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1. Introduction 

Since ancient times the cardiovascular system was perceived as a matter of fascination. World-

famous scientists e.g. Galen (150) and Leonardo da Vinci (1508), were elaborating and 

hypothesizing about the anatomy and the development of the heart and the circulatory system 

(Pasipoularides 2014; Risau 1997). Blood vessels regulate the exchange of nutrients and 

metabolites between blood and tissue, homeostasis, blood pressure and leukocyte diapedesis. 

Therefore, blood vessels are crucial for every living system (Makode et al. 2024; Adair and 

Montani 2010; Mehta and Malik 2006). Until today, major research effort is dedicated to the 

field of cardiovascular biology and medicine, in particular to the field of angiogenesis, since 

pathological angiogenesis leads to abnormal vessel formation causing or contributing to 

numerous diseases (Cao et al. 2023; Dudley and Griffioen 2023). An increased vascularization 

is mainly related to tumour growth, inflammatory diseases and infectious processes. In 

contrast, an insufficient vascularization is involved in diverse cardiovascular disorders 

(Salzinger et al. 2024; Deliyanti et al. 2023; Salewskij and Penninger 2023; Carmeliet and Jain 

2000). 

Based on its ubiquitous role in physiological and pathological processes, angiogenesis is 

targeted for treating numerous diseases. In 1971, the concept of anti-angiogenic therapy for 

cancer treatment was postulated for the first time (Sherwood et al. 1971) (Fig. 1). A decade 

later, vascular endothelial growth factor (VEGF) was found to be a major angiogenic factor 

driving angiogenesis in health and disease. Consequently, major research efforts were 

focusing on inhibiting the VEGF signalling pathway. In 2004, the US Food and Drug 

Administration (FDA) approved Bevaciziumab (Avastin®), a humanized anti-VEGF monoclonal 

antibody for treating colorectal cancer as the first anti-angiogenic drug (Yang et al. 2024b; 

Ferrara et al. 2005; Presta et al. 1997) (Fig.1). 

 

 

Fig. 1: Key milestones in angiogenesis research and drug discovery. AMD: age-related macular 
disease; CRC: colorectal cancer; RCC: renal cell carcinoma; FDA: US Food and Drug Administration; 
VEGF: vascular endothelial growth factor; VPF: vascular permeability factor. Modified (Cao et al. 2023). 
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Despite the approval of several additional drugs targeting VEGF (Fig. 1), anti-angiogenic 

medications still struggle with opposed clinical effects, drug resistance, short half-life, 

unwanted interactions with other drugs and missing biomarkers (Cao et al. 2023; Jayson et al. 

2012). For treating ischemic diseases by stimulating angiogenesis, pro-angiogenic factors and 

pathways were intensely analysed but until today, no successful animal model was shown to 

be efficient in clinical trials (Zhong et al. 2020; Deveza et al. 2012; Lu et al. 2007). 

Even after almost one century of research on angiogenesis, there are still unknown influencing 

factors on the angiogenic potency of endothelial cells (ECs) which represent one of the most 

significant components of blood vessels by lining their inner surface and originating 

angiogenesis (Orozco-Garcia et al. 2024; Ribatti and Crivellato 2012). It is necessary to identify 

and analyse these factors and involve them in future research. This project is focusing on three 

target proteins which are expressed in ECs and hypothesized to raise or reduce the angiogenic 

potency respectively. This study examined the connection between these proteins and in vitro 

angiogenesis in human dermal microvascular endothelial cells (HDMECs).  
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2. Literature review 

2.1 Course of angiogenesis  

Angiogenesis is defined as the formation of new blood vessels from pre-existing ones (Shaw 

et al. 2024; Ribatti and Crivellato 2012; Patan 2000; Risau 1997). The luminal surface of blood 

vessels is built by a thin layer of ECs which mainly drive angiogenesis. In order to undergo 

angiogenesis, quiescent ECs can get stimulated by metabolic and mechanical stress, immune 

response and mainly hypoxia (Orozco-Garcia et al. 2024; Zhou et al. 2024; Fan et al. 2012). 

Overall, this process is highly regulated and occurs as either endothelial sprouting or 

intussusceptive growth (Ribatti and Crivellato 2012). 

2.1.1 Sprouting angiogenesis 

Sprouting angiogenesis is based on the generation of new sprouts from adult vessels. This 

process involves specific steps of EC stimulation and migration, sprout formation, growth, 

luminization and finally vessel maturation (Zhou et al. 2024; Patan 2000). Each phase is 

mediated by accordingly adapted and specialized ECs, i.e. tip, stalk and phalanx cells (Ribatti 

and Crivellato 2012) (Fig. 2).  

 

Fig. 2: Schematic overview over the course of sprouting angiogenesis of capillary ECs. A. ECs 
that are highest exposed to VEGF-A differentiate to tip cells. B. Tip cells initiate guidance by extension 
of filopodia towards angiogenic stimulus. C. Stalk cells elongate sprouts by proliferation. D. Sprout fusion 
and luminization. E. Initiation of blood flow resulting in oxygenation of tissue. F. Maturation of vessel by 
pericyte recruitment and deposition of basement membrane. Modified (Adair and Montani 2010). 
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2.1.1.1 Phalanx cells 

Blood vessels are mainly lined by quiescent ECs which are thoroughly interconnected by 

junction proteins and molecules. These cells are termed phalanx cells (Zecchin et al. 2017) 

(Fig. 2). They are situated in cell cycle arrest and ensure vessel integrity. It was shown that 

quiescent ECs predominantly express the components of the basement membrane which they 

are adhesive to (Guo et al. 2024; Ribatti and Crivellato 2012; Kalluri 2003). Generally, this cell 

specification displays a lower glycolic flux than proliferative ECs (Zecchin et al. 2017). 

However, only little information has been revealed regarding their metabolism yet. Due to a 

decrease of nutrients and oxygen, phalanx cells can get stimulated to enter the cell cycle (Guo 

et al. 2024; De Bock et al. 2009). 

2.1.1.2 Tip cells 

As soon as an angiogenic stimulus such as hypoxia appears, pro-angiogenic factors are 

released from the surrounding tissue initiating the “angiogenic switch” of the endothelium 

(Orozco-Garcia et al. 2024; Zecchin et al. 2017; Fan et al. 2012). Single ECs exposed to the 

highest amount of vascular endothelial growth factor A (VEGF-A), a key pro-angiogenic factor, 

differentiate to so-called tip cells (Fig. 2A). Generally, tip cells perform less proliferation but 

more migration (Guo et al. 2024; Ribatti and Crivellato 2012). They are highly glycolytically 

active and they use cholesterol turnover and efflux as energy sources. These cells initiate first 

steps of the sprouting angiogenesis. By the expression of proteolytic cell-surface molecules, 

they facilitate the degradation of the basement membrane. Furthermore, the turnover of 

adhesion molecule VE-cadherin leads to the migration towards the stimulus (Zecchin et al. 

2017). These cells express a high number of cell-surface receptors, mainly vascular 

endothelial growth factor receptor 2 (VEGFR-2). VEGF-A binds predominantly to VEGFR-2 

which is abundant on filopodia. The sensitivity towards VEGF-A initiates filopodia formation 

and provides guidance of the migratory sprout towards the angiogenic stimulus (Shaw et al. 

2024; Mentzer and Konerding 2014) (Fig. 2B). The activation of VEGFR-2 and the following 

Notch signalling pathway result in a decreased expression of VEGFR-2 in surrounding cells 

causing their differentiation to stalk cells (Guo et al. 2024; Fan et al. 2012; Ribatti and Crivellato 

2012) (Fig. 2C).  

2.1.1.3 Stalk cells 

Opposed to tip cells, stalk cells are highly proliferative, display only little filopodia and 

predominantly express vascular endothelial growth factor receptor 1 (VEGFR-1). VEGF-A 

binds to VEGFR-1 and initiates the elongation of the sprout towards the angiogenic stimulus 

by proliferation (Shaw et al. 2024; Ribatti and Crivellato 2012; Patan 2000) (Fig. 2C). For 
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proliferation, stalk cells generate energy mainly by performing glycolysis and fatty acid 

metabolism. Sprouts from different origins grow towards each other until they meet, fuse 

together and luminize (Fig. 2D). Shear stress and several other mechanical signals lead to the 

synthesis of components of the basement membrane and the association with pericytes. As 

soon as the vascular supply is reassured and the angiogenic factors are decreased, ECs 

differentiate to quiescent phalanx cells (Zecchin et al. 2017) (Fig. 2E-F).  

2.1.2 Intussusceptive angiogenesis 

The non-sprouting or intussusceptive angiogenesis describes the generation of vessels due to 

the division of pre-existing ones (Diaz-Flores et al. 2024; Patan 2000). Equally to sprouting 

angiogenesis, this process is stimulated by extraluminal signals. Additionally, intussusception 

can be triggered by intraluminal signals, e.g. shear stress and turbulences (De Spiegelaere et 

al. 2012). During non-sprouting angiogenesis, ECs from opposed microvascular walls protrude 

into the lumen until they meet (Fig. 3a-c, a’-c’). Myofibroblasts and pericytes synthesize 

collagen fibrils and other components of the extracellular matrix forming a tissue pillar. 

Possessing an intact basement membrane, the transluminar pillar projects across the vessel 

and gets invaded by myofibroblasts and pericytes to divide the lumen (Diaz-Flores et al. 2024; 

Mentzer and Konerding 2014; Djonov et al. 2003) (Fig. 3d, d’). The process of intussusceptive 

angiogenesis enables vasculature to grow rapidly and extensively. The following remodelling 

adjusts and organises new vessels according to their hemodynamic forces. The concluding 

stage of intussusceptive branching remodelling causes changes in branching geometry of 

supplying branches (Shaw et al. 2024; De Spiegelaere et al. 2012; Djonov et al. 2003). So far, 

regulatory and intracellular mechanisms of ECs performing intussusceptive angiogenesis are 

not fully revealed.  

 
Fig. 3: Schematic overview over the course of intussusceptive angiogenesis of capillary ECs. a-
b, a’-b’ Protrusion of opposing ECs into vessel lumen. c-c’ ECs establishing contact and reorganizing 
junctions. d-d’ Perforation of EC bilayer perforates and pericytes and fibroblasts form a tissue pillar. Pr: 
pericyte; EC: endothelial cell; Fb: fibroblast; BM: basement membrane; Co: collagen fibrils. Modified 
(Adair and Montani 2010). 
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2.2 Field of angiogenesis research 

In 1971 Judah Folkman and his team published the revolutionary hypothesis about the 

correlation of tumour growth and angiogenesis. They suggested that tumours require blood 

vessels to grow and survive and that the inhibition of angiogenesis could be therapeutic 

(Pathak et al. 2024; Ribatti 2008; Sherwood et al. 1971) (Fig. 1). This new approach raised 

interest all around the world and led to an explosively great research effort in the field of 

angiogenesis that lasts until today. Currently, major focus is on tissue engineering and wound 

healing with the aim to improve tissue and organ regeneration and transplantation (Nosrati et 

al. 2021; Omorphos et al. 2021). The process of angiogenesis can get modelled and evaluated 

by several existing bioassays which are categorized in three groups: in vivo, ex vivo and in 

vitro (Omorphos et al. 2021; Stryker et al. 2019; Tahergorabi and Khazaei 2012). 

2.2.1 In vivo and ex vivo models of angiogenesis 

By in vivo assays involving living organisms and with the aim to minimize the number of animal 

experiments, most studies are performed first in in vitro models. However, it is necessary to 

execute in vivo models subsequently to study effects in living biological systems (Stryker et al. 

2019). The most widely used in vivo angiogenesis assay is the so-called Chick chorioallantoic 

membrane (CAM) assay which uses blood vessels of the CAM of fertilized eggs (Stryker et al. 

2019; Goodwin 2007) (Table 1). Moreover, angiogenesis can be viewed in zebrafish embryos 

due to their transparent character (Nathan et al. 2024; Udvadia and Linney 2003). By it being 

pellucid and all blood vessels being generated by angiogenesis, the cornea is also targeted to 

evaluate angiogenesis (Cao et al. 2024; Tahergorabi and Khazaei 2012; Gimbrone et al. 1974). 

Furthermore, Xenograft assay provides information about the effect of drugs on an induced 

pathological entity in immunodeficient host organs (Nowak-Sliwinska et al. 2018; Jardim-

Perassi et al. 2014) (Table 1). 

Table 1: Most commonly used in vivo and ex vivo models of angiogenesis.  

Type of assay Target tissue 

In vivo Chick chorioallantoic membrane (CAM)  

Zebrafish 

Cornea 

Xenograft 

Ex vivo Thoracic aorta ring  

Retinal fragments 
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Ex vivo assays mimic in vivo situations by explanting ECs including their surrounding tissue 

and cultivating them as units outside the body. Mostly used is the thoracic aorta ring from rats 

or mice which get cultured in a pro-angiogenic media inducing angiogenesis (Mishra et al. 

2024; Ghoochani et al. 2016; Nicosia and Ottinetti 1990). Furthermore, retinal fragments can 

get seeded in a fibrin gel as part of the ex vivo retina angiogenesis model. By supplementing 

VEGF, angiogenesis gets stimulated and can be monitored (Rezzola et al. 2013) (Table 1).  

2.2.2 In vitro models of angiogenesis 

In the research field of angiogenesis, in vitro models are frequently used to provide initial 

information about morphogenesis, cellular and molecular mechanisms and direct effects of 

pro- and antiangiogenic agents (Kim et al. 2024; Stryker et al. 2019; Nowak-Sliwinska et al. 

2018; Goodwin 2007). In comparison to in vivo and ex vivo assays, in vitro studies are highly 

efficient regarding time and cost. Experimental setups can be designed less complicated and 

experiments can be performed under precise standardized conditions (Kim et al. 2024; Nowak-

Sliwinska et al. 2018; Sarkanen et al. 2010; Auerbach et al. 2003). Moreover, implementing in 

vitro models reduces the number of animal experiments which raise major ethical concerns 

and entail experimental disadvantages (Doke and Dhawale 2015; Russell and Burch 1992). 

Due to their crucial role in metabolite diffusion and originating angiogenesis, microvasculature 

constitutes 95% of the body mass endothelium. Therefore, researchers were mainly focusing 

on establishing in vitro models with microvascular endothelial cells (Hewett 2016; Pries et al. 

2014; Leblanc et al. 2012). 

2.2.2.1 Overview of existing in vitro models 

Most in vitro assays cover only single stages of the angiogenic cascade resulting in the 

classification of assays into proliferation, migration and differentiation or tube formation assays 

(Stryker et al. 2019; Nowak-Sliwinska et al. 2018; Tahergorabi and Khazaei 2012; Goodwin 

2007) (Table 2). Proliferation assays are commonly used to examine pro-angiogenic or anti-

angiogenic effects of a substance on ECs. Therefore, cells get cultivated, labelled and exposed 

to the substrate of interest. Proliferation can get evaluated by counting manually or 

electronically using a hemocitometer or coulter counter known as cell counting technique 

(Stryker et al. 2019; Wei et al. 2017). Alternatively, colorimetric and DNA synthesis techniques 

monitor and measure biomolecules, such as 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide and DNA which are directly proportional to cell density (Stryker et 

al. 2019; Rajabi et al. 2015; Goodwin 2007; Staton et al. 2004). Additionally, angiogenic factors 

can stimulate ECs to migrate along their gradient. These events are examined by migration 

assays, such as the wound healing assay. In this assay, a lesion is caused in a confluent 

monolayer in order to monitor the migration rate of ECs which intend to close the lesion (Wei 



Literature review 
 

8 

et al. 2017). A further assay is the matrix degradation assay which is focusing on the expression 

and activity of matrix metalloproteases. These enzymes are necessary for ECs to detach from 

extracellular matrix in order to migrate towards a stimulus (Maurya et al. 2024; Goodwin 2007). 

Potential angiogenic factors can get analysed using the Boyden chamber. Therefore, the 

migration of ECs through a central filter gets analysed as a response to an angiogenic factor 

(Jeanneau et al. 2024; Goodwin 2007; Boyden 1962). In comparison to the Boyden chamber, 

the phagokinetic track assay is more precise. The movement of cells displace colloidal gold 

and generate measurable tracks (Stryker et al. 2019; Staton et al. 2004). In tube formation 

assays, the process of forming new capillaries is of focus. Matrigel is frequently used to analyse 

angiogenic and non-angiogenic biomolecules based on the capacity of a substrate enabling 

ECs to build tubules (Esparza et al. 2024; Sacharidou et al. 2012). Finally, co-culture assays 

examine both angiogenic factors and cell line behaviour by cultivating ECs together with 

stromal cells (Stryker et al. 2019; Staton et al. 2004) (Table 2). 

Table 2: Most commonly used in vitro models of angiogenesis.  

Specific in vitro assay Technique 

Proliferation Cell counting 

Colorimetric 

DNA synthesis 

Migration Wound healing 

Matrix degradation 

Boyden chamber 

Phagokinetic track 

Tube formation Matrigel 

Co-culture 

 

2.2.2.2 Challenges of in vitro models  

Even though in vitro models of angiogenesis are routinely used in labs all over the world, they 

still face problems of reproducibility and accurate interpretation. Sources of error are 

suggested to be based on utilized ECs, reproduction to the living environment and procedure 

of assays (Stryker et al. 2019; Nowak-Sliwinska et al. 2018; Tahergorabi and Khazaei 2012; 

Staton et al. 2004; Auerbach et al. 2003). Regarding ECs, most cells used in assays are 

purchased from specialized distributors which preselect cells by passaging. Therefore, cells 

are already stimulated to enter a proliferative state unlike quiescent cells of existing vessels of 

living organisms (Guerrero et al. 2021; Staton et al. 2004). Further, ECs are highly 
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inhomogeneous regarding their features and phenotypes. Based on their tissue heritage, ECs 

can differ in size, shape and cell junctions (Tahergorabi and Khazaei 2012). They can also 

vary tremendously regarding their antigen expression and receptor density, which leads to 

dissimilar angiogenic responses (Guerrero et al. 2021; Staton et al. 2004). Furthermore, in 

vitro models are not able to identically mimic living environments (Stryker et al. 2019; Nowak-

Sliwinska et al. 2018; Tahergorabi and Khazaei 2012). Multiple components are mostly 

missing, e.g. supporting cells and extracellular matrix, shear stress and components of 

circulating blood (Nowak-Sliwinska et al. 2018; Tahergorabi and Khazaei 2012). Still, there is 

no gold standard of angiogenesis assays which led to a huge number of different in vitro assays 

involving various environmental and cultivational alterations (Stryker et al. 2019; Staton et al. 

2004). Despite the vast heterogeneity of assays, most in vitro assays examine only single 

stages of angiogenesis. Therefore, the course of angiogenesis is split up into specific steps 

instead of being analysed as one dynamic process. This represents a huge disadvantage in 

comparison to in vivo assays (Tahergorabi and Khazaei 2012). Focused on solving this 

challenge, researchers established the so-called all-in-one assay (Bahramsoltani and De 

Spiegelaere 2016; De Spiegelaere et al. 2011; Bahramsoltani et al. 2010; Bahramsoltani and 

Plendl 2004). 

2.2.2.3 All-in-one assay 

When performing the all-in-one angiogenesis assay, microvascular endothelial cells get 

cultivated long-term in a pro-angiogenic media provoking an angiogenic response 

(Bahramsoltani and De Spiegelaere 2016; Bahramsoltani et al. 2010; Bahramsoltani and 

Plendl 2004). While undergoing the in vitro angiogenic cascade, ECs change their morphology. 

