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List of abbreviations 
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BrdU  bromodeoxyuridine  
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GAS5     growth arrest specific 5 
 
HEPES BSS  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  
 

buffered saline solution 
 
HNRNPU    heterogeneous nuclear ribonucleoprotein U 
 
HOTAIR    HOX transcript antisense RNA 
 
HUVEC    human umbilical vein endothelial cells 
 
IL-6     interleukin 6 
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lncRNA    long non-coding RNA 
 
MALAT1 metastasis associated lung adenocarcinoma   
 

transcript 1 
 
miR     microRNA 
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bromide 
 
MV     microvesicle  
 

NF-B nuclear factor kappa-light-chain-enhancer of  
 

activated B-cells  
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ncRNA    non-coding RNA 
 
ox-LDL    oxidized low-density lipoprotein 
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PCR     polymerase chain reaction 
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qPCR     quantitative real-time polymerase chain reaction 
 
RC     recipient cells 
 
RNA     ribonucleic acid   
 
siRNA     small interfering RNA 
 
SMC     smooth muscle cells 
 

TNF-     tumor necrosis factor alfa 
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1. Introduction 

 

1.1 Cardiovascular disease  

 

In today’s society, cardiovascular disease (CVD) is the leading cause of death in 

developed countries (Benjamin and Virani, 2018). Owing to a changing lifestyle of the 

population, CVDs have emerged as a global health problem in the last decades and 

the total number of deaths continues to increase. Today, CVDs are accountable for 

approximately one third of all deaths globally. Together with that, more than 95 % of 

these deaths are caused by six different conditions; these include ischemic heart 

disease (IHD), stroke, hypertensive heart disease (HHD), cardiomyopathy, rheumatic 

heart disease (RHD), and atrial fibrillation (AF) (Joseph et al., 2017). Several health-

related risk factors have, to date, been identified, including smoking, diet, alcohol 

consumption, and physical activity. These risk factors are known to contribute to the 

pathogenesis of CVDs (Joseph et al., 2017). Moreover, in addition to diseases like high 

blood pressure and diabetes, atherosclerosis lays the foundation for many of these 

diseases and has an enormous impact on mortality (Cowles Andrus et al., 2015). In 

particular, coronary artery disease (CAD) is a severe manifestation of atherosclerosis, 

affecting the integrity of the blood vessels of the heart (Cowles Andrus et al., 2015).  

 

CAD has an enormous impact on mortality worldwide and is initiated by an interplay 

between lifestyle factors and genetic modifications (Khera et al., 2016). In the few last 

years, ongoing investigations have formed an understanding that the risk of CAD is 

associated with many different genetic alterations. Therefore, a genomic analysis of 

patients might offer a better understanding of the underlying pathophysiology, help to 

identify affected subgroups, and provide more precise therapeutic approaches  (Khera 

and Kathiresan, 2017). 

 

Atherosclerosis is a chronic inflammatory disease of the blood vessels, leading to 

endothelial cell (EC) dysfunction and plaque formation. In particular, regions with 

increased endothelial shear stress, located close to bifurcations and branch points, are 

affected (Bentzon et al., 2014). Due to oxidative and hemodynamic stress, the 

endothelial permeability is reduced and allows macrophages to accumulate and 
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release inflammatory factors. In particular, low density lipoproteins (LDLs) enter the 

intima wall and are oxidized by proinflammatory enzymes (e.g. lipoxygenase and 

myeloperoxidase) (Insull et al., 2009; Yoshida and Kisugi, 2010). Additionally, the 

production of pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-

) and interleukins (ILs), promote the development of atherosclerosis (Bäck et al., 

2019; Pan et al., 2017). Furthermore, vascular smooth muscle cells (VSMCs) get 

activated, which leads to their proliferation and migration (Shan et al., 2016). These 

changes result in arterial-wall remodeling and plaque formation, which are vulnerable 

to rupture and to trigger thrombotic occlusions of arteries, resulting in ischemic 

incidences (Insull et al., 2009).  

 

Of particular significance for the pathogenesis of arteriosclerotic lesions are the ECs 

as they form an important border between the circulating blood and the adjacent 

tissues. Therefore, ECs can regulate the migration of various biological messengers 

and immune cells (Gimbrone and García-Cardeña, 2016; Paone et al., 2018). In 

general, ECs are highly adaptive to environmental cues and can be replaced by 

resident cells. As they represent the largest population of non-cardiomyocyte cells 

within the myocardial tissue, ECs have emerged as key players in cardiac repair 

(Rohde and Nahrendorf, 2019; Shan et al., 2016). However, long-term stress can lead 

to an imbalance of apoptosis and proliferation, resulting in dysfunction of the ECs 

(Shan et al., 2016).  

 

Although our understanding of the different pathways contributing the development of 

CVDs has risen in the last years, further studies are still needed to increase the 

therapeutic arsenals for the treatment of multifunctional CVDs, thus warranting further 

investigations.  
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Fig. 1: Inflammatory processes that occur during the pathogenesis of 
arteriosclerosis.  

An imbalance between pro-inflammatory and anti-inflammatory mediators can result in 
arteriosclerotic lesions. First, LDL is retained in the arterial wall and in the next step 
oxidized by pro-inflammatory cytokines. The expression of adhesion molecules gets 
promoted and monocytes differentiate into macrophages. Subsequently, the modified 
LDL gets absorbed by macrophages and converts them into foam cells. Moreover, 
smooth muscle cells get activated, which leads to their proliferation and migration. If 
the pro-inflammatory factors predominate, then necrosis and pyroptosis (mediated by 
inflammasome activation) are initiated and the generation of plaques possessing a 
large necrotic lipid core is enhanced. VCAM-1, vascular adhesion molecule 1; ICAM-
1, intracellular adhesion molecule 1; LDL, low-density lipoprotein; oxLDL, oxidized 
LDL; SR, scavenger receptor; ROS, reactive oxygen species (Adapted from Bäck et 
al., 2019).  

 

 

1.2 Intercellular communication 
 
Intercellular communication is made up of diverse ways of cells communicating 

amongst each other and transferring messages through different forms of interaction. 

Today, a large number of processes for transferring genetic information and messages 
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amongst various cells have been investigated (Gutiérrez-Vázquez et al., 2013). These 

processes can occur in a single pathway or can take place simultaneously in multiple 

pathways. However, intercellular communication represents a major component of the 

physiological or pathological processes of different diseases, including CVDs (Fafián-

Labora and O’Loghlen, 2020). One major form of intercellular communication the 

release of biological messengers such as cytokines or hormones into the extracellular 

space. Therefore, cells are capable of communicating over long distances via 

horizontal transfer of information (Fafián-Labora and O’Loghlen, 2020). Moreover, 

another form of intercellular communication occurs through the establishment of highly 

organized cell-to-cell structures, including gap junctions, intercellular bridges, and 

synapses (Mittelbrunn and Sánchez-Madrid, 2012). 

 

The myocardium comprises a complex set of various cell types, including 

cardiomyocytes, endothelial cells, fibroblasts, smooth muscle cells, inflammatory cells, 

and stem cells (Segers et al., 2019). To ensure effective communication between the 

different cell types of the heart, several ways of cell-to-cell interaction have been 

described (Batista-Almeida et al., 2020). For direct communication, gap junctions or 

tunneling nanotubes (TNT) are utilized (Batista-Almeida et al., 2020). Gap-junction 

channels are comprised of transmembrane connexin proteins, which coordinate the 

transmission of impulses within the heart to provide an optimal output (Adesse et al., 

2011). Moreover, extracellular vesicles (EVs) and soluble factors enable them to 

communicate over longer distances (Van Niel et al., 2018). All cardiac cell types have 

been shown to release extracellular vesicles. Furthermore, in response to different 

stress stimuli, such as hypoxia, inflammation, or injury, cardiomyocytes are able to 

increase their release of EVs (Chistiakov et al., 2016). These tightly regulated forms of 

interaction are mandatory for efficient heart activity. Dysfunction of these processes 

can lead to the onset of CVDs (Batista-Almeida et al., 2020). Together with these 

findings, recent studies have observed that endothelial injury triggers the release of 

EVs, indicating that they can potentially influence the pathogenesis of CVDs (Dignat-

George and Boulanger, 2011; Jansen et al., 2017).  
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1.3 Extracellular vesicles 
 

In the last few years, the role of extracellular vesicles (EV) in intercellular 

communication has become focused on their major roles in different pathophysiologies 

(Théry et al., 2018; Van Niel et al., 2018; Yáñez-Mó et al., 2015). EVs are small 

compartments released by healthy or apoptotic cells that circulate in various human 

bodily fluids, e.g. blood, urine, and saliva (Abels and Breakefield, 2016). Moreover, 

EVs are involved in multiple physiological and pathological processes, including blood 

coagulation, inflammation, stem-cell expansion, neuronal communication, 

tumorigenesis, and cardiovascular biology, acting as a vector for biological information 

(Pfeifer et al., 2015; Van Niel et al., 2018). The composition of EVs and their effects on 

target cells are extremely heterogeneous and dependent on the cell of origin and its 

functional state upon release of the EVs (Jansen et al., 2017). To date, a large variety 

of EVs with diverse functions and sizes have been identified (Théry et al., 2018). 

 

Initially described by Pan and Johnstone in 1983, it was first thought that the release 

of EVs is part of the disposal mechanism of the cell, to discard unwanted material 

(Abels and Breakefield, 2016). But more recently, several studies have found that, 

once released, EVs can serve as vehicles for the transport of cytokines, proteins, and 

nucleic acids, e.g. DNA and RNA (including, noncoding RNAs). Subsequently, these 

exchanges of genetic information can lead to alterations in the function and phenotype 

of the recipient cells (RCs) (Boulanger et al., 2017). RCs are defined as cells that 

receive the biological cargos of EVs, transferred from the extracellular space (Abels 

and Breakefield, 2016). Moreover, prior studies have shown that the content of EVs, 

for instance, RNAs (microRNAs (miRNAs) and long-noncoding RNAs (lncRNAs), is 

protected from naturally occurring nucleases (e.g. RNAse) in the extracellular space, 

owing to a protective bilayered membrane of the vesicles (Abels and Breakefield, 

2016). However, the ability of EVs to direct physiological and pathological alterations 

heavily depends on the interaction and incorporation of their biological cargos (DNAs, 

RNAs, proteins, lipids, etc.) into the RCs (Dignat-George and Boulanger, 2011). Based 

on their size, EVs are largely divided into groups based on their dimension: exosomes 

and microvesicles. Exosomes have a diameter less than 150 nm and originate from 

intercellular multivesicular bodies (MBV) that undergo exocytosis (Povero et al., 2014). 

Multivesicular bodies are considered to be a special form of endosomes, containing 
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membrane-bound intraluminal vesicles, which can be released into the extracellular 

space by fusion with the plasma membrane (Mittelbrunn and Sánchez-Madrid, 2012; 

Wollert and Hurley, 2010). Furthermore, microparticles, also known as microvesicles, 

refers to membrane-bound vesicles ranging from 100–1000 nm (Hosen et al., 2020). 

Upon hypoxia, mechanical activation, or inflammation the release of these vesicles, 

originating from the cellular membrane, is enhanced. Additionally, apoptotic bodies 

were found to be large vesicles with a diameter larger than 1 µM (Boulanger et al., 

2017). However, due to complexities in determining their subcellular origin, a rising 

number of scientists purely separate EVs according to their size. Therefore, EVs with 

a diameter smaller than 100–200 nm are referred as small vesicles and vesicles with 

a diameter larger than 200 nm get classified as large vesicles (Théry et al., 2018). 

 

In our study, we decided to focus on the investigating large EVs, ranging from 100–

1000 nm in diameter. To date, there are several ways known in which EV can govern 

intercellular communications (Raposo and Stoorvogel, 2013). First, EVs can directly 

bind to cell-surface receptors on the recipient cell. Second, EVs are able to incorporate 

their cargoes into the target cell by fusing with the membrane. This process is regulated 

by the presence of phosphatidylserine (PS) on the surface of the EV. Furthermore, 

EVs can also be taken up by the recipient cells via endocytosis, pinocytosis, or 

phagocytosis (Jansen et al., 2017). These routes enable EVs to transfer their cargoes, 

DNAs/RNAs, proteins and/or cytokines, to the target- or recipient cells (RCs) (Abels 

and Breakefield, 2016). 

