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1 LIST OF ABBREVIATIONS 

CD31   cluster of differentiation 31 (PECAM1) 

CD34   cluster of differentiation 34 

c-Myc   protooncogene c-Myc 

CPC   cardiac progenitor cell 

Ctr   control 

D0/2/…  day 0/2/… after start of differentiation 

DAPI   4',6-diamidino-2-phenylindol 

DMEM  Dulbecco’s modified eagle medium 

DMSO   dimethyl sulfoxide 

cDNA   complementary DNA 

EB   embryonic body 

EC   endothelial cell 

ECM   extracellular matrix 

EHT   endothelial-to hematopoietic transition 

ESC   embryonic stem cell 

E14   embryonic stem cell line derived from mouse strain 12910la 

FACS   fluorescence activated cell sorting (flow cytometry) 

FBS   fetal bovine serum 

FCS   fetal calf serum 

Flk1   VEGFR2, kinase insert domain receptor 

FVD   fixable viability dyes 
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GO   gene ontology 

h   hour 

HPC   hematopoietic progenitor cells 

HPSC   hematopoietic progenitor and stem cells 

HSC   hematopoietic stem cells 

HUVEC  human umbilical vein endothelial cell 

Ki-67   antigen Ki-67 

KO   knock out 

L-Gln   l-glutamate 

LIF   leukaemia inhibitory factor 

NEAA   non-essential amino acids  

MEF   mouse embryonic fibroblast 

mESC   mouse embryonic stem cell 

min   minute(s) 

mRNA   messenger ribonucleic acid 

MSC   mesenchymal stem cell 

NO   nitrogen oxide 

Pa   pascal 

PBS   phosphate-buffered saline 

PCR   polymerase chain reaction 

PDGF   platelet-derived growth factor 

PECAM1  platelet endothelial cell adhesion molecule 1 
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Pen/Strep  penicillin/streptomycin 

PE-Cy7-A  tandem fluorochrome out of R-phycoerythrin and cyanine dye 7 

qPCR   quantitative polymerase chain reaction 

RNA   ribonucleic acid 

RNAseq  RNA sequencing 

RT   room temperature 

s   second(s) 

SD   standard deviation 

Str   stretched 

Tnnt2   gene, which encodes the cardiac muscle troponin T protein 

US   unstretched 

VE-cadherin  vascular endothelial cadherin 

VEGF   vascular endothelial growth factor 

VEGFR2  vascular endothelial growth receptor 2 (=Flk1 in mice) 

VSM   vascular smooth muscle cell 

vWF   von-Willebrand-Factor 

w/o   without 
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2 ABSTRACT 

Mechanical forces are vital for the development and maintenance of endothelial cells. 

However, how tensile forces or extracellular matrix stiffness affect differentiation of 

endothelial cells during embryogenesis is largely unexplored. In my dissertation, I 

applied non-cyclic uniaxial stretch on differentiating mouse embryonic stem cells and 

used materials with different stiffness, like laminin, matrigel, gelatine and poly-l-lysine, 

to study the interplay between these distinct types of mechanical forces on endothelial 

cells. Using flow cytometry analysis, immunofluorescence stainings and quantitative 

expression analysis, I identified key functions of stretch and matrix stiffness in 

triggering gene expression program facilitating endothelial cell development and 

differentiation. I found that application of non-cyclic uniaxial stretch for 2 hours at early 

developmental stages, such as stem cells, mesodermal precursors and cardiovascular 

precursors, was sufficient to significantly increase endothelial cell numbers, while 

application of stretch at later stages was not beneficial. Differentiation of embryonic 

stem cells on laminin strongly promoted endothelial cell differentiation, similarly on 

matrigel, although to a smaller range. However, the differentiation on gelatine and poly-

l-lysine did not increase endothelial cell numbers. To study the interplay between 

matrix stiffness and tensile forces, I analysed endothelial cell numbers in differentiating 

embryonic stem cells subjected to stretch at different stages and cultured on different 

matrices. Interestingly, I found that application of mechanical stretch on cells cultured 

on a soft matrix, e.g. matrigel, did not enhance endothelial cell differentiation, while 

application of the same stretch strength on cells cultured on a stiffer matrix, e.g. 

gelatine, resulted in significant increase in endothelial cells. To study the molecular 

mechanisms behind the enhanced endothelial cell differentiation, I performed RNA-

sequencing analysis. I identified key genes involved in endothelial cell and vascular 

system development to be highly upregulated upon application of stretch even after a 

short period of time (2 hours), such as Vegfa, Fgf7, Igf1.  

In summary, my work suggests a tight interplay between tensile forces and 

extracellular matrix stiffness during endothelial cell development and differentiation 

and identified critical factors involved in this process. 
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3 INTRODUCTION 

Endothelial cells (EC) play a crucial role in the growth and survival of all vertebrates by 

performing tasks that are necessary for tissue formation and maintenance. All tissues 

depend on the steady supply of essential nutrients, oxygen and growth factors, as well 

as the effective removal of toxic molecules and CO2. ECs form different types of blood 

vessels, ranging from the smallest capillaries to the aorta and vena cava  (Bruce 

Alberts, 2002). 

EC differentiation and vascular growth play essential roles in various crucial processes 

throughout an organism's lifespan. For instance, the vital process of wound healing is 

inseparability linked to the formation of new vessels. The complex process of sprouting 

and revascularization within a wound is orchestrated by a multitude of influences, 

including inflammatory molecules, growth factors and mechanical stresses applied to 

the injured tissue (Kilarski et al., 2009; Singh et al., 2022).  

The phenomenon of expanding an existing vascular network finds clinical application 

in the therapeutic management of substantial wounds as well. Specifically, the 

utilization of tissue expanders beneath the skin, gradually inflated over time, induces a 

stretching effect on the surrounding tissue, leading to the enlargement not only of the 

skin but also of the associated vasculature (Heit et al., 2012; Lee et al., 1989). 

Besides medical or pathology triggered incidents, physiological processes like the 

proliferation of vital tissue require an adapted vascular network. For instance, the 

augmentation of muscle tissue necessitates the concurrent expansion and proliferation 

of the supplying vessels. The mechanical stimuli arising from the escalating volume of 

muscle tissue and the consequent upregulation of blood flow initiate a cascade of 

events, including the remodelling, enlargement and proliferation of both the vascular 

network and the ECs it is composed of (Prior et al., 2004). 

Getting insights into the factors and genetics of EC development holds significance not 

only in physiological contexts but also in clinical applications, contributing to 

advancements in therapeutic approaches. 
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 Formation of the first endothelial cells and the vascular system 

During embryonic development, the cardiovascular system is the first formed system 

in developing vertebrae (Risau and Flamme, 1995).   

The formation of blood vessels starts in the developing embryo at the point of time 

when it is no longer possible to provide enough oxygen and nutrition to the whole 

embryo only trough diffusion (Sadler, 2014). There are two possible forms of gaining 

new blood vessels. The first form, prolonging and sprouting already existing vessels, 

is called angiogenesis (Risau, 1997; Rizzi et al., 2017). The second one, the complete 

new assembly and differentiation of ECs out of precursor cells, is called 

vasculogenesis (Sadler, 2014) (Fig.1A). EC differentiation originates from embryonic 

stem cells that give rise to mesodermal progenitors in the lateral plate mesoderm. 

These precursors become hemangioblasts, from which endothelial precursor cells are 

derived. They finally differentiate into ECs, which mature and specialize over time 

(Tsang et al., 2017; Yamaguchi et al., 1993; Yamashita, 2004). 

Vasculogenesis appears in mouse embryos between day 8 and day 10 (Goldie et al., 

2008; Wood et al., 1997). At this time, cells in the lateral plate mesoderm, more 

specifically in the splanchnopleuric mesoderm and the yolk sac, start to form blood 

islands containing cells called hemangioblasts. The hemangioblasts in the centre of 

the blood islands differentiate into hematopoietic precursor cells, the ones at the outer 

layers into precursor cells of ECs, called angioblasts (Risau and Flamme, 1995). The 

extra-embryonic angioblasts in the yolk sac and the intra-embryonic angioblasts both 

proliferate under the influence of the growth factor VEGF (vascular endothelial growth 

factor) that is produced from the surrounding mesoderm. The extra-embryonic 

angioblasts start to differentiate into vascular ECs and pool to form a primary capillary 

plexus (Sadler, 2014). The intra-embryonic vascular ECs form tubes which give rise to 

the dorsal aorta and the cardiac veins (Fig.1B). The primary capillary plexus remodels 

and consolidates with the cardiac veins and the dorsal aorta. All together, they form 

the vascular system of the embryo. Through the release of growth factors like PDGF 

(platelet-derived growth factor) they stimulate the migration of smooth muscle cells and 

pericytes (Rymo, 2011). Later growth of vessels happens nearly exclusively by 

angiogenesis with the out-sprouting from already existing vessels due to external 

stimuli.  
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Figure 1: Vascular system development (A) Vasculogenesis versus angiogenesis (Markiewski et al., 2020)        

(B) Vessel development in the mammalian embryo (Markiewski et al., 2020; Rymo, 2011)  

 Mechanical forces during embryonic development and vascular development 

The remodelling of the primary capillary plexus in the dorsal aorta and the cardinal 

veins, the origin of most other vessels, begins with the onset of the first heartbeat and 

the resulting hemodynamic mechanical force on the ECs (Lucitti et al., 2007; Risau, 

1997). During the continued growth of the developing embryo, the hemodynamic 

forces of the increasing blood flow have an effect on the vascular ECs. Additionally 

they get affected by mechanical forces from the constantly growing surrounding tissue, 

transduced over cell-cell connections and the extracellular matrix (Vining and Mooney, 

2017). Mechanical forces upon ECs can be categorized in two different components: 

shear stress, which affects the ECs in the direction of flow and stretch induced by 

pressure within the vessels, which affects the EC in an rectangular direction to the 

direction of the blood stream (Davies, 1991). Many ways how the EC detects 

mechanical stress have been discussed (Fig.2). The cell membrane together with 

membrane attachments and the linked cytoskeleton is considered as a primary 

mechanosensor (Davies, 1995), with every single cell getting additional input over 

molecules from the integrin family (between the cells and the ECM (extracellular 



 

8 

matrix)) and cadherin molecules (cell to cell) (Fang et al., 2019). It has been shown 

that the integrin β3 expression on EC itself is influenced by mechanical stress. Integrin 

expression gets upregulated upon cells being exposed to unicyclic stretch and the 

adherence to their substrate as well as their resistance to mechanical forces strengths 

(Suzuki et al., 1997). Another option of mechanosensing in ECs are mechanosensitive 

channels. There are two different types. The first type are shear activated potassium 

and calcium channels like Kir, TRPV4 and Piezo1 (Fang et al., 2019) which get 

activated trough blood flow. The second type are stretch activated, cation-specific ion 

channels. When the cation-specific channels get activated, the calcium level inside of 

the cells rises (Sokabe et al., 1993). 

Another possible way of mechanosensing appears to be provided by adhesion 

complexes. These multi-molecule complexes are forming the connection between the 

intracellular actin cytoskeleton and the extracellular matrix. If mechanical stress is 

applied to these complexes, small GTPases are activated which themselves activate 

Rho kinase and lead to an actomyosin contraction. The mechanical stress transmitted 

in this pathway from the extracellular matrix causes an elongation and an increase in 

the size of the ECs. (Riveline et al., 2001). One example is the junction molecule VE-

cadherin. It transduces mechanical forces applied to a layer of ECs onto the 

cytoskeleton of the EC (Fujiwara, 2006). Together with the platelet EC adhesion 

molecule 1 (PECAM1) and the vascular endothelial growth receptor 2 (VEGFR2), it is 

considered a mechanosensory complex that transduced mechanical forces and leads 

to changes within the EC (Tzima et al., 2005).  

