification of hiPSC in vitro. Firstly, the WNT-on-state is necessary to induce mesoderm 

cell commitment, followed by a WNT-off-state to further modulate differentiation of 

mesoderm cells into CMs. The exogenous modulation of this pathway is usually brought 

by using small molecule inhibitors such as CHIR to inhibit GSK3β, protein involved in 

destruction of β-catenin the Wnt master mediator, leading thus to a WNT-on state. 

Thereafter, IWR-1, which stabilizes the β-catenin destruction complex, is usually used to 

temporarily induce the WNT-off state needed for terminal differentiation into CMs. 

Consequently, it was hypothesized that miRE mediated knockdown of β-catenin could 

potentially promote differentiation of cardiac mesoderm cells into CMs following the same 

mechanism as IWR-1.  

To determine the optimal DOX treatment window to induce sufficient β-catenin silencing 

and promote CM differentiation in mesoderm cells, hiPSC-miRE β-cat cells were 

differentiated into cardiac mesoderm cells and cardiac induction was brought by 1 µg/ml 

doxycycline treatment for 2, 3 or 4 days instead of IWR-1 (Figure 19 A). At day 11, 

quantification of cTNT positive cells showed a correlation between cTNT positive cells 

and treatment length (Figure 19 B). A 4-day-DOX-treatment was sufficient to achieve the 

same differentiation efficiency as in the control group (14.25 ± 3.5% and 13.6 ± 2.3% 

cTNT positive cells, respectively) (Figure 19 B). 
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Figure 19. Doxycycline incubation time titration to induce CM differentiation in hiPSC-
miRE β-cat-derived mesoderm cells. A. Schematic overview of the different groups and 

differentiation procedures. B. Quantification of the percentage of cTNT positive cells 

measure by flow cytometry and represented in means ± SD (n=2).  

To analyze the specificity of miRE β-cat, clonal hiPSCs miRE mock and miRE β-cat cells 

were differentiated into mesoderm cells and divided into 3 groups for further differentiation 

towards CMs: (i) untreated group (-DOX), (ii) treated with doxycycline for 4 days (+DOX) 

and (iii) treated with IWR-1 for 2 days (CTRL). Successful induction of miRE expression 

after DOX treatment during in vitro differentiation was confirmed by the residual presence 

of mCherry positive cells at day 11, 4 days after DOX withdrawal (Figure 20 A). 

Interestingly, beating cell sheets were observed in all groups including the -DOX group 

(Figure 20 A). In addition, all hiPSC-miRE mock groups differentiated more efficiently 

into CMs, 82.95 ± 5.75%, than hiPSC-miRE β-cat, 10.85 ± 7.95% cTNT positive cells at 

day 11 in the CTRL group (Figure 20 B,C). Although no statistically significant 

differences were detected, DOX treatment in miRE β-cat led to an average 2.74-fold 

increase of cTNT positive cells at day 11 as compared with -DOX group, and this was 

similar to the 2-fold increase in the CTRL group. In contrast, mock controls did not show 

doxycycline-dependent differences in the percentage of cTNT positive cells as the fold 

change was approximately 1 in +DOX compared with the 1.43-fold reported in the CTRL 

group (Figure 20 B,C,D). Of note, cTNT mean fluorescence intensity was conserved 

across groups at day 11, indicating a similar degree of CM maturity in all groups and cells 

(Figure 20 B). Therefore, although the lower differentiation efficiency of cells harboring 

the miRE β-cat requires further investigation, conditional β-catenin silencing increases 

the conversion rate of mesoderm cells into cTNT positive cells by nearly 3-fold as 

compared with untreated cells. 
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Figure 20. Inducible Wnt signaling inhibition leads to an increase of cTNT positive 
cells in doxycycline-treated hiPSC mirE β-cat cells as compared with non-treated 
controls.  A. Representative pictures of miRE mock and miRE β-cat hiPSC lines at day 11 

of cardiomyocyte differentiation showing beating cell sheets in different conditions: 

untreated (-DOX), doxycycline-mediated (+DOX) and small molecule or IWR-1-mediated 

(CTRL). Scale bars: 100 µm B. Scatter plots of cTNT-APC stained cells at day 11 of 
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differentiation. C. Flow cytometry quantification of the percentage of cTNT positive cells in 

biological replicates, shown as mean ± SD (n=3, different clones). D. Relative percentage 

of cTNT positive (cTNT+) cells normalized to -DOX baseline control shown as means ± SD 

(n=3). Two-way ANOVA followed by Bonferroni multiple comparison test showed no 

statistical differences between +DOX and CTRL groups when compared with -DOX (ns, 

p>0.05). 
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3.2  Expandable Sca-1-positive cardiac progenitor-like cells 
from hiPSCs 
In the previous chapter, the idea of inducing differentiation after cardiac mesoderm 

differentiation was explored with the aim of promoting CM differentiation in this multipotent 

cell population. However, it was shown that cells that have initiated differentiation into 

mesoderm cells tend to spontaneously differentiate into fetal-like beating CM in vitro. This 

phenomenon represents one of the main challenges when establishing protocols to 

generate de novo CPCs from hiPSCs (70). 

In this chapter, it was hypothesized that a well-characterized non-beating human 

cardiomyocyte progenitor cell population based on Sca-1 expression (hCMPC) could be 

isolated from hiPSCs undergoing differentiation to CMs. Also, the proliferative and 

cardiomyogenic potential of the hiPSC-derived hCMPC (iCPCSca-1) was assessed. 

3.2.1 Determining the optimal cardiac progenitor isolation time 

hiPSCs can recapitulate cardiac development in vitro and thus represent a source of 

potentially expandable CPCs. To determine the optimal time for hCMPC-like cell isolation, 

gene expression of second heart field cardiac progenitor markers such as GATA4,  

NKX 2-5, and Isl-1 was monitored from day 0 to day 6 of in vitro CM differentiation. 

Expression of these markers occurred in two waves: first, GATA4 and Isl-1 expression 

started at day 5 and was further upregulated at day 6, followed by cardiac specification 

as shown by NKX 2-5 upregulation at day 6 (Figure 21 A,B). hCMPCs isolated from 

human fetal hearts were used as reference cells. These cells technically are an 

independent CPC population from Isl-1 CPC but express NKX 2-5 and GATA-4 (Figure 
21 B). Based on this gene expression pattern, hCMPC-like cells are expected to occur 

between day 5 to 6 of CM differentiation. 
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3.2.2 Differentiation protocol and expandability of the isolated cells 

As mentioned before, one of the reported challenges in obtaining hCPC-like cells from 

hiPSCs is to slow down the very rapid transition from mesoderm cells to beating CMs. 

Here, a protocol to hinder CM differentiation by sequentially withdrawing cardiac 

differentiation inducing factors while adding cardiac progenitor supportive medium was 

tested in three independent hiPSC lines. Firstly, cells were differentiated into mesoderm 

cells using the previously described cardiomyocyte differentiation protocol. Based on the 

onset of GATA4 and NKX2-5 expression, differentiation was hindered for 2 days at day 

3, 4, 5 and 6 of differentiation. After two days, Sca-1 cell isolation was subsequently 

performed using MACS (Figure 22). Only the Sca-1 fraction isolated at day 4 (early) and 

day 5 (late) showed proliferative capacity and were, thus, selected for further 

experiments.  

