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Summary 

Small extracellular vesicles (sEV) are essential for intracellular communication in the tumor 

microenvironment (TME). They can transport biological molecules, such as proteins or nucleic 

acids, including microRNAs (miRs), a class of short non-coding RNAs. MiRs can exert various 

functions in gene regulation of target cells. This work aimed to elucidate the transferability of 

the diverse functions of miR-574-5p to different tumor models. For this purpose, the two 

prostaglandin E2 (PGE2)-dependent tumor types, non-small cell lung cancer (NSCLC) and 

neuroblastoma (NB), were investigated. In NSCLC, miR-574-5p regulates the microsomal 

prostaglandin E2 synthase 1 (mPGES-1)-dependent PGE2 synthesis, which contributes to 

tumor progression. At the intracellular level, miR-574-5p binds to the CUG-RNA binding protein 

1 (CUGBP1), thereby upregulating the synthesis of mPGES-1 and its enzymatic product PGE2. 

In this thesis, this function of intracellular miR-574-5p was also shown in NB with 11q deletion. 

Furthermore, NB cells were shown to specifically secrete miR-574-5p into their sEV upon 

stimulation with PGE2, similar to NSCLC cells. The autocrine role of sEV-derived miR-574-5p 

in mPGES-1 regulation was not confirmed in NB. However, sEV-miR-574-5p derived from NB 

cells was shown to exert a novel paracrine role by specific upregulation of the differentiation 

marker α-smooth muscle actin (α-SMA) of fibroblasts in the TME via Toll-like receptors (TLR) 

7/8. Another point investigated in this study was the influence of the tetraspanins CD9, CD63, 

and CD81 on the functional transfer of sEV-miR-574-5p. In both tumor types, NB and NSCLC, 

inhibition of specific tetraspanins was shown to alter the function of sEV-miR-574-5p. A 

difference in the rate of internalization of sEV was excluded as the cause of this functional 

change. The link between tetraspanins and the functional mediation of sEV-derived miRs is a 

novel and promising aspect of cancer research.   

Overall, this work revealed a new paracrine function of sEV-miR-574-5p, regulating the α-SMA 

levels of fibroblasts in the TME. Furthermore, the transferability of intracellular and extracellular 

miR-574-5p functions to different tumor models were analyzed. The interaction of miR-574-5p 

and CUGBP1 was shown to be transferable from NSCLC to NB, whereas the role of sEV-

derived miR-574-5p differed. Investigating the transferability of miR functions to different tumor 

types is an important approach to maximize the therapeutic benefit of miRs with the least effort 

and the greatest impact.  
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Zusammenfassung 

Kleine extrazelluläre Vesikel (sEV) sind für die intrazelluläre Kommunikation in der 

Tumormikroumgebung (TME) von wesentlicher Bedeutung. Sie können biologische Moleküle 

wie Proteine oder Nukleinsäuren transportieren, darunter auch mikroRNAs (miRs), eine Klasse 

kurzer nicht-kodierender RNAs. MiRs können verschiedene Funktionen bei der Genregulation 

in Empfängerzellen ausüben. Ziel dieser Arbeit war es, die Übertragbarkeit der vielfältigen 

Funktionen von miR-574-5p auf verschiedene Tumormodelle zu untersuchen. Zu diesem 

Zweck wurden die beiden Prostaglandin-E2 (PGE2) -abhängigen Tumorarten nicht-kleinzelliger 

Lungenkrebs (NSCLC) und Neuroblastom (NB) untersucht. Im NSCLC reguliert miR-574-5p 

die mikrosomale Prostaglandin-E2-Synthase 1 (mPGES-1)-abhängige PGE2-Synthese, die zur 

Tumorprogression beiträgt. Auf intrazellulärer Ebene bindet miR-574-5p an das CUG-RNA-

bindende Protein 1 (CUGBP1), wodurch die Synthese von mPGES-1 und die seines 

enzymatischen Produkts PGE2 hochreguliert wird. In dieser Arbeit wurde diese Funktion der 

intrazellulären miR-574-5p auch bei NB mit 11q-Deletion bestätigt. Außerdem wurde gezeigt, 

dass NB-Zellen bei Stimulation mit PGE2 spezifisch miR-574-5p in ihre sEV sezernieren, 

ähnlich wie NSCLC-Zellen. Die autokrine Rolle von in sEV übermittelter miR-574-5p bei der 

Regulation von mPGES-1 wurde im NB nicht bestätigt. Allerdings wurde hier eine neuartige 

parakrine Rolle entdeckt, welche die sEV-miR-574-5p aus NB-Zellen ausübt, indem es über 

Toll-like-Rezeptoren (TLR) 7/8 spezifisch den Differenzierungsmarker α-smooth muscle actin 

(α-SMA) von Fibroblasten in der TME induziert. Ein weiterer Punkt, der in dieser Studie 

untersucht wurde, war der Einfluss der Tetraspanine CD9, CD63 und CD81 auf die 

Funktionsübertragung von sEV-miR-574-5p. Es zeigte sich, dass sowohl in NB als auch in 

NSCLC die Blockierung bestimmter Tetraspanine auf der sEV-Hülle zu einer Veränderung der 

Funktion von sEV-miR-574-5p führte. Eine Veränderung der Internalisierungsrate von sEV 

wurde als Ursache für diese Funktionsänderung ausgeschlossen. Die Verbindung zwischen 

Tetraspaninen und der funktionellen Vermittlung von sEV-vermittelten miRs ist ein neuer und 

vielversprechender Aspekt der Krebsforschung.   

Insgesamt wurde in dieser Arbeit eine neue parakrine Funktion von sEV-miR-574-5p 

aufgedeckt, welche den α-SMA-Spiegel von Fibroblasten im TME reguliert. Darüber hinaus 

wurde die Übertragbarkeit der intrazellulären und extrazellulären miR-574-5p-Funktionen auf 

verschiedene Tumormodelle analysiert. Es zeigte sich, dass die Interaktion zwischen 

miR-574-5p und CUGBP1 von NSCLC auf NB übertragbar ist, während die Rolle von sEV-

übermittelter miR-574-5p unterschiedlich ist. Die Untersuchung der Übertragbarkeit von miR-

Funktionen auf verschiedene Tumortypen ist ein wichtiger Ansatz, um den therapeutischen 

Nutzen von miRs mit dem geringsten Aufwand und der größten Wirkung zu maximieren.
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1. Introduction 

1.1. Small extracellular vesicles  

Communication between different cell types can occur via different pathways. There is direct 

communication via cellular contacts, like filopodial bridges or gap junctions [1,2], or via soluble 

factors like cytokines, as transforming growth factor-β (TGFβ) [3]. Another pathway is 

communication via extracellular vesicles (EV), which are secreted by various cell types and 

can mediate multiple paracrine physiological functions [4]. Finally, even distant cells can be 

reached in the organism via distribution through the bloodstream or other bodily fluids, such 

as saliva [5,6]. They offer the physiological advantage that combinations of ligands can be 

transferred between cells, even without cell-cell contact. In addition, membrane elements can 

be exchanged easily without having to be released from the membrane [7].  

EV can be classified into different subtypes, based primarily on size and biogenesis (Figure 1) 

[8]. Oncosomes are large vesicles with a diameter of 1-10 µm and can contain many 

biologically active components, such as metalloproteinases, ribonucleic acid (RNA), or 

caveolin-1 [9]. Apoptotic bodies are also large EV ranging in size from 1 to 5 µm and are 

released by dying cells during apoptosis [10,11]. Migrasomes are shedded by retraction fibres 

of migrating cells [12]. Microvesicles (often called ectosomes) are about 100-1000 nm in size 

and are directly shedded by the plasma membrane, while exosomes are 30-100 nm in size 

and are released by the fusion of multivesicular bodies (MVBs) with the plasma membrane 

[13,14]. A group of EV discovered only recently in 2018 due to their small size are extracellular 

nanoparticles called exomeres [15]. These particles have a maximum diameter of only 50 nm. 

Despite their small size, exomeres also contain and transfer functional cargo [16].  

The definition of the EV subtypes often differs depending on the literature [17]. In line with the 

2018 minimal information for studies of extracellular vesicles (MISEV) guidelines, this work will 

refer to exosomes and microvesicles alike as small EV (sEV) [18] because there is no way to 

differentiate between the two with the most commonly used purification methods, such as 

ultracentrifugation [13]. 
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Figure 1: Different subtypes of EV. 

There are various subtypes of extracellular vesicles (EVs) secreted by cells. (A) Exomeres are non-membranous 
nanoparticles with a size under 50 nm and currently unknown functions. (B) Exosomes are originating from the 
endosome and of a size around 30 – 150 nm. (C) Microvesicles or ectosomes are shed directly into the extracellular 
space from the cell membrane. (D) Migrasomes are secreted during cell migration by retraction fibres and belong 
to the large EVs. (E) Apoptotic bodies are directly shed into the extracellular space by apoptotic cells. (F) Large 
oncosomes are around 1 – 10 µm and derived from amoeboid tumor cells and carry oncogenic cargo [12].  

1.1.1. Small extracellular vesicle content 

SEV are membrane vesicles with a complex structure, consisting of many exchangeable 

elements (Figure 2). These include various proteins, lipids, and various nucleic acids as DNA 

including histones, mRNA, non-coding RNA and microRNA (miR) [19]. The most abundant 

proteins include tetraspanins, which fulfill a function in vesicle formation, invasion, and fusion; 

heat shock proteins (HSPs), which contribute to the stress response; and MVB formation 

proteins, which play a role in sEV release. Many of these proteins are also used as markers 

for sEV (e.g., CD9, CD63, Alix, HSP70) [20].  

Not only does the protein content of sEV differ, but also the lipid composition. Depending on 

the cellular origin of sEV, the presence and levels of cholesterol, glycosphingolipids, or 

sphingomyelin vary between sEV subpopulations [21,22]. In addition, bioactive lipids like 
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prostaglandin E (PGE)2 can also be transported via sEV and exert functions on other cells 

[23,24]. It has been shown that leukotriene biosynthesis can occur in sEV and thus affect 

targeted cells [25]. Another group of molecules that can exert functions on other cells are miRs 

[26]. MiRs are the most abundant type of RNA in human plasma-derived exosomal RNA, with 

76.20% of all mappable reads besides ribosomal RNA, transfer RNA, or long non-coding RNA 

[26]. They are reported to play a role in exosome-based cell-cell communication and can 

influence angiogenesis, exocytosis, or tumorigenesis [27–29]. In the context of the tumor 

microenvironment, the exchange of sEV between tumor cells and the surrounding non-tumor 

cells may contribute decisively to cancer progression [30]. 

1.1.2. Biogenesis of small extracellular vesicles 

As mentioned previously, there are two main pathways of sEV biogenesis. While microvesicles 

directly originate from the plasma membrane, exosomes are released from MVBs [4,13]. MVBs 

or multivesicular endosomes (MVEs) are intracellular organelles that are formed, for example, 

during endocytosis by invagination of the cell membrane [31]. They are derived from the early 

endosome, which can internalize biomolecules and thereby ensure their sorting [32]. In this 

way, MVBs can be used by the cell for the degradation, recycling, or exocytosis of proteins, 

lipids, or nucleic acids [33]. By invagination of the MVB membrane, intraluminal vesicles (ILV) 

are created within the MVB, containing internalized biomolecules. By fusion of MVBs with the 

cell membrane, the ILVs are released into the extracellular space and, from then on, called 

exosomes (Figure 2) [13].  

 

Figure 2: The origin of sEV. 

The two subtypes of small extracellular vesicles (sEV) are microvesicles and exosomes. While microvesicles are 
released from the cell membrane, exosomes are formed by the fusion of multivesicular bodies (MVB, also called 
multivesicular endosome, MVE) with the cell membrane. MVBs originate at the early endosome by the uptake of 
intraluminal vesicles. MVBs can then either fuse with the plasma membrane and release exosomes or fuse with 
lysosomes. SEV contain different nucleic acids like DNA, miR, and mRNA and cytosolic proteins like ALIX, Annexin 
V, and HRS. The membrane contains various transmembrane proteins, such as tetraspanins, chaperones, or 
GTPases. Adapted from [4,13]. 
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The endosomal sorting complex required for transport (ESCRT) plays a crucial role in the sEV 

biogenesis [34]. This protein complex consists of four main complexes (ESCRT-0, -I, -II, 

and -III) that, together with other proteins (Vacuolar protein sorting-associated protein 4A 

(VPS4A), vesicle trafficking 1 (VTA1), apoptosis-linked gene 2 interacting protein X (ALIX)) 

promote ILV and MVB biogenesis [4]. In the first step, ESCRT-0 recognizes ubiquitinated 

domains of endosomal membrane proteins, like hepatocyte growth factor-regulated tyrosine 

kinase substrate protein (HRS), and recruits ESCRT-I and -II to the MVB membrane. Then, 

ESCRT-I and -II initiate the budding of ILVs into the MVBs. ESCRT-III/VPS4 complex is 

involved in the final steps of ILV release within the MVB by stabilizing and cleaving the bud 

[34]. Since ESCRT-0 generally recognizes and binds ubiquitinated proteins, proteins can also 

be sorted into exosomes as cargo via this pathway [35]. The ESCRT complex can be recycled 

and reassembled for further ILV formation. Many proteins associated with ESCRT are also 

found in exosomes, including, for example, syntenin or ALIX [36]. 

In the end, MVBs are either transported to the plasma membrane to release ILVs as exosomes 

into the extracellular space via exocytosis or transported to the lysosome to be degraded [13]. 

This is mainly decided by the cholesterol content of the MVB membrane [37]. Cholesterol-rich 

MVBs are transported to the cell membrane, whereas cholesterol-poor MVBs are subjected to 

lysosomal degradation. The transport of MVBs to the plasma membrane relies on the cell's 

cytoskeleton. Here, actin and microtubules interact with the MVBs [38,39]. In addition, Rat 

sarcoma viral oncogene homologue-associated binding (Rab) proteins play a role in 

transporting MVBs to the membrane [40,41]. They generally influence membrane trafficking, 

vesicle formation, and membrane fusion [42]. 

The membrane fusion process needed for exocytosis is mediated by the soluble 

N-ethylmaleimide-sensitive-factor attachment receptor (SNARE) proteins [37]. Firstly, the 

transmembrane proteins synaptobrevin and syntaxin with SNARE motifs establish the initial 

interaction of both membranes. Then, the SNARE complex is formed by the two proteins and 

two more synaptosomal-associated protein of 25 kDa (SNAP-25) proteins (SN1 and SN2), 

enhancing proximity. The lipids mix and new formations occur until all lipids of the vesicular 

membrane are incorporated into the cell membrane [7,43].  

The ESCRT-dependent biogenesis pathway is well described, but there are other ESCRT-

independent pathways of exosome biogenesis [4]. Tetraspanins are enriched in exosomes and 

play a role in ESCRT-independent exosome release [44]. For example, CD63 is known to play 

a role in ESCRT-independent sorting of ILVs [45,46]. It was observed that the knockdown of 

CD63 resulted in reduced secretion of sEV. Additionally, not only proteins but also lipids are 

essential for vesicle formation [42]. Inhibition of neutral sphingomyelinase 2 (nSMase2), which 
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forms ceramides from sphingomyelin, resulted in a reduction of exosome release [47]. 

However, ceramides do not affect exosome secretion in all cell lines [45,48].   

The amount of secreted sEV varies significantly between different cell types [33]. Cellular 

stress like irradiation [49] or hypoxia [50] can increase exosome secretion. This is not only 

valid for sEV in general but also for the cargo of sEV, which can change specifically by 

inflammatory triggers or hypoxia [51,52]. Initially, it was assumed that sEV generally transport 

waste products out of the cell [53,54]. However, since the discovery that T lymphocytes can 

be activated by sEV from B lymphocytes in 1996, sEV have been known to exert physiological 

functions [55]. Since the early 2000s, sEV have been known to transfer biological cargo 

between cells and more functions have been discovered [30,56]. Thus, they play a crucial role 

in intercellular communication [57]. The impact of the transported cargo, however, is highly 

dependent on the uptake mechanism of sEV by target cells. 

1.1.3. Uptake mechanisms of small extracellular vesicles  

There are different mechanisms of sEV uptake [58]. Firstly, sEV can interact with target cells 

without transferring cargo to the cell. For example, surface proteins can interact with receptors 

on the target cell to trigger signaling cascades [59]. An example is the activation of T-cell 

receptors on T lymphocytes by peptide complexes on sEV secreted by dendritic cells [60]. 

Also, several other ligands expressed on the surface of sEV, such as tumor necrosis factor 

(TNF) or Fas ligand (FasL), can bind to TNF receptors on tumor cells and thereby trigger 

caspase-mediated apoptosis [61]. 

However, there are also several uptake routes through which sEV cargo can be internalized 

by a cell (Figure 3). SEV can fuse with the plasma membrane of the target cell and thus release 

their cargo into the cytosol. This pathway is not well understood, but presumably, SNARE and 

proteins of the Rab family, which are already involved in membrane fusion for the release from 

the host cell, again play a role [43,62]. In addition, tetraspanins are thought to influence fusion, 

but so far, this has been shown mainly for viral fusion with the cell [63,64]. 

