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Summary 

Aberrant behavior of resident cells triggered by genetic predisposition, environmental influences 

or personal life-style will increasingly cause illnesses. Among these, cardiovascular diseases 

(CVD) are the leading cause of death in the western world already at present. Hence, the 

advancement of new therapeutic options for adequate and comprehensive support for every 

patient will be a major challenge for physicians and scientists over the next few years and 

decades. 

The human heart possesses only negligible myocardial regeneration capacity after a myocardial 

infarction (MI), thus, it cannot compensate the massive cell loss of 0.5 – 1 billion 

cardiomyocytes. Endogenous functional repair and regeneration is not possible. The 

transplantation of hearts represents the last resort, but the supply of suitable donor organs does by 

large margins not meet the demand.  

Accordingly, the field of regenerative medicine comprises cell transplantation of either adult 

autologous or allogenic stem cells as well as innovative strategies based on cell fate alteration of 

proper cell types to restore myocardial tissue. However, circulating progenitor cells are more 

suitable for re-vascularization than re-muscularization. Initial clinical studies using transplanted 

adult stem cells such as mesenchymal (MSCs) and haematotoetic (HSCs) stem cells led only to 

marginal improvement of the left ventricular ejection fraction.  

Therefore, solid basic research in order to decipher key cellular and molecular mechanisms of 

heart development is urgently required. For this reason, the present thesis investigated the 

possibility of non-viral manipulations of several cell types, including adult and embryonic stem 

cells as well as somatic fibroblasts.  

One approach addresses the question whether one cardiac transcription factor (TF) is sufficient to 

generate a functional and purely ventricular cardiomyocyte subtype. It could be demonstrated that 

forced exogenous overexpression of Nkx2.5 with an adjusted differentiation protocol gives rise to 

spontaneously beating cells with several characteristics of immature, predominantly ventricular 

cardiomyocytes (cardiac marker expression on protein and RNA level) originating from murine 

embryonic stem cells (ESCs). However, the obtained single cells still present a heterogeneous 
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population, with variations in cell shape, beating frequencies and their response to ion channel 

modulators. 

Furthermore, two alternative approaches for modulation of cell fate are presented which allow to 

avoid DNA as well as viral introduction of TFs. Further progress in cell modification besides 

conventional methods is an urgent demand for clinical translation. Delivery of modified mRNA 

and miRNA are safe strategies circumventing drawbacks such DNA integration into the host 

genome and possible mutagenesis and tumorigenicity.  

It was demonstrated that synthetic mRNA equipped with a methylated cap, modified nucleosides 

(as 5-methylcytidine-5’-triphosphate (5mC) and pseudouridine-5’-triphosphate (Ψ)) and a poly-

A-tail of 100 adenosine residues led to a fast and efficient translation of EGFP in several cell 

types, including fibroblasts of various origins and human bone-marrow derived mesenchymal 

stem cells (MSCs), compared to mRNA without nucleoside modifications. The focus of this work 

aimed at the establishment a PCR-based protocol to generate highly reproducibly modified 

mRNA. Additionally, first experiments using modified MyoD have demonstrated the 

functionality of mRNA in combination with an adjusted protocol to initiate an effective cell fate 

alteration of murine fibroblasts towards skeletal myoblasts. The concept also has been transferred 

to a cardiomyocytic programming approach with murine ESCs via overexpression of Nkx2.5 

encoding mRNA.  

Avoiding exogenous TF overexpression is the second alternative technology investigated in the 

present thesis. Small non-coding RNA molecules (microRNAs) play a crucial role as post-

transcriptional modulators and offer numerous possibilities to affect cell fate. However, the safe 

and efficient transfection using human bone-marrow derived CD133+ SCs was the paramount 

aim in this study. CD133+ SCs give rise to cells of the haematopoietic, endothelial and myogenic 

lineages and are potential candidates for cell transplantation therapies already transplanted in 

several clinical trials. To improve their outcome in cell transplantations, a non-viral magnet-bead 

based polymer delivery system to introduce miRNA was established. This method permitted an 

efficient uptake of miRNA with simultaneously minimal toxic effects and no influence on the 

hematopoietic characteristics. Specific magnetic targeting via the superparamagnetic core of the 

delivery system was demonstrated in in vitro experiments. This offers the opportunity to guide 
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the cells to the site of interest in further in vivo scenarios, which may prevent the massive wash 

out after transplantation and consequently, may lead to an improved cardiovascular regeneration.  
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Zusammenfassung 

Heutzutage und voraussichtlich zunehmend in der Zukunft ist aberrantes Verhalten von 

körpereigenen Zellen, verursacht durch genetische Prädisposition, Umwelteinflüsse und 

persönliche Verhaltensweisen, eine Ursache für eine Vielzahl verschiedener Krankheiten. Unter 

diesen stellen kardiovaskuläre Krankheiten (CVD) die Haupttodesursache in der westlichen Welt 

dar. Daher ist die Entwicklung neuer Therapiemöglichkeiten für eine adäquate und umfassende 

Versorgung jedes Patienten eine der größten Herausforderung für Ärzte und Wissenschaftler in 

den nächsten Jahren und Jahrzehnten. 

Das menschliche Herz weist nur ein geringes Regenerationspotenzial nach einem Myokardinfarkt 

(MI) auf, welches nicht den massiven Zellverlust von 0,5 – 1 Mrd. Kardiomyozyten 

kompensieren kann. Eine natürliche Regeneration ist daher nicht möglich. Für die letzte Rettung, 

eine Herztransplantation, stehen nicht in ausreichendem Maße Spenderherzen zur Verfügung - 

zudem bedingt sie eine dauerhafte Immunsuppression. 

Das Feld der Regenerativen Medizin umfasst sowohl Zelltransplantation von adulten autologen 

und allogenen Stammzellen als auch neue innovative Strategien basierend auf der Veränderung 

von bestehenden geeigneten Zellen um das Herzgewebe wiederherzustellen. Jedoch haben 

Studien gezeigt, dass zirkulierende Vorläuferzellen zwar eine Revaskularisierung unterstützen, 

jedoch keine Remuskularsierung. Des Weiteren zeigen erste klinische Studien einer autologen 

Zelltransplantationen von mesenchymalen (MSCs) und hämatopoetischen (HSCs) Stammzellen 

lediglich eine marginale Verbesserung der Auswurffraktion des linken Ventrikels.  

Daher ist eine solide Grundlagenforschung zum Verständnis der zu Grunde liegenden zellulären 

und molekularen Prozesse dringend erforderlich. Aus diesem Grund werden in dieser Arbeit 

verschiedene Manipulationen an adulten und embryonalen Stammzellen sowie somatischen 

Fibroblasten vorgestellt. 

In einem Ansatzbeschäftigt sich die vorliegende Arbeit mit der Fragestellung, ob ein kardialer 

Transkriptionsfaktor (TF) ausreichend ist, um eine funktionsfähige und reine ventrikuläre 

kardiale Subpopulation zu erzeugen. Es konnte gezeigt werden, dass ausgehend von murinen 

embryonalen Stammzellen (ESCs) nach exogener Überexpression von Nkx2.5 und 

anschließender angepasster Differenzierung, spontan schlagende Zellen generiert werden können. 
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Diese weisen typische Merkmale von unreifen, überwiegend ventrikulären Kardiomyozyten auf, 

wie auf Protein- sowie RNA-Ebene gezeigt werden konnte. Jedoch stellen die erhaltenen 

Einzelzellen nach wie vor eine noch heterogene Population dar, mit Variationen in Zellform, 

Schlagfrequenz und ihrer Reaktion auf verschiedene Ionenkanalmodulatoren. 

Des Weiteren wurden zwei alternative Modifikationsmöglichkeiten vorgestellt. Mit diesen kann 

eine Modulation des Zellschicksals ermöglicht werden ohne eine Integration der TF mittels DNA 

oder viralen Vektoren. Dieser Schritt ist notwendig um Zellmodifikationen attraktiver für eine 

klinische Anwendung zu gestalten. Die Einbringung von modifizierter mRNA (mmRNA) und 

microRNA sind sichere Vorgehensweisen bei denen Nachteile wie ungewünschte systemische 

Verteilung, DNA Integration in das Wirtsgenom sowie mögliche Mutagenese und Tumorbildung 

vermieden werden. 

Es konnte gezeigt werden, dass synthetische mmRNA versehen mit einer methylierten „5`-

Kappe“ („5`-cap“), modifizierten Nukleosiden (5-Methylcytidin-5’-Triphosphat (5mC) und 

Pseudouridin-5’-Triphosphat (Ψ)), und einem poly-A-Schwanz bestehend aus 100 

Adenosinnukleotiden zu einer schnelleren und effizienteren Translation von EGFP in 

verschiedenen Zelltypen, im Vergleich zu mRNA ohne Nukleosidmodifikation, führt. Zu den 

untersuchten Zellen zählen Fibroblasten (von verschiedenen Spezies) sowie humane 

mesenchymale Stammzellen aus dem Knochenmark. Ein Hauptaugenmerk dieser Arbeit liegt auf 

der Etablierung eines PCR-basierten Protokolls zur Sicherstellung einer hoch reproduzierbaren 

Generierung synthetischer mmRNA. Darüber hinaus werden in ersten proof-of-principle 

Experimenten die Möglichkeiten einer effektiven Änderung des Zellschicksals mittels mmRNA 

Integration und angepassten Differenzierungsprotokollen aufgezeigt. Hierzu wurde zunächst in 

einem Funktionalitätsnachweis präsentiert, dass eine Umprogrammierung muriner Fibroblasten 

durch eine mehrmalige Applikation von MyoD mRNA in Richtung skelettaler Myoblasten 

möglich ist. Anschließend wurde dieses Konzept auf eine kardiomyozytäre Programmierung von 

murinen ES Zellen mittels Nkx2.5 mRNA übertragen. 

Das zweite alternative Konzept dieser Arbeit beruht auf der Vermeidung einer exogenen 

Überexpression von TFs. Kurze nicht-kodierende RNA Moleküle (sogenannte microRNAs) 

spielen eine entscheidende Rolle als post-transkriptionale Modulatoren und weisen somit eine 

Vielzahl von Möglichkeiten zur Beeinflussung des Zellschicksals auf. Jedoch war das vorrangige 
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Ziel dieser Arbeit zunächst eine sichere und effiziente Transfektion humaner CD133+ SCs aus 

dem Knochenmark, welche bereits in klinischen Studien zur Herzregeneration eingesetzt werden. 

CD133+ SCs differenzieren in hämatopoetische, endotheliale und myogene Zellen und sind 

potenzielle Kandidaten für eine Stammzelltransplantation. Um den positiven Effekt einer 

Zelltransplantation zu erhöhen wurde ein nicht-virales magnetisches Polymer-basiertes 

Transfektionssystem zur Einschleusung von microRNA etabliert. Diese Methode erlaubt eine 

effektive Aufnahme von microRNA bei gleichzeitig geringer Toxizität und ohne Einfluss auf die 

hämatopoetischen Merkmale. Des Weiteren konnte auf Grund des superparamagnetischen Kerns 

des genutzten Transfektionssystems ein gezieltes magnetisches Targeting in in-vitro 

Experimenten veranschaulicht werden. Dies eröffnet die Möglichkeit, beliebige Zellen gesteuert 

an eine bestimmte Stellen in in-vivo Experimenten zu führen und somit das massive Auswaschen 

von transplantierten Zellen zu vermindern. In Folge dessen kann eine kardiovaskuläre 

Regeneration verbessert werden. 

 



Introduction 

 

7 
 

1. Introduction  
In the near future, both the western world and developing countries will be confronted with an 

aging society and its negative health consequences. The emergence of age-related disorders and 

diseases of affluence pose challenges for physicians and scientists urgent need for new options to 

treat the disease. Unusual behavior of resident cells is the cause of numerous serious diseases in 

animals and humans such as cancer, neurodegenerative (e.g. Alzheimer’s or Parkinson’s disease) 

or cardiovascular (ischemic heart disease and stroke) disorders and diabetes mellitus. Adult 

organs, such as the human heart, possess only limited self-renewal capacity and therefore lack the 

potential to restore the original function themselves [1, 2]. The increasing demand for new 

treatment options conforms to the needs and limits of former medical applications. Regenerative 

medicine opens up new strategies for cell based replacement therapies as well as disease 

modelling and drug development [3–5].  

Basic research with respect to molecular and cell biological investigation during the last years 

underlines the importance for understanding developmental biology and disease origins. Previous 

studies were often criticized due to ethical concerns regarding human embryonic stem cells and 

hampered by limited availability of human adult stem cells. However, recent research based on 

the knowledge gained from programming strategies using mature somatic cells, either 

reprogramming to a pluripotent state (iPSC) or direct conversion from one somatic cell to a new 

somatic cell type.  

Modification of suitable cell material should be considered with respect to a functional 

improvement of inherent cell properties together with efficient conversion into desired cell types. 

Therefore, several concepts were explored using lineage specific transcription factors (TFs), 

modified mRNA, microRNA and small molecules. The application of virus- and DNA-free 

strategies is always preferable and increases the opportunities for clinical translation. The main 

focus should be the generation of fully functional cells with characteristics as close as possible to 

their natural counterparts. Yet, previous approaches were hampered by the immature properties 

of the derived cell types [6]. 

1.1. Cardiovascular diseases/Cardiac disorders 
Cardiovascular diseases are the leading causes of death worldwide. In 2015 8.8 million people 

died of ischemic heart disease and 6.2 million from stroke which is often associated with the 
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former. Combined, both types of illness result in a total of ~31.3 % of deaths worldwide (WHO, 

2015). Most common reasons for an myocardial infarction (MI) are hypertension and narrowing 

of the coronary arteries in consequence of arteriosclerosis [7]. This leads to an occlusion of 

coronary vessels and hereafter to an undersupply of oxygen of the affected tissue [8] and thereby 

resulting in cell death [9]. The course of cardiomyocyte cell death is varied and not precisely 

defined [9], as both death by apoptosis [10, 11], death by necrosis [10, 12–14] and death in 

association with autophagy [15–17] have been described. As a result, 25 % of the human left 

ventricle (0.5 – 1 billion cardiomyocytes) can be destroyed by a myocardial infarction within few 

hours [18, 19].  

Following the injury, a cascade of numerous biochemical and mechanical processes is stimulated, 

which, in consequence, leads to reduction of cardiac functions [20–26]. Initial stages are: wall 

thinning, collagen degradation and ventricular dilatation [24]. Occurring fibrosis leads to 

myocardial scar formation, which causees wall stiffening and thereby leads to reduced systolic 

function due [25]. Furthermore, the large cell loss affected electrical conduction triggered by 

faulty electrical coupling within the heart [20, 25]. 

The human heart possesses only a minor turnover rate of 1 % at the age of 25 which decreases to 

0.45 % at the age of 75 [1]. Hence, during an average age of 75 years, less than 50 % of the 

human cardiomyocytes can be replaced. Moreover, the number of cardiomyocytes in the left 

ventricle increases 3,4-fold only from the first year of life until the age of 20 showing more 

cardiomyocyte cycling and division in young humans [2]. The affected tissue cannot accomplish  

functional repair and remodeling through this negligible myocardial regeneration capacity after a 

MI. Resident cell populations like cardiac progenitor cells (CPCs) or preexisting cardiomyocytes 

which undergo dedifferentiation represent possible sources for heart regeneration after injury [2, 

27, 28]. Corroborating this, it was recently discovered that populations of progenitor cells can 

display uneven behavior and even different marker expressions [19] but nevertheless are able to 

differentiate into cardiomyocytes. This includes isolated cells from: i) adult rat heart expressing 

c-kit+/Sca-1- [29, 30], ii) two-day-old rat pups expressing isl1+/c-kit-/Sca-1- [31, 32], iii) adult 

mouse heart expressing Sca-1+/c-kit- [33] and iv) adult mouse heart expressing the ATP-binding 

cassette sub-family G member 2 (Abcg2 or CDw338) [34]. Furthermore, homing of cells from 

different origins could improve ventricular function [18], in particular endogenous circulating 

extra-cardiac progenitors [19, 35–39]. However, extra-cardiac progenitors after sex-mismatched 
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heart transplantation give rise to a marginal part of 0.04 % to cardiomyocyte, whereas endothelial 

cells were the common cell chimerism, averaging 24 % in endomyocardial biopsies from seven 

patients [35]. This implies that circulating progenitor cells are more suitable for revascularization 

than remuscularization [18].  

For this purpose, it is of considerable importance to develop new strategies to support 

cardiomyocyte regeneration, with regard to clinical applications in the future. Current research 

aims at cell transplantation of either autologous or allogenic stem cells or terminally 

differentiated cells from various origins, as well as stimulation of endogenous cell populations 

and direct reprogramming.  

1.2. Cardiac development 
The heart is the first organ formed during early stages of embryonic development, as it is 

responsible for nutrient and oxygen supply as well as removal of waste. The complex system of 

the mammalian four-chambered heart formation requires the generation of diverse muscle and 

nonmuscle cell-types, including cardiomyocytes of left and right atria as well as left and right 

ventricles, conduction system, pacemaker, vascular smooth muscles, endo- and epicardial cells 

[40–43] (Figure 1, Figure 2). Poorly understood consequences of false embryonic development 

are congenital heart defects (CHD) present at birth, due to malformation of heart structure. CHD 

is the most common defect at birth worldwide with a prevalence between 0.58 – 0.9 % [44, 45]. 

Some molecular genetic mechanisms are associated with various degrees of illness [46–48], like 

dysregulation of the transcription factors of the forkhead family [49], Nkx2.5 [50–59] or Gata4 

[57, 60–63], which lead for instance to atrioventricular block, atrial septal defects or pulmonary 

stenosis. 

The cell fate is determined by spatiotemporally stringent molecular regulations. Myocardial cells 

are derived from Bry+ mesoderm progenitors of the primitive streak during gastrulation [64–66]. 

Cardiovascular fate-determinants are both the bHLH transcription factor MesP1 [67–72] and 

vascular endothelial growth factor receptor 2 (VEGFR2 or Flk1) [68, 69, 73] which mark early 

cardiovascular progenitor cells. At an early stage of mouse embryogenesis (E 7.5), a 

Nkx2.5+/Hcn4+ cell population of the first heart field (FHF) forms the cardiac crescent [74–81]. 

Meanwhile, an Isl1+ cell population is added to the linear heart tube at later developmental stages 
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[82–86]. The so called second heart field (SHF) is derived from the pharyngeal mesoderm and is 

in medial and posterior position with respect to the FHF [31, 87, 88]. 

The first heart field progenitor cells give rise to myocardium of the left ventricle and a minor part 

of the right ventricle, the right and left atria and most cell complexes of the conduction system 

(CS), such as the atrioventricular (AV) node and the ventricular CS [41, 82]. Multipotent 

progenitor cells of the SHF generate the myocardium of the right and left atria, the right ventricle 

and the outflow tract, as well as vascular smooth muscles and the endocardium of the heart [73, 

87, 89]. It was recently reported that apart from this, avian pacemaker cells in the sino-atrial (SA) 

node arise from a so-called tertiary heart field (THF) [90]. Furthermore, epicardial progenitor 

cells form cardiac fibroblasts, vascular smooth muscle cells and atrial and venous endothelial 

cells [41, 91–93]. In addition, procardiogenic factors from the surrounding endoderm and 

mesoderm play a decisive role during different stages of heart development. In particular, this 

includes signaling pathways of bone morphogenetic proteins [94–96], nodal and fibroblast 

growth factors [97–99] as well as canonical and non-canonical Wnt/JNK [100–104].  

 

Figure 1: Overview of murine cardiac development  

Schematic representation of murine cardiac development starting with (a) cardiac progenitor cells (CPC) on both sides of the 

primitive streak (PS) which (b) migrate towards the midline forming the cardiac crescent. At the same time, the formation of the 

second heart field begins. (c) At E8.0-8.5 linear heart tube formation occurs initially along the midline (ML) and afterwards (d) 

underwent a dextral looping forming the order of left and right ventricle (LV and RV). (e) Subsequent subdivision and (f) cardiac 
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maturation lead to the mammalian four chambered heart. Adapted from (Buckingham et al., 2005). A: Anterior, Ao: Aorta, CPC: 

Cardiac Precursor Cells, IVS: Interventricular septum, L: Left, LA: Left Atrium, LV: Left Ventricle, ML: Midline, OFT: Outflow 

Tract, P: Posterior, PHF: Primary Heart Field, PLA: Primitive Left Atrium, PRA: Primitive Right Atrium, PS: Primitive Streak, 

PT: Pulmonary Trunk, R: Right, RA: Right Atrium, RV: Right Ventricle, SHF: Secondary Heart Field, Tr: Trabeculae. [105] 

 

Heart development is controlled by the interaction of the aforementioned cardiac transcription 

factors and consequently, Gata, Mef, Hand, Tbx, Nkx and members of other families are highly 

conserved across species [106, 107]. Homologues of Nkx2.5 and Mef2 are present in the 

contracting pharynx of the nematode Caernorhabditis elegans [108]. Tinman and pannier as the 

homologues of Nkx2.5 and Gata4 in the common fruit fly Drosophila melanogaster play an 

important role in the development of the tubular heart [109–111]. Expression of Nkx2.5 and Gata 

family members promotes the myocardial development and the expression of downstream cardiac 

genes in zebrafish and Xenopus embryos [112–115]. 
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Figure 2: Commonly used concept of transcription factors regulating cardiovascular cell differentiation during 
development based on current models. 

A multipotent mesodermal Bry+ progenitor cell population forms the so far known beginning of the cardiovascular 

lineage. An specification is marked by early cardiovascular TFs MesP1 and Flk1 which gives rise to four 

subpopulations: i) the first heart field (FHF) – cells differentiate into cardiomyocytes of the right and left atria, the 

left ventricle and the minor part of the right ventricle, and the conduction system (CS), including ventricular CS and 

atrioventricular (AV) node, ii) the second heart field (SHF) – cells gives rise to cardiomyocytes of the right and left 

atria, the right ventricle and the outflow tract, vascular smooth muscle cells and the endocard of the heart, iii) the 

avian tertiary heart field (THF) – cells differentiate into pacemaker cells of the sinoatrial (SA) node  and iv) a 

epicardium-derived progenitor cell population (EPDCs) which generate fibroblasts, vascular smooth muscles cells as 

well as arterial and venous endothelial cells. [116] 
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1.3. Reprogramming strategies for cardiovascular lineages 
Development of new and elaboration of existing cardiomyocytic programming strategies 

becomes increasingly important to compensate the insufficient self-renewal capacity of the 

human heart to enable replacement of damaged tissue after injury. Various strategies permit 

progress in disease modelling and drug development, as knowledge of heart development 

provides first indications. The concepts for cell replacement streategies are highly diversified and 

range from basic research in the field of manipulative strategies of embryonic and adult stem 

cells as well as somatic cells up to application of autologous and allogenic transplants of various 

cell types (Figure 3) [117, 118]. 