Figure 2: Cytoskeleton and molecules of an EC (James and Allen, 2018) which are linked to the 

mechanosensing and transduction of extracellular mechanical stress 
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 Endothelial to hematopoietic transition and forming of the first hematopoietic stem 

cells 

During embryonic development, the first HSC (hematopoietic stem cells) origin from 

the hemogenic endothelium. These ECs can be found in the dorsal aorta, umbilical 

artery and vitelline artery (de Bruijn et al., 2000; Kumaravelu et al., 2002; Müller et al., 

1994; North et al., 1999) and undergo a process called endothelial-to-hematopoietic 

transition (Frame et al., 2016; Sugden and North, 2021). Within this process, VE-

cadherin and Tie2 positive cells of the endothelium produce hematopoietic stem and 

progenitor cells (Li et al., 2006; Zovein et al., 2008) which protrude into the vessel 

lumen (Bertrand et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010) (Fig.3). 

These progenitor and stem cells are the origin of the different erythroid, lymphoid and 

myeloid cell lineages that circulate in the blood vessels of the developing embryo. This 

blood production is called definitive wave of haematopoiesis (Sugden and North, 

2021).  

Prior to this event, there is another wave of haematopoiesis: the primitive wave of 

haematopoiesis (Gore et al., 2018). The cells forming the primitive wave of 

haematopoiesis origin from the lateral platelet mesoderm. It gives raise to restricted 

progenitors, which can either produce cells from the erythroid or the myeloid lineages. 

Originating from them, the first primitive erythrocytes and immune cells arise to fill the 

newly formed vessels (Sugden and North, 2021). The development of vessels and 

blood cells starts the blood circulation in the growing embryo and with it the shear 

stress that is applied upon the vascular endothelium. It was shown that ECs sense the 

still relatively low shear stress with cilia on the cell surface and that the cilial function 

is one of the keys to definitive haematopoiesis through EHT (endothelial-to 

hematopoietic transition) (Liu et al., 2019). Induced by shear stress, the activation of 

prostaglandin E2 synthesis (Diaz et al., 2015), the activation of protein kinase A (Kim 

et al., 2015) and the upregulation of adenosine receptors (Jing et al., 2015) have a 

positive impact on hematopoietic stem cell production via EHT. Different publications 

demonstrated as well that the vascular endothelium, which is exposed to shear stress, 

upregulates the production of NO in the endothelium, which promotes the endothelial-

to hematopoietic transition and the production of HPC (hematopoietic progenitor cells) 

(Adamo et al., 2009; North et al., 2008; Wang et al., 2011). Therefore, it was widely 
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shown that shear stress promotes EHT, but it remains unclear whether the same effect 

applies to tensile forces like static stretch. 

Figure 3: Hematopoietic transition, modified from (Dejana et al., 2017) 

 Endothlial cell differentiation 

By simulating the in vivo conditions, ECs can be differentiated out of stem cells. During 

their differentiation, they pass through several stages, similar to the ones passed 

during in vitro angiogenesis (Fig.4). Embryonic stem cells (ESC) start differentiating 

spontaneously when cultured without differentiation inhibitors like LIF (leukaemia 

inhibitory factor) (Vittet et al., 1996). Between day 1 and day 3 many cells in culture 

still show the characteristics of stem cells (Vittet et al., 1996). These cells start to 

differentiate into cells dedicated to a specific germ layer. Between day 3 and day 4 of 

differentiation, the population of cells related to the mesodermal germ layer starts to 

show mesodermal precursor cells (Jezierski et al., 2007; Keller et al., 1993; Kennedy 

et al., 2007; Lu et al., 2007; Psaltis et al., 2011; Zambidis et al., 2005).  

A population of these cells differentiates into myocardial progenitor cells that mainly 

give rise to the myocardial cells. However, this population as well contributes to the 

population of vascular smooth muscle cell as well as ECs (Kattman et al., 2007).  

Another population of the mesodermal precursor cells differentiates within two more 

days into bi-potent progenitor cells (Jezierski et al., 2007; Mora-Roldan et al., 2021), 

called hemangioblasts, which can give rise to angioblasts, vascular smooth muscle 

cells as well as hematopoietic stem cells (Choi et al., 1998; Kataoka et al., 2011; 

Kennedy et al., 1997). Around day 8, the angioblasts further differentiate into ECs 

(Jezierski et al., 2007) and the hematopoietic stem cells give rise to various cell types 

from the hematopoietic lineage (He et al., 2004; Wiles and Keller, 1991).  
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Figure 4: Differentiation stages of the different lineages during endothelial and hematopoietic differentiation  

  The impact of the extracellular matrix in an in vitro cell culture 

It has been shown that cells in in vitro culture respond highly to the extracellular matrix 

they are cultured in. For example, could more differentiated phenotypes be observed 

in neuroblastoma or epithelial cells cultured on an ECM mimicking their in vivo 

surrounding. Additionally a longer surviving time of hepatocytes was shown, when they 

were cultured on an ECM, that is quite similar to their usual environment in vivo 

(Kleinman et al., 1987). Stem cells are able to detect the stiff- or softness of their 

surrounding micro environment over mechanosensors and change their gene 

expression accordingly (Smith et al., 2018). Matrigel is known to be a relatively soft 

ECM, with a stiffness range between 39 Pa (Alcaraz et al., 2008; Semler et al., 2000; 

Soofi et al., 2009; Zaman et al., 2006) to 650 Pa (Reed et al., 2009). The elastic 

modulus of laminin is somewhat higher, varying between 110-730 Pa (Alcaraz et al., 

2008). The stiffness of gelatine hydrogels can be modified depending on their 

concentration, from 1kpa for a 4% solution, up to 12kPa for an 8% solution (Sun et al., 

2019). The ECM poly-l-lysin has a high reported stiffness ranging from 3-400 kPa (Ren 

et al., 2008) up to 20-800kPa (Richert et al., 2004). 
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Earlier studies showed that the stiffness of the extracellular matrix has an impact on 

EC proliferation and behaviour. So displayed ECs grown on a relative soft matrix and 

subjected to shear stress, increased cell elongation and tighter EC junctions (Kohn et 

al., 2015). The authors concluded that a matrix, which mimics the elasticity of young 

and healthy vessels, is protective against pro-atherosclerotic influences. Another study 

suggested that an increase of the stiffness of the ECM during differentiation had a 

positive impact on the proliferation and sprouting rate of the EC (Chen et al., 2012). 

 

 Influence of mechanical stress on cell differentiation 

As earlier studies showed, mechanical stress applied in vitro, affects cell fate 

morphology and proliferation of ECs and endothelial progenitor cells.  

So far, most studies focused on the influence of shear stress on ECs. ECs which were 

stimulated via a cyclic flow in an in vitro circulatory system changed their microtubule 

structure, elongated and aligned themselves following the blood flow (Galbraith et al., 

1998; Hastings et al., 2007; Ives et al., 1986), presumably to lower their resistance 

against the flow (Sumagin et al., 2008). Another paper published in 2005 showed that 

in case the cells were treated with shear stress while differentiating, an increase of 

Flk1+ cells could be observed (Yamamoto et al., 2005). Additionally, a higher number 

of cells was in an active state of the cell cycle and the shear stress increased the 

expression of vascular EC markers like Flk1, VE-cadherin and PECAM1. Furthermore, 

shear stress treated cells showed an enhanced tube formation in further 3D culture 

(Yamamoto et al., 2005). In the same year, another research team published results 

that mesenchymal progenitor cells, which were differentiated under the influence of 

shear stress, develop a higher level on EC markers like PECAM1 or VE-cadherin and 

showed an increased formation of capillary like networks. Further findings were the 

upregulation of vascular growth factors and the downregulation of growth factors for 

smooth muscle cells (Wang et al., 2005). 

While the positive impact of shear stress on EC differentiation is well recognized, there 

are not many studies about the impact of tensile forces upon EC differentiation and 

proliferation. Mechanical strain is found to prevent the apoptosis of vascular ECs (Liu 

et al., 2003). Other studies indicated that mechanical stress increased the proliferation 

rate of differentiated vascular ECs (Burke and Kelly, 2016; Upchurch et al., 1998). A 
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study using HUVECs (human umbilical vein endothelial cell) revealed that uniaxial 

cyclic stretch together with growth factors (VEGF and hepatocyte growth factor) lead, 

in coherence to the previously mentioned studies (Galbraith et al., 1998; Hastings et 

al., 2007; Ives et al., 1986), to an alignment of the cells. Moreover, they were able to 

direct the growth of the EC and new sprouting into the strain direction. Interestingly, 

the applied uniaxial cyclic stretch inhibited the branching of the developing vascular 

structures but let to a thickening of the EC (Matsumoto et al., 2007). Another 

experiment cultured bovine aortic ECs on flexible cell culture dishes and applied 

unidirectional cyclic stretch. It was found, that the cells showed an higher rate of cell 

division and an increased DNA synthesis (Sumpio et al., 1987). In vivo experiments in 

rats found, that tensile forces applied upon the ear of a living rat led to an increase in 

vessel diameter. They as well detected an increase in the area covered by PECAM1 

positive ECs, when analysing section cuttings from the rats ears (Pietramaggiori et al., 

2007). 
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4 AIMS OF THE THESIS 

In my research, I studied the influence of static, non-cyclic and uniaxial stretch on the 

differentiation of ECs derived from mouse embryonic stem cells. I established a 

protocol to achieve efficient stem cell differentiation within a specialized stretching 

chamber, to serve as the basis for this project. 

Employing a multifaceted approach, I used flow cytometry analysis (FACS), 

immunofluorescence staining and quantitative expression analysis to identify key 

functions of stretch and matrix stiffness in triggering the gene expression program, 

facilitating EC development and differentiation. A key point of the investigation involved 

the assessment of different durations of uniaxial stretch on EC numbers. Additionally, 

I explored how the developmental stage, at which cells are exposed to stretch, 

influences EC differentiation. Additionally, my research evaluated the impact of 

extracellular matrix on EC differentiation. By using materials with varying stiffness, 

including laminin, matrigel, gelatine and poly-l-lysine, I gained insights into the intricate 

interplay between tensile forces and extracellular matrix components in influencing EC 

differentiation. Furthermore, my research aimed to unravel the molecular mechanisms 

underlying the potential effects of mechanical stimulus on EC development. This was 

achieved through the identification of key genes using RNA-sequencing analysis. 

With the knowledge gained, I hope to support the research aiming to understand the 

influence of biomechanical factors towards EC development, as well as contributing 

towards the research for clinical usage in wound healing and vascular regeneration. 
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5 MATERIALS AND METHODS 

Standard laboratory equipment was used to perform the experiments. The following is 

a complete list of all instruments, reagents and detailed descriptions of the methods 

used. 

 Instruments 

 

Table 1: List of instruments. 