 

As stated above, EVs are involved in the development of several pathologies, including 

vascular diseases. Recent studies have suggested that, due to continual 

harm/damage to the vascular endothelium, ECs are constantly generating EVs 

(Dignat-George and Boulanger, 2011). A large body of evidence supports the idea that 

several factors involved in the pathogenesis of atherosclerosis, such as lipoproteins, 

cytokines, oxidative stress, and shear stress, result in an increased liberation of EVs 

from ECs (Rautou et al., 2011). Likewise, several studies have proposed that EVs 

accumulate in atherosclerotic lesions, mediating major biological pathways such as 

inflammation, proliferation, thrombosis, calcification, and vasoactive responses, 

potentially mediating the initiation and progression of CADs (Amabile et al., 2010; 
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Boulanger et al., 2017). In line with these findings, it became apparent that patients 

with well-known cardiovascular risk factors, including smoking, dyslipidemia, diabetes 

mellitus (DM), and hypertension, have an elevated level of circulating EVs (Boulanger 

et al., 2017).  

Initially, attributed as a promoter of CAD, more recent studies have emerged, showing 

that circulating EVs can also mediate endothelial regeneration and vascular protection 

(Jansen and Schäfer, 2017). Owing to both endogenous and exogenous reparative 

mechanisms, the endothelial barrier can be restored, which prevents the development 

of vascular disease (Evans et al., 2021). Several studies have outlined that due to 

disease-induced dysregulation of EV-mediated interactions several biological 

processes like inflammation, angiogenesis, and fibrosis can be affected (Batista-

Almeida et al., 2020). Therefore, we decided to further investigate the role of large 

extracellular vesicles in the pathogenesis of CVDs.  

 

Fig. 2: Classification and functions mediated by ncRNAs via extracellular vesicles.  

NcRNAs located in the cytoplasm of the donor cell can be incorporated into vesicles 
(presented as miR in the figure) and released into the extracellular space. 
Subsequently, extracellular vesicles loaded with ncRNAs can convey genetic 
information, which can alter various biological functions, such as migration, 
proliferation, inflammation, and apoptosis, in the recipient cell. Extracellular vesicles 
can be classified according to their size and origin into small vesicles, referred to as 
exosomes, with a diameter of 50–150 nm. Moreover, large vesicles include 
microvesicles, with a range from 100 to 1000 nm, and apoptotic bodies, with a size 
between 100 and 5000 nm that originate from blebbing of the plasma membrane of an 
apoptotic cell. Pri-miRNAs, primary miRs; RISC, RNA-induced silencing complex; EVs, 
extracellular vesicles; MVB, multivesicular bodies; AGO2, argonaute proteins; LDL, 

low-density lipoproteins; HDL, high-density lipoproteins. This figure was used with the 
permission from Hosen et. al., published in Antioxidants & Redox Signaling 2020. 

miR 
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1.4 Non-coding RNA  
 

The human genome is extensively transcribed into RNAs, but merely one to two 

percent of these RNAs are able to encode proteins (Poller et al., 2018). By far, the 

majority of the mammalian genome is not translated into proteins and, for a long period 

of time, was disregarded as unimportant (Jarroux et al., 2017). We now classify non-

coding RNAs according to their size, divided into small non-coding RNAs (sncRNAs), 

primarily consisting of microRNAs (miRNAs or miRs), and lncRNAs (Small and Olson, 

2011). These different types of ncRNAs have diverse biological functions that have an 

effect on a wide range of diseases (Esteller et al., 2011). MiRNAs are small RNAs with 

a size of 19 to 25 nucleotides and regulate gene expression by silencing target genes 

post-transcriptionally (Lu and Rothenberg, 2018).  

Moreover, due to newly developed analysis methods like next-generation sequencing 

(NGS), it is now widely acknowledged that a large number of the eukaryotic genome 

is transcribed into lncRNAs (Lalith et al., 2018). In addition to miRNAs, small ncRNAS 

include small interfering RNAs (siRNAs), PIWI-interacting RNAs (piRNAs), tRNA-

derived small RNAs (tRFs), small nucleolar RNA (snoRNAs). LncRNAs are classified 

as transcripts more than 200 nucleotides in length and show little or no potential to 

code for a protein (Chen et al., 2019; Schmitz et al., 2016). First depicted a few 

decades ago, today there are more than 60,000 lncRNAs that have been discovered 

in the human genome, and the expression profile of lncRNAs can help distinguish 

between various cell types (Thum and Condorelli, 2015). Moreover, lncRNAs can 

originate from transcription of an intergenic region, an intronic region, or from the 

antisense strand of a specific gene (Lucas et al., 2018). Today they represent a 

heterogeneous class of ncRNAs, containing long-intergenic RNA (lincRNA), antisense 

transcripts, and enhancer RNA (eRNA), and due to back-splicing of exons, the 

formation of circular RNA has also been observed (Boon et al., 2016).  

Furthermore, previous studies suggest that lncRNAs are indispensable in the 

regulation of several key biological processes, such as translation, splicing, and gene 

silencing. However, the precise mechanisms and role of these functions are still the 

subject of intense investigation (Lalith et al., 2018; Poller et al., 2018). Moreover, 

lncRNAs are able to interact with various molecules present within the cell, including 

DNA and other RNAs. Certain binding sites enable lncRNAs to bind to proteins, which 

can lead to changes in the function of the lncRNA (Ferrè et al., 2016). Additionally, 
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based on their subcellular distribution, lncRNAs can be classified as nuclear or 

cytoplasmic lncRNAs, and also, there are tissue-specific patterns of lncRNA 

expression (Schmitz et al., 2016). 

 

 

Fig. 3: Classification of ncRNAs.  

Nearly the entire human genome has been shown to be transcribed, not just the 
protein-coding genes, resulting in a large non-coding transcriptome with various RNA 
species. Due to a different regulatory mechanism, ncRNAs can control gene 
expression at the transcriptional or translational levels. ncRNAs with more than 200 
nucleotides are referred to as lncRNAs, which distinguishes them from small non-
coding RNAs. Messenger RNAs (mRNAs) are the protein-coding portion of RNAs, 
because their sequence gets translated into an amino acid chain resulting in a protein. 
The translation of mRNAs can be manipulated by ncRNAs, which can work by affecting 
alternative splicing or binding to exon/intron junctions. miRNAs, microRNAs; mRNA, 
messenger RNA; piRNAs, piwi-interacting RNAs; rRNA, ribosomal RNA; snoRNAs, 
small nucleolar RNAs; snRNAs, small nuclear RNAs; tRNAs, transfer RNAs; rasiRNA, 
repeat-associated short interfering (rasi)RNA; siRNA, small interfering RNA; circRNA, 
circular RNA; NATs, Natural antisense transcripts; eRNA, enhancer RNA; lincRNA, 
Long intervening/intergenic noncoding RNAs (Adapted from Brandenburger et al., 
2018). 
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1.5 The role of non-coding RNA in CVDs 
 

In the last years, the field of microRNA research has expanded noticeably, and 

numerous studies have assessed the capacity of miRNAs to regulate post-infarction 

angiogenesis and remodeling, cardiac fibrosis, and atherosclerosis, with the hope of 

potentially offering new therapeutic targets. (Lucas et al., 2018). Additionally, today it 

is widely acknowledged that lncRNAs have emerged as essential regulators of multiple 

biological functions and their dysregulation can potentially contribute to the 

pathogenesis of major human diseases. In line with these observations, lncRNAs are 

considered to be novel regulators of cardiovascular risk factors and cell integrity and 

could be used as biomarkers in the future (Poller et al., 2018; Schmitz et al., 2016). 

The first lncRNA that was detected to be highly expressed in the heart was termed 

Braveheart (Bvht), and downregulation of Bvht results in a reduced capacity of 

embryonic stem cells to differentiate into cardiomyocytes (Boon et al., 2016). 

Moreover, two well-researched lncRNAs, Metastasis-associated lung adenocarcinoma 

transcript 1 (MALAT1) and myocardial infarction-associated transcript (MIAT), have 

been shown to mediate endothelial cell functions and vessel growth (Boon et al., 2016; 

Thum and Condorelli, 2015).  

 

Recent studies have found that patients with CADs show aberrant expression of 

various lncRNAs, thus offering a new field in the research of CVDs (Poller et al., 2018). 

The first evidence of the importance of lncRNAs in CVDs was presented by Yang et 

al. They found that the expression pattern of lncRNAs can distinguish between 

ischemic and non-ischemic heart failure (Yang et al., 2014). Several subsequent 

studies observed similar changes in the lncRNA expression patterns among patients 

with CVDs, compared to healthy subjects. An additional study revealed a genetic locus 

containing the antisense noncoding RNA INK4 locus (ANRIL)  with several single-

nucleotide polymorphisms, which are associated with an increased likelihood for CAD 

(Thum and Condorelli, 2015). Moreover, Shan et al. found that downregulation of the 

lncRNA Retinal non-coding RNA3 (RNCR3) resulted in reduced proliferation and 

migration of ECs. Therefore lncRNCR3 has an atheroprotective effect and can 

potentially be used for the treatment of arteriosclerosis in the future (Shan et al., 2016). 

Similar, lncRNA H19 has been reported to promote atherosclerosis via the mitogen-

activated protein kinase (MAPK) and NF-B signaling pathway (Pan et al., 2017). 
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Therefore, a better understanding of the underlying mechanisms of lncRNAs might 

offer novel therapeutic options for the treatment of CVDs (Lucas et al., 2018). 

 

 

Fig. 4: Genetic alterations modulating CVD risk factors. 

Certain genetic alterations have been identified amongst the population that lead to an 
elevated risk for CVDs. Thanks to gene sequencing, an increasing number of genes 
and somatic mutations have been discovered that can lead to changes in inflammation 
and proliferation. Subsequently, these transformations can promote the onset of 
atherosclerosis, which can result in myocardial infarction (Adapted from Schunkert et 
al., 2018). 
 

 

1.6 Long noncoding RNA GAS5 
 

A growing number of lncRNAs have been found to have regulatory effects, among 

them lncGAS5 (Kino et al., 2010). The lncRNA GAS5, also known as Growth arrest 

specific 5, is the transcript of the Growth arrest specific 5 (GAS5) gene (Zhou and 

Chen, 2020). First isolated in 1988, in the search for a novel tumor suppressor from 

growth-arrested cells, the GAS5 gene comprises 12 exons (Pickard and Williams, 
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2015). These exons contain only a short open reading frame and are not thought to 

encode functional proteins (Pickard and Williams, 2015). Instead, they are spliced to 

generate two mature lncRNAs, named GAS5a and GAS5b (Kino et al., 2010). 

In the past, numerous studies have shown the lncRNA GAS5 to be associated with 

biological functions like apoptosis, cell migration, and proliferation but the precise 

mechanism and regulation of these effects remain to be elucidated (Pickard and 

Williams, 2015; Zhu et al., 2020). Moreover, it is now widely acknowledged that the 

lncRNA GAS5 functions as a tumor-suppressor in numerous types of cancer, such as 

breast, bladder, renal, colorectal, and ovarian cancer (Li et al., 2018; Pickard and 

Williams, 2015; Qiao et al., 2013; Zhang et al., 2013). Analysis of several tumor tissues 

revealed that the expression of GAS5 is downregulated in various forms of cancer, 

leading to the conclusion that lncRNA GAS5 has a protective effect in the formation of 

malignant diseases (Alahari et al., 2016). 

Additionally, lncRNA GAS5 has been identified to act as a miRNA sponge (meaning it 

binds to and sequesters another miRNA), therefore leading to aberrant expression of 

miR-21, an important regulator of various diseases including osteoarthritis, cardiac 

fibrosis, and cancer. Together with these findings, Pickard et al. found that that GAS5 

is negatively regulated by miR-21, thus acting as an oncogene (Pickard and Williams, 

2015). This negative correlation between GAS5 and miR-21 is made possible by GAS5 

having a miR-21 binding site on exon 4 (Zhang et al., 2013). Furthermore, miR-21 has 

been identified to play a crucial role in the formation of several cardiovascular 

diseases, by regulating apoptosis and proliferation (Zhou and Chen, 2020). 

Tang et al. observed that lncGAS5 mediates the cell cycle and survival of vascular 

smooth muscle cells (VSMCs) via binding to p53 and therefore improving the stability 

of the p53–p300 interaction in non-small-cell lung cancer. Due to the induction of cell-

cycle arrest, the proliferation of VSMCs decreases and apoptosis increases, resulting 

in reduced formation of injury-induced neointima (Tang et al., 2019). Likewise, it is now 

widely acknowledged that GAS5 acts as a decoy for the glucocorticoid response 

element, and hence, suppresses upregulation of gene expression, owing to reduced 

activity of the glucocorticoid receptor (Kino et al., 2010). Although the role of GAS5 in 

various forms of cancer was the focus of numerous studies in the past, there is still 

little known about the function of GAS5 in CVDs. Even less is known about the impact 

of on GAS5 that is transferred by EVs to the recipient cells. 
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Fig. 5: lncRNA GAS5 mediates gene expression via different pathways.  