However, attention will focus more and more on the issue of patient specific therapeutic 

approaches responding to individual prerequisites and needs as well as alternatives to allogenic 

heart transplantation. The inherent regenerative ability e.g. after MI should be effectively 

exploited through supporting preexisting CPC and CM by application of valuable factors.  

The foremost priority of programming strategies should be the generation of cells as close as 

possible to their natural counterparts. To enable a technology transfer from bench to bedside, 

procedures should be xeno-, serum-, feeder- and DNA-free. The approaches described below 

suggest prospective options to overcome hurdles associated with purity, yield and safety of 

physiologically functional CM subtypes. 
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1.3.1. Forward differentiation of pluripotent stem cells 

1.3.1.1. Cardiac differentiation of embryonic stem cells 
In order to study key cellular and molecular programs of early heart development, pluripotent 

cells are a more suitable cell source. The first murine ESCs were isolated in 1981 by two 

independent groups [119, 120] and it has taken 17 years until one group successfully obtained the 

first human ESCs from the inner cell mass of a blastocyst [121]. Primed mESCs and hESCs share 

many common features [122–124]: i) expression of conserved pluripotency markers Oct4, Sox2 

and Nanog [125, 126], ii) unlimited proliferation in vitro due to their solid self-renewal capacity 

[126, 127], and iii) multilineage differentiation potential to form all embryonic germ layers 

(endoderm, mesoderm and ectoderm) and their derivatives [128, 129]. 

hESCs bear serious disadvantages for research as well as clinical trials. The use of hESCs is 

mainly hampered by ethical issues concerning their generation and cloning, which lead to 

restricted availability. The countries in Europe act differently regarding ethical concerns of 

human embryonic stem cells (http://hpscreg.eu/). Malta, Luxembourg and Ireland for example 

have currently no legislation on this subject. In contrast, in Lithuania, Poland, Germany, 

Slovakia, Austria and Italy, hESC research or cloning are mostly prohibited or subject to 

stringent legislations. Additionally, immunological concerns arise with regard to their estimated 

immune-privileged status. Numerous publications have proven that undifferentiated murine ESCs 

cause significant immune rejection [130–132], which needs to be under consideration in further 

hESC studies.  

Naïve mESCs require leukemia inhibitory factors (LIF) [133, 134] to maintain their pluripotency 

through activation of the signal transducer and activator of transcription (STAT3) as well as 

regulation of signaling proteins such as the extracellular signal-regulated kinase (ERKs) [135–

137]. Moreover, co-culture with mitotically inactivated primary mouse embryonic fibroblasts or 

fibroblast-derived cell lines is needed [138]. The secreted extracellular matrix promote the self-

renewal capacity and suppress differentiation, which could be used as conditioned medium as 

well [139].  

Since the first study of spontaneous differentiation [140], murine ESCs have become a valid basis 

for in vitro modelling and manipulation of cardiac development. So far, existing protocols consist 

mainly of two main concepts: i) forced exogenous overexpression of lineage specific TFs [141–
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144] and ii) cardiac stimulation through specific culture conditions by adding proteins or small 

molecules, like ascorbic acid or resveratrol [145–149]. 

The forced exogenous overexpression of lineage specific TF allows targeted differentiation 

towards particular cardiac phenotypes. Shox2 overexpression affects regulators of Wnt signaling, 

hereby enriching a pacemaker subpopulation [150]. Studies revealed that the presence of Nkx2.5 

is essential for a proper differentiation toward a ventricular-like phenotype [144, 151] and that 

MesP1 results in early intermediate cells [68, 69]. However, neither of these approaches is 

sufficient to generate mature and pure ventricular cardiomyocyte subtypes, which could induce 

arrhythmias if transplanted as heterogeneous population [152]. Therefore, further purification 

towards a homogenous cell population will be an indispensable prerequisite. Improvements were 

achieved using the nodal cell inducer Tbx3 (T-box transcription factor 3) plus an additional 

Myh6-promotor-based antibiotic selection step [153–155]. The so-called iSABs (induced 

sinoatrial bodies) are over >80 % pure physiologically and pharmacologically functional 

pacemaker cells with a comparable beating frequency to normal murine SA nodal cells.  

1.3.1.2. Cardiac differentiation of induced pluripotent stem cells 
Besides ESCs, the relatively new and exciting class of pluripotent stem cells, the so-called 

“induced pluripotent stem cells” (iPSCs), could give deeper insights into developmental biology 

and personalized drug screening, avoiding ethical concerns of human ESCs. In 2006, 

Takahashi et al. published the reprogramming of mouse fibroblasts via the introduction of the 

four Yamanaka-factors: octamer-binding transcription factor 3/4 (Oct3/4; O), sex determining 

region Y-box 2 (Sox2; S), Krueppel-like factor 4 (Klf4, K) and c-Myc (M) [156]. For their 

outstanding work, the Nobel Prize in Physiology or Medicine was awarded in 2012 to Sir John B. 

Gurdon and Shinya Yamanaka “for the discovery that mature cells can be reprogrammed to 

become pluripotent” (http://www.nobelprize.org/nobel_prizes/medicine/laureates/2012/). Until 

now, numerous publications successfully generate iPSCs using different methods: i) retro-, lenti- 

and adenoviral [156–159], ii) protein [160, 161], iii) modified mRNA [162–166], iv) miRNA 

[167] or v) small molecules [168, 169]. So far, the full mechanism behind iPSC generation is still 

unclear and the number of articles is marginal. The most widely accepted model involves a 

stepwise process [170, 171] for the generation of different pluripotent cell types such as iPSCs 

and F-class cells [172–176]. Concerns regarding their mutagenicity and tumorigeneses are still 

valid. Ethical issues and responsible use of cloning using iPSC technology should not be 
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underestimated as current research demonstrates the possibility to generate fertile progenies using 

murine iPSCs with a success rate of 3.5 % [177].  

The indirect reprogramming requires the initial iPSC generation step, followed by a specific 

cardiogenic differentiation. The most beneficial approaches are based on time- and dose-

dependent application of cardiogenic modulators, such as activators or inhibitors of Wnt/β-

catenin or TGFβ signaling [178–180]. Initial attempts were inefficient and time-consuming, with 

a success rate for obtianing spontaneously beating cells of approximately 1-10 % [181, 181, 182]. 

Generally, the cells did not exhibit full myocyte morphology and sarcomeric structure [183]. In 

addition, iPSC-derived CMs represent a heterogeneous population of nodal-, atrial-, and 

ventricular-like phenotypes, as obvious from electrophysiological studies [181]. The transplanted 

cells displayed low survival post-implantation, poor control and high tumorigenicity [184, 185]. 

1.3.2. Directed differentiation of adult stem cells 
Initial approaches using ASCs for regenerative medicine were performed in 1957 by E. Donnall 

Thomas by means of bone-marrow transplantation between identical twins. These laid the 

foundation for the Nobel Prize in Physiology or Medicine in 1990 which was awarded to E. 

Donnall Thomas together with Joseph E. Murray “for their discoveries concerning organ and cell 

transplantation in the treatment of human disease” 

(http://www.nobelprize.org/nobel_prizes/medicine/laureates/1990/). Nowadays, adult stem cell 

transplantations are approved in clinical trials regarding cardiovascular disorders and appear to be 

one concept for future clinical use [186–188]. Nevertheless, they are still subject of controversial 

discussions regarding their only modest therapeutic outcome [187], the massive cell death 

observed after transplantation and the low rate of cell retention [189–192].  

Directed differentiation of ASCs may afford more promising results of these multipotent cells. 

Various ASC sources are used so far, such as bone marrow-derived mesenchymal stem cells 

(BM-MSCs) [193–200], adipose-derived stem cells (ADSCs) [201–206], dental follicular stem 

cells (DFSC) [207], cardiac resident stem cells [208], hematopoietic stem cells (HSCs) [209] and 

endothelial progenitors [210]. Using various exogenous manipulation strategies, ASCs can 

potentially be differentiated towards CM-like cells. A cardiogenic differentiation in vitro or in 

vivo is favored by either i) co-culture with isolated cardiomyocytes [209], ii) treatment with 

methylation inhibitors, such as 5-azacytidine and histone deacetylase inhibitors, such as 
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trichostatin A [195, 201, 210], iii) respective forced exogenous expression of TFs, such as 

Nkx2.5 and Gata4 [194] or iv) co-transplantation of various aforementioned cell types [211]. 

However, recently published articles have implied that reliable cardiac marker expression occurs 

on the basis of cell fusion with recipient cardiac cells and to a lesser extent by differentiation, 

demonstrated in in vivo experiments [212, 213]. In particular, the generation of fully mature cells 

and cells of a specific cardiac subtype was not yet successful.  

1.3.3. Direct reprogramming of somatic cells 
An alternative approach avoiding an intermediate pluripotent state is called direct reprogramming 

or direct conversion. It is based on the direct cell fate alteration from terminally differentiated 

somatic cells or lineage progenitors to a mature cell type of interest of the same germ layer or 

even across germ layers. In order to achieve this, systematic intervention related to specific 

genetic cell properties has to be performed. In the majority of cases, lineage-specific factors, 

proteins, microRNAs and small molecules were used to affect respective signaling pathways and 

subsequently hierarchical structures of cell behavior.  

The first successful step was taken in 1987 when Weintraub’s group reported that one single key 

transcription factor, MyoD, is sufficient to convert murine fibroblasts into skeletal muscle cells 

[214]. Subsequently, numerous publications were issued covering direct conversion of various 

cell types, using one or more transcription factors, in particular to cardiomyocytes [40, 215, 216, 

216–219]. Patient-specific lineage-conversion holds an enormous potential to gain better 

understanding of molecular biological impacts on pathogenesis, e.g. disease-related point 

mutations and single nucleoside polymorphisms [220]. Individual patient-specific conversion 

promises many advantages for clinical application: i) lowering the risk of tumorigenesis and 

inflammation after cell transplantation, ii) avoiding the need for transplantation by the 

opportunity of directly converting resident cells and iii) ethically acceptable. Despite these 

advantages, the generation of large numbers of functional healthy cells is an unmet goal. Hence, 

considerable further efforts will be necessary to develop a valid and clinically relevant 

therapeutic option. 

Researchers made extensive efforts to overcome problems of availability and monitoring by 

focusing on transdifferentiation of a particular resident cell type, cardiac fibroblasts (CFs). CFs 

are highly abundant in the human adult heart. Likewise, CFs ensure the desired properties due to 
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their heterogeneity and plasticity as well as their resistance to the hypoxic environment of the 

post-infarct myocardium [23, 221, 222].  

To date, no single key-regulator, such as MyoD, is known to efficiently convert the cell fate of 

mature somatic cells to cardiomyocytes. Current attempts are knowledge-based applications to 

directly or indirectly influence early cardiomyocyte differentiation. 

An induced direct switch of cell fate in the most cases requires the forced overexpression of 

lineage specific TFs, supported by cardiogenic culture conditions or in vivo applications. The 

most commonly used TF combination to induce cardiomyocyte (iCM)-like cells from various 

fibroblast origins contains Gata4 (transcription factor Gata4), Mef2c (Myocyte-specific enhancer 

factor 2c) and Tbx5 (T-box transcription factor Tbx5) (GMT) [223–227]. Each of these single 

factors plays an important role during early heart development [107, 228–230] promoting 

cardiomyocyte differentiation [231–233]. However, the achieved expression of marker genes 

varies widely among laboratories, leading to 30 % cTnT+ (cardiac troponin T) [223], 10-15 % 

iCM [225], 3 % αMHC+ (alpha myosin heavy chain) [226] or 20 % αMHC+ [227]. Chen et al. 

suggested that overexpression of GMT in tail tip fibroblasts and in cardiac fibroblasts is 

inefficient, as the generated cells displayed a weak similarity to mature cardiomyocytes on 

molecular and electrophysiological levels (0 % αMHC+, 0 % Nkx2.5+, 35 % cTnT+) [224]. 

Recently published data demonstrated the influence of the protein expression levels of GMT in a 

certain ratio [234]. Higher protein levels of Mef2c together with lower levels of Gata4 and Tbx5 

enhanced the reprogramming efficiency and quality of iCM. Additional combination alternatives 

are Gata4, Mef2c, Tbx5 and Hand2 (GMTH) [235, 236] or GMTH + Akt1 which among others 

enhanced polynucleation and thus evoked a more mature cardiac phenotype of iCMs [237]. The 

efficiency can be positively influenced by grafting of cells in vivo [225, 235], indicating a 

considerable role of the microenvironment in the heart. Another combination strategy is based on 

key cardiac TFs MesP1 with v-ets erythroblastosis virus E26 oncogene homolog 2 (ETS2) with 

addition of ActivinA and BMP2 [238] to influence signaling pathways during cardiogenesis. This 

protocol leads to an immature phenotype of cardiomyocytes expressing the core cardiac factors 

Nkx2.5, Isl1, Tbx20, the mesodermal signaling molecules BMP2, TDGF1 as well as muscle 

markers Myl2, Myh6. 
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Aside from forced overexpression of TF, transient genetic manipulations have been developed in 

different laboratories: i) introducing modified mRNA (see below: 1.4.1) or ii) microRNA (see 

below: 1.4.2) and iii) small molecules. Wang and colleagues efficiently converted fibroblasts 

merely using one TF, Oct4, along with a defined small-molecule cocktail [239]. The small-

molecule cocktail contains an ALK4/5/7 inhibitor (SB431542), GSK3 inhibitor (CHIR99021), 

LSD1/KDM1 inhibitor (parnate) and an adenylyl cyclase activator (forskolin) to induce the 

reprogramming efficiency, including modulators of epigenetic enzymes, signaling pathways, 

metabolism and transcription. In these proof-of-principle experiments, spontaneously contracting 

cardiomyocytes with a ventricular-like phenotype were generated. Another improvement was 

achieved due to inhibition of pro-fibrotic signaling, for instance using small molecules affecting 

RhoA-ROCK or TGF-β pathways [240]. 

All of these experiments yielded only immature cardiomyocytes within an inhomogeneous 

population lacking structural and electrophysiological characteristics of adult cardiomyocytes. It 

is consequently of great interest to fully understand the mechanisms underlying reprogramming 

strategies to enhance purity, safety and efficiency. 

1.4. Non-viral and DNA-free modifications 
Classical strategies for gene and cell therapies were based on virus-mediated delivery of DNA 

due to their high efficiency. However, the use of retroviral or lentiviral systems is associated with 

high safety concerns, including undesirable systemic spread, DNA integration into the host 

genome, causing insertional mutagenesis and tumorigenicity as well as uncontrolled expression 

through incorrect promotor selection. For this purpose, among others, non-viral lipid- and 

polymer based delivery systems are currently under examination [241–243]. 

Circumventing the aforementioned drawbacks, modified mRNA or microRNA offer new 

opportunities for clinically relevant applications. The major advantages are their operation site in 

the cytoplasm, avoiding the necessity of nuclear translocation, as well as their fast and 

controllable application, which making them a favored tool for slowly proliferating cells such as 

adult stem cells.  

1.4.1. Modified mRNA 
Recent progress in the field of modified mRNA (mmRNA) eradicated existing doubts regarding 

efficiency, stability and immunogenicity [244, 245]. Initial attempts in developmental biology 
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were made with unmodified mRNA in embryos of lower vertebrates such as fish and frog [246, 

247] as well as rodent embryos [248]. At that time, usage of unmodified mRNA was neither 

appropriate for mammalian cell cultures nor as therapeutic method in human beings. The 

technology was hampered by the instability and susceptibility to degradation as well as inefficient 

translation and immunostimulatory effects and was therefore rarely used for introduction of 

foreign genetic information [249, 250].  

The use of mRNAs encoding for functional proteins has indicated progress for innovative 

methods. For example, manipulation of autologous dendritic cells yields plenty of benefits for 

cancer immunotherapy and therapeutic vaccination [251–255]. Furthermore, mRNAs encoding 

therapeutic proteins such as EPO or SP-B have proven to be of great relevance for clinical use 

[256, 257]. On the one hand, mRNA-mediated programming of fibroblasts to iPSCs is more 

efficient with up to 4.4 % iPSCs and on the other hand, cells generated by this technique 

demonstrate a global transcriptional signature more closely resembling that of hESCs than 

retrovirally programmed iPSCs [162–166]. 

Initial steps have been enabled by the discovery and subsequent utilization of SP6 and T7 RNA 

polymerases derived from the bacteriophage genome [258, 259]. In recent years, several 

laboratories made considerable efforts to improve mRNA properties, usually implemented by 

mimicking mature eukaryotic mRNA. Synthetic mRNA was equipped with either cis- or trans-

acting factors, comprising: i) a methylated 5’ cap-structure analog (3′-O-Me-m7G(ppp)G or 

phosphate-modified analogues), ii) a 5’ untranslated region (5’ UTR) containing e.g. a Kozak 

consensus sequence, iii) modified nucleosides such as 5-methylcytidine-5’-triphosphate (5mC) or 

pseudouridine-5’-triphosphate (Ψ), iv) a 3’ untranslated region (3’ UTR) containing stable non-

coding sequences of e.g. 3’ UTR of the human globin, and v) a poly-A-tail of 100 – 250 

adenosine residues.  

The use of cap analogs leads to ribosome recruitment and translation [260, 261], mRNA splicing 

[262], stabilization [263–265] and translational repression via microRNA [266, 267]. The 

translation is initiated by diverse nucleoside sequences around the initiation codon AUG [268–

270] in the 5’ UTR. Usually, the innate immune system is activated through pathogenic mRNA 

leading to inflammatory response and apoptosis. This can be prevented by incorporation of 

modified nucleosides such as 5mC or Ψ [256, 271–273] as well as other modulations to reduce 
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the stimulation of Toll-like receptors (TLR) [271], protein kinase PKR [274] and retino acid-

inducible protein I (RIG-I) [275]. The composition of modification has to be optimized in pilot 

experiments for each cell type under investigation to achieve the best protein expression 

combined with long term cell viability [276, 277]. In addition, modifications of the 3’ UTR due 

to avoid AU-rich sequences or usage of histone stem loops are necessary to prevent removal of 

the poly-A-tail [278–280]. The stability of the poly-A-tail itself depends on the number of 

adenosine residues [281]. Along with the cap, the poly-A-tail is necessary for an efficient 

translation as well as for protection from degradation [282, 283]. 

In addition, the innate immune response can be reduced by stringent purification procedures 

using high performance liquid chromatography (HPLC) to eliminate short double stranded RNA 

[284]. Additional risks may be excluded by standardization of the mRNA production process. 

Relevant GMP-qualified mRNA was used in recent clinical trials [285, 286].  

In vivo intramyocardial applications of synthetic modified mRNA have been shown to be a 

feasible application method after MI. Human vascular endothelial growth factor-A (VEGF-A) 

improves heart function and long-term survival of treated mice due to mobilization and 

differentiation of resident endogenous heart progenitors (WT1+ EPDCs) [287]. Application of 

Insulin-like growth factor-1 (IGF-1) promotes cardiomyocyte survival and delay of cell apoptosis 

under hypoxic conditions [288]. Another study confirmed the use of mmRNA in small and large 

animal models [289]. A robust protein expression was observed 6 h after direct myocardial 

injection and was detectable for up to 2 weeks with only limited biodistribution (< 10 % in lung, 

liver and spleen). This rapid and transient expression indicates that the technology is reliable and 

controllable for a variety of cardiovascular applications. 

1.4.2. microRNA 
Another promising approach for genetic manipulation consists of the introduction of small non-

coding RNA molecules (abbreviation: microRNA, miR), thereby omitting exogenous TF 

overexpression.  

MicroRNAs are a new category of regulatory mediators during development and maintenance 

[290–292]. They fulfil their purpose as posttranscriptional repressors of mRNAs by 

complementary binding to the 3’ UTR of the target mRNA [293–297]. Mature microRNAs are 

evolutionarily conserved 21-25 nucleoside long non-protein-coding RNAs [296]. The microRNA 
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database miRBase continuously publishes data obtained by deep sequencing technologiesand 

currently contains 28645 entries of hairpin precursor miRNAs, expressing 35828 mature miRNA 

products, in 223 species (http://www.mirbase.org/, June 2017, release 21) [298]. It should be 

emphasized that only a modest change in mRNA expression (20 – 50 %) on transcription level 

can be achieved by microRNA repression [299, 300], which was proven by the limited repression 

(<2-fold) on protein level [301, 302]. However, a single microRNA has up to hundreds of target 

mRNAs [300] demonstrating the global range of microRNA interaction. 

To date, seven so-called „cardiomiRs“ have been identified, which are highly relevant for 

cardiomyogenesis [303, 304]; microRNA-1, -30a-e, -133, -181a, -195, 208a/b, -499 [292]. As an 

example, microRNA-1 interacts with several myogenic TFs like SRF (serum response factor), 

Mef2c, MyoD and Nkx2.5 as repressor and cooperator in a regulatory loop [305–307]. 

Regulation can be mediated by inhibition of the notch signaling pathway due to direct repression 

of Dll1 [308] and its downstream effector Hes1 [198]. This, in turn, will lead to the expression of 

Gata4, Nkx2.5 and Myogenin. Loss-of-function experiments in drosophila melanogaster have led 

to embryonic mortality in the larval stages, and in equal manner, miR-1-mutants manifest severe 

defects in sarcomeric gene expression [309, 310].  

Initial attempts, using four cardiomiRs (miR-1, -133, -208 and -499) in addition with a chemical 

Janus kinase inhibitor achieved the switch of cell fate towards a cardiomyogenic phenotype with 

28 % αMHC+ cells in vitro using mouse cardiac fibroblasts as starting material and an improved 

cardiac function in vivo [311, 312]. Another forward reprogramming strategy is based on 

cardiomyocyte progenitor cells, overexpression of miR-1 and miR-499 enhanced differentiation 

into cardiomyocytes via repression of histone deacetylase 4 or Sox6 [313]. The results have been 

confirmed, showing that the improved cardiac performance after miR-499 application occurred 

through repression of Sox6 and Rod1 [314]. 

Furthermore, microRNAs may help to overcome several obstacles arising due to MI and 

particularly stem cell transplantations; e.g. modest efficiency, apoptosis, inflammation and low 

retention of transplanted cells [187, 189–192]. As recently published, numerous microRNAs 

possess a potentially anti-apoptotic effect and may enhance cell survival; e.g. microRNA-30b 

[315], -19a [316], -181c [317], -17 [318], -22 [319] -21, -146a, -155 [320]. Moreover, 

microRNA-21 has a beneficial effect on inflammatory injured myocardium [321, 322]. 
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Overall, microRNAs possess regulatory complexity due to their impact on several processes, 

including cell proliferation, differentiation, apoptosis and tumorigenesis [323]. 
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2. Aim of this work 

The investigation of advanced therapeutic options for the treatment of injured tissue after MI is 

currently of great interest and will be a main research focus over the next few years. Therefore, 

this thesis aimed to contribute to the knowledge on a basic research level in the field of 

regenerative medicine to promote ideas of remuscularization. 