Based on these morphological changes, cells get assigned to six defined stages. These stages 

describe morphological events of confluent monolayer (stage 1), >50% elongated shaped cells 

(stage 2), >50% linearly arranged cells (stage 3), networking of linearly arranged cells (stage 

4), appearance of capillary-like structures (stage 5) and all linearly arranged cells form 

capillary-like structures as well as the dissolution of the cell layer on the bottom (stage 6) 

(Bahramsoltani et al. 2010). By monitoring these morphological alterations and assigning 

respective stages over the whole period of cultivation, in vitro angiogenesis can get examined 

qualitatively and quantitatively. When using the all-in-one assay, researchers revealed 

tremendous differences in the angiogenic behaviour of ECs from different batches, questioning 

their angiogenic potency (De Spiegelaere et al. 2011; Sievers et al. 2011; Bahramsoltani et al. 

2010; Bahramsoltani and Plendl 2007). 
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2.3 Angiogenic potency of endothelial cells 

Irrespective of cell origins, distributor recommended media composition and cultivation 

processes, different batches of human microvascular ECs displayed variations in their 

angiogenic behaviour when performing the all-in-one assay, leading to the classification of ECs 

into angiogenic and non-angiogenic ECs. Two EC batches derived from heart and skin were 

running through the in vitro angiogenic cascade chronologically within 60 days resulting in 

them being designated as angiogenic. In comparison, two further EC batches derived from 

skin and lungs presented much lower angiogenic potency leading to their classification as non-

angiogenic. Pulmonal ECs reached stage 3 as the furthest differentiation and regressed 

subsequently to levels 2 and 1. Furthermore, non-angiogenic ECs from skin could not get 

stimulated to any stage of the in vitro angiogenic cascade and remained in stage 1 

(Bahramsoltani et al. 2013; De Spiegelaere et al. 2011; Sievers et al. 2011; Hirschberg et al. 

2005; Bahramsoltani and Plendl 2004). Most ECs used in in vitro assays, are purchased from 

certain distributors recommending them explicitly for the use in in vitro angiogenesis models. 

However, it has been shown that their capacity to be used for assays which cover single stages 

of in vitro angiogenesis does not necessarily represent their potency to run through the whole 

angiogenic cascade (Bahramsoltani and De Spiegelaere 2016; Sievers et al. 2011; 

Bahramsoltani et al. 2010; Bahramsoltani and Plendl 2007; Bahramsoltani and Plendl 2004).  

Mechanisms and influencing factors of the angiogenic potency are not yet fully revealed. So 

far, the origin of ECs and their location within the organ are described as having a major 

influence (Maacha et al. 2020; De Spiegelaere et al. 2012; Albertin et al. 2009; Ribatti et al. 

2002; Blacher et al. 2001). Furthermore, differences were shown in between EC batches 

isolated from micro- and macrovasculature. It is suggested that their dissimilar expression 

profiles result in a divergent angiogenic behaviour regarding their differentiation, response to 

technical manipulations and interactions with other cells (Bahramsoltani et al. 2014; De 

Spiegelaere et al. 2012; Burri et al. 2004). Additionally, the process of in vitro cultivation, e.g. 

repeated passaging, coating of culture plates and media composition, was found to highly 

influence the angiogenic potency of cells (Guerrero et al. 2021; Marrelli et al. 2011; Staton et 

al. 2009; Auerbach et al. 2003). However, ECs within one culture and being cultivated under 

the same environmental conditions are able to display differences in their angiogenic 

behaviour, concluding that major effecting factors derive from both: the environment and each 

individual EC (Sievers et al. 2015; Sievers et al. 2011).  
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2.3.1 Non-angiogenic endothelial cells 

The appearance of non-angiogenic ECs is still a conundrum in the research field of 

angiogenesis. Rarely information is given about their cellular characteristics, influencing 

factors and molecular mechanisms. Regarding extrinsic factors stimulating the non-angiogenic 

phenotype, it was shown that inflammatory cytokines induce their emergence in vitro and in 

vivo (Huinen et al. 2021; Naschberger et al. 2005). Furthermore, it was stated that intense 

isolation and harvesting procedures carried out in labs affect the in vitro angiogenic potency 

and might lead to a non-angiogenic phenotype (Guerrero et al. 2021; Marin et al. 2001). 

Additionally, divergent cultivational conditions might cause a phenotypic change to non-

angiogenic. Despite them still expressing angiogenic factors, researchers suggest that these 

ECs are able to undergo a transdifferentiation into other cell types, e.g. monocytes, 

macrophages and pericytes (Antohe 2006; Zhu et al. 2006; Sommer et al. 2005). Moreover, 

unknown intrinsic factors of each individual EC affect the angiogenic potency. Even under the 

same microenvironmental conditions, different ECs showed variations in their angiogenic 

potency (Sievers et al. 2015; Aird 2012; Sievers et al. 2011; Zhu et al. 2006). Several studies 

state special features among non-angiogenic ECs. It has been shown that factors, like Rho 

GTPases inhibitor CDC42GAP is highly expressed in ECs with low angiogenic potency 

(Engelse et al. 2008). Furthermore, an excessive intracellular storage of lipids was found, 

indicating a dissimilar lipid metabolism in contrast to angiogenic ECs (Sievers et al. 2015). In 

order to detect potential marker proteins for angiogenic and non-angiogenic ECs, proteome 

expression profiles of two batches of angiogenic microvascular ECs and two non-angiogenic 

batches were determined. Seven proteins were found solely in angiogenic ECs and only one 

protein exclusively in non-angiogenic ECs (Bahramsoltani et al. 2013). 

S-adenosylmethionine synthetase isoform type 2 (MAT2A) represents the protein which 

was solely detected in non-angiogenic ECs (Bahramsoltani et al. 2013). MAT2A is an essential 

enzyme related to cell metabolism. Among body tissues, MAT2A is mostly encoded by MAT2A-

gene determining the abbreviation “MAT2A”. Only in liver cells, the enzyme is expressed via 

MAT1A-gene (Wang et al. 2024; Li et al. 2022; Firestone and Schramm 2017; Shafqat et al. 

2013). Primarily it catalyses the reaction of methionine and adenosine triphosphate (ATP) in 

the methionine cycle. Therefore, it is a rate-limiting enzyme synthesizing S-

adenosylmethionine (SAM). SAM is an important compound participating in the syntheses of 

polyamines, homocysteine and reduced glutathione (Yang et al. 2024a; Pascale et al. 2022). 

Furthermore, it is highly implicated in methyl transfer reactions involving proteins, lipids and 

nucleic acids, serving as a major methyl donor (Shafqat et al. 2013). Hence, it regulates cellular 

processes, such as maturation and differentiation of cells induced by DNA-methylation as well 

as migration and proliferation of cells by DNA-hypomethylation (Pascale et al. 2022; Chen et 
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al. 2021; Zhang 2018; Sahin et al. 2010). It has been observed accordingly in ECs. They 

displayed a reduced capacity of migration and proliferation by implementing SAM (Banerjee 

and Bacanamwo 2010; Sahin et al. 2010). In contrast, an increased VEGF-A expression and 

differentiation of cells was detected when inhibiting DNA-methylation (Banerjee and 

Bacanamwo 2010). These findings lead to the suggestion of MAT2A mainly having an anti-

angiogenic effect on ECs. 

2.3.2 Angiogenic endothelial cells 

Most ECs used in labs are considered to be angiogenic, resulting in a frequent use and intense 

analysis. As already mentioned, most in vitro models do not determine the angiogenic potency 

of ECs. Therefore, results must be taken with caution. Numerous angiogenic factors are 

identified to directly stimulate cells to differentiate to angiogenic ECs and undergo the 

angiogenic cascade. Among them, there are members of fibroblast growth factor (FGF) family, 

angiogenin, transforming growth factor alpha and beta (TGF-α and -β), vascular permeability 

factor/vascular endothelial growth factor (VPF/VEGF), interleukins, chemokines, tumour 

necrosis factor alpha (TNF- α) and angiopoietins (Lopes-Coelho et al. 2021; Khoury and 

Ziyadeh 2011; Kuwano et al. 2001). These extrinsic factors interact mainly with respective 

intrinsic factors expressed by ECs, such as VEGF-, FGF- and tyrosine kinases-receptors 

(Zafer et al. 2022; Bouïs et al. 2006; Sato et al. 1995). Furthermore, it was shown that only 

angiogenic ECs are able to synthesise and effectively secrete certain components of the 

basement membrane, i.e. collagen type IV and laminin, in comparison to non-angiogenic 

(Sievers et al. 2015; Bahramsoltani et al. 2014; Sievers et al. 2011). When searching for 

markers identifying angiogenic ECs, it was found that CD 143 expression is lower in angiogenic 

ECs in comparison to non-angiogenic ECs (Silva et al. 2014). Moreover, previously mentioned 

proteomic approach detected seven proteins which were only found in angiogenic EC batches 

(Bahramsoltani et al. 2013). 

Vimentin (VIM) was one of the seven proteins being detected in angiogenic ECs 

(Bahramsoltani et al. 2013). VIM is a type III intermediate filament protein which is abundant 

in all major human tissues (Danielsson et al. 2018). As one of the components of the 

cytoskeleton, it mainly effects cell mechanics and motility. Furthermore, it is highly involved in 

intracellular and extracellular signalling pathways affecting cell growth, wound healing, and 

lipogenesis. Extracellular vimentin was found to be a marker of circulating tumour cells and 

mediate cell invasion of viruses and bacteria (Zhao et al. 2024; Paulin et al. 2022; Patteson et 

al. 2020; Danielsson et al. 2018). Regarding ECs, VIM was identified as a marker for immature 

angiogenic blood vessels (Van Beijnum et al. 2006). It was shown that VIM expression 

decreased in immature precursor cells with maturation (Nowak-Sliwinska et al. 2018; Van 
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Beijnum et al. 2006). By modulating cell shape and stabilizing cell-matrix adhesion, it is 

suggested to highly influence early stages of angiogenesis, i.e. cell migration and sprouting 

(Danielsson et al. 2018; Antfolk et al. 2017; Dave and Bayless 2014; Tsuruta and Jones 2003). 

Furthermore, in microvascular ECs, VIM expression was shown to be dynamic depending on 

environmental conditions suggesting that cells adjust their cell adhesion and motility to 

environmental stress (Cesari et al. 2020; Liu et al. 2010). When knocking down VIM in mice, 

insufficiencies regarding vessel-remodelling, wound-healing and vasoactivity was detected 

(Patteson et al. 2020; Danielsson et al. 2018; Dave and Bayless 2014). Until today, VIM is 

being analysed to reveal further angiogenic processes which are influenced by this protein 

(Suprewicz et al. 2024; Dayekh and Mequanint 2023). 

Triosephosphate isomerase (TPI) was a further protein found solely in angiogenic ECs 

(Bahramsoltani et al. 2013). TPI is a non-allosteric enzyme which is catalytically active by 

dimerization (Myers and Palladino 2023; Wierenga et al. 2010). It is mostly known for its 

involvement in glycolysis and gluconeogenesis. Hereby it catalyses the conversion of the 

isomers dihydroxyacetone phosphate into D-glyceraldehyde-3-phosphate reversely (Zuo et al. 

2024; Myers and Palladino 2023; Wierenga et al. 2010; Qiu et al. 2007). Due to its glycolytic 

activity, it is interconnected to other metabolic pathways, e.g. lipid metabolism and pentose 

phosphate pathway. Therefore, TPI is an essential enzyme for cell metabolism and is highly 

expressed in all human tissues (Orosz et al. 2009). Recently, numerous other functions, so-

called moonlighting functions, have been described, e.g. it may serve as autoantigen, a factor 

of virulence of some organisms and seafood allergen. Additionally, it is suggested to be 

involved in cell cycle, leading to cell proliferation (Werelusz et al. 2024; Myers and Palladino 

2023; Rodríguez-Bolaños and Perez-Montfort 2019; Orosz et al. 2009). In angiogenic ECs, it 

was shown that glycolic metabolism was increased to generate energy for cell motility and 

proliferation (Dumas et al. 2020). Furthermore, TPI expression in ECs appeared to be 

stimulated by VEGF and hypoxia (Yetkin-Arik et al. 2019; Yamaji et al. 2004). So far, only rare 

information is given about TPI and its connection to angiogenesis. 
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2.4 Aims and hypothesis of this thesis 

The research field of in vitro angiogenesis still faces tremendous problems regarding their 

reproducibility (Nosrati et al. 2021; Stryker et al. 2019; Nowak-Sliwinska et al. 2018; Russell 

and Burch 1992). A key factor seems to be ECs displaying a vast variety in their angiogenic 

behaviour during the angiogenic cascade (Bahramsoltani et al. 2010; Bahramsoltani and 

Plendl 2007; Bahramsoltani and Plendl 2004). The angiogenic potency of different EC batches 

is mostly unknown and mimicked by the usage of single stage in vitro angiogenesis assays. 

Still, influencing factors raising or reducing the angiogenic potency are unknown and must get 

investigated (Bahramsoltani and De Spiegelaere 2016; Sievers et al. 2011; Bahramsoltani et 

al. 2010; Bahramsoltani and Plendl 2007; Bahramsoltani and Plendl 2004).  

This study aims to determine whether the expression of VIM, TPI and MAT2A respectively is 

related to angiogenesis in vitro in human dermal microvascular endothelial cells (HDMECs). 

Therefore, three main questions were pursued: 

- How is the native expression profile of each protein individually during the course of 

angiogenesis in vitro? 

- Does knocking down each protein solely have an impact on the angiogenic behaviour 

of ECs in vitro? 

- Does knocking down each protein solely have an impact on the expression of the other 

two proteins in vitro? 

Based on literature research and prior studies, VIM and TPI are hypothesizes to arouse pro-

angiogenic effects and raise the angiogenic potency of HDMECs, whereas MAT2A is 

suggested to cause non-angiogenic effects and reduce the angiogenic potency. 
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Abstract

Introduction

In vitro assays of angiogenesis face immense problems considering their reproducibility

based on the inhomogeneous characters of endothelial cells (ECs). It is necessary to detect

influencing factors, which affect the angiogenic potency of ECs.

Objective

This study aimed to analyse expression profiles of vimentin (VIM), triosephosphate isomer-

ase (TPI) and adenosylmethionine synthetase isoform type–2 (MAT2A) during the whole

angiogenic cascade in vitro. Furthermore, the impact of knocking down vimentin (VIM) on

angiogenesis in vitro was evaluated, while monitoring TPI and MAT2A expression.

Methods

A long–term cultivation and angiogenic stimulation of human dermal microvascular ECs

was performed. Cells were characterized via VEGFR–1 and VEGFR–2 expression and a

shRNA–mediated knockdown of VIM was performed. The process of angiogenesis in vitro

was quantified via morphological staging and mRNA–and protein–levels of all proteins were

analysed.

Results

While native cells ran through the angiogenic cascade chronologically, knockdown cells

only entered beginning stages of angiogenesis and died eventually. Cell cultures showing a

higher VEGFR–1 expression survived exclusively and displayed an upregulation of MAT2A

and TPI expression. Native cells highly expressed VIM in early stages, MAT2A mainly in the

beginning and TPI during the course of angiogenesis in vitro.
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Conclusion

VIM knockdown led to a deceleration of angiogenesis in vitro and knockdown cells displayed

expressional changes in TPI and MAT2A. Cell populations with a higher number of stalk

cells emerged as being more stable against manipulations and native expression profiles

provided an indication of VIM and MAT2A being relevant predominantly in beginning stages

and TPI during the whole angiogenic cascade in vitro.

Introduction

Angiogenesis is described as the growth and remodelling of new blood vessels from pre–exist-

ing ones [1–3]. During sprouting angiogenesis in vivo, vascular basement membrane degrades

and endothelial tip cells migrate towards an angiogenic stimulus such as vascular endothelial

growth factor A (VEGF-A). VEGF-A initiates tip cell activation and migration via vascular

endothelial growth factor receptor–2 (VEGFR–2), which is abundant on filopodia. Induced by

the expression of vascular endothelial growth factor receptor–1 (VEGFR–1), endothelial stalk

cells elongate the sprout via proliferation. An internal lumen is being built and endothelial

phalanx cells synthesise a new basement membrane, resulting in a mature vessel [3, 4].

The ability to run through these processes is indispensable for many pathological events,

like tumour growth, ischemia and cardio vascular diseases [3]. Current effort in the research

field of angiogenesis is focusing on tissue engineering and wound healing [5–7]. According to

the 3Rs principle of replacing, reducing and refining animal experiments of Russel and Burch

[8] and with the aim to reduce time and cost, in vitro models of angiogenesis are used fre-

quently. However, due to the absence of a gold standard for these assays and the inhomoge-

neous character of endothelial cells (ECs), in vitro assays still face immense problems

considering their reproducibility [6, 9–12].

Most in vitro assays cover only single stages of angiogenesis, e.g. migration, proliferation or

tube formation [9, 10, 13]. However, the capacity of ECs to get stimulated for specific assays

does not necessarily represent their potential to undergo the whole angiogenic cascade. While

establishing an all–in–one assay, that comprises all stages of angiogenesis, it was shown that

several batches of capillary–derived primary cell cultures of human microvascular endothelial

cells display differences in their angiogenic potency. Irrespective of distributor recommended

conditions of growth stimulation and cultivation, not all cells were able to undergo all stages of

angiogenesis, resulting in the classification of ECs into angiogenic and non–angiogenic [14–

17]. In order to investigate molecular differences and determine potential marker proteins,

Bahramsoltani et al. [18] generated protein expression profiles of angiogenic and non–angio-

genic ECs. By evaluating the expression patterns, seven proteins were found exclusively in

angiogenic batches and only one protein in non–angiogenic. For this study, three proteins

were determined to undergo further analysis.

Among the seven proteins found in angiogenic ECs, vimentin (VIM) is the most explored

protein regarding its role in angiogenesis. The type III intermediate filament protein belongs

to a protein family, which is mainly responsible for cell shape and motility. Therefore, VIM is

shown to be expressed in all major human tissues, especially in highly proliferative and undif-

ferentiated cells [19]. Besides its influence on the cell skeleton, VIM is described as a multi-

functional protein that is involved in intracellular and extracellular signalling pathways and in

mediating host cell invasion for viruses, including SARS–CoV, and different bacteria [20].

Considering angiogenesis, VIM is already established as a marker for immature angiogenic

PLOS ONE Expression of VIM, TPI and MAT2A during angiogenesis in vitro
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blood vessels [21]. By effecting the cytoskeleton and stabilizing the cell–matrix adhesion, it is

highly involved in angiogenesis, especially during cell migration [19, 22] and sprouting [23,

24]. While passing the angiogenic cascade, it was shown that the expression of VIM in imma-

ture precursor cells decreased with maturation [10, 21]. Further studies showed the dynamic

in VIM expression that may represent an adaptive mechanism of microvascular endothelial

cells to stress. It may help cells to adjust their cell adhesion and motility to environmental con-

ditions [25, 26]. Furthermore, knocking down models in mice led to insufficiencies in wound–

healing, vessel remodelling and vasoactivity, without exposing the affected components and

mechanisms. Up until today, the specific role of VIM in dermal angiogenesis is not fully

revealed [19, 20, 23].

As a further protein, triosephosphate isomerase (TPI) was solely expressed in angiogenic

ECs [18]. TPI is a glycolytic enzyme, which reaches its full catalytic activity by dimerization. It

converts the isomers dihydroxyacetone phosphate into D–glyceraldehyde–3–phosphate

reversely [27, 28]. Due to its involvement in glycolysis and gluconeogenesis, TPI establishes a

connection to other metabolic mechanisms, i.e. lipid metabolism and pentose phosphate path-

way. It represents an essential enzyme for cell metabolism which is highly present in all differ-

ent kinds of human tissues [29]. It was demonstrated that stimulation of TPI induces an

increase in ATP and leads to cell proliferation [28], a pivotal step in angiogenesis. In capillary

ECs, it was shown that TPI expression was upregulated by induction of hypoxia [30]. Gener-

ally, there is hardly any information about TPI and its role in angiogenesis.