(A) Illustrates the connection between GAS5 and miRNAs. GAS5 activates PTEN due 
to mutual regulation with several miRs (e.g. miR-222, miR-103, miR-23a). 
Furthermore, GAS5 can interact with miR-21, which leads to upregulation of PDCD4 
expression. (B) Relationship between GAS5 and GRE. GAS5 binds to the DBD of the 
GR, which inhibits the binding of GR and GRE. LncRNA, long non-coding RNA; GAS5, 
growth arrest specific 5; miRNA, microRNA; PTEN, phosphatase and tensin 
homologue deleted on chromosome 10; PDCD4, programmed cell death; GRE, 
glucocorticoid response element; DBD, DNA-binding domain; GR, glucocorticoid 
receptor (Adapted from Zhou and Chen 2020). 
 

 

1.7 LncRNA GAS5 expression in CAD patients and circulating EVs 
 

Previous studies investigated different cardiovascular-disease relevant lncRNAs and 

analyzed their expression profile in patients with CADs and ACS compared to healthy 

subjects (Poller et al., 2018). To get a better understanding of the underlying pathways, 

Hosen et al. examined the effect of several lncRNAs, among them lncRNA GAS5. His 

study enrolled patients presenting in the emergency and outpatient department of the 



 
 

 

23 

university medical center of Bonn. The participants were sorted according to clinical 

presentation, laboratory parameters, and coronary angiography into three different 

groups: presenting with no-CAD (NCAD; angiographic exclusion of an obstructive 

coronary artery disease, <50 % stenosis of a major coronary artery), stable CAD 

(CAD), and acute coronary syndrome (ACS). After several screening and validation 

phases, Hosen et al. could demonstrate that GAS5 could potentially be involved in the 

pathogenesis of CVD. Together with that, real-time PCR-based analysis showed a 

relative expression of GAS5 in patients with stable CAD and ACS of 100 %, in addition 

to other lncRNAs like PUNISHER, H19, and MALAT1. These outcomes reinforce the 

assumption of a potential role for these selected lncRNAs to mediate pivotal functions 

relevant to CVD. In line with these findings, previous studies have assessed the 

lncRNA profile within circulating EVs from the plasma of patients with or without CAD 

by performing a PCR-based human lncRNA array. The results revealed that among 

other lncRNAs, such as PUNISHER, GAS5 was significantly upregulated in the EVs 

generated from patients with CAD (Hosen et al., 2021). 

 
Fig. 6: Biomarker evaluation for lncRNA GAS5.  
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After literature reviewing, Hosen et al. selected 13 different cardiovascular-disease 
relevant lncRNAs and investigated the expression profile in patients with CADs and 
ACS compared to healthy subjects. For the screening phase, blood samples were 
collected from 18 patients (n=6 per group) with coronary artery disease or ACS 
presenting in the emergency department or in the stationary setting. To investigate the 
RNA profile of CAD versus ACS patients, real-time PCR analysis of the blood samples 
from CAD, ACS and non-CAD patients was performed. To confirm the observations, 
further 589 patients were enrolled in the validation phase of the study. Among those 
selected, patients with chronic inflammatory diseases (n=15), acute kidney or liver 
failure (n=13), malignant diseases (n=8), and patients who declined the consent (n=7) 
were excluded. In total, 150 patients (NCAD: n=42, stable CAD: n=65, and ACS: n=43) 
were included for validation and biomarker evaluation and the sample size of the 
validation group was defined according to G-power analysis. This following study about 
altered lncRNA compositions in CAD patients has been published in Hosen et al. 2021. 

 

 

1.8 NF-B pathway 
 

The nuclear factor kappa light-chain enhancer of activated B cells (NF-B) regulates 

several transcription factors, including five that are involved in the regulation of a large 

number of biological functions such as proliferation, migration, and apoptosis (Dolcet 

et al., 2005; Nennig and Schank, 2017). Growing evidence has shown that NF-B is 

an important regulator of genes involved in the development and progression of a wide 

range of diseases, including cancer, inflammatory, and cardiovascular diseases 

(Dolcet et al., 2005; Donato et al., 2015). Therefore, further investigation into aberrant 

activations of NF-B could provide a better understanding of various disease 

mechanisms and might offer new therapeutic targets.  

Usually, dimers of NF-B are predominantly retained in the cytoplasm and are 

transcriptionally inactive, due to their interaction with the inhibitors of nuclear factor 

kappa-B (IBs). The IB kinase complex contains three subunits of inhibitor of nuclear 

factor kappa-B kinase: alpha (IKK-), beta (IKK-), and gamma (IKK-). These 

subunits make up two conserved complexes that can undergo phosphorylation by the 

IB kinases (IKKs). Furthermore, NF-B contains a Rel Homology Domain (RHD), 

which mediates dimerization and allows NF-B to interact with DNA and specific 

inhibitors (Dolcet et al., 2005; Karin and Ben-Neriah, 2000; Neumann et al., 2007). 

 

Today, it is widely known that the NF-B signaling pathway can be activated by several 

pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) and 
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interleukin-1 (IL-1) (Bonizzi et al., 2004). Moreover, the activation of other pathways, 

such as Ras/MAPK and PI3K/Akt, can be involved in the stimulation of NF-B (Dolcet 

et al., 2005). In the classical or “canonical” NF-B pathway, NF-B gets activated by 

pro-inflammatory cytokines and viruses (Dolcet et al., 2005). Due to their interaction 

with the IB proteins, the dimers, which contain a RelA or c-Rel domain, together with 

p50, are inactive and held back in the cytoplasm (Hayden and Ghosh, 2004; Karin and 

Ben-Neriah, 2000). Upon activation, phosphorylation leads to ubiquitin-dependent 

degradation of the IB proteins and subsequently NF-B gets translocated into the 

nucleus (Finco et al., 1997). Therefore, upon appropriate stimulation, NF-B becomes 

a nuclear transcription factor and regulates the transcription of its target genes (Dolcet 

et al., 2005). The alternative pathway of NF-B is triggered by members of the TNF-α 

family, and the dimers then contain RelB and p100 subunits (Dolcet et al., 2005; Solan 

et al., 2002). 

 

The activation and regulation of NF-B is a tightly regulated process, which is affected 

by different stimuli. In various pathological processes, the activation of NF-B is 

diminished, which contributes to impaired regulation of NF-B (Neumann et al., 2007). 

These alterations can result in disruptions of genes that are in charge of the regulation 

of apoptosis, migration, and proliferation (Dolcet et al., 2005). Since, these processes 

are key regulators in the pathogenesis of CVDs; NF-B might also function as a 

regulator of these diseases.    

 

Today, it is widely acknowledged that NF-B is an important regulator of apoptosis, 

through both intrinsic and extrinsic pathways. There are several different pathways that 

are affected by the activation of NF-B. Among others, NF-B may interfere with the 

transcriptional activity of p53, resulting in reduced p53-induced apoptosis (Dolcet et 

al., 2005). However, to date, little is known about the interaction between NF-B and 

GAS5. 
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Fig. 7: Canonical and alternative pathways of NF-B. 

In the canonical pathway of NF-B, it is activated by pro-inflammatory cytokines or viral 
infections (left side). The dimers are composed of RelA or c-Rel together with p50 and 

are held back, inactive, in the cytoplasm due to their interactions with the IB proteins. 

Upon phosphorylation, the IB proteins undergo ubiquitin-dependent degradation, and 

NF-B is translocated into the nucleus, where it can activate the transcription of various 
genes. The alternative pathway (right side) gets activated by different members of the 
TNF-α family. The dimers consist of RelB and p100 subunits. Upon activation, p100 is 
converted into its mature form, p52, and the dimers are subsequently transferred into 
the nucleus.  
TNF-α, tumor necrosis factor-alpha; UB, ubiquitination; P, phosphorylation; TLR, Toll-

like receptors; IL-1, interleukin-1; IKK-, inhibitor of nuclear factor kappa-B kinase-

alpha; IKK-, inhibitor of nuclear factor kappa-B kinase-beta; IKK-, inhibitor of nuclear 
factor kappa-B kinase-gamma; IKB, inhibitor of nuclear factor kappa-B (Adapted from 
Dolcet et al., 2005). 
 

 

1.9 Objectives 
 

In this study, we aimed to determine the biological functions mediated by lncRNA 

GAS5 in ECs. Additionally, we evaluated the intercellular communication of GAS5 
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encapsulated in large vesicles for regulating recipient EC functions in patients with 

CADs. In the future, we hope to enrich understanding in the field of intercellular 

crosstalk of lncRNAs, especially for the pathogenesis of diseases, which may add 

more information into the development of therapeutics in CVD. 

 

1. Investigation of lncRNA GAS5 in EC biology 

2. Investigation of the role of GAS5 in intercellular communication 
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2. Materials and methods 

 

2.1 Materials 

 

2.1.1 Chemicals and reagents 

 

Materials Company Catalog number 

Applied Biosystems TaqMan 

Gene Expression Master Mix 

Thermo Fisher Scientific 4369542 

Applied Biosystems TaqMan 

Universal Master Mix II, No UNG 

Thermo Fisher Scientific  44-400-49 

Chloroform  Sigma-Aldrich C2432 

Ethanol, ROTIPURAN >99,8% Carl Roth T913.3 

ECL Prime Western Blotting 

Detection Reagent 

Amersham RPN2232 

GAS5 siRNA Thermo Fisher Scientific 4392420 

GAS5 siRNA-Assay  Thermo Fisher Scientific 4390771 

Hydrochloric acid (HCL) Carl Roth 9277.1 

Hydrogen peroxide solution Sigma-Aldrich H1009 

HNRNPU Silencer Human Thermo Fisher Scientific AM16708 Assay 

ID 145414 

HNRNPU Silencer Human  Thermo Fisher Scientific AM16708 Assay 

ID 145413 

LipofectamineTM RNAiMAX 

Transfection Reagent 

Thermo Fisher Scientific 13778150 

Methanol AppliChem 131091.1212 

Native LDL Alfa Aesar J65039 

oxLDL Alfa Aesar J65591 

Reduced Growth Factor 

Basement Membrane Matrix  

Thermo Fisher Scientific A1413302 

Rotiphorese 10x SDS-Page Carl Roth 3060.2 

PBS, pH 7,4 Gibco (Thermo Fisher Scientific) 70011051 

Paraformaldehyde (PFA) Sigma-Aldrich  818715 
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Pierce IP Lysis Buffer Thermo Fisher Scientific 87787 

PKH67 Sigma-Aldrich MIDI67 

Silencer Negative Control No. 1 

siRNA  

Thermo Fisher Scientific AM4611 

TaqMan Array Human Apoptosis Thermo Fisher Scientific 4414072 

TNF-α R&D Systems 210-TA-020 

Triton X-100   Sigma-Aldrich 9002-93-1 

TRIzolTM reagent Thermo Fisher Scientific 15596018 

TWEEN 20 SIGMA-Aldrich P2287-500ML 

UltraPure™ DNase/RNase-Free 

Distilled Water 

Gibco (Thermo Fisher Scientific) 10977049 

VECTASHIELD® Antifade 

Mounting Medium with 4′,6-

Diamidin-2-phenylindol (DAPI) 

Vector laboratories H-1200 

2-Mercaptoethanol Carl Roth - 

2-Propanol, ROTIPURAN 

<99,8% 

Carl Roth 6752.4 

 

 

2.1.2 Commercial kits 
 

Promega apo ONE 

Homogeneous Caspase 3/7 

Assay Kit 

Promega 3866S 

FITC Annexin V Apoptosis 

Detection Kit with 7-AAD 

BioLegend  640922 

LDH Cytotoxicity assay kit Thermo Fisher Scientific 88953 

Molecular Probes Quant IT 

Qubit Protein Assay Kit 100 

assays 

Thermo Fisher Scientific Q33211 

MTT Cell Growth Assay Kit Millipore  CT02 

Omniscript® RT Kit (200) 

• Omniscript Reverse 
Transcriptase 

• Buffer RT, 10x 

Qiagen 205113 
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• dNTP Mix, 5 mM 

• RNAse free water 

RT² Profiler PCR Array Human 

Angiogenesis 

Qiagen PAHS-

0247C-6 

 
 

2.1.3 Cells and medium 
 

DetachKit  PromoCell C-41220 

HEPES BSS PromoCell C-40020 

Human Coronary Artery 

Endothelial Cells (HCAEC) 

PromoCell C-12221 

Human Cardiac Myocytes 

(HCM) 

PromoCell C-12810 

Human Umbilical Vein 

Endothelial Cells (HUVEC) 

PromoCell C-12200 

Endothelial Cell Growth Medium 

MV 

PromoCell C-22020 

Endothelial Cell Growth Medium  PromoCell C-22010 

Endothelial Cell Growth Medium 

(Supplement Mix) 

PromoCell C-39215 

Myocyte Growth Medium PromoCell C-22070 

 