Flow cytometry analysis after MACS showed that although heterogeneous, the isolated 

Sca-1 positive fraction, hereafter named induced cardiac progenitor based on Sca-1 

expression (iCPCSca-1), contains smaller and less complex cells than the unbound or flow-

Figure 21. Gene expression of cardiac progenitor markers during hiPSCs 
differentiation to cardiomyocytes. A. Schematic overview of the intermediate cells 

during hiPSC differentiation into cardiomyocytes and specific markers used to identify 

them. B. Time course real-time PCR analysis of GATA4, NKX 2-5 and Isl-1 depicted as 

delta Ct values normalized to GAPDH (n=3, technical replicates). hCMPCs: fetal Sca-1 

positive cardiomyocyte  progenitor cells. This data was kindly provided by Janita Maring. 
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through fraction (FT) (Figure 23 A). Both early and late iCPCSca-1 showed a non-beating 

phenotype and heterogeneous morphology at passage 0. In turn, FT contained a mixed 

population of cells that included beating CM clusters also in the early group, wherein 

beating cells were not abundant before MACS (Figure 23 B).  

 

Figure 22. iCPCSca-1 differentiation protocol. Schematic overview of iCPCSca-1  

differentiation protocol day by day. Within the dashed square detailed scheme of the 
magnetic cell sorting (MACS) strategy followed to isolate the bound fraction (iCPCSca-1) and 

the unbound fraction or flow-through (FT) for each timepoint. CHIR: CHIR99021, FT: Flow-

through.  
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Figure 23. Differentiation protocol and Sca-1 positive fraction isolation strategy.  
A. Flow cytometry superimposed forward, and side scatter plots of iCPCSca-1 (black dots) 

and flow-through cells (FT) (grey dots) isolated at day 6 (iCPCSca-1 early) and day 7 (iCPCSca-

1 late) of differentiation. B. Representative pictures showing the morphological 

characteristics of differentiated cells before and iCPCSca-1 and the FT after MACS, 4 and 3 

days after sorting, for early and late groups, respectively. Yellow asterisks (*) indicate 

beating clusters. Scale bars: 100 µm 

After isolation, early and late iCPCSca-1 were cultured in hCMPC medium with fibroblast 

growth factor 2 (FGF-2) to induce cell growth for three passages as described for isolated 

hCMPC from fetal hearts (80). To analyze the effect of FGF-2 on cell growth after three 

passages, iCPCsSca-1 were cultured with or without FGF-2 for three days and counted 

daily. Cell growth curves showed no difference between both groups, and thus cells were 

expanded without FGF-2 after passage 3 (Figure 24).  

Both early and late iCPCSca-1 were expanded for at least 10 passages without FGF-2 and 

showed a stable and similar morphology as hCMPC (Figure 25 A, B). The proliferation 

capacity was monitored by calculating the population doubling time (PDT) during 10 

passages. The PDT remained constant in all iCPCSca-1 groups until passage 10, when it 

was 49 ± 9.1 and 43.8 ± 15.2 h for early and late iCPCSca-1, respectively. In contrast, both 

early and late FT cells showed recurrent fluctuations and a higher average PDT than 

iCPCSca-1 (Figure 26 A).  
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Figure 24. Effect of FGF-2 in the proliferation of iCPCSca-1. Cell counts of iCPCSca-1 

cultured with or without FGF days after passaging represented as means ± SD (n=2, 

technical replicates).  

 

Figure 25. iCPCSca-1 morphology during subculture. A. Representative brightfield 

pictures of induced cardiomyocyte progenitor cell based on Sca-1 expression (iCPCSca-1) 

early and late cells at different passages (0, 5 and 10) B. Brightfield pictures of human fetal 

cadiomyocyte progenitor cells (hCMPCs) and human cardiac fibroblasts (hCF) at passage 

11. Scale bars: 50 µm 

In addition, when compared to fetal hCMPCs (31.5 ± 6.5 h) and human cardiac fibroblasts 

(hCF) (8.5 ± 1.6 h) at matched passage, i.e., passage over 10, both early (62 ± 39.1 h) 

and late iCPCsSca-1 (50 ± 35.9 h) had a higher PDT (Figure 26 B). Yet, these differences 

were not statistically significant. Notably, PDTs in iCPCSca-1 were more variable as seen 

by high standard deviations between the biological replicates. Next, cumulative 

population doublings showed that late iCPCSca-1 had a higher proliferative potential than 

early iCPCSca-1 as assessed by comparing the PDT slopes i.e., proliferation rate (Figure 
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26 C). The overall cumulative population doublings were 33 and 39.14 for early and late 

iCPCSca-1, respectively (Figure 26 C). 

 

Figure 26. Characterization of iCPCSca-1 and FT proliferative potential. A. Population 

doubling time (PDT) in hours of early and late iCPCSca-1 and the correspondent flow-through 

fraction (FT) during subculturing for 10 passages after isolation. PDT calculation is done 

after passage 2 when proliferation has already been induced by FGF-2. (n=2-3, different 

hiPSC donors). B. Population doubling time (PDT) average of early iCPCSca-1, late  

iCPCSca-1, hCPCs and hCFs at matched passages (n= 3). One-way ANOVA showed no 

statistical differences. C. Cumulative population doubling comparison between early and 

late iCPCSca-1 for 15 passages after isolation (n=3, hiPSC donors). Linear regression test, 

slopes are significantly different.  
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3.2.3 Phenotypic characterization 

3.2.3.1 Immunophenotype 

Mirroring development, iCPCsSca-1 are derived from the mesodermal germ layer during in 

vitro differentiation of hiPSCs. To discard the presence of other mesoderm-derived 

populations such as hematopoietic or endothelial progenitor cells, the immunophenotype 

of iCPCSca-1 was characterized during subculturing.  

Flow cytometry analysis confirmed that iCPCsSca-1 did not express endothelial or 

hematopoietic progenitor markers, such as CD34 and CD45 positive cells, respectively 

(Figure 27 A, B). This trend was conserved during cell expansion. In addition, the 

expression of Endoglin (CD105), considered a cell surface hCMPC population marker 

(80), while sparse and heterogeneous at low passages was acquired during subculturing, 

and became predominantly expressed at high passages (Figure 27 A,B). Interestingly, 

the same trend was observed in the FT cells (Figure 27 C). In addition, FT groups were 

similarly free from other mesoderm progenitors, suggesting that most of the cells had 

committed to the cardiac mesoderm lineage by the isolation day (Figure 27 C).  
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Figure 27. Immunophenotypic characterization of the iCPCSca-1 at different passages.  
A. Representative histograms of iCPCSca-1 early cells stained for CD34, CD45, and CD105 

at different passages, 0, 5 and higher than 15, as well as hCMPC at passage 11. Dashed-

lined histograms are unstained controls and numbers indicate the percentage of positive 

cells. B. Quantification of the percentage of iCPCSca-1 positive cells and hCMPCs for each 

cluster of differentiation, CD34, CD45 and CD105 during subculturing at passages 5, 

passage 10-15 for iCPCs and passage 15-20 for hCMPCs, the control cells (n=3 biological 

replicates). C. Quantification of the percentage of flowthrough CD34, CD45 and CD105 

positive cells during subculturing at passage 5 and 10-15. (n=2 biological replicates). Values 

are represented as means ± SD.  