 

Type of Instrument Name of Instruments (Manufacturer, city) 

Liquid Nitrogen Tank 
Biosafe-Control 220 (Cryotherm GmbH. & 

Co. AG, Kirchen) 

Incubator 

Heracell™ 150i CO2 Incubator, 150 L, 

Electropolished Stainless Steel 

(ThermoFisher SCIENTIFIC, Waltham 

Massachusetts) 

Clean Working Bench 

Thermo Electron Corporation HERAsafe KS 

18 Class II, Type A2 6' Biological Safety 

Cabinet (ThermoFisher SCIENTIFIC, 

Waltham Massachusetts) 

Confocal Fluorescence Microscope 
ZEISS Axio Imager 2 for Life Science 

Research (Zeiss, Oberkochen) 

Fluorescence-Lamp Microscope 

X-Cite-Fluoreszenz-Lampenbeleuchtungen, 

X-Cite 120Q (Excelitas Technologies, 

München) 

Microscope Zeiss Primovert (Zeiss, Oberkochen) 

Counting Chamber 
Zählkammer CE, Dopp. Neubauer Impr. 

(Karl Hecht GmbH., Sondheim) 

Centrifuge Cell Culture Rotina 380 Centrifuge (Hettich, Tuttlingen) 

Plate Centrifuge Rotina 420R Centrifuge (Hettich, Tuttlingen) 

Micro-Centrifuge 
MiniStar silverline (VWR International, 

Radnor Pennsylvania) 

Table Centrifuge 
Mikro 185 Kleinzentrifuge (Hettich, 

Tuttlingen) 

Water bath  Water bath WNB (memmert, Schwabach) 
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Pipet Boy 

BRAND accu-jet® pro Pipet Controllers, 

BrandTech (VWR International, Radnor 

Pennsylvania) 

Eppendorf pipet 0,1-2 µl/2-20 µl/20-200 

µl/100-1000 µl 

PIPETMAN L P10/P20/P200/P1000L, 1-10 

µL/2-20 µL/ 20-200 µL/100-1000 µL, Metal 

Ejector (GILSON Inc. Middleton USA) 

Vortex 
Vortex-Genie 2 (Scientific Industries Inc.; 

Bohemia New York) 

Axio Scanner 
ZEISS Axio Scan Z1 Digital Slide Scanner 

(Zeiss, Oberkochen) 

Autoclaver Systec VX-150 (Systec, Linden) 

Stretching Chamber 
Stretch Chamber STB-CH-4W (Green Leaf 

Scientific, Dublin) 

Stretching Instrument 
Manual Cell Stretching System STB-100 

(Green Leaf Scientific, Dublin) 

Thermic cycler 
C1000 Touch Thermal Cycler (Bio-Rad 

Laboratories GmbH., Feldkirchen) 

qPCR machine 

StepOnePlus™ Real-Time PCR System 

(ThermoFisher SCIENTIFIC, Waltham 

Massachusetts) 

Freezing Container 

Cryo freezing container, Mr Frosty 

(ThermoFisher SCIENTIFIC, Waltham 

Massachusetts) 

FACS Canto 
BD FACSCanto™II Clinical Flow Cytometry 

System (BD Biosciences, Heidelberg) 
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 Materials 

 

Table 2: List of materials. 

 

Short Name Name and Unit (manufacturer, city) 

Falcon tubes 15ml, 50ml Falcon tubes 
15ml and 50ml Falcon tubes (SIGMA-

Aldrich, St. Louis Missouri) 

PCR stripes 8-well single cap PCR strips 

PCR SingleCap 8er-SoftStrips 0.1 ml and 

0.2ml, clear (Biozym Scientific GmbH 

Hessisch Oldendorf) 

PCR plates 384 well PCR plates 

MicroAmp™ Fast Optical 96-Well Reaction 

Plate, 0.1 mL (ThermoFisher SCIENTIFIC, 

Waltham Massachusetts) 

6/12/48/96-well-plates 

Cellculture multiwellplate, 6 well, 12, well, 

48, well, 96 well, PS, transp. (VWR 

International, Radnor Pennsylvania) 

Pipet tips 10 μl, 200 μl, 1000 µl tips 
epT.I.P.S. Standard 0.1-10/2-200/50-1000 

(Eppendorf AG, Jülich) 

Filter tips 10 μl, 200 μl, 1000 µl 

Filterspitzen 10 μl, 200 µl, 1000 µl, natur 

Universal, graduiert, steril, im Rack (Greiner 

Bio-One, Kremsmünster) 

Reaction tubes 1.5 ml, 2 ml tubes 
Reagiergefäß 1,5ml/ 2ml (Sarstedt AG & 

Co. Nümbrecht) 

Cell culture plates adherent 5cm, 10cm, 

15cm 

ZELLKULTUR SCHALE, PS, 60/15mm / 

100/20mm / 145/20mm, NOCKEN, 

CELLSTAR® (Greiner Bio-One, 

Kremsmünster) 

Petri dishes 10cm 
Petrischale für Gewebekulturen, 100x20mm 

(Greiner Bio-One, Kremsmünster) 
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 Reagents 

 

Table 3: List of reagents, peptides and recombinant proteins. 

 

Name Characteristics (article number, manufacturer) 

Gelatin from bovine skin, 

Typ B 
Cat# G9391, SIGMA-Aldrich 

Laminin Cat# 354232, Corning 

Chloroform Cat#3313.4, Carl-Roth GmbH &Co. KG 

Dimethylsulfoxid for 

molecular biology 

Cat# D8418, SIGMA-Aldrich 

N-2™ Supplement 

(100X) 

Cat# 17502-048, Gibco 

B-27™ Supplement 

(50x), serumfrei 

Cat# 17504044, Gibco 

B-27™ Supplement 

(50x), minus Vitamin A 

Cat# 12587010, Gibco 

MEM Non-Essential 

Amino Acids Solution 

Cat# 11140035, Gibco 

L-Glutamine (200mm) Cat# 25030123, Thermo Fisher Scientific 

ESGRO® Recombinant 

Mouse LIF Protein 

Cat# ESG1107, Merck Millipore 

Recombinant 

Human/Mouse/Rat 

Activin A Protein 

Cat# 338-AC-010, R&D Systems 

Recombinant Human 

BMP-4 Protein 

Cat# 314-BP-010, R&D Systems 

Recombinant Human 

VEGF 165 Protein 

Cat# 293-VE-010, R&D Systems 

Recombinant Human 

FGF basic/FGF2/bFGF 

(146 aa) Protein 

Cat# 233-FB-010, R&D Systems 

Recombinant Human 

FGF-10 Protein 

Cat# 345-FG-025, R&D Systems 

2-Mercaptoethanol for 

Molecular Biology 

Cat# M3148, Merck KGaA 
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Sodium Pyruvate 

(100mm) 

Cat# 11360039, Thermo Fisher Scientific 

Penicillin Streptomycin 

(10,000 U/mL) 

Cat# 15140122, Thermo Fisher Scientific 

DMEM, high glucose, 

NEAA, no glutamine 

Cat# 10938025, Gibco 

DMEM/F-12, no 

glutamine 

Cat# 21331020, Gibco 

Neurobasal™ Medium Cat# 21103049, Gibco 

Ham's F-12 Nutrient Mix Cat# 11765054, Gibco 

Fetal Bovine Serum, 

qualified 

Cat# 10270106, Gibco 

KnockOut™ Serum 

Replacement 

Cat# 10828028, Gibco 

KnockOut™ DMEM Cat# 10829018, Gibco 

TRIzol Reagent Cat# 15596018, Invitrogen 

Mitomycin C from 

Streptmyces caespitosus 
Cat# M4287, SIGMA-Aldrich 

Trypsin EDTA (0.05%), 

phenol red 
Cat# 25300054, Thermo Fisher Scientific 

Trypsin EDTA (0.25%), 

phenol red 
Cat# 25200056, Thermo Fisher Scientific 

StemPro Accutase Cell 

Dissociation Reagent 
Cat# A1110501, Thermo Fisher Scientific 

Mowiol® 4-88, 50 g Cat# 0713.1, Carl-Roth GmbH &Co. KG 

 

Table 4: List of commercial kits. 

 

Commercial Kits  

High-Capacity cDNA 

Reverse Transcription Kit 

Cat# 4368813, Applied Biosystems, Foster City California 

qPCRBIO SyGreen Blue 

Mix Hi-ROX (50 x 1 mL) 
Cat# PB20.16-51, Nippon Genetics Europe, Düren 

BD Cytofix/Cytoperm Kit Cat# 554714, Becton Dickinso, Heidelberg 

RNeasy Plus Universal 

Mini Kit 
Cat# 73404, QIAGEN, Hilden 
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 Antibodies 

 

Table 5: List of antibodies. 

 

Antibodies  

Fixable Viability Dye 

(FVD) eFluor 450  

Cat# 65-0863-14, ThermoFisher SCIENTIFIC, Waltham 

Massachusetts 

CD31 (PECAM1) 

Antibody, PE Cyanine7 

(390), eBiosc 

Cat# 25-0311-82, ThermoFisher SCIENTIFIC, Waltham 

Massachusetts 

Rat IgG2a kappa Isotype 

Control, PE Cyanine7, 

eBio 

Cat# 25-4321-81, ThermoFisher SCIENTIFIC, Waltham 

Massachusetts 

CD309 (Flk1) Antibody, 

APC (Avas12a1), 

eBioscience 

Cat# 17-5821-81, ThermoFisher SCIENTIFIC, Waltham 

Massachusetts 

Rat IgG2a kappa Isotype 

Control, APC, 

eBioscience 

Cat# 17-4321-81, ThermoFisher SCIENTIFIC, Waltham 

Massachusetts 

Cardiac Troponin T 

Alexafluor ® 647, 50 µg 
Cat# 565744, Becton Dickinso, Heidelberg 

Mouse IgG1, (Alexa 

Fluor 647) 0.5 mL 

Cat# PA557732, ThermoFisher SCIENTIFIC, Waltham 

Massachusetts 

Human/Mouse/Rat 

CD31/PECAM‑1 

Antibody 

Antigen Affinity-purified 

Polyclonal Goat IgG 

Cat#AF3628, R&D Systems, Minneapolis 

Donkey anti-Goat IgG 

(H+L) Cross-Adsorbed 

Secondary Antibody, 

Alexa Fluor™ 555 

Cat# A21432, Invitrogen, Carlsbad 

DAPI Cat#4083S, Cell Signaling, Danvers Massachusetts 
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 Primers 

 

Table 6: List of primers. 

 

Primer Name Sequence 5´->3´ Company Gene name 

qPecam1_for AACAGAAACCCGTGGAGATG Sigma-

Aldrich 

PEACM1 

qPecam1_rev GGCTTCCACACTAGGCTCAG   

m18S-f ACCGCAGCTAGGAATAATGGA Sigma-

Aldrich 

18S RNA 

m18S-r CAAATGCTTTCGCTCTGGTC   

qTnnT2_for TTAAAGCTCTCCCCATGCCC Sigma-

Aldrich 

Tnnt2 

qTnnT2_rev CTCGGCTCTCCCTCTGAACA   

CD34 fw CTGGGTAGCTCTCTGCCTGAT Sigma-

Aldrich 

CD34 

CD34 rv TGGTAGGAACTGATGGGGATATT   

 

 Mediums 

 

Table 7: Complete MEF medium. 

 

Volume 600ml Final con. composition Stock conc. 

500ml  DMEM high glucose (4.5g/l)  

6ml 1x MEM NEAA 100x 

6ml 1x L-Glutamine 100x 

6ml 1x Pen/Strep 100x 

6ml 1x Sodium pyruvate 100x 

8µl  Β-Mercaptoethanol  

55ml 10% FCS  
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Table 8: ES cell freezing medium. 

 

Volume 50ml Final con. composition Stock conc. 

40ml  Complete ES cell medium   

5ml 20% FCS  

5ml 20% DMSO  

 

Table 9: Complete DMEM-ES cell medium. 