The dissertation focused on one hand on the evaluation of forward programming into specific 

cardiac subtypes using murine ESCs. The forced exogenous overexpression of the cardiac 

transcription factor Nkx2.5 should provide insights whether one factor is sufficient to generate 

fully mature and functional ventricular cells. To this end, a cardiac differentiation protocol was 

adjusted to the demands needed, including selection of an appropriate cell clone, culture 

conditions and antibiotic selection time point. The obtained spontaneously beating single cells 

were examined on the protein as well as RNA level in order to determine evidence for quality and 

maturity. Furthermore, the achieved cells were analyzed with respect to their potential to respond 

to ion channel modulators to verify the functional behavior compared to murine neonatal 

cardiomyocytes. 

The second focal point was set on strategies avoiding DNA and viral introduction. It has become 

apparent that the use of several RNA molecules such as mRNA and microRNA is a promising 

approaches of cell fate alteration. Therefore, a PCR-based protocol for the generation of highly 

reproducible mmRNA was developed. The best modification candidate was applied to several 

cell types, using EGFP mmRNA. Initial experiments verified the direct conversion of one 

somatic cell type to another somatic cell type using modified MyoD mRNA and forward 

programming of murine ESCs using modified Nkx2.5 mRNA. Another possibility to improve 

already existing stem cell therapies of bone-marrow derived CD133+ SCs is an additional genetic 

manipulation using microRNA. Therefore, we aimed to establish a superparamagnetic polymer-

based non-viral delivery system. With this concept, an efficient and gentle uptake of microRNA 

could be ensured, with negligible impact on CD133+ haematopotic SC potential. One huge 

advantage using this novel delivery system is the specific magnetic targeting possibility to guide 

the cells of interest to the side of interest, thereby may enhancing the regenerative potential of 

CD133+ SCs due to reducing a massive wash out after transplantation. 
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3. Materials and Methods 

3.1. Materials 
For a detailed list of laboratory materials and devices please refer to appendix (V). 

3.2.  Cell culture  

3.2.1. Murine embryonic stem cells 

W4 murine embryonic stem cells (mESCs) [324] were cultured in DMEM supplemented with 

15 % FBS Superior (Biochrom AG, Germany), 1 % Cell Shield® (Minerva Biolabs GmbH, 

Germany), 100 µM non-essential amino acids, 1000 U/mL leukemia inhibitory factor (Phoenix 

Europe GmbH, Germany) and 100 µM β-mercaptoethanol (Sigma-Aldrich GmbH, Germany) at 

37 °C, 5 % CO2 and 20 % O2.  

Prior differentiation mESCs were co-cultured for at least seven days on inactivated murine 

embryonic fibroblasts SNL 76/7 (STO cell line). Three days before differentiation mESCs were 

replaced from SNL feeder due to enzymatic split with collagenase IV (1 mg/mL) and accutase 

(400-600 units/mL) as previously described [154].Generated clones were subsequently cultured 

under antibiotic selection (Table 1).  

Table 1: mESC clone culture under antibiotic selection 

Clone Antibiotic Stock solution Working solution 

W4    

W4 αMHC #15 Hygromycin 100 mg/mL 250 µg/mL 

W4 αMHC #15 Nkx2.5 #A-

T 

Hygromycin 

Blasticidin 

100 mg/mL 

10 mg/mL 

250 µg/mL 

10 µg/mL 

 

3.2.2. Differentiation of mESCs 
Differentiation of mESCs was performed in cardiogenic differentiation medium, containing IBM 

(Biochrom AG, Germany) supplemented with 10 % FBS Superior, 1 % Cell Shield®, 100 µM 

non-essential amino acids, 450 µm 1-thioglycerol (Sigma-Aldrich GmbH, Germany) and 

213 µg/mL ascorbic acid (Sigma-Aldrich GmbH, Germany). Differentiation was initiated by 

hanging-drop culture for two days at 37 °C, 5 % CO2 and 20 % O2. For this purpose 400 cells per 

drop were plated on the cover of a square petri dish. Afterwards, formed embryoid bodies (EBs) 
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were cultured for four days in suspension culture, whereby they were regularly shaked. The 

following characterization of the cells were carried out under two different concentrations of 

oxygen, 1 % O2 and 20 % O2 from day seven of differentiation.  

In order to assure a qualitative statement of spontaneously beating areas per EB (Figure 7), a 

defined number of EBs were plated on gelatine coated well plates and subsequently counted for 

14 days.  

To ensure the optimal time point for the antibiotic selection step (Figure 8), a defined number of 

EBs were plated on gelatine coated well plates and either treated with 2 µg/mL puromycin on day 

7, 9, 11, 13 or 15 of differentiation. Single cells were obtain through dissociation four days after 

puromycin treatment with collagenase IV and accutase and counted 12 days later.  

Molecular- and cell biological analysis as well as determination of beating frequencies were 

performed on day 25 of differentiation on single cell level. 

3.2.3. Fibroblasts 

Monkey kidney fibroblasts COS7 as well as murine embryonic C3H10T1/2 (Clone 8, ATCC, 

USA) were cultured in DMEM (Biochrom AG, Germany) supplemented with 10 % FBS (Pan 

Biotech GmbH, Germany), 100 µM non-essential amino acids (Biochrom AG, Germany) and 

1 % penicillin/streptomycin (PAA Laboratories GmbH, Germany) at 37 °C, 5 % CO2 and 20 % 

O2. Mouse embryonic C3H10T1/2 cells were used in passages 13-15. BJ human foreskin 

fibroblasts (Stemgent, USA) were cultured in EMEM (Biochrom AG, Germany) supplemented 

with 10 % FBS, 100 µm non-essential amino acids and 1 % penicillin/streptomycin at 37 °C, 5 % 

CO2 and 20 % O2. BJ human fibroblasts were used in passages 15-25. 

3.2.4. Human mesenchymal stem cells 

Mesenchymal stem cells (hMSCs) were obtained from bone marrow (BM) aspirates of patients 

during coronary artery bypass grafting as previously described [325]. All donors gave their 

written consent to use their bone marrow for research proposes according to the Declaration of 

Helsinki. At first, density gradient centrifugation was performed to isolated mononuclear cells 

(MNCs). For plastic adherence selection cells were cultivated in Mesenchymal Stem Cell Growth 

Medium (MSCGM™, Lonza, MD, USA) containing 1 % penicillin/streptomycin (PAA) at 37 °C, 

5 % CO2 and 20 % O2. hMSCs were used in passages 2-4. 
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3.2.5. Human hematopoetic stem cells 
CD133+ hematopoetic stem cells (HSC) were purified from freshly isolated MNCs (see 3.2.4). 

Cells were magnetically enriched using human MACS CD133 MicroBeads (Miltenyi Biotec 

GmbH, Germany) following the manufacturer’s instructions. The subsequent experiments were 

performed using cell samples with a minimal viability and purity of 80 % (determined by adapted 

ISHAGE guidelines (3.4.1.2). CD133+ HSCs were cultured for the establishment of 

miRNA/PEI/MNP transfection system in DMEM supplemented with 2 % FBS and 1 % 

penicillin/streptomycin (PAA) and in StemSpan™ H3000(STEMCELL™ Technologies, Canada) 

supplemented with StemSpan™ CC100 (STEMCELL™ Technologies) as optimized culture 

medium at 37 °C, 5 % CO2 and 20 % O2. 

3.3. Molecular biological investigation 

3.3.1. RNA isolation 

The isolation of total RNA from mESC clones was performed using NucleoSpin® RNA isolation 

kit (Macherey-Nagel, Germany) and from cardiogenic derived single cells at day 25 of 

differentiation using NucleoSpin® RNA isolation kit XS (Macherey-Nagel, Germany) following 

the manufacturer’s instructions. Purity and concentration was analyzed with NanoDrop 1000 

Spectrophotometer (Thermo Fisher Scientific Inc., USA). Samples were stored at -80 °C until 

further processing. 

3.3.2. Reverse transcription 

The synthesis of first strand cDNA from aforementioned total-RNA was transcribed using the 

RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc., USA) 

following the manufacturer’s instructions. The reverse transcription was performed applying the 

Oligo(dT)18 primer. The reaction was conducted using the MJ Mini™ thermal cycler (Bio-Rad 

Laboratories GmbH, Germany). Samples were stored at -20 °C until further processing. 

3.3.3. Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reactions (qPCR) were carried out through TaqMan™ 

PCR-technology. A sequence-specific oligonucleotide (TaqMan® Gene Expression Assay; Table 

11) bound with the fluorophore 6-carboxyfluorescein (FAM) at the 5’end and a quencher at the 3’ 

end is used to determine the direct proportionality of released fluorescence detection and amount 

of DNA. A qPCR reaction consists of TaqMan® Universal PCR Master Mix (Thermo Fisher 
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Scientific Inc., USA), respective TaqMan® Gene Expression Assay, UltraPure™ DNase/Rnase-

Free Distilled Water (Thermo Fisher Scientific Inc., USA) and 10 ng respective cDNA and were 

performed using the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Germany) 

with the following program (StepOne™ Software Version 2, Applied Biosystems, Germany): 

start at 50 °C for 2 min, initial denaturation at 95 °C for 10 min, denaturation at 95 °C for 15 s 

and annealing/elongation at 60 °C for 1 min with 40 cycles. Analysis and evaluation of gene 

expression profiles were performed using the ∆∆Ct method for relative quantifications. For this, 

mean values of target genes were normalized to the mean values of the housekeeping genes 

mHprt and mPolr2a and relative considered to a respective control probe. 

3.4.  Cell biological investigation 

3.4.1. Flow cytometry 

All subsequent flow cytometry analysis were performed using BD FACS LSRII flow cytometer 

(BD Biosciences, Germany) with BD FACSDiva Software 6.1.2 (BD Biosciences, Germany).  

3.4.1.1. Analysis of EGFP expression 
Flow cytometry analysis of EGFP mmRNA transfected cells were carried out 4 h, 12 h, 24 h, 

48 h and 72 h after transfection. Therefore, supernatant and cells were collected and fixed with 

4 % formaldehyde. To examine viability, cells were stained with Near-IR LIVE/DEAD Fixable 

Dead Cell Stain Kit (Molecular Probes, USA). EGFP expression, viability and mean fluorescence 

were analysed for every cell type under investigation. 

3.4.1.2. Analysis of CD133 surface marker pattern 
The evaluation of CD133 surface marker and cell viability was performed with the Boolean 

gating strategy adapted on the ISHAGE guidelines for CD34+ cell analysis [326]. Therefore, cell 

samples were analysed 0 h and 18 h after isolation (see 3.2.5) using following antibodies: CD34-

FITC (clone: AC136), CD133/2-PE (clone: 293C3), isotype control mouse IgG 2b-PE (all 

aforementioned: Miltenyi Biotec GmbH, Germany), CD45-APC-H7 (clone: 2D1) and 7-AAD 

(both BD Biosciences, Germany). Unspecific binding was reduced using FcR blocking reagent 

(Miltenyi Biotec GmbH, Germany). Following incubation (10 min, 4 °C), samples were 

measured immediately. 
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3.4.1.3. Analysis of miRNA uptake efficiency  
Flow cytometry analysis of CD133+ HSC transfected with Cy3™-labelled miRNA was carried 

out 18 h after transfection. Therefore, supernatant and cells were collected and fixed with 4% 

formaldehyde. To examine viability, cells were stained with Near-IR LIVE/DEAD Fixable Dead 

Cell Stain Kit (MolecularProbes, USA). miRNA uptake (proven by Cy3™ detection), viability 

and mean fluorescence were analysed. 

3.4.2. Immunohistochemistry 

Unless otherwise specified, all subsequent immunohistochemistry images were performed using 

ELYRA PS.1 LSM 780 confocal microscope (Carl Zeiss, Germany) and ZEN2011 software (Carl 

Zeiss, Germany). 

3.4.2.1. Visualization of pluripotent expression pattern of mESCs 
W4 generated mESC clones were seeded on cover slips and fixed after 48 h with 4% 

formaldehyde and incubated afterwards with 50 mM ammonium chlorid. Cells were 

permeabilized with 0.2 % Triton X-100 and blocked with 1 % BSA (in PBS). All antibodies were 

incubated in blocking solution containing 0.01 % saponin (Sigma-Aldrich GmbH, Germany) in 

1 % BSA, primary antibodies for 1 h at RT and secondary antibodies for 40 min at RT. Antibody 

staining was performed one after another to avoid cross reactivities. The following antibodies 

were used for mESC clones, primary antibodies: Nkx.2.5 (Santa Cruz Biotechnology Inc., USA; 

1:100), Oct4 (Abcam, UK; 1:200), Sox2 (Abcam, UK; 1:200), and secondary antibodies: Alexa 

Fluor® 568 donkey anti-goat (Life Technologies, USA, 1:300) and Alexa Fluor® 568 donkey 

anti-rabbit (Life Technologies, USA, 1:300). Additionally, the cells were counterstained with 

Phalloidin-FITC (1:500). Samples were mounted with Fluoroshield™ with DAPI (Sigma-

Aldrich, Germany) for nuclei staining. 

3.4.2.2. Visualization of cardiogenic-derived single cells 
Cardiogenic-derived single cells were treated in an analogous manner (3.4.2.1). The following 

antibodies were used for single cells, primary: Cx43 (Santa Cruz Biotechnology, Inc., USA, 

1:100), cTnnT (Abcam, UK; 1:100), HCN4 (Alomone labs, Israel; 1:100), Myh6 (Abcam, UK; 

1:100), Myh7 (Sigma-Aldrich GmbH, Germany; 1:500), α-actinin (Abcam, UK; 1:100), 

secondary antibodies: Alexa Fluor® 568 donkey anti-goat (Life Technologies, USA; 1:300), 

Alexa Fluor® 647 donkey anti-mouse (Life Technologies, USA, 1:300), Alexa Fluor® 488 

donkey anti-rabbit (Life Technologies, USA; 1:300) and Alexa Fluor® 568 donkey anti-
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rabbit(Life Technologies, USA; 1:300). Samples were mounted with Fluoroshield™ with DAPI 

for nuclei staining. Images were performed using the superresolution technology structured 

illumination microscopy (SIM). Therefore, sample images were recorded with the 100x alpha 

1.46 Plan Apochromat® (Carl Zeiss) objective with oil immersion. Z-stacks were recorded in 

SIM mode with a 16 bit depth at 5 angles, with averaging 4; 23 µm grid was applied for 405 laser 

line, 34 µm – 488, 42 µm – 561, 51 µm – 633. The obtained SI raw datasets were 

computationally reconstructed by ZEN software and presented at alignment of Maximum 

projections.  

3.4.2.3. Visualization of EGFP expression 
Immunostaining of EGFP mmRNA transfected COS7, C3H10T1/2, BJ, hMSCs and mESC 

clones was performed 24 h after transfection with a FITC conjugated anti-GFP antibody (Abcam, 

UK; 1:100) according to the manufacturer’s protocol. Fluorescence was detected with Axiovert 

40 CFL (Carl Zeiss, Germany).  

3.4.2.4. Visualization of mRNA-derived myoblast-like cells 
mmRNA-derived myoblast-like cells (3.7.2.2) were seeded on cover slips and fixed after 24 h 

with 4 % formaldehyde. Cells were permeabilized with 0.1 % Triton X-100 and blocked with 

blocking solution (PBS with 0.2 % gelatine, 10 % FBS). The following antibodies were 

incubated at RT in blocking solution: primary antibody MyHC (Abcam, UK; 1:200) and 

secondary antibody, Alexa Fluor 647 goat anti-mouse IgG (Life Technologies, USA, 1:500). 

Additionally, the cells were counterstained with Phalloidin-FITC to visualize Actin-positive cells 

(1:1000; Enzo Life Science, Inc., USA) and DAPI (1:2000, Invitrogen, USA) for nuclei staining. 

Samples were mounted Fluoroshield™ with DAPI.  

3.4.2.5. Intracellular visualization of miRNA-PEI-MNP complexes 
To visualize the intracellular distribution of miRNA-PEI-MNP complexes (optimal conditions: 

20 pmol miRNA; N/P ratio: 7.5; 3 µg/ml MNPs) 5 x 104 CD133+ SCs were fixed after 18 h with 

4 % formaldehyde. Cells were spun down on cover slips and mounted with Fluroshield™ with 

DAPI on microscope slides. CD133+ SCs used for laser scanning confocal microscopy (tile-scan 

with 1062.33 x 1062.33 µm and z-stack with 7 µm depth using 40x oil immersion) were 

transfected with Cy3™ dye-labeled Pre-miR Negative Control #1 (Ambion, USA) and unlabeled 

PEI as well as MNPs. For SIM imaging, CD133+ SCs were transfected with complexes 

consisting of: Pre-miR™ miRNA Precursor Molecules – Negative Control #1 (Ambion, USA) 
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labelled with Cy5™ dye (Mirus Bio LLC, USA), PEI stained with FluoReporter® Oregon 

Green® 488 (Molecular Probes, USA) and MNPs stained using Atto 565 dye conjugated to biotin 

(1:1000 w/w; ATTO-TEC GmbH, Germany). Recently published paper, describes the precise 

procedure in detail [327, 328].  

3.4.3. CFU assay of CD133+ HSC 
The Colony-Forming Unit (CFU) assay was performed using MethoCult™ H4434 Classic 

(STEMCELL™ Technologies, Germany) following the manufacturer’s instructions. For this, 

CD133+ HSCs were transfected with complexes consisting of: Pre-miR™ Precursor Molecules – 

Negative Control #1, non-labelled PEI and non-labelled MNPs. 1 x 103 cells were seeded per 

35 mm dish 18 h after transfection and colonies were evaluated 14 d after incubation at 37 °C, 

5 % CO2 and 20 % O2.  

3.5.  Live cell imaging 

Life cell imaging was preformed using ELYRA PS.1 LSM 780 confocal microscope and 

ZEN2011 software. Cells were incubated during observation at 37 °C.  

3.5.1. Analysis of beating frequencies 
The spontaneous beating frequency of cardiogenic-derived single cells was analyzed at day 25 of 

differentiation. For this, cells were plated after dissociation on gelatine coated 24 well plates and 

kept in differentiation culture until observation. The recording was performed using 10-fold 

optical magnification and 20 images per second. After recording, mean region of interest (mROI) 

was specified and the varying light intensity at the mROI determined. The displayed peaks 

equates to a beat of the cell. 

3.5.2. Physiological investigation 
Using aforementioned method for the determination of spontaneous beating frequencies (3.5.1), 

cell characteristics were examined under different physiological conditions. However, only 

spontaneous beating single cells could be analyzed in terms of their physiological behavior. 

Single cells without own spontaneous beating were not implied in the analysis. 

Cardiogenic-derived single cells were evaluated under administration of the following reagents: 

Noradrenaline (1 µM), Acetylcholine (10 µM), Mibefradil (10 µM), Verapamil (10 µM), 

Tetrodotoxin (10 µM) and potassium rich extracellular fluid (20 mM). First, beating frequency 

was determined as baseline (t0). Second recording comprised a period of 2 minutes to include 2 
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time points: 10 s after application (t1) and 1 min after application (t2) of the respective reagent. 

The closing record was performed 5 min after application (t3). Findings represent the differences 

between the respective time point after application to the baseline beating frequency.  

3.5.3. Calcium transient 
In order to visualize a calcium transient in generated CM-like single cells, cells were incubated 

for 60 min at RT using X-Rhod-1 (4 µm; Thermo Fisher Scientific Inc). Afterwards, cells were 

washed two times with pre-warmed PBS and analyzed in fresh pre-warmed differentiation 

medium.  

3.5.4. Visualization of magnetic targeting with miRNA/PEI/MNPcomplexes 
To visualize the magnetic cell targeting capacity of miRNA/PEI/MNP complexes (optimal 

conditions: 20 pmol miRNA; N/P ratio: 7.5; 3 and 5 µg/ml MNPs) CD133+ HSCs were 

transferred and reseeded on a 12 well plate 18 h after transfection. Unbound complexes were 

washed out and a magnetic field was applied locally using a magnetic plate (OZ Biosience, 

France; field strength 70 – 250 mT and 50 – 130 t/m, respectively [329]). After a further 24 h at 

37 °C, 5 % CO2 and 20 % O2 cell number was documented and counted subsequent with ImageJ 

1.48 (NIH, USA). Magnetic targeting rations were calculated by dividing cell number of area 

with magnet (M+) with cell number of area without magnet (M-). 

3.6.  In vitro synthesis of modified mRNA 

The establishment of modified mRNA (mmRNA) was based on the generation and evaluation of 

the enhanced green fluorescent protein (EGFP)(Figure 17). Any further processing of mmRNA 

was identical to EGFP, only diverging compositions will be mentioned afterwards. 

3.6.1. Generation of DNA template for IVT 

For the generation of EGFP and MyoD DNA template, pCS2+ expression vector was used 

(Figure 34). It contains, in addition to simian CMV IE94 DNA mammalian expression promotor 

(sCMV), a SP6 RNA polymerase promotor in the 5’ untranslated region of the mRNA from the 

sCMV promotor. EGFP and MyoD sequences were introduced using XhoI (bp 107) and XbaI (bp 

115) cloning sites (Figure 17B). The region of interest was amplified with PCR using the forward 

primer 5’-GTCGGAGCAAGCTTGATTAGG-3’ and reverse primer 5’-

T100GTCTGGATCTACGTAATACG-3’. The PCR reaction was performed using Herculase 

enhanced proof-reading DNA polymerase (Agilent Technologies, USA) and the following cycle 
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conditions: initial denaturation at 95 °C for 2 min, 30 cycles with denaturation at 95 °C for 30 s, 

annealing at 59 °C for 60 s, elongation at 72 °C for 30 s and a final elongation step at 72 °C for 

10 min with the MJ Mini™ thermal cycler. PCR purification was performed using the peqGOLD 

Cycle-Pure Kit (peqlab, UK) following the manufacturer’s instructions. Purity and concentration 

was analyzed with NanoDrop 1000 Spectrophotometer.  

3.6.2. In vitro synthesis 

In vitro transcription (IVT) of desired transcription factor or EGFP gene was performed using 

either MEGAscript SP6 Kitor MEGAscript T7 Kit (both Ambion, USA) depending on the 

respective vector backbone. IVT of EGFP was realized with 500 ng purified DNA template and 

SP6 RNA poylermase. To generate mRNA modifications, modified ribonucleoside triphosphates 

were used during IVT performance. Uridine-triphosphate and cytidine-triphosphate were 

replaced with pseudouridine-5’-triphosphate and 5-methylcytidine-5’-triphosphate (both TriLink 

Biotechnologies, USA) in the indicated ratio. The optimal mRNA modification has to be defined 

for every cell type. Therefore, the following modifications of EGFP were used: unmodified 

mRNA, 100 % 5-methylcytidine-5’-triphosphate, 100 % pseudouridine-5’-triphosphate, 52 % 5-

methylcytidine-5’- triphosphate + 52 % pseudouridine-5’-triphosphate and 100 % 5-

methylcytidine-5’-triphosphate + 100% pseudouridine-5’-triphosphate with a final concentration 

of 5 mM per nucleoside. To obtain capped mRNA, a 3′-O-Me-m7G(ppp)G RNA cap structure 

analog (New England Biolabs, USA) was added through the IVT reaction while reducing 

guanosine-triphosphate in a ratio of 4:1. The reaction was incubated for 4 h at 37 °C. Following 

the IVT, mmRNA was treated with TurboDNase (contained in MEGAscript SP6 Kit) for 15 min 

at 37 °C to remove remaining DNA templates. The mmRNA was purified using the GeneJET 

RNA Purification Kit (Thermo Fisher Scientific Inc., USA) following the manufacturer’s 

instructions. Purity and concentration was analyzed with NanoDrop 1000 Spectrophotometer. 