3.2.3.2 Cardiac signature   

To discern whether these highly proliferative iCPCSca-1 were committed to the cardiac 

lineage, the expression of cardiac troponin I (cTNI) and NKX 2-5 was analyzed. cTNI is a 

structural cardiac regulatory protein that control the calcium mediated interaction between 

actin and myosin (102). In turn, NKX 2-5 is a transcription factor expressed by early 

cardiac progenitor cells during embryogenesis that continues to be expressed in the heart 

during adulthood (103).   

cTNI was uniformly expressed across donors and was comparable to hCMPCs (Figure 
28 A). In contrast, different NKX 2-5 expression levels were found in iCPCSca-1 in a donor 

and time-dependent fashion (Figure 28 B). Interestingly, donor A-derived late iCPCSca-1 

showed higher expression of NKX 2-5 in early cells as compared with late cells. Donor B-

derived iCPCSca-1 were NKX2-5 positive in early and late, and only late iCPCSca-1 were 

NKX2-5 positive in donor C (Figure 28 B).  
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Figure 28. Cardiac troponin I and NKX 2-5 expression in iCPCSca-1 and hCMPC. A. cTNI 

(red) merged with DAPI (blue) in iCPCSca-1 early and iCPCSca-1 late from different hiPSC 

donors (A,B and C) at passage 5 and fetal hCMPCs passage 11. B. NKX 2-5 expression 

(green) and NKX 2-5 merged with DAPI (blue). Scale bars: 50 µm 

3.2.4 Cardiomyogenic potential  

The ability to differentiate into cardiac cells is a hallmark of cardiac progenitor cells. To 

discern whether iCPCSca-1 differentiate into CMs, undifferentiated iCPCSca-1 and hCMPC 

cells were cultured with cardiomyocyte differentiation medium (CDM). Since previously 

frozen iCPCSca-1 were used for this experiment, the expression of cardiac progenitor 

markers was quantified before differentiation to corroborate that hCMPC-like phenotype 

was maintained. The majority of cells preserved an hCMPC-like phenotype as seen by 

83.7 and 92.6% cTNI positive cells in iCPCsSca-1 and hCMPCs, respectively (Figure 29 

A,B). In addition, 15.1% of iCPCSca-1 and 30.5% hCMPC were NKX 2-5 positive (Figure 
29 C,D). 
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Figure 29. Quantification of cardiac progenitor markers in thawed cells. 
A. Representative pictures of iCPCSca-1and hCMPCs stained for cardiac troponin I (red), 

CellMASk (blue) and both (merge) at passage 6. Scale bar: 100 µm. B. Quantification of 

cTNI positive cells is represented as mean values ± SD (n=3 donors for iCPCSca-1 and n=1 

for hCMPC). C. Representative pictures of iCPCSca-1and hCMPCs nuclei stained for NKX 2-

5 (green) and merged with DAPI (blue) after thawing. Scale bar: 20 µm. D. Quantification of 

NKX 2-5 positive nuclei represented as mean values ± SD (n=3 donors for iCPCSca-1 and 

n=1 for hCMPC).  

In order to stimulate cardiomyogenesis, iCPCSca-1 and hCMPC were shortly cultured in 

CDM for 3 days and kept in cardiomyocyte maintenance medium (CMM) without induction 

factors for 11 days. Interestingly, a lot of cell death was observed during day 2 and 3 after 

CM differentiation induction (data not shown). Remarkably, this phenomenon was not 

compensated by cell proliferation after differentiation induction and generally led to 

scarcely populated wells by the experiment endpoint. After 14 days of differentiation, 



RESULTS 

 106 

analysis of cell morphology using CellMask revealed that donor B and C-derived iCPCSca-

1 had significantly enlarged after culture in CDM similarly to hCMPCs and were as big as 

hiPSC-derived CMs (hiPSC-CMs) (Figure 30 A,B,C). In contrast to hCMPCs, all iCPCSca-

1 lines showed increased α-actinin expression at day 14 as compared with day 0. The 

latter was significant in donor B and C (Figure 30 A,D). Despite α-actinin fluorescent 

intensity in iCPCsSca-1 was comparable to hiPSC-CMs cultured in CMM, no presence of 

beating cells nor CM-specific striated sarcomere structures were detected in iCPCsSca-1 

after cardiomyogenic induction (Figure 30 B). 

 

Figure 30.  Analysis of iCPCSca-1 and hCMPC cardiomyocyte phenotype upon culture 
in cardiomyocyte differentiation medium for 14 days. A α-actinin (green) expression 

merged with DAPI (blue) in three iCPCSca-1 donors and hCMPCs before (day 0) and after 

culture in cardiomyocyte differentiation medium for 14 days (day 14). B. hiPSC-CM and 

iCPCSca-1 from donor A stained for α-actinin (green) and DAPI (blue). On the right, magnified 

images of the orange-squared area. Scale bars: 20 µm.  C. Quantification of the average 

cell area and D. α-actinin mean fluorescence intensity (MFI) of iCPCSca-1 and hCMPCs at 

day 0 (white bar) and day 14 (grey bar) of cardiomyocyte differentiation. The three different 
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iCPCSca-1 donors are indicated as “A”, “B” and “C” in the graphs. hiPSC-CMs cultured in 

cardiomyocyte maintenance medium and stained in parallel (dotted bar) were used as a 

reference value. Values are represented as mean ± SD (n=2-3 technical replicates). Paired 

t-tests were used to evaluate differences between day 0 and day 14 within each group 

(p<0.01 **, p<0.05 *, p>0.05 ns). hiPSC-CMs were not included in the statistical analysis.  
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4.1  Tet-systems: the hurdle of impaired expression  

Single vector Tet-systems are attractive for clinical applications because they simplify the 

genetic engineering process, thereby reducing time, cell stress and risks associated to 

insertional mutagenesis. However, bimodal expression of genes controlled by the Tet 

promoter was observed in a reporter cell line. Bimodal expression of transgenes is 

routinely observed in a small fraction of any genetically engineered bulk cell populations 

cultured without selective pressure. Expression of foreign genes reduces cell fitness; 

thus, it is not surprising that cells develop mechanisms to cope with the presence of 

foreign DNA. Bimodal expression is commonly attributed to epigenetic mechanisms and 

can be counteracted either by (i) continuous antibiotic selection or (ii) expansion of stable 

single cell clones (104). However, in this thesis, mCherry negative cells (non-expressing 

cells) notably represented almost half of the population. In addition, homogeneous 

expression in bulk populations could not be restored by continuous selective pressure 

and clonal expansion revealed mosaic transgene expression in genetically identical cells 

within days of expansion in selection medium. Also, continuous gene expression 

activation, often considered a strategy to prevent transgene expression loss (105), failed 

to prevent mosaicism in clonally expanded cells cultured with doxycycline (DOX) since 

transfection. All these findings suggest that the mechanism leading to bimodal expression 

is not prevented by the transgene’s chromatin environment at the moment of cell division.  

Lack of transgene expression can be due to loss of the transgene, gene silencing, as well 

as post-translational regulatory mechanisms (106). Various factors contribute to these 

phenomena ranging from: (i) nature of integration sites (107), (ii) transgene copy number 

(108), (iii) methylation in the promoter regions (109), (iv) deacetylation of histones (105), 

(v) interactions between subsequent genetic units as a result of construct design (101), 

and (vi) repeated sequences within the transgene cassettes, as for instance within the 

Tet promoter (110). All these variables underline the need to optimize the gene 

engineering strategy for each application.  

The fact that the mosaic HeLa cells are antibiotic resistant suggests that non-expressing 

cells still contain at least one copy of the transgene that confers the antibiotic resistance. 

Therefore, the lack of expression might not be uniquely attributed to transgene loss but 

most likely also partially owed to other gene regulatory mechanisms. Nevertheless, PCR 
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or genome sequencing to confirm the presence of the transgene in the genome of non-

expressing cells would be needed to experimentally corroborate this idea. 