A better-studied uptake mechanism is endocytosis. There are several endocytotic pathways 

that are temperature- and energy-dependent, require a functioning cytoskeleton and can 

proceed very rapidly [58]. Several studies are describing first internalization only 30 min after 

addition of sEV [65–67]. During this process, sEV are first internalized, which is then followed 

by cargo release. When sEV are taken up via clathrin-mediated endocytosis, clathrin-coated 

vesicles are formed in the target cells [68]. These are then further processed by uncoating and 

fusing with the endosome. Clathrin-mediated endocytosis involves the guanosine-5'-

triphosphate (GTP)ase Dynamin-2, which is required in order to uncouple the clathrin-coated 

vesicle from the membrane [69,70]. Caveolin-dependent endocytosis is a clathrin-independent 
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pathway, but similar to clathrin-dependent endocytosis. Here, invaginations are formed in the 

membrane that are later taken up by the cell. These invaginations are also called caveolae 

and consist of membranes rich in cholesterol, sphingolipids, and caveolins [71,72]. This 

pathway is sensitive to cholesterol and Caveolin-1 depletion [58,73]. Caveolin-1 is shown to 

be enriched in clusters in these caveolae and forms complexes with other caveolins, 

cholesterol, and fatty acids [74,75]. It is also thought that Dynamin-2 has a function in caveolin-

dependent endocytosis, but this cannot be precisely determined due to its function in clathrin-

mediated endocytosis [69,76].  

Endocytosis pathways also include macropinocytosis and phagocytosis. Macropinocytosis 

involves the formation of membrane invaginations, actin-driven lamellipodia that internalize 

extracellular components into intracellular compartments such as the endosome [62,77]. 

Fusion of lamellipodia with other membrane extensions or the plasma membrane results in the 

inclusion of extracellular areas. These may contain sEV or ligands that will not need to interact 

directly with the cell [58]. However, this uptake pathway is probably either a pathway that does 

not occur frequently or is only used by specific cell types, as this mechanism often does not 

play a role in internalization experiments [78–80]. Phagocytosis, on the other hand, is an 

endocytotic pathway that is receptor-mediated [81]. During this process, larger particles are 

internalized the same way as bacteria or fragments of apoptotic cells [77]. Cells have been 

shown to take up particles as small as 85 nm, which is within the size range of larger sEV [82]. 

Phagocytosis is mainly used by specialized cells, such as macrophages, monocytes, and 

neutrophils [83]. In this context, activation of the Fc receptor triggers the extension of filopodia 

around the particle, followed by rac1-dependent internalization [81,84]. The phagocytosed 

particles are internalized into actin-lined membranes and can be transferred to either the 

endosome or released into the cytoplasm [85,86].  

Lipid rafts are yet another membrane component that is involved in different endocytosis 

pathways [83]. Lipid rafts are detergent-resistant membrane microdomains enriched in 

cholesterol, sphingolipids, glycosylphosphatidylinositol-anchored proteins and transmembrane 

proteins [58]. Since lipid rafts are concentrated and tightly packed regions of lipids, they are 

less fluid, but float in the membrane [87]. Lipid rafts are known to be involved in clathrin-

independent endocytosis pathways, due to their high levels of cholesterol. At the same time, 

they are enriched in flotillins, proteins which mediate endocytosis independent of clathrin and 

caveolin [48,88]. 
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Figure 3: The different uptake mechanisms of sEV. 

Internalization of sEV can occur via several uptake mechanisms. During membrane fusion, the cargo of sEV is 
directly released into the cytoplasm. For the endocytosis pathways, which include the caveolin-mediated, lipid raft-
mediated, clathrin-mediated or macropinocytosis and phagocytosis subtypes, the entire sEV, including its cargo, is 
internalized. Inside the cell, the cargo can then be transferred to intracellular compartments. Modified from [58].  

These different modes of sEV uptake can co-exist within the same target cell [62]. For example, 

in ovarian tumor or melanoma cells, sEV were mainly internalized via cholesterol-associated 

lipid rafts, but clathrin-mediated endocytosis, phagocytosis, and macropinocytosis were also 

observed [65,89,90].  

Depending on how sEV are internalized, their cargo can enter the cytoplasm or intracellular 

compartments like the endosome, nucleus, and endoplasmic reticulum, or sEV can be targeted 

to the lysosome [91]. Alternatively, sEV may be recycled and released back into the 

extracellular space. This has been shown for fibroblast-derived CD81-positive sEV. They are 

taken up and released by breast cancer cells, which positively affects cell motility [92]. 
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1.1.4. Tetraspanins and their role in the internalization of small extracellular vesicles 

Tetraspanins are an essential group of sEV marker proteins that also play a role in sEV 

biogenesis as well as recognition and uptake by target cells [93]. In addition, tetraspanins are 

thought to play a role in the sorting of miRs and proteins into sEV [94]. These highly conserved 

membrane proteins occur in clusters on the sEV surface as "tetraspanin-enriched 

microdomains". Since tetraspanins are associated with cholesterol and gangliosides, they also 

are enriched in the microdomains, similar to lipid rafts [95,96]. Other components of these 

tetraspanin-enriched microdomains include integrins, adhesion receptors, and transmembrane 

receptor proteins, which make them predestined for the interaction with target cells [97]. 

Tetraspanins consist of four transmembrane domains, a small conserved extracellular loop 

and a large extracellular loop including a disulphide-stabilized variable region (Figure 4) [98]. 

Intracellular palmitoylation of cysteines in the transmembrane domains leads to association 

with other proteins within tetraspanin-enriched microdomains, for example integrins [99]. 

 

Figure 4: The typical tetraspanin structure. 

Tetraspanins are transmembrane proteins with four transmembrane helices (grey), a small conserved extracellular 
loop, and a large extracellular loop consisting of 3 conserved helices A, B, and E (blue) and a variable disulphide-
stabilized variable region (red). Intracellular palmitoylation of membrane-proximal cysteines (orange) leads to 
association of tetraspanins with other proteins within tetraspanin-enriched microdomains [100]. 

Because they are highly enriched in sEV (7 to 124-fold) compared to their host cells, 

tetraspanins are commonly used as sEV markers, which include CD9, CD63, CD37, CD81, 

and CD82 [93]. The tetraspanin composition is distinct for each sEV subpopulation [101]. This 

specificity of sEV is hypothesized to influence the targeting and uptake of sEV and, thus, its 

function [93]. For example, high expression of tetraspanin 8 (Tspan8) increases the sorting of 

vascular cell adhesion molecule 1 (VCAM-1) and integrins into sEV, which results in increased 
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binding of sEV to endothelial cells [102,103]. The effect of the tetraspanins on the 

internalization of sEV has not been studied in detail, but there is described an alternative 

endocytosis pathway of viruses via tetraspanin-enriched microdomains in the cellular 

membrane [104]. In addition, via the microdomains various fusion processes, such as viral 

uptake or sperm-egg fusion, are regulated [63,64,105]. Furthermore, in the treatment of viral 

infections, neutralizing antibodies against tetraspanins are used to inhibit viral uptake by cells 

via tetraspanin-enriched microdomains [106,107]. For example, hepatitis C infection can be 

treated with the addition of CD81-targeted antibodies, which are dependent on CD81 for 

cellular uptake [108]. In summary, tetraspanins play a crucial role in the biogenesis and 

function of sEV, but most of the mechanisms remain unclear. A deeper understanding of 

tetraspanins will help to understand the specificity of sEV functions. 

1.2. MicroRNAs  

MiRs are highly conserved non-coding RNAs of about 22 nucleotides (nts) in length and are 

considered key regulators of post-transcriptional gene expression [109]. These small single-

stranded RNAs can exert important roles in various biological processes, for example, cell 

proliferation or differentiation [110]. The first miR, called lin-4 was discovered in Caenorhabditis 

elegans (C. elegans) in 1993 [111]. When discovered, miRs were thought to be rare exceptions 

found only in nematodes [112–114]. In 2001, three independent publications reported that 

several hundred of these small non-coding RNAs were found not only in nematodes, but also 

in mouse and human cells. Since then, many more miRs have been discovered, most of them 

highly conserved across different species [115]. Currently, more than 38.500 miRs have been 

identified [116], although the functions of many of them are still unknown [117]. 

1.2.1. Biogenesis of microRNAs 

MiRs are formed via precursors called pri-miRs, which are transcribed from genes and 

processed into shorter pre-miRs by the microprocessor complex in the nucleus (Figure 5) 

[118]. This complex consists of the RNA-binding protein DiGeorge Syndrome Critical Region 

8 (DGCR8) and the ribonuclease III enzyme Drosha [119]. The processed pre-miR is then 

exported from the nucleus to the cytoplasm by Exportin 5 and RanGTP while protecting it from 

degradation by nucleases [120]. Removal of the terminal loop from the pre-miR by the RNA 

polymerase III Dicer finally results in the formation of a mature miR duplex [121]. Only one 

strand of this miR duplex is introduced into a larger complex called the RNA-induced silencing 

complex (RISC), together with Argonaute 2 (AGO2) [122]. The passenger strand is usually 

degraded [121]. Which strand will be degraded strongly depends on the cell type and cellular 

environment [123]. Often, the strand selection is also based on the thermodynamic stability at 
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the 5’-end. The directionality of the miR strand determines the name of the mature miR. While 

the 5p strand arises from the 5’-end of the hairpin, the 3p form originates from the 3’-end [124].  

The miR biogenesis pathway described above is the canonical and most common pathway. 

However, there are also several non-canonical biogenesis pathways [109] that involve the 

same proteins, Drosha, Dicer, AGO2, and Exportin 5. An example for miRs that originate from 

a non-canonical pathway are the 7-methylguanosine-capped pre-miRs [125]. These RNAs are 

not cut by Drosha but exported directly into the cytoplasm by Exportin 5. There is a strong 

tendency towards the 3p strand, most likely due to the 7-methylguanosine cap preventing 

loading of the 5p strand into AGO2. Studies have also shown that a large fraction of miRs are 

present in so-called miRtrons and are processed by the spliceosome via a non-canonical 

pathway (Figure 5) [126,127]. After splicing, the pre-miRs are exported to the cytoplasm by 

Exportin 5 and processed by Dicer to mature miRs. MiRtrons and canonical miRs can be 

distinguished based on various features, such as guanine content, hairpin-free energy, or 

hairpin length [128].  

MiRs can exert different functions, which are cell-specific and also depend on their intracellular 

location [52].  

 

Figure 5: MiR biogenesis. 

MiRs are either transcribed via the canonical pathway from miR genes or non-canonically spliced from intronic 
sequences of host genes. The non-canonical pathway requires the spliceosome and debranching enzyme. In the 
canonical pathway, the pri-miR is processed by Drosha and DiGeorge Syndrome Critical Region 8 (DGCR8). In 
both pathways, the pre-miR is further exported into the cytoplasm and there processed by Dicer and Argonaute 
(AGO)2, to finally generate a mature miR. Figure adapted from [129,130].  

1.2.2. Post-transcriptional gene expression regulation by microRNAs 

The functions of miRs are also divided into canonical and non-canonical functions. 

Conventionally, miRs were thought to act as global gene expression repressors [131]. Once a 

miR is loaded into the RISC after canonical biogenesis and one strand of the miR duplex has 

been removed by AGO2, only the leading strand is active [123]. This miR can then bind to a 
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target sequence, which is often located in the 3' untranslated region (UTR) of an mRNA, 

resulting in endonucleolytic cleavage, translational repression or deadenylation of the mRNA 

transcript [110]. The complementarity between a miR and its target sequence plays a major 

role in this process. If the miR is entirely complementary to the target sequence, AGO2 

endonuclease activity is induced and mRNA degradation occurs [132]. However, in animal 

cells, compared to plant cells, the sequences are often not completely complementary, which 

inhibits AGO2 endonuclease activity [133]. In this case, AGO2 acts as a mediator for RNA 

interference (RNAi), resulting in translational repression [132].  

If the miR-RISC complex binds to mRNA regions other than the 3'UTR, e. g. within a promoter 

region, the miR may also have a non-canonical function and transcription may be induced 

[134,135]. If the miR is created via a RISC-independent non-canonical pathway, it is not loaded 

into the RISC and also can perform other functions. For example, miRs can play a role in miR 

biogenesis. It has been shown that in C. elegans, the miR let-7 positively regulates its own 

maturation together with AGO2 by binding its pri-miR [136]. A miR can also bind RISC-

independently to an RNA-binding protein (RBP) and thereby prevent the binding of the RBP to 

its target RNA. This function as an RNA-decoy was first shown for miR-328 and the 

heterogeneous nuclear ribonucleoprotein (hnRNP) E2 [137,138]. The interaction of miR-328 

and hnRNP E2 regulates the gene expression of several targets, such as CCAAT/enhancer-

binding protein alpha (CEBPA), high-mobility group protein B1 (HMGB1), and 141 other 

predicted proteins [139]. Since it has been observed even in different cell types, this decoy 

appears to have a global effect on a variety of targets. 

Another non-canonical function is the binding of miRs to Toll-like receptor (TLR) 7/8 (murine 

TLR7; human TLR8) [131]. TLR7/8 receptors are localized intracellularly in the membranes of 

the endolysosomal compartment, where their main function lies in the induction of cytokines 

which makes them a crucial part of the immune response [140]. They can recognize foreign 

nucleic acids, such as viral or bacterial desoxyribonucleic acid (DNA) or RNA [141–143]. The 

binding of endogenous miRs to TLR 7/8 can occur when GU-rich miRs are transported within 

sEV and taken up by the endosome of target cells [140]. In lung cancer (LC), sEV-derived miR-

21 and miR-29a can bind to TLR7/8, thereby inducing cytokine expression as a pro-

inflammatory immune response [144]. The binding of sEV-derived miR-21 and miR-29a to 

TLR7/8 was also confirmed in several other models like neuroblastoma or Alzheimer's disease 

[145,146]. Another miR that can act as an RNA-decoy and bind to TLR7/8 is miR-574-5p, 

whose function will be described later. 
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1.2.3. MicroRNA sorting into small extracellular vesicles 

Interestingly, the concentration of certain miRs was shown to be much higher in sEV than in 

their host cells, suggesting a specific secretion of miRs in sEV [147]. In recent years, more and 

more proteins have been found to play a role in the sorting of miRs. A closer look at the 

underlying mechanisms revealed that the miR sequence plays an important role in the sorting 

process. For example, miRs can be specifically sorted into sEV if they exhibit so-called EXO 

motifs, which include sequences like CAUG or CNGGNG. These EXO motifs are bound by the 

proteins Aly/REF export factor (Alyref) and fused in sarcoma (Fus), which are responsible for 

the recognition and export of miRs [148]. CELL motifs, on the other hand, lead to intracellular 

retention of miRs [148]. HnRNPs, for example, hnRNPA2B1 can also recognize and bind 

certain miR sequences, including the EXO motif GGCU and CELL motif UGCA [149]. 

Posttranslational modifications of hnRNPs, for example, SUMOylation can lead to increased 

binding and sorting of miRs into sEV [149]. There also appear to exist some 3'UTR sequences 

in mRNA transcripts, which are also present in miRs and appear to be specific for the sorting 

into sEV [150]. 

Another miR sorting pathway appears to be via RISC and the associated protein AGO2. AGO2 

can specifically bind miRs and sort them into exosomes [151,152]. But there seem to be 

several other proteins playing a role in the sorting of miRs into exosomes. Y-box protein 1 was 

shown to sort miRs in exosomes [153], and as well synaptotagmin-binding cytoplasmic RNA-

interacting protein (SYNCRIP) plays a role in miR sorting in hepatocytes [149].  

In general, the field of DNA and RNA sorting into sEV is a relatively new field that has gained 

more attention in recent years. In particular, miRs are of high interest due to their potential use 

as biomarkers for several diseases, including cancers. 

1.2.4. MicroRNAs as diagnostic and prognostic biomarkers 

In the organism circulating miRs are ideal candidates as biomarkers because they have high 

availability and stability [154]. They were first established as biomarkers for cancer in 2008 in 

the serum of B-cell lymphoma patients [155,156]. Since then, they have been detected in body 

fluids, such as blood, urine, or saliva as biomarkers for various diseases, including different 

types of cancer [157]. Especially the occurrence in urine and saliva makes the use of 

biomarkers perfect as a minimal-invasive and sensitive method of early disease detection 

[117]. Another advantage is that different markers can be used at once as a multimarker panel, 

which significantly improves the possibility of diagnosis for example in breast cancer [158]. 

Another application of miRs besides as diagnostic biomarkers is as prognostic biomarkers 

[159]. By the detection of the miR, conclusions can be drawn about tumor progression, 

metastasis, and other pathological characteristics, as well as survival outcome [160]. 
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MiR-574-5p is a miR that’s potential as a diagnostic or prognostic maker has recently gained 

increasing interest. It has been proposed as a diagnostic biomarker in adenocarcinoma and 

other early-stage non-small cell lung cancers (NSCLCs) [161–163]. In addition, miR-574-5p is 

described as a prognostic marker in breast cancer, squamous cell carcinoma of the 

esophagus, or small cell lung cancer (SCLC), where it correlates with metastasis or treatment 

response [164–166]. 