 

Volume 600ml Final con. composition Stock conc. 

500ml  DMEM high glucose (4.5g/l)  

6ml 1x MEM NEAA 100x 

6ml 1x L-Glutamine 100x 

6ml 1x Pen/Strep 100x 

6ml 1x Sodium pyruvate 100x 

8µl  Β-Mercaptoethanol  

90ml 15% FCS  

 

Table 10: Complete KO-medium. 

 

Volume 600ml Final con. composition Stock conc. 

500ml  Knockout DMEM  

6ml 1x MEM NEAA 100x 

6ml 1x L-Glutamine 100x 

6ml 1x Pen/Strep 100x 

6ml 1x Sodium pyruvate 100x 

8µl  Β-Mercaptoethanol  

55ml 10% FCS  

Add fresh to an 45ml aliquot 

5ml 10% Serum Replacement  

5µl 1x (co-culture 

with feeders) 

LIF 7x 

10µl 2x (culture 

without feeders) 

LIF 7x 
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Table 11: Master Mix for qPCR. 

 

Composition Volume (µl) 

SYBR Green Master Mix 5  

Primer Mix (10 µM each, 

forward + reverse) 

1 

H2O 2 

 

Table 12: Time and Temperature for qPCR. 

 

Replication no. Process Duration Temperature 
1x Initial Denaturation 10 min 95°C 
40x Denaturation 15 sec 95°C 
 Annealing 60 sec 60°C 
 Elongation   1 sec 72°C 
1x Final Elongation 10 sec 40°C 

 

 Software and Algorithms 

 

Table 13: List of used software and algorithms. 

 

Image J 1.47v Image J; https://imagej.nih.gov/ij/download.html 

FACSDivaTM software BD BIOSCIENCES; https://www.bdbiosciences.com/en-

us/instruments/research-instruments/research-software/flow-

cytometry-acquisition/facsdiva-software 

FCS Express™ 

7.18.0025. 

De Novo by Dotmatics; 

https://denovosoftware.com/full-access/download-landing/ 

GraphPad Prism 9.5.1 GraphPad; https://www.graphpad.com/ 

Leica Application Suite X 

3.7.5.24914 

Leica Microsystems; https://www.leica-

microsystems.com/products/microscope-software/p/leica-las-x-

ls/downloads/ 
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 Methods 

5.8.1 Cell culture and differentiation 

5.8.1.1 Mouse embryonic fibroblast culturing 

MEFs (mouse embryonic fibroblast) from E13.5 wild-type mouse embryos were 

thawed in complete ESC medium before being centrifuged (1200gx5min) to remove 

the toxic DMSO (dimethyl sulfoxide) contained in the freezing medium. After 

centrifugation, cells were suspended in complete MEF medium and seeded onto 

adherent cell culture plates. Feeder cells were allowed to grow and spread in the 

incubator at 37°C and 5% CO2 for 2-4 days until cells reached a confluence of 80% 

on the plates. Then, they were washed with PBS (phosphate-buffered saline) and 

trypsinized using 0.25% Trypsin to obtain single cells. The cells were then centrifuged 

and resuspended in fresh, complete MEF medium before being split at a 1:2 ratio. This 

process was repeated with further splits at ratios of 1:4, 1:8 and so on, until the desired 

number of cells was reached. 

5.8.1.2  Feeder creation 

Feeder cells were produced by inhibiting proliferation through dissolving one bottle of 

Mitomycin C in 2ml of PBS and filtering with a sterile filter. 150 µl of Mitomycin C were 

added per 15ml MEF medium. The cells were thoroughly washed with PBS and 

Mitomycin containing medium was introduced for 2 hours and removed afterwards. 

The cells were then washed three times with PBS and treated with 0.05% Trypsin. 

Upon thawing, one 15cm dish will suffice to fill two 10cm dishes with feeder cells. Cells 

were centrifuged, resuspended in freezing medium, filled into the cryo tubes, frozen 

using the freezing container at -80°C and transferred to the liquid nitrogen tank the 

following day. 

5.8.1.3 Culturing embryonic stem cells 

Murine E14-Nkx2.5-EmGFP ESCs (Hsiao et al., 2008) were used and in the following 

referred as mESC (mouse embryonic stem cell) . Feeder cells were thawed the day 

prior to seeding the ES cells onto adherent cell culture dishes. They were allowed to 

spread and attach for several hours, but preferably overnight. mESC were then thawed 
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in complete ESC-Medium, following the same procedure as for MEF culturing, but 

substituting complete KO-medium and 1xLIF to prevent differentiation instead of using 

complete MEF medium. 

5.8.1.4 Spontaneous Differentiation 

For Spontaneous Differentiation, the ESCs were thawed and cultured until D0 using 

the same procedure as described for Kattman Differentiation. The cells were washed, 

trypsinized in the same manner and counted using a counting chamber. 

Adherent cell culture dishes were coated with 0.2% gelatine for at least 20 minutes. 

Afterwards, the gelatine solution was removed from the dishes and the cells were 

seeded. Specifically, 100,000 cells were reaggregated in complete ES cell medium 

without LIF and seeded per well on the stretching chambers. Subsequently, they were 

placed in an incubator at 37°C with 5% CO2. 

The cells were observed regularly under a microscope and the medium was added or 

changed when needed. Cells proliferated and differentiated over the next few days. 

5.8.2 Stretching 

The cells were manually stretched using the Stretch Chambers and Manuel Stretching 

System, manufactured by Strax (Green Leaf Scientific). Before starting the stretching 

process, the stretching chambers and system had to be prepared. The chambers were 

autoclaved and subsequently dried in a drying chamber. The cells were cultured and 

prepared following the described method according to the chosen differentiation 

protocol. The chambers were coated with a coating material, such as gelatine or 

matrigel. For the differentiation process, the cells were seeded onto stretching 

chambers instead of traditional dishes and the procedure continued as usual. To 

stretch the cells, the stretching chambers were inserted into the manual stretching 

system. The length of the chamber in its unstretched condition was measured and the 

adjustment screw was turned until the chamber reached the predetermined length 

required for the experiment. 15% of stretch was used in the experiments described in 

this thesis. The stretching system, together with the stretched chamber, was positioned 

in a 15cm petri dish and incubated until reaching the desired stretch duration. To 
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release the chambers, the screw was turned in the opposite direction, causing the 

stretching chamber to return to its original size. 

5.8.3 Coatings 

5.8.3.1 Gelatine 

Non-Adherent Petri dishes were coated with 2mg/ml = 0.2% gelatine by adding the 

solution to slightly cover the bottom of the dishes. The dishes were then placed in the 

incubator. After a minimum of 20 minutes the gelatine was removed. 

5.8.3.2 Laminin 

To coat dishes/chambers with laminin, the stock concentration was diluted to 10 µg/ml. 

The minimum amount required to cover the surface was added and left to incubate for 

1 hour in the incubator. The supernatant was subsequently removed. 

5.8.3.3 Poly-L-Lysine 

To coat dishes/chambers with poly-l-lysine, the stock concentration was diluted to 

50µg/ml. The liquid solution was then pipetted onto the surface, covering it adequately.  

The coated surface was then incubated for at least 1 hour at room temperature before 

being removed. 

5.8.3.4 Matrigel 

To apply matrigel to dishes or chambers, an aliquot of matrigel was gradually thawed 

on ice and then diluted to a concentration of 0.3mg/ml = 0.03%. This was achieved by 

using ice-cold PBS or sterile water. 500µl of this solution was used per well to coat the 

stretching chambers. The matrigel was left to incubate for 1 hour at room temperature 

inside a sterile working environment before being removed. 

5.8.4 FACS 

Cells were permitted to grow according to the designated protocol until the desired 

time point for measurement was reached. The differentiation medium was removed 

and the cells were carefully washed with PBS. Accutase was used to disrupt 
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intercellular junctions. This was followed by incubation in an incubator at 37°C for 5 

minutes. The reaction was stopped by adding FBS (fetal bovine serum) containing 

medium. The cells were detached by gentle up and down pipetting. After centrifugation, 

the supernatant was discarded. The subsequent steps were performed on ice. 

FACS Buffer was prepared by filtering a sterile solution of 5% FBS into PBS. Each 

sample was resuspended in 200 µl of FACS Buffer and distributed to different wells of 

a 96 U-bottom-well plate. Centrifugation was conducted at 500xg/2100rpm for 5 

minutes and the supernatant was quickly removed by inverting the plate. Cell washing 

was repeated twice by adding 200 µl of PBS to the wells, followed by centrifugation 

and removal of the supernatant. 

For staining, 1 µl of FVD (fixable viability dyes) was diluted in 0.8 ml of FACS-Buffer 

for each sample, with adjustments made according to the sample number. One 

hundred microliters of the FVD dilution were added to each sample, except for the 

single cell stainings used to set voltages and gating parameters for obtaining accurate 

fluorescence signal. Samples were mixed by pipetting up and down and incubated for 

30 minutes at 2-8°C in a light-protected environment. Afterwards, cells were washed 

twice with PBS. 

CD31-PE/Cyanine7 with mouse specificity (1:500), the IgG2a kappa PE/Cyanine 7-

Isotype control (1:500) and Fixable Viability Dye (FVD) eFluor 450 (1:800) were used 

for FACS staining. 

For extracellular staining, antibodies were diluted to the appropriate concentration 

using FACS buffer. Cells were then suspended in 25 µl of the antibody mixture and 

incubated for 30 minutes at 4°C in the dark. To prevent cell drying, unstained controls 

were used with FACS buffer. After incubation, cells were washed twice using PBS. 

For FACS measurement, the cells were resuspended in 200 µl of FACS-Buffer, 

transferred to FACS tubes and kept in darkness on ice until undergoing FACS analysis. 

Results were analysed using the software FCS Express™ by “DE NOVO”. Cells were 

gated as demonstrated in Fig.5 A. Gates were set by using cells without any staining 

and single stainings (Fig.5 B). 
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Figure 5: (A) Gate settings in FCS Express™ for the gates “cells”, “single cells”, “living cells” and the “PECAM1+” 

(B) Single cell stainings for volt and gate setting, E14 as negative control, Nkx2.5 as cells without staining but cell 

specific signal, only FVD, PE-Cy7-CD31 and PE-Cy7-CD31 for gating the single stainings 

5.8.5 RNA-isolation 

Cells were washed with PBS and lysed by adding 1ml of trizol to the samples. They 

were vortexed until the samples were completely dissolved in the trizol. Storing the 

samples is possible at -20°C until continuing with the next step. 

5.8.5.1 RNA isolation using trizol 

For RNA extraction, samples were thawed and 200 µl of chloroform was added to 1 ml 

of trizol. After vortexing for 15 seconds, the samples were incubated at RT for 15 

minutes. The samples were then centrifuged at 12,000g for 15 minutes at 4°C to 

separate the mixture into a red layer, a cloudy middle phase and an upper aqueous 

phase. Fresh Eppendorf tubes containing 500 µl isopropanol and 1 µl RNase-free 

glycogen were prepared. The aqueous phase was transferred to the prepared tube 

using a pipette, taking care to avoid contamination from the middle or bottom phase. 

The tube was vortexed briefly and incubated for 10 minutes at room temperature. The 

tube was then centrifuged at 12,000g for 10 minutes at 4°C to precipitate the RNA as 

a white pellet at the bottom of the tube. To resuspend the pellet, 1 ml of 75% ethanol 

was added to each 1 ml of trizol previously used. Brief vortexing was followed by 
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centrifugation at 7500g for 5 minutes at 4°C. The supernatant was discarded and the 

previous steps were repeated. The supernatant was discarded again and the pellet 

was air dried for 5-10 minutes. After drying, the isolated RNA was dissolved by 

resuspending in 20 µl of RNase-free water and the sample was immediately placed on 

ice. 