Opti-MEMTM I Reduces Serum 

Medium  

Thermo Fisher Scientific 31985062 

TNS PromoCell C-41120 

Trypsin-EDTA solution  PromoCell T3924-

100ML 

Human Total RNA Master Panel 

II 

Clonetech 636643 

 

 

2.1.4 Primers 
 

GAPDH Hs02758991_g1 Thermo Fisher Scientific 4351370 
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GAS5 Hs05021116_g1 Thermo Fisher Scientific 4331182 

HNRNPU Taqman Assay Gene 

Expression  

Thermo Fisher Scientific 4351370 

H19 TaqMan  

Assays_Hs00399294_g1 

Thermo Fisher Scientific 4351370 

NFKB2 Thermo Fisher Scientific Hs01028890 

 

 

2.1.5 Antibodies 
 

Anti BCL2 Rabbit Polyclonal  Proteintech 12789-1-AP 

Anti-beta-Actin antibody Sigma-Aldrich A1978 

Anti-BrdU antibody Abcam ab6326 

Anti-Mouse IgG  Sigma-Aldrich A9044-2ML 

Anti-Rabbit IgG  Sigma-Aldrich A9169-2ML 

Donkey Anti-Rat IgG Antibody  Jackson ImmunoResearch 712-165-153 

NF-ĸB p105 antibody Biozol GTX110585 

NF-ĸB p65 (phosphor-Thr254) 

antibody 

Biorbyt Orb14752 

Rb pAb to Histone H3 Abcam Ab1791 

 

 

2.1.6 Equipment 
 

Applied Biosystems 7500HT 

Real-Time PCR 

Thermo Fisher Scientific - 

Applied Biosystems 7900HT 

Real-Time PCR 

Thermo Fisher Scientific - 

Axiovert Microscope 40 CFL ZEISS - 

ChemiDoc MP Imaging System BIO RAD - 

CO2 Incubator Sanyo Denki K.K - 

ELISA reader infinite M200 TECAN - 

Eppendorf Centrifuge 5430R Eppendorf - 

Eppendorf Centrifuge 5810 Eppendorf - 



 
 

 

32 

Eppendorf Centrifuge Labofuge 

400R 

Eppendorf - 

Eppendorf Thermomixer comfort Eppendorf - 

Heating block: Thermomixer 

comfort 1.5 ml 

Eppendorf - 

Ice machine Scotsman Ice - 

Laminar-Flow-Sterile bench 

MSC advantage 

Thermo Fisher Scientific - 

NANO DROP 2000c Thermo Fisher Scientific - 

Optima LE-80K Ultracentrifuge Beckman Coulter - 

Pipetboy acu 2 INTEGRA 155000 

Qubit 4 Fluorometer Invitrogen MAN001721

0 

Tecan Infinitie M200 Plate 

Reader 

TECAN - 

Ultrasonic bath: Bandeline 

Sonorex 

BANDELIN electronic GmbH & Co. 

KG 

- 

Vortexer: Ika Vortexer Genius3 , 

Iab dancer 

IKA®-Werke GmbH & Co. KG - 

Water bath Memmert GmbH & Co.KG - 

 

 

2.1.7 Consumables 
 

CELLSTAR Centrifuge Tubes 15 

ml 

Greiner Bio-One 188271 

CELLSTAR Centrifuge Tubes 50 

ml 

Greiner Bio-One 227261 

Cell Scraper, 25 cm Sarstedt 83.1830 

Eppendorf Safe-Lock Tubes 1.5 

ml 

Eppendorf 0030123328 

Eppendorf Safe-Lock Tubes 2 

ml 

Eppendorf 0030120094 

Eppendorf Tube 5 ml Eppendorf 0030119460 
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Falcon Permeable Support for 

12-well Plate with 1.0 µm 

Corning 353103 

MicroAmp Optical Adhesive Film Applied Biosystems 4311971 

PCR-Reaction tubes PP, 0.2 ml nerbe plus 04-012-1149 

PCR 96-Well Plate colorless Biozym 712260 

Pipette tips 0,1-20 µl Nerbe 07-372-2015 

Pipette tips 200 µl Nerbe 07-376-2015 

Pipette tips 1250ul Nerbe 07-379-2015 

S-Monovette with EDTA Sarstedt  172202 

TBC-tips 1ml Labomedic 13040200 

Tissue Culture Plate 6 Wells 

126/CS 

TPP 92006 

Cell culture flasks, 25 cm2  TPP 90025 

Cell culture flasks, 75 cm2  TPP 90076 

Cell culture plate, 12 wells TPP 92412 

Cell culture plate, 24 wells TPP 92424 

Cell culture plate, 96 wells TPP 92096 

5 ml Serological ipette, sterile Labomedic 2081674K 

10 ml Serological pipette, sterile Labomedic 2081674M 

25 ml Corning Costar serological 

pipettes 

Sigma-Aldrich CLS4489-200EA 

4-15 % Mini-PROTEAN TGX 

Gels 

Bio-Rad 4561084 

 

 

2.1.8 Software 
 

MS Office 2010 Microsoft - 

GraphPad Prism 7.03 GraphPad Software - 

Microplate Reader: Magellan™ 

V6.6 

Tecan Group AG - 

NanoDrop 2000 Thermo Fisher Scientific - 

Zeiss ZEN Carl Zeiss AG - 
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2.2 Methods 
 

2.2.1 Cell culture 
 

Human umbilical vein endothelial cells (HUVECs) were purchased from PromoCell 

(#C-12200) and cultured in endothelial cell-growth medium (PromoCell, #C-22010) 

with endothelial growth media supplement mix (PromoCell, #C-39215) in a humidified 

incubator at 37 °C and supplemented with 5 % CO2. Cells from passages 7–9 were 

used and assays were performed at 70–80 % confluency.  

 

2.2.2 Generation of purified EVs from ECs 
 

Confluent endothelial cells (ECs) were subjected to endothelial cell-growth medium 

without growth media supplement mix to induce the production of extracellular vesicles 

(EV). After 24 hours of starvation, the supernatant was centrifuged at 300 g for 10 

minutes at room temperature (RT) to remove the cellular debris. Subsequently, the 

supernatant was collected in a fresh tube and centrifuged for 20 minutes at 2000 g and 

4 °C. To generate the final EV pellet, the supernatant was centrifuged for 40 minutes 

at 20,000 g and 4 °C. The resulting EV pellet was washed in 1 ml sterile phosphate 

buffered saline (PBS, pH 7.4) for 40 minutes at 20,000 g and stored at minus 80 °C. 

To utilize the generated EVs in our experiments, the EV pellet was re-suspended in 

sterile PBS and then added to the adherent ECs in an equal ratio to the number of 

cells contained in the well.  

 

2.2.3 Knockdown experiments on ECs 
 

SiRNA-mediated transfection was carried out using Lipofectamine RNAiMAX Reagent 

(Thermo Fisher Scientific, #13778150), according to the manufacturer’s protocol, when 

ECs were about 70 % confluent. All siRNAs were purchased from Thermo Fisher 

Scientific: GAS5-1 siRNA (Thermo Fisher Scientific, #4392420); GAS5-2 (Thermo 

Fisher Scientific, #4390771); control siSCR (Thermo Fisher Scientific, #AM4611). After 

incubating for 48 hours, total RNA was collected using the TRIzol® (Invitrogen, 

#15596018) extraction method. Conformation of sufficient downregulation of GAS5 

was assessed by qPCR on a 7500 HT Real-Time PCR machine (Applied Biosystems) 
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using TaqMan Gene Expression master mix (Thermo Fisher Scientific, #4369542). The 

relative expression levels were evaluated by the 2−logΔΔCT method.  

 

2.2.4 RNA isolation and qPCR 
 

Total RNA was extracted from EVs and HUVECs, using the TRIzol® (Invitrogen, 

#15596018) extraction method, according to the manufacturer’s protocol. Purity and 

quantity were determined on a Nanodrop spectrophotometer (Nanodrop Technologies 

Inc.). RNA was reverse transcribed into cDNA using the Omniscript reverse 

transcription-kit (QIAGEN, #205113). Subsequently, quantitative TaqMan assays 

(Thermo Fisher Scientific) were performed on a 7500 HT Real-Time PCR machine 

(Applied Biosystems) using 5 ng of cDNA. TaqMan primers for GAS5 (Thermo Fisher 

Scientific, #Hs05021116_g1); H19 (Thermo Fisher Scientific, #Hs00399294_g1);  

HNRNPU (Thermo Fisher Scientific,  #Hs004351370); NFKB (Thermo Fisher 

Scientific,  #Hs01028890_g1) were used in this analysis. 

For the lncRNAs included in this study, CT values below 40 were considered as 

undetectable. GAPDH (Thermo Fisher Scientific, #Hs02758991_g1) was used as a 

control and the data was presented as the fold change in lncRNA expression 

normalized to GAPDH (2−(CT(lncRNA)-(CT(GAPDH)log10ΔΔCT))).  

 

2.2.5 Subcellular fractionation of ECs 
 

Transfected ECs plated on 10 cm dishes were lysed with 500 µl of fractionation buffer, 

containing sucrose, HEPES, KCl, MgCl2, EDTA, and EGTA and were passed through 

a 25 G needle 10 times. To generate the nuclear pellet, the suspension was 

centrifuged at 720 g for 5 minutes and the supernatant was removed, which was 

considered the cytosolic RNA. Next, the nuclear pellet was washed by adding 500 µl 

of the fractionation buffer and passed through a needle 25 G 10 times, followed by 

another centrifugation step for 10 minutes at 720 g. For the final nuclear RNA fraction, 

the pellet was re-suspended in nuclear buffer, containing standard lysis buffer plus 10 

% glycerol and 0.1 % SDS. For the cytosolic fraction, the supernatant was centrifuged 

at 10,000 g for 5 minutes and then transferred into a new tube. The concentration of 

RNA was assessed by qPCR on a 7500 HT Real-Time PCR machine (Applied 

Biosystems). 
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2.2.6 Expression profiling of GAS5 in major human tissues 
 

To detect the expression of the lncRNA GAS5 in different human tissues, samples of 

human hearts, brain, liver, kidney, spleen, uterus, testis, thymus, lung, and muscle 

have been purchased from Human Total RNA Master Panel II (Clonetech, #636643) 

and analyzed by qPCR on 7500 HT Real-Time-PCR machine (Applied Biosystems). 

PCR was performed by using TaqMan Gene-Expression Master Mix (Thermo Fisher 

Scientific, #4369542) and primers for GAS5 (Thermo Fisher Scientific, #4331182) and 

GAPDH (Thermo Fisher Scientific, #4351370) as a control. The relative expression 

levels of GAS5 were calculated and normalized to GAPDH using the 2− (log10ΔCT) method. 

 

2.2.7 MTT-based cell-viability assay 
 

In order to analyze the viability of ECs, an MTT assay was performed. GAS5-deficient 

ECs were seeded on a 96-well plate, along with complete medium or medium without 

supplements for background signals. After 4 hours, apoptosis was induced by adding 

H₂O₂ (Sigma-Aldrich, #H1009) and subsequently, the cells were incubated overnight 

with protection from the light. Next, 100 µl of the MTT cell-growth assay kit (Millipore 

Sigma, #CT02) were added to each well. After incubating for 4 hours, 100 µl of HCl 

and isopropanol were added to the cells. The absorbance was measured at 570 nm, 

with a reference of 630 nm, on an Infinite M200 ELISA reader (TECAN). 

 

2.2.8 Lactate dehydrogenase (LDH) release for the analysis of cytotoxicity 
 

SiRNA silenced ECs were transferred into a 96-well plate, and medium with and 

without supplements were used as a control. Apoptosis was induced by adding H₂O₂ 

(Sigma-Aldrich, #H1009) into each well to final concentration to 100 µM. Subsequently, 

the ECs were incubated overnight, protected from light, under standard cell-culture 

conditions. To induce the maximum release of LDH, Pierce IP Lysis Buffer (Thermo 

Fisher Scientific, #87787) was added to normal cells. To assess the spontaneous LDH 

activity, cells were treated with H₂O. The amount of active LDH released was assessed 

by measuring the absorbance at 490 nm, with a reference of 680 nm, on an Infinite 

M200 ELISA reader (TECAN). 
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2.2.9 Activation of caspase 3/7  
 

To assess the activity of caspases 3 and 7 in transfected ECs, the Apo-ONE 

Homogeneous Caspase-3/7 Assay (Promega, #3866S) was performed. Cells were 

seeded into 96-well plates, and apoptosis was induced by adding H₂O₂ (SIGMA-

Aldrich, #H1009). Apo-ONE Caspase 3/7 reagents were prepared according to the 

manufacturer’s protocol and added to the samples. A negative control, with no H2O2 

served as negative control, was used to assess the basal caspase activity of the cells. 