According to the proteomic approach of Bahramsoltani et al. [18], only one protein was

found exclusively in non–angiogenic ECs, i.e. S–adenosylmethionine synthetase isoform type–

2 (MAT2A). This enzyme is related to cell metabolism and is encoded by two genes, MAT1A–

gene and MAT2A–gene. While MAT1A–gene is mostly expressed in liver tissue, MAT2A–

gene is widely distributed in human tissues [31]. MAT2A is a highly conserved enzyme synthe-

sising S–adenosylmethionine (SAM) by catalysing the reaction of methionine and adenosine

triphosphate (ATP). SAM is a well–established and highly important compound, which serves

as the major methyl donor in most methyl transfer reactions, including the methylation of pro-

teins, nucleic acids and lipids [32]. Molecular methylation tends to have mainly regulatory

functions, e.g. DNA–methylation results in the activation of cells to undergo maturation and

differentiation [33]. Alternatively, hypomethylation of DNA promotes cells to migrate and

proliferate. In ECs, the downregulation of DNA–methylation displayed an increase in VEGF–

A expression resulting in a higher angiogenic potential [34]. In contrast, by increasing DNA–

methylation due to implementation of SAM, ECs show a decreasing capacity to build capil-

lary–like structures. This compound prevents ECs to undergo migration and proliferation [33,

34]. Until today, there is still rarely information about the enzyme S–adenosylmethionine syn-

thetase isoform type–2 relating to ECs.

The aim of the present study was to determine the impact of knocking down VIM in

human dermal microvascular endothelial cells (HDMECs) during the angiogenic cascade in
vitro. Within this process, expressional changes in TPI and MAT2A mRNA and protein levels

were analysed. Furthermore, the experimental setup was designed to exhibit time–dependant

fluctuations in VIM, TPI and MAT2A expression during angiogenesis in vitro.

Cells, materials and methods

Plasmids, primers and shRNA

Initially, five constructs were designed for the expression of short hairpin RNA targeting

VIM–mRNA (shVIM). The generation of shVIM was carried out as previously described for

FoxP2 [35]. In brief, the linear DNA coding for the constructs of shVIM was structured sense–

PLOS ONE Expression of VIM, TPI and MAT2A during angiogenesis in vitro
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loop–antisense. The loop sequence was GTGAAGCCACAGATG. The knockdown efficiency of

each hairpin construct was tested in HEK 293T cells in vitro. Concurrently, an overexpression

of VIM, tagged with V5 epitope was induced (VIM+, shown in S1 Table). By using V5 antibod-

ies (Abcam, Cambridge, UK, ab15828, 1:5,000) as primary and Rabbit IgG (GE Healthcare,

Freiburg, Germany, NA9340, 1:10,000) as secondary antibodies, Western blot analysis deter-

mined the construct with the strongest reduction in VIM expression (shVIM target sequence

GGCACGTCTTGACCTTGAACG). The DNA fragments were subcloned into the lentiviral

expression vector pFUGW, that was modified by the addition of an U6 promotor with the aim

to raise its expression efficacy [36]. For visual infection control, the modified vector contained

the information for enhanced green fluorescent protein (eGFP). Additionally, a nontargeting

hairpin (shSCR target sequence GAGAGCCGTCCCGGTCTATTA) was subcloned into the vector

to be used as a control. The generation of lentivirus was implemented as previously published

[36]. Viral titers were maintained in the range of 1–3 x 107 IU/μl and viral particles were added

to the cells in a 50–fold concentration.

Cells, media and cultivation

Two batches of human microvascular endothelial cells derived from neonatal foreskin (HD1

and HD2) were acquired from LONZA Bioscience (Basel, Switzerland, HMVEC–dBl–Neo,

Cat. No. CC–2813). Endothelial cell population was guaranteed by the distributor’s certified

analysis of CD31/105 and von Willebrand Factor VIII expression and positive uptake for acet-

ylated low density lipoprotein. EBMTM–2 Endothelial Cell Growth Basal Medium–2 (LONZA,

Basel, Switzerland, Cat. No. CC–00190860) was used as a basal medium (BM). For facilitating

cell survival and provoking an angiogenic response, EGMTM–2 MV Microvascular Endothelial

SingleQuotsTM Kit (LONZA, Basel, Switzerland, Cat. No. CC–4147) was added to the BM,

resulting in a proangiogenic medium including 5% Fetal Bovine Serum, 0.4% Fibroblast

Growth Factor–B, 0.1% Vascular Endothelial Growth Factor, 0.1% Epidermal Growth Factor,

0.1% Insulin–like Growth Factor 1, 0.1% Ascorbic Acid, 0.1% Gentamicin sulfate–Amphoteri-

cin B and 0.04% Hydrocortisone. Refreshing of media was executed twice weekly.

In vitro angiogenesis assay

12 wells of each 24-well-culture plate (Corning Life Sciences, Amsterdam, Netherlands, Cat.

No. 3738) were covered with 0,5μl gelatine (Sigma Aldrich, St. Louis, MO, USA, Cat. No.

G6144, 1,5% in PBS) for 20 minutes, before ECs of both batches were seeded, respectively.

Cells were used in third passage in a concentration of 4.5 x 104 cells per well. In total 4.86 x 106

cells were cultured in 108 wells per batch. ECs were incubated for up to 50 days at 37˚C in a

5% CO2 humidified atmosphere (INCO2/1, Memmert GmbH & Co. KG, Schwabach, Ger-

many). On the first day of cultivation, cells of both batches were divided into three groups

each. One third of cultivated ECs were infected with lentiviral particles, initiating the knock-

down of VIM (sh1, sh2). By using a nontargeting hairpin, the second group represented the

control group (SCR1, SCR2) and the last group consisted of native cells (N1, N2). Phase–con-

trast microscopy was carried out using an inverted microscope (LEICA DMi8; Leica Microsys-

tems, Wetzlar, Germany). Angiogenesis in vitro was quantified according to the previously

established all–in–one angiogenesis assay [14–17, 37]. Therefore, two central and two marginal

visual fields per well were randomly defined per coordinates on the first day of investigation.

Digital pictures of each of these visual fields were taken twice a week by using LEICA MC170

HD video camera (Leica Microsystems, Wetzlar, Germany) and the imaging and analysis soft-

ware Leica Application Suite X (LAS X Version 3.4.2, Leica Microsystems, Wetzlar, Germany).

Based on cell morphology in the micrographs, ECs were assigned to their respective stage of
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angiogenesis in vitro (Table 1, [16]). In an entire period of 50 days of cultivation, ECs of all

groups were staged at 14 investigation days. For each visual field, the sum of allocated stages of

all 14 investigation days (Sgroup) was calculated. Within each group in both batches, the arith-

metic mean of the sums of the visual fields were computed (Sgroup).

Quantitative analysis of VIM, TPI, MAT2A, VEGFR–1 and VEGFR–2

transcripts via RT–qPCR

Cells were harvested at days 1, 5, 25 and 50 by using Hydroxyethylpiperazine Ethane Sulfonic

acid, Trypsin/EDTA and Trypsin Neutralisation Solution (LONZA, Basel, Switzerland,

ReagentPackTM Subculture Reagents, Cat. No. CC–5034). Instantaneously after centrifugation,

cell pellets were deeply frozen in liquid nitrogen. Total RNA was isolated using Total RNA Kit,

peqGold (Peqlab/VWR, Darmstadt, Germany, Cat. No. 12–6834). Remaining DNA was

digested via TURBOTM DNase (ThermoFisher Scientific, Bremen, Germany, Cat. No.

AM2238) treatment. Isolated RNA was reverse transcribed using SuperScript IV Reverse Tran-

scriptase (ThermoFisher Scientific, Bremen, Germany, Cat. No. 18091050) and quantitative

PCR was performed with Rotor–Gene 6000 (Qiagen, Hilden, Germany) and Rotor–Gene Q

2.3.5 software. All samples were run in triplicates under use of Maxima SYBR Green qPCR

Master Mix (2x) (ThermoFisher Scientific, Bremen, Germany, Cat. No K0223). Based on the

standard curve method of comparative quantification, a standard curve for every gene was

generated to determine the amplification efficiency and the calibrator sample. Initially, four

reference genes were tested. Using the GeNorm software [38], SDHA and GAPDH were iden-

tified as the most stable reference genes and were used for further normalisation. For the nor-

malisers and the genes of interest, the Ct difference between the test sample and calibrator

sample was calculated and normalized to a normalisation factor of the reference genes after

adjusting for minute variations in amplification efficacy. The primers were designed using

NCBI/Primer–BLAST and are listed in S1 Table.

Western blot analysis

After harvesting at day 5, 15, 25 and 50 as described above, cell pellets were resuspended in M–

PerTM Mammalian Protein Extraction Reagent (ThermoFisher Scientific, Bremen, Germany,

Table 1. Definition of stages of angiogenesis in vitro and description of cell morphology within the different

stages [16].

Stage

no.

Morphology of endothelial cells

Stage 1 Confluent monolayer

Polygonal shaped cells

Stage 2 Endothelial sprouting, late phase

>50% elongated shaped cells

Stage 3 Linear side–by–side arrangement, late phase

>50% linearly arranged cells

Stage 4 Networking

Network of linearly arranged cells

Stage 5 Three-dimensional organisation, early phase

Appearance of capillary–like structures (linear structures of endothelial cells with a diameter of more

than 28 μm; for these structures an internal lumen was shown by electron microscopy)

Stage 6 Three–dimensional organisation, late phase

All linearly arranged cells form capillary–like structures; dissolution of cell layer on the bottom

https://doi.org/10.1371/journal.pone.0266774.t001
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Cat. No. 78501) complemented with HaltTM Protease and Phosphatase Inhibitor Cocktail

(ThermoFisher Scientific, Bremen, Germany, Cat. No. 78440). Protein quantity was measured

via bicinchoninic acid (BCA) method using Bicinchoninic Acid Kit for Protein Determination

(Sigma Aldrich, St. Louis, MO, USA, Cat. No. BCA1). On each detection day, three samples of

each group were collected. 20 μg protein per sample was deployed and separated by 12%

sodium dodecyl sulfate–polyacrylamide gel electrophoresis, followed by electroblotting onto

nitrocellulose paper. Blots were blocked in Tris–buffered saline with 0.1% Tween–20 (TBS–T)

for 1 h at room temperature and incubated over night at 4˚C with primary antibodies targeting

VIM (DAKO, Hamburg, Germany, M7020, 1:500), TPI (Santa Cruz, Heidelberg, Germany,

H–11, 1:200), MAT2A (Santa Cruz, Heidelberg, Germany, B–10, 1:200) and Actin (Novus Bio-

logicals, Centennial, CO, USA, AC–15, 1:5,000). Actin (ACT) served as an internal control.

Subsequently, blots were washed in TBST–T buffer solution. For the detection of VIM and

ACT, blots were incubated with sheep anti–mouse IgG secondary antibody (GE Healthcare,

Freiburg, Germany, NA9310, 1:5,000) for 2 h at room temperature. Considering TPI and

MAT2A, further incubation was unnecessary due to horseradish peroxidase being already

attached to both antibodies. For visualization of proteins, SignalFireTM ECL Reagent (Cell Sig-

nal technology, Frankfurt, Germany, Cat No. 6883), G:BOX Chemi XX6 gel imaging system

(Syngene, Cambridge, UK) and image acquisition software GeneSys (GeneSys V1.56.0, Syn-

gene, Cambridge, UK) was used.

Statistics

Statistical analysis was carried out using the software SPSS Statistics (SPSS Statistics 25, IBM

Corporation, Armonk, NY, USA). By executing the Shapiro–Wilk test, raw data distributions

were tested. Normally distributed data is expressed as mean ± standard deviation and non–

normally distributed data is expressed as median ± standard error. The comparison of two

independent groups was performed with Student’s t test for unpaired data or Mann–Whitney

U test, respectively. For more than two groups, data was analysed with one–way ANOVA and

post hoc Dunn–Bonferroni test. Wilcoxon rang–sum test was used to evaluate changes of two

dependant variables within a group. Statistical significance was defined as p<0.05.

Results

Gene expression of VEGFR–1 and VEGFR–2

For characterization of the cell population, the gene expression of VEGFR–1 and VEGFR–2

was measured in native cells of both batches at day 1, 5, 15, 25 and 50. Median and standard

error of Ct values of all times are shown in the S2 Table. At all points in time, N1 and N2

showed a higher expression of VEGFR–2 than VEGFR–1 (p<0.05). Analysing the median of

VEGFR–1 and VEGFR–2 expression for all points of investigation (Fig 1), VEGFR–2 was sig-

nificantly upregulated compared to VEGFR–1 in both HD1 (p<0.001) and HD2 (p<0.001).

While expression of VEGFR–2 was equal between HD1 and HD2, VEGFR–1 was significantly

higher expressed in HD1 than in HD2 (p<0.01).

Angiogenesis in vitro in N1 and N2

In the beginning of cultivation, native cells of HD1 showed a high cell density (Fig 2A). At day

8, already more than 50% of N1 were linearly arranged, representing stage 3. A three–dimen-

sional organisation, which appears in stage 5, was visible from day 25 onwards (Fig 2B). These

cells were able to run through the whole angiogenic cascade chronologically in a total of 29

days, resulting in the formation of capillary–like structures and the dissolution from the

PLOS ONE Expression of VIM, TPI and MAT2A during angiogenesis in vitro
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bottom of the cell culture in stage 6 (Fig 2C). In contrast, native cells of HD2 displayed a lower

cell density in the beginning of cultivation and less sprouting activity (Fig 3A). Therefore,

more linear side–by–side arrangement was observed. By the networking of linearly arranged

cells, N2 entered stage 4 at day 18. Finally, cells of HD2 reached stage 6 after 25 days of cultiva-

tion (Fig 3B and 3C). For quantification of angiogenesis in vitro, mean values and standard

deviations of sums of assigned stages of angiogenesis (S) were evaluated and compared by

using one–way ANOVA and Dunn–Bonferroni post hoc test. N1 reached a value of SN1 =

56.9 ± 4.3 and N2 of SN2 = 50.5 ± 6.5. By comparing the values between the batches, it was

shown that SN2 is significantly lower than SN1 (p<0.001).

Angiogenesis in vitro in SCR1 and SCR2

The high density of cells of SCR1 was similar to N1 at the beginning of cultivation (Fig 2D).

SCR1 reached stage 3 after 11 days and stage 5 from day 29 onwards (Fig 2E). After a chrono-

logical course of all stages, SCR1 entered stage 6 after 32 days (Fig 2F). By detecting eGFP as an

infection control, the fluorescent signal in SCR1 showed a constant infection until the end of

cultivation (Fig 2DGFP–2FGFP). Cells of SCR2 showed a lower cell density in the beginning of

cultivation in comparison to SCR1 (Fig 3D). During the course of angiogenesis in vitro, less

sprouting but more linear side–by–side arrangement was observed. Cells of the control group

entered stage 4 from day 22 onwards (Fig 3E). At day 18, 25, 32 and 39, cells of SCR2 were less

differentiated than native cells (p<0.05), whereas no more difference was detectable at day 50.

Finally, cells of SCR2 were able to undergo the whole angiogenic cascade until day 43 (Fig 3F).

SCR2 displayed a constant fluorescent signal over the cultivation period (Fig 3DGFP–3FGFP).

By comparing the sums of assigned stages of angiogenesis, it was shown that SSCR2 (SSCR2 =

49.1 ± 6.6) is significantly lower than SSCR1 (SSCR1 = 55.1 ± 5.6, p<0.001).

Fig 1. Gene expression of VEGFR–1 and VEGFR–2 in HD1 and HD2. Median and standard error of gene

expression of VEGFR–1 and VEGFR–2 at all points of investigation in native ECs of HD1 and HD2 are shown.

VEGFR–2 was expressed significantly higher than VEGFR–1 in N1 and N2 (p<0.001). Between the two batches,

VEGFR–2 was expressed equally, whereas VEGFR–1 was expressed significantly higher in HD1 than in HD2 (p<0.01).

Statistical analysis was carried out using Mann–Whitney U test for unpaired data. �p<0.05, ��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0266774.g001
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Angiogenesis in vitro in sh1 and sh2

In the beginning of cultivation, cell density was high in sh1 (Fig 2G). However, from day 15

onwards a rapid and progressive decline in cell density was visible, with cells remaining in

early stages (Fig 2H). At day 29 and following, an increase in cell density was visible. Conse-

quently, cells entered stage 4, visible via the networking of linearly arranged cells. Cells of sh1

did not enter late stages of angiogenesis in vitro during the cultivation period of 50 days (Fig

2I). Detection of eGFP revealed a steady decline over the whole cultivation period. At day 50,

Fig 2. Angiogenesis in vitro of ECs of HD1. Native (a-c), control (d-f) and knockdown group (g-i) including the

eGFP control of SCR1 (dGFP, eGFP, fGFP) and sh1 (gGFP, hGFP, iGFP) at day 5 (a, d, dGFP, g, gGFP), 25 (b, e, eGFP, h, hGFP)

and 50 (c, f, fGFP, i, iGFP) of cultivation are presented. Elongated and linearly arranged cells of stage 2–3 (a, d, g) in all

groups at day 5, was followed in N1 and SCR1 by networking (b, e) and three-dimensional organisation of stage 5–6 (c,

f). The knockdown group showed a decrease (h), followed by an increase in cell density, ending up with networking

structures of stage 4 (i). Control group showed positive eGFP control during the investigation period (dGFP, eGFP, fGFP),

whereas sh1 displayed a reduction in fluorescent signals (gGFP, hGFP, iGFP). Scale bars = 100 μm.

https://doi.org/10.1371/journal.pone.0266774.g002
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eGFP was not verifiable anymore (Fig 2GGFP–2IGFP). While displaying a lower cell density

than sh1 at day one of cultivation, the knockdown of VIM in HD2 resulted in a constant

increase in cell death, beginning at day 8 (Fig 3G and 3H). Due to the persistent decrease in

cell number, staging of angiogenesis was not feasible from day 36 (Fig 3I). Cells of sh2 showed

networking but no further differentiation. In sh2, cell death was also detected via eGFP (Fig

3GGFP–3IGFP). The time–dependant mean values and standard deviations of assigned stages

are shown in S3 Table and the course of angiogenesis in vitro for all groups of both batches

Fig 3. Angiogenesis in vitro of ECs of HD2. Native (a-c), control (d-f) and knockdown group (g-i) of HD2 including

eGFP control of SCR2 (dGFP, eGFP, fGFP) and sh2 (gGFP, hGFP, iGFP) at day 5 (a, d, dGFP, g, gGFP), 25 (b, e, eGFP, h, hGFP)

and 50 (c, f, fGFP, i, iGFP) of cultivation. Elongated shaped cells of stage 2 (a, d, g) in all groups at day 5, was followed in

N2 and SCR2 by networking (b, e) and three-dimensional organisation in stage 5–6 (c, f). The knockdown group

showed a persistent decrease in cell density (h, i). Control group showed positive eGFP control during the

investigation period (dGFP, eGFP, fGFP), whereas sh2 displayed a reduction in fluorescent signals (gGFP, hGFP, iGFP). Scale

bars = 100 μm.

https://doi.org/10.1371/journal.pone.0266774.g003
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(N1, SCR1, sh1, N2, SCR2, sh2) in S1 Fig. By comparing the values of assigned stages of angio-

genesis between both knockdown groups, it was shown that cells of sh2 reached a sum of Ssh2 =

33.5 ± 10.1 and thus a significant lower value than sh1 resulting in Ssh1 = 40.6 ± 9.1 (p<0.001).