5.8.5.2 RNA isolation using columns 

For RNA-sequencing, the RNeasy Plus Universal Mini Kit from QUIAGEN was used 

for RNA isolation and purification. The stored samples, lysed in qiazol, were removed 

from the fridge at 4°C. At the same time, the centrifuge was cooled to 4°C. One 

hundred microliters of gDNA Elimination Solution were added to each sample and 

vortexed for 15 seconds. The samples were treated with 200 µl of chloroform and 

vortexed again. The mixture was incubated on a rack for 15 minutes at RT. The 

samples were centrifuged at 12,000g/13,000 rpm for 15 minutes at 4°C. Separation 

occurred, yielding an aqueous phase and a red phase. The aqueous phase was 

carefully transferred to a new Eppendorf tube and 500 µl of isopropanol was added. 

The samples were incubated for 30 minutes at RT. While the samples were incubating, 

the RNA columns were prepared by wetting each with 200 µl of RWT buffer and 

incubating for 5 minutes before centrifugation. Simultaneously, 500 µl of RWT buffer 

was added to the samples and new Eppendorf tubes were prepared for collection. The 

samples, 500 µl at a time, were transferred to the prepared columns, centrifuged at 

8500g for 5 minutes and these steps were repeated until the sample was completely 

used up. The columns were placed in the previously prepared new tubes and 500 µl 

of RWT buffer was added. The tubes containing the columns were centrifuged for 15 

seconds at maximum speed and 4°C. The columns were then placed in new tubes and 

the flow-through was retained for the next step. This flow-through was added back to 

the column and centrifugation was repeated for 15 seconds at maximum speed and 

4°C. The old tubes were discarded together with the new flow-through. Five hundred 

microliters of RPE buffer were added to the top of the columns and centrifugation was 

repeated for 15 seconds at maximum speed and 4°C. The flow-through was discarded 

and the last two steps were repeated to wash the sample with RPE buffer. The columns 

were dried by centrifugation for 2 minutes at maximum speed and 4°C. Tubes for the 

final collection of the isolated RNA were labelled and the columns were placed in them. 
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Thirty-five microliters of RNase-free H2O was added to the top of the columns. This 

was incubated for 30 seconds. Centrifugation was performed for 1 minute at maximum 

speed and 4°C. The samples were immediately placed on ice. 

5.8.6 cDNA-Synthesis 

cDNA-synthesis (complementary DNA-synthesis) was performed using the High-

Capacity sDNA Reverse Transcription Kit from applied biosystems following the 

instructions (Pub. No. 4375222). 

5.8.7 qPCR 

qPCR (quantitative polymerase chain reaction) was performed using the qPCRBIO 

SyGreen Blue Mix Hi-ROX from Nippon Genetics, following the product manual 

(PB20.16) and the cDNA synthesized according to point 2.8.5. For pipetting, a 

beforehand prepared master mix (Tab.11), 2 µl of cDNA and water samples were 

pipetted into the wells of a 96-well amplifier plate. qPCR was run on a cycler following 

the program described in Tab.12. Ribosomal 18s was used to normalize the cycle 

numbers. 

5.8.8 Immunofluorescence microscopy 

Cells were cultured on the stretch chambers as described above (2.8.2). First, the cells 

were carefully washed once with PBS to remove any remaining cell culture medium. 

The cells were fixed by pipetting 3.7% formaldehyde into each chamber and incubating 

for 10 minutes at RT. They were then washed three times with PBS. To permeabilize 

and block the cells, they were incubated in a 0.1% PBS-TritonX buffer for 1 hour at RT. 

The surface the cells were cultured on was divided into squares using a Pap pen, 

creating single compartments for different stainings. For primary antibody staining, 

anti-CD31 antibody was diluted 1:100 in 0.1% PBS-TritonX buffer and incubated for 1 

hour at RT. The cells were then washed three times with PBS. For secondary antibody 

staining, a 1:400 dilution of anti-goat antibody in 0.1% PBS-TritonX was pipetted onto 

the cells and left for 1 hour at RT. After incubation, the cells were washed three times 

with PBS. DAPI (4',6-diamidino-2-phenylindol) staining was performed by diluting the 

antibody 1:1000 in 0.1% PBS-TritonX and allowed to stand for five minutes at RT. The 



 

31 

cells were then washed once with PBS. For transfer to coverslips, the bottom of the 

chamber was carefully cut out with a scalpel and transferred to the top of a microscope 

slide. For mounting, mowiol was applied to the cells, sealed to the slide with a coverslip 

and left overnight at 4°C. Before imaging the slides, the edges of the coverslips were 

sealed with histo lack to prevent them from being dispersed by the drop of distilled 

water used for microscopy. Images were captured using a Leica DMi8 microscope and 

viewed using Leica Application Suite X software and ImageJ. 

5.8.9 mRNA-Seq 

Samples were prepared as descripted in point 2.8.5.2 for RNA isolation using columns. 

A TECAN spectrophotometer was used to check the purity of the samples at a 

wavelength of 230nm, 260nm and 280nm before sending them for sequencing.  

5.8.10  Statistics 

All statistics and graphs were performed and plotted using the GraphPad Prism 9.5.1 

software. Significance was calculated in most cases using a multiple unpaired 

Students t-test. Only for the comparison within the group of cells cultured on gelatine 

and stretched between day 1 and day 3 an Anova multiple comparison test was used 

as well to determine significant changes between the stretching durations in this 

subgroup. A result was considered significant with a p-value < 0.05.  
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6 RESULTS 

 Impact of extracellular matrix on endothelial cell differentiation 

After determination of the appropriate culturing method, I tested how the matrix 

stiffness of different extracellular matrices affects the transmission of mechanical 

stretch onto the cells. Experimental matrices included matrigel, laminin, gelatine and 

poly-l-lysine. Matrigel was the softest ECM tested with stiffness ranging between 39 

Pa (Alcaraz et al., 2008; Semler et al., 2000; Soofi et al., 2009; Zaman et al., 2006) to 

650 Pa (Reed et al., 2009), laminin varies between 110-730 Pa (Alcaraz et al., 2008), 

gelatine depending on the concentration used, from 1kpa up to 12kPa (Sun et al., 

2019). poly-l-lysine was the stiffest matrix used, with a stiffness ranging from 3-400 

kPa (Ren et al., 2008) up to 20-800kPa (Richert et al., 2004).  

Overall, this comparison off the different extracellular matrixes showed two results. 

Firstly, cells cultured in relatively soft mediums differentiated more into PECAM1 

positive cells. Matrigel cultured cells showed a significant higher level in PECAM1 

positive cells when compared to a matrix with intermediate high stiffness (gelatine) but 

not such a high level as cells cultured on laminin. However, the differentiation on the 

stiffer ECMs gelatine and poly-l-lysine did not increase EC numbers, with no difference 

in PECAM1+ cell numbers between gelatine and the stiffer poly-l-lysine (Fig.6 A,B). 

Figure 6: Comparison of FACS analysis of cells cultured on different extracellular matrices. (A) Bar chart 

displaying the percentage of PECAM1 positive stained cells, staining with CD-PE Cyanine7 (n=3 and n=6 for cells 

cultured in gelatine). (B) Representative flow cytometry analysis for unstretched cells cultured on matrigel (D10), 

laminin (D13), gelatine (D10) and poly-l-lysine (D10). Error bars represent mean ±SD.  
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Secondly, I found that application of mechanical stretch on cells cultured on a soft 

matrix, e.g. matrigel, did not enhance EC differentiation, while application of the same 

stretch strength on cells cultured on the stiff matrix gelatine, resulted in a significant 

increase in ECs when stretched at an early timepoint, compared to the PECAM1+ cell 

numbers in cells cultured without mechanical stimulus on the same matrices. Cell 

cultures which used the stiffest tested matrix pol-l-lysine, showed a decrease in EC 

numbers when compared to cells cultured without stretch. Laminin enhances the EC 

differentiation in all conditions tested and due to this strong promoting effect, eventual 

effects of the applied stretch might have been masked (Fig. 7 A,B). 

Figure 7: Relative change of the number of PECAM1+ cells in FACS analysis (A) Bar chart with relative change 

of the number of PECAM1+ cells cultured on different extracellular matrices and stretched for 48h between day 3-

5 (germ layer specified cells), compared to the control group “No Stretch” cultured on the same medium. (B) Heat 

map visualizing increase and decrease in the number of PECAM1+ cells in quantitative FACS analysis from cells 

cultured on different matrices, Ø no data. 

 Effect of stretch on cells cultured on laminin 

Since laminin was shown to promote EC differentiation in earlier studies, I firstly tested 

if this effect could be even more increased by the application of mechanical stretch. 

The cells were seeded onto stretching chambers at day 0 of the differentiation and 

stretched for 48 hours at various time points, representing different stages of ESC 

differentiation. Harvesting of the cells finally occurred on day 13 after the onset of 

differentiation (Fig.8 C). As expected, the experiment showed a strong promoting 

effect of laminin upon EC differentiation in all tested conditions. The flow cytometry 
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data demonstrated that in the unstretched control group, an average of 52.88% of 

viable cells expressed PECAM1+ (Fig.8 A,B,D). Cells stretched on day 3, already 

specified to a specific germ layer, expressed a mean of 61.18%, cells stretched from 

day 5 (progenitor cells) expressed a mean of 69.03% and cells stretched from day 8 

(differentiated progeny cells) showed a mean of 60.50% PCAM1+ cells (Fig.8 B,D). 

Stretched cell populations displayed a trend to increased PECAM1+ cell count but no 

significance when compared to the unstretched control group. Given the robust 

inductive effect of laminin, potential effects of stretching may have been masked. 

 

Figure 8: FACS analysis of cells cultured on laminin until day 13 (D13). (A) Negative control using the PE-Cy7-

iso Ctr. (B) Bar chart displaying the percentage of PECAM1 positive stained cells, staining with CD31-PE Cyanine7 

(n=3). (C) Scheme of the experimental setup including the different stretching time points (D) Representative flow 

cytometry analysis for cell populations cultured without stretch, stretched for 48h between day 3-5, day 5-7 and day 

8-10. Error bars represent mean ±SD. n.s. non-significant. 

 Effect of stretch on cells cultured on matrigel 

After finding laminin having the strongly promoting effect upon differentiation, I was 

interested how a soft ECM without strong EC differentiation promoting effects, would 

affect the transmission of stretch to the differentiating cells. 
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Next, I applied a matrigel coating to my chambers. Matrigel is a relatively soft ECM 

(Alcaraz et al., 2008; Soofi et al., 2009) which is composed of laminin, collagen IV and 

nidogen-1/entactin as well as proteoglycans and growth factors (Kastana et al., 2019; 

Mahdieh et al., 2022). I sought to determine if this extracellular matrix with an even 

lower stiffness, then on if its components laminin, would have any influence on the 

stretching outcomes. 

Samples were stretched for 48h each and at day 10 the cells were dissociated, stained 

for PECAM1 and subjected to FACS analysis (Fig.9 C). The unstretched control group, 

cultured without stretch, had a mean number of 36.12% PECAM1+ cells (Fig.9 A,B,D). 