After one hour of incubation under standard culture conditions (37 °C, 5 % CO2), 

fluorescence was measured with an excitation wavelength of 499 nm and emission of 

521 nm on an Infinite M200 ELISA reader (TECAN). 

 

2.2.10 Cell-migration assay 
 

ECs transfected with siRNAs against GAS5 or control siRNA, as well as non-

transfected cells, were cultured in six-well plates. After washing with 1x PBS, a scratch 

with a sterile tip (100 µl tip) was made at a marked position. Pictures were taken at the 

start of the experiment (0 h) and after 2, 4, 6, and 8 hours using a Zeiss Axiovert 200M 

microscope. The capacity of the cells to migrate was assessed by measuring the 

remaining cell-free area normalized to the initial scratch area. 

 

2.2.11 Matrigel-based tube-formation assay 
 

ECs co-incubated with or without EVs for 24 hours were transfected with GAS5 siRNA 

or control siRNA for 48 hours. GFR Matrigel (Thermo Fisher Scientific, #A1413302) 

was thawed at 4 °C overnight and then approximately 150 µl of matrigel was placed 

evenly with ice-cooled tips into each well. To solidify it, the matrigel was put into the 

incubator at 37 °C for two hours and equilibrated with 500 µl medium. Subsequently, 

1*10⁵ cells were added into each matrigel-coated well and incubated for 24 hours 

under standard cell-culture conditions (37 °C, 5 % CO2). Pictures were taken at several 

locations of the well using a Zeiss Axiovert 200M microscope. To quantify the ability of 

ECs to form tubes, the total length of tubes and numbers of junctions and nodes were 

analyzed. Image-Pro Plus software was used to evaluate the data.  
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2.2.12 Proliferation assay by fluorescence microscopy 
 

GAS5-depleted ECs treated with and without EC-derived vesicles were incubated with 

BrdU (10 M, BD) for 6 hours. Next, the cells were fixed with 4 % PFA and denatured. 

To detect the incorporated BrdU, anti-rat primary antibody (Abcam, #ab6326) and anti-

rat-cy3 secondary antibody (Jackson ImmunoResearch, #712-165-153) were used. To 

stain the nucleus of the cells, one drop of 4’,6-diamidino-2-phenylindole (DAPI, Vector 

Laboratories, #H-1200) was added into each well. The capacity of the cells for 

proliferation was assessed by taking pictures using a Zeiss Axiovert 200M microscope. 

The pictures obtained were analyzed using ImageJ. 

 

2.2.13 In vitro arteriosclerotic stimuli to activate atherosclerotic conditions 
 

To generate arteriosclerotic conditions, confluent ECs were treated with 25 µg/ml 

native LDL (Alfa Aesar, #J65039) or 25 µg/ml and 50 µg/ml ox-LDL (Alfa Aesar, 

#J65591) for 24 hours. Subsequently, cells were cultured in endothelial cell-growth 

medium without supplements (PromoCell, #C-22010) to generate the corresponding 

ox-LDL-EV or LDL-EV. Similarly, confluent ECs were subjected to varying 

concentrations of TNF- (R&D Systems, #210-TA-020), including 10 ng/ml, 20 ng/ml, 

and 50 ng/ml. As a control, ECs were incubated with PBS only. To generate the 

corresponding TNF--EV, ECs were incubated in conditioned media without 

supplements (PromoCell, #220210) for 24 hours. Expression of GAS5 in ECs and sEV 

were quantitated by performing TaqMan assays (Thermo Fisher Scientific) on a 7500 

HT Real-Time PCR machine (Applied Biosystems). For analysis, the relative 

expression levels of GAS5 were evaluated by the 2− (log10ΔΔCT) method and GAPDH was 

used as a control. 

 

2.2.14 EC-derived EV absorption by recipient cells 
 

To visualize the uptake of EVs into recipient cells, PKH67 labeling (Sigma Aldrich, 

#MINI26-1KT) of EVs was performed. First, EVs were isolated as described above and 

subsequently washed with sterile PBS. Next, the collected EVs were stained using 

PKH67 and co-incubated with GAS5-depleted ECs. After six hours of incubation, the 

nuclei of the ECs were stained with 4’,6-diamidino-2-phenylindole (DAPI, Vector 
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laboratories, #H-1200). Incorporation of EVs into recipient cells was visualized by 

fluorescence microscopy over time using a Zeiss Axiovert 200M microscope. 

 

2.2.15 Transwell-based co-culture experiments 
 

Transwell-based co-culture experiments were performed to observe any potential 

intercellular crosstalk that was mediated by EVs. Therefore, ECs were seeded on 24-

well plates containing membranes with a pore diameter of 1.0 m, followed by 

transfection with siGAS5 and siSCR. Next, after 24 hours of incubation, the inserts 

containing the ECs were transferred into new wells coated with cells. Furthermore, the 

collected EVs were co-incubated with the plated ECs. Wells containing donor cells 

(DC) only were used as a control. After another 24 hours of incubation, RNA was 

collected and the expression profile of GAS5 in DC and RC and their corresponding 

EVs was evaluated by qRT-PCR on a 7500 HT Real-Time PCR machine (Applied 

Biosystems). 

 

2.2.16 Western blot 
 

Total protein was isolated from cultured ECs by first lysing the cells using ice-cold 

Pierce IP Lysis Buffer (Thermo Scientific, #87787) and protein inhibitor cocktail 

(Roche, #11 873 580 001) at 4 °C. Concentrations of the corresponding protein 

samples were determined using the Qubit Protein Assay Kit (Thermo Fisher Scientific, 

#Q33211) on the Qubit 4.0. Fluorometer (Thermo Fisher Scientific). A standard and 

the collected samples were prepared according to the manufacture’s protocol. Equal 

amounts of each protein sample were loaded onto 4–15 % Mini-Protean gels (Bio-Rad, 

#4565014) and then transferred onto a PVDF membrane (Thermo Fisher Scientific, 

#88585) by using electrophoresis. Subsequently, the membrane was blocked with a 5 

% BSA-TBST blocking solution for one hour on the rotator at RT. Next, the blots were 

incubated with the appropriate primary antibodies overnight at 4 °C. Primary 

antibodies: anti-H3 (Abcam, #ab1791), anti-NF-B (Biozol, #GTX110585), anti-MLKL 

(Novus Biologicals, #NBP1-56729), anti-ß-Actin (Sigma-Aldrich, # A1978-100UL). 

Detection was performed by utilizing the appropriate secondary antibody. To visualize 

the final immunoblots, an ECL detection kit (GE healthcare, #RPN2232) was used and 

pictures of the membrane were obtained on a ChemiDoc MP Imaging System (Bio-
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Rad). Analysis of the obtained bands was evaluated by using Image J and the 

individual bands were normalized to the corresponding loading control, H3 (histone 

H3) or Beta-Actin. 

 

2.2.17 Statistical analyses 
 

All statistical analyses were performed by using Prism Software. The results are 

presented as the mean ± standard error. The correlation between two groups was 

analyzed using the Student’s t-test. (* P<0.05, ** P<0.01, *** P<0.001). Statistical 

significance between more than two groups was analyzed by performing ANOVA with 

Bonferroni’s multiple comparison test. Values for P<0.05 were considered as 

statistically significant. All experiments were performed in triplicate. The graphs and 

figures were created with Prism-Software and Biorender.  
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3. Results 

 

3.1 Dysregulation of lncRNA expression in CAD patients 

 
As mentioned above, Hosen et al. could demonstrate in his study that lncRNA GAS5 

owns a potential role in the pathogenesis of cardiovascular diseases (Hosen et al., 

2021). Therefore, we decided to proceed this study to further investigate the biological 

functions and mechanistic pathways of GAS5, which could be mediating the onset of 

CADs and potentially useful as a biomarker in the future. Additionally, we focused in 

this study on the impact of EV-incorporated lncRNAs in large EVs. 

 

 

3.2 Expression pattern of GAS5 in different cells and human tissues 
 

Even though lncRNAs are present in various compartments of the cell, such as 

nucleolus, chromatin (nucleus), and cytosol, many of them have not yet been 

evaluated due to their low concentrations and diverse expression patterns in different 

tissues. Nevertheless, the subcellular localization of a lncRNA may offer insights into 

the specific molecular functions it plays in down-stream pathways. To get a more 

detailed look into the functions and interactions of lncRNA GAS5, the subcellular 

localization was determined. In short, RNA was isolated from the nucleus, cytoplasm, 

or whole cell and subsequently the amount of GAS5 in the different sub-compartments 

was assessed by using qRT-PCR. Overall, it became apparent that GAS5 has 

significantly higher expression in the nucleus compared to the cytoplasm (Figure 8 A). 

Similarly, we tried to evaluate the alterations in the expression levels upon 

downregulation of GAS5. Hence, we could observe that the concentration of GAS5 

was significantly lower in the cytoplasm, when compared to the nucleus.   

 

As stated above, the expression profile of lncRNAs can vary between different tissue 

types. To quantify the expression levels of lncRNA GAS5 in human tissues, ten major 

human tissue samples were purchased from the Human Total RNA Master Panel II. 

Subsequently, we quantified the RNA levels of the tissue samples by performing qRT- 

PCR. Our analysis revealed that GAS5 is present in heart, as well as various other 
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organs. In addition to the heart, GAS5 was mainly expressed in muscle tissue (Figure 

8 B). 

 

Additionally, previous studies have observed that GAS5 is also expressed in different 

cardiac cell types (e.g. cardiomyocytes, fibroblasts). In particular endothelial cells 

showed increased expression of GAS5 compared to other cardiac cell types (Hosen 

et al., 2021). As the integrity of ECs is an important factor in the pathogenesis of CADs, 

changes in the expression profile of the lncRNA GAS5 may contribute to disease 

progression (Insull et al., 2009). Therefore, we decided to further investigate changes 

in the expression of GAS5 in ECs.  

 

Fig. 8: Subcellular distribution and expression pattern of GAS5 in human tissues.  

(A) Subcellular distribution of GAS5 in ECs. The graph presenting in Fig. 8 displays 
the subcellular distribution between nucleus and cytoplasm assessed by RT-qPCR 
(n=3, data normalized to GAPDH and expressed as 2−[CT(lncGAS5) − CT(GAPDH)] log10, by 
Student´s t-test). (B) Expression profile of GAS5 in major human organs. Tissue 
samples were purchased from Human Total RNA Master Panel II and real-time PCR 
was performed. Expression of GAS5 is presented as 2−logΔCT (by 1-way ANOVA with 
Bonferroni’s correction for multiple comparisons test). EC, endothelial cells. 
 
 

3.3 Expression pattern of lncRNAs in circulating EVs 
 

EVs have emerged as novel regulators of cell-to-cell communication and act as a 

physiological protector of circulating lncRNAs (Abels and Breakefield, 2016). 

Nevertheless, the precise make-up of the lncRNAs incorporated into EVs in CAD and 

non-CAD patients has not yet been fully revealed. As stated above, Hosen et al. 
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disclosed that among other lncRNAs, such as PUNISHER, GAS5 was significantly 

upregulated in the EVs generated from patients with CAD patients (Hosen et al., 2021). 

These findings indicate a potential regulatory role for EV-bound GAS5 in the 

development and progression of coronary artery diseases. Therefore, we further 

wanted to evaluate the changes mediated by the GAS5 that was incorporated into 

large EVs. To this end, confluent ECs were subjected to medium without growth 

supplements to induce the production of EVs, which were collected as presented in 

Figure 9 A. To analyze the levels of lncRNAs within the collected vesicles, PCR-based 

analysis was performed. Consequently, we could demonstrate that GAS5 is also 

present in the large EVs released from ECs into the extracellular space. 

 

A 
 

 

 

 

 

 

 

 
 



 
 

 

44 

B 

 

Fig. 9: Isolation protocol and expression pattern of GAS5 in EVs. 

(A) Isolation protocol of large EVs derived from ECs. Confluent ECs were subjected to 
medium without supplements for 24 hours, followed by several centrifugation steps. 
Next, the EV pellet is washed with PBS and added to the adherent ECs. (B) Relative 
expression of lncGAS5 in ECs and EVs analyzed by RT-qPCR. GAPDH was used for 
endogenous control. (n=3, *P<0.05, by Student´s t-test) EC, endothelial cells; EVs, 
extracellular vesicles; RT, room temperature. 

 
 

3.4 LncRNA GAS5 is important for the viability of cells 
 

There is increasing evidence that the lncRNA GAS5 is involved in the pathogenesis of 

cardiovascular diseases and plays a critical role in the potentiation of cardiac stress in 

ECs (Chen et al., 2017). As previous studies demonstrated that GAS5 was expressed 

significantly higher in patients with CADs and ACS, we wanted to further investigate 

the functions and phenotypic regulation mediated by GAS5 (Hosen et al., 2021). 