Further analysis between groups of the same batch showed, that values of N1 and SCR1 were

significantly higher than sh1 (p<0.001). In HD2, cells of the native group and the control

group reached significantly higher values than sh2 (p<0.001). In both batches, native and the

control groups did not show differences.

Expression of VIM, TPI and MAT2A in N1 and N2

In order to elucidate the expression status of VIM, TPI and MAT2A in different stages of the

angiogenic cascade in vitro, native ECs of both batches were harvested at day 5, 15, 25 and 50

and mRNA and protein levels were measured. VIM mRNA expression was initially persistent

in N1. From day 15 onwards, the expression was downregulated significantly on each detection

day (p<0.05). In N2, VIM decreased continuously at each detection day (p<0.05). Comparing

VIM expression between both batches, N2 displayed a higher expression at day 5, 15 and 50

and a lower expression at day 25 (p<0.05, Fig 4A). On protein level, VIM was detectable in

both batches at each time point similarly (Fig 4B). Between day 5 and day 15, a significant

increase in TPI mRNA expression was observed in N1 and N2 (p<0.05), followed by a stable

expression until day 25. While, N1 showed an uprise in TPI expression until day 50 (p<0.05),

N2 remained stable. TPI on mRNA levels was similar between N1 and N2 at day 5, 15 and 25.

At day 50 TPI was higher expressed in N1 (p<0.05, Fig 4A). Western blot analysis of TPI

showed stable protein levels in N1 and N2 (Fig 4B). MAT2A mRNA expression in N1 was

decreasing from day 5 to 25 (p<0.01) until it remained at this level. In N2, MAT2A showed a

decline in expression between day 5 and day 25, followed by an increase until day 50 (p<0.05).

Expression of MAT2A in N1 was significantly lower at day 5, 15 and 50 and higher at day

25 than in N2 (Fig 4A). In both batches, protein levels were shown to be stable during the

angiogenic cascade (Fig 4B). Median and standard error of protein expression is provided in

S4 Table.

Expression of VIM in sh1 and sh2

In addition to eGFP detection, RT–qPCR and Western blot analysis were used as a knockdown

control. On mRNA levels, it was shown that VIM expression in sh1 was significantly downre-

gulated than in SCR1 on day 5, 15 and 25 (p<0.001). At day 50, no difference was measurable

Fig 4. mRNA and protein expression of VIM, TPI and MAT2A in native cells. A. Expression of VIM, TPI and MAT2A in

native endothelial cells of both batches during the angiogenic cascade. Decreasing expression in VIM and MAT2A and

increasing in TPI was statistically proven under the use of Wilcoxon rang sum test (p<0.05). B. Western blot analysis of

VIM, TPI and MAT2A in native cells of HD1 and HD2 at day 5, 15, 25 and 50. ACT was used as internal control. �p<0.05,
��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0266774.g004
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(Fig 5A). In addition, on protein levels, the knockdown in HD1 was not visible at day 50 any-

more (Fig 5D). In sh2 the VIM mRNA and protein levels were significantly lower at all points

in time (p<0.001, Fig 5A and 5D). Resulting in sh1 and sh2 showing a lack in knockdown effi-

cacy based on eGFP detection, mRNA and protein levels, data of both knockdown groups

regarding day 50 are excluded from further investigations. The comparison of VIM expression

in sh1 and sh2 demonstrated a significantly higher mRNA expression in sh1 at all time points

(p<0.01).

Expression of TPI and MAT2A in sh1 and sh2

To evaluate expressional changes of TPI and MAT2A occurring during the knockdown, sh1

and sh2 mRNA and protein levels were compared with SCR1 and SCR2. TPI mRNA levels

were higher in sh1 than in SCR1 at day 15 (p<0.05) and equally at day 5 and 25, whereas sh2

displayed a decreased expression at day 15 (p<0.001) and 25 (p<0.05) and no difference at day

5 (Fig 5B). By comparing the knockdown groups of both batches, a higher expression of TPI

was detected in sh1 than in sh2 at day 5 and 15 (p<0.05). Both showed equal amounts of TPI at

day 25. On protein levels, TPI was detectable at each day of investigation in both batches. In

HD2 protein bands matched the mRNA expression patterns of sh2 and SCR2 (Fig 5D). In con-

trast, the knockdown group of HD1 showed a significantly higher mRNA expression in

MAT2A than SCR1 at day 5 (p<0.01), whereas sh2 displayed a decreased expression

(p<0.001). At day 15 and 25, no further differences were visible (Fig 5C). These observations

were confirmed on protein levels (Fig 5D). MAT2A was higher expressed in sh2 than in sh1 at

Fig 5. mRNA and protein expression of VIM, TPI and MAT2A in knockdown cells. A. Median and standard error

of relative VIM mRNA expression of sh1, SCR1, sh2, SCR2. VIM was significantly downregulated in sh1 and sh2 at each

investigation day (p<0.001), except of day 50 in sh1. Statistical analysis was carried out using Mann–Whitney U test for

unpaired data. B. Relative mRNA expression of TPI of sh1, SCR1, sh2, SCR2. TPI was significantly upregulated in sh1 at

day 15 (p<0.05) and downregulated in sh2 at day 15 (p<0.001), and 25 (p<0.05). Statistical analysis was carried out

using Mann–Whitney U test for unpaired data. C. Median and standard error of relative MAT2A mRNA expression of

sh1, SCR1, sh2, SCR2. MAT2A was significantly upregulated in sh1 (p<0.01), and downregulated in sh2 at day 5

(p<0.001). Statistical analysis was carried out using Mann–Whitney U test for unpaired data. D. Western blot analysis

of VIM, TPI and MAT2A in sh1, SCR1, sh2, SCR2 at day 5, 15, 25. ACT was used as internal control. �p<0.05,
��p<0.01, ���p<0.001.

https://doi.org/10.1371/journal.pone.0266774.g005
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day 5 (p<0.05) and equal at the other investigation days. Median and standard error of protein

expression are provided in S4 Table.

Discussion

Up until today, reproducibility is still an issue of concern in the research field of angiogenesis

in vitro [6, 9–12]. ECs display an immense diversity in their behaviour during the angiogenic

cascade [14–16]. It is necessary to investigate influencing factors that raise or reduce their

angiogenic potency, respectively. Therefore, in this study the impact of knocking down VIM

on angiogenesis in vitro was explored, meanwhile expressional changes in TPI and MAT2A

were detected. Furthermore, native expression profiles of VIM, TPI and MAT2A were deter-

mined during the whole angiogenic cascade in vitro.

Native groups of HD1 and HD2 were able to undergo every stage of angiogenesis chrono-

logically, resulting in the classification of both batches as being angiogenic ECs. By comparing

the mRNA expression patterns of VEGFR–1 and –2 between both batches, it was notifiable

that VEGFR–1 was significantly higher expressed in HD1 than in HD2. While VEGFR–2 is

predominantly expressed in tip cells, higher levels of VEGFR–1 mRNA are detectable in stalk

cells [4, 16, 39, 40]. Therefore, it can be supposed, that the cell population of HD1 comprised a

higher amount of stalk cells than the cell culture of HD2. During the course of angiogenesis,

stalk cells are responsible to elongate the sprout by extensive proliferation [4, 41]. Based on the

higher proliferative character of HD1, N1 showed a greater cell density at the beginning of cul-

tivation. Furthermore, it was shown that a low expression level of VEGFR–1 accelerates angio-

genesis in vitro induced by VEGF–A [16], which was visible by N2 entering stage 6 earlier than

N1. Additionally, the sum of assigned stages of angiogenesis in N1 (SN1 ) and N2 (SN2 ), in SCR1

(SSCR1 ) and SCR2 (SSCR2 ) and in sh1 (Ssh1 ) and sh2 (Ssh2 ) showed significantly higher values for

all groups of HD1, most likely resulting from the described cell type populations.

In N1 and N2, VIM displayed a similar decreasing mRNA expression pattern as previously

described in immature precursor cells [10, 21]. It was highest expressed in the beginning stages

of angiogenesis in both batches while cells were morphologically staged to phases 2 and 3. This

strengthens the assumption of VIM having an impact on early steps of the angiogenic cascade

in HDMECs by influencing the cytoskeleton for adhesion, migration and sprouting [19, 22–

24]. Mechanisms which are strongly related to endothelial tip cells. So is VIM recently

described as a positive marker for epicardial tip cells [42]. By N2 inheriting a smaller amount

of stalk cells within their population, this might be the reason for them displaying a higher

mRNA expression of VIM than N1. Considering TPI, it was found to be upregulated in the

beginning of the angiogenic cascade in vitro, followed by a stable mRNA expression in N2 and

a final uprise in N1. TPI is involved in the glycolytic metabolism. In various stages of angiogen-

esis, e.g. proliferation, migration and tube formation, a high ATP supply is necessary [28, 43,

44], which might have led to the upregulation and constant expression of TPI. Expression lev-

els of TPI were equal between both batches, except of a significantly higher mRNA level in N1

at day 50 which might be caused due to their higher proliferative character. During these steps,

cells require energy for coordinating the formation of tube–like structures while maintaining

barrier integrity [45] which was most likely intensified by N1 displaying a higher number of

cells. Furthermore, MAT2A was significantly downregulated considering its mRNA expres-

sion in both batches during the angiogenic cascade, most strongly in the beginning. As previ-

ously described, MAT2A–activity induces the downregulation of the angiogenic potency of

ECs and the initiation of maturation by synthesising SAM [33, 34]. By the cells reducing the

expression of MAT2A, they might have intended to increase their angiogenic potency in order

to differentiate and undergo the angiogenic cascade. The higher amount of stalk cells in N1
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might have been the reason for the significantly lower expression of MAT2A in N1 than in N2.

By showing an accelerative course of angiogenesis, N2 entered stages of maturation earlier

than N1, which might have led to a lower MAT2A mRNA expression level at day 25 followed

by a significant uprise at day 50. For validating the impact of TPI and MAT2A on the angio-

genic cascade in vitro, further investigations must be initiated.

Over the whole cultivation period of 50 days, the infection appeared to be successful and

persistent. Both, SCR1 and SCR2, were able to enter all stages of the angiogenic cascade, includ-

ing eGFP positive structures. Additionally, protein levels and quantifying angiogenesis dis-

played no differences between N1 (SN1 ) and SCR1 (SSCR1 ), N2 (SN2 ) and SCR2 (SSCR2 ). However,

a delay in entering the stages of angiogenesis in vitro was detectable in SCR2, while morpholog-

ical staging of SCR1 was mostly equal to N1, concluding that the infection with viral particles

might have affected SCR2 more intensely than SCR1. As previously described, lentiviral trans-

duction can have an adverse effect on cell proliferation, depending on the target cell [46]. With

SCR2 having less stalk cells and showing a less proliferative character, this might be the reason

for them being influenced more intensely by manipulations.

The downregulation of VIM expression led to cell death of infected cells in both cultures.

Via the protein Rudhira/Breast Carcinoma Amplified Seqence 3, VIM is linked to microtu-

bules, resulting in the stabilization of the cytoskeleton, which is essential for focal adhesion

and cells migration [20, 47]. ECs are adherent cells, for which it is necessary to create cell–cell

and cell–matrix connections for stability, communication and differentiation [19, 48]. By

knocking down VIM, ECs were most likely not able to build a stable cell layer for interaction

and further developments, resulting in cell death. While cells of sh2 were dying progressively,

sh1 recovered from cell loss. The higher amount of stalk cells in sh1 might have facilitated an

increase in cell density and enabled further differentiations. It can be supposed that due to

their proliferative character, sh1 showed a greater cell number of uninfected cells which led to

a generally higher mRNA expression of VIM in sh1 than in sh2. Regarding the angiogenic cas-

cade, a part of the infected cells of both knockdown groups were able to enter stage 4 as a maxi-

mum, suggesting that cells still owned native VIM. In sh1, the number of uninfected cells

increased, so that no reliable interpretations about VIM were possible anymore. However,

quantitation of angiogenesis stated the deceleration of angiogenesis in both batches, by the

sum of assigned stages for the knockdown groups (Ssh1 ; Ssh2 ) being significantly smaller than

the control (SSCR1 ; SSCR2 ) and the native group (SN1 ; SN2 ). This leads to the assumption that VIM

raises the angiogenic potency of HDMECs in vitro and is essential for cell survival.

Comparing sh1 and sh2 with SCR1 and SCR2, sh1 displayed a significantly higher TPI

mRNA expression than SCR1 at day 15. An increase in TPI was already related to a cellular

stress response, in order to upregulate cellular energy metabolisms [30]. While TPI is upregu-

lated in sh1, sh2 displayed a significant decrease in protein and mRNA levels at day 15 and 25.

From day 8 onwards, a persistent death of ECs in sh2 was detectable. As previously described,

cell death leads towards a dysregulation of metabolisms, resulting in no further metabolic

activity [49]. This impact on cell metabolism might have caused the lower expression of TPI in

sh2 in comparison with sh1 at day 5 and 15. Suggesting that MAT2A influences ECs via SAM-

mediated methylations, the upregulation in MAT2A expression in sh1 at day 5 might be a sup-

port mechanism to reduce angiogenic activity. Contrarily, the cell population of sh2might have

intended to decrease cellular SAM levels by downregulating MAT2A at day 5. It was shown

that SAM inhibits mitogenic effects of growth factors, with the aim of recovering damaged

cells [50].
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Conclusion

This study stated that different endothelial cell batches, which are isolated from the same tis-

sue, acquired from the same distributor and being cultivated under the same conditions, show

different morphologies during the angiogenic cascade in vitro. Despite being characterized as

angiogenic cultures, both batches vary tremendously in their behaviour of compensating with

manipulations. By knocking down of VIM, the cell population with the higher number of stalk

cells was able to increase in cell density and upregulated TPI and MAT2A expression. In con-

trast, cell population with less stalk cells died continuously, going along with the downregula-

tion of TPI and MAT2A expression. Generally, VIM knockdown decelerated angiogenesis in
vitro and resulted in cell death in both batches, concluding that VIM might be an essential pro-

tein for the angiogenic cascade and cell survival of ECs. Additionally, it was shown that VIM

and MAT2A were highest expressed in beginning stages of angiogenesis in vitro, followed by a

low-level expression. Concurrently, TPI was first upregulated and subsequently stably

expressed during the course of angiogenesis. In order to validate the connection between the

three proteins and to determine the impact of TPI and MAT2A on angiogenesis, it is necessary

to do further research, i.e. knocking down of TPI and of MAT2A. Moreover, the specific

mechanisms, on how these proteins affect ECs during angiogenesis in vitro must be analysed.

Supporting information

S1 Fig. Stages of angiogenesis in vitro of HDMECs. Native groups (N1, N2), control groups

(SCR1, SCR2) and knockdown groups (sh1, sh2) are presented. Mean values are calculated for 4

visual fields of 4 wells per culture at 14 detection days during a cultivation period of 50 days.
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S1 Table. List of primers used for overexpression (VIM+) and RT–qPCR. Genes of interest: qVIM, qMAT2A, qTPI, qVEGFR–1 and qVEGFR–2; reference genes: succinate 
dehydrogenase complex, subunit A (qSDHA), hydroxymethylebilane synthase (qHMBS), glyceraldehyde–3–phosphate dehydrogenase (qGAPDH) and TATA box binding 
protein (qTBP). 

 

 

Target Gene Orientation Primer sequence (5’ – 3’) Amplicon length (bp) Annealing Temperature (°C) 

VIM+ forward GCGGGATCCGCCACCATGTCCACCAGGTCCGTGTCC 101 69 
 

  reverse GCGGAATTCAATTCAAGGTCATCGTGATG 

qVIM forward GGCACGTCTTGACCTTGAAC 110 64 

  reverse GTTCCTGAATCTGAGCCTGC 

qTPI forward TGGCATCACTGAGAAGGTTG 122 63 

  reverse TTGCAGTCTTGCCAGTACCA 

qMAT2A forward CTGGCAGAACTACGCCGTAATG 116 66 

  reverse GTGTGGACTCTGATGGGAAGCA 

qSDHA forward CAAACTCGCTCTTGGACCTG 118 64 

  reverse ACAGATTCTTCCCCAGCGTT 

qHMBS forward TGCCAGAGAAGAGTGTGGTG 101 62 

  reverse GAGGTTTCCCCGAATACTCC 

qGAPDH forward ACACCCACTCCTCCACCTTT 99 62 

  reverse TGCTGTAGCCAAATTCGTTG 

qTBP forward GAGCTGTGATGTGAAGTTTCC 118 61 

  reverse TCTGGGTTTGATCATTCTGTAG 

qVEGFR–1 [16]  forward GACCTGGAGTTACCCTGATGAAA 76 60 

  reverse GGCATGGGAATTGCTTTGG 

qVEGRF–2 [16] forward CACCACTCAAACGCTGACATGTA  95 60 

  reverse GCTCGTTGGCGCACTCTT  
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S2 Table. VEGFR–1 and VEGFR–2 expression in native ECs of HD1 and HD2. Median and standard error was evaluated at day 1, 5, 15, 25 and 50 of cultivation. By using 
Mann–Whitney U test for unpaired data, it was shown that VEGFR–2 was higher expressed than VEGFR–1 at every point of investigation in both cultures (p<0.05). 

 

  
Day 1 

VEGFR–1      VEGFR–2 

Day 5 

VEGFR–1      VEGFR–2 

Day 15 

VEGFR–1      VEGFR–2 

Day 25 

VEGFR–1      VEGFR–2 

Day 50 

VEGFR–1      VEGFR–2 

N1 
25.92  

± 3.14 

54.42  

± 4.43 

12.37  

± 5.70 

20.98  

± 8.82 

11.63 

± 1.16 

24.47  

± 2.05 

6.16  

± 2.21 

14.72  

± 4.55 

7.44  

± 1.61 

102.94  

± 5.05 

N2 
1.55   

± 0.70 

8.56  

± 1.77 

8.26  

± 1.90 

40.26  

± 5.24 

10.29  

± 0.83 

62.06  

± 3.69 

5.24  

± 1.34 

18.33  

± 3.67 

5.22  

± 1.11 

16.09  

± 2.30 
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S3 Table. Morphologically assigned stages of angiogenesis in vitro. Mean values and standard deviation for all groups of both batches at 14 detection days over the cultivation 
period of 50 days are presented. 