3.7.  Transfection procedures 

3.7.1. Transfection with Plasmid DNA 

mESCs were detached with trypsin for 3 min at 37 °C, centrifuged and counted in respective 

standard growth medium. They were seeded in a density of 5.4 x 105 per cm2 in a TTP cell 

culture plate. 6 h after seeding, the cells were transfected using jetPEI® DNA transfection 

reagent (Polyplus transfection®, USA) according to the manufacturer’s instructions. For the 
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generation of hNkx2.5 overexpressing clones, 20 µg nucleic acid was used per 5 x 106 cells. The 

first medium change was performed 24 h after transfection with the addition of respective 

antibiotics (Table 1). Subsequently, 24 clones were picked and cultured under antibiotic 

selection. 

3.7.2. Transfection with modified mRNA 

3.7.2.1. Single cell transfection with modified EGFP mRNA 
Fibroblasts (n=3) and hMSCs (n=3) were detached with trypsin for 5 min at 37 °C, centrifuged 

and counted in respective standard growth medium. They were seeded in a density of 1.5 x 104 

per cm2 in a 24 well plate. 24 h after seeding, the cells were transfected using Lipofectamine2000 

transfection reagent (Life Technologies GmbH, USA) according to the manufacturer’s 

instructions. Therefore, respective standard growth medium was replaced with 100 μL 

prewarmed Opti-MEM® I Reduced Serum Medium (Life Technologies, USA). The cells were 

transfected with 500 ng modified EGFP mRNA. The nucleic acid-Lipofectamine2000-mixture 

was added to the cells and incubated for 4 h at 37 °C, 5 % CO2, 20 % O2. The medium was 

replaced with respective standard growth medium after the incubation time. Cells were cultured 

at 37 °C, 5 % CO2 and 20 % O2 and medium was chanced every second day. 

3.7.2.2. Serial transfection with MyoD modified mRNA 
C3H10T1/2 mouse fibroblasts were detached with trypsin for 5 min at 37 °C, centrifuged and 

counted in standard growth medium. Fibroblasts were seeded at a density of 5 x 103 per cm2 in a 

24 well plate (Figure 22). 4 h prior to the first transfection, medium was changed to transfection 

medium, DMEM supplemented with 200 ng/mL B18R (eBioscience, USA). Cells were 

transfected three times with 250 ng modified MyoD mRNA at intervals of 24 h (optimal 

modification carried out: 3.7.2.1). 24 h after the third transfection, medium was changed to 

transdifferentiation medium, DMEM containing 10% horse serum (Life Technologies, USA), 

1 % non-essential amino acids and 1 % penicillin/streptomycin, for additional 72 h. 

3.7.2.3. Serial transfection with Nkx2.5 modified mRNA 
mESCs were detached with trypsin for 3 min at 37 °C, centrifuged and counted in cardiogenic 

differentiation medium. They were seeded in a density of 1.5 x 104 per cm2 in a TTP cell culture 

plate. 4 h prior to the first transfection, medium was changed to transfection medium, cardiogenic 

differentiation medium supplemented with 200 ng/mL B18R (eBioscience, USA). Cells were 
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transfected three times with 500 ng modified hNkx.25 mRNA at intervals of 24 h (optimal 

modification carried out: 3.7.2.1). The standard differentiation procedure (3.2.2) starts 24 h after 

the third transfection. Therefore, cells were detached with trypsin for 3 min at 37 °C, centrifuged 

and counted in cardiogenic differentiation medium. Hereinafter, standard differentiation protocol 

was used (3.2.2). 

3.7.3. miRNA/PEI/MNP transfection system 

3.7.3.1. Formation of polyplexes and transfection 
The establishment of miRNA/PEI/MNP complexes was previously reported and was used as 

described for the transfection of CD133+ SCs [327, 328].  

The miRNA/PEI/MNP complexes consists of the following compounds: I) Cy3™ dye-labeled 

Pre-miR Negative Control #1 (Ambion, USA) a double-stranded RNA molecule which mimics 

endogenous mature miRNAs, II) biotionylated branched polyethylenimine (molecular weight of 

25 kDA, Sigma-Aldrich GmbH, Germany) (PEI) and III) Streptavidin MagneSphere® 

Paramagnetic Particles (Promega Corporation, USA) (MNPs). First, miRNA and PEI were 

diluted in equal volumes of 5 % glucose (MP Biomedicals, Germany) and mixed in accordance to 

the desired PEI nitrogen/ miRNA phosphate (N/P) ratio. MNPs were incubated in an ultrasonic 

bath before use. miRNA/PEI complexes were incubated separate before bringing together with 

prepared MNPs in different concentrations. 

Freshly isolated CD133+ HCs were seeded at a density of 2.5 x 103 per cm2 in a 24 well plate in 

standard growth medium (3.2.5). The transfection with respective complexes was performed 

immediately after seeding and cells were cultured at 37 °C, 5 % CO2 and 20 % O2 for 18 h until 

further investigation (3.4.1.2, 3.4.2.5, 3.4.3, 3.5.4). 

3.7.3.2. Magnetic particle spectroscopy 
The quantification of magnetic iron loading of CD133+ SCs was performed using magnetic 

particle spectroscopy (MPS; Bruker Biospin, Germany) in cooperation with the Physikalisch-

Technische Bundesanstalt, Berlin. For this, 5 x 105 CD133+ SCs were transfected with 20 pmol 

miRNA, N/P 7.5 and 3 µg/ml MNPs and hereinafter fixed with 1 % FA. The analysis was 

performed under magnetic field Bdrive = 25 mT and a frequency f0 = 25 kHz. The determination is 

based on the non-linear dynamic of magnetic moments of the sample at higher (odd) harmonics 

of f0. The iron quantification of the samples is carried out by the third harmonic A3 of the MPS-
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spectrum which is normalized to the corresponding A3,ref of the MNP reference sample of known 

iron amount (3.2 µg for MNPs only reference and 2.5 µg for the CD133 MicroBeads reference) 

[330]. The ratio of the fifth to third harmonic A5/A3 is used as a characteristic finger print to 

identify the magnetic nanoparticle type in the sample. 

3.8.  Statistical analysis 

3.8.1. Statistical analysis of mESC experiments 
Statistical analysis of mESC experiments was performed using OriginPRO 2016G (OriginLab 

Corporation, USA). All data are reported as mean ± SEM. One Way Analysis of Variance 

(ANOVA) was performed for multiple comparisons with Bonferroni post hoc test. P < 0.05 was 

considered statistically significant. 

3.8.2. Statistical analysis of mmRNA experiments 
Statistical analysis of mmRNA experiments was performed using SigmaPlot software version 

11.0 (Systat Software Inc., USA). All data are reported as mean ± SEM. Differences in EGFP 

expression, dead cells and mean fluorescence were analysed for every time point. Analyses of 

differences between modified mRNAs were performed after the Normality Test (Shapiro-Wilk) 

and the Equal Variance Test. One Way Analysis of Variance (ANOVA) was employed for 

normally distributed data with equal variance. In case of p < 0.05, significantly differing groups 

were determined using Bonferroni as a post hoc test for multiple comparisons. In case of 

nonnormally distributed data or unequal variance, One Way Analysis of Variance on Ranks 

(Kruskal-Wallis) test was employed using Dunn’s test for post hoc multiple comparisons. P < 

0.05 was considered statistically significant. 

3.8.3. Statistical analysis of CD133+ experiments 
Statistical analysis of CD133+ HSCs experiments was performed using the SigmaPlot software 

version 11.0. All data are reported as mean ± SEM. The evaluation was done using Student’s t-

test. P < 0.05 was considered statistically significant. The respective experiments were performed 

with different BM donors (n). 
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4. Results 

4.1.  Results Part I – cardiac differentiation of mESC 
mESCs were cultured and differentiated according to a standardized protocol. This was adapted 

for the purpose to generate ventricular subtype cardiomyocytes. A general overview is displayed 

in Figure 4, which shows the different morphology stages during this protocol. 

4.1.1. mESC culture 

4.1.1.1. Generation of hNkx2.5 clones 
This section contains a detailed characterization of the murine embryonic stem cells (W4) [324] 

which were subsequently used for cardiac differentiation. The present mESCs had previously 

been transfected with a pGK-hygro αMHC-puromycin cassette [155]. The clone (W4 αMHC #15; 

control), from which most spontaneously beating single cells could be obtained was selected for 

further studies.  

Next, to achieve a specific ventricular-subtype differentiation, an exogenous introduction of 

hNkx2.5 through application of pEF-DEST51-hNkx2.5 plasmid and subsequent separation and 

cultivation of the resulting clones (W4 αMHC #15 hNkx2.5 #A – T) was performed (plasmid 

map pEF-DEST51: supplement Figure 35). The relative expression analysis of hNkx2.5 obtained 

by qPCR (Figure 5A) displayed significant differences in the expression of hNkx2.5 on the 

mRNA level among all clones under investigation. W4 αMHC #15 hNkx2.5 #F (0.95 ± 0.03) and 

#L (0.94 ± 0.05) presented significantly higher expression in relation to several other clones. The 

clone with the lowest expression is W4 αMHC #15 hNkx2.5 #N (0.02 ± 0.007). 

To achieve an overview of different Nkx2.5 mRNA expression levels, several clones were picked 

for further analysis, this includes W4 αMHC #15 as well as W4 αMHC #15 hNkx2.5 #D, #F and 

#L, which will be presented in the following.  

Immunohistochemical investigations were performed with selected clones (W4 αMHC #15 

hNkx2.5 #D, #F and #L) and control cells (W4 αMHC #15) (Figure 5B). Stainings revealed 

embryonic stem cell clusters consisting of individual cells marked by actin. Exogenous 

expression of hNkx2.5 was strongly present in the nucleus of W4 αMHC #15 hNkx2.5#F and #L 

and mode in W4 αMHC #15 hNkx2.5 #D. The control cells exhibited no protein expression of 

Nkx2.5.  
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In order to maintain integrity of Mhy6-puro/PGK-hygro as well as pEF-DEST51 selection 

pressure was applied using hygromycin and blasticidin, according to Table 1. 
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Figure 5: Exogenous hNkx2.5 expression in W4 αMHC clones 

Analysis of hNkx2.5 expression on mRNA (A) and protein level (B) at day 0 of differentiation. (A) Relative 
expression of hNkx2.5 among all obtained W4 αMHC clones performed by qPCR. Normalized to mHprt and 
mPolr2a. Values are presented as mean ± SEM; n=3; statistic was performed as multiple comparison of mean 
(ANOVA), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Not all statistically significant values are displayed, focus towards 
subsequent used clones (W4 αMHC#15 hNkx2.5 #D, F, L). (B) Protein expression of control (W4 αMHC#15) and 
W4 αMHC#15 hNkx2.5 #D, F, L clones; hNkx2.5 (red), actin (green) and nucleus (blue); scale bar: 20 µm. (parts of 
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the figure appear in the Bachelor thesis of Vivien Krebs who was supervised by F. Hausburg and submitted to the 
Journal of Cellular Physiology and Biochemistry.) 

4.1.1.2. Maintenance of pluripotency 
Undifferentiated mESCs were continuously cultured with leukemia inhibitory factor (LIF) [133, 

134] to maintain a pluripotent state. The cell cluster formations remain similar between the cell 

clones. They appeared in flat clusters with sharp edges in varying degrees and size (Figure 4). 

Furthermore, partial differentiation has already started as indicated by thin extensions on the 

edges.  

Prior to cardiogenic differentiation, mESCs were co-cultured with mitotically inactivated murine 

embryonic fibroblasts derived from the line SNL 76/7 [138] for seven days. Thereafter, clusters 

appeared in a more 3-dimensional form with obvious bright edges. Moreover, no false 

differentiation was observed (Figure 4).  

Cells were additionally cultured under selection pressure after they had been separated from the 

feeder cell culture for two days. Afterwards, on day 0 of differentiation, all clone clusters 

displayed a normal morphology with a high nucleus / cytoplasm ratio. 

Analysis on mRNA level using qPCR (Figure 6A) showed no significant difference of 

pluripotency marker expression (mOct4, mNanog and mSsea1) between Nkx2.5 clones and 

control (expression analysis relativized to W4 αMHC#15 (set: 1)). All clones revealed a 

tendentially higher expression of mOct4 (between 1.18 ± 0.12 and 1.27 ± 0.13). Whereas W4 

αMHC #15 hNkx2.5 #L was the only clone with limited expression of the pluripotency markers 

mNanog (0.76 ± 0.30) and mSsea1 (0.85 ± 0.22) as well as both early cardiac markers 

investigated, mIsl1 (0.72 ± 0.20) and mMesP1 (0.75 ± 0.27).  

However, no significant differences are discernible in early cardiac marker expression. Whereby 

all Nkx2.5 clones revealed a slight decrease of mMesp1 (between 0.75 ± 0.27 and 0.99 ± 0.13) 

compared to control. Present circumstances are owned by a large standard deviation.  

In contrast, certain differences among the clones become obvious on the protein level (Figure 

6B). Immunohistochemical investigations were performed with the pluripotency marker Oct4. 

The protein expression of Oct4 was present in all clones, with only a minor decrease in the 

control cluster. 
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Figure 6: Pluripotency and early cardiac marker expression 

Analysis of pluripotency and early cardiac marker expression on mRNA (A) and protein level (B) at day 0 of 
differentiation. (A) Relative expression among all obtained W4 αMHC clones performed by qPCR. Values 
normalized to mHprt and mPolr2a and relativized to W4 αMHC#15 (set: 1). Values are presented as mean ± SEM; 
n=3; statistic was performed as multiple comparison of mean (ANOVA), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (B) 
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Protein expression of control (W4 αMHC#15) and W4 αMHC#15 hNkx2.5 #D, F, L clones; Oct4 (red), actin (green) 
and nucleus (blue); scale bar: 20 µm. (parts of the figure appear in the Bachelor thesis of Vivien Krebs who was 
supervised by F. Hausburg and submitted to the Journal of Cellular Physiology and Biochemistry.) 

4.1.2. Cardiac differentiation of mESCs 
As described above, three hNkx2.5 clones were selected for further specific ventricular subtype 

differentiation (W4 αMHC #15 hNkx2.5 #D, F, L). W4 αMHC #15 and unaltered W4 cells were 

used as references.  

4.1.2.1. Protocol optimization 
To achieve the optimal results, it is essential to optimize the entire differentiation protocol. 

Therefore, mESCs were brought to cardiac differentiation through EB formation and subsequent 

suspension culture. 

At first, from day 7 on, cells were split in two different oxygen concentrations (1 % O2 and 

20 % O2) and were thereafter examined with regard to their spontaneous beating activity and 

quantity (Figure 7A). No significant difference could be found using multiple comparison of 

means (ANOVA) among all clones at any specific time. All clones started to beat on day 8 of 

differentiation (1 % O2: W4: 0.25 ± 0.21; W4 αMHC #15: 0.60 ± 0.2; W4 αMHC #15 hNkx2.5 

#D: 0.1 ± 0.05; W4 αMHC #15 hNkx2.5 #F: 0.5 ± 0.17; W4 αMHC #15 hNkx2.5 #L: 0.56 ± 0.21 

and 20 % O2: W4: 0.3 ± 0.21; W4 αMHC #15: 0.59 ± 0.21; W4 αMHC #15 hNkx2.5 #D: 0.38 ± 

0.12; W4 αMHC #15 hNkx2.5 #F: 0.89 ± 0.21; W4 αMHC #15 hNkx2.5 #L: 0.61 ± 0.20) and the 

number of beating areas per EB increased over time until day 18 (Figure 7B). From this point, 

beating areas synchronized themselves. W4 αMHC #15 hNkx2.5 #D showed a significant 

increase of beating areas at day 16 (2.2 ± 0.29) and W4 αMHC #15 hNkx2.5 #F at day 17 (3.07 ± 

0.5) at 20 % O2. Whereas W4 αMHC #15 hNkx2.5 #L showed no significant difference at 

20 % O2 conditions, at 1 % O2 a significant difference from day 12 on (2.55 ± 0.51) was recorded. 

The largest significant difference was observed with W4 αMHC #15 hNkx2.5 #F on day 20 (4.09 

± 1.26).  

Second, the optimal time for antibiotic selection was determined using similar separation into 

both oxygen concentration groups. Clones were treated at five different times (day 7, 9, 11, 13 

and 15) with equal concentration of puromycin. EBs were dissociated four days after puromycin 

treatment and the number of obtained single cells was determined 16 days after treatment (Figure 

8A). Unmanipulated W4 cells were used as control to comprehend the effectiveness of the 
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antibiotic reagent, which has become apparent if no single cells were present after the 

dissociation step (Figure 4). This could be confirmed in every attempt. In addition, a morphologic 

categorization was performed (detailed single cell number: Figure 33) inspired by Jung et al. 

[153]. They were subsequently classified in: spindle and spider cells [153], square cells and an 

undefined cell population (includes dying round shaped cells) (see 4.1.2.2). Under both 

conditions (1 % O2 and 20 % O2), W4 αMHC #15 has yielded exceedingly few cells, but due to a 

large standard deviation, without a significant difference at nearly all times (using multiple 

comparison of means, Figure 8B).  

 

 

Figure 7: Quantitative determination of spontaneously beating areas per EB 

Quantitative analysis of beating areas per EB during cardiogenic differentiation of W4 αMHC clones. (A) 
Experimental setup and (B) enumerated beating areas per EB under 1 % O2 and 20 % O2 oxygen conditions. Values 
are presented as mean ± SEM; n=7 (d8-d17), n=3 (d18-d21); statistic was performed as multiple comparison of mean 
(ANOVA) within one clone against day 8 of differentiation (start of beating), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
(parts of the figure appear in the Bachelor thesis of Christin Völkner who was supervised by F. Hausburg and 
submitted to the Journal of Cellular Physiology and Biochemistry.) 
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Figure 8: Quantitative determination of the optimal time point for antibiotic selection 

Quantitative analysis of antibiotic selection during cardiogenic differentiation of W4 αMHC clones. (A) 
Experimental setup and (B) enumerated single cells per EB under 1 % O2 and 20 % O2 oxygen conditions. Values 
are presented as mean ± SEM; n=3; statistic was performed as multiple comparison of mean (ANOVA), *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. (parts of the figure appear in the Bachelor thesis of Christin Völkner who was supervised 
by F. Hausburg and submitted to the Journal of Cellular Physiology and Biochemistry.) 
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be generated under 20 % O2 conditions and W4 αMHC #15 hNkx2.5 #F at day 15 (26.38 ± 

24.81), which is an efficiency of 13.19 %. This indicates a 9.77-fold higher yield compared to the 

best result obtained with W4 αMHC #15 (at day 7 under 1 % O2 conditions). 

As neither W4 αMHC #15 hNkx2.5 #F nor W4 αMHC #15 hNkx2.5 #L displayed an adjusted 
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4.1.2.2. Cardiomyocyte characteristics 
Single cells received using the aforementioned protocol (4.1.2.1) have been analyzed with regard 

to their cardiomyocyte characteristics, signified morphology, protein expression, spontaneous 

beating frequency and their response to pharmacological substance administration, respectively.  

4.1.2.2.1. CM-like cells present specific myogenic characteristics  
It should be noted, that all clones under investigation give rise to equal cell shapes. A 

morphologic categorization inspired by Jung et al. [153] led to the subsequent classification: 

spindle and spider cells [153], large round and large square cells and an undefined cell population 

(includes large longitudinal and small round cells). The only difference consists in the total 

amount of yielded cells (Figure 8). Spindle cells are characterized by a thin spindle-shape with 

two opposed extensions and an approximately cell size of 18 x 73 µm (n=36). Whereas spider 

cells possess five or more extensions, in all directions (54 x 68 µm, n=20). Both cell types 

showed a raised cell body. The second cell population is defined by a flat round or squared shape, 

with or without extensions. These cells exhibit the largest population with a cell size 

approximately 86 x 118 µm (n=67). Cells which do not match the aforementioned categories 

were named as undefined cells, this also includes rounded in cell death situated but still beating 

cells (20 x 27 µm, n=26) as well as large longitudinal cells with a cell size of approximately 36 x 

74 µm (n=107). However, the cell size difference of the clones is only modest, whereby W4 

αMHC #15 represents the smallest population with approximately 34 x 62 µm (n=28) and W4 

αMHC #15 hNkx2.5 #F the largest with approximately 59 x 102 µm (n=81). W4 αMHC #15 

hNkx2.5 #D: 45 x 79 µm (n=68) and W4 αMHC #15 hNkx2.5 #L: 43 x 76 µm (n=79). 

To investigate a potential cardiogenic phenotype, structural proteins of myofibril and sarcomere 

as well as gap junctions were immune-labeled on day 25 of differentiation. Therefore, equal 

stainings were performed for each clone within one differentiation approach to ensure same 

conditions. 

The labeling of mMyh6 (Figure 9) revealed a weak and unstructured expression in W4 αMHC 

#15 hNkx2.5 #D (Figure 9B) and only partial in W4 αMHC #15 (Figure 9A) as well as W4 

αMHC #15 hNkx2.5 #F (Figure 9C). The thin cells of W4 αMHC #15 (Figure 9A) exhibited a 

striped structure along the cell boundary of the extensions, whereas mMyh6 in W4 αMHC #15 
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hNkx2.5 #F (Figure 9C) were predominantly expressed around the nucleus. In contrast, the ghost 

cell of W4 αMHC #15 hNkx2.5 #L (Figure 9D) revealed unambiguous A-bands, consisting of the 

thick filament spread over the whole cell.  

All hNkx2.5 clones exhibit mMhy7 protein expressions (Figure 10B-D), the second myosin 

heavy chain isoform existing in vertebrates. On the other hand, no expression of mMyh7 was 

achieved in single cells of the control clone (Figure 10A). Labeled actin was marked by 

intersecting structures as well as thin strings toward the periphery. W4 αMHC #15 hNkx2.5 #D 

revealed polynuclear cells with striated actin and thin strings toward the periphery, which are 

present in the whole cell body (Figure 10B). Only one cell, lying on top of the others exhibits 

mMyh7. The striped expression of mMyh7 is co-localized with actin. The two co-localized 

components of the muscle sarcomere became apparent in a large square cell of W4 αMHC #15 

hNkx2.5 #F (Figure 10C) and W4 αMHC #15 hNkx2.5 #L (Figure 10D), whereby mMyh7 

marked the M-band consisting of the thick filament and actin marked the I-band consisting of the 

thin filament. Actin filaments were tethered to the Z-lines through the microfilament protein α-

actinin, which was expressed in all clones (Figure 11). However, neither hNkx2.5 clones nor the 

control displayed a complete mature myosin arranged α-actinin structure. Most likely, spider-like 

cells of W4 αMHC #15 hNkx2.5 #F (Figure 11C) revealed a well-organized structure with a 

striped expression. 