In contrast, cells stretched during differentiation manifested significantly lower levels of 

PECAM1+ cells (Fig.9 B,D) with a mean of 25.68% for cells stretched starting from 

day 1, 18.80% for cells stretched from day 3, 29.93% for cells stretched from day 5 

and 24.75% PECAM1+ positivity for cells stretched starting from day 8.  

 

Figure 9: FACS analysis of cells cultured on matrigel until day 10 (D10) (A) Negative control using the PE-

Cy7-iso Ctr. (B) Bar chart displaying the percentage of PECAM1 positive stained cells, staining with CD31-PE 

Cyanine7 (n=3). (C) Scheme of the experimental setup including the different stretching time points (D) 

Representative flow cytometry analysis for cell populations cultured without stretch, stretched for 48h between day 

1-3, day 3-5, day 5-7 and day 8-10. Error bars represent mean ±SD. *p<0.05, **p<0.01 n.s. non-significant. 
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 Effect of stretch on cells cultured on poly-l-lysine 

In contrast to the low stiffness of the matrigel coating, poly-l-lysine coating is 

significantly stiffer and the cells adhere strongly to the matrix. Cells were stretched for 

48 hours at each time point. Microscopic observations during differentiation showed 

that the distribution of cells on the matrix surface within the chambers was poor, 

resulting in only a small increase in the area covered and a low number of viable cells 

at day 10. Subsequently, cells were collected, stained for PECAM1 and analysed via 

FACS (Fig.10 C). The number of ECs in the unstretched control group was lower than 

that of the other tested coatings (matrigel, laminin and gelatine), with an average of 

only 18.61% (Fig.10 A,B,D). When cells were stretched from days 1 (mean 16.60%), 

3 (mean 23.64%), 5 (mean 15.10%) and 8 (mean 13.88%) of differentiation, there was 

no significant change in the number of PECAM1+ cells compared to the untreated 

control group (Fig.10 B,D).  

Figure 10: FACS analysis of cells cultured on poly-l-lysine until day 10 (D10). (A) Negative control using the 

PE-Cy7-iso Ctr. (B) Bar chart displaying the percentage of PECAM1 positive stained cells, staining with CD31-PE 

Cyanine7 (n=3). (C) Scheme of the experimental setup including the different stretching time points (D) 

Representative flow cytometry analysis for cell populations cultured without stretch, stretched for 48h between day 

1-3, day 3-5, day 5-7 and day 8-10. Error bars represent mean ±SD. n.s. non-significant. 

 Effect of stretch on cells cultured on gelatine 

I used a coating of 0.2% gelatine, with its medium high stiffness and non-promoting 

properties, to see its effect on the cultured cells and for possible effects of the 
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application of mechanical stretch to the EC differentiation. Stretching was performed 

at varying time points with 48 hours of stretch applied each time. The unstretched 

control group displayed an intermediate high level of PECAM1+ cells, with a mean of 

18.55% (Fig.11 A,B,D). The FACS analysis revealed that the cells stretched for 48h 

from day 1 to 3 (mean 44.16%), from 3 to 5 (mean 28.71%) and from 5 to 7 (mean 

25.64%) had a highly significant increase in the number of PECAM1+ cells (Fig.11 

B,D). Furthermore, the samples that were stretched beginning on day 1 demonstrated 

more than twice the amount of PECAM1+ cells in comparison to the unstretched 

control group. The qPCR results showed consistency with this discovery: PECAM1 

expression was increased in the samples stretched from day 1 to 3 (ESC stage) and 3 

to 5 (germ layer specified cells). However, the qPCR results also showed a decrease 

in the number of PECAM1 mRNA (messenger ribonucleic acid) expression for the 

samples stretched between day 5 to 7 (progenitor cells) (Fig.11 C).  

For cells stretched between day 8 and 10 (differentiated progeny) for 48 hours, there 

was no significant change in the FACS analysis for PECAM1 (mean 27.24%) as 

demonstrated in Fig.11 B,D.  

To validate the FACS findings, I performed qPCR analysis to check the mRNA level of 

PECAM1. Since mechanical forces are known to induce EHT, I additionally checked 

the CD34 mRNA expression level, to differentiate if the rise in PECAM1+ cells resulted 

from an increase in ECs or cells undergoing EHT. Both ECs and cells undergoing EHT, 

are positive for PECAM1. But cells undergoing EHT are as well positive for CD34.  

Corresponding to the FACS analysis, I found a significant increase in PECAM1 mRNA 

expression in the cell population stretched for 48h between day 1 and 3 but at the same 

time there was no increase in the mRNA expression for CD34 detected (Fig. 11 C). 

The cell populations stretched between day 3 and 5 displayed a significant increase 

as well in PECAM1 expression but also no significant increase in the CD34 expression 

(Fig.11 C). However, the qPCR analysis for the cell stretched between day 5 to 7 at 

progenitor stage indicated a substantial reduction in PECAM1 mRNA expression for 

cells stretched for 48h and no significant change for CD34 mRNA expression (Fig.11 

C). 
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The mRNA expression for PECAM1 and CD34 both showed no significant change for 

the samples stretched for 48 hours (Fig.11 C). 

Since there was no significant increase in the CD34 expression but a highly significant 

increase in the PECAM1 expression for the samples stretched between day 1 to 3 and 

day 3 to 5, the cells positive for PECAM1 and therefore responsible for the increase in 

PECAM1 staining and expression, can be considered as ECs. 

 

Figure 11: FACS analysis of cells cultured on gelatine until day 10 (D10). (A) Negative control using the PE-

Cy7-iso Ctr. (B) Bar chart displaying the percentage of PECAM1 positive stained cells, staining with CD31-PE 

Cyanine7 (n=6). (C) qPCR analysis for relative mRNA expression of PECAM1 and CD34 of cells stretched for 

different time periods compared to the unstretched controls (n=3) (D) Representative flow cytometry analysis for 

cell populations cultured without stretch, stretched for 48h between day 1-3, day 3-5, day 5-7 and day 8-10. Error 

bars represent mean ±SD. ****p<0.0001, n.s. non-significant. 

 2 hours of stretch is sufficient to increase endothelial cell numbers 

Since I observed major increase in EC numbers, when I applied stretch on ESC 

cultured on gelatine, I decided to use gelatine as coating when testing whether short 

stretching durations would be sufficient to increase EC numbers. To gain a better 

understanding of the impact that the stretching duration has on the number of 

PECAM1+ cells, I stretched cells for 2 and 6 hours at the time points already used: day 
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1 (ESC stage), day 3 (germ layer specific stage), day 5 (progenitor stage) and day 8 

(differentiated progeny stage) of differentiation (Fig.12). 

Figure 12: Scheme of the experimental setup including the different stretching time points The stretch was 

released after 2h or 6h and the stretching chambers transferred back to the incubator and left until day 10 after start 

of differentiation. Cells stretched for 48h were accordingly stretched until day 3 after start of differentiation and then 

left until day 10 

In the FACS analysis, all samples stretched from day 1 after the start of differentiation 

(Fig. 13 A) showed a higher PECAM1+ cell count than the unstretched control group 

(mean 18.55%) (Fig. 13 B,C). Cells stretched for two hours had a mean PECAM1+ 

cell count of 32.83%, while cells stretched for six hours had a mean count of 29.81% 

(Fig. 13 B,C). The highest PECAM1+ cell count was observed in cells stretched for 48 

hours, with a mean of 44.16% (Fig.13 B,C). In addition to the Student-t test performed 

for all results, I additionally performed an Anova multiple comparison test between the 

different treatment groups. The Anova showed a p-value <0.0001, so it is highly 

unlikely that the differences observed within this group, are due to a random sampling. 
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Figure 13: FACS and qPCR analysis of cells cultured on gelatine until day 10 (D10) and stretched from day 

1 to 3 (A) Scheme of the experimental design including the stretching time points between day 1 and day 3. (B) 

Bar chart displaying the percentage of PECAM1 positive stained cells, staining with CD31-PE Cyanine7 (n=6). (C) 

Representative flow cytometry analysis for the unstretched control group and the cell populations stretched for 2h, 

6h and 48h starting from day 1 stained with CD31-PE Cyanine7. Error bars represent mean ±SD. **p<0.01, 

****p<0.0001, n.s. non-significant. 

The second group of cells received the same treatment as described previously, with 

the exception that stretching was applied on day 3 after differentiation was initiated. 

Following the stretching protocol, cells were left until day 10 before being harvested for 

FACS analysis. The cells were stained for PECAM1 (Fig.14 A). 

In this group, all cell populations exhibited a remarkably greater proportion of 

PECAM1+ cells as compared to the unstretched control group, with a mean of 18.55% 

(Fig.14 B,C). The samples stretched for 2 hours displayed an average of 31.33% of 
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PECAM1+ cells, those stretched for 6 hours showed an average of 33.70%, while the 

cells stretched for 48 hours showed an average of 28.71% (Fig.14 B,C).  

Figure 14: FACS and qPCR analysis of cells cultured on gelatine until day 10 (D10) and stretched from day 

3 to 5 (A) Scheme of the experimental design including the stretching time points between day 1 and day 3. (B) 

Bar chart displaying the percentage of PECAM1 positive stained cells, staining with CD31-PE Cyanine7 (n=6). (C) 

Representative flow cytometry analysis for the unstretched control group and the cell populations stretched for 2h, 

6h and 48h starting from day 1 stained with CD31-PE Cyanine7. Error bars represent mean ±SD. ****p<0.0001, 

n.s. non-significant. 

The third group was cultured as described above except that the cells were stretched 

between day 5 and day 7 after the onset of differentiation (Fig.15 A). 

The cells that were stretched between day 5 and day 7 after the start of differentiation 

showed differential trends in the number of PECAM1+ cells compared to the untreated 
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control group (mean 18.55%) (Fig.15 B,C). The cell cultures stretched for 2h and 6h 

showed a significant decrease in PECAM1+ cells with a mean of 13.92% in cells 

stretched for 2h and a mean of 14.91% in cells stretched for 6h. In contrast, cells 

expanded for 48 hours from day 5, showed after differentiation a significant increase 

in the number of PECAM1+ cells with a mean of 25.64% (Fig.15 B,C). 

Figure 15: FACS and qPCR analysis of cells cultured on gelatine until day 10 (D10) and stretched from day 

5 to 7 (A) Scheme of the experimental design including the stretching time points between day 1 and day 3. (B) 

Bar chart displaying the percentage of PECAM1 positive stained cells, staining with CD31-PE Cyanine7 (n=6). (C) 

Representative flow cytometry analysis for the unstretched control group and the cell populations stretched for 2h, 

6h and 48h starting from day 1 stained with CD31-PE Cyanine7. Error bars represent mean ±SD. **p<0.01, 

***p<0.001, ****p<0.0001, n.s. non-significant. 

The cells in the final group received the same treatment as the others, but stretching 

was applied from day 8 (Fig.16 A). 
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Samples where mechanical stretching was applied starting on day 8 after the start of 

differentiation showed a significant decrease in the number of PECAM1+ cells or no 

significant change compared to the untreated control group (mean 18.55%) (Fig.16 

B,C). The samples stretched for 2h decreased to a mean of 13.77% and the cells 

stretched for 6h to a mean of 8.91% of PECAM1+ cells within the cell population 

(Fig.16 B,C). The samples stretched for 48 hours from day 8 (mean 27.24%) did not 

display a significant change when compared to the control group. 