 

 Day 4 Day 8 Day 11 Day 15 Day 18 Day 22 Day 25 Day 29 Day 32 Day 36 Day 39 Day 43 Day 46 Tag50 

N1 2.25 2.63 2.75 2.88 3.13 3.88 4.63 5.63 5.75 5.75 6.00 6.00 6.00 6.00 

 ± 0.46 ± 0.52 ± 0.46 ± 0.35 ± 0.64 ± 0.35 ± 0.52 ± 0.52 ± 0.46 ± 0.46 ± 0.00 ± 0.00 ± 0.00 ± 0.00 

SCR1 2.13 2.38 2.75 3.00 3.50 3.75 4.13 4.75 5.50 5.63 5.75 6.00 6.00 6.00 

 ± 0.35 ± 0.52 ± 0.46 ± 0.53 ± 0.76 ± 0.46 ± 0.35 ± 0.46 ± 0.53 ± 0.52 ± 0.46 ± 0.00 ± 0.00 ± 0.00 

sh1 1.75 2.13 2.13 2.50 2.25 2.38 2.63 3.50 3.63 3.88 4.13 4.13 4.13 4.13 

 ± 0.46 ± 0.35 ± 0.35 ± 0.53 ± 0.46 ± 0.52 ± 0.74 ± 0.76 ± 0.74 ± 0.83 ± 0.35 ± 0.35 ± 0.35 ± 0.35 

N2 1.75 2.00 2.25 2.50 3.75 4.13 5.63 5.75 6.00 6.00 6.00 6.00 6.00 6.00 

 ± 0.46 ± 0.00 ± 0.71 ± 0.93 ± 0.71 ± 0.64 ± 0.74 ± 0.46 ± 0.00 ± 0.00 ± 0.00 ± 0.00 ± 0.00 ± 0.00 

SCR2 1.50 1.63 1.75 2.13 2.50 3.50 4.13 4.75 4.88 5.00 5.13 5.63 5.75 5.88 

 ± 0.53 ± 0.52 ± 0.46 ± 0.83 ± 0.93 ± 0.93 ± 0.99 ± 0.46 ± 0.35 ± 0.00 ± 0.35 ± 0.52 ± 0.46 ± 0.35 

sh2 1.25 1.75 1.88 2.00 2.13 1.88 2.38 3.50 3.50 – – – – – 

 ± 0.46 ± 0.46 ± 0.64 ± 0.53 ± 0.64 ± 0.64 ± 0.52 ± 0.93 ± 0.93 – – – – – 
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S4 Table. VIM, TPI and MAT2A expression. Median and standard error of VIM TPI and MAT2A expression 
in N1, SCR1, sh1, N2, SCR2 and sh2 are shown for day 5, 15, 25 and 50. 

 Day 5 Day 15 Day 25 Day 50 

VIM 3.11 ± 1.07 3.80 ± 0.67 2.67 ± 0.64 0.79 ± 0.99 

N1                          TPI 0.37 ± 0.46 0.68 ± 0.42 0.76 ± 0.67 12.15 ± 3.87 

MAT2A 4.30 ± 1.13 1.93 ± 0.73 0.94 ± 1.79 0.51 ± 1.89 

   
VIM 3.77 ± 1.25 1.72 ± 1.08 1.77 ± 0.55 0.98 ± 0.56 

SCR1                  TPI 0.31 ± 0.54 0.73 ± 0.42 0.97 ± 0.87 7.99 ± 1.62 

MAT2A 6.94 ± 1.62 0.48 ± 0.96 0.54 ± 0.35 2.09 ± 0.97 

   
VIM 0.12 ± 0.26 0.30 ± 0.41 1.04 ± 0.44 0.69 ± 0.46 

sh1                         TPI 0.85 ± 1.05 0.93 ± 0.57 0.66 ± 0.54 X 

MAT2A 10.56 ± 1.76 0.56 ± 0.97 0.63 ± 1.04 X 

   
VIM 5.60 ± 1.25 6.53 ± 1.12 1.73 ± 0.49 2.18 ± 0.59 

N2                          TPI 0.34 ± 0.21 0.74 ± 0.46 0.89 ± 0.31 0.87 ± 0.41 

MAT2A 14.67 ± 1.28 2.79 ± 0.67 0.63 ± 0.46 1.65 ± 1.81 

   
VIM 7.01 ± 1.35 3.59 ± 0.87 2.12 ± 0.70 1.87 ± 0.60 

SCR2                  TPI 0.22 ± 0.29 0.92 ± 0.51 1.08 ± 0.90 0.95 ± 0.42 

MAT2A 12.93 ± 1.32 1.57 ± 0.78 0.41 ± 0.37 0.95 ± 0.31 

   
VIM 0.04 ± 0.10 0.06 ± 0.24 0.34 ± 0.30 0.11 ± 0.22 

sh2                         TPI 0.21 ± 0.28 0.16 ± 0.32 0.35 ± 0.74 X 

MAT2A 8.13 ± 1.46 1.44 ± 0.71 0.44 ± 0.46 X 
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S1 Fig. Stages of angiogenesis in vitro of HDMECs. Native groups (N1, N2), control groups (SCR1, SCR2) and knockdown groups (sh1, sh2) are presented. Mean values are 
calculated for 4 visual fields of 4 wells per culture at 14 detection days during a cultivation period of 50 days. Native and control groups of both batches ran through all six 
stages of angiogenesis chronologically. Cells of sh1 and sh2 entered stage 4 as a maximum. Sh2 displayed a persistence in cell death until no further staging was possible from 
day 36 onwards.
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Abstract

Introduction

Angiogenic behaviour has been shown as highly versatile among Endothelial cells (ECs)

causing problems of in vitro assays of angiogenesis considering their reproducibility. It is

indispensable to investigate influencing factors of the angiogenic potency of ECs.

Objective

The present study aimed to analyse the impact of knocking down triosephosphate isomer-

ase (TPI) on in vitro angiogenesis and simultaneously on vimentin (VIM) and adenosyl-

methionine synthetase isoform type 2 (MAT2A) expression. Furthermore, native expression

profiles of TPI, VIM and MAT2A in the course of angiogenesis in vitro were examined.

Methods

Two batches of human dermal microvascular ECs were cultivated over 50 days and stimu-

lated to undergo angiogenesis. A shRNA-mediated knockdown of TPI was performed. Dur-

ing cultivation, time-dependant morphological changes were detected and applied for EC-

staging as prerequisite for quantifying in vitro angiogenesis. Additionally, mRNA and protein

levels of all proteins were monitored.

Results

Opposed to native cells, knockdown cells were not able to enter late stages of angiogenesis

and primarily displayed a downregulation of VIM and an uprise in MAT2A expression. Native

cells increased their TPI expression and decreased their VIM expression during the course

of angiogenesis in vitro. For MAT2A, highest expression was observed to be in the begin-

ning and at the end of angiogenesis.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0294933 December 20, 2023

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Herre C, Nshdejan A, Klopfleisch R, Corte

GM, Bahramsoltani M (2023) Knockdown of TPI in

human dermal microvascular endothelial cells and

its impact on angiogenesis in vitro. PLoS ONE

18(12): e0294933. https://doi.org/10.1371/journal.

pone.0294933

Editor: Salvatore V. Pizzo, Duke University School

of Medicine, UNITED STATES

Received: July 26, 2023

Accepted: November 10, 2023

Published: December 20, 2023

Copyright: © 2023 Herre et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All data files are

available from the Harvard database (https://doi.

org/10.7910/DVN/QWWGKU).

Funding: The author(s) received no specific

funding for this work.

Competing interests: The authors have declared

that no competing interests exist.

1 / 15



Publication II 
 

42 

Conclusion

Knocking down TPI provoked expressional changes in VIM and MAT2A and a deceleration

of in vitro angiogenesis, indicating that TPI represents an angiogenic protein. Native expres-

sion profiles lead to the assumption of VIM being predominantly relevant in beginning

stages, MAT2A in beginning and late stages and TPI during the whole course of angiogene-

sis in vitro.

Introduction

The process of building new blood vessels due to endothelial sprouting or intussusceptive

growth, is defined as angiogenesis [1]. Sprouting angiogenesis in vivo is based on the speciali-

zation of endothelial cells (ECs) into tip cells, stalk cells and phalanx cells. An angiogenic stim-

ulus, e.g. vascular endothelial growth factor A (VEGF-A), induces tip cell differentiation and

filopodia formation via the vascular endothelial growth factor receptor-2 (VEGFR-2). While

tip cells migrate towards the stimulus, stalk cells differentiate and proliferate in order to elon-

gate the sprout. Guidance for the sprout growth is mainly conducted by stalk cells expressing

predominantly vascular endothelial growth factor receptor-1 (VEGFR-1). After lumenogen-

esis, phalanx cells promote vessel integrity and stabilization [2,3].

Respectively, an excessive or deficient course of angiogenesis promotes many pathological

events, such as tumor growth or dysfunctional tissue repair. Currently, the research field of

angiogenesis is mainly focusing on cancer treatment, tissue engineering and wound healing

[4,5]. In practice, in vitro models are frequently used in order to reduce time and cost, be car-

ried out expeditiously, and mainly to reduce animal experiments in the sense of the 3R princi-

ple. Nevertheless, in vitro models display inconsistencies regarding their reproducibility, based

on the inhomogeneous use of models and the heterogeneous character of ECs [2,6–9].

Variations considering the angiogenic potency of ECs were also shown by Bahramsoltani

et al. [10–13]. Several batches of capillary-derived primary cell cultures of human microvascu-

lar ECs were cultivated in vitro while using a newly established all-in-one assay, which com-

prises all phases of angiogenesis. Partially, cells were not able to enter all defined stages of

angiogenesis in vitro, hence being classified as non-angiogenic ECs. Comparatively, angiogenic

ECs ran through each angiogenic stage in vitro chronologically. By searching for proteomic

differences between both batches of ECs, seven proteins were detected solely in angiogenic

ECs and one protein in non-angiogenic ECs [14]. Three of these proteins were triosephosphate

isomerase (TPI), vimentin (VIM) and S–adenosylmethionine synthetase isoform type 2

(MAT2A) [15].

TPI was one of the proteins found in angiogenic ECs [14]. It is a dimeric, non-allosteric

enzyme which is primarily known for its catalytic activity in glycolytic pathways. Hereby, it

facilitates the interconversion of dihydroxyacetone phosphate and D–glyceraldehyde–3–phos-

phate [16,17]. Recently, several additional functions were attributed to TPI which do not nec-

essarily involve catalysis, defining TPI as a moonlighting protein [17–19]. Considering ECs, an

increase in TPI expression induced by hypoxia had been demonstrated in capillary ECs [20].

Besides hypoxia, it was also shown that glycolysis can be stimulated via VEGF in ECs in vitro
[21]. Furthermore, TPI expression and glycolic metabolism appeared to be higher in angio-

genic ECs using the generated energy for cell motility and proliferation [15,22].

VIM represents an additional protein being detected in angiogenic ECs [14]. As a type III

intermediate filament protein, VIM is mostly known for stabilizing intracellular structures,

PLOS ONE Knockdown of TPI and its impact on angiogenesis in vitro
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influencing cell shape and contractility. Besides intracellular signalling pathways, VIM is also

highly involved in extracellular regulations affecting divers physiological and pathological

events, such as cell growth and differentiation, wound healing and viral infections [23–25]. By

knocking down VIM, it had been shown that this protein is essential for ECs to run through

all stages of angiogenesis in vitro. Over the course of angiogenesis in vitro, highest VIM expres-

sions were detected in the beginning stages, indicating its involvement in cell migration

[15,24,26]. Additionally, dynamics in VIM expression were detected in microvascular ECs,

adjusting cell adhesion and motility to environmental stress [27,28]. Up until today, VIM is

being analysed to reveal further molecular mechanisms that are involved in the process of

angiogenesis [29].

MAT2A was the protein found in non-angiogenic ECs [14]. In most tissues, this enzyme is

mainly encoded by the MAT2A-gene. Its primary function is catalysing the synthesis of S-ade-

nosylmethionine (SAM) from methionine and adenosine triphosphate (ATP) [30–32]. SAM

represents a product of the methionine cycle and thereby is involved in synthesizing poly-

amines, homocysteine and reduced glutathione. By being a major methyl-donor, it is highly

involved in methylation reactions, e.g. protein- and DNA-methylation. Hence, it regulates cel-

lular metabolism on genetic and molecular levels [33–35]. In ECs, it was shown that an inhibi-

tion of methylation led to an increase in VEGF-A expression followed by the differentiation of

endothelial cells [36]. Moreover, a hypermethylation by supplying SAM, ECs were hindered to

migrate and proliferate [37]. Currently, there is hardly any information about MAT2A and its

role in angiogenesis.

This present study is based on the hypothesis of TPI being an essential angiogenic protein

for angiogenesis in vitro. The aim of this study was to detect morphological and molecular

changes in human dermal microvascular endothelial cells (HDMEC) running through in vitro
angiogenesis after knocking down TPI. Additionally, native expression of TPI, VIM and

MAT2A and expressional changes of VIM and MAT2A expression in knockdown cells were

analysed.

Cells, materials and methods

Plasmids, primers and shRNA

Design and synthesis of short hairpin RNA targeting TPI-mRNA (shTPI) was executed

according to previous studies [15,38,39]. In brief, four genetic shTPI sequences were generated

being structured sense-loop-antisense (loop sequence TTCAAGAGA). First, knockdown effec-

tiveness and the power of each hairpin construct were analyzed in HEK 293T cells in vitro by

infecting cells with each hairpin construct individually and including a cellular induction of

TPI overexpression simultaneously (TPI+-forward GCGGGATCCGCCACCATGGCGGAGGACG
GCGAG, TPI+-reverse GCGGATATCTCGTTGTTTGGCATTGATGATGTCC). The overexpressed

TPI was tagged with V5 epitope, Western Blot analysis using Rabbit polyclonal Anti-V5 tag

primary antibodies (Abcam, Cambridge, UK, ab15828, 1:5,000) and donkey Anti-Rabbit IgG

HRP Linked species specific F(ab’)2 fragmentsecondary antibodies (GE Healthcare, Freiburg,

Germany, NA9340, 1:10,000) revealed the specific construct displaying the highest knockdown

efficiency (shTPI target sequence GCTGAAGTCCAACGTCTCTGA). Based on the shTPI

sequence, a nontargeting sequence was designed consisting of the identical amount and type

of nucleotides serving as control (shSCR target sequence GCGCAGTGCCCGTACATATTA).

After attaching an U6 promotor cassette to pFUGW plasmid, containing the DNA fragments

encoding the hairpins, it was used as lentiviral expression vector, additionally containing the

genetic information for enhanced green fluorescent protein (eGFP). The viral particles dis-

played a titer in the range of 0.7–0.9 x106 IU/μl and were used in 20-fold concentration. The

PLOS ONE Knockdown of TPI and its impact on angiogenesis in vitro
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amount of virus was determined after the initiation and analysis of trial runs using virus in a

10-, 20- and 30-fold concentration individually.

Cells, media and cultivation

Human dermal microvascular endothelial cells (HDMECs) were purchased from LONZA Bio-

science (Basel, Switzerland, HMVEC–dBl–Neo, Cat. No. CC–2813). Distributor’s analysis of

CD31/105, von Willebrand Factor VIII and positive uptake for acetylated low density lipopro-

tein guaranteed EC population. In total, two batches (HD1 and HD2) were acquired and culti-

vated in EBMTM–2 Endothelial Cell Growth Basal Medium–2 (LONZA, Basel, Switzerland,

Cat. No. CC–00190860) as basal medium (BM). EGMTM–2 MV Microvascular Endothelial

SingleQuotsTM Kit (LONZA, Basel, Switzerland, Cat. No. CC–4147), containing Fetal Bovine

Serum, growth factors, antioxidants, antibiotics, antimycotics and anti-inflammatories, was

added to the BM in order to stimulate the angiogenic response in HD1 and HD2. The detailed

composition of media was according to the previously described study [15]. Exchange of

media were executed twice a week.

In vitro angiogenesis assay

For cultivation, 24-well-culture plates (Corning Life Sciences, Amsterdam, Netherlands, Cat.

No. 3738) were used. Each well was covered with 0,5ml gelatine (Sigma Aldrich, St. Louis,

MO, USA, Cat. No. G6144, 1,5% in PBS) and incubated for 20 minutes at 37˚C. Per well, 4.5 x

104 cells of both batches were seeded in third passage and cultivated up to 50 days at 37˚C in a

5% CO2 humidified atmosphere (INCO2/1, Memmert GmbH & Co. KG, Schwabach, Ger-

many). On day one, in both batches respectively, a third of cells either got infected with viral

particles owning shTPI and initiating the knockdown (sh1, sh2), or with lentiviruses consisting

shSCR serving as control group (SCR1, SCR2), or they remained unmodified (N1, N2). Twice a

week, digital pictures were taken of four visual fields of each well using an inverted microscope

(LEICA DMi8; Leica Microsystems, Wetzlar, Germany), LEICA MC170 HD video camera

(Leica Microsystems, Wetzlar, Germany) and the imaging and analysis software Leica Applica-

tion Suite X (LAS X Version 3.4.2, Leica Microsystems, Wetzlar, Germany). According to the

all-in-one angiogenesis assay [10–13,40], the morphology of ECs in the micrographs were ana-

lysed and assigned to the respective stage of angiogenesis in vitro (Table 1. [12]). For

Table 1. Definition of stages of angiogenesis in vitro and description of cell morphology within the different

stages [12].

Stage

no.

Morphology of endothelial cells

Stage 1 Confluent monolayer

Polygonal shaped cells

Stage 2 Endothelial sprouting, late phase

>50% elongated shaped cells

Stage 3 Linear side–by–side arrangement, late phase

>50% linearly arranged cells

Stage 4 Networking

Network of linearly arranged cells

Stage 5 Three-dimensional organisation, early phase

Appearance of capillary–like structures (linear structures of endothelial cells with a diameter of more

than 28 μm; for these structures an internal lumen was shown by electron microscopy)

Stage 6 Three–dimensional organisation, late phase

All linearly arranged cells form capillary–like structures; dissolution of cell layer on the bottom

https://doi.org/10.1371/journal.pone.0294933.t001
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quantifying angiogenesis, the sum of the allocated stages of each visual field over the time was

computed separately for each group of HD1 and HD2 (Sgroup). Further, the arithmetic mean of

all the sums of each group was calculated and compared ( �Sgroup).

Quantitative analysis of VIM, TPI, MAT2A transcripts via RT–qPCR

At day 5, 15, 25 and 50, harvesting of cells of each group was carried out using Hydroxyethylpi-

perazine Ethane Sulfonic acid, Trypsin/EDTA and Trypsin Neutralisation Solution (LONZA,

Basel, Switzerland, ReagentPackTM Subculture Reagents, Cat. No. CC–5034). After centrifu-

gation, cell pellets were deeply frozen in liquid nitrogen and stored at -76˚C. RNA isolation

and digestion of remaining DNA was executed using Total RNA Kit, peqGold (Peqlab/VWR,

Darmstadt, Germany, Cat. No. 12–6834) and TURBOTM DNase (ThermoFisher Scientific,

Bremen, Germany, Cat. No. AM2238). Applying SuperScript III Reverse Transcriptase (Ther-

moFisher Scientific, Bremen, Germany, Cat. No. 18091050), RNA was reverse transcribed for

cDNA synthesis. Quantitative PCR was performed with triplicates of all samples, utilising

Maxima SYBR Green qPCR Master Mix (2x) (ThermoFisher Scientific, Bremen, Germany,

Cat. No K0223), Rotor–Gene 6000 (Qiagen, Hilden, Germany) and Rotor–Gene Q 2.3.5 soft-

ware. According to the previously published article, GAPDH was shown to be the most stable

reference gene and was used as normalizer gene[15]. For every gene, the respective standard

curve displayed the calibrator sample and the amplification efficiency. The Ct difference

between gene of interest and calibrator was determined and adjusted to the amplification effi-

cacy. Finally, samples were normalized to GPDH. All primers are listed in the corresponding

article [15].

Western blot analysis

The method of protein detection, chemicals and antibodies were applied as previously

described [15]. In brief, 20μg protein per sample was deployed in triplicates and separated by

12% Bis-Tris SDS-PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Proteins

were transferred onto nitrocellulose membranes by electroblotting. As primary antibodies,

VIM (DAKO, Hamburg, Germany, M7020, 1:500), TPI (Santa Cruz, Heidelberg, Germany,

H–11, 1:200) and MAT2A (Santa Cruz, Heidelberg, Germany, B–10, 1:200) were used. Addi-

tionally, Actin (Novus Biologicals, Centennial, CO, USA, AC–15, 1:5,000) served as the inter-

nal control. For VIM and actin (ACT) detection, a further incubation in sheep anti–mouse

IgG secondary antibody (GE Healthcare, Freiburg, Germany, NA9310, 1:5,000) was per-

formed. SignalFireTM ECL Reagent (Cell Signal technology, Frankfurt, Germany, Cat No.