1.3. MiR-574-5p and prostaglandin E2  in the tumor microenvironment 

1.3.1. MiR-574-5p 

MiR-574-5p is recently described as a novel upregulated target in different pathological states, 

especially cancers [167]. This miR is formed by the non-canonical miR-biogenesis pathway by 

the spliceosome. The host mRNA of miR-574-5p is nervous system overexpressed protein 20 

(NOXP20) [168]. NOXP20 is overexpressed in the brain and the spinal cord during neural 

differentiation and may play a role during neural cell development [169,170]. Particularly in 

miR biogenesis of miR-574-5p is that one strand is not completely degraded as usual, but both 

strands are present, and the 5p/3p ratio may vary and contribute to pathogenesis [171,172]. 

Such arm-selection preferences have also been observed previously for other miRs in breast 

or gastric cancer, as for hsa-miR-193a, hsa-miR-136, or hsa-miR-423 [173,174]. 

Functions of miR-574-5p are described in various studies, but some describe the miR as a 

tumor suppressor and some as an oncogene [167]. Therefore, the effects, for example on 

proliferation, migration, invasion, metastasis, or angiogenesis, seem to be highly tumor- and 

context-dependent. In breast cancer, miR-574-5p represses tumor cell proliferation, migration, 

and epithelial-mesenchymal transition [175]. In addition, miR-574-5p was shown to inhibit 

tumor growth and metastasis in vivo [164,175]. In contrast, tumor-promoting functions of 

miR-574-5p were found in gastric cancer. Inhibition of miR-574-5p resulted in reduced viability, 

migration, invasion, and tube formation of human umbilical vein endothelial cell lines [176]. In 

addition, both miR-574-5p and -3p were also shown to be involved in angiogenesis in gastric 

cancer development [171,177]. The tumor-promoting role of miR-574-5p has also been 

described in other tumor types, such as cervical cancer, nasopharyngeal carcinoma or 

colorectal cancer [178–180]. First, miR-574-5p was described in 2012, as a tumor promoter 

that plays a role in immunosuppression via TLR9 [181]. Meanwhile, it is known that miR-574-5p 

plays a critical role in microsomal PGE synthase-1 (mPGES-1)-mediated PGE2 regulation in 

NSCLC [52].  
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1.3.2. Prostaglandin E2 biosynthesis 

PGE2 is the most abundant prostaglandin found in many tumors, such as lung, colon and 

breast cancer, and is often associated with a poor prognosis [182–184]. PGE2 stimulates the 

tumor growth by establishing an inflammatory microenvironment [23]. This promotes cancer 

proliferation, invasion and metastasis and induces the angiogenic process [185]. 

Furthermore, PGE2 is upregulated in several inflammatory diseases, including arthritis and 

cancer [186]. Together with the other prostanoids PGI2, Thromboxane A2 (TXA2), PGD2, or 

PGF2a, it belongs to the group of eicosanoids [23]. These are formed from arachidonic acid by 

cyclooxygenases (COX)-1 and-2. COX-1 is constitutively expressed, which results in basal 

expression levels of the prostaglandins, while COX-2 is an immediate response gene that is 

not normally present in most cells, but is strongly induced at sites of inflammation and during 

tumor progression [187,188]. Both together secure the homeostasis in the body and mediate 

pain and inflammation [189]. After the conversion of arachidonic acid to PGH2 by COX-1 and 

-2, different synthases are further processing PGH2 to the prostaglandins (Figure 6). PGE2 is 

formed by the mPGES-1, mPGES-2, and cytosolic PGE synthase (cPGES) [190,191]. COX-2 

and mPGES-1 are often linked and upregulated together upon inflammation [190,192]. After 

synthesis, PGE2 is either degraded by the 15-PG dehydrogenase (HPGD) or secreted from 

the cells [193]. There, PGE2 can bind autocrine or paracrine to the E-type prostanoid (EP) 

receptors. These G-protein coupled transmembrane receptors can trigger various downstream 

pathways via stimulatory (Gαs) or inhibitory (Gαi) subunits to the levels of Ca2+ via 

phospholipase C enzymes (PLC), cyclic adenosine monophosphate (cAMP), or inositol 

phosphate [194,195]. EP1 is known to increase the PLC and cytosolic Ca2+ levels, which 

induces nuclear factor-kappaB (NFκB) and protein kinase C (PKC) [196]. EP2 and EP4 

increase the formation of cAMP, and therefore also activate protein kinase A (PKA) [194,197]. 

EP3 can due to its coupling with different G proteins decrease cAMP levels, but also increase 

Ca2+ levels [198,199].   
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Figure 6: PGE2 biosynthesis and signaling via EP receptors. 

PGE2 is formed from arachidonic acid. The two cyclooxygenases (COX) form PGH2, which in turn is converted to 
PGE2 by microsomal prostaglandin E synthase 1 (mPGES-1 or PTGES). PGE2 is either degraded by 15-PG 
dehydrogenase (HPDG) or secreted by multi-drug restistance proteins (MRP) and can trigger downstream 
processes via the E-type prostanoid receptors (EP1-4) through the regulation of cyclic adenosin monophosphate 
(cAMP), or calcium via phospholipase C enzymes. EP2 and 4 have a cAMP stimulatory subunit (Gαs), whereas 
EP3 has an inhibitory subunit (Gαi). Adapted from [193].  

Non-steroidal anti-inflammatory drugs (NSAIDs) are often used to treat PGE2. These inhibit 

COX-1 and -2, which is often associated with side effects [200,201]. However, mPGES-1-

dependent PGE2 also plays a major role in pathological conditions such as inflammation, pain, 

fever, or tumorigenesis [202–205]. Therefore, mPGES-1 is a potential target for the 

development of therapeutic agents for the treatment of various diseases [191,206].  

1.3.3. Cancer-associated fibroblasts in the tumor microenvironment 

The inflammatory environment created by PGE2 in tumors promotes tumor progression 

through enhanced angiogenesis, metastasis, or invasion [185]. Various cell types can be 

involved in these effects [193]. The progression of a tumor depends on genetic alterations of 

the tumor cells and on the crosstalk between the different cells in the tumor microenvironment 

(TME) [207]. Genetic alterations include upregulation of oncogenes and downregulation of 

tumor suppressors, which are contributing to the hallmarks of cancer, for example 

angiogenesis, immune destruction, or proliferative signaling [208,209]. The TME includes the 

cells that make up a tumor, such as cancer cells, fibroblasts, endothelial cells, and immune 

cells such as macrophages or lymphocytes (Figure 7) [210].  
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Many different cell types are present in the tumor microenvironment (TME). These include tumor cells, immune 
cells, blood vessels, and cancer-associated fibroblasts (CAFs). All cell types in the TME communicate with each 
other, producing an extracellular matrix (ECM) contributing to the tumor progression [211]. 

Furthermore, the TME includes an extracellular matrix (ECM) consisting of components that 

hold the tumor together such as collagen, fibronectin, hyaluronans, or laminin [212]. Changes 

in the ECM can activate stromal cells or support the tumor development and metastasis [213]. 

In addition, the tumor cells can communicate with the non-cancerogenic cells via the ECM, 

which results in these performing tumor-promoting functions [214]. Here, signaling by various 

inflammatory mediators, as cytokines interleukin (IL)-1, -10, -22 or TNF-α, and matrix-

remodeling enzymes as matrix metalloproteinases play a role [215]. Some inflammatory 

mediators are as well inhibiting the tumor promotion, for example IL-12. Cells can exchange 

these inflammatory mediators by direct contact, or via the exchange of EV [216,217]. As 

mentioned above, PGE2 is also one of the inflammatory mediators that contribute to tumor 

progression [185]. The paracrine and autocrine effects on cells in the TME create an 

inflammatory tumor environment. Thus, all cells in the TME work together to drive forward 

tumorigenesis, cancer development, angiogenesis, and metastasis [218]. A better 

understanding of the interaction of all cells in the TME could be useful in developing new 

therapeutic strategies. These strategies include, for example, inhibiting the interaction between 

tumor cells and other cells in the TME to inhibit metastasis and tumor progression [219].  

Another option is to deplete fibroblast activation to cancer-associated fibroblasts (CAFs), which 

play a central role in the tumor development [220]. In the TME, fibroblasts can be chronically 

activated into CAFs (Figure 8) [221]. Similar to in wounds, fibroblasts are activated by 

Figure 7: The tumor microenvironment. 
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inflammatory mediators, such as TGFβ. TGFβ can be secreted by tumor cells and induces 

CAF proliferation, expansion, and differentiation [222,223]. Although PGE2 is one of the major 

inflammatory factors in the carcinogenesis of many tumor types, the effect of PGE2 signaling 

on CAF activation is not yet clear and differs tumor type-dependent [193]. In many solid tumors, 

CAFs are the most abundant type of stromal cells, including breast and pancreatic tumors 

[224,225]. They share common features with myofibroblasts, such as the expression of 

α-smooth muscle actin (α-SMA) or enhanced ECM synthesis [221]. However, compared to 

myofibroblasts, CAFs are resistant to cell death and proliferate and persist in the activated 

state [193]. In tumors, activation of fibroblasts into CAFs may occur during tumor development, 

which is often associated with a poor prognosis [226,227]. This is due to their various tumor-

promoting properties. CAFs ensure fast tumor growth through the secretion of growth factors 

or proinflammatory factors and the remodeling of ECM, which increases cancer cell invasion 

[214,228,229]. They induce the formation of collagen crosslinks in the ECM, which also 

enhances migration and invasion of tumor cells [230]. They can also communicate with other 

cells to recruit myeloid cells and lymphocytes [231]. Altered sEV and intracellular miR 

expression patterns were also detected in CAFs, which affects also communication with other 

cell types [232]. The up- and down-regulation of different miRs vary depending on the tumor 

type [233]. These represent potential markers for CAFs. Intensive research is still ongoing in 

this field, as most known markers are upregulated in differentiated myofibroblasts as well as 

in CAFs [221]. The best-known marker is α-SMA, although other cytoskeletal markers such as 

vimentin, desmin, or smooth muscle myosin can also be used to distinguish differentiated 

fibroblasts from normal fibroblasts [234–236]. These can be combined with additional markers, 

such as ECM components, like collagens and fibroblast specific protein (FSP)1 [237,238], 

growth factors and cytokines, such as TGFβ or IL-6 [229,237] or with receptors like platelet-

derived growth factor receptors (PDGFRs) or fibroblast activation protein (FAP) [229,239,240]. 

However, the variety of markers used for different studies reveals there is no one ideal marker 

that exclusively detects activation to CAFs [241]. 
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Figure 8: The activation of fibroblasts to cancer-associated fibroblasts (CAFs). 

In the tumor microenvironment (TME), fibroblasts can be influenced by tumor cell-derived soluble factors, tumor-
derived extracellular vesicles, or physical interactions with tumor cells. Thus, the secretory profile of CAFs is 
influenced, for example by the secretion of cytokines, growth factors or CAF-derived sEV [242]. 

1.4. Prostaglandin E2 regulation in non-small cell lung cancer 

LC is the most fatal cancer worldwide [243]. The most common cause of LC, accounting 90% 

in men and 70-80% in women is smoking [244]. Nevertheless, there are several other factors 

regarding the environment, such as air pollution or genetic predisposition, for example, 

mutations in the tumor suppressor protein 53 (TP53 gene) [245,246]. LC  is divided into SCLC 

and NSCLC, with NSCLC accounting for approximately 85% of all LC cases [247]. NSCLC is 

in turn divided into 30% AC, 37.5% squamous cell carcinoma (SCC), 19.6% neuroendocrine 

carcinoma, and 6.6% large-cell carcinoma, which differ in their cellular origin [248]. While SCC 

tumors almost always correlate with smoking, ACs are the most common LC tumors in 

nonsmokers [249,250]. Various genetic alterations occur more frequently in ACs. These 

include, for example, chromosomal changes such as the copy-number gain of chromosome 

5p. This is thought to mediate the amplification of telomerase reverse transcriptase, which 

occurs in 18% of ACs [251]. Other genetic mutations occur in 32.2% of AC cases in the kirsten 

rat sarcoma viral oncogene homologue (KRAS) oncogene, which almost never occur in the 

other NSCLC types [252–254]. In addition, mutations in the gene of epidermal growth factor 

receptor (EGFR) occur in 11.3% of cases and in neurofibromatosis type 1 gene (NF1) in 8.3% 

[251,252]. There are several therapeutic options for the treatment of LC, depending on the 

histological subtype and stage of the disease. These are ranging from resection of the tumor 

to radio- and chemotherapy [247]. A novel strategy is the inhibition of programmed cell death 

protein ligand 1 (PD-L1), for example by using antibodies against PD-L1 or programmed cell 
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death protein 1 [250]. This induces the immune reaction against tumor cells with upregulated 

PD-L1 levels, present in approximately 60% of all NSCLC [255]. Since PD-L1 is known to be 

regulated by PGE2, the inhibition of PGE2 could also be an option to reduce PD-L1 and thus 

treat PD-L1-dependent tumors [256]. Another therapeutic approach could also be the targeted 

disruption of communication with the TME in the LC [257–259]. Several sources indicate that 

crosstalk between tumor cells and CAFs and their influence on angiogenesis, invasion, 

metastasis, and cancer progression in NSCLC [260,261] 

In NSCLC, PGE2 is regulated by a negative feedback loop implemented by different functions 

of miR-574-5p (Figure 9). Compared to NB, in NSCLC, it is notable that mPGES-1 is more 

present in the cancer cells and not in the surrounding cells [262]. The inhibition of mPGES-1 

leads to decreased PGE2 levels and a determination of tumor growth, which reveals the 

dependence on PGE2 [202,263]. In the AC cell line A549, miR-574-5p was shown to bind to 

the CUG-RNA binding protein 1 (CUGBP1) to exert its function as RNA decoy [52,264]. 

CUGBP1 can thus no longer bind to the mPGES-1 mRNA, and via alternative splicing, an 

mPGES-1 3' UTR isoform with a higher translation rate than the mPGES-1 wild-type (WT) 

mRNA is generated. As a result, more mPGES-1 is produced and thus more PGE2. In vivo, 

this leads to faster tumor growth in mice. This miR-574-5p-CUGBP1 decoy is unique in AC 

cells [265]. Some other studies have also described the tumor-promoting effect of miR-574-5p 

in NSCLC. Inhibition of the expression of the miR-574-5p target protein typrosine phosphatase 

receptor type U (PTPRU) promoted both migration and invasion of cancer cells [266]. Tumor 

suppression was promoted, and apoptosis was induced by miR-574-5p-dependent inhibition 

of the target Rho family GTPase 3 (RND3) [267]. However, miR-574-5p can also play a tumor-

suppressing role in NSCLC. Increased levels of PGE2 led to the secretion of miR-574-5p into 

sEV mediated via the EP1/3 receptor. The higher sEV-miR-574-5p levels were detected in AC 

cells 2 h after PGE2 treatment. This sEV-miR-574-5p has a function as a TLR7/8 ligand and 

thus can decrease the intracellular level of miR-574-5p [52,144,268]. This also results in the 

formation of lower levels of mPGES-1 and PGE2 again. This, in turn results in less PGE2 

secretion and self-regulation of PGE2 synthesis mediated by miR-574-5p. Interestingly, in other 

NSCLC cells, namely squamous cell carcinoma cell line 2106T, the secretion of miR-574-5p 

in sEV was also triggered by PGE2 after 8 h. However, the sEV-miR-574-5p had no function 

as a TLR7/8 ligand here. It was suggested that a different tetraspanin composition on the sEV 

envelope mediates a different uptake of the sEV, resulting in a different function of miR-574-5p 

[52].  
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Figure 9: PGE2 is regulated via a feedback loop in non-small cell lung cancer. 

The miR-574-5p-CUGBP1 decoy increases mPGES-1 and PGE2 levels. PGE2 triggers the miR-574-5p secretion 
via EP1/3 in A549 cells. By binding of TLR7/8 lead increased levels of sEV-miR-574-5p to a negative regulation of 
intracellular miR-574-5p, mPGES-1 and PGE2 levels, which in turn lead to decreased PGE2 secretion and miR-574-
5p expression [52]. 

1.5. Prostaglandin E2 in neuroblastoma 

1.5.1. Neuroblastoma 

In this study, NSCLC was compared with another PGE2-dependent tumor model, 

neuroblastoma (NB), to further explore the role of miR-574-5p. NB is a tumor of the 

sympathetic nervous system that occurs mostly in children under 10 years old [269]. It 

corresponds to 6-10% of all tumors appearing in children but corresponds to approximately 

15% of all deaths in children [270,271]. Most children of more than one year at diagnosis have 

a poor overall prognosis [272]. NBs presumably arise from progenitor cells of the neural crest 

that differentiate into sympathetic ganglion cells and adrenal catecholamine-secreting 

chromaffin cells (Figure 10) [273,274].  
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Figure 10: Locations where neuroblastomas may arise. 

Neuroblastoma may be found in the adrenal glands and paraspinal nerve tissue and arises from cells in the nerve 
tissue of the adrenal gland, neck, chest, or spinal cord [275]. 