Therefore, siRNA-mediated silencing of GAS5 was performed in human umbilical 

endothelial cells (HUVEC). Two different siRNAs against GAS5 were tested to achieve 

a statistically significant knockdown of GAS5 in ECs. Subsequent RT-qPCR analysis 

revealed that, although both siRNAs worked, siRNA GAS5-2 demonstrated a 

significantly better knockdown of GAS5 compared to siRNA GAS5-1 (Figure 10 A). 

Therefore, siRNA GAS5-2 was used for further functional assays.  

 

As stated above, arteriosclerosis is a chronic inflammatory disease, which lays the 

foundation for CAD and disturbs the functions of the heart. Changes mediated by the 
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onset and progression of arteriosclerosis affect the integrity of the ECs and result in 

impairments of the biological functions (Cowles Andrus et al., 2015). Consequently, 

we aimed to explore the biological functions mediated by GAS5 in ECs. Based on the 

observations that cell viability, proliferation, apoptosis, and inflammatory processes are 

crucial regulatory factors in the pathogenesis of CADs, several functional assays were 

performed using GAS5-depleted ECs. To confirm the correlation between the 

expression profile of GAS5 and cell viability in ECs, an MTT assay was performed. Our 

results demonstrated that reduced levels of GAS5 resulted in significantly reduced cell 

viability, as quantified by using an MTT assay (Figure 10 B). These observations 

indicate that cytotoxic events accumulate in ECs upon downregulation of GAS5. 

Moreover, the activity of lactate dehydrogenase (LDH), a cytoplasmic enzyme that gets 

released into the medium after a loss of membrane integrity, can be used to assess 

cell cytotoxicity (Kumar et al., 2018). In this context, we attempted to investigate the 

effect of GAS5 on the release of LDH. An LDH assay revealed that after the 

transfection of ECs with siGAS5 LDH release was slightly upregulated but not 

statistically significant as compared to the control group (Figure 10 C). Furthermore, 

several lines of evidence have indicated that apoptosis, also known as programmed 

cell death, plays a crucial role in the regulation of cell homeostasis. The initiation of 

apoptosis is strictly regulated, involving several pathways that lead to the activation of 

caspases. In addition to the natural ageing process, cellular stress can also initiate 

apoptosis (Fan et al., 2005). Therefore, we decided to perform a Caspase 3/7 assay 

to investigate the underlying changes in the activity of these caspases and thus in 

apoptosis. Our observations suggest that knockdown of GAS5 results in increased 

caspase 3 and 7 activity and an enhanced level of apoptosis (Figure 10 D).  
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Fig. 10: lncRNA GAS5 mediates cell viability in endothelial cells. 

(A) siRNA-mediated silencing of GAS5 in ECs. GAS5 was analyzed in ECs after 
siRNA-mediated silencing with two different siRNAs against GAS5 by real-time PCR. 
ECs treated with siSCR-RNA served as the positive control. GAPDH was used as an 
endogenous control in real-time PCR (**P<0.01, ***P<0.001, n=3, by 1-way ANOVA 
with Bonferroni’s correction for multiple comparisons test). (B-D) GAS5 enhances cell 
viability and diminishes LDH-release and activation of Caspase 3/7 in ECs. (B) siRNA-
mediated silencing of GAS5 in ECs was performed. Subsequently, an MTT-based cell-
viability assay was carried out. Cell viability was assessed by quantifying the 
absorbance at 570 nm, with a reference of 630 nm. siSCR was used as the control 
(*P<0.05, n=3, by 1-way ANOVA with Bonferroni’s correction for multiple comparisons 
test). (C) LDH release was measured for the analysis of cytotoxicity upon silencing of 
GAS5 in ECs. The liberation of LDH was quantified by measuring the absorbance at 
490 nm, and 680 nm was used as the reference. (n=3, by 1-way ANOVA with 
Bonferroni’s correction for multiple comparisons test). (D) Activation of Caspases 3/7 
in GAS5-depleted ECs was assessed by measuring the fluorescence at 490 nm, with 
an emission maximum at a wavelength of 520 nm. siSCR was used as the endogenous 
control (n=2, by Student´s t-test). ECs, endothelial cells; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide); LDH, lactate dehydrogenase. 
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Taken together, these findings agree with the hypothesis that downregulation of GAS5 

leads to diminished cell viability and increased apoptosis. These results indicate that 

GAS5 acts as a potential regulator of apoptosis in endothelial cells and changes in its 

expression are potentially associated an enhanced activation of apoptosis. Although 

previous experiments revealed that CAD patients have elevated expression of GAS5, 

these results suggest that GAS5 has a protective effect on cell viability and apoptosis 

in ECs. Therefore, further studies are required to determine the underlying correlations 

and pathways.  

 
 

3.5 LncRNA GAS5 regulates EC functions in vitro 
 

Next, we evaluated alterations in cell proliferation and tube formation by ECs, two 

important functions in the regeneration of blood vessels. Therefore, GAS5 deficient 

ECs were incubated with BrdU and its incorporation was monitored to determine the 

rate of cell proliferation. Our findings indicated that GAS5-depleted ECs have a 

markedly reduced capacity for proliferation (Figure 11 A, B). Furthermore, an in vitro 

Matrigel-based tube-formation assay was performed to investigate whether 

downregulation of GAS5 results in aberrant formation of new tubes and branches. 

Therefore, GAS5-deficient ECs were plated at a sub-confluent density and their ability 

to form capillary-like structures was assessed. Our observations revealed a 

significantly reduced capacity for tube formation in ECs upon reduction of GAS5 

expression (Figure 12 C, D, E). Based on our findings, we concluded that 

downregulation of the lncRNA GAS5 has an anti-angiogenic function in ECs. In line 

with these findings, we also used a wound-healing assay with silencing of GAS5 to 

discover changes in the migration of ECs. Time-lapse pictures of ECs migrating into 

the cell-free area were taken to determine the rate of migration. As expected, the 

capacity of the cells to migrate was diminished after a reduction of GAS5 expression 

in ECs (Figure 12 A). 
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Fig. 11: GAS5 mediates proliferation in vitro. 

ECs were transfected with siRNA against lncRNA GAS5 and the lncRNA HnRNPU. 
SCR-siRNA served as a control. (A) BrdU-positive cells were counted and compared 
to the total number of cells (**P<0.01, ***P<0.001, n=3, by 1-way ANOVA with 
Bonferroni’s correction for multiple comparisons test). (B) Incorporation of BrdU was 
assessed by taking fluorescence images (red). Nuclei of the ECs were stained with 
DAPI and presented in blue. ECs, endothelial cells; BrdU, bromodeoxyuridine; DAPI, 
4’,6-diamidino-2-phenylindole; HnRNPU, Heterogeneous nuclear ribonucleoprotein U. 
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Fig. 12: GAS5 mediates endothelial cell migration and tube formation in vitro. 

(A-B) Cell-migration assay in ECs upon silencing GAS5. siSCR and non-transfected 
ECs (NT) served as controls. Changes in the migration of the ECs were assessed by 
determination of the total cell-free area (A). Pictures were taken at the starting point of 
the experiment (0 h) and after 4, 6, and 8 hours (B). (n=3, by 1-way ANOVA with 
Bonferroni’s correction for multiple comparisons test). (C-E) Endothelial tube-formation 
assay was employed by using ECs. The capacity of the cells for forming tubes was 
measured by counting and measuring the tube junctions (C) and nodes (D). Capillary 
tubes were photographed using a microscope (E). The images were analyzed using 
Image-Pro Plus software. Data was plotted as total tube length and number of nodes 
upon formation of new capillary tubes (**P<0.01, n=3, by 1-way ANOVA with 
Bonferroni’s correction for multiple comparisons test). 
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Taken together, our findings suggest that GAS5-deficient ECs show a reduced 

capacity for cell proliferation and angiogenesis. As these functions represent important 

roles in the onset of CVDs, upregulation of GAS5 potentially exerts a positive effect on 

the regeneration of new blood vessels.  

 
 

3.6 Large extracellular-vesicle-incorporated GAS5 can be transferred to target cells 
 

Evidence is accumulating that EVs can act as a major transport vehicle for lncRNAs. 

As their content depends on their cellular origin, the effects of EVs on recipient cells 

(RCs) are extremely complex (Dignat-George and Boulanger, 2011). In this context, 

we first investigated whether EVs containing GAS5 can be incorporated into RCs. To 

visualize this potential crosstalk, EVs were isolated from donor cells (DCs) containing 

the lncRNA GAS5 and were labeled with PKH67 (a cell-membrane dye). Next, we co-

incubated the isolated EVs with GAS5-depleted RCs and subsequently, the nucleus of 

the RC was stained with DAPI. After six hours of incubation, fluorescent images were 

taken to observe the uptake. These images led us to the conclusion that EVs can 

incorporate their cargoes into the recipient cell (Figure 13). Therefore, we believe that 

GAS5 gets integrated into its target cells via EVs. 

Following the visualization of uptake, we tried to evaluate the changes on a molecular 

level of cell-to-cell communication and EV uptake of GAS5. Consequently, we 

performed in vitro transwell-based co-culture experiments upon silencing of GAS5 in 

ECs and collected EVs from the supernatant, as described above. After co-incubation 

of the derived EVs and adherent cells on the transwell membrane, RNA was isolated 

and evaluated using real-time PCR. This experiment showed that ECs adhered to the 

transwell membrane can communicate by release of EVs with the RCs. In addition, we 

noticed an enhancement of expression of GAS5 after adding EVs to the adherent ECs 

(Figure 14 C).   

 

These findings support the hypothesis that EVs are capable of incorporating their cargo 

into RCs and that ECs can communicate between each other by releasing vesicles 

into the extracellular space. 
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Fig. 13: Incorporation of large extracellular vesicles by ECs. 

Fluorescence images of the uptake of PKH67-labeled EVs in ECs. EVs derived from 
ECs were collected and labeled with PKH67 (red). Subsequently, the stained EVs were 
co-incubated with ECs. To visualize the uptake, pictures were taken at the start of the 
experiment and after 2, 4, 6, and 8 hours. Nuclei were stained with DAPI (blue). Figure 
b. shows PKH67-labeled EVs. As a negative control, ECs were co-incubated with non-
labeled EVs, presented in Figure f. After 8 hours of co-incubation, Figure e. depicts the 
incorporation of PKH67-labeled EVs into ECs. ECs, endothelial cells; EVs, 
extracellular vesicles; DCs, donor cells; DAPI, 4’,6-diamidino-2-phenylindole. 



 
 

 

53 

 
 

Fig. 14: Intercellular crosstalk mediated by large extracellular vesicles. 

(A) EVs derived from ECs were collected and labeled with PKH67 (red). These EVs 
were then co-incubated with GAS5-deficient ECs or siSCR-treated ECs as a control. 
Nuclei were stained with DAPI (blue). After 4 hours, the EVs were internalized in both 
siGAS5- and siSCR-transfected cells. (B) Intercellular communication mediated by the 
release of large EVs. EVs get released by DCs into the extracellular space and transfer 
their cargo to an RC. Integrated cargo, such as lncRNAs, DNA, and proteins, can be 
incorporated in to the RC. (C) Transwell–based co-culture experiments. Transfected 
ECs were co-incubated with EVs and ECs adherend to a transwell membrane. The 
donor cells were used as a control. Changes in the expression of GAS5 after treatment 
with EVs and inserting the inlays were assessed by qPCR. (n=2, by 1-way ANOVA 
with Bonferroni’s correction for multiple comparisons test). ECs, endothelial cells; EVs, 
extracellular vesicles; RCs, recipient cells; DCs, donor cells; DAPI, 4’,6-diamidino-2-
phenylindole. 
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3.7 Large EV-incorporated GAS5 regulates the function of target ECs 
 

Herein, we performed several functional assays to explore whether internalization of 

the lncRNA GAS5, packaged into large vesicles, contributes to EV-mediated changes 

in the RC. Therefore, siRNA-mediated transfection was used to generate GAS5-

depleted ECs, together with the corresponding control group. Next, EVs were 

collected, as described above, and added to the adherent ECs in an equal ratio to the 

number of cells in the well. Subsequently, we assessed the changes in proliferation 

and angiogenesis upon uptake of EVs by performing several assays in vitro. Similarly, 

as described above, we implemented a cell-migration assay (Figure 15 A, B) and an 

in vitro Matrigel-based tube-formation assay (Figure 15 C, D). In addition, changes in 

proliferation of the cells were examined via the incorporation of BrdU (Figure 16 A, B). 

Our findings revealed that after treatment with EV-incorporated GAS5, cell proliferation 

and tube formation increased in the target ECs. These observations led us to the 

conclusion that EV-bound GAS5 acts as a mediator for angiogenic functions in 

recipient cells. 
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Fig. 15: GAS5 incorporated in EVs positively regulates migration and angiogenesis 
in RCs. 