Employing retrovirus or transposons for gene engineering leads to random insertion of 

several copies of the transgene in the target cell. Both Lentivirus and Piggybac 

transposon-mediated integration is biased toward transcriptionally active loci and should 

ensure expression due to the open chromatin nature (111–114). However, although 

mosaic expression and transgene loss have been reported for both strategies, 

transposons have been granted with a more stable gene expression reputation over cell 

division, probably due to their more random integration patterns as compared with 

lentivirus, which are highly biased to intragenic regions (111,115). Unfortunately, Tet-ON-

all-in-one integration into the genome using the Piggybac transposon system was 

insufficient to overcome the loss of expression in the HeLa reporter cell line. 

Methylation in the promoter regions and deacetylation of histones can contribute to lack 

of transgene expression. Therefore, recovery of transgene expression was analyzed in 

genetically identical cell lines showing mosaicism using epigenetic modulators. 5’ 

Azacytidine and trichostatin A (TSA) modify the entire epigenome in an unspecific manner 

by respectively preventing DNA methylation or histone deacetylation after cell division. 

These genome-wide modifications are unspecific and often lead to high cell toxicity when 

the expression of essential genes is changed, which explains the high cell death observed 

in the assay. Interestingly, 5’ Azacytidine could only partially rescue mCherry expression 

to a maximum of 50% mCherry positive cells, suggesting that methylation within the 

promoter region is not the only cause of epigenetic silencing in the analyzed clonal cell 

lines. In turn, TSA-mediated deacetylation inhibition led to a maximum of 75% mCherry 

expressing cells, suggesting that histone deacetylation might be contributing to the 

observed gene silencing. Although high cell toxicity might be masking the overall 

transgene expression recovery, none of the treatments led to full transgene expression 

recovery. In line with these results, Pankiewicz et al. showed that neither TSA nor 5’ 

Azacytidine circumvent the need for more specific cellular activators in isogenic lines 

experiencing gene silencing (106). Only targeted demethylation strategies by for 

instance, fusing the catalytic domain of Ten-eleven translocation (TET) hydroxylase 1, 

essential for cytosine demethylation, to the rtTA (TET1c-rtTA) are effective at rescuing 

expression (109). Unfortunately, this strategy does not offer a definitive solution as 

constant TET1c-rtTA expression must be sustained to preserve expression. All in all, 
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epigenetic arrays on isogenic clones are imperative to confirm the role of epigenetics in 

the loss of transgene expression in our cells. To prevent DNA methylation-mediated 

silencing, CpG-depleted Tet promoters or insulator sequences might be alternatives to 

reduce the impact of DNA methylation in the transgene expression stability. In turn, less 

cytotoxic strategies are needed to prevent histone deacetylation as treatment with TSA 

fails to recover transgene expression in concentrations that preserve cell integrity. 

Apart from epigenetics, construct architecture can influence the transactivation ability 

(116). Consequently, several groups have studied the optimal promoter combinations and 

orientations to provide rtTA and Tet elements in single vectors while ensuring minimal 

disturbance amongst units and thus the highest gene expression induction. For instance, 

Kang et al. showed that promoters oriented in opposite directions lead to the highest Tet 

promoter transactivation in Tet-ON all-in-one vectors with PGK-mediated rtTA 

expression. Instead, expression cassettes in the same orientation lead to higher Tet 

promoter leakiness (101). Moreover, distinct degree of mosaicism and level of expression 

of the Tet promoter have been reported regardless of the direction of transcription relative 

to an endogenous promoter (109). While no obvious leaky expression was observed in 

our cells, the negative effect of subsequent promoters oriented in the same direction 

cannot be ruled out. To understand whether the construct architecture was affecting Tet 

promoter activity or rtTA availability, the effect of overexpressing rtTA in a different 

genomic locus was analyzed. Interestingly, cells rescued with either rtTA3 or rtTA3G 

showed gene expression recovery in over 95% of the cells previously showing bimodal 

expression. This is in contrast with previous reports suggesting that rtTA molecules are 

not the limiting factor for expression because they are no longer able to access DNA-

binding sites at the closed chromatin locus of cells that have undergone transgene 

silencing (106). The main difference with Pankiewicz et al. rescue experiments is that 

they pre-select clones in which the loss of expression mechanism is clearly due to 

epigenetic silencing, i.e., same number of transgene copies in the genome but loss of 

transgene expression. The authors showed that this stage can only be reverted in a 

biphasic process requiring the collaboration of transcription factors that remodel 

chromatin with others that subsequently act to activate transcription in the transgenic cells 

(106). However, based on the effect of 5’ Azacytidine on the recovery of gene expression, 

it is unlikely that bimodal expression in our cells is purely driven by methylation of the Tet 

promoter. Moreover, different phases of epigenetic gene expression repression are 
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characterized by different combinations of DNA/histone modifications, such as DNA 

methylation, histone acetylation / methylation / phosphorylation / ubiquitination / 

sumoylation. Therefore, it is speculated that within a polyclonal cell population different 

non-expressing cells show distinct intermediary stages of chromatin packaging. In that 

case, some of these cells might not require the full action of epigenetic modulators before 

they can respond to an excess of rtTA, thereby shifting to an active chromatin state and 

activating transgene expression.  

In addition, clonally expanded rtTA3G rescued cells maintained the homogeneous 

transgene expression over subculturing while only a low percentage of the isogenic cell 

lines with the Tet-ON single vector showed high percentage of mCherry expressing cells. 

Therefore, high expression levels could be achieved using Tet-all-in-one vectors but only 

in a low percentage of isogenic cells, while the two-vector Tet-system led to stable 

transgene expression in a higher number of clonal cells. 

Based on these results, it is likely that the observed mosaic expression using the Tet-ON-

all-in-one vector is not due to transgene loss, or neighboring chromatin context but is 

instead triggered by construct architecture. Nevertheless, detection of rtTA protein as well 

as characterization of methylation status of the Tet promoter in non-expressing HeLa cells 

before rtTA rescue are crucial experiments to fully understand the mechanisms leading 

to impaired gene expression in Tet-ON all-in-one vectors. 

Remarkably, experiments in hiPSC lines using the two-vector Tet system further 

supported the construct architecture hypothesis. Isogenic hiPSC lines with a single copy 

of the transgene in the AAVS1 locus showed intact mCherry expression and miRE 

functionality after several passages without selective pressure as well as during CM 

differentiation. Poor discrimination of mCherry positive and negative populations 

observed during flow cytometry experiments is most likely due to mCherry quenching 

during fixation and permeabilization of cells before intracellular staining of β-catenin. This 

is further supported by a better negative-positive-population discrimination in the kinetics 

experiments wherein mCherry is measured in live cells. Notably, mCherry expression was 

lower in miRE β-catenin as compared with miRE mock. Since all the isogenic cells are 

heterozygous, i.e., have a single copy of the transgene in the AAVS1 locus, these 

differences are hard to explain. Epigenetic silencing would have been suspected if the 

expression pattern followed a mosaic fashion, namely a discrete expression of mCherry. 
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However, since mCherry expression is homogeneous in all cells and β-catenin 

knockdown is high, it is suspected that different Tet promoter activation kinetics rather 

than gene regulatory mechanisms are responsible for the observed differences across 

groups. In fact, differences in Tet promoter activation onset have been reported in 

individual cells within an isogenic clonal population (117). Still, this phenomenon requires 

further investigation.   