6883) was used for visualization. Densitometric raw volume of all samples were determined by

GeneTools software version 4.03.05.0 (SynGene, Cambridge, England). Signal intensity of all

values was normalised to the respective Actin.

Statistics

Statistical examination of data was performed using SPSS Statistics (SPSS Statistics 29, IBM

Corporation, Armonk, NY, USA). First, the Shapiro-Wilk test was carried out revealing value

distributions. Normally distributed data is presented as mean ± standard deviation, non-nor-

mally distributed as median ± standard error. By executing Student’s t test for unpaired data

or Mann–Whitney U test, two independent groups were compared. For multiple groups, anal-

ysis was done using one-way ANOVA or Kruskal-Wallis test followed by post hoc Dunn-Bon-

ferroni test, respectively. P-value of 0.05 or less were defined as statistically significant.

PLOS ONE Knockdown of TPI and its impact on angiogenesis in vitro
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Results

In vitro angiogenesis of N1 and N2, SCR1 and SCR2

Native cells of both batches were able to undergo the angiogenic cascade chronologically.

From the beginning of cultivation, cell population of N1 displayed a higher cell density than

N2. In N1, endothelial sprouting was already visible at day 5, by polygonal shaped cells starting

to elongate (Fig 1A). From day 25 onwards, cells displayed an early phase of three-dimensional

organisation, representing stage 4 to 5 (Fig 1B). Followed by the dissolution of capillary-like

structures from the bottom of the cell culture plates of stage 6, which was observed from day

39 (Fig 1C). In N2, cells demonstrated sprouting activity from day 5 onwards (Fig 1J). In gen-

eral, sprouting activity was less visible in cells of HD2 than in HD1. From day 15, linearly

arranged cells generated networks (Fig 1K) and ended up building capillary-like structures

after 43 days of cultivation (Fig 1L). Median and standard error of sums of assigned stages of

angiogenesis (S) were calculated and compared using the Kruskal-Wallis test, followed by the

post hoc Dunn-Bonferroni test. Resulting in �SN1 = 53.4 ± 2.7 for N1 and �SN2 = 51.5 ± 3.4 for N2

with N2 being significantly smaller than N1 (p<0.001).

Similar to N1 and N2, cells of SCR1 and SCR2 displayed a high amount of elongated shaped

cells at day 5 (Fig 1D and 1M). Already at day 22, ECs of both batches reached stage 5 by net-

working and starting a three-dimensional organisation (Fig 1E and 1N). Finally, SCR1 entered

stage 6 after 32 days (Fig 1F) and SCR2 after 39 days (Fig 1O). By eGFP serving as an infection

control, the fluorescent signal was surveyed at each detection day. For control groups of both

batches, a consistent infection was visible (Fig 1D–1F and 1M–1O). For �SSCR1 a value of

55.5 ± 3.0 was determined, being significantly higher than �SSCR2 = 52.1 ± 5.1 (p<0.001). No dif-

ferences were detectible between native and control groups of both batches.

In vitro angiogenesis of sh1 and sh2

In the beginning of cultivation, no differences in sh1 and sh2 in comparison to native and con-

trol cells were visible considering their morphology. At day 5, cells were assigned to stages 1

and 2 (Fig 1G and 1P). However, a delay in entering next stages was visible in the following

days. While native and control groups of both batches already entered stage 3 at day 8, sh1 was

able to build linear side-by-side arrangements at day 11 and sh2 at day 15 (Fig 1H and 1Q).

Stage 3 represents the furthest stage knockdown cells were able to enter during the cultivation

period of 50 days. For all groups of both batches, mean values and standard deviations of all

assigned stages are shown in S1 Table. The course of in vitro angiogenesis of respective groups

are visualized in S1 Fig. A small number of cells of sh1 started to enter stage 4 from day 18

onwards ending up in stage 5 at day 50. For these cells no fluorescence was observed, which

led to the exclusion of further morphological analysis. Otherwise, eGFP signal was persistent

throughout the whole cultivation in sh1 and sh2 (Fig 1G–1I and 1P–1R). For sh1, a sum of �Ssh1

= 44.5 ± 3.1 was calculated, thus a significant lower value than �SN1 and �SSCR1 (p<0.001). Alike,

sums of N2 and SCR2 were significantly higher than sh2, resulting in �Ssh2 = 37.7 ± 3.4

(p<0.001). Comparing sums of knockdown groups in between batches, sh1 showed a signifi-

cantly higher value than sh2 (p<0.001).

TPI, VIM and MAT2A expression in N1 and N2

At day 5, 15, 25 and 50 of cultivation, mRNA and protein expression of TPI, VIM and MAT2A

were examined for native cells of both batches. In N1, TPI mRNA expression was stable at first,

followed by a significant increase at day 25 (p<0.01) and day 50 (p<0.001). Whereas in N2,

TPI mRNA expression decreased at day 15 (p<0.05) and increased on following detection

PLOS ONE Knockdown of TPI and its impact on angiogenesis in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0294933 December 20, 2023 6 / 15



Publication II 
 

47 

 

Fig 1. Morphological changes of ECs during angiogenesis in vitro. Native (a, b, c), control (d, e, f) and knockdown cells (g, h, i) of

HD1 are presented at day 5 (a, d, g), 25 (b, e, h) and 50 (c, f, i)., followed by native (j, k, l), control (m, n, o) and knockdown cells (p, q,

r) of HD2 at day 5 (j, m, p), 25 (k, n, q), and 50 (l, o, r). In the upper left corner of sh and SCR micrographs, GFP control is shown. In

all groups, cells were polygonal and elongated shaped at day 5, representing stage 1–2 (a, d, g, j, m, p). At day 25, native and control

cells of both batches displayed networking structures of stage 4–5 (b, e, k, n), followed by three-dimensional organisation of stage 6 (c,

PLOS ONE Knockdown of TPI and its impact on angiogenesis in vitro
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days (p<0.001) emerging in a significantly lower expression of TPI in N2 at day 15 compared

to N1 (p<0.05, Fig 2A). On protein level, TPI was detectible during the whole angiogenic cas-

cade in vitro (Fig 2B). While N1 displayed a significant decline of VIM mRNA between day 5

and 50 (p<0.05), N2 VIM expression fluctuated starting with a decrease (p<0.001) and an

increase (p<0.001), followed by a down scale (p<0.001). At day 15, VIM mRNA expression

was higher in N1 than N2 (p<0.05), whereas VIM mRNA was significantly lower in N1 at day

50 compared to N2 (p<0.001, Fig 2A). Western blot analysis showed stable protein levels of

VIM (Fig 2B). Considering MAT2A, both native cell groups decreased their mRNA expression

at day 15 (p<0.01), followed by an uprise at day 25 (p<0.05). Solely at day 5, MAT2A expres-

sion was observed to be significantly higher in N1 than in N2 (p<0.01, Fig 2A). Western Blot

analysis displayed bright protein bands and lower protein values for N1 at day 25 (p<0.05) and

for N2 at day 25 and 50 (p<0.05, Fig 2B, S3 Table).

Expression of TPI, VIM and MAT2A in sh1 and sh2

For knockdown control, eGFP was detected and TPI expression was analysed via RT-qPCR

and Western blot. TPI mRNA was significantly downregulated in sh1 compared to SCR1 at

day 5 and 15 (p<0.001), 25 (p<0.01) and 50 (p<0.05). Coincidentally, TPI mRNA expression

in sh2 was significantly lower than in SCR2 at day 5 (p<0.01), 15 (p<0.05), 25 (p<0.001) and

50 (p<0.05, Fig 3A). For sh1 and sh2, protein expression of TPI was decreased in comparison

to control groups, respectively (Fig 3D). By comparing knockdown groups of both batches,

TPI mRNA expression was significantly higher in sh1 than in sh2 (p<0.01).

For assessing expressional changes in VIM and MAT2A induced by knocking down TPI,

knockdown groups were compared to their respective control groups. VIM mRNA was down-

regulated in sh1 at day 15 (p<0.01) and 25 (p<0.05). In contrast, an increase of mRNA was

observed at day 50 (p<0.05). In sh2, VIM mRNA expression was significantly downregulated

at day 25 and day 50 (p<0.05, Fig 3B). No difference in protein expression was detected in

between knockdown and control groups at any day (Fig 3D). At day 5, VIM mRNA was

f, l, o). In contrast, knockdown cells remain in stage 3, showing linear side-by-side arrangements as the furthest stage of differentiation

(h, i, q, r). Scale bars = 100 μm.

https://doi.org/10.1371/journal.pone.0294933.g001

Fig 2. Expression of TPI, VIM and MAT2A in native cells. A. Changes of TPI, VIM and MAT2A mRNA expression of N1 and N2 in the course of

angiogenesis in vitro. Predominantly increasing expression of TPI, decreasing expression of VIM and falling and rising expression of MAT2A was statistically

analysed using Kruskal-Wallis test and post hoc Dunn-Bonferroni test (p<0.05). B. Western blot analysis of TPI, VIM and MAT2A in N1 and N2 at day 5, 15,

25 and 50 using ACT as internal control.

https://doi.org/10.1371/journal.pone.0294933.g002
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expressed less in sh1 than in sh2 (p<0.01), whereas sh1 displayed a higher VIM mRNA expres-

sion at day 50 (p<0.001).

For MAT2A, mRNA expression in sh1 was less than SCR1 at day 5 (p<0.05) and higher at

day 50 (p<0.05). In sh2, MAT2A expression was decreased at day 5 (p<0.01) and upregulated

at day 15 (p<0.05) and 50 (p<0.05, Fig 3C). On protein level, MAT2A was detectable at each

day of investigation in both batches (Fig 3D). At day 50, sh1 and SCR1 displayed stronger pro-

tein bands and higher values (p<0.01), whereas sh2 and SCR2 presented brighter protein

bands and lower values (p<0.001, p<0.05, S3 Table). For MAT2A mRNA, no differences in

between sh1 and sh2 were exposed. Median and standard error of mRNA expression of all

three proteins is provided in S2 Table. Furthermore, S3 Table displays median and standard

error of respective protein expressions.

Discussion

ECs display diversity considering their angiogenic behaviour while running through angiogen-

esis in vitro causing a lack of reliability of in vitro models [2,6–13]. Influencing factors on

angiogenic potency of ECs must get investigated. This study is mainly focusing on the enzyme

TPI and its impact on HDMECs running through angiogenesis in vitro. After knocking down

TPI, morphological and molecular changes of VIM and MAT2A expression were examined.

Additionally, native expression of TPI, VIM and MAT2A were determined during the course

of angiogenesis in vitro.

Fig 3. Expression of TPI, VIM and MAT2A in sh1 and sh2. Statistical analysis was performed using the Mann-Whitney U test for unpaired data. A.

Normalised relative TPI expression of knockdown and control groups of HD1 and HD2. At each detection day, TPI expression was downregulated in sh1 and

sh2. B. Normalised relative VIM expression of sh1, SCR1, sh2 and SCR2. VIM mRNA was significantly downregulated in sh1 at day 15 and 25 and in sh2 at day

25 and 50. Significant uprise in expression was observed in sh1 at day 50. C. Normalised relative MAT2A expression of sh1, SCR1, sh2 and SCR2. MAT2A

displayed a decrease in sh1 and in sh2 at day 5. Significantly higher expression was observed in sh1 at day 15 and 50 and in sh2 at day 50. D. Western blot

analysis of TPI, VIM and MAT2A in knockdown and control groups of HD1 and HD2 at day 5, 15, 25 and 50. ACT was used as an internal control. *p<0.05,

**p<0.01, ***p<0.001.

https://doi.org/10.1371/journal.pone.0294933.g003
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As previously published, HD1 and HD2 are characterized as angiogenic ECs, being able to

run through the whole angiogenic cascade in vitro. Additionally, analysis of VEGFR-1 and

VEGFR-2 expression in both batches indicated a higher amount of stalk cells in the cell popu-

lation of HD1 than in HD2 [15]. Endothelial stalk cells are highly proliferative in order to elon-

gate the sprout during angiogenesis [2,3,41]. In this study, the strong proliferative character of

cells of HD1 was visible by a persistently higher cell density in all groups of HD1 compared to

HD2. In addition, more cells were able to enter late stages of angiogenesis, resulting in signifi-

cant higher values of �SN1 ; �SSCR1 and �Ssh1 than �SN2 ; �SSCR2 and �Ssh2 , respectively. Further, knock-

down cells of HD1 were able to generate GFP-negative and therefore non-infected cells which

were able to enter the angiogenic cascade and precede to further stages. In contrast, being less

proliferative, sh2 was not able to compensate manipulation and remained in early stages.

Considering native mRNA expression of TPI during angiogenesis in vitro, it was found to

be mostly upregulated. Being a glycolytic enzyme, TPI is highly involved in energy metabo-

lism. ATP was shown to be necessary for angiogenic stages, e.g. migration, proliferation and

tube formation [21,42,43]. Furthermore, an elevation of TPI expression and of the glycolic

metabolism was stated for angiogenic ECs [22]. The angiogenic character of N1 might have

caused a high expression of TPI from the beginning of cultivation, which was sufficient for

cells to migrate and proliferate until day 15. Additional increase of TPI might have facilitated

further differentiation of cells. For N2, the decrease in TPI mRNA expression at day 15 might

have been caused by tip cells being less glycolytically active [21]. HD2 comprises a smaller

amount of stalk cells, which might have led to a significantly lower expression of TPI in HD2

in comparison to HD1. In N1 and N2, VIM mRNA expression decreased in the course of

angiogenesis in vitro. The highest expression levels were detected in the beginning of cultiva-

tion, which most likely represents VIM having its major influence on the cytoskeleton of cells.

Therefore, VIM is assumed to have a strong impact on early stages of angiogenesis [15,24,26].

In N2, less sprouting and more side-by-side arrangements and networking were visible. This

might have demanded a higher activity regarding cell shape and contractility, potentially caus-

ing the increase of VIM at day 25. VIM was lately identified as a positive marker for epicardial

tip cells [44]. In HD2, a smaller amount of stalk cells were detected, which could have led to

VIM being significantly less expressed in HD2 at day 50 compared to HD1. Furthermore,

MAT2A mRNA and protein expression fluctuated in both batches during cultivation. First, a

decrease was visible. Lately, MAT2A activity was associated with reducing the angiogenic

potency of ECs and initiation of cell maturation via SAM [36,37,45]. Therefore, the downregu-

lation of MAT2A in the beginning most likely caused an increase in their angiogenic potency

in order to enter first stages of the angiogenic cascade. The following increased mRNA expres-

sion, which was also visible on protein level in N1, might have initiated cells to enter final

stages of angiogenesis. Infection of cells with lentiviral particles appeared to be successful and

persistent during the whole cultivation period of 50 days. For SCR1, SCR2 as well as for sh1 and

sh2, eGFP detection was positive at each day of investigation. No morphological or molecular

differences were observed in between control and native groups. By comparing mRNA and

protein expression in knockdown groups and control groups, TPI was downregulated in sh1

and sh2 successfully during the whole experimental period. Comparing TPI mRNA expression

between sh1 and sh2, a higher amount was detected in sh1. By them owning more stalk cells,

the cell population of sh1 was able to produce non-infected cells which might have increased

the overall TPI mRNA expression. By excluding the non-infected cells in sh1, knockdown

groups of both batches displayed a deceleration of in vitro angiogenesis by not being able to

precede to further stages of angiogenesis in vitro than stage 3. As previously described, TPI is

highly contributing to cell metabolism of dividing cells [42,46], which might be the reason for
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knockdown cells not being able to grow towards each other and create a network. Addition-

ally, it has been shown that the sum of assigned stages of knockdown groups ( �Ssh1 ; �Ssh2 ) were

significantly smaller than control ( �SSCR1 ; �SSCR2 ) and native groups ( �SN1 ; �SN2 ). Both suggesting

that TPI represents a proangiogenic protein which raises the angiogenic potency of ECs in
vitro.

By knocking down TPI, expressional changes in sh1 and sh2 considering VIM and MAT2A

mRNA were observed. VIM is already described as an angiogenic protein raising the angio-

genic potency of HDMECs [15]. With its influence on cell shape and its involvement in Notch

ligand signalling, it has a major impact on early stages of angiogenesis, especially during

migration and sprouting [24,26,47,48]. Induced by TPI knockdown, cells displayed a decrease

in angiogenic potency, which might have led to the downregulation of VIM expression in sh1

and sh2. In sh1, the final uprise in VIM mRNA is most likely caused by non-infected cells

amongst the knockdown cells. These ECs were able to enter the angiogenic cascade driven by

their unaffected angiogenic potency, resulting in a significant higher VIM expression in com-

parison to sh2. Based on the hypothesis that TPI has a major influence on proliferation of ECs,

the knock down might have had a negative influence on their mitogenic activity. As a compen-

satory mechanism, sh1 and sh2 might have decreased their MAT2A mRNA expression in the

beginning of culture, aiming the reduction of SAM levels. For SAM, a recent study stated its

inhibitory influence on growth factors effecting mitosis [45]. For the following upregulation in

MAT2A mRNA, both knockdown groups might have adapted to the lower angiogenic activity.

MAT2A influences cellular methylation patterns via SAM, which prevents cells to undergo

migration and proliferation [36,37].

Conclusion

This study presents native expression profiles of TPI, VIM and MAT2A during the angiogenic

cascade of HDMECs in vitro. Indicative of influencing certain stages of angiogenesis in vitro,

TPI was shown to be strongly expressed throughout angiogenesis, VIM in early stages and

MAT2A mostly at the beginning and end. While knocking down TPI, cells were not able to

enter late stages of angiogenic cascade in vitro, leading to the strong assumption of it being an

angiogenic protein having a major impact on cell proliferation. By lowering the angiogenic

activity of cells via TPI knockdown, it was stated that the angiogenic protein VIM was downre-

gulated simultaneously. In contrast, MAT2A was mostly upregulated, suggesting its anti-

angiogenic influence. Additionally, different batches of HDMECs displayed opposing behav-

iour after manipulation, despite being from the same distributor and being cultivated under

the same conditions. Cell populations with a higher expression of VEGFR-1 and thus a higher

amount of stalk cells were able to originate non-infected cells, which were able to enter the

angiogenic cascade in vitro ending up in late stages. Further investigations are necessary, in

order to validate the impact of the three target proteins on in vitro angiogenesis and the inter-

action in between them, e.g. knocking down MAT2A.

Supporting information

S1 Fig. Stages of in vitro angiogenesis. The course of angiogenesis is shown for native groups

(N1, N2), control groups (SCR1, SCR2) and knockdown groups (sh1, sh2) during a cultivation

period of 50 days. Mean values are calculated for 4 visual fields of 4 wells per culture at each

detection day. Native and control groups of both batches ran through all six stages of angio-

genesis chronologically. Infected cells of sh1 and sh2 did not precede to further stages than

stage 3.

(TIF)
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S1 Table. Morphologically assigned stages of angiogenesis in vitro. Mean values and stan-

dard deviations of native, control and knockdown groups of HD1 and HD2 are presented at

each day of investigation.

(DOCX)

S2 Table. mRNA expression of VIM, TPI and MAT2A. Median and standard error of VIM,

TPI and MAT2A mRNA expression of native, control and knockdown groups of HD1 and

HD2 are shown at day 5, 15, 25 and 50.

(DOCX)

S3 Table. Protein expression of VIM, TPI and MAT2A. Median and standard error of VIM,

TPI and MAT2A protein expression of native, control and knockdown groups of HD1 and

HD2 are shown in arbitrary Oprical Densitometry units from Western Blot at day 5, 15, 25

and 50.