These tumors are characterized by their high heterogeneity. Spontaneous regressions, or 

tumor progression despite therapy, may occur [276]. Therefore, age at diagnosis, different 

genetic markers, chromosomal alterations, grade of tumor differentiation, and histological 

appearance are used to classify risk groups, which differ in the prognosis of cure [277]. Unique 

to NBs among human cancers is the possibility of spontaneous regression, which often occurs 

even without therapy [276]. In addition to chemotherapeutic agents, retinoic acid is frequently 

used in the treatment of NBs to induce cancer cell differentiation and thus tumor regression 

[278]. Histological markers for the identification of NB cells include disialoganglioside (GD2) 

and the tropomyosin receptor kinase (Trk)A and TrkB [234,235]. In addition, there are many 

genetic alterations that are also used as markers. Low-risk NBs often showed hyperdiploidy of 

the chromosomes of the tumor cells [281]. High-risk NBs, on the other hand, often show only 

partial alterations of chromosomes or single genes. One of the most common is an 

amplification of the MYCN proto-oncogene. MYCN amplification occurs in approximately 25% 

of all high-risk NBs and is associated with poor outcome [282]. The MycN protein is required 

in the development of the neural crest but is usually gradually reduced while maturation 

[283,284]. It is suggested as sufficient for NB development and as a major oncogenic driver in 

NBs [269]. Chromosomal alterations are also frequently present, such as the hemizygous 

deletion of 11q [270]. The 11q deletion occurs in about 30-40% of NB patients [285–287]. Most 

of the NB tumors are mutually exclusive, not having both genetic alterations 11q deletion and 

MYCN amplification, but both are associated with a poor prognosis [286,288]. It is suspected 

that the 11q deletion contains NB suppressor genes [287].  
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1.5.2. Regulation of prostaglandin E2 in neuroblastoma 

Among many other tumor types, such as breast cancer [183,289], colorectal cancer [290,291] 

or prostate cancer [202,292], NBs are PGE2-dependent tumors. It has been shown that COX-2, 

mPGES-1, and PGE2 are upregulated in NBs [293]. In addition, all four EP receptors are known 

to be present [294]. PGE2 treatment leads to a higher viability of NB cells [294]. Furthermore, 

it was shown that tumor growth was reduced in in vivo mice models, by inhibiting COX-2 [293]. 

There seems to be a special role for PGE2 in 11q deleted tumors. Here, both mPGES-1 mRNA 

and PGE2 are increased, and these patients had a lower survival rate of 10% [295]. In addition, 

a distinctive feature was found that NB tumor cells do not express mPGES-1 but only the 

surrounding cells in the TME. In further studies, it was shown that CAFs in the TME are the 

primary source of PGE2, as mPGES-1 inhibition in the CAFs resulted in the suppression of 

PGE2 levels and tumor growth [295,296]. 

1.6. Aim of the study 

This study aimed to define the roles of miR-574-5p and sEV-derived miR-574-5p in NB and 

compare with known functions in NSCLC. In NSCLC, miR-574-5p contributes to the autocrine 

regulation of mPGES-1-dependent PGE2 synthesis via a feedback loop that includes functions 

of miR-574-5p as a decoy for CUGBP1 and as a TLR7/8 ligand [52,264,265]. The previously 

unknown functions of miR-574-5p and sEV-miR-574-5p in NB were compared with those in 

NSCLC to gain a better understanding of cross-tumor regulation by miRs. The association of 

miR-574-5p and mPGES-1-dependent PGE2 regulation has not been investigated in NB and 

will be investigated in this thesis. The second part of this thesis aimed to investigate the 

influence of different tetraspanins on the sEV surface on sEV-miR-574-5p mediated functions 

with a focus on the uptake rate of sEV. This may contribute to a better understanding of the 

intercellular regulation in the TME. 
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2. Materials and methods 

All incubation steps were performed at room temperature (RT) if not otherwise stated. Detailed 

buffer compositions can be found in supplementary (Table S1).  

2.1. Cell lines and cell culture conditions 

All cell culture experiments were carried out under sterile and standardized cell culture 

conditions (37 °C, 5% CO2, and 98% humidity). All cell culture experiments regarding sEV 

were carried out with sEV-depleted fetal calf serum (FCS, Sigma-Aldrich, St. Louis, USA). The 

FCS was centrifuged at 120 000 x g at 4 °C for 18 h in an OptimaTM XPN-80 ultracentrifuge 

(Beckman Coulter, Brea, USA). Afterward, the bottom third of the volume was discarded to 

exclude contamination by endogenous sEV. The NB cell lines SK-N-AS (ATCC:CRL-2137TM) 

and SK-N-SH (RRID:CVCL_0531) and the human lung AC cell line A549 (ATCC: CCL-185TM) 

were cultured in Dulbecco’s modified Eagle medium (DMEM, Thermo Fisher Scientific, 

Waltham, USA) with 10% (v/v) heat-inactivated FCS, 100 U/mL Penicillin (gibco, Thermo 

Fisher Scientific, Waltham, USA), 100 μg/mL Streptomycin (gibco, Thermo Fisher Scientific, 

Waltham, USA) and 1 mM sodium pyruvate (Thermo Fisher Scientific, Waltham, USA). The 

human lung fibroblast cell line HFL1 (CCL153, ATCC, Manassas, USA) was cultured in 

Kaighn’s modification of Ham’s F-12 medium (F-12K, gibco, Thermo Fisher Scientific, 

Waltham, USA) with 10% (v/v) FCS, 100 U/mL Penicillin and 100 μg/mL Streptomycin. The 

human pulmonary squamous cell carcinoma cell line 2106T (CLS Cell Lines Service GmbH, 

Eppelheim, GER) was cultured in 50% DMEM and 50% F-12K with 5% (v/v) FCS, 100 U/mL 

Penicillin, and 100 μg/mL Streptomycin, 0.5 mM sodium pyruvate and 15 mM HEPES (Sigma-

Aldrich, St. Louis, USA). All cell lines were passaged twice a week. Cells were briefly washed 

with 5 mL prewarmed 1x phosphate buffered saline (PBS) and then detached using 5 mL 

0.05% Trypsin-EDTA (TE, Thermo Fisher Scientific, Waltham, USA) in 1x PBS at 37 °C. The 

reaction was stopped by adding 5 mL fresh cell culture medium, and 2x106 SK-N-AS and 

SK-N-SH or 5x105 A549, 2106T or HFL1 cells were put in a new T75 flask (Greiner Bio-One, 

Kremsmünster, AUT) into 15 mL fresh cell culture medium. The cancer cell lines were used 

until they reached a passage of 30, while the cell line HFL1 was only used for experiments 

from passages 4 to 11.  

All cell lines are stored as cryo-stocks in a nitrogen tank, which can be thawed to obtain cells 

within lower passages. To freeze the cells, they were detached, and 1x106 cells were combined 

with 10% (v/v) dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe, GER) in a total volume of 1 mL 

in a cryo-vial /VWR, Radnor, USA). Then, cells were frozen at -80 °C for 24 h and transferred 

to the nitrogen tank. For thawing, cryo-vials were briefly prewarmed at RT. Subsequently, 

10 mL of prewarmed cell culture medium was used to rinse the tube until the whole cell 
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suspension was thawed. Next, cells were transferred into a 50 mL reaction tube and spun 

down at 1 200 rpm for 5 min in an Eppendorf Centrifuge 5702. Afterward, the supernatant 

containing dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe, GER) was carefully aspirated, and 

cells were resuspended in fresh cell culture medium and transferred into a T75 flask for 

cultivation. 

2.1.1. SK-N-AS and SK-N-SH stimulation 

For sEV-derived miR-574-5p measurements, SK-N-AS and SK-N-SH cells were seeded in 6-

well plates (Greiner Bio-One, Kremsmünster, AUT) at a density of 5x105 cells per well in a total 

volume of 2 mL 24 h prior stimulation. Cells were stimulated with 5 nM PGE2, 5 nM Butaprost, 

5 nM Sulprostone (all Sigma-Aldrich, St. Louis, USA), 5 nM L-902,688 (Cayman Chemicals, 

Ann Arbor, USA), or vehicle DMSO for 30 min, 1 h, and 2 h. For this purpose, cells were 

washed briefly with 1x PBS. Afterward, 2 mL fresh medium containing the stimulation reagents 

was added. For harvesting, the cell supernatant was transferred into a 2 mL reaction tube and 

centrifuged at 17 000 x g for 5 min. Then, 1.5 mL of the supernatant was transferred into a 

fresh tube, and the remaining cellular debris was discarded. The supernatants were stored at 

-80 °C until sEV isolation.  

To analyze the function of sEV-miR-574-5p, SK-N-AS cells were seeded in 6-well plates as 

described above. Cells were washed briefly with 1x PBS and then stimulated with 2 µg/mL 

purified miR-574-5p oe or ScrC sEV or 100 ng/mL Resiquimod (R848, Invivogen, San Diego, 

USA) for 24 h. Then, cells were briefly washed with 1x PBS, and then 500 µL TE was added 

per well to detach the cells. After 10 min, the reaction was stopped by adding 500 µL cell 

culture medium. Cells were pelleted at 17 000 x g and 4°C for 5 min. Protein or RNA was 

extracted as described below.  

2.1.2. Transient CD81 knockdown in SK-N-AS cells 

Transient knockdown of CD81 was performed using siRNA oligonucleotides against CD81. A 

combination of siRNA oligonucleotides SASI_Hs01_00181702 and SASI_Hs01_00181703 

(Merck, Darmstadt, GER) against CD81 was used. As a control, naturally not expressed siRNA 

oligonucleotides against GFP were used (5 ́-UCUCUCACAACGGGCAUUU-3 ́). SK-N-AS 

cells were seeded in a 12-well plate at a density of 2.6x105 cells per well the day before 

transfection. Prior to transfection, cells were washed with 1x PBS. Transfection was performed 

with 4.5 µL LipofectamineTM RNAiMAX (Invitrogen, Karlsruhe, GER) and 20 pmol siRNA per 

transfection in OptiMEM according to the manufacturer's instructions. After 4 h, the medium 

was aspirated and replaced to FCS-depleted cell culture medium. Cells and supernatants were 

harvested 24 h after the transfection, as described in section 2.1.1.  
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2.1.3. HFL1 stimulation 

HFL1 cells were seeded in 12-well plates at a density of 1x105 cells per well 24 h before 

stimulation. Cells were washed briefly with 1x PBS and then stimulated with 2 µg/mL purified 

miR-574-5p oe or ScrC sEV, 10 ng/mL TGFβ (PeproTech, Rocky Hill, USA), 100 ng/mL 

Resiquimod (R848, Invivogen, San Diego, USA), or 200 nM ODN 2088 Control (ODN 2087) 

(Miltenyi Biotec, Bergisch-Gladbach, GER) in sEV-depleted cell culture medium for 72 h. 

Afterward, cells were washed and harvested as described in section 2.1.1. Protein or RNA was 

extracted as described below.   
2.1.4. Tetrazolium reduction assay in HFL1 cells 

The effects of sEV treatment on cell proliferation and viability were analyzed using a 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) tetrazolium reduction 

assay (Carl Roth, Karlsruhe, GER). Therefore, HFL1 cells were seeded in 96-well plates 

(Greiner Bio-One, Kremsmünster, AUT) at a density of 1x104 cells per well 24 h before 

stimulation. After 24 h, cells were treated with 2 µg/mL isolated miR-574-5p oe or ScrC sEV or 

with 10 ng/mL TGFβ for 72 h. Untreated cells or cells only treated with TGFβ were used as 

controls. After 72 h, MTT was added to each well at a final concentration of 5 mg/mL. Next, 

cells were incubated for 3h at 37°C. At this time, MTT should be reduced by the cells to purple 

formazan, which should correlate with the number of live and proliferating cells. After 3 h of 

incubation, the medium was aspirated, 100 µL DMSO was added to each well, and the cells 

were resuspended. The released formazan was detected using a Tecan Infinite M 200 plate 

reader (Tecan Group, Männedorf, CHE) at 570 nm. The non-specific background was 

measured at 630 nm and subtracted from the formazan amount. Treated samples were 

normalized to untreated or only TGFβ-treated controls.  
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2.2. SEV methods 

2.2.1. Overexpression of miR-574-5p in sEV 

To investigate the physiological function of miR-574-5p in the sEV, an overexpression (oe) of 

miR-574-5p and a scrambled control (ScrC) sequence in the sEV for the different cell lines 

was established. These sEV can be used to determine the cell-specific function after 

purification of the sEV and subsequent stimulation of target cells. To get the miR-574-5p 

overexpression sEV, the XMIRXpress Lenti system (System Biosciences, Palo Alto, USA) was 

used. In addition, a respective negative control was generated with the XMIRXP-NT system 

(System Biosciences, Palo Alto, USA). Both constructs were used to transfect LC or NB cell 

lines A549, 2106T, SK-N-AS, and SK-N-SH. 

A549 or SK-N-AS cells were seeded in 6-well plates at a density of 5x105 cells per well in a 

total volume of 2 mL 24 h before transfection. The cells were briefly washed with 1 mL 1x PBS 

per well. Both cell lines were transfected with either 2 µg miR-574-5p oe or ScrC plasmids in 

250 µL Opti-MEM (gibco, Thermo Fisher Scientific, USA) using Lipofectamine 2000 

(Invitrogen, Karlsruhe, GER) following the manufacturer’s instructions. While SK-N-AS cells 

were incubated overnight in exosome-depleted DMEM, A549 cells were incubated in Opti-

MEM.  

2106T or SK-N-SH cells were seeded in 12-well plates (Greiner Bio-One, Kremsmünster, AUT) 

at a density of 1x105 cells per well in a total volume of 1 mL 24 h before the transfection. 

SK-N-SH cells were transfected with 3 μg plasmid per well using polyethyleneimine (PEI, 1 g/L, 

Sigma-Aldrich, Germany) (pH 7). For this purpose, 6 μL PEI was mixed with 100 μL DMEM 

without supplements. Plasmids were mixed with 100 μL DMEM without supplements, then 

united with the PEI mix and incubated at RT for 15 min. 2106T cells were transfected using 

the same protocol with 2 µg plasmids per well and PEI (pH 10).  

After 18 h, supernatants containing engineered sEV were transferred in a fresh tube, spun 

down at 2 000 x g for 20 min, and supernatants were stored at -80 °C. 

2.2.2. SEV isolation via ultracentrifugation 

Cell supernatants were thawed on ice and then transferred to 1.5 mL polypropylene tubes 

(Beckman Coulter, Brea, USA). At first, samples were centrifuged at 21 000 x g and 4 °C for 

1 h with the Optima XPN 80 ultracentrifuge and the 70.1.Ti rotor (Beckman Coulter, Brea, 

USA). The supernatant was transferred into a new polypropylene tube, followed by a second 

centrifugation step at 100 000 x g and 4 °C for 1 h. Then the supernatant was discarded, the 

sEV resuspended in 20 µL 1x PBS for stimulation experiments, or the RNA was extracted 

directly. 
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2.2.2. SEV characterization with the ExoView R100 platform 

The sEV were characterized using the ExoView R100 platform (NanoView Biosciences, 

Boston, USA). This system is a chip-based system and can be used to analyze sEV population 

directly from unpurified supernatants. The tetraspanin chips (NanoView Biosciences, Boston, 

USA) are labeled with antibodies against the tetraspanins CD9, CD63, and CD81 or IgG 

control. The sEV are immobilized by binding to the anibodies. Subsequently, vesicle size and 

immunostaining of surface markers or cargo can be determined [101,297].  

For the experiment, unpurified cell culture supernatants of SK-N-AS, SK-N-SH, or HFL1 cells 

were added to the chips and incubated overnight for approximately 18 h. Tetraspanins on the 

sEV surface were stained according to the manufacturer’s instructions. Chips were washed, 

and sEV were blocked and then stained with antibodies against CD9 (CF®488A-labeled), 

CD63 (CF®647-labeled), and CD81 (CF®555- labeled) diluted 1:600 in blocking solution (all 

NanoView Biosciences, Boston, USA). After staining, chips were air-dried and imaged using 

the ExoView R100 platform. Data analysis was performed using the nanoViewer software, 

version 2.8 (NanoView Biosciences, Boston, USA). 

2.2.3. Particle measurements with the nCS1TM 

To analyze the sEV concentration and size distribution, cell culture supernatants of PGE2-

treated SK-N-AS cells were analyzed using the microfluidic resistive pulse sensing technology-

based nCS1TM Nanoparticle Analyzer (Spectradyne LLC, Signal Hill, USA) kindly provided for 

use by Merck (Darmstadt, GER). The supernatants were harvested as described in chapter 

2.2.2. and diluted 1:10 in 1x PBS containing 1% Tween20. 3 µL of each sample was loaded 

into factory precalibrated TS-300 cartridges (Spectradyne LLC, Signal Hill, USA). The 

cartridges with a measurement range of 50-300 nm and the system were primed with running 

buffer containing 1x PBS and 1% Tween20. The analysis was performed using the nCS1 

software version 2.5.0.249.  

2.2.4. Transmission electron microscopy 

Isolation of sEV was proven by transmission electron microscopy (TEM). For this purpose, 

isolated sEV from SK-N-AS and SK-N-SH cells were resuspended in 1x PBS. The sEV 

concentration was measured by Bradford assay and then adjusted to a final concentration of 

0.05 mg/mL in 1x PBS. A formvar carbon-coated copper grid (Plano, Wetzlar, GER) was 

placed in a 15 µL drop of diluted sEV on parafilm (Bemis Company, Neenah, USA) for 10 min. 