4.2  Conditional Wnt signaling modulation to promote 
cardiomyocyte differentiation in hiPSC-derived mesoderm 
cells 

Wnt/β-catenin signaling plays a biphasic role in heart development: early Wnt activation 

stimulates mesoderm induction, and subsequent Wnt inhibition promotes cardiogenesis 

(118). Also, other signaling pathways largely depending on Wnt such as Nodal/activin 

and BMP4 signaling have been used to promote cardiogenesis in vitro (98). In this thesis, 

synthetic RNAi combined with Tet systems were used to downregulate Wnt signaling in 

the later stage of hiPSC differentiation towards cardiomyocytes (CMs). Unlike, other 

studies where this strategy was used for protocol development purposes (85), here the 

ultimate aim was to optimize a system to conditionally promote CM differentiation of the 

mesoderm cells.  

Induction of the WNT-off-stage by activation of Tet promoter-mediated expression of 

miRE β-catenin (miRE β-cat) reached the knockdown peak at day 4 of DOX treatment in 

undifferentiated cells. Consistently, induction of miRE β-cat yielded comparable numbers 

of CMs as the chemically-induced controls after 96 h of DOX induction. Notably, this 

transactivation time is 24 h longer as compared with similar induction experiments by Lian 

et al. (85). Yet, these findings are not surprising as Lian et al. used lentivirus, hence 

yielding several copies of transgene per cell, which likely shortened the time needed to 

achieve sufficient knockdown levels. In fact, our findings are consistent with expression 

patterns reported with the OPTi-OX system in homozygous clones- i.e., two copies of the 

transgene (93). Nonetheless, to harness the full Wnt inhibition potential of this strategy, it 

would be interesting to assess whether the induction time needed in this platform could 

be reduced using homozygous clones.  
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Besides, although the system showed reversibility upon doxycycline withdrawal, β-

catenin protein levels were largely affected as shown by an almost 2-fold increase in β-

catenin protein 4 days after DOX withdrawal, which was sustained for several days. 

Whether this phenomenon also occurs in differentiating cells, which might not be as 

dependent on Wnt signaling as hiPSCs, still remains to be assessed.  

Low CM differentiation efficiencies were generally observed in the miRE β-cat isogenic 

cell lines, including the control. This was particularly remarkable when compared with the 

miRE mock cells, which achieved differentiation efficiencies in all groups including -DOX 

that were similar to previously reported with this differentiation protocol (85).  

Several critical factors determine successful differentiation of hiPSC into CMs: (i) starting 

seeding cell density (94), (ii) time of expansion before differentiation and (iii) CHIR99021 

(CHIR) dose and time course (119). All of these are cell line and passage dependent. 

Because both miRE cell lines were derived from the same parental hiPSC line at the 

same time, no major differences are expected based on the cell line. However, since 

clonal cells were expanded after gene editing, it cannot be excluded that individual clones 

with distinct genetic background could have been selected from the entire cell population. 

For that reason, starting seeding density, time of expansion before differentiation, as well 

as CHIR concentrations were titrated for each individual clone. Interestingly, both hiPSC 

miRE mock and miRE β-cat clones differentiated the best with the same starting cell 

density and CHIR concentration (data not shown). In addition, whereas miRE mock 

clones showed some level of basal differentiation in the suboptimal conditions, miRE β-

cat clones did not differentiate into cTNT positive cells in any other condition. These 

observations suggest that introducing the miRE β-cat in the cells could be leading to an 

overall CM differentiation impairment.  

Wnt/β-catenin signaling is essential for the maintenance of naive embryonic stem cells 

(ESCs), yet is not necessary for stemness maintenance in ESCs, which are equivalent to 

hiPSCs (120). Although, the role of canonical Wnt signaling in stemness and self-renewal 

has been controversial, the notion that hiPSC behave like primed ESC-like cells is 

supported by the fact that Wnt signaling is not necessary for the expansion and survival 

of hiPSCs (121). In the Wnt/β-catenin signaling pathway, the role of β-catenin is central 

and crucial for the activation of genes involved in cell cycle regulation and stemness 
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(122). Also, β-catenin is a component of cell-to-cell adherent junctions connecting 

classical cadherins to the actin cytoskeleton (123). 

Notably, hiPSC miRE mock isogenic clones showed on average a lower expression of 

baseline β-catenin levels as compared with the hiPSC wildtype (WT) and miRE β-cat. 

While such scenario would be reasonable in the hiPSC miRE β-cat isogenic cell lines due 

to promoter leakiness or baseline activity of miRE β-catenin molecules, it is more complex 

to justify in the mock controls. As a result of the pleiotropic function of β-catenin, a distinct 

cell density across different cell lines at the experimental endpoint could be a rational 

explanation. It is reasonable to assume that high confluent cultures would express more 

β-catenin that will be contributing to the cell-to-cell adhesions, while lower confluent ones 

will have the opposite scenario. However, WT cultures had the same or even lower 

density that the mock controls at the endpoint. Moreover, WT cells showed β-catenin 

protein levels comparable to miRE β-cat indicating that the differences observed in total 

β-catenin protein are not influenced by the amount of β-catenin involved in cell-adhesion 

complexes. 

Loss of Wnt activity and downregulation of β-catenin protein due to prolonged cell culture 

have been associated with an increased proliferation rate in mouse ESCs, general loss 

of DNA methylation, and impaired differentiation(122). As hiPSCs miRE mock and miRE 

β-cat were derived from the same parental cell line and were no more than 2-3 passages 

apart in the differentiation experiments, the effect of prolonged culturing in the Wnt 

signaling pathway between both groups is expected to be minimal. Nevertheless, during 

regular cell maintenance miRE mock cells showed slightly higher proliferative rates and 

less spontaneous differentiation than miRE β-cat cells, which in turned usually had less 

densely packed colonies (data not shown). While proliferation rates are consistent with 

the current understanding of Wnt activity on pluripotent stem cells, discrepancies in 

differentiation efficiencies still cannot be explained.  

Activation of Wnt activity in PSCs induces mesoderm differentiation in hESCs and hiPSC 

(85,124) due to a direct transcription activation of Brachyury, a master mesoderm 

transcription factor, by β-catenin (125). In the differentiation protocol used in this thesis, 

activation of Wnt activity is exogenously promoted by CHIR, a small molecule that 

destabilizes the β-catenin degradation complex by potently inhibiting GSK3β. CHIR-

mediated differentiation is characterized by a transient high cell death followed by cell 
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recovery. Recently, Laco et al. linked the inconsistences of CHIR-mediated differentiation 

in different cell lines, clones, and passage numbers to the cell cycle state. In a nutshell, 

highly proliferative cell lines maintained in <70% confluency, with a high percentage of 

cells in S/G2/M cell-cycle experience less CHIR-induced cell death and show a better 

recovery after CHIR. These cells also require lower CHIR concentrations and efficiently 

differentiate into CMs (50-90%) (119). Although this has never been reported, based on 

the existing evidence it is fair to speculate that the Wnt signaling status of a cell, which 

correlates with proliferation rates and therefore to cell cycle, could also be a predictor of 

how efficient CHIR-mediated CM differentiation will be. In that scenario, this hypothesis 

would correlate with our findings as follows: a cell with low Wnt signaling (i.e., hiPSC 

miRE mock) with most likely a higher percentage of cells in S/G2/M cell-cycle phase- 

would react to lower CHIR concentrations and be able to recover faster due to less cell 

death and higher proliferative capacity. Instead, cells with high baseline Wnt signaling 

(i.e., hiPSC miRE β-cat) would need a higher CHIR dose sustained for a longer time in 

order to induce a significant shift in Wnt signaling and differentiate into mesoderm cells, 

yet at the expense of high cell death that they will fail to compensate for. Evaluation of 

mesoderm differentiation (e.g., quantification of Brachyury expressing cells) after CHIR 

treatment would be a key experiment to define CHIR and basal Wnt signaling as factors 

causing discrepancies in CM differentiation efficiencies.    