(DOCX)
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S1 Table. Morphologically assigned stages of angiogenesis in vitro. Mean values and standard deviations of native, control and knockdown groups of HD1 and HD2 are 
presented at each day of investigation. 
 

 Day 4 Day 8 Day 11 Day 15 Day 18 Day 22 Day 25 Day 29 Day 32 Day 36 Day 39 Day 43 Day 46 Tag50 

N1 1.63 2.88 3.25 3.5 3.75 4.25 4.50 4.62 5.00 5.13 5.81 6.00 6.00 6.00 

 ± 0.52 ± 0.84 ± 0.71 ± 0.53 ± 0.46 ± 0.71 ± 0.53 ± 0.52 ± 0.53 ± 0.64 ± 0.26 ± 0.35 ± 0.00 ± 0.00 

SCR1 1.88 3.13 3.63 3.88 4.00 4.50 4.88 5.13 5.63 5.75 6.00 6.00 6.00 6.00 

 ± 0.64 ± 0.64 ± 0.52 ± 0.35 ± 0.53 ± 0.53 ± 0.35 ± 0.64 ± 0.52 ± 0.46 ± 0.00 ± 0.00 ± 0.00 ± 0.00 

sh1 1.63 2.38 2.88 3.25 3.00 3.00 3.13 3.38 3.38 3.75 3.75 3.75 3.88 3.88 

 ± 0.52 ± 0.74 ± 0.64 ± 0.71 ± 0.76 ± 0.76 ± 0.83 ± 0.74 ± 0.52 ± 0.71 ± 0.46 ± 0.46 ± 0.35 ± 0.35 

N2 1.50 2.88 3.38 3.50 3.63 3.75 4.38 4.63 4.88 4.88 5.18 6.00 6.00 6.00 

 ± 0.53 ± 0.35 ± 0.91 ± 0.53 ± 0.52 ± 0.46 ± 0.52 ± 0.52 ± 0.35 ± 0.64 ± 0.26 ± 0.00 ± 0.00 ± 0.00 

SCR2 1.75 3.00 3.38 3.63 3.63 4.50 4.63 5.00 5.00 5.13 5.50 6.00 6.00 6.00 

 ± 0.46 ± 0.76 ± 0.52 ± 0.52 ± 0.52 ± 0.53 ± 0.52 ± 0.00 ± 0.00 ± 0.35 ± 0.38 ± 0.00 ± 0.00 ± 0.00 

sh2 1.62 2.5 2.63 2.25 2.50 2.38 2.38 2.63 3.13 3.38 3.25 3.12 3.25 2.88 

 ± 0.52 ± 0.53 ± 0.91 ± 0.46 ± 0.55 ± 0.74 ± 0.74 ± 0.74 ± 0.35 ± 0.52 ± 0.38 ± 0.35 ± 0.89 ± 0.83 
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S2 Table. mRNA expression of VIM, TPI and MAT2A. Median and standard error of VIM, TPI and MAT2A 
mRNA expression of native, control and knockdown groups of HD1 and HD2 are shown at day 5, 15, 25 and 50. 
 

 
 
 
 
 
 
 
 
 
 
 
 
  

 Day 5 Day 15 Day 25 Day 50 

VIM  0.61 ± 0.16  0.46 ± 0.21  0.37 ± 0.05  0.02 ± 0.08  

N1                          TPI 1.02 ± 0.19  1.33 ± 0.19  4.05 ± 0.40  36.55 ± 3.22  

MAT2A 0.33 ± 0.08  0.03 ±0.03   0.12 ± 0.00  0.14 ± 0.01  

   
VIM 0.36 ± 0.13  0.08 ± 0.03  0.38 ± 0.02  0.07 ± 0.03  

SCR1                  TPI 1.04 ± 0.07  4.94 ± 1.43  3.78 ± 0.22 19.23 ± 4.65  

MAT2A 0.21 ± 0.08  0.03 ± 0.01  0.08 ± 0.01 0.07 ± 0.02  

   
VIM 0.31 ± 0.13  0.05 ± 0.04  0.15 ± 0.24  0.26 ± 0.14  

sh1                         TPI 0.62 ± 0.10  2.29 ± 0.74  2.24 ± 0.53 13.51 ± 4.24 

MAT2A 0.09 ± 0.03  0.01 ± 0.00  0.07 ± 0.03  0.13 ± 0.04 

   
VIM 0.61 ± 0.16 0.13 ± 0.03  0.40 ±0.09  0.09 ± 0.05  

N2                          TPI 1.27 ± 0.09 0.89 ± 0.07  5.21 ± 0.48  22.68 ± 6.08  

MAT2A 0.1 ± 0.01 0.01 ± 0.00  0.10 ± 0.01  0.14 ± 0.00  

   
VIM 0.78 ± 0.06 0.16 ± 0.06  0.61 ± 0.08  0.03 ± 0.02  

SCR2                  TPI 1.70 ± 0.34 0.88 ± 0.28  5.17 ± 1.05  11.56 ± 1.52  

MAT2A 0.24 ± 0.08 0.00 ± 0.03  0.09 ± 0.01  0.03 ± 0.01  

   
VIM 0.74 ± 0.02 0.12 ± 0.13  0.35 ± 0.06  0.01 ± 0.00  

sh2                         TPI 0.69 ± 0.15 0.68 ± 0.00  1.93 ± 0.05  5.71 ± 1.18  

MAT2A 0.14 ± 0.06 0.05 ± 0.00  0.09 ± 0.00  0.09 ± 0.05  
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S3 Table. Protein expression of VIM, TPI and MAT2A. Median and standard error of VIM, TPI and MAT2A 
protein expression of native, control and knockdown groups of HD1 and HD2 are shown in arbitrary Oprical 
Densitometry units from Western Blot at day 5, 15, 25 and 50. 
 

 Day 5 Day 15 Day 25 Day 50 

VIM 1142692.24 ± 
4989.28 

1260220.26 ± 
3390.15 943758.15 ± 5300.33 1029055.21 ± 2904.75 

N1                             TPI 851228.18 ± 
2453.01 496761.81 ± 2029.2 792121.16 ± 6276 803933.17 ± 8192.5 

MAT2A 473978.1 ± 4906.52 449147.9 ± 2181.44 352864.7 ± 3943.76 870074.18 ± 2045.5 

   

VIM 204649.21 ± 
7217.85 

228409.23 ± 
2596.18 166369.7 ± 1496.92 196495.2 ± 4118.56 

SCR1                     TPI 164477.17 ± 4620.5 67741.7 ± 1843.71 107598.11 ± 6828.03 121995.12 ± 6590 

MAT2A 85092.8 ± 1218.76 66528.69 ± 3605.01 66775.06 ± 1978.41 149595.15 ± 1307.87 

   

VIM 199272.19 ± 
3457.45 227384.2 ± 2860.17 157590.15 ± 2257.18 205004.22 ± 6039.28 

sh1                            TPI 110078.11 ± 
4276.05 46407.48 ± 1414 64720.67 ± 2018 107528.42 ± 5154 

MAT2A 83029.18 ± 882,97 57903.61 ± 4209.1 68621.72 ± 4476.12 135039.11 ±2100.53 

   

VIM 851289.13 ± 1208.5 1250745.62 ± 
3110.76 

934997.19 ± 5516.45 1135157.42 ± 5170.87 

N2                             TPI 876875.18 ± 1058.5 855424.18 ± 4122 959677.2 ± 7282 877275.18 ± 3551 

MAT2A 607131.3 ± 7271.91 730563.15 ± 813 503471.01 ± 939.93 405217.8 ± 385.5 

   

VIM 119757.6 ± 6822 230463.31 ± 
1538.25 

172927.23 ± 5438.69 166129.22 ± 1331 

SCR2                      TPI 130982.17 ± 
7797.39 

135644.8 ± 4570.51 144528.91 ± 8142.5 146368.20 ± 4827 

MAT2A 108279.41 ± 
6095.91 

77975.1 ± 3495.5 86553.21 ± 2662.17 69373.9 ± 4214.1 

   

VIM 127001.17 ± 
2463.52 

224920.3 ± 822 182753.52 ± 503.5 152240.18 ± 5867.5 

sh2                            TPI 78908.1 ± 5755.98 74986.01 ± 3503 100268.17 ± 4798.74 92180.12 ± 9437.5 

MAT2A 103023.2 ± 4841.89 85239.11 ± 3504.18 100853.2 ± 5985 43882.06 ± 397 



Publication II 
 

 
59 

 

 

S1 Fig. Stages of in vitro angiogenesis. The course of angiogenesis is shown for native groups (N1, N2), control groups (SCR1, SCR2) and knockdown groups (sh1, sh2) 
during a cultivation period of 50 days. Mean values are calculated for 4 visual fields of 4 wells per culture at each detection day. Native and control groups of both batches ran 
through all six stages of angiogenesis chronologically. Infected cells of sh1 and sh2 did not precede to further stages than stage 3. 
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5. Discussion 

This thesis aimed to analyse the connection of VIM, TPI and MAT2A expression and the 

angiogenic behaviour of HDMECs during in vitro angiogenesis. Therefore, native expression 

profiles were detected while cells were running through the in vitro angiogenic cascade. 

Additionally, VIM and TPI expression was downregulated individually and subsequent 

behavioural as well as expressional alterations were examined. Besides the impact that 

derived from the expression of described proteins, in vitro angiogenesis seemed to be affected 

additionally by cell differentiations among cell populations.    

5.1 Endothelial protein expression and its impact on angiogenesis 
in vitro 

For evaluating the mRNA and protein expression, native, control and knockdown cells of both 

batches were harvested at four different points in time while cells were running through the 

angiogenic cascade in vitro. Western blot and RT-qPCR analysis revealed mRNA and protein 

levels of each protein of each group. 

5.1.1 VIM 

Vim displays the first target protein which was mainly focused on in Publication I (Herre et al. 

2022). By its influence on cell shape and motility, it was suggested to be a protein, which is 

mostly involved in angiogenic events of sprouting and migration (Danielsson et al. 2018; 

Antfolk et al. 2017; Dave and Bayless 2014; Tsuruta and Jones 2003). 

In both studies, mRNA and protein expression of VIM was monitored while cells were running 

through the angiogenic cascade in vitro. Either experiment revealed a significant decline in 

VIM mRNA expression of native cells (N) of batch 1 (N1) and batch 2 (N2) in the course of in 

vitro angiogenesis. Coincidentally in both studies, highest Ct values were detected in cells 

which were assigned to stages 2 and 3. With progression to further angiogenic stages, mRNA 

expression of VIM was reduced in N1 and N2 (Herre et al. 2023; Herre et al. 2022). According 

to the all-in-one assay, stage 2 and 3 represent stages of sprouting and linear-side-by-side 

arrangements (Bahramsoltani and De Spiegelaere 2016; Bahramsoltani et al. 2010; 

Bahramsoltani and Plendl 2004). During these stages, cells are highly motile by changing their 

cell shape from polygonal to elongated with the aim to network via linear arrangements. With 

its influence on cytoskeleton, VIM is necessary to be highly expressed in these cells. Therefore, 

both studies concurringly support the assumption of VIM being highly involved in early stages 

of angiogenesis, i.e. sprouting and migration (Danielsson et al. 2018; Antfolk et al. 2017; Dave 
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and Bayless 2014; Tsuruta and Jones 2003). As it was already shown in immature precursor 

cells, VIM expression decreases with maturation (Nowak-Sliwinska et al. 2018; Van Beijnum 

et al. 2006). 

Despite both studies clearly stating same tendencies in expression over the angiogenic 

cascade in vitro, in study I, N1 and N2 achieved overall higher Ct values each detection day 

than N1 and N2 of study II. Additionally, the decline of VIM over the cultivation period was more 

visible in study I in comparison to experiment II (Herre et al. 2023; Herre et al. 2022). This 

might indicate the sensitivity of VIM mRNA expression based on the appearance of divergent 

events among cultivated cell populations, such as apoptosis and environmental and osmotic 

stress (Cesari et al. 2020; Buchmaier et al. 2013; Liu et al. 2010). 

In the first study, VIM knockdown was leading to a deceleration of in vitro angiogenesis and to 

cell death in both batches of knockdown groups (sh1 and sh2), concluding that VIM raises the 

angiogenic potency of HDMECs and represents an essential protein for cell survival and 

differentiation. Both indications were supported by results of the second study. Induced by 

knocking down TPI, a decrease of the angiogenic potency of sh1 and sh2 were observed. 

Consequently, VIM expression declined in both batches, implying the connection of angiogenic 

potency and VIM expression. Furthermore, it was suggested that VIM expression is necessary 

for cells to undergo the whole angiogenic cascade in vitro. VIM protein levels being consistently 

expressed in N1 and N2 in both experiments during the entire course of angiogenesis in vitro 

are strongly supporting this indication (Herre et al. 2023; Herre et al. 2022). 

5.1.2 TPI 

TPI represents the major target protein of Publication II (Herre et al. 2023). With its involvement 

in glycolic metabolism, TPI is proposed to be a protein involved in angiogenic events of 

migration and proliferation by generating energy for cells (Myers and Palladino 2023; Dumas 

et al. 2020; Wierenga et al. 2010; Qiu et al. 2007). 

In both studies, the native expression profile of TPI displayed a significant increase in N1 and 

N2 over the course of in vitro angiogenesis. The initial increase in TPI mRNA occurred in both 

experiments when native cells were entering stage 3 (Herre et al. 2023; Herre et al. 2022). In 

this stage, cells appear mostly as linearly arranged (Bahramsoltani and De Spiegelaere 2016; 

Bahramsoltani et al. 2010; Bahramsoltani and Plendl 2004). Hence, cells are located in 

between stages of sprouting and three-dimensional organization, being characterized as highly 

migrative and proliferative (Sievers et al. 2011; Borselli et al. 2007; Auerbach et al. 2003). This 

strengthens the hypothesis of TPI being necessary for angiogenic stages of cell migration and 
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proliferation. Results of TPI knockdown are supportive of this assumption. Cells of sh1 and sh2 

were not able to terminate stage 3 and proceed to further stages (Herre et al. 2023). 

Additionally, in both experiments, subsequent inclines in TPI mRNA expression were visible in 

native cells (Herre et al. 2023; Herre et al. 2022). When comparing both studies, it was 

detected that each uprise in TPI mRNA was connected to an acceleration of cell differentiation 

by them entering further stages of in vitro angiogenesis shortly after. TPI is catalysing the 

synthesis of ATP, which was shown to be essential for ECs to enter most angiogenic stages 

(Du et al. 2021; Dumas et al. 2020; Yetkin-Arik et al. 2019; Qiu et al. 2007). This leads to the 

extended assumption of TPI not only being necessary for cell migration and proliferation but 

also for enabling tube formation. 

TPI’s impact on angiogenic stages and the deceleration of in vitro angiogenesis followed by 

knocking down TPI in study II, leads to the conclusion of TPI increasing the angiogenic potency 

of HDMECs. Moreover, TPI protein was observed to be steadily expressed in N1 and N2 of both 

studies over the whole cultivation period, suggesting that TPI represents an essential protein 

for HDMECs. Solely in study I, a decrease in TPI protein expression was detected in VIM 

knockdown group from batch 2. The appearance of less TPI protein was connected to a 

progressive cell death amongst the cell population and supports the previously described 

assumption of TPI being essential for cell survival (Herre et al. 2023; Herre et al. 2022).  

5.1.3 MAT2A 

In contrast to VIM and TPI, MAT2A is suggested to be a protein mainly having anti-angiogenic 

effects on ECs due to its involvement in cellular methylations via synthesizing SAM (Banerjee 

and Bacanamwo 2010; Sahin et al. 2010). 

For both studies, an initial decrease in MAT2A mRNA expression was observed in N1 and N2 

(Herre et al. 2023; Herre et al. 2022). As previously published, an increase in DNA-methylation 

by supplementing SAM was shown to inhibit cellular migration and proliferation (Banerjee and 

Bacanamwo 2010; Sahin et al. 2010). Cells of N1 and N2 were assigned to beginning stages 

of angiogenesis, i.e. stage 2 and 3 representing stages driven by highly motile cells starting to 

proliferate. By down regulating MAT2A mRNA, cells might have been enabled to undergo these 

stages. Furthermore, a final significant increase in MAT2A was observed in study I in N2 on 

mRNA levels and in study II in N1 on protein levels. Both cell populations were assigned to 

angiogenic stages of 6 (Herre et al. 2023; Herre et al. 2022). According to the all-in-one assay, 

stage 5 and 6 represent stages of three-dimensional organisation of ECs and appearance of 

capillary-like structures (Bahramsoltani and De Spiegelaere 2016; Bahramsoltani et al. 2010; 

Bahramsoltani and Plendl 2004). These stages involve cell maturation which was associated 
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with MAT2A activity and SAM synthesis (Banerjee and Bacanamwo 2010; Sahin et al. 2010; 

Lu et al. 2009). Both lead to the suggestion of MAT2A mainly decreasing the angiogenic 

potency of HDMECs by initiating cell maturation. Further indications were detectable in both 

studies when lowering the angiogenic potency of HDMECs by knocking down VIM and TPI 

respectively. Knockdown ECs displayed an overall tendency of increased MAT2A expression 

simultaneously, indicating an adaptation to the non-angiogenic character of ECs (Herre et al. 

2023; Herre et al. 2022). 

Overall, MAT2A Ct values of all groups were higher in study I than in study II, even when 

utilizing the same culture and detection methodologies (Herre et al. 2023; Herre et al. 2022). 

This might be caused by MAT2A expression being fluctuant and influenced by factors, i.e. SAM 

levels, metabolites and metabolic byproducts (Hunter et al. 2023; Li et al. 2022). 

5.2 Cell differentiations and their impact on the course of in vitro 
angiogenesis  

Two batches of human microvascular endothelial cells derived from neonatal foreskin (HD1, 

HD2) served equally as cellular material for both studies. Both batches were acquired from the 

same distributor. Cultivation substances, environment and procedures were identically applied 

in both experiments for both batches. Results of study I and study II have proven the 

angiogenic character of HD1 and HD2 by both being able to run through the entire angiogenic 

cascade in vitro chronologically (Herre et al. 2023; Herre et al. 2022). However, ECs are 

inhomogeneous and can display tremendous variations in their angiogenic activity resulting 

from only minor differences in cellular architecture (Stryker et al. 2019). It is of immense 

importance to characterize cell populations utilized in the lab. Therefore, gene expression of 

VEGFR-1 and VEGFR-2 was measured for native cells of HD1 and HD2 aiming the distribution 

of tip and stalk cells among the populations. With VEGFR-1 being more expressed in HD1 

than in HD2, it was suggested that batch 1 comprised a higher amount of stalk cells in 

comparison to batch 2 (Herre et al. 2022). The difference in cell differentiations amongst cell 

cultures could get affiliated to divergences in angiogenic, compensatory and expressional 

behaviour, as follows: 

During the process of angiogenesis, endothelial stalk cells are highly proliferative for 

elongating the newbuilt sprout (Ribatti and Crivellato 2012; Patan 2000). The highly 

proliferative character was visible in study I and II considering their angiogenic behaviour. HD1 

displayed a higher cell density throughout the whole cultivation period than HD2. Therefore, 

more cells were able to enter late stages of in vitro angiogenesis, raising the sum of assigned 

stages of angiogenesis for all groups of HD1, resulting in significantly higher values compared 



Discussion 

 
65 

to HD2. Furthermore, both studies were aligned in N2 entering stage 6 earlier than N1 (Herre 

et al. 2023; Herre et al. 2022). As it was already shown, a lower expression of VEGFR-1 can 

lead to an acceleration of in vitro angiogenesis (Bahramsoltani et al. 2010). Along with an 

earlier maturation of N2 in study I, MAT2A expression was significantly upregulated in 

comparison to N1. This demonstrates the link between cell differentiation and expressional 

behaviour, as it was also shown in study I. VIM displayed significantly lower expression in N1 

than in N2, resulting from N2 inheriting less stalk cells and VIM being higher expressed in tip 

cells, as it was already demonstrated in epicardial tip cells (Rusu et al. 2015). Similarly in study 

II, TPI was shown to be significantly more expressed in N1 than N2 (Herre et al. 2023; Herre et 

al. 2022). As it was already shown, tip cells are less glycolytically active which might have 

caused the lower expression levels in HD2 owning less stalk cells (Yetkin-Arik et al. 2019). 