Then, the grid was placed in a 15 µL drop of 2% FA in PBS for 10 min and washed 3x with 

MQ. Prior to imaging, samples were negatively stained with 2% uranyl acetate (Sigma Aldrich, 
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St. Louis, USA) for 1 min, subsequently washed 3x with MQ, and dried. All samples were 

imaged using a Zeiss EM109 electron microscope.  

2.2.5. Triton X-100 and RNase I treatment of sEV 

To verify whether miR-574-5p is inside or outside the sEV after purification, the sEV were 

treated with RNase and Triton X-100. For this purpose, the sEV were divided into three 

approaches. One approach was mixed with NEBuffer 3 only (New England Biolabs, Ipswich, 

USA), one was mixed with NEBuffer 3 and 2.5 U/µL RNase I, and one was additionally spiked 

with 1% Triton X-100 for 10 min before RNase treatment. Then, RNase treatment was 

performed at 37 °C for 20 min. Afterward, total RNA was isolated using the miRNeasy Mini Kit 

(Qiagen, Hilden, GER) following the manufacturer’s instructions. The amount of miR-574-5p 

was analyzed via real-time quantitative polymerase chain reaction (RT-qPCR) as described in 

chapter 2.4.4 and all values were normalized to untreated controls.  

2.2.6. Antibody treatment of sEV 

Isolated miR-574-5p oe or ScrC sEV were treated with antibodies against tetraspanins CD9, 

CD63, and CD81 to determine the influence of tetraspanins on the functionality of sEV-derived 

miR-574-5pTherefore, sEV were resuspended in 1x PBS after purification, and the 

concentration was determined by the Bradford assay (described in chapter 0). For each 

condition, 1 µg sEV was mixed with 100 ng antibody against CD9 (sc-59140, Santa Cruz 

Biotechnology, Dallas, USA), CD63 (NBP2-42225, Novus Biologicals, Littleton, GER), CD81 

(MABF2061, Sigma Aldrich, St. Louis, USA) or Mouse IgG1 Isotype control (MAB002, Novus 

Biologicals, Littleton, USA) in a total volume of 20 µL. Appropriate antibody concentrations 

were tested previously. All reactions were incubated at 4°C for 21 h. Then, the previously 

seeded cells were washed briefly with 1x PBS, and fresh sEV-depleted medium was added. 

Cells were stimulated with either sEV blocked with antibodies or with antibodies alone as a 

control at 37°C for 24 h. Afterwards, the cells were harvested and SDS-PAGE and Western 

blot analysis was performed as described in sections 2.5.3 - 2.5.4. 

2.2.7. Live cell imaging 

Live cell imaging experiments for the first visualization of the uptake of sEV were performed 

with either protocol A or B. Protocol A: SK-N-AS or SK-N-SH cells were seeded in 8-well 

chamber slides (IBIDI, Gräfeling, GER) at a density of 2.6x104 cells per cell. After 24 h, the 

medium was aspirated and changed to sEV-depleted medium containing 5 µg/mL Hoechst 

33258 (Sigma-Aldrich, St. Louis, USA) at 37 °C for 1 h in stain the nuclei. Isolated sEV were 

stained with the lipophilic tracer 3,3′- dioctadecyloxacarbocyanine perchlorate (DiO, Sigma-

Aldrich, St. Louis, USA) at 37 °C for 15 min. After the first images, sEV were added, and cells 
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were imaged in 5 min intervals for a total duration of 30 min. Images were acquired with an 

UltraView VoX spinning disk system (PerkinElmer, Waltham, USA) mounted on an inverted 

Nikon Ti-E microscope (Nikon, Minato, Japan) equipped with a climate chamber (ACU control, 

Olympus, 37 °C, 5% CO2, 60% humidity) kindly provided by Prof. Dr. Cristina Cardoso. The 

camera used was a cooled 14-bit Hamamatsu C9100-50 EMCCD camera with the Volocity 6.3 

software (PerkinElmer, Waltham, USA). Protocol B: HFL1 or A549 cells were seeded or in µ-

24-well plates with black walls (IBIDI, Gräfeling, GER) at a density of 6x104 cells per well. After 

24 h, the medium was aspirated and changed to an sEV-depleted medium containing 5 µg/mL 

Hoechst 33258 at 37 °C for 1 h in stain the nuclei. SEV were stained with DiO for 15 min and 

then added to the cells. Images were taken for 60 min every 5 min. Images were acquired with 

a Nikon Eclipse Ti equipped with a climate chamber (37 °C, 5% CO2, 60% humidity) and a 

Nikon DS-Qi2 camera kindly provided by Prof. Dr. Alexander Löwer and analyzed with the NIS 

elements software (Nikon, Minato, Japan). Endocytosis was analyzed by additional incubation 

with 20 µg/mL pHrodoTM Red Dextran (Invitrogen, Karlsruhe, GER) and DiO-labeled sEV. After 

1 h, cells were washed briefly with 1x PBS, and fresh cell culture medium was added. Cells 

were imaged within 15 min.   

2.3. SEV uptake assays 

In order to determine the influence of tetraspanins on the uptake of sEV by acceptor cells, two 

different methods to analyze the uptake were used. 

2.3.1. Nano-Luciferase uptake assay 

The Nano-Luciferase (NLuc)-Hsp70 plasmid and protocol for this assay were kindly provided 

by Dr. Gregory Lavieu (Université de Paris, FRA) [298]. In this assay, sEV containing an NLuc-

Hsp70 construct was used to monitor sEV uptake by measuring NLuc internalization in 

acceptor cells.  

The sEV-donor cells SK-N-AS or A549 were seeded in 6-well plates at a density of 5x105 cells 

per well the day before transfection. Cells were transfected with 2 µg NLuc-Hsp70 plasmid as 

described in chapter 2.2.2. After 18 h, supernatants were harvested and sEV isolated (as 

described in 2.2.2). 2 µg sEV were blocked with 200 ng antibodies in a total volume of 40 µL 

as previously described in 2.2.6. Acceptor cells were seeded in 96-well plates at a density of 

1.5x104 cells were well 24 h before stimulation. Then, cells were stimulated in quadruplets with 

0.5 µg blocked sEV at 37°C for 4 h. Afterward, the amount of taken-up NLuc was measured 

using Nano-Glo® Luciferase (Promega, Madison, USA) according to the manufacturer’s 

instructions. Briefly, the cells were washed 3 times with ice-cold 1x PBS to remove the 

unincorporated sEV.  PBS was then discarded, and 100 µL of Nano-Glo reagent was added 
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per well to catalyze the reaction of furimazine to furimamide, which can be quantified by 

luminescence. The plate was shaken in the dark for 5 min, and bubbles were busted with a 

lighter flame. The amount of NLuc was detected by measuring the luminescence using Tecan 

Infinite M 200 for 1000 ms. 

2.3.2. Uptake quantification by confocal microscopy 

A549 or HFL1 cells were seeded in 8-well cell culture slides (SPL life sciences, Naechon-

myeon, KOR) at a density of 1.2x104 cells per well the day before the uptake experiment. 

Isolated and with antibodies-treated sEV (performed as described in chapter 2.2.6) were 

stained with DiO for 30 min and then dialyzed against 5 mL 1x PBS using a 14 kDa membrane 

(Carl Roth, Karlsruhe, GER) for 1 h. The seeded cells were briefly washed with 1x PBS, and 

the medium was switched to an sEV-depleted medium containing stained sEV. After 4 h, the 

cells were washed twice with 1x PBS and then fixed with 3.7% FA in PBS for 15 min. Again, 

cells were washed twice with 1x PBS and then incubated with 100 µL 1x PBS containing 1% 

bovine serum albumin (BSA, Sigma Aldrich, Darmstadt, GER), 1 µg/mL 

4',6-Diamidino-2-phenylindol (DAPI, Sigma-Aldrich, Darmstadt, GER) and 0.1% Phalloidin 

i647 (Abcam, Cambridge, UK) for 45 min. Afterward, cells were washed twice with 1x PBS, 

once with MQ, and mounted on a glass coverslip using Mowiol-488 (Sigma-Aldrich, Darmstadt, 

GER) and air-dried overnight in the dark. Stained cells were visualized with a confocal Leica 

DMi8 microscope. The images were analyzed with a custom ImageJ script written by Kai 

Breitwieser. First, the 3D multichannel microscope images were 2D max Z-projected, and the 

cell's dimensions to be analyzed were determined using an automatic intensity threshold based 

on the actin skeleton. The captured sEV within the cell were detected and counted using a 

classifier trained with the WEKA segmentation algorithm (doi:1093/bioinformatics/btx180). The 

number of sEV was normalized to the cell area to determine the relative uptake rate.  

2.4. RNA methods 

For all RNA methods, attention was paid to creating an RNAse-free environment. Therefore, 

all materials used were decontaminated with RNase-Zap (Sigma-Aldrich, Darmstadt, GER), 

and only plugged tips were used. Whenever possible, work was performed on ice. Unless 

otherwise stated, all centrifugation steps were performed at 4°C. 

2.4.1. Intracellular RNA extraction  

To extract RNA from cells, they were harvested as described in chapter 2.1.3, dissolved in 

1 mL of TRIzol (Thermo Fisher Scientific, Waltham, USA) reagent, and samples were 

incubated for 5 min. To serve as a reference for later quantification of miR content in a reverse 

transcription-quantitative polymerase chain reaction (RT-qPCR) 20 nmol of the synthetic 



Materials and methods 

42 

ath (Arabidopsis thaliana)-miR-159a (5 -́ UUUGGAUUGAAGGGAGCUCUA-3', Sigma Aldrich, 

Darmstadt, GER) were spiked-in. Then, 200 µL of chloroform was added, and samples were 

vortexed for at least 15 s. Samples were then incubated on ice for 15 min and centrifuged at 

17 000 x g and 4°C for 15 min. When the phase separation is completed, the aqueous phase 

containing the RNA was transferred to a new reaction tube. To precipitate the RNA, 500 µL 

isopropanol (VWR, Radnor, USA), 5 µL 3 M sodium acetate (pH 6.5; Carl Roth, Karlsruhe, 

GER), and 1 µL GlycoBlueTM (Thermo Fisher Scientific, Waltham, USA) co-precipitate were 

added. RNA was precipitated on ice for 15 min and then centrifuged at 17 000 x g for 15 min. 

The supernatant was discarded, and the RNA dissolved in 17 µL MQ. DNA was digested with 

TurboTM DNase (Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s 

instructions. RNA was then precipitated again by adding 100 µL 100% Ethanol (v/v) (EtOH, 

VWR, Radnor, USA), 2 µL sodium acetate, and 1 µL GlycoBlueTM and incubating the samples 

at -80°C for at least 30 min. Subsequently, the samples were centrifuged at 17 000 x g for 

30 min. The supernatant was discarded, and the pellet was washed with 100 µL of 70% EtOH. 

Subsequently, the samples were centrifuged again at 17 000 x g for 10 min. The supernatant 

was discarded, and the RNA was resuspended in 20 µL MQ. The quality of the extracted RNA 

was determined by 1% agarose (Carl Roth, Karlsruhe, GER) gel electrophoresis, and the 

concentration was determined by UV spectroscopy using NanoDrop ND-1000 

spectrophotometer (Thermo Fisher Scientific, Waltham, USA). 

2.4.2. MRNA quantification via RT-qPCR 

For mRNA quantification, intracellular RNA was reverse transcribed into complementary DNA 

(cDNA) using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, 

Waltham, USA). For this purpose, 1000 ng RNA was transcribed in 10 µL MQ using the 

reaction mix described in Table 1 and the program described in Table 2.  

Table 1: MRNA reverse transcription reaction mix 

 

 

Component Volume (µL) 
10 x RT Buffer 2 

25 x dNTP mix (100 mM) 0.8 

10 x RT random primers 2 

MultiScribe Reverse Transcriptase (50 U/µL) 1 

MQ 4.2 
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Table 2: Reverse transcription program for mRNA 

Temperature ( °C) Time (min) 
25 10 

37 120 

85 5 

 

Prior to RT-qPCR, reverse transcribed cDNA was diluted 1:2, and 1 µL cDNA was quantified 

with the RT SYBR Green FAST Kit (Thermo Fisher Scientific, Waltham, USA). Each reaction 

contained 10 µL SYBR green mix, 7.5 µL primer mix containing forward and reverse primers 

(both 1 mM), and 1.5 µL MQ. The RT-qPCR was performed with the StepOne PlusTM Real-

Time PCR System (Thermo Fisher Scientific, Waltham, USA), and the program in Table 3 was 

used. Detailed used primer sequences are listed in Table 4. 

Table 3: RT-qPCR program for mRNA 

Step Temperature ( °C) Time (s) Repeat 
Initial denaturation 95 20 1 x 

Denaturation 95 3 40 x  

Annealing 60 60 

 95 15 1 x 

Melt curve 60 – 95 °C 

 

All samples were measured in duplicates and the mean was calculated. If the standard 

deviation exceeded 0.5, the sample was measured again. In addition, the quality of the product 

was ensured based on the melting curve. Relative mRNA amounts were calculated by 

normalizing cycle threshold (ct) values to endogenous levels of the housekeeping gene 

Glycerinaldehyd-3-phosphate-dehydrogenase (GAPDH), and fold inductions were calculated 

using the 2(-ΔCt) method. 

Table 4: Primers used for mRNA quantification by RT-qPCR 

Target Forward primer sequence Reverse primer sequence 
GAPDH TGAGAACGGGAAGCTTGTCA ATCGCCCCACTTGATTTTGG 

α-SMA GCTGTTTTCCCATCCATTGT  TTTGCTCTGTGCTTCGTCAC  
mPGES1 TCCCGGGCTAAGAATGCA ATTGGCTGGGCCAGAATTTC 

COX-2 CCGGGTACAATCGCACTTAT GGCGCTCAGCCATACAG 
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2.4.3. Extracellular RNA extraction  

In order to isolate RNA from sEV, 200 µL of extraction buffer, 20 µL of 20% sodium dodecyl 

sulfate (SDS, AppliChem GmbH, Darmstadt, GER), and 200 µL of 6 M guanidinium 

thiocyanate (GTC, Sigma-Aldrich, Darmstadt, GER) were added to the isolated sEV pellet. 

Next, 200 µL of 65 °C warmed Roti®-Aqua-phenol (Carl Roth, Karlsruhe, GER) was added 

and samples were vortexed for at least 15 s to dissolve the sEV. Subsequently, the samples 

were incubated at 65 °C for 5 min. Then, 0.01 pmol synthetic ath-miR-159a was added as an 

internal standard for subsequent normalization, and 1 pmol synthetic cel (Caenorhabditis 

elegans)-miR-39-3p (5′-UCACCGGGUGUAAAUCAGCUUG-3′, Sigma Aldrich, Darmstadt, 

GER) was added to increase the precipitation efficiency of the RNA. The samples were then 

mixed with 200 μl chloroform: isoamyl alcohol (24:1, both Carl Roth, Darmstadt, GER) and 

centrifuged at 17 000 x g for 5 min. Then, the aqueous phase containing the RNA was 

transferred to a new reaction tube and 1.5 mL EtOH, 40 µL 3 M sodium acetate (pH 6.5), and 

1 µL GlycoBlueTM were added. RNA was precipitated at -80 °C for at least 20 min and afterward 

centrifuged at 17 000 x g for 20 min. The supernatant was discarded, and RNA was 

resuspended in 17 µL MQ. The protocol was continued, and the DNA was digested, as 

previously described in chapter 2.4.1. Finally, the RNA was solubilized in 15 µL MQ. 

2.4.4. MiR quantification via RT-qPCR 

The following protocol established by Maria Fauth was used for miR miR quantification. To 

analyze the miR levels, 2 µL of extracted sEV-derived RNA or 200 ng intracellular RNA in a 

total volume of 10 µL was reverse transcribed to cDNA using E. Coli Poly-A-Polymerase (New 

England Biolabs GmbH, Ipswich, USA) and M-MuLV Reverse Transcriptase (New England 

Biolabs GmbH, Ipswich, USA). The detailed reaction mix is listed in Table 5. 

Table 5: MiR reverse transcription reaction mix 

Component Volume (µL) 
Poly (A) Buffer 2 

Poly (A) Polymerase 0.4 

M-MulV RT 0.5 

ATPs (10 mM) 1.1 

dNTPs (10 mM) 1 

RT Primer (20 µM) 1 

MQ 4 
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The reaction was performed at 42 °C for 60 min, followed by an incubation step at 75 °C for 

5 min. The cDNA was diluted 1:3 in MQ, followed by RT-qPCR using the StepOne RT-qPCR 

system with the program listed in Table 6. 

Table 6: RT-qPCR program for miR quantification 

Step Temperature ( °C) Time (s) Repeat 
Initial activation 95 120 1 x 

Denaturation 95 10 40 x  

Annealing 58 30 

Elongation 70 30 

 95 15 1x 

Melt curve 60 – 95 °C 

 

All samples were measured in duplicates, and the mean was calculated. If the standard 

deviation exceeded 0.5, the sample was measured again. In addition, the quality of the product 

was ensured based on the melting curve. Relative mRNA amounts were calculated by 

normalizing cycle threshold (ct) values to spiked-in normalization control ath-miR-159a and 

fold inductions were calculated using the 2(-ΔCt) method.  