Spontaneous differentiation into CMs has been reported after hiPSC have committed to 

the mesoderm lineage and are kept in the basal medium (85). Interestingly, basal CM 

differentiation was observed in the –DOX groups and correlated with the differentiation 

efficiency achieved after treatment with Wnt inhibitors, highlighting the importance of 

efficient initial mesoderm conversion. As expected, subsequent inhibition of Wnt signaling 

by IWR-1 (CTRL) in both groups, miRE mock and miRE β-cat, led to an increased 

percentage of cTNT positive cells as compared with untreated controls. As expected, only 

miRE β-cat induction showed a similar fold change.  

Although the biological mechanisms leading to a lower CM differentiation potential 

observed in miRE β-cat hiPSCs still need to be understood, Tet promoter driven 

expression of miRE β-cat is a promising tool to conditionally increase the conversion of 

mesoderm cells into CMs.  
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Lastly, the two-vector Tet-ON system is not restricted to RNAis and could be used to 

conditionally overexpress genes that could be beneficial for the heart, e.g. pyruvate 

kinase muscle isoenzyme 2 to induce CM proliferation (126). A unique feature of this 

strategy is that it is directed to the therapeutic cells thereby reducing side-effects.   

4.3  hiPSC-derived expandable cardiac progenitors as an 
alternative source of cells for cardiac cell therapy 

Myocardial function is enhanced by adaptive transfer of human cardiac progenitor cells 

(hCPCs) into the injured heart (127). Typically, CPCs are isolated from heart biopsies of 

patients undergoing heart-related surgeries, expanded in vitro, and subsequently re-

injected into the patients’ heart. However, CPCs are severely impacted by co-morbidities 

and aging, which lead to an increased percentage of senescence cells, and thus limit 

CPCs’ therapeutic potential. Alternative sources are limited and ethically charged as they 

involve the use of human fetal tissue. In fact, different differentiation potentials have been 

described within the Sca-1 positive CPC population (hCMPC) depending on origin (46). 

Consequently, hiPSC have arisen as an alternative to obtain young and healthy cardiac 

progenitor cells.    

Based on the numerous reports showing that hiPSCs recapitulate early cardiac 

development in vitro, it was hypothesized that putative CPC populations such as hCMPC 

could be obtained from hiPSCs undergoing differentiation to CMs. Sca-1 positive cells 

isolated at different times during CM differentiation of hiPSC showed different proliferative 

profiles. Only cells isolated at day 4 (early iCPCSca-1) and day 5 (late iCPCSca-1) started 

proliferating shortly after isolation and continued during extended periods of subculturing. 

In agreement, cells isolated based on the C19 antigen, an alternative strategy to isolate 

hCMPC with similar characteristics to fetal hCMPCs, were isolated from day 4 until day 7 

in hESC-derived embryoid bodies (128). Interestingly, the authors did not report different 

proliferation rates between different days. Therefore, comparison of the number of 

colony-forming units between iCPCSca-1 isolated at different time points would be a 

strategy to evaluate if the observed differences are directly linked to the self-renewal 

potential of each population.  

Magnetic activated cell sorting (MACS) using an anti-Sca-1 antibody, which is feasible for 

clinical application, was the chosen strategy to isolate hCMPC-like cells from the 
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differentiating hiPSC pool. Clusters of beating cells were consistently observed in the 

flow-through fraction shortly after MACS, which were in turn more densely populated due 

to the inability to dissociate and accurately count beating clusters without compromising 

the non-beating cells survival. In contrast, the positive fraction (iCPCSca-1) contained 

predominantly non-beating cells that would proliferate shortly after isolation. Although this 

strategy is still highly controversial due to the nature of the recognized epitope (78), it 

seems to be effective at consistently isolating proliferative non-beating cells from different 

sources. In contrast to mouse cardiac development, wherein Lin negative/ Sca-1 positive 

cells were detected mainly from E17 and in postnatal hearts (82), Sca-1 expressing cells 

seem to arise very early in human cardiac development. Despite our findings correlate 

with previous reports (128), more stringent experiments based on single cell 

transcriptomics and proteomics right after isolation would be key to confirm the cardiac 

progenitor identity of iCPCSca-1. 

Based on cell counts, the isolation efficiency and thus, indirectly the differentiation 

efficiency of hiPSC into Sca-1 positive cells was estimated to be 1%. As a matter of fact, 

similar isolation efficiencies have been reported elsewhere for isolations from heart 

biopsies (79). Such low efficiency is not surprising when using heart biopsies due to high 

cell heterogeneity i.e., blood cells, endothelial cells, smooth muscle cells or CMs. Yet, if 

Sca-1 positive CPC would arise from early developmental stages as we hypothesized 

here, a higher efficiency should be expected when using hiPSCs-derived mesoderm cells, 

a comparatively pure cell population, as starting material. The relatively low isolation 

efficiencies would go in line with other reports suggesting that Sca-1 cells might be a 

small CPC subpopulation (82). It is currently accepted that developmental CPC arise from 

distinct populations marked by MESP1 expression (129). Therefore, it would be crucial to 

determine whether iCPC Sca-1 express MESP1. Since MESP1 expression has not been 

reported in adult or fetal hCMPC, expression of MESP1 in iCPC Sca-1 would point to a 

developmental origin common to other well-characterized developmental CPC 

populations such as NKX 2-5 or Isl-1. However, since hCMPCs do not express Isl-1, 

screening of Isl-1 cells in the FT cell fraction right after MACS would be key to evaluate 

whether hCMPCs originate in fact as a CPC subpopulation during hiPSC differentiation.  

Alternatively, the low percentage of Sca-1 cells at the isolation day might be affected by 

the differentiation protocol. In order to hinder CM differentiation and preventing massive 

cell death, our differentiation protocol includes a sequential medium change to cardiac 
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progenitor supportive medium for 2 days. At this given point, the CPC medium, rich in 

growth factors, is expected to reinforce CPC proliferation (130). However, this approach 

lengthens the time the putative iCPC Sca-1 are in contact with differentiating cells that might 

induce iCPC Sca-1 differentiation into CMs, thereby reducing the overall yield. In fact, direct 

C19 antigen isolation strategy led to a 20% hCMPC isolation efficiency (128). Therefore, 

direct isolation of Sca-1 positive cells at day 4 and 5 should be considered during protocol 

optimization. 

Early and late iCPCsSca-1 were expanded for 15 passages without reaching replicative 

senescence. Although donor-dependent differences were observed, late iCPC Sca-1 

exhibited an overall higher proliferative rate as compared with early iCPCSca-1. In addition, 

iCPCsSca-1 population doubling time (PDT) was comparable to hCMPCs and human 

cardiac fibroblasts (hCF) at matched passages. Interestingly, late and early iCPCSca-1 

PDTs were in the same range as previously reported PDTs for iPSC-derived CPC (73). 

Of note, early and late iCPCsSca-1 generally had a lower population doubling time as 

compared with FT cells. FT cells proliferation was fluctuating and generally marked by a 

long lag phase, most likely due to the remaining presence of non-proliferative CMs, 

followed by a short period of similar growth as the iCPCSca-1. After passage 7-9, all the 

cells showed replication arrest, as seen by persistently high PDTs (>100h). These 

findings are in line with previous reports (128) and highlight the superior proliferative 

capacity of iCPCsSca-1 as compared to FT cells under these growth conditions. Although 

the full proliferation potential of iCPCsSca-1 remains to be determined to estimate accurate 

cell yields per isolation, iCPCsSca-1 could be expanded 1011-fold by passage 15. Notably, 

iCPCSca-1 had a 10,000-fold higher proliferative capacity than previously reported 

expandable hiPSC-derived CPCs (73,75). Since those hiPSC-derived CPCs were not 

pre-sorted and, thus, represent a mixed population, these results suggest that sorting for 

Sca-1 might be selecting a highly proliferative progenitor subpopulation. However, the 

effect of serum-free medium, which is desirable for clinical translation, should be tested 

as the serum contained in the expansion medium largely influences cell proliferation. 