Figure 16: FACS and qPCR analysis of cells cultured on gelatine until day 10 (D10) and stretched from day 

8 to 10 (A) Scheme of the experimental design including the stretching time points between day 1 and day 3. (B) 

Bar chart displaying the percentage of PECAM1 positive stained cells, staining with CD31-PE Cyanine7 (n=6). (C) 

Representative flow cytometry analysis for the unstretched control group and the cell populations stretched for 2h, 

6h and 48h starting from day 1 stained with CD31-PE Cyanine7. Error bars represent mean ±SD. *p<0.05, **p<0.01, 

****p<0.0001, n.s. non-significant. 
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Over the course of all the single experiments I found that application of non-cyclic 

uniaxial stretch for at least 2 hours at early developmental stages, such as stem cells, 

mesodermal precursors and cardiovascular precursors, was sufficient to significantly 

increase EC numbers, while application of stretch at later stages was not beneficial. 

The stretch at this earliest time point for 48h resulted in the highest measured increase. 

To support and control these findings, I conducted immunostaining for PECAM1 to 

verify the increase in PECAM1+ cells treated with mechanical stretch while 

differentiating. Staining for PECAM1 and DAPI was performed on the cells (section 

2.8.9) and images were acquired using the Leica MDi8 microscope. I observed an 

increase in PECAM1 positive (red) stained cells at day 10, in cells that I stretched for 

2 hours, 6 hours and 48 hours compared to those from the unstretched control group 

(Fig.17). The number of cells stained positive with PECAM1 increased with the 

duration of applied stretch. The cells stretched for 48 hours showed the highest number 

of cells stained positively for PECAM1 what is consistent to the results found in the 

FACS. 

Figure 17: Immunostaining for PECAM1, Immunofluorescence microscopy for unstretched control and cultures 

stretched for 2h,6h and 48h starting from day 1 after start of differentiation, CD31 (red) for ECs and DAPI (blue) for 

nuclei, scale bar 50 µm. 

 Stretch induces gene expression program inducing endothelial cell development 

To understand which effect the stretching has on the molecular mechanisms within the 

cells that might lead to the found results, I decided to perform mRNAseq. Since 

significant changes in the EC number already appeared at a stretching duration of 2h, 

I decided to use samples stretched for 2h and 6h for mRNAseq to study primary 

transcriptional response. To investigate whether stretching elicits changes in gene 

expression, I selected samples that were stretched for 2 and 6 hours, in addition to an 
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unstretched control group. Samples were collected immediately after the release of 

stretch.  

Both, cells stretched for 2h (730 genes) and cells stretched for 6h (606 genes), showed 

a higher number of significantly upregulated genes than downregulated genes (Fig.18 

A,C). Both stretching time points showed overexpression of genes related to GO (gene 

ontology) pathways for EC proliferation, vascular endothelial growth factor production 

and vascular processes in the circulatory system (Fig.18 B,D). Even after only a short 

period of stretching (2h), I found key genes like Vegfa, Fgf7, Igf1 and Egfr to be highly 

upregulated.  

However, the GO analysis for the cells stretched for only 2h showed significant 

downregulation in genes like Ttn, Fgr or Igf2, which are linked to pathways like muscle 

cell differentiation or myofibril assembly (Fig.18 B). 
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Figure 18: mRNAseq for cells stretched for 2h or 6h from day 1. (A,C) Volcano plot showing the distribution of 

differentially expressed genes in samples stretched for (A) 2h or, (C) 6h from day 1 versus unstretched control 

samples, representative up- (purple) and downregulated (blue) genes are highlighted (B,D) Gene ontology 

pathways for cells stretched (B) for 2h and (D) cells stretched for 6h, (n=4; Log2(FC) ≤ -0.58, ≥0.58; p-value < 0.05). 

Looking at an overlap of all deregulated genes in the samples stretched for 2h or 6h, I 

found 509 genes which are significantly differentially expressed in both stretching 

conditions when compared to the unstretched control samples (Fig.19 A). In the cluster 

for genes, which are upregulated in 2h- as well in the samples of 6h-stretched cells ,I 

found genes which are linked to GO pathways like EC proliferation, positive regulation 

of VEGF production, endothelium development and vascular process in circulator 

system (Fig.19 B).  

In the cluster which consists of genes that are downregulated in both stretching 

conditions, I found genes linked to GO pathways as placenta development and 

regulation of nervous system process (Fig.19 B). Interestingly, there are only two 

genes which are significantly differentially expressed in opposite directions: Trim7 

expression is upregulated in cells stretched for 2h and downregulated in cells stretched 

for 6h. Moreover, Prdm6, which has recently been identified as an important epigenetic 

regulator for neuronal crest cells in cardiac progenitor development (Hong et al., 2022), 

is downregulated in the cells stretched for 2h but upregulated in the cells stretched for 

6h. 
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Figure 19: Deregulated genes in the mRNAseq analysis (A) Deregulated gene overlap between 2h and 6h (B) 

Clusters of up- and downregulation in single genes and related GO pathways for 2h and 6h of applied stretch (n=4; 

Log2(FC) ≤ -0.58, ≥0.58; p-value < 0.05). 

Taken together, I could demonstrate that culturing ESC on laminin strongly promotes 

EC differentiation. The same effect appears in ESC differentiated on matrigel but in a 

smaller range. However, culturing ESC on gelatine and poly-l-lysine isn’t promoting EC 

differentiation. The stiffness of the extracellular matrix the cells are cultured on, plays 

an important role when stretch is applied on developing ESC. A soft matrix like matrigel 

isn’t enhancing EC differentiation whereas stretch applied on cell cultured on a stiffer 

matrix like gelatine increased the number of EC. Furthermore, I found that a 

continuous, uniaxial stretch of 2 hours is sufficient to increase EC numbers. On the 

molecular level, I showed that key genes for EC and vascular system development, 

such as Vegfa, Fgf7 and Igf1, were highly upregulated even after a short stretching 

duration of only 2 hours. 
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7 DISCUSSION 

ECs are crucial for the function of all vessels in the mammalian body. Understanding 

how their development is influenced by the mechanical forces they experience and 

which role extracellular matrix stiffness plays, is widely unknown. There are many 

studies about shear stress but not many insights how tensile forces affect EC 

differentiation. Therefore, I studied how non-cyclic, uniaxial stretch applied on 

differentiating mouse embryonic stem cells and the use of ECM with different 

stiffnesses affect EC differentiation. 

 Non-cyclic, uniaxial stretch at early differentiation stages enhances endothelial 

cell development 

I was able to show that cyclic, uniaxial stretch applied on mESC during differentiation 

forced the ESC into the EC lineage and resulted in a much higher percentage of ECs. 

Especially the cells that I stretched at early time points during differentiation between 

day 1 to 3 and day 3 to 5, corresponding the stages of ESC and germ layer specified 

cells, showed higher increased EC numbers and increased expression of genes linked 

to vascular and endothelial growth. A group in 2013 found similar results, when they 

applied shear stress and cyclic stretch together with the administration of growth 

factors on adipose-derived mesenchymal stem cells and demonstrated an increase of 

the expression of EC marker genes Flk1,vWF and VE-cadherin (Shojaei et al., 2013). 

Another study applying stretch on stem cells outlined that mesenchymal stem cells 

(MSC), when treated with a mixture of pressure, radial distention and shear stress, 

aligned like differentiated EC according to the flow and demonstrated a morphology 

similar to the one of EC (O'Cearbhaill et al., 2008). Trying to mimic in vivo settings, a 

research team (Kim et al., 2016) cultured MSCs in an in vitro system that simulated 

vessels and exposed the cells to shear stress and circumferential stretch. This led to 

an increase in EC typical markers at protein level like VE-cadherin and vWF. Their 

results are in line with the results of the experiments I conducted for this thesis: They 

found the number of cells positive for EC markers (here Flk1+ and vWF) to be 

increased in the flow cytometry analysis after a stretch of 5% (Kim et al., 2016). My 
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research adds upon their results, showing that the application of only uniaxial and non-

cyclic stretch is already enough to increase EC numbers. It should be noted that I 

applied 15% of stretch instead of the 5% stretch used in this study (Kim et al., 2016). 

The main difference between this thesis and former research is the use of embryonic 

stem cells instead of mesenchymal stem cells. The use MSCs prevent them from being 

able to observe effects on stem cells, which are not specified to a lineage choice yet. 

Since mechanical stretch on differentiating ESC might lead to an increased production 

of growth factors that promote endothelial and vascular development, cells in earlier 

development stages might benefit more from this factor. For example, was it shown, 

that the vascular endothelial growth factor (VEGF) is a quite important growth factor 

for EC differentiation at earliest developmental stage (Bikfalvi and Bicknell, 2002; 

Coultas et al., 2005). I found Vegfa to be upregulated in my mRNAseq results. 

In my experiments, a stretching start until progenitor stage (day 5 after start of 

differentiation) still led to an increase in ECs in the final cell population at day 10. Static, 

uniaxial stretch seems to force and guide cells at different time points of differentiation 

into the EC lineage. But the efficiency decreases, the later the differentiation stage is, 

they cells get exposed to mechanical stimuli.  

 Non-cyclic, uniaxial stretch at late differentiation stages decreases endothelial 

cell numbers 

To investigate the effect of stretch in late EC development, I stretched cells at day 8 to 

10, when they are already considered differentiated progenies. I found a decrease in 

EC number as well as a decrease in the mRNA expression of PECAM1. Cells at this 

time of differentiation are already differentiated into the EC lineage. Stretch at this time 

points seems to be too late to support EC lineage choices. This would be supported 

by the findings of a study which showed that EC markers constantly rise during 

differentiation until day 7 of differentiation (Di Bernardini et al., 2014). So, a stretching 

start at day 8 falls into a time when the lineage choice might be already in the past. 

Following this point, there has also been intensive research about the influence of 

mechanical forces on already differentiated ECs besides the research of stretched 

stem cells. Mostly, they indicate a positive influence rather than the inhibition which I 

observed in the cells, that I stretched for only short durations during the stage of 

differentiated progenies. These studies investigated the influence of mechanical stimuli 
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using different kinds of mechanical forces: pressure, unicyclic stretch and shear stress 

or the combinations of these. So led static and cyclic stretch of coronary microvascular 

ECs both to an increase in the VEGFR2 protein and an increase in cell proliferation 

and tube formation (Zheng et al., 2008). Others showed that HUVEC exposed to 

pressure increased in proliferation (Schwartz et al., 1999), the same was observed for 

bovine aortic EC (Sumpio et al., 1994). Another research project evaluated the 

influence of different kinds of mechanical forces on ECs: laminar shear stress applied 

to the cells led to a significant upregulation of proliferative genes, the loss of shear 

stress to a downregulation. Cyclic uniaxial stretch let to a remodelling of the EC and 

acted protective against apoptosis (Chien, 2006) but they also showed the opposite 

effect for cyclic biaxial stretch instead of cyclic uniaxial stretch. Additionally they 

demonstrated that persisting laminar shear stress downregulates proliferative genes 

as well as upregulated genes, that inhibit EC growth (Chien, 2006). It was 

demonstrated, that 20% stretch on HUVECs activated pathologic responses like 

inflammatory pathways, inhibited cell proliferation and the formation of tubes (Ma et 

al., 2022). Ma et al.‘s results  lead to the conclusion that the stretch I applied during my 

research might have been too strong. The already differentiated cells in the EC lineage 

could have been damaged and the further EC differentiation could have been inhibited 

through too strong stretch. Interestingly the 15% of stretch didn’t have a negative effect 

on the cells in earlier stages of differentiation. Based on my findings and previously 

published research, it appears that excessive or undirected stretching of ECs leads to 

inhibition of EC differentiation and endothelial damage, whereas a physiological level 

of mechanical stress is required to maintain a healthy endothelium and induce EC 

differentiation. 