2.4.5. RNA immunoprecipitation 

RNA-Immunoprecipitation (RIP) of CUGBP1 was performed to analyze the binding of 

mPGES-1 mRNA and miR-574-5p to CUGBP1. Briefly, 500 µL GammaBind Plus Sepharose 

beads (GE Healthcare, Chicago, USA) were blocked in 500 µL blocking solution containing 

0.2 mg/mL BSA in PBS and 0.1 mg/mL yeast tRNA (Invitrogen, Karlsruhe, GER) at 4 °C for 

1.5 h rotating in a rotary laboratory mixer (Labnet, Edison, USA). The beads were then 

centrifuged at 100 x g and 4 °C for 5 min, the supernatant was discarded, and the beads were 

resuspended in 500 µL 1x PBS. To link the beads to the antibodies, 50 µL blocked beads were 

mixed with 10 µg of CUGBP1 antibody (05-621 clone 3B1, Merck, Darmstadt, GER) or normal 

mouse IgG antibody (12-371, Merck, Darmstadt, GER) and incubated in a rotary mixer at 4 °C 

for 1 h. 

HFL1 cells were seeded at a density of 1.6x106 cells and SK-N-AS cells at 6x106 cells 24 h 

prior to stimulation in one 15 cm dish per condition (Greiner Bio-One, Kremsmünster, AUT). 

Prior to stimulation, the cells were washed with 1x PBS, and the medium was changed to sEV-

depleted medium. Cells were treated with 2 µg/mL miR-574-5p oe, ScrC sEV, or 5 ng/mL IL-1β 

(PeproTech, Rocky Hill, USA) for 24 h. Cells were then washed with ice-cold 1x PBS (gibco, 

Thermo Fisher Scientific, Waltham, USA) and harvested by scraping with a cell scraper in 1x 
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PBS with an EDTA-free protease inhibitor (Roche, Basel, CHE). The cells were centrifuged at 

400 x g and 4 °C for 5 min, and the pellet was resuspended in 1 mL lysis buffer. Then, the cells 

were lysed for 10 min on ice and then sonicated 3x at 30% amplitude for 10 s, with a 30 s 

pause in between in a Branson Sonifier 250. Then, samples were centrifuged at 10 000 x g 

and 4 °C for 10 min to remove cell debris. The supernatant containing the proteins was 

transferred into a fresh tube, filled up to 1.1 mL, and 10% were separated as input samples for 

each condition.   

The rest of the prepared lysate was divided equally into CUGBP1/- and IgG-bead mixture and 

incubated by rotation at 4 °C for 2 h. Then, the samples were washed sequentially with 1 mL 

wash buffers B1, B2, and B3 (for detailed composition, see Table S1) for each 5 min at 4 °C, 

with centrifugation steps of 300 x g and 5 min in between. After the last washing step, beads 

were resuspended in B3, and 10% were separated for Western blot analysis to validate 

immunoprecipitation. The remaining precipitates were spun down and resuspended in 500 µL 

of TRIzol reagent RNA isolation as described in section 2.1.3. Total RNA was isolated and 

resuspended finally in 6 µL MQ. 3 µL were reverse transcribed for miR detection using the 

miRCURY LNA kit (Qiagen, Hilden, GER) according to the manufacturer’s instructions, and 

3 µL were used for mRNA detection using the RT SYBR Green FAST Kit (described in 0). 
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2.5. Protein methods 

2.5.1. Protein isolation 

For whole protein isolation, cells were harvested as described in chapter 2.1.3. and lysed in 

20 µL of tissue protein extraction reagent (T-PER, Thermo Fisher Scientific, Waltham, USA) 

for 30 min on ice. Samples were then sedimented at 17 000 x g and 4°C for 15 min, and the 

supernatant was transferred into a fresh tube.  

For sEV protein isolation, purified sEV from 30 mL cell culture medium and corresponding cells 

were lysed in 50 µL RIPA buffer supplemented with 1x EDTA-free protease inhibitor for 30 min 

on ice (detailed composition can be found in Table S1). Then, samples were sedimented at 

17 000 x g and 4°C for 15 min, and the supernatant was transferred into a fresh tube. 

2.5.2. Bradford assay 

Protein concentrations were determined by the Bradford assay (Bio-Rad Laboratories, 

Hercules, USA) according to manufacturer’s instructions. For this purpose, standard curves 

containing 0 mg/mL, 0.5 mg/mL, 1 mg/mL, 2 mg/mL, 3 mg/mL, 4 mg/mL, and 5 mg/mL BSA 

(Sigma-Aldrich, Darmstadt, GER) were used. 10 µL of the different BSA solutions or protein 

samples (diluted 1:10 in MQ) were mixed in a 96-well plate. Then, 190 µL Bradford reagent 

was added. The absorption was measured at 595 nm in a Tecan Infinite M 200. The standard 

curve was used to calculate the total protein concentration according to the Beer-Lambert Law 

[299]. 

2.5.3. SDS-PAGE 

The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) using a 12% separating gel (see Table 7 for gel composition). 15-20 µg protein 

was mixed with 5 µL 4x protein loading buffer in a total of 20 µL. For sEV analysis, 50 µg 

protein from cells and all the volume of sEV samples were used. Samples were denatured at 

95 °C for 5 min. 5 µL of the Precision Plus Protein All Blue Standard (Bio-Rad, Hercules, USA) 

marker was used per gel. The gel was run at 130 V for approximately 1.5 h.  
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Table 7: Gel composition of SDS-PAGE 

 

2.5.4. Western blotting 

For Western blot analysis, the proteins were wet blotted onto a HyBond ECL nitrocellulose 

membrane (Amersham, Sigma-Aldrich, Darmstadt, GER) at 230 mA for 80 min. Then, the 

membrane was blocked for 1 h using the Odyssey blocking buffer (PBS) (LI-COR BioSciences, 

Lincoln, USA). Membranes were incubated with antibodies against α-SMA, mPGES-1, 

CUGBP1, and GAPDH as internal standard at 4 °C overnight. Then, membranes were washed 

in 0.1% (v/v) Tween20 (Carl Roth, Karlsruhe, GER) in 1x PBS 3 times for 5 min, followed by 

incubation with a suitable infrared dye conjugated secondary antibody (IRDye, LI-COR 

Biosciences, Lincoln, USA) for 45 min. Protein bands were detected with the Odyssey Fc 

chemiluminescence reader (LI-COR Biosciences, Lincoln, USA). Quantitative analysis of 

Western blots was performed using Image Studio Lite Software. For sEV analysis, antibodies 

against CD9, CD63, and CD81 were used. All used primary antibodies can be found in Table 

8.  

Table 8: Primary antibodies used for Western blot analysis 

2.6. Tissue samples 

Prof. Dr. Per Kogner, Karolinska Institutet, Stockholm, Sweden, provided NB tumor tissue 

samples. Ethical approval was obtained by the Stockholm Regional Ethical Review Board and 

Stacking gel (7.4%) µL Separating gel (12%) µL 
Acrylamide (30%, w/v) 266 Acrylamide (30%, w/v) 2000 

Tris-HCl, 0.5 M, pH 6.8 500 Tris-HCl, 1.5 M, pH 8.8 1300 

SDS (10%, w/v) 20 SDS (10%, w/v) 50 

APS (10%, w/v) 12 APS (10%, w/v) 50 

TEMED 3 TEMED 4 

MQ 1200 MQ 1600 

Target Host Dilution Supplier (product no.) 
α-SMA Mouse 1:1000 Abcam, ab7817 

mPGES-1 Rabbit 1:200 Cayman Chemicals, 160140 

GAPDH Rabbit 1:1000 Cell Signaling Technology, 2118 

CUGBP1 Rabbit 1:500 Abcam, ab129115 

CD9 Mouse 1:500 Santa Cruz Biotechnology, sc-59140 

CD63 Mouse  1:1000 Novus Biologicals, NBP2-42225 

CD81 Mouse 1:1000 Merck, MABF2061 
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the Karolinska University Hospital Research Ethics Committee (approval nos. 2009/1369-31/1 

and 03/736). Tissue samples of in total 20 patients from different NB subtypes were stained: 

MYCN amplified (N=8), 11q deleted (N=5), low-risk (N=5), and 11q/MYCN (N=2) amplified. 

Lung tumor tissue sections were kindly provided by Prof. Dr. Rajkumar Savai (Max Planck 

Institute for Heart and Lung Research in Bad Nauheim) and the UGMLC Gießen Biobank as 

part of the KMU-innoviativ-22 Förderprojekt (FKZ: 161B0768A). The study protocol for tissue 

donation was passed by the ethics committee (Ethik Kommission am Fachbereich 

Humanmedizin der Justus Liebig Universität Giessen) of the University Hospital Giessen 

(Giessen, Germany) and is in accordance with national law and with Good Clinical 

Practice/International Conference on Harmonization guidelines. Written informed consent was 

obtained from each patient or the patient’s next of kin (AZ 58/15) (25–27). In total, AC tumors 

of 19 patients were stained. 

2.6.1. Immunohistochemical staining of tissue sections 

Tissue samples were analyzed with immunohistochemistry (IHC) staining of mPGES-1 and 

CUGBP1. For this purpose, the samples were deparaffinized by incubating in xylene (Carl 

Roth, Karlsruhe, GER) 3 times for each 5 min. Then, sections were rehydrated sequentially in 

100% EtOH, 96% EtOH, and 70% EtOH and washed 3x in MQ for each 5 min. Antigen 

unmasking was performed by heating the sections for 3x 5 min in 1 x citrate buffer at 1100 W 

in the microwave. Afterward, the slides were allowed to cool down for about 30 min to RT. 

Tissue sections were then washed 3 times for each 3 min in 1x PBS. Next, a hydrophobic 

barrier pen was applied, and blocking was performed with 3% BSA in PBS for 30 min. After 

that, the primary antibody solution was applied and incubated at 4 °C overnight. On the next 

day, slides were washed 3 times in 1x PBS-T (Tween20, 0.01%, v/v) for each 5 min. Then, 

endogenous oxidases were blocked with 3% H2O2 (Sigma-Aldrich, Darmstadt, GER) in PBS 

for 10 min, and slides were washed 3 times in 1x PBS again. A secondary antibody diluted in 

blocking solution was applied at RT for 1 h. Afterward, slides were washed in PBS-T 3 times 

for each 5 min. Then, a 3,3′-Diaminobenzidine (DAB) substrate kit (Abcam, Cambridge, UK) 

was used to develop the immunostaining following the manufacturer’s instructions, resulting in 

a brown substrate staining. Counterstaining was performed using Hematoxylin Gill 3 (Sigma-

Aldrich, Darmstadt, GER) for 15 s. To stop the reaction, slides were briefly dipped in tap water 

and washed under running tap water for 10 min. Finally, tissue sections were dehydrated in 

70% EtOH, 96% EtOH, and 100% EtOH for each 1 min and briefly incubated in xylene to 

remove the hydrophobic barrier pen. All slides were mounted in EUKITT (VWR, Radnor, USA) 

and air-dried overnight. Negative control staining was performed without a primary antibody to 

exclude any unspecific binding of the secondary antibody. Additionally, IgG control staining 
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with an antibody from the same host-animal was performed to exclude unspecific binding of 

the primary antibody. A detailed list of the used antibodies can be found in Table 9. The stained 

sections were imaged using an Aperio CS2 slide scanner (Leica, Wetzlar, GER) and the Aperio 

ScanScope Software (Leica, Wetzlar, GER) with a magnitude of 20x. Images of tissue sections 

were analyzed with the Aperio ImageScope software (version 12.3.2.8013, Leica, Wetzlar, 

GER). 

2.6.2. In-situ hybridization of tissue sections 

For the colocalization studies, in-situ hybridization (ISH) of miR-574-5p was also performed on 

the paraffin-embedded tissue sections. A double fluorescein-labeled miR-574-5p probe was 

used for this purpose. First, the tissue sections were deparaffinized as described in chapter 

2.6.1 and incubated in 1x PBS for 5 min. The tissue was permeabilized with 3 µg/µL proteinase 

K (Qiagen, Hilden, GER) diluted in proteinase K buffer in staining chambers at 37 °C for 

10 min. Subsequently, the sections were washed 3 times in 1x PBS for 5 min each. The 

sections were then prehybridized in hybridization buffer (Qiagen, Hilden, GER) for 20 min at 

54 °C. Hybridization was performed using 100 nM customized miR-574-5p-complementary 

locked nucleic acid (LNA)-probes in hybridization buffer at 54 °C for 1 h. The specificity of the 

miR-574-5p ISH was controlled using a digoxygenin (DIG) labeled scramble control probe 

(negative control) and a DIG-labeled U6 small nuclear RNA probe (positive control, all Qiagen, 

Hilden, GER). To increase the binding specificity, the sections were stringently washed with 

different concentrations of saline-sodium citrate (SSC) buffers. First, tissue sections were 

incubated once in 5x SSC and then twice in 1x SSC buffer at 54 °C. Subsequently, they were 

washed twice in 0.2x SSC at 54 °C and once at RT. Then, the sections were incubated in 1x 

PBS for 5 min to remove salt residues. Afterward, the hydrophobic barrier pen was applied, 

and tissue was blocked with ISH blocking buffer for 15 min. The miR-574-5p-probes were 

detected with alkaline phosphatase (AP)-labeled antibody against FAM. U6 and ScrC probes 

were detected with an AP-labeled antibody against DIG. For this purpose, tissue sections were 

incubated with the antibodies diluted 1:500 in ISH antibody buffer for 1 h. Then, tissue sections 

were washed with PBS-T three times for 3 min and once with 1x PBS. The staining was 

developed using the AP substrate nitro blue tetrazolium/ 5-Bromo-4-chloro-3-indolyl-

phosphate (NBT/BCIP, Roche, Basel, CHE) following the manufacturer’s instructions at 30 °C 

for 2 h. The substrate solution was supplemented with 0.2 mM levamisole (Sigma-Aldrich, 

Darmstadt, GER) to block endogenous phosphatases. After substrate development, the 

reaction was stopped by washing twice in KTBT buffer and once in tap water for each 5 min. 

Counterstaining was performed with nuclear fast red (Vector Laboratories, Burlingame, USA) 

for 60 s. To stop the staining reaction, slides were briefly dipped in tap water and washed under 

running tap water for 10 min. Finally, tissue sections were dehydrated, mounted, digitalized, 
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and analyzed as described above (chapter 2.6.1). A detailed list of the antibodies used can be 

found in Table 9.  

Table 9: Antibodies used for IHC and ISH 

 

2.7. Statistics 

 All results are shown as mean + standard error of mean (SEM) of at least three independent 

experiments. Statistical analysis was carried out by Student's unpaired t-test (two-tailed) or 

one-way ANOVA with Tukey’s multiple comparison test using GraphPad Prism 6.0. 

Experimental differences were considered as significant for p≤0.05 (indicated as * for 

p≤0.05, ** for p≤0.01, *** for p≤0.001, and **** for p≤0.0001, or § for p≤0.05, §§ for p≤0.01, §§§ 

for p≤0.001, and §§§§ for p≤0.0001).   

Target Host Dilution Supplier (product no.) 
CUGBP1 Rabbit 1:100 Abcam (ab129115) 

mPGES-1 Rabbit 1:200 Cayman Chemicals (160140) 

rabbit-IgG-HRP-labeled Goat 1:300 Abcam (ab7090) 

DIG AP labeled Sheep  1:500 Roche (11 093 274 910) 

FAM AP labeled Sheep 1:500 Roche (11 426 338 910) 
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3. Results 

3.1. The role of intracellular miR-574-5p in neuroblastoma 

3.1.1. Two PGE2-dependent tumor types have different miR-574-5p expression patterns 

This study aimed to determine the role of miR-574-5p in NB and compare it with its functions 

in NSCLC. In NSCLC, miR-574-5p was found to function as a decoy for CUGBP1 in mPGES-1-

dependent PGE2 regulation. Therefore, we focused on the comparison between NSCLC and 

NB. Firstly, we compared the cellular location of miR-574-5p, mPGES-1, and CUGBP1 

between NB and NSCLC tissues by staining serial sections from 19 patients with AC. For each 

tumor, immunostaining for mPGES-1 and CUGBP1 and in-situ hybridization for miR-574-5p 

was performed (Figure 11). The tumor cells in the LC sections had high levels of miR-574-5p 

(black arrows). The miR-574-5p is present in the cell nuclei, where the miR-574-5p-CUGBP1 

decoy occurs [264]. As expected, the tumor cells were also positive for mPGES-1 and 

CUGBP1 (black arrows). MPGES-1 is not present in the nuclei here but rather in the rest of 

the cell. This also corresponds to the localization in the endoplasmic reticulum described in the 

literature [300]. The localization of CUGBP1 cannot be determined as precisely as for the other 

targets, but it seems to be present in the nucleus for the most part, like miR-574-5p in most 

tissue sections. The literature also describes that CUGBP1 can be present in different cellular 

compartments, including the nucleus, depending on the cellular constitution [301,302]. The 

colocalization of miR-574-5p and CUGBP1 in the nuclei suggests that the 

miR-574-5p-CUGBP1 decoy is present in the cancer cells [52,264]. However, the surrounding 

cells in the TME, presumably connective tissue, including fibroblasts, had lower amounts of 

miR-574-5p (white arrows). Differences were also visible between the individual tumor 

patients. 2 of the 19 patients had no signal for miR-574-5p, with one patient as well negative 

for mPGES-1 and CUGBP1.  