By initiating VIM and TPI knockdown, tremendous differences regarding compensatory 

behaviour were observed. In both experiments, knockdown groups inheriting more stalk cells 

were able to compensate the infection with viral particles based on their higher proliferative 

character. During the second half of both studies, sh1 displayed an uprise in cell density, a 

growing appearance of uninfected cells, a progression to further angiogenic stages and 

increase in mRNA of respective knocked down protein. In contrast, sh2 was stagnating their 

differentiation in study II and even showing progressive cell death in study I (Herre et al. 2023; 

Herre et al. 2022). Furthermore, in study I, control group of HD2 (SCR2) was affected more 

than HD1 (SCR1). While SCR1 was able to run through the angiogenic cascade equally to N1, 

SCR2 displayed a significant deceleration of in vitro angiogenesis. Additionally, expressional 

alterations between both batches were visible. In experiment I, sh1 showed an upregulation of 

TPI mRNA which might be connected to a cellular stress response (Herre et al. 2022; Yamaji 

et al. 2004). In comparison, sh2 decreased TPI mRNA expression, which might be related to 

cell death and the following dysregulation of metabolism (Herre et al. 2022; Kist and Vucic 

2021), and downregulated MAT2A mRNA expression, suggested to aim the repair of damaged 

cells (Herre et al. 2022; Lu and Mato 2008). 

5.3 Limitations and future solutions 

Limitations of this research study address constraints of utilized cells and in vitro angiogenesis 

assay.  

Overall, both batches of HDMECs were purchased from the same distributor and categorized 

as angiogenic ECs. The translation of present results to HDMECs from other distributors must 

be carried out carefully. Additionally, only angiogenic EC populations were used. For validating 

the angiogenic and non-angiogenic influence of proteins, experiments should get repeated 
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with ECs categorized as non-angiogenic. Furthermore, characterization of cell populations was 

only done by measuring VEGFR-1 and VEGFR-2 gene expression via RT-qPCR for both 

batches. To improve data integrity, it is recommended to add another detection method, i.e. 

immunofluorescence or Western blot.  

Regarding in vitro testing for both experiments, the only assay used was the all-in-one assay. 

For validating the angiogenic and non-angiogenic effects of described proteins, more assays 

should be exerted (Stryker et al. 2019; Staton et al. 2004). For VIM, it is expedient to apply a 

migration assay and for TPI a proliferation as well as a tube formation assay. Especially the 

latter would be of great interest to validate TPI’s impact on late stages of in vitro angiogenesis 

which could not get proven by knocking down TPI, by it resulting in a stagnation of the in vitro 

angiogenic cascade (Herre et al. 2023). Additionally, the suggested non-angiogenic influence 

of MAT2A must get evaluated further via knockdown.  

Generally, it must be stated that this thesis provides initial information about the effects of the 

three target proteins on in vitro angiogenesis. To deliver more comprehensive results, 

experiments must be performed in analogy to the living system, i.e. analysis in co-cultures 

followed up by in vivo studies (Stryker et al. 2019; Nowak-Sliwinska et al. 2018; Tahergorabi 

and Khazaei 2012; Staton et al. 2004). 

5.4 Conclusions 

In this study the relation between in vitro angiogenesis of HDMECs and the expression of VIM, 

TPI and MAT2A was demonstrated. 

Each protein displayed expressional fluctuation while native cells were running through the 

angiogenic cascade in vitro. VIM is highest expressed in beginning stages of in vitro 

angiogenesis followed by a downscale, indicating its impact on angiogenic stages of sprouting 

and migration. TPI displayed an initial uprising expression followed by further inclines implying 

its influence on migration, proliferation, and tube formation. In contrast, MAT2A mRNA was 

decreasing in beginning stages and partly uprising in end stages, leading to the suggestion of 

MAT2A having a non-angiogenic effect on ECs and being involved in the process of maturation 

(Herre et al. 2023; Herre et al. 2022).  

When knocking down VIM and TPI respectively, a significant impact on the angiogenic 

behaviour of ECs was detected. Both knockdowns initiated a deceleration of in vitro 

angiogenesis which were accompanied by a decline of cell density in cell cultures. This led to 

the conclusion of VIM and TPI having pro-angiogenic effects, raising the angiogenic potency 
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of ECs as well as being essential for HDMECs to survive and differentiate (Herre et al. 2023; 

Herre et al. 2022).    

Initiated by the knockdown of VIM and TPI individually, gene expression of the respective other 

proteins was impacted. By downregulating TPI, VIM expression followed the incline while 

MAT2A mRNA was uprising, leading to the conclusion of cells adapting to the lower angiogenic 

potency. In comparison, VIM knockdown led to an uprise of TPI and MAT2A mRNA in HD1 and 

a decrease in HD2. This behaviour was suggested to be connected to the different cell 

differentiations among cell populations (Herre et al. 2023; Herre et al. 2022). 

With HD1 comprising a higher amount of stalk cells among the population than HD2, it was 

supposed to provide a higher proliferative activity leading to differences regarding angiogenic, 

compensatory and expressional behaviour. While HD1 displayed a higher cell density, HD2 

presented an acceleration of in vitro angiogenesis. Furthermore, cells of HD1 were able to 

survive and recover from both knockdowns. Contrarily, cells of HD2 showed less compensatory 

activity by progressively dying or stagnating regarding their differentiation. Additionally, 

expressional differences were connected to the angiogenic and compensatory dissimilarities 

of both batches, i.e. decreasing expression of TPI and MAT2A in dying cells and 

compensational upregulation of TPI and MAT2A in surviving cells (Herre et al. 2023; Herre et 

al. 2022). These findings clearly constitute the tremendous impact of EC differentiations on the 

overall behaviour of EC populations. Leading to the conclusion of characterization of EC 

population being indispensable for the usage of ECs in in vitro angiogenesis assays and the 

integrity of interpretation of results.   

5.5 Outlook 

First, limitations of this thesis should get eradicated by repeating the experiments using 

HDMECs from other distributors, including non-angiogenic ECs, initiating MAT2A knockdown 

and implementing further single stage in vitro angiogenesis assays.   

Overall, this thesis provides new and highly important information about VIM, TPI and MAT2A 

being involved in in vitro angiogenesis in HDMECs. It is necessary to continue this research 

project and explore further proteins which might affect the angiogenic potency of ECs, e.g. 

myozenin 2 and cAMP-specific phosphodiesterase 4D (Bahramsoltani et al. 2013). These 

findings are highly insightful and may serve as base for future in vivo studies with the aim of 

developing potential pro-angiogenic and anti-angiogenic substances to salutary modulate 

angiogenesis in living systems.     
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In particular, this thesis states the importance of characterization of cells used in in vitro assays. 

Further detection methods need to be established and standardized with the aim of unifying 

the research field of in vitro angiogenesis and optimize reproducibility and reliability.  
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6. Summary 

6.1 Summary 

Expression of VIM, TPI and MAT2A and their impact on in vitro angiogenesis in 
human dermal microvascular endothelial cells 

Angiogenesis is the dynamic process of building new blood vessels from pre-existing ones. 

During sprouting angiogenesis, tip cells are mainly responsible for migration, stalk cells for 

proliferation and phalanx cells for maturation of the new vessel. Major research effort was 

directed to anti- and pro-angiogenic therapy. Therefore, in vitro models are frequently used. 

However, these assays face problems regarding reproducibility based on single stage assays 

and the inhomogeneous character of endothelial cells (ECs). When establishing and 

performing the all-in-one assay, which covers all stages of in vitro angiogenesis, differences 

regarding angiogenic potency was detected resulting in a classification of ECs into angiogenic 

and non-angiogenic. Proteome expression profiles of both classes exhibited one protein only 

found in non-angiogenic ECs, i.e. adenosylmethionine synthetase isoform type 2 (MAT2A), 

and seven proteins exclusively in angiogenic ECs. MAT2A represents a highly conserved 

enzyme being mainly involved in regulatory functions and suggested to have anti-angiogenic 

effects. Among the seven proteins found in angiogenic ECs, vimentin (VIM) and 

triosephosphate isomerase (TPI) are hypothesized to have pro-angiogenic impact on ECs. By 

VIM being a type III intermediate filament protein, it is highly involved in cell shape and motility. 

TPI is a glycolic enzyme generating energy and mainly influencing cell proliferation.  

Both studies aimed to determine whether the expression of VIM, TPI and MAT2A is related to 

angiogenesis in vitro in human dermal microvascular endothelial cells (HDMECs). Therefore, 

two batches of HDMECs were long-term cultivated using pro-angiogenic media. Quantification 

of in vitro angiogenesis was carried out using phase-contrast microscopy twice a week. 

Knockdown groups got infected with lentiviral particles initiating a knockdown of VIM or TPI 

respectively. Additionally, a non-coding sequence was used for the infection of control groups. 

At days 1, 5, 25 and 50, cells of all groups were harvested and used for mRNA and protein 

expression analysis. The mRNA expression of vascular endothelial growth factor 1 (VEGFR-

1), vascular endothelial growth factor 2 (VEGFR-2), and mRNA and protein expression of VIM, 

TPI and MAT2A were determined by RT-qPCR and Western Blot.  

In native cells, VIM was shown to be expressed mainly in beginning stages of sprouting and 

migrating, which are suggested to be enabled by VIM’s influence on the cytoskeleton. By 

knocking down VIM, cell death and a deceleration of in vitro angiogenesis was observed 
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leading to the conclusion of VIM being an essential protein for HDMECs survival and having 

pro-angiogenic effects on ECs. For TPI, native cells showed an overall increase in expression 

over the cultivation period. By TPI providing energy for cells, it is suggested to be essential for 

most angiogenic stages, i.e. cell migration, proliferation, and tube formation. By knocking down 

TPI, a deceleration of in vitro Angiogenesis was observed, leading to the assumption of TPI 

increasing the angiogenic potency of ECs. Furthermore, native TPI expression was shown to 

be consistent. The single decrease of TPI expression was connected to cell death, showing 

the essential character of TPI for HDMECs survival. Native MAT2A expression was highest at 

the beginning of cultivation, followed by a significant decrease. Moreover, a final increase was 

detected. With MAT2A owning regulatory functions via methylations, it is suggested to have 

anti-angiogenic effects, mainly expressed in quiescent cells and involved in maturation of 

HDMECs. In both knockdown studies, MAT2A displayed an overall tendency of being 

increased when lowering the angiogenic potency, supporting the assumption of MAT2A 

impacting anti-angiogenic events. By characterizing both batches of HDMECs via VEGFR-1 

and VEGFR-2 expression, it was shown that HD1 comprised a higher amount of stalk cells. 

The difference in distribution of cell differentiation led to a divergence in angiogenic, 

compensatory and expressional behaviour of the batches. HD1 inherited a higher proliferative 

power which was visible in them having a higher cell density and higher values of sums of 

assigned stages. With HD1 owning more stalk cells, VIM expression was lower and TPI was 

significantly higher in contrast to HD2. Furthermore, HD2 displayed an acceleration of in vitro 

angiogenesis, which was connected to higher MAT2A Ct-values. Additionally, knockdown cells 

of HD1 were able to recover from infection by increasing their cell density and progressing to 

further angiogenic stages, while knockdown cells of HD2 were either stagnating their 

differentiation or displaying cell death. Further, control group of HD2 displayed a deceleration 

of in vitro angiogenesis while control group of HD1 was unaffected. Overall, it has been shown 

that the characterization of cell differentiations is of immense importance for EC application 

and the interpretation of in vitro angiogenesis assays.   

Experiments should get repeated including cells from different distributors involving non-

angiogenic cells, cell characterization should be extended by an additional detection method 

and specific assays should get employed for validating protein effects. For comprehension to 

living systems, subsequent experiments should involve more than one cell type, followed by in 

vivo studies. MAT2A knockdown should be initiated and further proteins influencing the 

angiogenic potency should be examined. Furthermore, upcoming investigations should focus 

on developing and optimizing the characterization of EC populations to increase reproducibility 

and reliability of studies in the field of in vitro angiogenesis. 
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6.2 Zusammenfassung 

Expression von VIM, TPI und MAT2A und deren Einfluss auf die In-vitro-
Angiogenese von humanen dermalen mikrovaskulären Endothelzellen 

Als Angiogenese wird der dynamische Prozess bezeichnet, der zur Neubildung von 

Blutgefäßen aus bereits existierenden führt. Die sprossende Angiogenese vollzieht sich durch 

die Migration der Tip cells, die Proliferation von Stalk cells und die Maturation von Phalanx 

cells. In Rahmen der Angiogenese-Forschung kommen In-vitro-Modelle regelmäßig zum 

Einsatz. Sie haben jedoch häufig Probleme bezüglich ihrer Reproduzierbarkeit. Mit der 

Entwicklung und dem Einsatz eines all-in-one assays, wurden Unterschiede bezüglich der 

angiogenen Potenz von Endothelzellen (ECs) festgestellt, die eine Klassifizierung in 

angiogene und nicht-angiogene ECs zur Folge hatten. Eine Proteomanalyse beider Gruppen 

zeigte, dass das Protein Adenosylmethionine-Synthetase Isoform Typ 2 (MAT2A) 

ausschließlich in nicht-angiogenen ECs exprimiert wurde. Dieses Enzym weist vor allem 

regulatorische Funktionen auf und hat vermutlich einen anti-angiogenen Effekt auf ECs. Die 

Proteine Vimentin (VIM) und Triosphosphate Isomerase (TPI) wurden nur in angiogenen ECs 

gefunden. Deshalb wurde vermutet, dass sie pro-angiogene Effekte auf ECs haben. VIM ist 

ein Typ III Intermediärfilament und beeinflusst Zellform und -motilität. TPI ist ein glykolytisches 

Enzym, welches Energie generiert und besonders die zelluläre Proliferation beeinflussen kann. 

Das Ziel beider Studien bestand darin, zu ermitteln, ob eine Verbindung zwischen der 

Expression von VIM, TPI und MAT2A und der In-vitro-Angiogenese in humanen dermalen 

mikrovaskularen ECs (HDMECs) besteht. Dafür wurden zwei Chargen an HDMECs unter 

Verwendung eines pro-angiogenen Mediums langzeit-kultiviert. Die Quantifizierung der In-

vitro-Angiogenese erfolgte anhand phasenkontrastmikroskopischer Aufnahmen. Der 

Knockdown von VIM oder TPI wurde mittels lentiviralen Partikeln initiiert. Die mRNA-

Expression von Vascular endothelial growth factor 1 (VEGFR-1) und Vascular endothelial 

growth factor 2 (VEGFR-2) und die mRNA- und Proteinexpression von VIM, TPI und MAT2A 

mittels RT-qPCR und Western Blot wurde an Tag 1, 5, 15, 25 und 50 analysiert. 

In nativen Zellen zeigte sich die stärkste VIM-Expression hauptsächlich in den Stadien der 

Sprossung und Migration, die vermutlich durch VIM und dessen Einfluss auf das Zytoskelett 

angetrieben wurden. Während des Knockdowns von VIM, wurde ein starker Zelltod in 

Knockdown-Kulturen und eine Verzögerung der In-vitro-Angiogenese ermittelt. Dies führt zu 

der Vermutung, dass es sich bei VIM um ein für die Angiogenese essenzielles Protein handelt, 

das die angiogene Potenz steigert. Für TPI konnte in nativen Zellen ein allgemeiner Anstieg 

der Expression im Laufe der Kultivierung gezeigt werden. Da durch TPI den Zellen Energie 
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zur Verfügung gestellt wird, ist es nachvollziehbar, dass TPI im Prozess der In-vitro-

Angiogenese notwendig für die Stadien der Migration, Proliferation und Lumenbildung ist. Der 

TPI-Knockdown führte zu einer Verzögerung der In-vitro-Angiogenese, was vermuten lässt, 

dass TPI die angiogene Potenz vom ECs erhöht. Die konstante Expression vom TPI und der 

mit dem Abfall der TPI-Expression assoziiert Zelltod, lässt auf den essenziellen Charakter von 

TPI für das Überleben der Zellen schließen. Die native MAT2A-Expression war zu Beginn und 

am Ende der In-vitro-Angiogenese am stärksten. MAT2A besitzt vorwiegend regulierende 

Funktionen durch Methylierungen und ist dadurch vermutlich ein Protein, das besonders in 

ruhenden ECs exprimiert wird und an deren Maturation beteiligt ist. Beide Studien zeigten die 

Tendenz einer verringerten MAT2A-Expression in Verbindung mit einer geringeren angiogenen 

Potenz, welches die Vermutung unterstützt, dass MAT2A vornehmlich anti-angiogene Effekte 

auf HDMECs hat. Zusätzlich wurden beide Chargen anhand ihrer VEGFR-1 und VEGFR-2 

Expression charakterisiert. Es wurde gezeigt, dass HD1 eine höhere Anzahl an Stalk cells 

besaß, wodurch angenommen wird, dass HD1 eine höhere proliferative Kraft besitzt, welche 

zu einer höheren Zelldichte und zu höheren Werten bei der Quantifizierung der In-vitro-

Angiogenese führte. Dies könnte auch der Grund dafür sein, dass in HD1 die VIM-Expression 

geringer und die TPI-Expression höher war als bei HD2. Darüber hinaus konnte in HD2 eine 

Beschleunigung der In-vitro-Angiogenese beobachtet werden, welche mit höheren MAT2A-Ct-

Werten einherging. Des Weiteren zeigten Knockdown-Zellen von HD1 eine Erhöhung der 

Zelldichte und das Voranschreiten in höhere Stadien, wohingegen Knockdown-Zellen von HD2 

entweder in einem frühen Stadium stagnierten oder zugrunde gingen. Zudem zeigte selbst die 

Kontrollgruppen von HD2 eine Verzögerung der In-vitro-Angiogenese, während die 

Kontrollgruppen von HD1 unbeeinflusst waren. Insgesamt wird deutlich, dass es für den 

Einsatz von ECs in In-vitro-Studien und die Interpretation von Forschungsergebnissen 

zwingend notwendig ist, Zellkulturen zu charakterisieren.  

Es ist angeraten, die Experimente unter Verwendung von Zellen unterschiedlicher Hersteller 

und unter Einsatz von nicht-angiogenen ECs zu wiederholen, eine weitere Nachweismethode 

zur Zellcharakterisierung hinzuzuziehen und eine Validierung der Proteineffekte mittels 

spezifischer Assays durchzuführen. Um die Ergebnisse auf das lebende System zu 

transferieren, sind Versuche notwendig, die mehr als eine Zellart aufweisen, gefolgt von In-

vivo-Studien. Es ist angeraten einen MAT2A-Knockdown zu initiieren und weitere Proteine zu 

untersuchen, die potenziellen pro- oder anti-angiogenen Einfluss auf ECs haben. Des 

Weiteren sollten zukünftige Projekte auf die Entwicklung und Optimierung der 

Zellcharakterisierung abzielen, um die Reproduzierbarkeit und die Zuverlässigkeit von Studien 

im Bereich der In-vitro-Angiogenese zu verbessern.  
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