The troponin complex, consisting of three subunits (T, C, I), is co-localized to the actin filament. 

Cardiac troponin T (cTnT) binds the complex to tropomyosin and therefore provides the 

connection between actin and myosin. As well as α-actinin, cTnT is present in two different 

forms, either streaked or thin strings toward the periphery in all clones (Figure 12). For this, it 

makes no difference whether these are spindle and spider cells, ghost cells or another 

morphologic cell type. The expression of Connexin 43 (Cx43) and hyperpolarization-activated 

cyclic nucleotide-gated cation channels (Hcn4) were evaluated with regard to the accordance of 

subtype specifications.  

W4 αMHC #15 hNkx2.5 #L was the only clone expressing the gap junction protein Connexin 43 

on its surface of a single ghost cell (Figure 9D) and beyond this between adjacent cells (Figure 

12D). This localization of strong Cx43 expression was also present in cell complexes of W4 

αMHC #15 hNkx2.5 #D (Figure 9B and Figure 12B) as single dots in apparent gaps. This 
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confirmed the special function of gap junctions as functional connection between neighboring 

cells. 

 

Figure 9: Expression of Myh6 and Connexin 43 in CM-like single cells 

Immunostaining of obtained CM-like single cells on day 25 of differentiation. (A) W4 αMHC #15, (B) W4 αMHC 
#15 hNkx2.5 #D, (C) W4 αMHC #15 hNkx2.5 #F, (D) W4 αMHC #15 hNkx2.5 #L, Myh6 (red), Cx43 (green) and 
nucleus (blue). The arrows indicating the Cx43 expression, which is nonexistent in (A) and (C), scattered spotted in 
(D) and strongly expressed between cells in (B); scale bar: 20 µm  
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Figure 10: Expression of Myh7 and actin in CM-like single cells 

Immunostaining of obtained CM-like single cells on day 25 of differentiation. (A) W4 αMHC #15, (B) W4 αMHC 
#15 hNkx2.5 #D, (C) W4 αMHC #15 hNkx2.5 #F, (D) W4 αMHC #15 hNkx2.5 #L, Myh7 (red), Actin (green) and 
nucleus (blue); scale bar: 20 µm  
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Figure 11: Expression of α-actinin in CM-like single cells 

Immunostaining of obtained CM-like single cells on day 25 of differentiation. (A) W4 αMHC #15, (B) W4 αMHC 
#15 hNkx2.5 #D, (C) W4 αMHC #15 hNkx2.5 #F, (D) W4 αMHC #15 hNkx2.5 #L, α-actinin (red) and nucleus 
(blue); scale bar: 20 µm  
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Figure 12: Expression of cardiac Troponin T and Connexin 43 in CM-like single cells 

Immunostaining of obtained CM-like single cells on day 25 of differentiation. (A) W4 αMHC #15, (B) W4 αMHC 
#15 hNkx2.5 #D, (C) W4 αMHC #15 hNkx2.5 #F, (D) W4 αMHC #15 hNkx2.5 #L, Cx43 (red), cTnT (green) and 
nucleus (blue). The arrows indicating the Cx43 expression, which is nonexistent in (A) and (C), and strongly 
expressed between cells in (B) and (D); scale bar: 20 µm (parts of the figure appear in the Bachelor thesis of Vivien 
Krebs who was supervised by F. Hausburg and submitted to the Journal of Cellular Physiology and Biochemistry.) 
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4.1.2.2.2. CM-like cells possess spontaneous beating activity 
Another characteristic of cardiomyocytes, the ability of self-contained contractions, was 

evaluated on day 25 of differentiation in comparison to murine neonatal cardiomyocytes 

(mnCM).  

The cells were cultured under the previously described protocol and the spontaneous beating 

activity was determined using a 37 °C incubator to avoid temperature influences. It should be 

considered that not all single cells exhibited autonomous beating activity and a large amount of 

large square cells lose their capacity over time. Dying round beating cells were not used for the 

calculation comparing all clones (Figure 13A).  

To exactly determine the frequency after recording, regions of interest (ROI) were fixed at one 

position on the cell using the ZEN2011 software (Figure 13C). Change in light intensity at the 

respective ROI correlates with the contraction of the cell and reflect the spontaneous beating 

frequency (Figure 13D).  

In Figure 13A the beating frequencies per min of the control cells, hNkx2.5 clones without dying 

small round cells and mnCMs are depicted. However, only mnCMs were considered as 

representing a closed group, shown by a compact and evenly distributed bf within all analyzed 

cells (30 – 174 beats min-1). On the other hand, W4 αMHC #15 (36 – 378 beats min-1), W4 

αMHC #15 hNkx2.5 #D (18 – 432 beats min-1) and W4 αMHC #15 hNkx2.5 #F (12 – 414 beats 

min-1) exhibited a wide variety, with some cells not fitting to the cell population. This might be 

due to the fact that the generated cells present an inconsistent subtype population. This was 

expected with cells derived from the W4 αMHC #15 clone, and therefore causes the most 

outliers. Single cells derived from the W4 αMHC #15 hNkx2.5 #L clone show a heterogeneous 

population (0 – 426 beats min-1) but the beating frequency is still significantly faster than 

mnCMs. However, cell populations of different morphologies exhibit different – more 

homogenous – beating frequencies, exemplarily shown for W4 αMHC #15 hNkx2.5 #L (Figure 

13B). The largest cell population of large square and large round cells exhibit the slowest beating 

frequency between 0 – 228 beats min-1 with significant difference to small round (174 – 474 

beats min-1) and spindle like (36 – 408 beats min-1) cells.  
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Furthermore, adjacent cells synchronize their respective beating frequencies between themselves, 

which confirmed the ability of functional connections given by formation of gap junctions 

(Figure 9 and Figure 12). 

 

Figure 13: Beating frequency of CM-like single cells 

Analysis of beating frequencies of obtained CM-like single cells on day 25 of differentiation. (A) beating frequencies 
of single cells (excluding small round dying cells) and (B) W4 αMHC #15 hNkx2.5 #L subdivided by morphology 
(including small round dying cells) displayed as boxplot, with 25 %- and 75 %-quantil, coeff. 1.5, outliers marked, 
horizontal line indicates media, square indicates mean;; statistic was performed as multiple comparison of mean 
(ANOVA), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. A:n=38, 86, 86, 88, 32 and B: n=16, 8, 33, 16, 6. (C) and (D) 
exemplary depiction of data acquisition with ZEN2011 software. Region of interests are marked (red: cell 1 and 
green: cell 2). Scale bar: 50 µm 
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4.1.2.2.3. Pharmacological substance administration on CM-like cells 
Pharmacological investigations were performed referring to ion channel availability within the 

cell population of the respective clones as well as mnCMs in culture under administration of the 

following reagents: Noradrenaline (NA, 1 µM), Acetylcholine (ACh, 10 µM), Tetrodotoxin 

(TTX, 10 µM), potassium rich extracellular fluid (K+, 20 mM), Mibefradil (Mibe, 10 µM) and 

Verapamil (Vera, 10 µM). 

To analyze the impact of relevant substances, initial state (t0) of beating frequency was recorded 

as described above (see 4.1.2.2.2) (Figure 14A). Subsequently, recording was performed which 

serves the following issues: application of respective substance, time points t1 (10 s after 

application) and t2 (1 min after application) (Figure 14B). After an incubation period of 5 min 

(t3) a closing recording was performed to determine the final effect (Figure 14C). 

 

Figure 14: Exemplary depiction of data for administration of Verapamil 

Exemplary depiction of data acquisition with ZEN2011 software. (A) Beating frequency of t0 indicates the initial 
state, (B) administration of Verapamil [1ꞏ10-5 M] and following time points t1 (10 sec after application) and t2 
(1 min after application), and (C) t3 (5 min after application). (D) Associated cell, region of interests is marked 
(green). Scale bar: 50 µm 

 

Figure 15B-F depicts the shift of beating frequencies (t1-t3) compared to the initial state (t0). 

Here it became apparent that cells derived from W4 αMHC #15 clone as expected represent an 

inconsistent population, reacting to each parameter with a large standard deviation (Figure 15B). 
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8 10 12 14 16 18 20

20000

25000

30000

35000

40000

in
te

ns
it

y 
[a

.u
.]

time [s]

0 20 40 60 80 100 120

20000

25000

30000

35000

40000

in
te

ns
it

y 
[a

.u
.]

time [s]

8 10 12 14 16 18 20

20000

25000

30000

35000

40000

in
te

ns
it

y 
[a

.u
.]

time [s]

A B Ct0

t1

t2

t3
Verapamil
[1.10-5 M]

D



Results 

 

57 
 

 

 

   1 µM Noradrenaline (NA)

10 µM Acetylcholine (Ach)
10 µM Tetrodotoxin (TTX)
20 mM potassium rich
             extracellular fluid (K+)
10 µM  Mibefradil (Mibe)
10 µM Verapamil (Vera)

t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3

NA ACh TTX K+ Mibe Vera

-100

-50

0

50

100

**

sh
if

t c
om

pa
re

d 
to

 t0
 [

%
]

 t1 = 10 sec after appl.
 t2 = 1 min after appl.
 t3 = 5 min after appl.

ex
ci

ta
to

ry
in

hi
bi

to
ry

su
bs

ta
nc

e 
ad

m
in

is
tr

at
io

n

t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3

NA ACh TTX K+ Mibe Vera

-100

-50

0

50

100

sh
if

t c
om

p a
re

d 
to

 t0
 [

%
]

 t1 = 10 sec after appl.
 t2 = 1 min after appl.
 t3 = 5 min after appl.

t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3

NA ACh TTX K+ Mibe Vera

-100

-50

0

50

100

**

**

sh
if

t c
om

pa
re

d 
to

 t0
 [

%
]

 t1 = 10 sec after appl.
 t2 = 1 min after appl.
 t3 = 5 min after appl.

##
##

###
##

t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3

NA ACh TTX K+ Mibe Vera

-100

-50

0

50

100

************

sh
if

t c
om

p a
re

d 
to

 t0
 [

%
]

 t1 = 10 sec after appl.
 t2 = 1 min after appl.
 t3 = 5 min after appl.

###

###

t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3 t1 t2 t3

NA ACh TTX K+ Mibe Vera

-100

-50

0

50

100

**************

sh
if

t c
om

pa
re

d 
to

 t0
 [

%
]

 t1 = 10 sec after appl.
 t2 = 1 min after appl.
 t3 = 5 min after appl.

D

A B

C

E F



Results 

 

58 
 

Figure 15: Substance administration on CM-like single cells 

Quantitative analysis of beating activity in relation to the respective substance administration. (A) Administration of 
inhibitory and excitatory pharmacological substance on obtained single cells of  (B) W4 αMHC #15, (C) W4 αMHC 
#15 hNkx2.5 #D, (D) W4 αMHC #15 hNkx2.5 #F, (E) W4 αMHC #15 hNkx2.5 #L, and (F) monolayer mnCMs. 
Data represent the shift of beating frequencies compared to t0 (t0 set 0) (Figure 14). Values are presented as mean ± 
SEM; n=3-17; statistic was performed as multiple comparison of mean (ANOVA), */#p ≤ 0.05, **/##p ≤ 0.01, 
***/###p ≤ 0.001. (* comparison to t0, # comparison within all time points) (parts of the figure are submitted to the 
Journal of Cellular Physiology and Biochemistry.) 

 

errors. It could be confirmed that mnCMs displayed a heterogeneous population reacting  

significantly to Mibefradil, an inhibitor of T-type calcium channels typically expressed in 

pacemaker cells, as well as highly significant to Verapamil, an inhibitor of L-type calcium 

channels typically expressed in cells of the contractile system (Figure 15F). However, the 

analyzed cells showed only a slight response to essential channel modulators NA, ACh, TTX and 

K+.  

In contrast, cells derived from W4 αMHC #15 hNkx2.5 #F clones demonstrated a significant 

beating activity after administration of NA and Ach (Figure 15D). Directly after application of 

NA, beating frequency increased significantly, but however, a time dependent significant 

decrease could be recorded. A similar behavior was shown after application of ACh, here, beating 

frequency is significantly decreased directly after application, but however, a time dependent 

significant increase could be registered. Furthermore, cells only slightly response to the 

administration of TTX, K+, Mibefradil and Verapamil. There is an apparent negative influence on 

the beating frequency after the application of Mibefradil but not to a significant level. 

Cells derived from W4 αMHC #15 hNkx2.5 #L clone exhibit a significant decrease of beating 

frequency within all time points recorded after application of Verapamil to the initial state 

(Figure 15E), exemplarily demonstrated in Figure 14. The cells react significantly to the 

application of ACh with a decrease of beating activity, as it was shown for W4 αMHC #15 

hNkx2.5 #F, and time dependent behavior was observed. Furthermore, cells only slightly respond 

to the administration of NA, TTX, K+ and Mibefradil. 

Therefore, the W4 αMHC #15 hNkx2.5 #L clone was selected for further investigations because 

these cells come closest to the pattern of mnCM with a strong response on Verapamil an inhibitor 

of L-type calcium channels typically expressed in cells of the contraction system and almost no 
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reaction on Mibefradil as an inhibitor of T-type calcium channels typically expressed in 

pacemaker cells. 

4.1.2.2.4. Cardiac marker expression on mRNA level 
According to the selection of the W4 αMHC #15 hNkx2.5 #L clone, single cells at day 25 of 

differentiation were analyzed using qPCR to examine their cardiac marker expression on mRNA 

level (expression analysis relativized to W4 αMHC#15 (set: 1), Figure 16).  

It could be demonstrated that cells derived from W4 αMHC #15 hNkx2.5 #L clones displayed a 

tendency of higher expression of cardiac structural markers, such as mMyh6, mMyl2 and mcTnT. 

There is no apparent difference in the expression of Connexin 43 expression between the two cell 

populations. However, the expression of mHcn4, a channel prominently expressed in pacemaker 

cells, is significantly lower in cells derived from W4 αMHC #15 hNkx2.5 #L clones.  

 

Figure 16: Late cardiac marker expression 

Analysis of cardiac structural proteins, gap junction protein and funny channel expression on mRNA level. Relative 
expression of  W4 αMHC #15 hNkx2.5 #L was performed by qPCR. Values normalized to mHprt and mPolr2a and 
relativized to W4 αMHC#15 (set: 1). Values are presented as mean ± SEM; n=3; statistic was performed as t-test, *p 
≤ 0.05. 
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sufficient to generate a pure αMHC+ cell population with augmented maturation towards 

ventricular but yet immature CM-like cells. 
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4.2. Results Part II – establishment of modified mRNA 

4.2.1. Protocol establishment – Generation of modified EGFP mRNA 
The  focus for this project was set on the generation of highly reproducibly modified mRNA 

(mmRNA) using an accelerated PCR-based protocol (Figure 17A). 

Therefore, the pCS2+ expression vector (plasmid map pCS2+: supplement Figure 34) containing 

the EGFP-ORF sequence was used to establish a standardized method allowing an appropriate 

verification on protein level. The generation of a linear DNA template for subsequent in vitro 

mod-mRNA synthesis relies on proof-reading polymerase-based PCR amplification of the 

respective sequence of interest. Therefore a forward primer upstream of the SP6 promotor 

sequence and a reverse primer, containing a poly(T) overhang of 100 thymidine-triphosphate, 

downstream of the EGFP sequence were used (Figure 17B; Table 9). 

 

Figure 17: Procedure model of modified mRNA generation 

Conception for in vitro synthesis of chemical modified mRNA, exemplarily EGFP. (A) Flow-chart, elucidating 
generation of mmRNA. Expression vector pCS2+ was used as DNA-template for the amplification of EGFP 
sequence, using proofreading DNA polymerase and self-designed reverse primer (containing poly(T) tail). IVT was 
performed using SP6 RNA polymerase with the incorporation of modified bases 5mC and Ψ as well as a methylated 
RNA cap. (B) pCS2+ expression vector sequence (bp 1 to 160) indicating binding sequences of forward (bp 20 – 33) 
and reverse (bp 133 - 152) primer, SP6 RNA polymerase promotor (bp 35- 52) as well as restriction sequence of 
XhoI (107) and Xba I (115) for the integration of EGFP sequence. (C) RNA nucleoside molecules with their 
chemical modified counterparts used for IVT. Modified positions marked in red, R: ribose. Adapted from [276] 
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The following in vitro transcription (IVT) was performed using the commercially available 

MEGAscript SP6 kit. However, crucial changes in the composition were applied. In order to 

improve translation efficiency and stability of the mRNA, a methylated 3′-O-Me-m7G(ppp)G 

RNA cap structure analog and modified nucleosides were added to the IVT reaction. Both ribosyl 

pyrimidines (Cytidine and Urdine) were replaced by their chemically modified counterparts, 5-

methylcytidine (5mC) and pseudouridine (Ψ), in the respective ratio (Figure 17C). 

This standardized process ensures a mmRNA, comprising i) a 5’-cap, ii) a modified sequence of 

interest and iii) a 3’ poly(A) tail. The obtained modified EGFP mRNAs were subsequently used 

for the delivery into various cell types. 

4.2.2. Introduction of mEGFP mRNA into various cell types 
For the following experiments, the lipid-based Lipofectamine2000 reagent was used for non-viral 

delivery of mmRNA into all cell types under investigation. As described above (Figure 17), 

pyrimidines were replaced by their chemically modified counterparts, 5mC and Ψ, in the 

following ratios: unmodified, 100 % 5mC, 100 % Ψ, 52 % 5mC + 52 % Ψ and 100 % 5mC + 

100 % Ψ. Transfections were performed 24 h after cell seeding in a 24 well plate with 500 ng of 

the respective mRNA modification. The analysis of EGFP expression, mean fluorescence 

intensity and cell viability was verified 4 h, 12 h, 24 h, 48 h and 72 h after the transfection with 

flow cytometry and microscopy. 

4.2.2.1. Optimization of mRNA modification for monkey fibroblasts 
The well-established cell line COS7 was used to initially evaluate the mmRNA-mediated protein 

expression of five different EGFP mRNA modifications.  

All mRNA modifications exhibit a fast translation, indicated by a EGFP protein expression 

between 22.9 ± 5.6 % and 47.7 ± 4.6 % after 4 h, whereby only 100 % 5mC + 100 % Ψ (22.9 ± 

5.6 %) displayed a significantly lower expression compared to unmodified mRNA (43.5 ± 1.8 %) 

(Figure 18A). This is also indicated by the fact, that all modifications lead to a peak in expression 

at 12 h (except 100 % 5mC + 100 % Ψ, peak at 24 h), whereas 100 % Ψ (89.4 ± 2.2 %) is the 

most efficient modification, at the same time exhibiting the highest mean fluorescence intensity 

per cell and low toxicity (Figure 18B and D). Modifications in which uridine was  
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Figure 18: Transfection of monkey fibroblasts COS7 with modified EGFP mRNA 

Analysis of monkey fibroblasts COS7 in order to determine (A) living EGFP expressing cells, (B) mean fluorescence 
intensities of living EGFP expressing cells and (D) toxicity as measured by flow cytometry. Data represent mean ± 
SEM, n = 3. Statistics was performed in multiple comparisons versus unmodified mRNA: *p ≤ 0.05, **p ≤ 0.01  and 
versus untransfected cells: #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001. (C) Microscopy images 24 h after transfection with 
unmodified, 100 % 5mC, 100 % Ψ, 52 % 5mC + 52 % Ψ, 100 % 5mC + 100 % Ψ and transfection reagent 
(Lipofectamine2000) as control, stained with FITC-conjugated anti- GFP antibody. Scale bar: 100 μm. Taken from 
[276] (parts of the figure appear in the Bachelor thesis of Silke Naß who was supervised by F. Hausburg) 
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completely or partially replaced by pseudouridine led to a significantly higher protein expression 

after 24 h and 48 h compared to unmodified mRNA. However, EGFP expression decreases over 

time within all used modifications, but persists at a level of 11.5 ± 2.5 % – 28.1 ± 5.5 % at 72 h, 

with no evident difference. Only 100 % 5mC + 100 % Ψ displayed no significant difference with 

regard to long term viability compared to untransfected cells 72 h after transfection. 

Therefore, 100 % Ψ and 100 % 5mC + 100 % Ψ were selected as the most promising 

modifications for the monkey COS7 fibroblast cell line.  

4.2.2.2. Transfer to human fibroblasts and human mesenchymal stem cells 
Investigations on human cells were performed in order to verify the capability of mmRNA as 

therapeutic application in the clinic. To this end, the newborn foreskin fibroblast cell line BJ as 

well as adult bone marrow derived mesenchymal stem cells (MSCs) were examined. 

As demonstrated in COS7, using the complete replacement of uridine with Ψ, has led to the 

highest EGFP protein expression as well as mean fluorescence intensity in human BJs (Figure 

19A, B). Along with a complete replacement of both ribosyl pyrimidines, the modifications: 

100 % Ψ and 100 % 5mC + 100 % Ψ displayed a significant higher expression after 48 h and 

72 h compared to unmodified EGFP. It is also shown, that all mRNA modifications exhibit fast 

translation, indicated by EGFP protein expression between 21.4 ± 4.0 % and 48.6 ± 10.3 %after 4 

h, hereinafter peak between 12 h and 24 h. Whereby 100 % Ψ displayed the highest EGFP 

expression 12 h after transfection with 76.3 ± 4.9 %. Unlike COS7 cell line, the protein 

expression remained constant over time with a level between 29.6 ± 11.1 % and 60 ± 4.6 %. 

However, again only 100 % 5mC + 100 % Ψ revealed no significant difference with regard to 

long term viability compared to untransfected cells 72 h after transfection.  

Therefore, 100 % Ψ and 100 % 5mC + 100 % Ψ were selected as the most promising 

modifications for the human BJ fibroblast cell line.  