Besides, iCPCsSca-1 did not require Wnt, BMP and Activin/Nodal pathway modulators as 

described for other expandable de novo CPCs (73,75,131). The latter is an important 

factor for cost-effective scalability. Additionally, these cell yields would be suitable for 

clinical application as current clinical studies employing similar cell types have used 

approximately 107 cells per heart (44,63). 
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The proliferation rate and the average replicative senescence has never been 

comprehensively reported for fetal and adult hCMPCs. Goumans and colleagues have 

stated that hCMPCs can be passaged for 25 passages (80) and have shown that cells 

that have undergone >100 population doublings have a stable karyotype (28). As 

differences exist depending on the origin, fetal hCPCs exhibit higher proliferation rates 

than adult cells (46), it is intricate to make fair comparisons. A plausible comparable figure 

is the lag phase right after MACS; while hCPCs need 2 weeks to colonize a 24-well (79), 

iCPCSca-1 can be expanded after 1 week. Considering that ageing negatively affects self-

renewal, the latter figure seems reasonable.  

All in all, although the replicative senescence was not determined in this thesis, iCPCsSca-

1  could proliferate for more than 30 population doublings and yielded higher cell numbers 

than previously reported for other hiPSC-derived CPCs. Also, the average PDT of 

iCPCsSca-1 isolated from hiPSC is similar to that of fetal hCMPCs, although it was highly 

donor-dependent. 

During development, embryonic cells go through different cell fate decision-making 

processes that are guided through spatial, temporal and chemical cues. Likewise, during 

in vitro differentiation protocols, hiPSCs have to commit to different cell developmental 

stages typically guided by chemical cues added in the medium. The heart develops from 

mesoderm cells that migrate antero-laterally from the primitive streak in the embryo to 

form the cardiac crescent (55). The crescent fuses to establish the primitive heart tube in 

the midline that is patterned with anterior-posterior axis to form distinct spatial poles, 

which contain progenitors that will give rise to different regions in the adult organ. In vitro, 

after committing to the mesoderm layer, cells develop further into late plate mesoderm-

like cells that will give rise to the circulatory system including the heart, blood vessels, 

and blood cells (132). Immunophenotypic analysis confirmed the absence of lateral plate 

mesoderm-derived progenitors such as endothelial or hematopoietic progenitors in 

iCPCsSca-1. Importantly, pro-angiogenic factors present in the hCPC expansion medium, 

such as VEGF, did not stimulate endothelial lineage commitment neither at the beginning 

of cell expansion nor during subculturing. Equally crucial was to determine the absence 

of a hematopoietic progenitor cell signature (82). Interestingly, FT cells did not show 

traces of other hematopoietic or endothelial cells either, which indicates that the cells had 

committed to the cardiac mesoderm by the isolation day. Of note, expression of Sca-1 

could not be detected after isolation in any of the cells (data not shown), indicating that 
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Sca-1 expression may be lost due to cell-culture-induced phenotypical changes. 

Importantly, Sca-1 expression has only been reported in clonally expanded cells from 

adult and fetal hearts (28) but to the best of our knowledge never shown after expansion 

of Sca-1 isolated cells. 

Compelling evidence suggests that adult and fetal hCPCs experience phenotypical 

changes during subculturing that can alter their functionality (133). CD105 (endoglin) 

expression in iCPCsSca-1 was acquired during cell expansion and was homogeneously 

expressed in cells at passage 15, which correlated with fetal hCPCs at matched 

passages. Interestingly, CD105 is also uniformly expressed in cells that qualify as cardiac 

progenitor cells such as CDCs (134), Isl-1 positive cells (39), as well as adult and fetal 

hCMPCs (28). While Isl-1 positive cells co-express endoglin in human fetal hearts (42), 

whether hCMPCs and CDCs acquire endoglin as a result of subculturing has not been 

reported.  

Endoglin is a co-receptor for transforming growth factor-β (TGFβ) family members. It is 

highly expressed in vascular endothelial cells and plays a key role in vasculogenesis 

(135) and the development of the cardiovascular system (136). In cardiac tissue, endoglin 

is expressed by cardiac fibroblasts (137,138). In addition, the role of endoglin in regulating 

cardiac remodeling in heart failure and MI has recently been shown (136). A decline in 

cardiac function as a result of ischemic injury activates signaling cascades that lead to 

CM hypertrophy and cardiac fibrosis. Among these, TGFβ1 signaling is increased, 

leading to a conversion of fibroblasts into myofibroblasts that will secrete extracellular 

matrix proteins and form scar tissue (139). In fact, loss-of-function in vitro studies have 

confirmed the dependence of TGFβ1 activity on endoglin expression in cardiac fibroblasts 

(136). Interestingly, injection of human mononuclear cells with normal endoglin 

expression partially rescued adverse cardiac remodeling in mice with one copy of 

endoglin gene while mononuclear cells harboring mutant endoglin failed to do so (140). 

It has been postulated that cells expressing endoglin might be acting as traps for ligands 

of the TGFβ superfamily like it has been described for soluble endoglin molecules (136), 

thereby reducing TGFβ1-induced cardiac fibrosis. In line with this, reduced circulating 

levels of soluble endoglin are considered a predictor of short- and long-term 

cardiovascular mortality (136). This could partially explain the observed benefits of CDCs 

and other endoglin-expressing cells at improving cardiac function. However, why is 

endoglin induced during subculturing?  
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Angiotensin II, TGFβ, hypoxia- inducible factor-1, hypercholesterolemia, are factors 

known to induce endoglin expression in different cell lines (136). However, the hCMPC 

cell culture medium does not contain any of these factors, thus there is no indication that 

the culture medium could be directly stimulating the expression of endoglin. Both 

hCMPCs and CDC maintenance medium contain epidermal growth factor (EGF) and 

fibroblast growth factor 2 (FGF-2) though at different concentrations (80,141). FGF-2 may 

stimulate fibroblast proliferation (142). Remarkably, FGF-2 is also pivotal to maintain 

iPSC-derived cardiac progenitors phenotype (70,71,73,75). 

Whether the increase of endoglin expressing cells is governed by a mesenchymal 

transition, cardiac fibroblast-like overgrowth or a mere cell culture artifact remains to be 

investigated. Detection of markers associated with fibroblasts such as DDR2, FSP-1, 

PDGFR-α, periostin, CD90, vimentin, and ultimately type I collagen at low and high 

passages (142), would be crucial to determine to which extent iCPCsSca-1 and cardiac 

fibroblast phenotypes overlap as a result of subculturing. 

In fact, hCMPCs feature cardiac fibroblast-like characteristics; (i) hCMPCs display the 

typical mesenchymal proteins CD90, CD44, and CD105 (28); (ii) adult hCMPCs are more 

prone to differentiate in smooth muscle actin-expressing cells (46); (iii) hCMPCs augment 

the production of extracellular matrix and matrix metalloproteinases following TGF-β 

stimulation (143); and (iv) hCMPCs play an important role in heart repair mainly by 

paracrine and pro-angiogenic effects (144). For that reason, the expression of CM specific 

markers and the ability of iCPCSca-1 to differentiate into CMs was further investigated.  