(A, B) Cell-migration assay in RCs. Capacity of ECs for migration was assessed by 
measuring the size of the cell-free area after several hours of incubation (n=3, by 1-
way ANOVA with Bonferroni’s correction for multiple comparisons test). (C, D) 
Endothelial tube-formation assay was performed on ECs. The capacity for forming new 
capillary tubes was measured by counting and measuring the tube junctions and nodes 
and analyzed by using Image-Pro Plus software (*P<0.05, **P<0.01, n=4, by 1-way 
ANOVA with Bonferroni’s correction for multiple comparisons test). ECs, endothelial 
cells; RCs, recipient cells; EVs, extracellular vesicles. 
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Fig. 16: GAS5 incorporated in EVs positively regulates proliferation in RCs. 

(A, B) ECs were transfected with siRNA against GAS5 and HnRNPU and the resulting 
EVs were collected. siSCR served as a control. EVs released from the treated ECs 
were co-incubated with fresh ECs. (A) Proliferation was quantified by comparing BrdU-
positive cells to the total number of cells. (B) Incorporation of BrdU was assessed by 
taking fluorescence images (red). Nuclei of the ECs were stained with DAPI (blue). 
(*P<0.05, n=4, by 1-way ANOVA with Bonferroni’s correction for multiple comparisons 
test). ECs, endothelial cells; RCs, recipient cells; EVs, extracellular vesicles; BrdU, 
bromodeoxyuridine; DAPI, 4’,6-diamidino-2-phenylindole; HnRNPU, Heterogeneous 
nuclear ribonucleoprotein U. 
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3.8 Large EV-incorporated GAS5 regulates viability of target ECs 
 

Firstly, as presented in Figure 17 A, the degree of downregulation of GAS5 in the RCs 

was assessed by performing qPCR. Next, we aimed to determine if there are changes 

in cell viability and apoptosis in GAS5-downregulated ECs, after stimulation with 

GAS5-containing EVs. Therefore, an MTT-based cell-viability assay was performed 

and the activation of caspases 3/7 was assessed (Figure 17 B, D). Our results indicate 

that GAS5-depleted ECs that were co-incubated with EVs resulted in decreased cell 

viability and a higher rate of apoptosis. Absorbance was utilized to detect the release 

of LDH, which results from degradation of the plasma membrane (Figure 17 C). In this 

context, we could observe aberrant release of LDH upon treatment with EVs. These 

findings suggest that the incorporation of EV-bound GAS5 has a positive impact on 

cell viability and reduces apoptosis in the recipient cells. Taken together, these results 

agree with the fact that CAD patients showed higher expression of GAS5 encapsulated 

into their circulating EVs (Hosen et al., 21). Hence, we believe that these alterations in 

lncRNA expression have the potential to be involved in the development of CAD.  
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Fig. 17: GAS5 encapsulated into large EVs mediates the function of RCs.  
 

EVs derived from ECs were collected. Subsequently, ECs were co-incubated with EVs 
in basal media with supplements. (A) siRNA-mediated silencing of GAS5 in recipient 
ECs upon co-incubation with EVs. GAS5 expression was analyzed in ECs after siRNA-
mediated silencing against GAS5 by real-time PCR. ECs treated with siSCR RNA 
served as a control. GAPDH was used as an endogenous control in real-time PCR 
(*P<0.05 **P<0.0, n=3, by Student´s t-test). (B–D) GAS5 incorporated into large EVs 
mediates cell viability, LDH release, and activation of caspases 3/7 in RCs. (B) MTT-
based cell viability assay was performed upon silencing of GAS5 in the EVs added to 
RCs. Cell viability in the RCs was assessed by quantification of absorbance at 570 nm, 
with a reference of 630 nm. siSCR was used for control (n=3, by 1-way ANOVA with 
Bonferroni’s correction for multiple comparisons test). (C) Release of LDH upon 
silencing of GAS5 in EVs added to RCs. LDH levels in the RCs were quantified by 
measuring the absorbance at 490 nm and 680 nm. siSCR was used as a control. 
(*P<0.05, **P<0.01, ***P<0.001, n=3, by 1-way ANOVA with Bonferroni’s correction 
for multiple comparisons test). (D) Activation of caspases 3/7 in RCs upon addition of 
GAS5- and HnRNPU-depleted EVs. Caspase activity was assessed by measuring the 
fluorescence at 490 nm, with an emission maximum at 520 nm. siSCR was used as a 
control (n=3, by 1-way ANOVA with Bonferroni’s correction for multiple comparisons 
test). ECs, endothelial cells; RCs, recipient cells; EVs, extracellular vesicles; MTT, (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide); LDH, lactate 
dehydrogenase; HnRNPU, Heterogeneous nuclear ribonucleoprotein. 
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3.9 Pro-inflammatory factors augment GAS5 expression in ECs and regulates EC 

functions via an NF-B dependent mechanism 
 

In line with previous results that GAS5 mediates important biological functions in vitro, 

suggesting it is an important mediator of endothelial integrity, we wanted to further 

investigate the underlying molecular mechanism for these alterations. Therefore, we 

decided to investigate the impact of arteriosclerotic risk factors on ECs and EVs. 

Several lines of evidence indicate that TNF-α and ox-LDL play a major role in the 

genesis of cellular dysfunctions, leading to alterations of the heart. To evaluate the 

changes in the RNA expression profile of lncRNAs under arteriosclerotic conditions, 

ECs were subjected to different concentrations of ox-LDL and TNF-α. After several 

hours of stimulation, real-time PCR-based analysis was used to analyze the 

transformation of ECs under arteriosclerotic conditions. Our analysis revealed that the 

expression of GAS5 is vastly increased, in a dose-dependent manner, in ECs after 

incubation with TNF-α compared to the control group (Figure 18 A). These findings 

suggest that higher levels of TNF-α markedly enhance the expression of GAS5 in ECs, 

potentially leading to changes in the biological functions of ECs. Similarly, we could 

also observe a dose-dependent upregulation of GAS5 upon treatment with ox-LDL 

(Figure 18 B). To confirm the association between these observations, further 

experiments are required. Similarly, numerous studies have observed that oxidative 

stress, such as TNF-α signaling, functions as an important activator of the transcription 

factor NF-B (Dolcet et al., 2005). Nevertheless, the exact correlation and mechanism 

of GAS5 in the activation of NF-B remains the subject of intense investigations. 

Therefore, we wanted to elucidate whether changes in the expression of GAS5 in ECs 

result in modifications to the activation of the NF-B pathway. To decipher the 

underlying molecular mechanism and to verify the relationship between GAS5 and NF-

B, single RT-qPCR was performed (Figure 18 C). Our results revealed that NF-B 

activity was upregulated upon silencing of GAS5. This data implicates that the 

regulation of cell viability and survival may be related to an NF-B-dependent 

mechanism. To confirm the mechanism by which GAS5 is regulated, the levels of 

proteins generated from GAS5-downregulated ECs were evaluated by western-blot 

analysis using antibodies against NF-B (Figure 18 D). Similarly; we observed that an 

elevated protein level of NF-B upon silencing of GAS5 compared to the control group. 
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Fig. 18: GAS5 mediates EC-functions in an NF-B-dependent mechanism. 

(A, B) Stimulation with TNF-α and ox-LDL enhances GAS5 expressions in ECs. (A) 

Confluent ECs were subjected to different concentrations of TNF-. Expression of 
GAS5 was analyzed by real-time PCR. GAPDH was utilized as an endogenous control 
(***P<0.001, ****P<0.0001, n=4, by 1-way ANOVA with Bonferroni’s correction for 
multiple comparisons test). (B) Expression profile of GAS5 in ECs upon stimulation 
with 10 mg/ml and 25 mg/ml ox-LDL. PCR-based analysis was performed, and GAPDH 
was used as an endogenous control (*P<0.05, n=4, by 1-way ANOVA with Bonferroni’s 

correction for multiple comparisons test). (C,D) GAS5 is regulated in an NF-B-
dependent manner. (C) GAS5-deficient cells were generated using siRNAs. Single 

PCR-analysis was performed to evaluate the RNA expression levels of NF-B upon 
downregulation of GAS5 (n=3, by 1-way ANOVA with Bonferroni’s correction for 

multiple comparisons test). (D) NF-B protein expression in GAS5-deficient ECs was 
assessed by western blot. H3 was used as a loading control. ECs, endothelial cells; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ox-LDL, oxidized low-density 

lipoprotein; TNF-α, tumor necrosis factor alpha; NF-B, nuclear factor kappa light-
chain enhancer of activated B cells; H3, histone H3. 
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4. Discussion 

 

4.1 Discussion 
 

In the last decades, CVDs have gained increasing attention due to their high rate of 

morbidity and mortality for the worldwide population (Joseph et al., 2017). Even though 

investigations to discover the underlying pathways of the formation of CVDs have 

increased in the last years, the approaches for treatment of the disease are still 

extremely limited (Bentzon et al., 2014). Moreover, a strong line of evidence indicates 

that the interaction between ncRNAs and mRNAs, (lncRNAs, and miRNAs), play a 

pivotal part in the pathogenesis of CVDs (Huang et al., 2018). In addition, prior studies 

have proposed the hypothesis that miRNAs and lncRNAs are closely associated with 

many biological functions, including cardiac remodeling, heart failure, and myocardial 

injury (Boon et al., 2016; Dimmeler et al., 2015; Huang et al., 2018; Poller et al., 2018). 

Consequently, this field of research might offer a novel starting point and could 

potentially be the basis of new therapeutic targets or offer insights into the prognosis 

of patients, in the future (Huang et al., 2018). 

Accordingly, Hosen et al. examined the specific role of different lncRNAs and the 

clinical implications of this observation on the development of CVDs. Among others, 

he found an upregulation of GAS5 in CAD patients, leading him to the conclusion that 

GAS5 has a potential role in the progression of CADs (Hosen et al., 2021).   

Moreover, growing evidence has shown that EVs, small membrane-bound 

compartments released from ECs, represent a novel mode of intercellular 

communication, by transferring their encapsulated cargo into a recipient cell 

(Boulanger et al., 2017). EVs can play important regulatory functions, leading to 

alterations in the biological functions of the RC (Fafián-Labora and O’Loghlen, 2020). 

Owing to their interaction with various RNA-binding proteins (e.g. hnRNPA2B1, Y-box 

binding protein 1 (Y-58, 77325 BOX1), SYNCRIP, and Argonaute protein 2 (AGO2)), 

lncRNAs are selectively incorporated into EVs from the corresponding cell (Hosen et 

al., 2021). In addition, the membrane of EVs shows a stabilizing effect on the 

incorporated materials, providing protection from circulating RNases and proteases 

(Abels and Breakefield, 2016). Additionally, Rautou et al. observed that changes in the 

composition of circulating EVs between healthy subjects and patients with CADs might 

provide insights into important clinical information (Rautou et al., 2011). Evidence is 
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accumulating that numerous factors involved in the onset of atherosclerotic lesions 

promote the release of EVs, and consequently, patients with CADs show an increased 

level of circulating EVs (Jansen et al., 2014). Moreover, recent studies have outlined 

that the levels of EV-bound miRNAs (miRNA-126 and miRNA-199a) can provide 

insights into the occurrence of cardiovascular events in patients with stable CADs 

(Hosen et al., 2021). Similarly, Lamichhane et al. found upregulated levels of the 

lncRNAs MALAT1 and HOTAIR bound to EVs upon stimulation of HUVECs with 

ethanol, resulting in enhanced vascularization (Lamichhane et al., 2017). Therefore, 

stable circulating EVs could possibly be used as a biomarker in CAD patients and 

potentially provide information about the state of vascular dysfunction (Dignat-George 

and Boulanger, 2011; Rautou et al., 2011). However, long-term prognostic data are 

still extremely limited and further studies in this field are still needed.  

 

Additionally, an increasing number of studies suggest that EVs released into the 

extracellular space can have a protective effect in CAD patients (Jansen et al., 2014). 

In order to further investigate this hypothesis, Hosen et al. determined whether the 

expression profile of lncRNAs is aberrant in the EVs of patients with CADs. Analysis 

of the contents of circulating EVs isolated from blood samples of CAD patients 

revealed a dysregulated expression profile of numerous lncRNAs. Notably, he found 

significantly upregulated expression of large EV-encapsulated GAS5 in patients with 

CADs (Hosen et al., 2021). These observations emphasize a potential role for the 

lncRNA GAS5, packaged into large EVs in patients with CADs. Therefore, we decided 

in this study to focus on the role of large EV-incorporated GAS5 and whether this can 

act as a mediator of the vascular integrity of the target cells. As the expression profile 

of lncRNAs varies between different types of tissues and cells, a PCR-based analysis 

was performed to assess the presence of GAS5 in ECs and EVs (Figure 9).  