The replacement of cytidine alone or partly in combination with Ψ did not result in an 

improvement in hBJs as well as human MSCs (Figure 19 and Figure 20). The tendency in protein 

expression is continuing in hMSCs, 100 % Ψ displayed the highest EGFP expression over  
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Figure 19: Transfection of human fibroblasts BJ with modified EGFP mRNA 

Analysis of human foreskin fibroblasts BJ in order to determine (A) living EGFP expressing cells, (B) mean 
fluorescence intensities of living EGFP expressing cells and (D) toxicity as measured by flow cytometry. Data rep-
resent mean ± SEM, n = 3. Statistics was performed in multiple comparisons versus unmodified mRNA: *p ≤ 0.05, 
**p ≤ 0.01 and versus untransfected cells: #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001. (C) Microscopy images 24 h after 
transfection with unmodified, 100 % 5mC, 100 % Ψ, 52 % 5mC + 52 % Ψ, 100 % 5mC + 100 % Ψ and transfection 
reagent (Lipofectamine2000) as control, stained with FITC-conjugated anti- GFP antibody. Scale bar: 100 μm. 
Taken from [276] (parts of the figure appear in the Bachelor thesis of Silke Naß who was supervised by F. Hausburg) 
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time with a peak 24 h after transfection (54 ± 7.5 %) and the highest mean fluorescence 12 h after 

the transfection (Figure 20A, B). Remarkably, protein expression appears even in this slowly 

proliferating adult stem cells very rapidly, already 4 h after transfection between 15.7 ± 5.7 %  

 

Figure 20: Transfection of human MSCs with modified EGFP mRNA 

Analysis of human adult mesenchymal stem cells in order to determine (A) living EGFP expressing cells, (B) mean 
fluorescence intensities of living EGFP expressing cells and (D) toxicity as measured by flow cytometry. Data rep-
resent mean ± SEM, n = 3. Statistics was performed in multiple comparisons versus unmodified mRNA: *p ≤ 0.05, 
**p ≤ 0.01 and versus untransfected cells: #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001. (C) Microscopy images 24 h after 
transfection with unmodified, 100 % Ψ, 100 % 5mC + 100 % Ψ and transfection reagent (Lipofectamine2000) as 
control, stained with FITC-conjugated anti- GFP antibody. Scale bar: 100 μm. Taken from [276] (parts of the figure 
appear in the Bachelor thesis of Silke Naß who was supervised by F. Hausburg) 
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and 41 ± 12.8 % of the cells are EGFP positive. However, all modifications revealed no 

significant difference with regard to long term viability compared to untransfected cells 72 h after 

transfection, though the highest amount of dead cells appeared with unmodified mRNA (56 ± 

8.9 % after 24 h and 67.9 ± 4 % after 48 h) (Figure 20D). 

Therefore, 100 % Ψ were selected as the most promising modifications for the adult bone marrow 

derived mesenchymal stem cells.  

4.2.3. mmRNA as a tool for cell fate conversion 
In order to demonstrate the application potential of mmRNA in cell reprogramming and gene 

therapy approaches, the murine fibroblast C3H10T1/2 cell line as an established in vitro system 

for transdifferentiation into skeletal myoblasts was selected [214].  

To ensure optimal mRNA-mediated protein expression combined with the highest cell viability, 

we initially tested the aforementioned EGFP mRNA modifications (4.2.2). It appeared, that the 

translation is as fast as in all other cell types under investigation 4 h after transfection with 

protein expression between 33.9 ± 13.5 % and 41.4 ± 16.8 % and a peak 12 h after transfection 

(Figure 21A, C). However, only 100 % Ψ displayed comparably good expression levels (highest 

at 12 h with 56.2 ± 11.8 %) like hMSCs. Yet taking all modification over time into consideration, 

C3H10T1/2 cells exhibit the lowest protein expression with a fast decrease after 12 h. All 

modifications show a similar trend of protein expression over time with no statistically significant 

difference compared to unmodified mRNA. There is almost no EGFP expression detectable after 

72 h, whereby 100 % 5mC + 100 % Ψ showed the highest expression with 7.7 ± 4.2 % 

simultaneously with low toxicity (Figure 21D). 

Therefore, 100 % 5mC + 100 % Ψ was selected as most promising for murine C3H10T1/2 with 

regard to its best cell viability during long term cultivation combined with a high transfection 

efficiency and good fluorescence intensity.  

Subsequently, MyoD mRNA with the incorporation of 100 % 5mC + 100 % Ψ was used for cell 

reprogramming. For this purpose, C3H10T1/2 cells were seeded and cultured in standard growth 

medium, which was changed 4 h prior the first mmRNA transfection to medium supplemented 

with the recombinant protein B18R to increase cell viability (Figure 22A). Thereafter, cells were 

transfected three times with 250 ng mMyoD mRNA in an interval of 24 h.  
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Figure 21: Transfection of murine fibroblasts C3H10T1/2 with modified EGFP mRNA 

Analysis of murine fibroblasts C3H10T1/2 in order to determine (A) living EGFP expressing cells, (B) mean 
fluorescence intensities of living EGFP expressing cells and (D) toxicity as measured by flow cytometry. Data rep-
resent mean ± SEM, n = 3. Statistics was performed in multiple comparisons versus unmodified mRNA: *p ≤ 0.05, 
**p ≤ 0.01 and versus untransfected cells: #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001. (C) Microscopy images 24 h after 
transfection with unmodified, 100 % 5mC, 100 % Ψ, 52 % 5mC + 52 % Ψ, 100 % 5mC + 100 % Ψ and transfection 
reagent (Lipofectamine2000) as control, stained with FITC-conjugated anti- GFP antibody. Scale bar: 100 μm. 
Taken from [276] (parts of the figure appear in the Bachelor thesis of Silke Naß who was supervised by F. Hausburg) 
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This was followed by an incubation time of three days in serum reduced medium, to support 

transdifferentiation. Cell fate conversion towards myoblast-like cells was demonstrated by 

staining of typically expressed myosin heavy chain (MyHC) (Figure 22B). Control cells, which 

underwent the same cultivation conditions failed to reveal any expression. This proves the 

effectiveness and ability of mmRNA to directly alter cell identity. 

 

 

Figure 22: Cell fate conversion induced by modified MyoD mRNA 

Direct cell reprogramming of murine fibroblasts C3H10T1/2 towards myoblast-like cells. (A) Flow chart of cell 
reprogramming procedure, cells were seeded (5 x 103 cells/cm2) in standard growth medium. Transfection was 
performed with 250 ng mMyoD mRNA three times (every 24 h) in transfection medium supplemented with B18R. 
Additional cultivation was performed for three days in serum reduced medium. (B) mRNA-derived myoblast-like 
cells, expression of the muscle marker myosin heavy chain (MyHC) in C3H10T1/2 cell derivatives after transfection 
with mMyoD mRNA and negative control. Actin (green), MyHC (red), Nuclei (blue). Scale bar: 20 μm. Taken from 
[276] 
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4.2.4. mmRNA as a tool for cardiac cell differentiation 
To establish mmRNA as a suitable equivalent to DNA introduction, Nkx2.5 mRNA with the 

incorporation of 100 % 5mC + 100 % Ψ was used to differentiate murine embryonic stem cells 

toward a cardiac phenotype.  

For this purpose, W4 αMHC #15 were seeded and cultured in cardiogenic differentiation 

medium, which was supplemented 4 h prior the first mmRNA with the recombinant protein 

B18R to increase cell viability (Figure 23). Thereafter, cells were transfected three times with 

500 ng mNkx2.5 mRNA in an interval of 24 h. Subsequently, cells were cultured according to the 

standard cardiac differentiation protocol, which implies EB formation, αMHC selection and 

dissociation to obtain single cells. 

The determination of beating frequencies was performed in accordance to 4.1.2.2.2 (Figure 13B). 

Figure 23B depict the beating frequencies per min of control (W4 αMHC #15) and mRNA 

programmed CM-like cells. W4 αMHC #15 displayed a homogenous cell population with values 

(24 -132 beats min-1). Cells generated with a boost exogenous force of Nkx2.5 reveal a 

heterogeneous population with a fast beating outlier (24 – 396 beats min-1). Both cell populations 

did not differ significantly from each other.  

Furthermore, calcium oscillation within the cells was analyzed using X-Rhod-1 dye. Exemplary 

presented cells (Figure 24) exhibit a regular but for every cell individual calcium transient, 

usually originating from the middle of the cell and spread over the cell through the periphery. 

These first indications have proven the ability of mmRNA to be a suitable equivalent to DNA 

while performing forward cardiac programming of mESCs. 
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Figure 23: Cardiac differentiation induced by modified Nkx2.5 mRNA 

Forward programming of murine embryonic stem cells towards a cardiomyocyte-like phenotype. (A) Experimental 
setup, starting with three successive transfections of modified Nkx2.5 mRNA and subsequent cardiac differentiation 
according to the standard protocol, including EB formation and antibiotic selection. (B) Analysis of beating 
frequencies, displayed as boxplot, with 25 %- and 75 %-quantil, coeff. 1.5, outliers marked, horizontal line indicates 
media, square indicates mean; n=14, 57; statistic was performed as t-test. Representativ visualization of cell 
morphologies of (C) control cells and (B) cells using mNkx2.5 mRNA. Scale bar: 50 µm 
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Figure 24: Calcium transient of mmRNA iCM-like cells 

Analysis of calcium oscillation of obtained mmRNA iCM-like single cells on day 25 of differentitation. (A) and (B) 
exemplary depiction of data acquisition with ZEN2011 software. Region of interests are marked (red: cell 1, green: 
cell 2, dark blue: cell 3, yellow: cell 4 and cyan: cell 5). Scale bar: 50 µm 
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4.3. Results Part III – modification of CD133+ hSCs 
A potential modification of human CD133+ stem cells was evaluated using superparamagnetic 

polymer-based non-viral delivery of miRNA with respect to a gentle and safe strategy (Figure 

25). The results have been equally compiled by N. Voronina, P. Müller and F. Hausburg.  

 

Figure 25: Schematic structure of superparamagnetic polymer-based complexes for a non-viral delivery of miRNA 

Transfection complexes are composed of a streptavidine-coated magnetic iron oxide nanoparticle (MNP) and 
biotinylated polyethylenimine (PEI), which condenses miRNA through electrostatic interactions. Taken from [328]  

 

4.3.1. Defining the optimal miR/PEI/MNP complex composition suitable for 
CD133+ stem cell transfection 

In order to optimize miR/PEI/MNP complexes most suitable for an efficient CD133+ stem cell 

transfection, Cy3-labeled miRNA was used to obtain qualitative evidence using flow cytometry. 



Results 

 

74 
 

To exclude cytotoxic effects of isolation and cultivation procedures, untransfected cells were 

used as control.  

 

Figure 26: Optimization of miR/PEI/MNP complexes for efficient CD133+ stem cell transfection 

Transfection optimization analyzed 18 h after transfection by flow cytometry using Cy3-labeled miRNA. (A) And 
(B) present optimization of miRNA/PEI complexes using four different miRNA amounts (10, 20, 30 and 40 pmol) 
and three different N/P ratios (2.5, 5 and 7.5). Uptake efficiency (A) and cytotoxicity (B) were measured. 
Untransfected cells were used as control. Values are presented as mean ± SEM; n = 4; statistic was performed vs. 
10 pmol miR with respective N/P ratio (A) and vs. control (B); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (C) And (D) 
present optimization of miRNA/PEI/MNP complexes using 20 pmol miR, three different N/P ratios (2.5, 5 and 7.5) 
and six different MNP amounts (0, 1, 2, 3, 4 and 5 µg/ml). Uptake efficiency (A) and cytotoxicity (B) were 
measured. Untransfected cells were used as control. Values are presented as mean ± SEM; n = 4; statistic was 
performed vs. 20 pmol miR, N/P ratio 2.5 with respective MNP amount (indicated as *) or within the same N/P ratio 
(A) and vs. control (B); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Adapted from [328] 
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The best miR/PEI compositions were determined first by testing four different miRNA amounts 

(10, 20, 30 and 40 pmol per 5 x 104 cells) and three different N/P ratios (2.5, 5 and 7.5) with 

regard to uptake efficiency and cytotoxicity (Figure 26A and B). Complexes with a low amount 

of miRNA (10 pmol) revealed the lowest uptake efficiency (between 21.7 ± 6.6 % and 62 ± 

7.1 %) and only a modest increase of dead cells (between 40.3 ± 3.8 % and 41.2 ± 4.6 %). In 

contrast, using highest amount of miRNA (40 pmol) led to significantly higher uptake efficiency 

within all N/P ratios used (e.g. 40 pmol miRNA; N/P 7.5: 93.8 ± 1.3 %) but at the same time to a 

significantly higher cytotoxicity (e.g. 40 pmol miRNA; N/P 7.5: 81.3 ± 6.4 %). Therefore, 

complexes comprising 20 pmol miRNA were used for further evaluation, as they exhibit high 

uptake efficiency (between 72.8 ± 12.7 % and 90 ± 1.9 %) and reasonable cytotoxicity between 

43.3 ± 4.9 % and 47.5 ± 7.1 % compared to untransfected cells (24.8 ± 3.8 %). 

Next, selected miR/PEI complexes were mixed with MNPs in six different concentrations (0, 1, 

2, 3, 4 and 5 µg per ml of prepared miR/PEI mixture) and tested with regard to uptake efficiency 

and cytotoxicity (Figure 26C and D). In particular, the introduction of MNPs has no significant 

effect on uptake efficiency compared to respective miR/PEI complexes (0 MNP) within all N/P 

ratios tested. However, variation of N/P ratios led to rising uptake efficiency, e.g. 20 pmol 

miRNA; 1 µg/ml MNPs: N/P 2.5: 19.4 ± 3.5 %; N/P 5: 59.2 ± 11.4 %; N/P 7.5: 82.1 ± 7.9 %. 

Furthermore, no significant difference in cytotoxicity could be observed among all transfection 

complexes (between 26.3 ± 7 % and 36.1 ± 3.5 %) and control cells (36.2 ± 10.6 %).  

Therefore, superparamagnetic polymer-based complexes comprising of 20 pmol miRNA, N/P 

ratio 5 and 7.5, with 3 and 5 µg/ml MNPs were selected as most promising for human CD133+ 

stem cells with regard to their highest uptake efficiency combined with a low cytotoxicity. 

4.3.2. Maintenance of viability and surface marker pattern of modified CD133+ 
stem cells 

In order to prove the influence of superparamagnetic polymer-based complexes themselves and 

cultivation procedures on CD133+ stem cell characteristics, cell viability and surface marker 

patterns were evaluated using flow cytometry 18 h after transfection (Figure 27). To this end, 

Boolean gating strategy was adapted on the ISHAGE guidelines for CD34+ cells.  
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Figure 27: Viability and surface marker pattern 18 h after transfection 

Evaluation of CD133+ haematopoietic stem cell characteristics 18 h after transfection by flow cytometry using Cy3-
labeled miRNA. Transfection complexes consisting of 20 pmol miRNA, N/P ratio 7.5 and three different MNP 
amounts (0, 3 and 5 µg/ml) were used. (A) Viability and (B) surface marker pattern (composed of the expression of 
CD45, CD34, and CD133) were measured. Untransfected cells (0 h and 18 h) were used as control. Values are 
presented as mean ± SEM; n = 3; statistic was performed vs. 0 h control (indicated as *) or vs. 18 h control; *p ≤ 

0.05, **p ≤ 0.01, ***p ≤ 0.001. Adapted from [328] 
 
It has been demonstrated that 18 h in vitro cultivation of CD133+ stem cells led to a significant 

decrease of cell viability from 95.2 ± 0.9 % (0 h, control) to 76.7 ± 3.3 % (18 h, control). 

However, neither miRNA/PEI (68.2 ± 4.9 %) nor miRNA/PEI/MNPs (3 µg/ml MNPs: 70.5 ± 1.4 

% and 5 µg/ml MNPs: 68.9 ± 4.5 %) complexes displayed a significant difference in viability, 

proving the gentle and mild transfection conditions. 

Moreover, no significant difference in surface marker patterns (CD45, CD34 and CD133) could 

be observed after 18 h cultivation among all transfection complexes (between 88.8 ± 5.3 % and 

91.8 ± 1.6 %) and control cells (87.1 ± 1.7 %). As expected, 0 h control cells displayed with 92.6 

± 1.5 % a homogenous and pure cell population. Likewise, modified cells are considered to be a 

homogenous and pure cell population, maintaining haematopoietic stem cell characteristics. 

4.3.3. Maintenance of haematopoietic differentiation potential of modified CD133+ 
stem cells 

Next, to prove the influence of superparamagnetic polymer-based complexes themselves and 

cultivation procedures on CD133+ haematopoietic stem cell characteristics, multipotent 
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differentiation potential was evlaluated using haematopoietic CFU assay (CFU-H). For this 

purpose, transfected cells as well as untransfected controls were reseeded 18 h after transfection 

in MethoCult™ H4434 Classic. After an incubation period of 14 days, formed colonies were 

counted and determined according to a standardized protocol. No significant difference was 

detected in the amount of formed CFU-erythroid (CFU-E), Burst-forming unit-erythroid (BFU-

E), CFU-granulocyte, erythroid, macrophage, megakaryocyte (CFU-GEMM), and CFU-

granulocyte, macrophage (CFU-GM), and among all cells under investigation. Moreover, CFUs 

formed by transfected cells had no morphological abnormalities (Figure 28B-E). Here again, 

modified cells are considered to maintain haematopoietic stem cell characteristics, indicated by 

their haematopoietic differentiation potential.  

 

 

Figure 28: Haematopoietic differentiation potential 18 h after transfection 

Evaluation of CD133+ haematopoietic stem cell characteristics 14 d after transfection by CFU-H assay. Transfection 
complexes consisting of 20 pmol miRNA, N/P ratio 7.5 and three different MNP amounts (0, 3 and 5 µg/ml) were 
used. (A) Enumerated formed colonies and (B-E) example images representing cell morphologies of (B) CFU-E, (C) 
BFU-E, (D) CFU-GEMM and (E) CFU-GM. Untransfected cells were used as control. Values are presented as mean 
± SEM; n = 3; statistic was performed within respective units; n.s. not significant. Scale bar 200 µm. Adapted from 
[328] 
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4.3.4. Magnetic guidance of miR/PEI/MNP-modified CD133+ stem cells 
In order to demonstrate the opportunity of cell targeting with modified CD133+ stem cells 

carrying superparamagnetic nanoparticles, optimized transfection complexes (4.3.1) with Cy3- 

labeled miRNA were used. Untransfected cells served as control to preclude effects of magnetic 

MACS CD133 MicroBeads.  

For this purpose, CD133+ stem cells were transfected with previously selected miR/PEI/MNP 

complexes and after 18 h washed and reseeded on a new well plate (Figure 29A). In addition, a 

magnet was applied locally under the well plate for 24 h. The ratio of targeted to untargeted cells 

was calculated based on images acquired in the field with and without magnet. It has been shown 

that control cells displayed almost the same number in both fields, indicating a negligible effect 

of MACS MicroBeads (Figure 29B). In contrast, cells transfected with any complex composition 

led to an increased targeting efficiency compared to control. Whereby complexes composed of 20 

pmol miRNA, N/P 7.5 (3 µg/ml MNPs: 2.6 ± 0.2 and 5 µg/ml MNPs: 2.2 ± 0.1) exhibited a 

significantly higher magnetic targeting ratio compared to control (1 ± 0.12) and complexes 

composed of 20 pmol miRNA, N/P 5 (3 µg/ml MNPs: 1.6 ± 0.1 and 5 µg/ml MNPs: 1.9 ± 0.02). 

Therefore, superparamagnetic polymer-based complexes comprising of 20 pmol miRNA, N/P 

ratio 7.5, with 3 and 5 µg/ml MNPs were selected as most promising for targeting of human 

CD133+ stem cells in a magnetic field. 
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Figure 29: Efficient magnetic guidance of modified CD133+ stem cells 

Evaluation of magnetic targeting using magnetic transfection complexes. (A) Experimental setup; transfection 
complexes consisting of 20 pmol miRNA, two different N/P ratios (5 and 7.5) and MNP amounts (3 and 5 µg/ml) 
were used. 18 h after transfection, a local magnetic field was applied locally using a magnetic plate for additional 
24 h. Images were acquired in the field with and without magnet and subsequently analyzed. Scale bar 100 µm. (B) 
Enumerated CD133+ stem cells; ratio of cell number present in the field with magnet to cell number present in the 
field without magnet. Untransfected cells were used as control. Values are presented as mean ± SEM; n = 3; statistic 
was performed vs. control (indicated as *) or within respective MNP amounts (indicated as #); */#p ≤ 0.05, **/##p ≤ 
0.01, ***/###p ≤ 0.001. Adapted from [328] 
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4.3.5. Intracellular iron concentration 
The amount of intracellular iron in CD133+ SCs using 20 pmol miRNA; N/P ratio: 7.5 and 

3 µg/ml MNPs was determined using MPS. It has been shown, that 0.155 ± 0.0419 pg iron was 

uptaken from each cell. The associated A5/A3 value of 20.5 ± 3.1 % represents a unique 

fingerprint, avoiding false positive signals emanating from CD133 magnetic cell isolation 

MicroBeads (A5/A3 value: 27 to 30 %). 

4.3.6. Intracellular visualization of superparamagnetic polymer-based complexes 
To verify the intracellular distribution of superparamagnetic polymer-based complexes z-stack 

images were performed using laser scanning confocal microscopy and SIM technology, for which 

5 x 104 CD133+ SCs were transfected with optimal conditions: 20 pmol miRNA; N/P ratio: 7.5; 

3 µg/ml MNPs and either labeled with Cy3 (Figure 30) or, using SIM: Cy5-labeled miRNA was 

complexed with Oregon Green® 488 labeled PEI and Atto 565 labeled MNPs(Figure 31).  

 

Figure 30: Visualization of CD133+ SC transfected with Cy3 labeled miRNA 

Representative visualization of CD133+ SCs transfected with 20 pmol miRNA; N/P ratio: 7.5; 3 µg/ml MNPs 18 h 
after transfection using laser scanning confocal microscopy. miRNA labeled with Cy3 (red). Scale bar 50 µm. 
Adapted from [328] 
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The microscopic analyses confirmed the successful uptake of transfection complexes after 18 h 

(Figure 30, Figure 31). Furthermore, complexes are predominantly present in the cytoplasm. 

Whereby all components are localized at the perinuclear region in spatial proximity to each other. 

It has to take into account, that the observed complexes and nuclei are spatially located on 

different planes, discovered using z-stack methodology. Formed complexes exhibit a size of 

approximately 100 - 400 nm.  

 

Figure 31: Intracellular visualization of transfection complexes 

Representative visualization of CD133+ SCs transfected with 20 pmol miRNA; N/P ratio: 7.5; 3 µg/ml MNPs 18 h 
after transfection using structured illumination microscopy. miRNA staining was performed with Cy5 dye (red), PEI 
was labeled with Oregon Green 488 (green), MNPs were stained with Atto 565 (yellow) und Nucleus was 
counterstained with DAPI (blue). Scale bar 5 µm. Adapted from [328] 
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4.3.7. CD133 cell characteristics and transfection efficiency in cytokine-
supplemented culture medium 

To improve cell viability of CD133+ SCs in culture, received data obtained from the 

aforementioned establishment of the miRNA/PEI/MNP transfection system were used in 

combination with culture medium representing a more clinically relevant scenario. 