NB tumor sections of 4 different tumor subtypes were stained. In total, tumors from 20 different 

NB patients were stained, 8x MYCN amplified, 5x 11q deleted, 5x low-risk, and 2x 11q deleted, 

and MYCN amplified were stained for mPGES-1, CUGBP1, and miR-574-5p. Strikingly, 

compared to the NSCLC sections, less miR-574-5p is present in the cancer cells in the NB 

sections. Nevertheless, in the tumor sections of the subtypes with 11q deletion and low-risk, 

low levels of miR-574-5p are present in larger tumor cells, to be determined by their histology 

as presumably differentiated cancer cells (Figure 12A,C, black arrows) [303]. In both tumor 

subtypes, mPGES-1 and CUGBP1 are also present in these cells. While miR-574-5p is less 

present in NB, CUGBP1 appears to be more abundant than in NSCLC, which is consistent 

with the results of 3D cell culture experiments that were gained in my master’s thesis and were 

continued during this thesis [304]. NBs with MYCN amplification did not express miR-574-5p 
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and mPGES-1. However, they expressed higher levels of CUGBP1 (Figure 12B). In the 

sections with MYCN amplification, no differentiated cancer cells were found. Notably, mPGES-

1 is strongly present in the other cells of the TME in the sections with 11q deletion. These cells 

were identified as fibroblasts or CAFs (white arrows) based on their histologic structure. These 

are strongly positive for mPGES-1 but negative for CUGBP1 and miR-574-5p, in agreement 

with the findings of Larsson et al. in 2015 [295].  

 

Figure 11: MPGES-1 and CUGBP1 immunostaining (IHC) and in-situ hybridization (ISH) of miR-574-5p in 
paraffin-embedded lung adenocarcinoma (AC) tumor sections. 

IHC (brown) was performed using antibodies against mPGES-1 and CUGBP1, and sections were counterstained 
with hematoxylin (blue). ISH was performed using a miR-574-5p-probe (blue), and sections were counterstained 
with nuclear fast red (red). Fibroblasts (white arrows) and cancer cells (black arrows) are highlighted. Cancer cells 
express high levels of miR-574-5p. Exemplary images of 3 stained AC tumors are shown (N=19). Scale bars: 2 mm, 
magnified images: 100 µm. 
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Figure 12: MPGES-1 and CUGBP1 immunostaining (IHC) and in-situ hybridization (ISH) of miR-574-5p in 
paraffin-embedded neuroblastoma (NB) tumor sections. 

IHC (brown) was performed using antibodies against mPGES-1 and CUGBP1, and sections were counterstained 
with hematoxylin (blue). ISH was performed using a miR-574-5p-probe (blue) and sections were counterstained 
with nuclear fast red (red). Exemplary tumor sections of NB tumor subtypes with (A) 11q deletion (N=5), (B) MYCN 
amplification (N=8), and (C) of the low-risk subtype (N=5) are shown. Fibroblasts in the 11q deleted subtype (white 
arrows) are positive for mPGES-1, and differentiated cancer cells (black arrows) are positive for mPGES-1, 
CUGBP1 and miR-574-5p. Scale bars: 0.5 mm, magnified images: 50 µm. 

The negative controls showed no signal from the secondary antibody, and there was as well 

no false positive signal in the in-situ hybridization (Figure 13). In summary, there were visible 

differences between NSCLC and NB and subtype-specific differences in NB. In both cancer 

types, miR-574-5p, mPGES-1, and CUGBP1 colocalize in the cancer cells, but NSCLC had 

higher levels of miR-574-5p and NB higher levels of CUGBP1. In NB, there were higher levels 
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of mPGES-1 and CUGBP1 in the cancer cells and mPGES-1 in the fibroblasts, indicating 

communication between different cell types. The results were summarized in Table 10.  

 

Figure 13: Negative controls for immunostaining (IHC) and in-situ hybridization (ISH) in paraffin-embedded 
neuroblastoma (NB) tumor sections. 

Control IHC was performed using a rabbit IgG antibody and was counterstained with hematoxylin (blue). Control 
ISH was performed using an ScrC-probe (blue) and sections were counterstained with nuclear fast red (red). 
Fibroblasts (white arrows) and differentiated cancer cells (black arrows) are highlighted. Scale bars: 0.5 mm, 
magnified images: 50 µm. 

Table 10: Overview of staining intensities in AC and NB tissue sections 

 mPGES-1 CUGBP1 miR-574-5p 

AC - in cancer cells - in cancer cells  in cancer cells 

NB - in CAFs and cancer cells  in cancer cells ¯ in cancer cells 

 

3.1.2. Interaction of miR-574-5p and CUGBP1 regulates PGE2 in neuroblastoma cells 

In NSCLC, miR-574-5p as well as CUGBP1 and mPGES-1 colocalize in cancer cells, which is 

required for the interaction of miR-574-5p and CUGBP1 leading to the regulation of PGE2 [52]. 

Now, colocalization of miR-574-5p, CUGBP1 and mPGES-1 was also shown in NB cancer 

cells. In addition, mPGES-1 was shown to be similarly regulated in NSCLC and NB in vitro, 

supporting the presence of the miR-574-5p-CUGBP1 decoy [304]. In order to show that miR-

574-5p interacts with CUGBP1 to regulate the expression of mPGES-1, it is necessary to 

demonstrate the binding of miR-574-5p and the mPGES-1 mRNA to CUGBP1. Therefore, RIP 

experiments of CUGBP1 from the cell lysates of SK-N-AS cells was carried out. The miR-574-

5p-CUGBP1 decoy is present in NSCLC in A549 cells in the inflammatory environment, which 

was achieved in vitro by stimulation with IL-1β [264]. Therefore, RIP experiments were also 
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performed in SK-N-AS cells with and without IL-1β to pursue a possible regulation of the 

interaction (Figure 14). The amounts of miR-574-5p, miR-16-5p, mPGES-1, and COX-2 mRNA 

bound to CUGBP1 were determined and normalized to IgG control. It was shown that the 

amount of miR-574-5p and mPGES-1 were significantly enriched in both conditions compared 

to the IgG control (Figure 14A,C). MiR-16-5p and COX-2 were used as controls and did not 

show any enrichment in either of the two conditions (Figure 14B,D). To validate the enrichment 

of CUGBP1, the lysates were analyzed by Western blot and compared to the input control 

(Figure 14E,F). An average immunoprecipitate recovery of 29% was observed for the 

unstimulated SK-N-AS cells and 41% for the cells stimulated with IL-1β. 

Taken together, the RIP experiments show that both miR-574-5p and mPGES-1 bind to 

CUGBP1, providing the basis for a miR-574-5p-CUGBP1 decoy. Together with the 3D cell 

culture experiments, it is very likely that PGE2 synthesis is also regulated in NB cancer cells 

via the interaction between miR-574-5p and CUGBP1 [304]. 

 

Figure 14: RNA-Immunoprecipitation (RIP) of CUGBP1 from SK-N-AS cells. 

CUGBP1 was enriched from SK-N-AS cells untreated and treated with 5 ng/mL IL-1β. (A,B) MiR-574-5p was 
enriched 1.96-fold in the CUGBP1-immunoprecipitate of untreated cells and 1.78-fold in cells treated with 5 ng/mL 
IL-1β compared to IgG control. MiR-16-5p was not enriched in the CUGBP1-immunoprecipitate. (C,D) MPGES-1 
mRNA was enriched 8.7-fold in the CUGBP1-immunoprecipitate of unstimulated cells and 10.31-fold in cells treated 
with IL-1β. COX-2 mRNA was not enriched in the CUGBP1-immunoprecipitate. (E, F) Validation of the CUGBP1-
immunoprecipitation by Western blot using an α-CUGBP1 antibody. For untreated SK-N-AS cells 28.64% and for 
cells stimulated with IL-1β, 41.01% of the total CUGBP1 were recovered in the immunoprecipitates. A representative 
blot of 4 independent experiments is shown. Data are presented as mean + SEM (N=4). Unpaired t-test to IgG 
control, *p≤0.05; **p≤0.01; ****p≤0.0001. 
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3.2. The role of sEV-miR-574-5p in neuroblastoma 

3.2.1. Neuroblastoma cells secrete miR-574-5p upon PGE2 stimulation 

PGE2 can trigger the miR-574-5p secretion in AC and SCC cells. Both cell lines secrete 

miR-574-5p at different time points after PGE2 treatment [52]. To compare this to NB, two 

different NB cell lines, SK-N-AS and SK-N-SH, were stimulated with 5 nM PGE2 or DMSO as 

control. Intracellular and extracellular miR-574-5p levels were measured after 0.5, 1, and 2 h 

by RT-qPCR (Figure 15). Both cell lines are high-risk NB cell lines, while the cell line SK-N-AS 

has an 11q deletion and SK-N-SH not [288]. SK-N-AS cells secreted miR-574-5p in their sEV 

0.5 h after PGE2 stimulation (Figure 15A). In comparison, intracellular miR-574-5p levels did 

not change significantly (Figure 15B). SK-N-SH cell line secreted sEV-derived miR-574-5p 2 h 

after PGE2 stimulation (Figure 15C) No significant effect on intracellular levels was observed 

(Figure 15D). 

Figure 15: SK-N-AS and SK-N-SH cells secrete miR-
574-5p upon PGE2 stimulation. 

Cells were stimulated with 5 nM PGE2 for 0.5, 1, and 2 h. 
Then, (A) exosomal and (B) intracellular miR-574-5p level 
of SK-N-AS cells and (C) exosomal and (D) intracellular 
miR-574-5p level of SK-N-SH cells was measured. 
Exosomal miR-574-5p level of SK-N-AS cells was 
increased to 2.75-fold 0.5 h after stimulation, while the 
intracellular level was unaffected. Exosomal miR-574-5p 
level of SK-N-SH cells was increased to 2.21-fold 2 h after 
stimulation, and the intracellular level was also not 
affected. MiR levels were analyzed by RT-qPCR, 
normalized to the spike-in control ath-miR-159a and 
folded to their corresponding control. Data are shown as 
mean +SEM (N=3-4). Unpaired t-test to DMSO control, 
* p≤0.05, **** p≤0.0001. Unpaired t-test to other samples, 
§p≤0.05, §§p≤0.01. 

 

 

 

 

SK-N-AS cells were stimulated with agonists for EP1/3, EP2, and EP4 to further analyze the 

secretion effect induced by PGE2 (Figure 16). The EP1/3 agonist sulprostone induced 

miR-574-5p secretion after 30 min (Figure 16A). In contrast, this effect was not triggered by 

the addition of the agonists against EP2 butaprost (Figure 16B) and EP4 L-902,688 (Figure 

16C). Thus, it could be determined that the effect of increased secretion of sEV-miR-574-5p is 

mediated via the EP1/3 receptors. To exclude the effect of an increase in the total number of 

secreted sEV, particles were measured in the supernatants of SK-N-AS cells 30 min and 60 
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min after PGE2 stimulation using a microfluidic resistive pulse sensing technology-based 

nCS1TM nanoparticle analyzer by M. Sc. Tatjana Best (Figure 16D). The number of particles 

between 50 and 300 nm did not significantly change after PGE2 stimulation.  

In conclusion, PGE2 induces the secretion of miR-574-5p into the sEV of SK-N-AS cells via 

EP1/3 as in NSCLC. The fact that the cell lines are all triggered by the same inflammatory 

mediator suggests a similar function of sEV-miR-574-5p in NB as in NSCLC. 

 

Figure 16: SK-N-AS cells secrete miR-574-5p via EP1/3. 

For further analysis of PGE2-dependent miR-574-5p secretion, SK-N-AS cells were stimulated with 5 nM (A) EP1/3 
agonist sulprostone, (B) EP2 agonist butaprost and (C) EP4 agonist L-902,688 or respective control solvents. 
Sulprostone triggered the secretion of miR-574-5p to 5.45-fold 0.5 h after stimulation, while the other agonists did 
not affect the sEV-miR-574-5p levels. MiR levels were analyzed by RT-qPCR, normalized to the spike-in control 
ath-miR-159a, and folded to their corresponding control. Data are shown as mean +SEM (N=3-4). Unpaired t-test 
to corresponding control, *p≤0.05. (D) In order to analyze the effect on sEV numbers, SK-N-AS cells were stimulated 
with 5 nM PGE2 or DMSO for 0.5 h, and 1 h and total particle numbers of the cell supernatants were measured with 
an nCS1TM nanoparticle analyzer by Tatjana Best. PGE2 stimulation had no significant effect on the particle count. 
Particles of a size between 50 and 300 nm were detected (N=3).  

3.2.2. Establishment of miR-574-5p oe sEV derived from neuroblastoma cells 

To determine the function of sEV-derived miR-574-5p in NB, sEV with engineered miR-574-5p 

levels were used. For this purpose, SK-N-AS or SK-N-SH cells were transfected with the 

XMIR-Xpress system, and the sEV were subsequently purified. After that, the sEV-miR-574-5p 

levels were quantified via RT-qPCR. The miR-574-5p overexpression (oe) sEV of SK-N-AS 

cells (Figure 17A) and SK-N-SH cells (Figure 17B) had a nearly 10-fold increased level of 

miR-574-5p compared to their respective scrambled control (ScrC) sEV. A good comparability 

between the sEV subtypes is ensured by the similarly high oe-level. 

To demonstrate that miR-574-5p is truly present in the oe sEV and not attached to the outside, 

a Triton X-100 assay was performed by M. Sc. Sheila Nevermann during her master’s thesis 

under my supervision. For this reason, the purified sEV were divided into three approaches, 

one treated with RNase I and the other treated with RNase I and Triton X-100. The miR-574-5p 

present in the sEV was expected to be protected from degradation by RNase by the membrane 

of the sEV. The addition of Triton X-100 permeabilized the sEV membrane. As a result, 
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miR-574-5p was degraded by the addition of RNase. More than 70% of miR-574-5p in sEV of 

SK-N-AS cells (Fig. 17C) and SK-N-SH cells (Figure 17D) was shown to be protected from 

RNase degradation by the membrane and thus present in sEV.  

 

Figure 17: Establishment of miR-574-5p overexpression (oe) sEV 

XMIR-Xpress-plasmids for miR-574-5p and ScrC were used to generate oe sEV of (A) SK-N-AS and (B) SK-N-SH 
cells. MiR-574-5p levels were analyzed via RT-qPCR, normalized to the spike-in control ath-miR-159a, and folded 
to their corresponding negative control (N=3). Relative changes to ScrC are shown as mean + SEM, unpaired t-test 
**p≤0.01; ***p≤0.001. MiR-574-5p oe sEV of (C) SK-N-AS and (D) SK-N-SH were treated with Triton X-100 and 
RNase I. In samples without Triton X-100, miR-574-5p was protected from RNase digest. MiR-574-5p levels were 
analyzed via RT-qPCR, normalized to the spike-in control ath-miR-159a and folded to their corresponding control 
(SK-N-AS: N=6, SK-N-SH N=5). Relative changes to RNAse I control are shown as mean +SEM, unpaired t-test 
§§§p≤0.001; §§§§p≤0.0001. The RNase experiment was performed by Sheila Nevermann. 

To prove the uptake of sEV by their respective cells, live cell experiments were performed 

(Figure 18). Therefore, SK-N-AS and SK-N-SH cells were seeded, and their nuclei were 

stained with Hoechst. Isolated miR-574-5p oe sEV from SK-N-AS and SK-N-SH cells were 

stained with the lipophilic tracer DiO and then added to their respective cells. The uptake was 

monitored for 30 min. The experiment revealed an uptake of SK-N-AS-derived miR-574-5p oe 

sEV by SK-N-AS cells after 20 min (Figure 18A). SK-N-SH-derived miR-574-5p oe sEV were 

internalized to a lesser extent and the sEV accumulated at the cell membrane of SK-N-SH 

cells after 20 min (Figure 18B). Similar cell-dependent differences were previously observed 

between the NSCLC cell lines A549 and 2106T [52]. Moreover, when treated with each other's 

sEV, it was observed that the type of internalization was cell type specific and not dependent 

on the sEV. Here, we observed that SK-N-AS and A549 cells showed a similar pattern of 

internalization of their sEV, whereas SK-N-SH and 2106T cells showed a similar pattern. 

Therefore, the cell-specific differences between the two NB cell lines may indicate a different 

mode of sEV internalization by their cells. 
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Figure 18: Live cell imaging of SK-N-AS and SK-N-SH cells with their respective miR-574-5p oe sEV. 