 

Since previous studies observed a significant change in the expression of GAS5 in 

patients with CADs, we next tried to evaluate the specific biological functions of GAS5. 

As found in the literature, the lncRNA GAS5 is involved in the pathogenesis of several 

cancer diseases, such as bladder, breast, and colorectal cancer, owing to its function 

as a tumor-suppressor gene (Pickard and Williams, 2015). Within this context, Li et al. 

found that GAS5 suppresses ovarian cancer by inducing inflammasome formation (Li 
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et al., 2018). Consistent with these findings, several reports have shown that low 

expression of GAS5 is associated with a poor prognosis of colorectal cancers (Pickard 

and Williams, 2015). These outcomes suggest a significant function for GAS5 in 

malignant diseases, but its role in patients with CADs remained elusive. To examine 

the specific function of GAS5 in ECs, siRNA-mediated RNA silencing was performed, 

to generate GAS5-deficient ECs (Figure 10 A). Several in vitro loss-of-function assays 

were then performed to uncover the effect of GAS5 on the regulation of the vascular 

integrity in ECs (Figure 10-12). Upon siRNA-mediated downregulation of GAS5, we 

observed reduced cell viability and an elevated release of LDH as well as enhanced 

caspases activity, resulting in decreased cell survival. Furthermore, in vitro cell 

experiments revealed that proliferation and migration are diminished following a loss 

of GAS5. Consistent with this, Hao et al. stated that GAS5 reduces the rate of 

apoptosis of cardiomyocytes, which is normally induced by myocardial infarction 

through the downregulation of sema3a (Hao et al., 2018).  

 

Taken together, these observations concur with the hypothesis that GAS5 has an anti-

apoptotic effect and enhances cell viability, proliferation, and angiogenesis in ECs. 

Consistent with the clinical findings that CAD patients have an upregulation of GAS5, 

the results from our in vitro experiments suggest a protective role for GAS5 in ECs 

(Hosen et al., 2021). Contrary to our findings, Li et al. found that overexpression of 

GAS5 resulted in elevated levels of LDH, inducing inflammasome formation and 

pyroptosis in ovarian cancer. Additionally, they observed a reduced rate of apoptosis 

and cell proliferation upon downregulation of GAS5, indicating its function as a tumor-

suppressor in ovarian cancer (Li et al., 2018). 

 

Although we have gained some insights into the biological functions of GAS5 in ECs, 

there is still little known about the regulatory effects of EV-incorporated GAS5 on the 

target cell. In this project, we stimulated ECs to release EVs and isolated them 

according to the standard techniques of the field (Figure 9). However, a lack of 

standardized isolation protocols and the heterogenous nature of EVs give crucial 

confounding factors in the field of EV research (Dignat-George and Boulanger, 2011). 

Nevertheless, based on our observations we believe that the expression of GAS5 can 

be elevated in target cells due to the release of biological cargos into the extracellular 
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space. To illustrate the uptake of EVs into a RC, the collected EVs were labeled with 

PKH67 and co-incubated with ECs (Figure 13). After several hours, we could observe 

the incorporation of EVs into the RCs. These findings indicate that large-EV-bound 

GAS5 can be transferred into a target cell. To confirm our hypothesis that the 

encapsulated cargo gets incorporated into the RC, the aberrant expression of GAS5 

was subsequently analyzed (Figure 17). Moreover, we could demonstrate by 

performing a transwell-based co-culture assay that ECs can communicate and share 

their intercellular cargos (Figure 14).  

 

Next, we wanted to evaluate whether the incorporation of EVs alters the biological 

functions of the RC. Therefore, we implemented several functional assays in GAS5-

deficient cells, after co-incubation with collected EVs (Figure 15-17). We first explored 

whether cell viability was altered after EV incorporation and our results revealed an 

increase viability and biological functions of the target cells. In line with these findings, 

we could also observe improved cell proliferation upon the uptake of EVs. Moreover, 

changes in the release of LDH after incubation with EVs were assessed. In summary, 

these observations lead us to the conclusion that EV-incorporated GAS5 can mediate 

biological functions of the RC.  

 

As shown in previous reports, mass spectrometric analysis of EVs derived from ECs 

have found an upregulation of several RNA binding proteins in the EVs, among them 

hnRNPU (heterogeneous nuclear ribonucleoprotein U), hnRNPK (heterogeneous 

nuclear ribonucleoprotein K), and hnRNPA2B1 (heterogeneous nuclear 

ribonucleoprotein A2/B1). Furthermore, the interaction of GAS5 and hnRNPU was 

confirmed by using RNA immunoprecipitation (RIP) (Hosen et al., 2021). Therefore, 

we decided to perform several in vitro loss-of-function assays, to evaluate the changes 

upon downregulation of hnRNPU in ECs (Figure 16, 17). HnRNPU has been found to 

be upregulated in several carcinomas, indicating that it could play an important role in 

the regulation of proliferation, apoptosis, and migration (Zhang et al., 2021). Our 

analysis revealed that loss of hnRNPU results in similar effects as we have seen upon 

silencing GAS5.   
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Although, GAS5 is considered to be an important regulator in several diseases, little is 

known about the underlying mechanistic pathways. Recently, He et al. reported that 

GAS5 can bind directly to Y-box binding protein (YBX1), leading to a positive feedback 

loop that regulates the upstream target p21 in smooth muscle cells (SMCs) (He et al., 

2019). Moreover, Liu et al. observed a similar effect in stomach cancer, which resulted 

in an abolishment of cell-cycle arrest (Liu et al., 2015). Furthermore, it is now widely 

acknowledged that GAS5 acts as a decoy for the glucocorticoid response element and 

hence leads to suppressed upregulation of gene expression, due to reduced activity of 

the glucocorticoid receptor (Kino et al., 2010). However, the underlying regulation of 

GAS5 in the pathogenesis of CADs remains to be elucidated.  

 

Evidence suggests that pro-inflammatory factors like TNF-α and ox-LDL have a major 

impact on the origin of vascular dysfunction in CVDs, triggering the pathogenesis of 

arteriosclerosis (Bäck et al., 2019). Hence, we decided to simulate atherosclerotic 

conditions in ECs through stimulation with TNF- and ox-LDL to investigate whether it 

alters the expression of GAS5 (Figure 18). Subsequently, we observed a dose-

dependent upregulation of the expression of GAS5 in ECs. Additionally, inflammatory 

factors such as TNF- and IL-1 are crucial activators of the NF-B pathway, leading to 

the stimulation of several transcription factors (Bonizzi et al., 2004). Consequently, 

numerous cell functions are affected, including apoptosis, proliferation, angiogenesis, 

and the inflammatory response (Dolcet et al., 2005). Hence, we performed PCR 

analysis to evaluate changes in the expression of NF-B after silencing of GAS5 in 

ECs (Figure 18). Consistent with this data, analysis of the NF-B protein levels from 

GAS5-depleted ECs was assessed by western blot and revealed an upregulation of 

NF-B upon downregulation of GAS5. These findings emphasize the fact that the 

regulation of GAS5 in ECs is mediated by an NF-B-dependent mechanism. 

Therefore, we believe that the alterations to apoptosis, proliferation, and cell viability 

seen in ECs upon downregulation of GAS5 are controlled by an NF-B-mediated 

pathway. Similarly, Gao et al. demonstrated that exosomes released from dendritic 

cells promote endothelial inflammation and atherosclerosis via membrane TNF- in an 

NF-B-dependent manner (Gao et al., 2016).  
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Together with the fact that patients with CADs and ACS display a higher expression of 

lncRNA GAS5, we observed that arteriosclerotic factors, like TNF- and ox-LDL, 

promote the upregulation of GAS5 in ECs (Figure 17) (Hosen et al., 2021). These 

results indicate that GAS5 has a protective effect in patients with CADs by playing a 

central role in the regulation of migration, proliferation, and apoptosis. Moreover, in 

vitro experiments revealed that angiogenesis was improved by a higher expression of 

GAS5 in ECs. Based on our findings, we have assumed that upregulation of GAS5 in 

patients with CAD promotes the incorporation of GAS5 into EVs. Therefore, we could 

hypothesize that EV-bound GAS5 mediates the migration, proliferation, and cell 

viability of the recipient cells.  

Taken together, our findings give new perspectives on the importance of GAS5 for the 

function of ECs. Similarly, they suggest that the artificial upregulation of GAS5 has a 

potential therapeutic benefit in patients with CADs, but further studies are still required 

to identify the underlying mechanism of the positive effect of GAS5 on vascular 

integrity.  

Interestingly, some studies have made observations that are contrary to our findings, 

showing an pro-apoptotic effect and a reduced capacity for proliferation upon 

upregulation of GAS5 (He et al., 2019). These observations lead us to the conclusion, 

that the effect of GAS5 is dependent on the pathological conditions (colorectal cancers, 

cardiovascular disease, etc.) indicating that there are diverse effects due to different 

mechanistic pathways. However, there are still important issues that remain to be 

elucidated in the field of lncRNA, especially how they mediate biological functions in 

ECs. 

 

One important caveat that should be noted is that we cannot rule out that additional 

bioactive lncRNAs or miRs are incorporated into EVs along with GAS5. Although we 

observed that GAS5 has a regulatory function in ECs, there might be other lncRNAs 

present that have regulatory effects on the RC. As there are no standardized protocols 

for the isolation of EVs, the composition of nucleic acids, proteins, and lipids within the 

vesicles can vary greatly, depending on the stimulus given, and equal concentrations 

of lncRNAs are difficult to attain (Amabile et al., 2010). Therefore, further analyses in 

the field of EV-bound cell-to-cell communication and standard protocols for EV 

isolation are still required. 
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Fig. 19: Working model of our study. 

A PCR-based array found that patients with CADs displayed an enhanced level of 
GAS5, both in blood samples and in circulating EVs (Hosen et al., 2021). Loss-of-
function experiments revealed an impairment of cell viability, migration, and 
proliferation and an enhanced level of apoptosis upon downregulation of GAS5 in ECs. 
Large-EV-bound GAS5 is released from the DC, and the encapsulated cargo gets 
incorporated into the target cell, leading to phenotypic alterations of the RC. 
Stimulation with pro-inflammatory factors promotes the expression of GAS5 in ECs. A 
combination of PCR and western-blot analysis revealed that these alterations are 

mediated by an NF-B-dependent mechanism. 

 

4.2 Conclusion  

In summary, we detected GAS5 in different human tissues, cell compartments and 

circulating EVs. Additionally, we revealed some insights into the biological functions of 

GAS5 in ECs, such as cell viability, apoptosis, proliferation, and angiogenesis. 

Similarly, we provided evidence that large EV-bound GAS5 mediates the cellular 

functions of the target/recipient cell. PCR-based analysis showed that pro-

arteriosclerotic factors, including TNF- and ox-LDL, enhance the expression levels of 

GAS5 in ECs in vitro. Further investigations revealed that the GAS5-mediated 

alterations of cellular function, proceed in an NF-B-dependent manner. 
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5. Summary 

 

In this study, we aimed to investigate whether an upregulated expression of GAS5 in 

patients with CADs causes alterations of the biological functions of ECs. Furthermore, 

we investigated the impact of large-EV-bound GAS5 on the integrity of recipient cells. 

Towards this goal, loss-of-function experiments with GAS5 in ECs resulted in 

significantly diminished cell viability, an elevated release of LDH, and increased activity 

of several caspases. Furthermore, endothelial network formation, proliferation, and 

migration were impaired upon depletion of GAS5.  

To evaluate the changes mediated by large-EV-bound GAS5 in RCs, EVs were 

collected from the supernatant and the uptake was visualized by labeling the EVs with 

PKH67 (a cell-membrane dye). To test the hypothesis that EV-incorporated GAS5 has 

an influence on recipient cells, we performed several in vitro functional experiments 

with ECs (tube formation, angiogenic sprouting, migration, proliferation, apoptosis, 

etc.) and confirmed that GAS5 is an important regulator of these functions. In vitro 

stimulation of ECs with pro-inflammatory factors like TNF- (tumor necrosis factor alfa) 

and ox-LDL (oxidized low-density lipoprotein) showed a significant upregulation of 

GAS5 expression, in a dose-dependent manner. PCR analysis revealed a relationship 

between GAS5 and NF-B (nuclear factor kappa light-chain enhancer of activated B 

cells), and western blot displayed that there is an upregulation of NF-B expression 

upon silencing GAS5.  

In summary, our study provided evidence that in vitro stimulation of ECs with ox-LDL 

and TNF- also results in an increased level of GAS5. Several in vitro loss-of-function 

assays revealed an important role for GAS5 and large-EV-bound GAS5 altered these 

same functions upon incorporation into the RC. PCR-based analysis and western blot 

both indicated that these changes are mediated by an NF-B dependent mechanism.  
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