 

Figure 32: miRNA/PEI/MNP delivery system under cytokine-supplemented culture conditions 

Evaluation of miRNA/PEI/MNP transfection of CD133+ SC under cytokine-supplemented culture conditions 

(StemSpanTM H3000 supplemented with StemSpanTM CC100) by flow cytometry using Cy3-labeled miRNA. (A) 

uptake efficiency 18 h after transfection. (B) viability and (C) surface marker pattern (composed of the expression of 

CD45, CD34 and CD133) were measured directly after isolation (0 h) as well as 18 h and 24 h after transfection. 

Untransfected cells were used as control. Values are presented as mean ± SEM; n = 2. Taken from [328] 
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Optimal transfection conditions (20 pmol miRNA; N/P ratio: 7.5; 3 and 5 µg/ml MNPs) were 

finally test in culture medium suitable for haematopoietic stem cells: StemSpanTM supplemented 

with StemSpanTM CC100. It could be demonstrated that despite the complex medium 

composition, 87 ± 2 % and 82 ± 5 % of CD133+ SCs had incorporated labeled miRNA (Figure 

32A) after 18 h incubation time. Moreover, using StemSpanTM cell viability was unaffected 18 h 

and 24 h after transfection, in control as well as transfected cells, which highlights the use of 

StemSpanTM for clinical application and long-time culturing experiments (Figure 32B). Equally to 

the transfection in DMEM, StemSpanTM caused no changes in the expression of stem cell surface 

markers (CD45, CD34 and CD133) (Figure 32C). 
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5. Discussion 

Cardiovascular diseases are the leading cause of dead worldwide. However, conventional 

therapeutic options encounter their limits supplying adequate and comprehensive support for 

every patient. So far, following an end-stage CVD, in most cases heart transplantations remains 

the only promising therapeutic option [331]. Currently, merely 604 donor organs were engrafted 

successfully in Europe in 2015 [332]. Nonetheless, 1140 patients are on the active Eurotransplant 

waiting list, whereby in 2015 209 recipients deceased before they received the crucial transplant. 

Therefore, new innovative therapeutic opportunities must be explored to ensure health and 

appropriate quality of life. Basic research in the field of developmental biology paves the way for 

the comprehension of regenerative strategies which requires more detailed understanding of cell 

fate during cardiac development as well as their possible manipulation. 

5.1. mESCs as valid basis for in-vitro modelling and manipulation of cardiac 
development 

In order to study key cellular and molecular mechanisms of early heart development, pluripotent 

cells provide a suitable cell source. Due to the fact that the use of human ESCs is hampered by 

their limited availability and ethical concerns, research focuses on widely similar murine ESCs 

[122–124]. Veerman et al., 2015 collected evidence for so far unfeasible complete terminal 

cardiac differentiation of PSC towards specific cardiomyocytic subtypes in vitro [6]. Major 

efforts should be undertaken to improve purity, yield and safety of physiologically functional 

PSC-derived CM. In addition, even commercially available PSC-derived cardiomyocytes, such as 

murine Cor.At or human Cor.4U (both Axiogenesis AG, Germany) display indeed a 100 % pure 

cardiac population, however, with only a 60 % pure ventricular cell population. Therefore, it is of 

major interest to identify suitable differentiation methodologies and to begin stepwise 

optimization of protocols using murine. 

For this purpose, an adjusted protocol was established based on forward programming of murine 

ESCs with the cardiomyocyte key transcription factor Nkx2.5, which could be shown to have an 

impact on specific cardiac differentiation[144, 151, 333] combined with an αMHC-promotor-

based antibiotic selection step [155] for further purification resulting in a pure αMHC+ cell 

population. 
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5.1.1. Manipulation of mESCs 
Forced exogenous overexpression of the lineage specific TF Nkx2.5 has been achieved by 

introduction of either DNA (4.1.1.1) as stated before from David et al. [151] and Dorn et al. 

[144] or mRNA (4.2.4), thus defining a new strategy.  

The subsequent discussion section refers to the manipulation of mESCs with plasmid DNA pEF-

DEST51-hNkx2.5; the use of modified mRNA will be discussed in 5.2.  

The relative expression analysis of hNkx2.5 obtained by qPCR (Figure 5A) has led to a selection 

of three different clones (W4 αMHC #15 hNkx2.5 #D, #F and #L) demonstrating different 

expression levels of hNkx2.5 expression to verify the impact on further cardiac differentiation as 

was demonstrated by Jung et al. using Tbx3 as pacemaker specific TF [154].W4 αMHC #15 and 

W4 αMHC #15 hNkx2.5 #L were used for publication. 

The expression on the mRNA level was confirmed with data achieved by immunohistochemical 

investigation (Figure 5B). These indications point to a relatively high expression of exogenous 

hNkx2.5 in W4 αMHC #15 hNkx2.5 #F and #L and a moderate expression in W4 αMHC #15 

hNkx2.5 #D as well as a lack of any hNkx2.5 expression in the control cells.  

In order to maintain the pluripotency of murine ESCs and assure an equal starting point, used 

cells were continuously cultured with leukemia inhibitory factor (LIF) [133, 134] and prior to 

differentiation additionally co-cultured with the mitotically inactivated murine embryonic 

fibroblast-derived cell line SNL 76/7 [138]. However, only the combination with a SNL feeder 

co-culture lead to compact cell clusters of the same size, without starting differentiation fringes at 

the periphery of colonies (Figure 4). All clones display a normal morphology with a high 

nucleus:cytoplasm ratio. Furthermore, all clones exhibit another key prerequisite of the 

pluripotent state, the stable expression of pluripotency markers Oct4 and Nanog as stated by 

Niwa et al. [334], as no significant difference appeared among the three clones tested and the 

control on the mRNA level, despite the exogenous expression of hNkx2.5 (Figure 6A). In accord 

with mRNA expression, mOct4 is less strongly expressed in the control cells and equal among 

the three clones, however without any effect on pluripotent cell behavior. No significant 

differences could be observed in early cardiac marker expression of mIsl1 and mMesP1. The data 

are accompanied by large standard deviations owing to experimental circumstances. 

Nevertheless, W4 αMHC #15 hNkx2.5 #L presents a tendency of decreased mIsl1 expression 
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which could go along with in vivo observation during FHF progenitor differentiation, 

representing Nkx2.5 as direct responsible mediator of Isl1 repression [144]. However, it is 

unclear why W4 αMHC #15 hNkx2.5 #F with a comparable Nkx2.5 mRNA expression exhibit 

different marker expression of mIsl1 and mMesP1. A co-cultivation of mouse embryonic 

fibroblasts (MEFs) could better maintain the stemness of ESCs, as stated by Park et al. [138] 

compared to a feeder cell line; thus reducing marker expression variants. 

Thus selected and characterized clones were used for further specific ventricular subtype 

differentiation. W4 αMHC #15 as well as unaltered W4 cells were used as references. 

Murine ES cells are most likely able to differentiate toward a cardiac phenotype using a specific 

cardiac differentiation protocol including EB formation and special medium, containing among 

others ascorbic acid [149]. This process leads also with the used W4 ES cell line to a spontaneous 

beating activity of formed EBs in suspension and later on as adherent cells. However, in contrast 

to the work of Jung et al. [154], using Tbx3 as specific pacemaker lineage inducer, different 

Nkx2.5 mRNA expression levels had no impact on the amount of beating areas, even without any 

significant difference to the control clones (Figure 7). 

In order to increase the purity of separated cells arising, an antibiotic selection step was inserted 

in the protocol using puromycin under the control of Mhy6 promotor [153, 155, 335–337] to 

achieve a pure αMHC+ cell population. As opposed to Jung et al. [153], initially, the optimal time 

was evaluated to achieve the best recovery (Figure 8). It could be demonstrated that an early 

puromycin treatment yielded a higher single cell amount on day 25 of differentiation, either under 

1 % or 20 % oxygen conditions. It is noticeable, that both clones with a high Nkx2.5 mRNA and 

protein expression level revealed the highest cell amounts, demonstrating an enhanced may also 

sooner cardiomyocytic differentiation outlined by a more rapid αMHC expression. The genetic 

selection resulted in a 9.77-fold higher amount of CM-like cells compared to control clones, 

demonstrating the positive effect of Nkx2.5 expression toward a myocardial phenotype.  

5.1.2. Nkx2.5 as crucial factor for cardiomyocyte differentiation of mESCs 
All clones presented single cells with differently shaped morphology. So far, no single cell 

morphological classification is currently discussed in the literature. Therefore, inspired from 

single cell characterization of pacemaker cells [153], cell morphologies were classified as spindle 

and spider cells [153], large round and large square cells which are not described after pacemaker 
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cell differentiation and an undefined cell population including large longitudinal and small round 

cells (Figure 4, Figure 33). The newly classified cell type is defined by flat round or squared 

shape, with or in most of cases without extensions and a cell size approximately 83 x 116 µm, 

which presents the largest cell population under investigation. It has been demonstrated, that 

already the specific cardiac differentiation protocol performed with the W4 α-MHC control clone 

give rise to all possible cell shapes in an equal ratio to Nkx2.5 overexpressing clones. 

Nonetheless, single cells of Nkx2.5 overexpressing clones are in comparison to control cells 

larger, this is especially due to the fact that obtained square cells appear larger. 

The generated single cells of all tested clones as well as control cells indicate a partially 

organized sarcomeric structure in longitudinal myofibrils (Figure 9, Figure 10, Figure 11, Figure 

12) as well as gene expression of structural proteins, demonstrated for one clone (W4 αMHC #15 

hNkx2.5 #L compared to control cells; Figure 16). They demonstrate both intertwining filament 

structures, the thin actin filament (Figure 10) as well as two isoforms of thick myosin filaments 

(Figure 9 and Figure 10).  

Nonetheless, mere W4 αMHC #15 hNkx2.5 #F and #L display distinct striped expression of α-

myosin as well as β-myosin in co-localization with actin. The distribution of the ventricular 

myosin isoforms is temporally regulated during development. Whereas αMHC is predominantly 

expressed in adult hearts and βMHC abundant in late fetal development in small species such as 

mouse and rat [338, 339], the distribution is reversed in large mammals (rabbits and pigs): αMHC 

is only transiently predominantly expressed neonatal and βMHC returned after three weeks and is 

most abundant in adult hearts [340]. Furthermore, adult dogs, cattles and humans express only 

βMHC isoform [340]. Since both isoforms are present in iCM-like cells of high Nkx2.5 

expressing clones the assumption exists, that this cells are immature and still in a late embryonic 

stage. It is noteworthy that not all cells exhibit the βMHC isoform (estimation: 10 %) and it was 

not possible to detect any signal of βMHC expression in control cells, whereby αMHC could be 

detected in all cells. Thus, it could be possible, that cells of Nkx2.5 expressing clones at day 25 of 

differentiation are stated in a more immature ventricular developmental stage.  

The linking troponin complex is delineated through staining of the complex compound cTnT 

(Figure 12). Additionally, mRNA analysis reveal a slightly higher cTnT expression in W4 αMHC 

#15 hNkx2.5 #L compared to control cells, vicariously for overexpressing clones (Figure 16). 
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Troponin T binds the complex to tropomyosin, which entwine the actin filament. An incoming 

Ca2+ signal is recorded through binding on complex compound cTnC, thereafter, tropomyosin 

frees the binding site of myosin at the actin filament. α- and βMHC isoforms have a varying 

impact on actin filament activation through cTnT [341], which also lead to a different calcium 

sensitivity and heart rates. Moreover, αMHC confers a high Ca2+-ATPase activity, whereby β-

MHC confers a low Ca2+-ATPase activity [338, 342]. These combined causes engender cells with 

fast cycling αMHC isoforms [339] which have fast heart rates (650 – 800 bpm, [343]) and slow 

cycling βMHC isoforms [339] which have slow heart rates (60 – 120 bpm, [343]). However, a 

significant difference of beating frequencies could not be determined among the clones (Figure 

13A). Yet, subdivision into morphologically different populations revealed a significant 

difference (Figure 13B), whereby large square and large round cells are the slowest population 

which goes along with the observation of βMHC expression detected in this cells (Figure 10).  

The actin filaments are attached through the z-disc via the microfilament protein alpha-actinin, 

which partly revealed a well-organized structure (Figure 11) and are comparable to data from 

David et al. [151]. 

An intracellular communication between neighboring cells during embryonic development as 

well as in embryonic and adult tissues and organs is mainly mediated through gap junctions [344, 

345]. These specialized cell-cell junctions enable the direct transfer of ions, metabolites, second 

messengers and molecules, less than 1 kDa [346–349]. The transmission of positive ions results 

in slight voltage changes which depolarize the proximal sodium voltage-dependent channels, thus 

initiating action potential. The absence of gap junctions would therefore cause several cardiac 

disorders. As shown in Figure 9 and Figure 12, if cells be located in close proximity to each 

other, gap junctions are formed in existing gaps, stained through gap junction component 

connexin 43. The impact of Nkx2.5 as homeodomain-containing TF on Cx43 is under 

controversial discussion. Homeobox proteins act in the promotor region thereby directly 

regulating target genes. Nkx2.5 probably have binding sites in the proximal promotor P1 of the 

rat Cx43 genes [345]. However, gain- and loss-of-function experiments indicate an activative 

[350, 351] as well as repressive [352, 353] impact on Cx43 occurrence. Nevertheless, additional 

analysis of Cx43 on mRNA level displayed no difference between the control and Nkx2.5 

overexpressing clone W4 αMHC #15 hNkx2.5 #L (Figure 16). 
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Liang and co-works demonstrated, that HCN4 is a marker of early FHF progenitor cells and 

specifically expressed in late cardiac conduction system [74], which was confirmed in in vitro 

experiments by Jung et al. in ESC forward programming using Tbx3 overexpression [153]. Data 

obtained by qPCR analysis underlines the use of Nkx2.5 for ventricular specific differentiation 

demonstrating a significant decrease of HCN4 mRNA expression in W4 αMHC #15 hNkx2.5 #L 

cells compared to only αMHC selected cells (Figure 16). Moreover, these corroborate previous 

research using Nkx2.5 overexpression by David et al. [151]. 

Not merely beating frequencies revealed a heterogeneous population (Figure 13) likewise 

pharmacological substance administration evinced a discordant and immature behavior of CM-

like single cells (Figure 15). Even distribution of ion channels is necessary to ensure a transient 

change in ion conductance across the cell surface membrane. Therefore, the occurrence of ion 

channels involved in the generation of action potential was determined using excitatory 

(Noradrenaline) as well as inhibitory (Acetylcholine, Tetrodotoxin, potassium rich extracellular 

fluid, Mibefradil, Verapamil) substances (Figure 15).  

A sympathetic stimulation of β-adrenergic receptors through noradrenaline mediate a positive 

chronotropic effect, which result in a shortened depolarization phase and became obvious in W4 

αMHC #15 hNkx2.5 #F and control cells as a significant increase of the beating frequency. In 

literature reports it is described that the stimulation results in an increased Ca2+ influx through L-

type calcium channels, which in turn increases the Ca2+ release from ryanodine receptors located 

in the sarcoplasmic reticulum [354, 355]. The documented response provides a first indication for 

partially functional cells. 

Additionally, only cells of W4 αMHC #15 hNkx2.5 #F and #L responded significantly to 

acetylcholine; which has impact on the ligand-dependent muscarinic acetylcholine receptor type 

M2. The G protein activated inwardly rectifying K+-channels (Kir3.x) are most abundant in the 

atria as well as sinoatrial- and atrioventricular nodes, where they are involved in vagal regulation 

of the heart rate [356, 357]. The activation through acetylcholine increases the potassium 

conductance, which leads to potassium efflux and is followed by a hyperpolarization of the cell 

membrane. This hampers the excitability of cells and leads to reduced action potential frequency, 

which transiently became obvious in W4 αMHC #15 hNkx2.5 #F and #L beating frequencies.  



Discussion 

 

90 
 

The most important current, depolarizing the cell surface from appr. -85 mV to appr. +25 mV 

within 10th of milliseconds, is mediated through sodium channels [358–360]. Among them, the 

neuronal voltage-gated sodium channels possess a high sensitivity to tetrodotoxin [361], opposed 

to the primary TTX-resistant cardiac Nav1.5 isoform, and makes up to 15 % of the total sodium 

current of isolated rat ventricular cells [362]. Recent studies have proven the presence in murine 

sinoatrial nodal cells as well as myocardium [363–367] and support the appearance in close 

proximity to the transverse tubulus thereby coupling depolarization of the cell surface membrane 

(electrical excitation) to contraction of the myocardium [366, 368] due to regulation of Ca2+ 

release from sarcoplasmic reticulum [369]. In contrast to literature data, a concentration of 10 µM 

does not lead to an inhibition of both, TTX-sensitive (1 - 100 nM) and TTX-resistant (2 - 6 µM) 

sodium channel isoforms, only a slight reduction of beating frequencies could be observed. This 

may indicate a major presence of strongly TTX-resistant cells in immature iCM like cells as well 

as in neonatal CM, whereas cells with a total reduction of beating frequency are merely rare. 

However, like K+, TTX could also be complexed and thereby masked. 

An analysis of potassium in form of potassium rich extracellular fluid with a concentration of 

20 mM was unsuitable due to the high buffer capacity of the used differentiation medium. 

Chelating agents like ascorbic acid or glucose complexate the metal ions K+. Preliminary data 

suggest complete cessation of beating activities with higher concentrations (data not shown). An 

appropriate medium for in-vitro testing would be a physiological solution of NaCl. A highly 

concentrated potassium solution is used to induce a cardioplegic cardiac arrest to perform, e.g. a 

bypass surgery.  

Voltage-dependent Ca2+-channels are responsible for Ca2+ influx due to depolarization of the cell 

membrane mediated by sodium, thereby determining excitation and contraction. The high 

voltage-activated long-lasting L-type Ca2+-channel is abundant and ubiquitously expressed at the 

whole heart [370]. The resulting calcium current, together with sodium and potassium, is 

responsible for the long action potential plateau phase and pass as a chemical signal of 

intercellular Ca2+ release of the sarcoplasmic reticulum [371]. One type of Ca2+-channel 

antagonists are phenylalkylamines, e.g. verapamil, which inhibits L-type as well as T-type Ca2+-

channels [372]; which then results in a stoppage of beating frequencies in W4 αMHC #15 

hNkx2.5 #L and neonatal CM. However, all other cell clones display only a minor response. In 

contrast, the low-voltage-activated transient T-type Ca2+-channel opens at a low membrane 
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potentials and inactivate rapidly, triggering the action potential originated by the sinus node 

[373]. During embryonic development T-type Ca2+-channel are functionally expressed, but 

disappear after birth and are predominantly expressed in sinoatrial nodal cells in the adult heart 

[374]. Mibefradil is more selective and preferentially blocks T-type Ca2+-channel by a factor of 

10 to 15 [375, 376]. The presence could be confirmed with its minor effect on the immature iCM-

like cells, represented in all clones. An explanation for the stronger response of the control cells 

to the Mibefradil application may be the lack of the specific Nkx2.5 ventricular differentiation 

force. 

It would be of great interest to transfer the achieved physiological results to patch clamp subtype 

distinction shown by several groups for electrophysiologically functional cardiomyocytes [144, 

151, 153]. Through this, precise classification of obtained single cells in ventricular-, atrial- and 

nodal-like as well as intermediate cells would be possible. 

The data indicate an immature cardiomyocyte phenotype with cells being situated in a late 

embryonic stage with ventricular-like characteristics. Nevertheless, some issues such as the 

heterogeneity within one clone as well as the wide variation emerging from different Nkx2.5 

expression profiles in the ESC initial state remain serious reasons for concern and further 

improvement. On this account, it should be stated that one transcription factor alone appears 

insufficient to generate a homogenous population of fully functional mature ventricular 

cardiomyocytes using murine ESCs as starting material. These findings validate previous results 

and debates of so far inefficient cardiac differentiation of PSCs in vitro [6]. However, the forced 

exogenous overexpression of the Nkx2.5 TF combined with a Myh6-antibiotic-selection step 

resulted in a population of αMHC+ spontaneously beating CM-like cells with typical sarcomere 

structural proteins and essential electrophysiological properties.  

5.2. Modified mRNA as a reliable tool for cell fate alteration 
So far, various opportunities of mRNA in respect to their universal applicability still lay dormant. 

Despite technological progress many unanswered issues need to be clarified before it becomes 

possible to widely exploit the scientific knowledge. 

5.2.1. Generation of highly reproducible modified mRNA 
In order to generate highly reproducible mmRNA, a PCR-based protocol was established and 

verified with EGFP protein expression in several cell types, including fibroblasts and hMSCs 
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(4.2), which was published in Cellular Physiology and Biochemistry, 2015 [276]. During the data 

collection, one article was published which describes several transfection reagents and 

transfection conditions for an efficient translation [377, 378], which confirmed the usage of 

Lipofectamine 2000 in the present thesis. However, direct comparison of different modification 

compositions with respect to their translation efficiency and cell viability for long term 

cultivation in several cell types has not been studied before [276]. Later the same year, Andries et 

al. demonstrated another promising pseudouridine modification (N1-methylpseudouridine (m1Ψ 

)) [379] using the classical modifications, they present the same results and confirm the finding 

that optimal modification composition differs between cell types.  

These positive modulations comprising i) a 5` cap analog, ii) a 3` poly A tail and iii) modified 

nucleosides became apparent in the present data. Previous studies were limited by the instability 

and low efficiency of utilized mRNA, which is no longer an obstacle. Through the use of 

mimicking properties, fast protein expression of EGFP with a peak between 12 h and 24 h after 

transfection and high durability for more than 72 h is documented in every cell type under 

investigation even for nucleoside-unmodified mRNA (Figure 18, Figure 19, Figure 20, Figure 

21). Further improvements can be achieved with the incorporation or complete replacement of 

both pyrimidines (cytidine and uridine) with 5mC and Ψ. It has become evident, that the ratio of 

replacement should be tested for the desired cell type and purpose considering the different 

protein expression and viability results received. Any nucleoside modification led to higher 

translation efficiency and increased viability. Nevertheless, as Karikó and colleagues had 

reported [272], incorporation of Ψ led almost always to the best translation capacity indicated by 

EGFP+ cells and mean fluorescence intensities which were often significantly higher than 

unmodified mRNA. However, the replacement of both pyrimidines resulted in good, partly 

significant higher protein translation but most importantly, to the best cell viability during long 

term cultivation, as stated by several groups [162, 165]. 

For this reason, 100 % 5mC + 100 % Ψ was selected as the most promising modification 

demonstrating the applicability of this non-viral DNA-free delivery technology. 
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5.2.2. Modified mRNA as a tool for cell fate conversion 
As previously shown, mRNA is a potential tool for cell reprogramming strategies [162–166]. In 

order to prove the capability of self-synthesized mRNA apart from EGFP protein translation, an 

attempt based on the finding of Weintraub and colleagues was accomplished [214]. Murine 

fibroblasts were transdifferentiated towards a myoblast-like phenotype using mMyoD mRNA 

(Figure 22A). The obtained cells exhibit coarsely striped myosin heavy chain expression (Figure 

22B), which is part of the contraction system [380], thereby demonstrating the effectiveness and 

ability of mmRNA to directly alter cell fate identity. These data were confirmed by Preskey et al. 

adapting the protocol for presenting multi-nucleic myotube-like cells [164].  