 Stretch induced gene expression changes towards vascular pathways  

Supporting my finding that stretch at early stages increases EC numbers, I found 

several pathways related with vascular processes and EC proliferation to be 

upregulated in my stretched samples. Overall, both sample groups contained more 

upregulated genes then downregulated genes. GO pathways enriched in upregulated 

genes included EC proliferation (CCl2, Cdh13, Fgf2, Fgf7, Igf1, Vegfa), positive 

regulation of VEGF (C3, C5ar1, Ptgs2,), endothelium development (Cxcl, Hoxa13) and 

vascular process in circulatory system (Cav1, CD36, Egfr,Fox2c, Vegfa). Previous 



 

51 

studies showed  VEGFA to be upregulated in various cells which had been exposed 

to mechanical forces. For example in ECs derived from porcine vessels (Conklin et al., 

2002), mesenchymal stem cells (Maul et al., 2011) or murine embryonic mesenchymal 

progenitor cells (Wang et al., 2005). My data revealed a high consistency of the gene 

regulation between samples stretched for 2h and samples stretched for 6h. Genes 

which were upregulated in the samples stretched for 2h, stayed as well upregulated in 

the samples stretched for 6h. Additionally, genes which were downregulated in the 2h 

group were as well downregulated in the 6h group. This suggests that the molecular 

mechanisms induced by continuous stretching, which led to gene deregulation, were 

still active after 6 hours of continuous mechanical stimulus, indicating that the cells had 

not yet adapted to the stretch. My data shows that mechanical stretch applied on 

mESCs leads to activation of gene expression program and promotes EC 

differentiation. 

 Tensile forces don’t promote endothelial to hematopoietic transition 

It was demonstrated in earlier studies, that shear stress promotes HPSC 

(hematopoietic progenitor and stem cells ) development (Adamo et al., 2009; North et 

al., 2008) but it remained unclear whether tensile forces might have the same effect 

on the endothelial-to-hematopoietic transition. In my studies, I couldn’t find evidence 

for EHT upon application of static, uniaxial stretch. The number of PECAM1+ cells was 

significantly increased, at the same time the level of mRNA expression of CD34 as a 

hematopoietic marker was not elevated. Therefore, I conclude that tensile forces do 

not promote EHT. 

 Laminin increases endothelial cell numbers 

My experiments showed that the usage of a laminin coating as growing medium itself 

already strongly promotes the differentiation of ECs. The cell populations seeded in 

these chambers exhibited, even without stretching, a nearly three times higher 

percentage of ECs compared to the ones seeded in gelatine or poly-l-lysine. Already 

in 1993, a research group found out that the usage of biologically active fragments of 

laminin increased the binding of EC to the ECM. They used matrigel which contained 

these specific laminin fragments as ECM and found changes in the morphology and 

the induction of cell migration in EC (Schnaper et al., 1993). Two other studies revealed 
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that parts of laminin promote the tube formation of ECs in vitro. They found that a RGD-

containing sequence on the A chain of laminin induced EC attachment to the ECM 

through binding to an integrin receptor in the EC while a part of the laminin B chain 

induced cell-cell interactions and therefore tube formation (Grant et al., 1989). The 

molecular fragment laminin-411 was found to differentiate MPCs into EPCs with a 

purity from >95% compared to an EC directed differentiation on matrigel with a rate of 

<10% EPCs (Ohta et al., 2016). These findings are supported as well from a study 

showing that laminin 411 supported the differentiation of EC out of induced pluripotent 

stem cells (Hall et al., 2022). The cells cultured in matrigel showed a higher level of 

PECAM1+ cells even if not as high as the ones cultured in laminin. A possible 

explanation is that matrigel contains a mixture of different proteins including laminin, 

which have a promoting effect but that the mixture doesn’t has such a strong effect as 

pure laminin. 

 Different extracellular matrix specifications strongly influence endothelial cell 

development 

When trying different extracellular matrices as a suitable coating for the stretching 

experiments, I also used matrigel. Analysing the FACS results for PECAM1 from the 

non-stretched control groups grown on different coatings, it appeared that matrigel 

enhanced EC differentiation compared to a fairly neutral coating such as gelatine, 

although not to the same extent as a laminin coating. As earlier studies showed that 

matrigel (and the laminin fragments it contains) (Grant et al., 1989) promotes EC 

differentiation (Baatout and Cheţa, 1996), this is not an unexpected finding. The strong 

promoting effect is explained by the mix of basement membrane proteins and growth 

factors included in the matrigel (Baatout and Cheţa, 1996; Taub et al., 1990). The 

application of stretch induces growth factor production as well. Therefore, it is likely 

that the lack of response from cells which were cultured under the application of stretch 

on matrigel could be caused by the presence of growth factors already included in the 

ECM matrigel.  

Furthermore, matrigel induces the formation of tubes and the forming of capillaries out 

of ECs (Baatout, 1997; Haralabopoulos et al., 1994; Kobayashi et al., 2004). In the cell 

populations grown on matrigel but stretched during their differentiation, I nevertheless 

found a decrease in the number of ECs compared to the untreated control group grown 
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on matrigel. This could be explained by the softness of matrigel as an extracellular 

matrix. Matrigel is reported with a stiffness of 450 Pa (Soofi et al., 2009) to 650 Pa 

(Reed et al., 2009) or even lower in earlier studies with values ranging between 39 Pa 

and 120 Pa ((Alcaraz et al., 2008; Semler et al., 2000; Zaman et al., 2006). The 

reduction in PECAM1+ cells could be caused by the lack of mechanical stimulation 

and interaction with the proteins in the extracellular matrix since matrigel is highly 

complaint due to its low stiffness and therefore not transducing the mechanical forces 

applied onto it. This is coherent to earlier studies which outlined the importance of 

mechanical stimulation and sufficient stiffness for cell proliferation and differentiation 

(Pelham and Wang, 1997; Ren et al., 2008), also especially for ECs and smooth 

muscle cells (Richert et al., 2004). 

For trying a coating with higher stiffness I used poly-l-lysine which is reported with a 

high stiffness ranging from 3-400 kPa (Ren et al., 2008) to a stiffness up to 20-800kPa 

(Richert et al., 2004). The cells which were seeded on this coating showed a decrease 

in the number of ECs in the untreated control group and these decreased numbers 

didn’t show an effect upon mechanical stretch. Furthermore, three observations could 

be made: the cells didn’t form a layer on the coated chambers over time, the cells didn’t 

spread over the term of differentiation and I observed a higher number of floating dead 

cells than in experiments with other coatings. These findings can be explained with the 

high stiffness and the strong adherence of the cells to the chamber coating promoted 

by poly-l-lysine (Choi et al., 2015; Mazia et al., 1975). Since cell rounding (Lancaster 

et al., 2013; Taubenberger et al., 2020; Théry and Bornens, 2008) and spreading are 

necessary for cell division and proliferation (Martz and Steinberg, 1972; Schnyder et 

al., 2020; Schutz and Mora, 1968), inhibiting them could have prevented ESC 

proliferation and differentiation. 

Another explanation might be that the specific features of poly-l-lysine lead to the lack 

of proliferation and differentiation of ECs. Poly-l-lysine has been reported to be 

cytotoxic in too high concentrations (Lu et al., 2009), so the concentration I used (50 

µg/ml) might have been toxic for the ESC. Furthermore, poly-l-lysine was found to 

inhibit angiogenesis in the context of tumour cells by blocking the proliferation of the 

tumour cells and preventing tumour-angiogenesis (Debnath et al., 2018). Additionally, 

investigations revealed that poly-l-lysine lead to a significant downregulated activity of 
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VEGF, VEGFR2, Ki-67 and c-Myc expression (Debnath et al., 2021). To complete 

these finding, a poly-l-lysine dimer was found to inhibits angiogenesis and tubule 

formation in murine ECs (Al-Jamal et al., 2010). Taken together, it is possible that the 

high stiffness and cell adhesion of poly-l-lysine prevented rounding, spreading, and 

proliferation, or that the angiogenesis-inhibiting properties of poly-l-lysine led to a 

decrease in ECs and living cell numbers in general. 

 Limitations 

Concluding, this work provides insights into the effects of tensile forces on EC 

differentiation and thus the development and maintenance of a healthy endothelium. 

However, there are certain aspects I did not cover within this work which are outlined 

hereafter.  

At first, this thesis cannot provide insights about the proliferation of the cells or eventual 

changes in proliferation upon stretch within the experiments conducted. Within my 

work, I used methods that provide reliable information about cell numbers and cell type 

markers and did not cover experiments focused on the proliferation of the cells. So 

future studies might include immunoassays checking for proliferation proteins like Ki67 

or PCNA or counting of DNA-synthesizing cells via FACS. Second, in my experiments 

I focused on a single EC marker, PECAM 1. I checked this marker with different 

methods to make my findings consistent. Including additional markers, like VE-

cadherin in qPCR analysis or FACS, would have made my results even more robust. 

Similarly, overexpression experiments with a focus on genes I found to be expressed 

differentially upon stretch, could have added robustness.  

Third, regarding differentiation I did neither include experiments on surface markers 

which are characteristic for certain differentiation stages, nor did I conduct experiments 

for a time span longer than 10 days. I used published literature and experience from 

earlier experiments to conclude in which differentiation stage the cells are and 

therefore which time points would be suitable for stretching. Checking for surface 

markers would have made it possible to be more exact about the cell’s differentiation 

stage. Moreover, longer experimental settings exceeding the 10 days covered by my 

experiments would have made it possible to investigate how the stretched cells 

differentiate and change their morphology for example regarding tube formation.  
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Last but not least, I used small sample sizes focused on a certain ECM in my work as 

I wanted to be able to test more different ECMs. Larger sample sizes could further 

reduce the likelihood of statistical outliers and to strengthen the robustness of my 

findings.  

All of this leaves room for further research in the aforementioned areas to complement 

the results from my research displayed in this thesis. 



 

56 

8 CONCLUSION AND PERSPECTIVES 

In this thesis I investigated the impact of non-cyclic uniaxial stretch on cell 

differentiation at different developmental stages, using mouse embryonic stem cells 

instead of mesenchymal stem cells which have been studied before. My results 

revealed that applying stretch during early developmental stages significantly 

increases EC numbers, while such an effect cannot be observed when stretch is 

applied at later differentiation stages. Furthermore, the study explored the influence of 

different matrices on cell differentiation, demonstrating that laminin and matrigel 

promote EC differentiation, whereas gelatine and poly-l-lysine do not lead to the same 

effect. Additionally, the interplay between matrix stiffness and tensile forces was 

examined, revealing that mechanical stretch on cells cultured on a stiffer matrix leads 

to a significant increase in EC numbers compared to a softer matrix. To understand 

the molecular mechanisms involved in enhanced EC differentiation, I performed RNA-

sequencing analysis. I identified key genes related to EC and vascular system 

development to be highly upregulated even after a short period of stretch application 

(2 hours), including Vegfa, Fgf7 and Igf1. 

Although further investigation is required, my work indicates a close interplay between 

tensile forces and extracellular matrix stiffness during EC development and 

differentiation and has identified critical factors involved in this process. Still, this is a 

domain where much remains to be studied. The following areas seem of interest to me 

and are worth of further examination: In terms of further experiments, an 

overexpression experiment could be carried out on the genes I identified, that were 

dysregulated under the influence of mechanical stretch. Furthermore, it would be 

interesting to identify the intracellular pathways that led to the observed changes in the 

gene expression of stretched cells.  
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