NKX 2-5 is a highly conserved homeodomain transcription factor and a master regulator 

of cardiac development. NKX 2-5 has also a crucial role in preserving human CM identity 

and functionality (145). In turn, cardiac troponin I (cTNI) belongs to the troponin protein 

complex, where it has a structural and functional role, as it responds to calcium levels. 

Expression of NKX 2-5 and cTNI are thus indicative of cardiac signature. Undifferentiated 

iCPCSca-1 expressed NKX 2-5 and cTNI, similarly to fetal hCMPCs, and the expression 

was conserved after cryopreservation. NKX 2-5 expression in hiPS-derived CPCs has 

been linked to a ventricular phenotype progenitor that proliferates in the presence of FGF-

2 and BMP4 (70). As these markers are generally absent in cardiac fibroblasts (146), it is 

tempting to conclude that iCPCSca-1 and hCMPCs represent a distinct cell population from 

hCF. Inclusion of other transcription factors will help to discern what exact CPC population 
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overlaps with Sca-1 expression during development. However, it is important to note that 

several of the markers widely used to define CPC populations, such as GATA4, MEF2C 

or PDGFR-A, largely overlap with cardiac fibroblasts in mouse and human (146,147).  

Another important aspect that remains to be addressed is whether the number of NKX 2-

5/cTNI positive iCPCsSca-1 remains constant or lowers when CD105 positive cells 

increase during subculturing. In addition, a direct comparison between iCPCsSca-1 and 

hCFs at the single cell level, combined with robust clonal assays to test iCPCsSca-1 stem 

cell activity are crucially needed to establish the functional and phenotypic differences of 

these populations in vitro and eventually in vivo.  

Also, the expression of NKX 2-5 was affected by the isolation day in a donor dependent 

fashion.  However, due to the limited number of screened hiPSC donors, it is not possible 

to conclude which, early or late, iCPCsSca-1 resemble hCMPCs the most. In addition, 

batch-to-batch differentiation differences could influence this parameter too. Therefore, it 

is likely that the isolation day must be determined for each individual donor. One strategy 

could be quantifying the percentage of NKX 2-5 positive cells at an early passage.   

Functional CM differentiation is a hallmark of cardiac progenitor cells. CM differentiation 

of hCMPCs is induced by the use of demethylating agents (e.g., 5’ Azacytidine) and 

TGFβ1 signaling (28). However, the use of unspecific DNA demethylation to induce 

differentiation is problematic. For that reason, Wnt signaling inhibition, a recurrent 

differentiation strategy in the realm of iPSC-derived CPCs (70,73,76), was chosen to 

induce CM differentiation of iCPCSca-1 with the highest percentage of NKX 2-5 positive 

cells for each donor. Differentiation was quantified by differences in cell size and 

expression of α-actinin, a Z-disc protein that anchors myofibrillar actin thin filaments and 

titin to Z-discs. Inhibition of Wnt signaling during 2 days in iCPCSca-1 led to significant cell 

death as assessed by the low cell number by the experiment endpoint. The latter indicates 

that Wnt signaling is necessary for a subset of iCPCSca-1 survival and aligns with studies 

reporting CHIR as a key component to support iPSC-derived CPC self-renewal (73,75). 

Interestingly, the surviving subset of cells showed phenotypic changes as a result of the 

cardiac differentiation medium, including increase in cell size and up-regulation of α-

actinin expression. Yet, no beating cells nor sarcomere structures indicative of mature 

CMs were observed. Based on these results, it is still unclear whether these cells hold 

true cardiomyogenic potential. Cao et al. reported 12 days were sufficient to induce 
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progenitors differentiation with this CM differentiation medium (73). However, fetal 

hCMPCs and C19 positive ESC-derived hCMPCs usually need 3-4 weeks to differentiate 

(80,128). Therefore, the differentiation time might be a major limiting factor in the 

observed differentiation outcome. Also, other reports combine Wnt signaling inhibition 

with Hedgehog, and/or TGFβ pathway modulation to induce CM differentiation (70,76). 

Thus, the contribution of these pathways to the successful iCPCsSca-1 differentiation into 

functional CMs still needs to be assessed. Alternatively, induction of iCPCSca-1 

differentiation via co-culture with GFP-labeled CMs, as frequently used for other CPCs 

(148), would be a straightforward strategy to test the myogenic potential of these cells.  

One limitation of this study is the use of polyclonal populations. As a result of the high 

heterogeneity reported for hCMPCs isolated with the Sca-1 antibody, stringent 

characterization at the clonal level would be necessary to obtain more conclusive data on 

whether iCPCSca-1 are bona fide cardiac progenitors. In addition, single transcriptomics or 

proteomics could be used to fully characterize the identity and the possible different 

subpopulations present in the iCPCsSca-1 and FT cells. 

Moreover, the multipotent nature of iCPCsSca-1 as assessed by the ability to differentiate 

into other cells found in the heart such as endothelial and smooth muscle cells still remain 

to be evaluated.   

In addition, other relevant aspects related to the indirect mechanisms of these cells such 

as paracrine signaling also remain to be investigated. Like in CDCs, the cardiomyogenic 

differentiation of Sca-1 cells seems to be a minor contributor to the improvement of 

cardiac function (144,149). In the last years, functional recovery and beneficial effects of 

cardiac cell therapies have been attributed to paracrine mediators, such as VEGF, HGF, 

IGF-1, and secreted extracellular vesicles (6). Therefore, the isolation and functional 

characterization of iCPCSca-1-derived extracellular vesicles in for instance organotypic 

models in vitro or in preclinical models would be key to predict the ultimate therapeutic 

potential of these cells. If iCPCSca-1–derived exosomes would benefit cardiac function in 

vivo, iCPCSca-1 could also represent a standardized and renewable platform for large-

scale extracellular vesicle manufacturing.   
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4.4  Outlook 

The route to clinical success is paved by the acquisition of profound biological knowledge 

and thorough pre-clinical and clinical testing. However, to bridge these two ends there is 

a necessary and often neglected painstaking optimization of production protocols. This 

study is a glimpse of that bridging work and essentially summarizes the complexity of cell 

biology systems in the field of cardiac cell therapy.  

In this thesis, a reproducible protocol to differentiate cardiac progenitor-like cells from 

hiPSCs was developed. Importantly, the derived cells, which have cardiac progenitor 

characteristics, could be expanded to unprecedented numbers, which is essential to meet 

the clinical needs. In addition, a gene-based strategy was implemented to remotely 

modulate virtually any signaling pathway at the desired time. With this strategy, cellular 

products based on stem or progenitor cells can be improved by generating “smart cells” 

that could be remotely activated with DOX after implantation. 

These technologies could ultimately be combined to overcome the complications 

associated with implanting beating cells into the heart. A visionary application would start 

with either a universal donor or patient- specific hiPSCs that could be generated by 

reprogramming skin, blood or urine-derived cells. Then, hiPSCs would be genetically 

engineered to introduce the Tet promoter-regulated miRE targeting β-catenin in genome 

safe harbor loci as described in this thesis. The engineered cells would be differentiated 

into iCPCSca-1 and subsequently expanded to achieve therapeutically relevant cell 

numbers. Finally, cells would be transferred to the infarcted myocardium within, for 

instance, a carrier patch. Differentiation of the transferred cells into CMs could be induced 

by local administration of small doses of DOX once they have settled into the heart muscle 

(Figure 31). 
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Figure 31. A visionary application of iCPCSca-1 combined with conditional gene 
expression for cardiac cell therapy. Created with BioRender.com 
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