Next, the opportunity to forward program murine ESCs was examined using the mNkx2.5 

mRNA base. To date, no efficient method for the generation of fully mature ventricular cells is 

established; hence, a rethinking should take place. To overcome this obstacle, a spatiotemporally 

elusive stimulus could correspond to the endogenous embryonic development. Stringent 

molecular regulations in the developing organism engender specific progenitor cell fate behavior, 

consequently generating specialized somatic cells. The imitation of an early requirement of 

Nkx2.5 [81] could be achieved with a pulse-like exogenous overexpression of the TF. As 

opposed to DNA, mRNA demonstrated fast protein translation already 4 h after transfection and a 

peak between 12 h and 24 h with a time dependent decrease (4.2). Moreover, Chien and 

colleagues have shown that the application of VEGF-A displayed an increased efficacy by pulse-

like delivery of mRNA in direct in vivo comparison with DNA [287].  

Therefore, beforehand analyzed potential of Nkx2.5 (4.1 and 5.1) could be improved by applying 

the cardiac specific TF as mRNA. Comparatively, mRNA induced pluripotent stem cell 

reprogramming is even more efficient then DNA introduction [162].  

Single cells obtained after triple transfection with mNkx2.5 and the subsequent cardiac 

differentiation appeared similar to that of DNA programmed iCM-like cells (Figure 4, Figure 23), 

whereas mRNA Nkx2.5 induced cells appear larger and more complex. Moreover, cells displayed 

spontaneous albeit heterogeneous beating activity, and an active calcium oscillation, which 

indicates functional iCM-like cells after modulation of mESCs with modified Nkx2.5 mRNA. 

Therefore, modified mRNA is a suitable tool to replace DNA modification to avoid 

circumstances accompanied with DNA insertion [276]. 
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5.3. miRNA/PEI/MNP as a promising transfection system for slowly proliferating 
stem cells 

Besides the development of new strategies mentioned above, already existing protocols regarding 

functional heart improvement after injury have been modified. For this purpose possible 

manipulations of bone-marrow derived CD133+ SCs were examined. Their potential has been 

confirmed in several clinical trials (phase I and II) in recent years [381–393], however, 

substantial improvements are only imaginable if it is possible to overcome major obstacle arising 

by low retention in the area of interest and massive initial cell death [189–191]. These prominin-1 

(highly conserved transmembrane antigen) expressing stem- and progenitor cells give rise to cells 

of the haematopoietic, endothelial and myogenic lineages and their derivatives [394–399]. Of 

particular interest is the promising muscle regeneration after skeletal muscle injury, demonstrated 

by several groups [400–404]. In contemplation of a successful transfer to cardiomyogenic 

regeneration, a promising approach based on precise manipulation of CD133+ SCs could open up 

new opportunities. 

To achieve this aim, a safe and gentle modification technology is still required [405]. To date, 

CD133+ SCs rated as hard to manipulate cells, which is partly due to their sensitivity and their 

low proliferation potential, hampering the application of DNA. For this reason, miRNAs became 

an attractive alternative, supported by their operating area in the cytoplasm as well as their wide 

range as posttranscriptional regulators [406]. 

Therefore, a non-viral magnet-bead based polymer delivery system was established to propose a 

new manipulative treatment of CD133+ SC in regenerative medicine [327, 328, 407–409]. PEI is 

an efficient delivery reagent, as it protects miRNA against degradation and supports cellular 

uptake and intracellular release [410, 411]. Moreover, PEI condenses miRNA through 

electrostatic interactions. The results have been equally compiled by N. Voronina, P. Müller and 

F. Hausburg. 

5.3.1. miRNA/PEI/MNP as efficient delivery system for CD133+ SC 
To ensure an efficient transfection of miRNA into freshly isolated CD133+ SCs, uptake 

efficiencies using Cy3-labeleld miRNA were evaluated. Hereafter, miRNA/PEI/MNP complexes 

consisting of 20 pmol miRNA, N/P ratio 5 and 7.5, with 3 and 5 µg/ml MNPs were selected as 

most promising for human CD133+ stem cells with regard to their highest uptake efficiency 

combined with a low cytotoxicity. Efficient uptake using human MSCs could be achieved using a 
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lower amount of miRNA as well as PEI (10 pmol miRNA, N/P ratio 2.5), however with a lower 

overall efficiency of ~77 % [409]. In contrast, an efficient miRNA uptake using endothelial cells 

(HUVECs) could be reached with 5 pmol miRNA and an N/P ratio of 25 [327]. Additional 

application of MNPs causes a slight but not significant worsening, similar in CD133+ SCs [328], 

hMSCs [409] as well as HUVECs [327]. This indicates the need for an individual optimization 

for the desired cell type considering the best miRNA uptake and a high viability. 

The intracellular distribution of incorporated miRNA was visualized using laser scanning 

confocal microscopy and, for detailed images, SIM technology. The analyses confirmed the 

successful uptake of superparamagnetic polymer-based complexes 18 h after transfection (Figure 

30, Figure 31). Complex components are predominantly present in the cytoplasm and localized at 

the perinuclear region in spatial proximity to each other.  

As opposed to Ochi and colleagues [401, 412], cell targeting of freshly isolated CD133+ SCs was 

insufficient, in vitro targeting experiments exhibit no effect of MACS CD133 MicroBeads alone 

(Figure 29). In contrast, an intracellular amount of 0.155 pg ± 0.0419 iron per cell demonstrated 

an efficient guidance 2.6-fold higher than untransfected cells (using 20 pmol miRNA; N/P ratio: 

7.5 and 3 µg/ml MNP). The outcome consists in different field strengths (~3 T [401, 412] 

compared to 0.25 T [328]) generated through a portable superconducting bulk magnet system and 

to a neodymium permanent magnet. Efficient guidance and transfection depends on strength of 

the field source as well as its range and proximity relative to the target cells [413]. Furthermore, 

comparative studies demonstrate an improved transfection efficiency using an oscillating field 

compared to a static field [414]. However, uptake efficiency data obtained from CD133+ SCs 

were generated without a direct application of a magnetic field [328]; thus it was no significant 

effect shown using magnet during transfection with MSCs [409]. The intracellular amount 

resemble the amount (0.37 pg iron per cell) which was shown to be sufficient for MRI detection 

using endothelial cells [327]. Hence, with the present approach an efficient uptake of miRNA and 

successful magnetic guidance of stem cells was achieved which can be used in future to improve 

cardiac regeneration.  

5.3.2. miRNA/PEI/MNP transfection does not influence haematopoetic cell 
characteristics of CD133+ SC 

In order to prove the influence of superparamagnetic polymer-based transfection complexes and 

in vitro cultivation of CD133+ stem cells, surface marker pattern, viability and multipotent 
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differentiation potential were evaluated. It could be demonstrated that the transfection procedure 

has no impact on CD133+ stem cell characteristics, neither surface marker pattern (Figure 27) nor 

haematopoietic differentiation potential (Figure 28), which indicates a gentle and safe 

modification technology for CD133+ SC. However, DMEM based transfection medium led to a 

significant decrease of CD133+ cell viability after 18 h under standard culture conditions (Figure 

27). Therefore, transfection procedures were performed using StemSpanTM supplemented with 

StemSpanTM CC100, which revealed no differences in cell viability, at the same time with high 

uptake efficiency comparable to DMEM (Figure 32). The observation confirmed previous data, 

which indicates a major role of cytokines, like SCF and Flt3L with IL-11 or Tpo for 

haematopoietic SC expansion  [415, 416]. However, other studies stated underwhelming results 

for ex vivo stem cell expansion using only cytokine assistance, self-renewal and optimal HSC 

expansion requires a combination of several small molecules, cytokines, growth as well as 

transcription factors [276, 415]. 
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6. Conclusions 

This thesis aimed to overcome current hurdles in the field of cardiovascular regenerative 

medicine. Virus independent manipulations of various stem cell types, including adult and 

embryonic stem cells as well as of somatic fibroblasts were established to enable optimized cell 

programming.  

In particular, data obtained from forced exogenous overexpression experiments with murine 

ESCs confirmed previous findings which showed that Nkx2.5 plays a crucial role during 

ventricular phenotype differentiation [144, 151, 417]. However, in vivo knock-down approaches 

suggest Nkx2.5 as essential cardiac TF in first and second heart field development [81, 333], 

which demonstrates the multifaceted spatiotemporally controlled mechanism of a variety of 

factors necessary to form a functional heart. It is therefore not surprising that one TF alone, in the 

present case Nkx2.5, is not sufficient to generate mature and fully functional ventricular 

cardiomyocyte subtypes. However, the addition of the Myh6-promotor-based antibiotic selection 

step [155] enhanced previous cardiac differentiation protocols [151] and gave rise to a cell 

population which possess typical sarcomere markers as well as they respond partially to crucial 

ion channel modulators. To improve aforementioned strategies, some modifications should be 

considered, such as changes in the maintaining of ESCs: One option may be to switch from STO 

to MEF co-culture [138] and another the optimization of the medium composition adjusted to the 

temporal requirements mimicking the endogenous developmental microenvironment.  

New strategies with regard to the intrinsic spatiotemporal regulatory mechanisms should be based 

on more flexible modulation systems. Different variations of RNA, mRNA and miRNA 

molecules are suitable for pulse-like and comprehensive regulation of cell fate for numerous cell 

types. In addition, both lipid- and polymer-based delivery systems are benign and bear little risk 

of systemic alterations.  

Initially presented experiments using modified TFs indicate an effective, but not yet fully refined 

technology to alter cell fate from murine fibroblasts with MyoD and cardiomyocyte-like 

phenotype originated from ESCs with Nkx2.5 to skeletal myoblasts. As was also shown in 

previous studies, a standardization of mmRNA production should be a key aspect in order to use 

GMP relevant mRNA in clinical scenarios [285, 286]. An important step in this direction was the 
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establishment of a highly reproducible PCR-based protocol to generate mmRNA in this 

dissertation [276]. However, a stringent purification procedure using HPLC should be performed 

in the future to eliminate short double stranded RNA as stated by Karikó et al. [284].  

An efficient and mild transfection system was established for the hard to transfect and sensitive 

human CD133+ SCs. Using the non-viral superparamagnetic polymer-based delivery system, 

miRNA could efficiently transferred into the cytoplasm of these slowly proliferating SCs. 

Furthermore, in vitro experiments demonstrated a huge advantage applying a magnetic field. The 

possibility of specific cell targeting may improve the so far marginal improvement of LVEF after 

autologous cell transplantation of CD133+ SCs together with CABG surgery (~6 % after 6 

months) [381]. The massive wash out of SCs during the first hour led to a retention of ~ 5 – 8 % 

of SCs in the heart evaluated in a mouse model and patient study, demonstrating a huge 

biodistribution into the lung and liver [418, 419]. Applying our innovative systems may offer the 

opportunity to improve the cardiovascular regeneration potential of SC transplantations. It also 

creates new options using miRNA to enhance cardiac reprogramming due to their wide 

posttranscriptional impact [292]. 

Overall, the presented strategies provide high potential for regenerative medicine and addresses 

hurdles towards a bench-to bedside translation for current in vitro models.  
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V. Materials 
Table 2: Antibodies and staining solutions 

Antibody Spezies Conjugate ID company 
anti-Cx43 rabbit, polyclonal  Sc9059 Santa Cruz 

Biotechnology, Inc., 
USA 

anti-cTnnT rabbit, polyconal  ab115134 Abcam, UK 

anti-GFP goat, polyclonal FITC ab6662 Abcam, UK 
anti-MyHC 
(Myh6)  

mouse, 
monoclonal 

 ab15 Abcam, UK 

anti-Myosin 
(skeletal, slow) 
(Myh7) 

mouse, 

monoclonal 

 M8421 Sigma-Aldrich GmbH, 
Germany 

anti-Nkx2.5 (N-19) goat, polyclonal  Sc8697 Santa Cruz Bio-
technology, Inc., USA 

anti-Oct4 rabbit, polyconal  ab19857 Abcam, UK 

anti-sarcomeric α 
actinin  

mouse, 

monoclonal 

 ab9465 Abcam, UK 

anti-goat donkey Alexa Fluor® 
568 

A11036 Thermo Fisher 
Scientific Inc., USA 

anti-mouse goat Alexa Fluor® 
647 

A21235 Thermo Fisher 
Scientific Inc., USA 

anti-rabbit donkey Alexa Fluor® 
488 

A21206 Thermo Fisher 
Scientific Inc., USA 

anti-rabbit goat Alexa Fluor® 
568 

A11011 Thermo Fisher 
Scientific Inc., USA 

Atto 565    ATTO-TEC GmbH, 
Germany 

Cy5™ dye    Molecular Probes, USA 

FluoReporter® 
Oregon Green® 
488 

   Molecular Probes, USA 

Fluoroshield™ 
with DAPI  

   Sigma-Aldrich GmbH, 
Germany 

Phalloidin  FITC  Enzo Life Science, Inc., 
USA 

X-Rhod-1    Thermo Fisher 
Scientific Inc., USA 
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Table 3: Cell lines and primary cultures 

Common name description Species Company 

BJ foreskin fibroblasts human, newborn Stemgent, Cambridge, USA 
COS7 kidney monkey ATCC, USA 
C3H10T1/2 clone 8 murine, 

embryonic 
ATCC, USA 

SNL 76/7 STO cell line murine, 
embryonic 

Applied StemCell, Inc, USA 

W4 mouse strain: 
129/SvEV [324] 

murine, 
embryonic 

Taconic, Germantown, NY, 
USA 

MSC bone marrow human, adult sternal BM aspirates from 
donors, University Hospital 
Rostock, Germany* 

CD133 bone marrow human, adult sternal BM aspirates from 
donors, University Hospital 
Rostock, Germany* 

*approved by the ethical committee of the University of Rostock in 2010 and renewed in 2015 (registration number 
A 2010 23). 

 

Table 4: Chemicals and reagents 

products company 

Accutase® solution Sigma-Aldrich GmbH, Germany 
B18R Recombinant Protein eBioscience, USA 
β-mercaptoethanol  Sigma-Aldrich GmbH, Germany 
Blasticidin (solution) InvivoGen, USA 
Cell Shield® Minerva Biolabs GmbH, Germany 
Cy5™ dye  Mirus Bio LLC, USA 
Collagenase, Type: CLS IV (230 U/mg) Biochrom AG, Germany 
DMEM  Biochrom AG, Germany 
EMEM Biochrom AG, Germany 
FBS  Pan Biotech GmbH, Germany 
FBS superior  
FluoReporter® Oregon Green® 488  Molecular Probes, USA 
Formaldehyde  Sigma-Aldrich GmbH, Germany 
Gelatine (from cold water fish skin; 40-50% 
in H2O) 

Sigma-Aldrich GmbH, Germany 

glucose  MP Biomedicals, Germany 
Herculase enhanced proof-reading DNA 
polymerase  

Agilent Technologies, USA 

horse serum  Life Technologies, USA 
Hygromycin B Gold (solution) InvivoGen, USA 
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leukemia inhibitory factor  Phoenix Europe GmbH, Germany 
Mesenchymal Stem Cell Growth Medium; 
MSCGM™ 

Lonza, Walkersville, MD, USA 

Near-IR LIVE/DEAD Fixable Dead Cell 
Stain Kit  

Molecular Probes, USA 

non-essential amino acids  Biochrom AG, Germany 
PEI Sigma-Aldrich GmbH, Germany 
Penicillin/Streptomycin  PAA Laboratories GmbH, Germany 
Pre-miR™ miRNA Precursor Molecules – 
Negative Control #1 

Ambion, USA 

pseudouridine-5’-triphosphate TriLink Biotechnologies, USA 
Puromycin (solution) InvivoGen, USA 
Saponin from quillaja bark; Sapogenin 
content ≥ 10% 

Sigma-Aldrich GmbH, Germany 

Streptavidin MagneSphere® Paramagnetic 
Particles  

Promega Corporation, USA 

TaqMan® Gene Expression Assays Thermo Fisher Scientific Inc., USA 
TaqMan® Universal PCR Master Mix  Thermo Fisher Scientific Inc., USA 
UltraPure™ DNase/Rnase-Free Distilled 
Water 

Thermo Fisher Scientific Inc., USA 

3′-O-Me-m7G(ppp)G RNA cap structure 
analog  

New England Biolabs, USA 

5-methylcytidine-5’-triphosphate TriLink Biotechnologies, USA 
 

Table 5: Equipment 

equipment company
Axiovert 40 CFL  Carl Zeiss, Germany 
BD FACS LSRII flow cytometer  BD Biosciences, Germany 
ELYRA PS.1 LSM 780 confocal microscope  Carl Zeiss, Germany 
MJ Mini™ thermal cycler  Bio-Rad Laboratories GmbH, Germany 
NanoDrop 1000 Spectrophotometer  Thermo Fisher Scientific Inc., USA 
StepOnePlus™ Real-Time PCR System  Applied Biosystems, Germany 
 

Table 6: Flow cytometry antibodies 

Antibody Conjugate company 
Anti-CD34 (clone: AC136) FITC Miltenyi Biotec GmbH, 

Germany 
anti-CD133/2 (clone: 293C3) PE Miltenyi Biotec GmbH, 

Germany 
isotype 
control mouse IgG 2b 

PE Miltenyi Biotec GmbH, 
Germany 

anti- APC-H7 BD Biosciences, Germany 
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CD45 (clone: 2D1) 
7-AAD  BD Biosciences, Germany 
Near-IR LIVE/DEAD Fixable Dead 
Cell Stain Kit 

 Molecular Probes, USA 

 

 

Table 7: Kits 

products company 
MACS CD133 MicroBeads, human Miltenyi Biotec GmbH, Germany 
GeneJET RNA Purification Kit  Thermo Fisher Scientific Inc., USA 
jetPEI® DNA transfection reagent Polyplus transfection®, USA 
MEGAscript® SP6 Kit  Ambion, USA 
MEGAscript® T7 Kit Ambion, USA 
NucleoSpin® RNA isolation kit  Macherey-Nagel, Germany 
NucleoSpin® RNA isolation kit XS Macherey-Nagel, Germany 
peqGOLD Cycle-Pure Kit  peqlab, UK 
RevertAid H Minus First Strand cDNA 
Synthesis Kit 

Thermo Fisher Scientific Inc., USA 

 
 

Table 8: Plasmids 

Gene Vector  company 

αMHC-puromycin cassette pGK-hygro [155] 
EGFP pCS2+  
MyoD pCS2+  
hNkx2.5 pEF-DEST51 Imagenes, Germany 

 
 

Table 9: Primer PCR 

Gene Vector Primer Sequence Size Company 

EGFP/ 
MyoD 

pCS2+ pCS2SP6up20 5’- 
GTCGGAGCAAGCTTGA
TTAGG-3’ 

21 bp  

  pCS2pAlo152 5’-
T100GTCTGGATCTACGT
AATACG-3’ 

  

Nkx2.5 pEF-
DEST51 
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Table 10: Software 

Software company 

Adobe Photoshop CS6 Adobe Systems, USA 
Adobe Illustrator CS6 Adobe Systems, USA 
BD FACSDiva Software 6.1.2  BD Biosciences, Germany 
CorelDraw Graphics Suite X5 Corel Corporation, USA 
GraphPad Prism GraphPad Software Inc., USA 
ImageJ 1.48 NIH, USA 
NanoDrop ND-1000 V3.7.1 NanoDrop products, USA 
OriginPro 2016 OriginLab Corporation, USA 
SigmaPlot 13.0 Systat Software GmbH, Germany 
StepOne™ Software Version 2 Applied Biosystems, Germany 
ZEN2011 software  Carl Zeiss, Germany 
 

Table 11: TaqMan® Gene Expression Assays 

Gene Name Species Amplicon 
Length 

Fluoro
phore 

Assay-ID 

cTnnT2 Cardiac muscle troponin 
T 

mouse 110 FAM Mm01290256_m1 

Fut4 3-fucosyl-N-acetyl-
lactosamine, CD15 
(Ssea1) 

mouse 67 FAM Mm00487448_s1 

Gja1 Gap juction protein, 
alpha 1 (Cx43) 

mouse 65 FAM Mm00439105_m1 

Gja3 Gap juction protein, 
alpha 3 (Cx46) 

mouse 120 FAM Mm01319074_m1 

Hcn4 Potassium/sodium 
hyperpolarization-
activated cyclic 
nucleotide-gate channel 4

mouse 70 FAM Mm01176086_m1 

Hprt Hypoxanthine-guanine 
phosphoribosyltransferas
e 

mouse 65 FAM Mm00446968_m1 

Isl1 Insulin gene enhancer 
protein 

mouse 65 FAM Mm00517585_m1 

MesP1 Mesoderm posterior 1 
homolog 

mouse  FAM Mm00801883_m1 

Myh6 Myosin heavy chain, α 
isoform 

mouse 67 FAM Mm00440359_m1 

Myh7 Myosin heavy chain, β 
isoform 

mouse  FAM  

Myl2 Myosin regulatory light 
chain 2/ 

mouse 90 FAM Mm00440384_m1 
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ventricular/cardiac 
muscle isoform 

Nanog Homeobox protein mouse  FAM Mm02019550_s1 
Nkx2.5 Homeobox protein mouse 56 FAM Mm01309813_s1 
Nkx2.5 Homeobox protein human 64 FAM Hs00231763_m1 
Polr2a DNA-directed RNA 

polymerase II subunit 
RPB1 

mouse 85 FAM Mm00839493_m1 
 

Pou5f1 Octamer-binding 
transcription factor 4 
(Oct4) 

mouse  FAM  

Tbx3 T-box transcription 
factor 3 

mouse 65 FAM Mm01195726_m1 

Tbx5 T-box transcription 
factor 5 

mouse 94 FAM Mm01195728_m1 

All qPCR TaqMan® Gene Expression Assays were purchased from Thermo Fisher Scientific Inc., USA 
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VI. Supplementary figures 

 

Figure 33: Quantitative determination of the optimal time point of antibiotic selection - single cell analysis 

Quantitative analysis of antibiotic selection during cardiogenic differentiation of W4 αMHC clones – single cell 
analysis by cell morphology (spindle & spider cells: light colour, square cells: normal colour and an undefined cell 
population: dark colour). Enumerated single cells per EB under (A) 1 % O2 and (B) 20 % O2 oxygen conditions. 
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Values are presented as mean ± SEM; n=3; statistic was performed as multiple comparison of mean (ANOVA), *p ≤ 
0.05, **p ≤ 0.01, ***p ≤ 0.001. 

 

 

 

Figure 34: pCS2+ expression vector map (snapgene.com I.M.A.G.E. Consortium) 
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Figure 35: pEF-DEST51 expression vector map (snapgene.com I.M.A.G.E. Consortium) 
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