Cell nuclei were stained with Hoechst and sEV with the lipophilic tracer DiO. SK-N-AS internalized their sEV after 
20 min, while SK-N-SH sEV accumulated at the cell membrane. The experiment was performed with protocol A, 
described in 2.2.7. Representative images of three independent biological replicates with at least five technical 
replicates are shown. Scale bars: 10 µm 

3.2.3. SEV-miR-574-5p has no effect on mPGES-1 levels in neuroblastoma cancer cells 

The intracellular function of miR-574-5p is the same in NB as in NSCLC. Therefore, it is 

reasonable to assume that the function of sEV-miR-574-5p is also the same. To investigate 

this assumption, SK-N-AS cells were treated with 2 µg/mL of isolated sEV with miR-574-5p oe 

or ScrC sEV. The mPGES-1 protein and RNA levels were analyzed. In addition, R848, a 

TLR7/8 ligand, was included in the experiments. In A549 cells, sEV-derived miR-574-5p was 

shown to decrease mPGES-1 levels via TLR7/8 receptors, thereby negatively regulating PGE2 

synthesis [52]. The expectation that mPGES-1 levels would also be decreased in NB cells was 

not confirmed (Figure 19A). The sEV-derived miR-574-5p had no significant effect on mPGES-

1 levels in SK-N-AS cells. The addition of TLR7/8 ligand R848 significantly decreased the 

mPGES-1 mRNA level to 0.8-fold (Figure 19B). However, sEV-derived miR-574-5p had no 

effect. Thus, sEV-derived miR-574-5p does not exert the same autocrine function in SK-N-AS 

cells as it does in A549 cells. 
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Figure 19: MPGES-1 levels of SK-N-AS cells after 
sEV-miR-574-5p oe and ScrC sEV stimulation. 

(A) Western blot analysis of SK-N-AS cells treated with 
miR-574-5p oe and ScrC sEV derived from SK-N-AS 
cells or 100 ng/mL TLR7/8 ligand R848 in combination 
with 5 ng/mL IL-1β. No significant effects on mPGES-1 
protein level were detected. Results are shown as mean 
+SEM (N=4). (B) RT-qPCR analysis of mPGES-1 
mRNA of SK-N-AS stimulated with miR-574-5p oe or 
ScrC sEV derived from SK-N-AS cells or 100 ng/mL 
TRL7/8 ligand R848. sEV-miR-574-5p had no 
significant effect on mPGES-1 mRNA level, while R848 
decreased the mPGES-1 mRNA level significantly. 
Results are shown as mean +SEM (N=3). Unpaired t-
test to corresponding control, * p≤0.05. 

 

3.2.4. SK-N-AS-derived sEV-miR-574-5p increases α-SMA levels in fibroblasts 

CAFs generally play a central role in the NB, as they are required for the mPGES-1-dependent 

synthesis of PGE2 [295,296]. For this purpose, the fibroblast cell line HFL1 was treated with 

miR-574-5p oe sEV isolated from SK-N-AS cells. To visualize sEV uptake by the cells, live cell 

microscopy experiments were performed (Figure 20). In the microscopy experiments, the 

fibroblasts internalized the sEV through long membrane extensions (white arrows). The sEV 

are ‘grabbed and pulled’ into the cells by the membrane extensions. In addition, the 

internalization time of sEV was visibly longer in the fibroblasts than in the SK-N-AS cells. 

 

Figure 20: HFL1 cells take up SK-N-AS-derived sEV. 

Live cell microscopy was performed using HFL1 cells and miR-574-5p oe sEV derived from SK-N-AS cells. The 
nuclei of the fibroblasts were stained with Hoechst and sEV with the lipophilic tracer DiO. Cells were incubated with 
the sEV for 50 min. The cells internalized the sEV via long membrane extensions (white arrows). The experiment 
was performed using protocol B described in 2.2.7. Representative images of three independent biological 
replicates with at least five technical replicates are shown. Scale bars: 10 µm 
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HFL1 cells were treated with miR-574-5p oe or ScrC sEV for 72 h, and the α-SMA level of the 

cells was analyzed by Western blot analysis to consider the differentiation of HFL1 cells into 

CAFs in the analyses (Figure 21). MiR-574-5p oe sEV derived from four different established 

cell lines SK-N-AS, SK-N-SH, 2106T, and A549 were tested [52]. The α-SMA level of 

fibroblasts was significantly increased by the addition of miR-574-5p oe sEV of SK-N-AS cells 

(Figure 21A). Simultaneous addition of TGFβ further enhanced the effect to a 1.5-fold induction 

(Figure 21B). The miR-574-5p oe sEV of SK-N-SH, 2106T, and A549 cell lines did not trigger 

a significant upregulation of α-SMA compared to ScrC sEV. On the contrary, sEV from 2106T 

cells significantly decreased α-SMA levels when TGFβ was added. This effect was significantly 

enhanced by miR-574-5p oe sEV. No such effect was observed with sEV derived from other 

cell lines. However, the effect of sEV-miR-574-5p from SK-N-AS seems to be specific for 

sEV-miR-574-5p derived from this cell line. Compared to NSCLC, there is no autocrine effect 

on PGE2 synthesis. Instead, there is a paracrine effect on the α-SMA level of fibroblasts. 

 

Figure 21: The α-SMA level of HFL1 cells is increased by sEV-miR-574-5p from SK-N-AS cells. 

Western blot analysis of α-SMA protein levels of HFL1 cells treated with 2 µg/mL miR-574-5p overexpression (oe) 
or ScrC sEV derived from SK-N-AS, SK-N-SH, 2106T, or A549 cells. Cells were treated for 72 h without (A) or with 
10 ng/mL TGFβ (B). α-SMA level was increased specifically by sEV-miR-574-5p derived from SK-N-AS cells 
compared to their respective ScrC control. α-SMA levels were normalized to GAPDH and folded to control 
(SK-N-AS, A549: N=3, SK-N-SH, 2106T: N=4). Results are shown as mean +SEM, unpaired t-test to control without 
sEV, * p≤0.05; **p≤0.01; *** p≤0.001; **** p≤0.0001. Unpaired t-test to other samples, §p≤0.05. 

Together with M. Sc. Sheila Nevermann, a viability assay was performed to exclude toxic and 

proliferation-inhibitory effects on the cells. In this assay, HFL1 fibroblasts were again treated 

with the isolated miR-574-5p oe or ScrC sEV derived from SK-N-AS cells. A tetrazolium 

reduction assay was then performed to determine cell viability. Neither sEV alone nor sEV in 

combination with TGFβ affected the relative viability of the cells (Figure 22).  
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In summary, sEV-derived miR-574-5p of SK-N-AS cells showed a specific induction of α-SMA 

level of fibroblasts, which was not induced due to cell viability.  

 

 

 

Figure 22: SK-N-AS-derived miR-574-5p oe or ScrC sEV do not affect the 
cell viability detected by tetrazolium reduction assay. 

HFL1 cells were stimulated with 2 µg/mL miR-574-5p oe or ScrC sEV and 
10 ng/mL TGFβ for 72 h. Then the cells were incubated for 3 h with 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) to detect 
effects on the proliferation and cell viability. No cytotoxic effects of sEV were 
detected. Results are shown as mean +SEM (N=4). This experiment was 
performed together with Sheila Nevermann. 

 

3.2.5. SK-N-AS-derived sEV-miR-574-5p increases α-SMA levels via TLR7/8  

The question is how this effect, which is mediated by the sEV-miR-574-5p derived from 

SK-N-AS, affects HFL1. One possible hypothesis is that sEV-miR-574-5p uptake activates the 

miR-574-5p-CUGBP1 decoy mechanism in HFL1 cells. RIP of CUGBP1 was performed on cell 

lysates from HFL1 cells treated with the SK-N-AS-derived miR-574-5p or sEV or ScrC sEV to 

test whether miR-574-5p and CUGBP1 interact in HFL1 cells upon sEV treatment (Figure 23). 

CUGBP1 was isolated from HFL1 cells and miR-574-5p, miR-16-5p, mPGES-1 and COX-2 

mRNA were measured in the precipitate. No significant enrichment could be detected for either 

miR-574-5p or miR-16-5p (Figure 23A,B). There was a significant enrichment of mPGES-1 

mRNA in all conditions (Figure 23C). In untreated cells as well as in HFL1 cells treated with 

ScrC or miR-574-5p or sEV, mPGES-1 was enriched bound to CUGBP1. COX-2 was not 

significantly enriched (Figure 23D). Addition of miR-574-5p oe sEV did not affect the 

enrichment of RNAs compared to untreated HFL1 cells. Furthermore, a very high average 

enrichment of CUGBP1 of 100% was detected in miR-574-5p oe sEV treated cells. In contrast, 

only an average enrichment of about 50% was detected in untreated cells (Figure 23E,F). In 

conclusion, no miR-574-5p-CUGBP1 decoy was detected in HFL1 cells. Treatment of cells 

with miR-574-5p or sEV did not significantly affect the binding of CUGBP1 and miR-574-5p or 

mPGES-1 mRNA. 
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Figure 23: MiR-574-5p is not binding to CUGBP1 in HFL1 cells. 

RNA-Immunoprecipitation (RIP) of CUGBP1 was performed from HFL1 cells treated with 2 µg/mL ScrC or 
miR-574-5p oe sEV derived from SK-N-AS cells (A,B) MiR-574-5p and miR-16-5p were not enriched in the 
CUGBP1-immunoprecipitate of HFL1 cells compared to IgG control. (C,D) MPGES-1 mRNA was enriched 6.4-fold 
in the CUGBP1-immunoprecipitate of unstimulated cells and 4.9 and 5-fold in cells treated with ScrC and 
miR-574-5p oe sEV from SK-N-AS cells. COX-2 mRNA was not enriched in the CUGBP1-immunoprecipitate. (E, 
F) Validation of the CUGBP1-immunoprecipitation by Western blot using an α-CUGBP1 antibody. For untreated 
HFL1 cells 50.57%, for ScrC sEV treated cells, 69.87% and for cells stimulated with miR-574-5p oe sEV, 103.35% 
of the total CUGBP1 were recovered in the immunoprecipitates. A representative blot of 4 independent experiments 
is shown. Data are presented as mean + SEM (N=4). Unpaired t-test to IgG control, *p≤0.05; **p≤0.01. 

Previous studies investigating the function of miR-574-5p already showed that miR-574-5p 

could act as a ligand for TLR7/8 receptors [52,144,268]. Therefore, the TLR7/8 ligand R848 

and the TLR7/8 inhibitor ODN 2088 were included in the experiments to investigate whether 

the effect on α-SMA is mediated via TLR7/8. Cells were treated with ScrC or miR-574-5p oe 

sEV for 72 h and additionally stimulated with TLR7/8 ligand and inhibitor. Subsequently, the 

α-SMA level of HFL1 cells was again determined by Western blot and RT-qPCR. The α-SMA 

protein level of HFL1 cells was again induced to 2.43-fold by the addition of miR-574-5p oe 

sEV (Figure 24A). Moreover, the upregulation to 2.28-fold was also triggered by the addition 

of R848. The induction of miR-574-5p oe sEV and R848 was inhibited by the addition of ODN 

2088. The α-SMA mRNA was not affected by the addition of ScrC or miR-574-5p sEV, nor by 

the addition of R848 or ODN 2088 (Figure 24B). 
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Figure 24: Effect on α-SMA-level of HFL1 by SK-N-AS-derived sEV-miR-574-5p is mediated via TLR7/8. 

(A) α-SMA protein levels were detected by Western blot, and (B) RNA levels by RT-qPCR. HFL1 cells were treated 
with 2 µg/mL ScrC or miR-574-5p oe sEV from SK-N-AS cells, 100 ng/mL R848 (TLR7/8 ligand) or 200 mM ODN 
2088 (TLR7/8 inhibitor) for 72 h. α-SMA levels were normalized to GAPDH and folded to untreated cell samples 
(N=4). Results are shown as mean +SEM, unpaired t-test to control without sEV, * p≤0.05. Unpaired t-test to other 
samples, §p≤0.05. MRNA analysis was performed together with Sheila Nevermann.  

In conclusion, sEV-miR-574-5p derived from SK-N-AS have an inducing effect on α-SMA 

protein levels of HFL1 cells. This effect is mediated by the TLR7/8 receptor. However, this 

effect is not induced by sEV-derived miR-574-5p of SK-N-SH, A549, or 2106T cells. Therefore, 

it is likely that the sEV composition, which is individual for each sEV type and influenced by 

the cells of origin [8,101,216], plays a role in miR-574-5p function.   
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3.3. The role of tetraspanins in the physiological function of sEV-miR-574-5p 

3.3.1. Analysis of sEV from neuroblastoma cell lines SK-N-AS and SK-N-SH 

It is suggested that the composition of sEV plays a role in mediating the function. Since, there 

were visible differences in the uptake of SK-N-AS and SK-N-SH cells in the performed live cell 

microscopy experiments, sEV secreted by the two NB cell lines SK-N-AS and SK-N-SH, were 

characterized in detail. Together with M. Sc. Leon Florian Koch, TEM analyses of the purified 

sEV were performed. For this purpose, the sEV were fixed on a carbon grid and subsequently 

visualized with the electron microscope. A vesicle size of about 50-150 nm could be 

determined (Figure 25). Most of the sEV appear intact after the purification. Some structural 

differences can be observed, and the sEV of the cell line SK-N-AS seem to be larger. However, 

the images of the SK-N-SH sEV could be of better quality, and therefore, the TEM images 

were used only in addition to the analysis with the ExoView R100 platform. 

 

Figure 25: Transmission electron microscopy analysis of sEV secreted from NB cells. 

Prove of purification of SK-N-AS and SK-N-SH sEV by TEM. SEV were isolated using differential ultracentrifugation 
and resuspended in 1x PBS. Scale bars: 200 nm. The experiment was performed together with Leon Florian Koch.  

The unpurified sEV were analyzed using the ExoView R100 platform (Figure 26Figure 27). 

The cell culture supernatants are added directly to antibody-labeled chips. The sEV are 

immobilized with antibodies against the sEV markers CD9, CD63, and CD81, or IgG control. 

Subsequently, immunofluorescence staining can be performed on the surface of the fixed sEV. 

Again, antibodies against the surface markers CD9, CD63, and CD81 were used to analyze 

the colocalization profiles of the sEV populations. In addition, size determination of the 

immobilized sEV can be performed via light scattering. Comparing the sEV of SK-N-AS and 

SK-N-SH cells, similar size profiles could be determined (Figure 26). Both sEV populations 

had the most sEV (about 25%) of a size of 55 nm. Since smaller sEV with a size of 50 nm are 

also present, it is likely that even smaller particles are present, but the instrument's detection 

limit is 50 nm. Both sEV populations showed sEV up to a size of about 140 nm, with 0.5% SK-

N-AS-derived sEV also having a size of 160 nm. NSCLC sEV from A549 and 2106T cells had 

similar sEV sizes of 50 nm [52].  



Results 

67 

 

Figure 26: Size distribution of sEV derived from SK-N-AS and SK-N-SH detected with the ExoView R100. 

Unpurified cell supernatants were incubated on tetraspanin CD9, CD63, and CD81 coated chips, and the size 
distribution of the sEV was measured by light scattering. Both sEV populations had mostly sEV with a size of 55 nm. 
Results are shown as mean +SEM, and experiments were performed in two biological replicates with each of 3 
technical replicates.  

Tetraspanin analysis of sEV strikingly showed that both sEV-populations had high levels of 

CD81 (Figure 27). While SK-N-AS-derived sEV were 63% bound to the CD81 spots, SK-N-

SH-derived sEV were 55%. SK-N-AS-derived sEV were bound to approximately 20% at the 

CD9 and CD63 spots, while SK-N-SH-derived sEV had 37% bound at the CD9 spots and a 

smaller proportion of 8% bound at the CD63 spots. It is also striking that sEV at the CD9, and 

CD63 spots have similar tetraspanin colocalization patterns. In contrast, the tetraspanin 

colocalizations of sEV bound to CD81 differed more. While SK-N-AS-derived sEV are 

increasingly non-colocalizing with other tetraspanins, SK-N-SH-derived sEV have a higher 

proportion of triple-positive sEV. These triple-positive sEV are almost absent in SK-N-AS-

derived sEV bound to CD63 or CD81. Interestingly, the tetraspanin composition is more 

different between the two NSCLC-derived sEV subtypes than between the two NB-derived 

sEV subtypes. A549-derived sEV had the most CD9, whereas 2106T-derived sEV had the 

most CD63 positive sEV [52]. 
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Figure 27: ExoView R100 analysis of sEV derived from SK-N-AS and SK-N-SH cells. 

Unpurified sEV were captured at antibody-coated spots against the tetraspanins CD9, CD63, and CD81 (bar 
graphs). Further, sEV were stained with antibodies against CD9, CD63, and CD81 to analyze the tetraspanin 
composition on the surface (pie charts). Results are shown as mean +SEM, and experiments were performed in 2 
biological replicates with each of 3 technical replicates. 

In order to confirm the results of the ExoView R100 analysis, an additional Western blot 

analysis of the tetraspanins from sEV and the corresponding cell lysates was carried out by M. 

Sc. Leon Florian Koch (Figure 28). All three tetraspanins were present in sEV and cell lysates 

as shown by the Western blots. In addition, CD9 and CD81 appear to be present at higher 

levels than CD63 in both sEV subtypes. Since the same volume of supernatant was used to 

isolate the sEV, there appears to be less protein or less sEV in the SK-N-SH samples. To 

summarize, we see differences in tetraspanin composition on the envelope of different NB-

derived sEV. 

 

CD9, CD63, and CD81 were analyzed in protein samples of sEV 
and cell lysates from SK-N-AS and SK-N-SH cells. A 
representative Western blot of 3 independent experiments is 
shown. This experiment was performed by Leon Florian Koch. 

 

3.3.2. SiRNA-mediated knockdown of tetraspanin CD81 alters sEV numbers 

It is well known that tetraspanins play an essential role in sEV formation, uptake, and function 

[93,105,305]. To investigate the role of tetraspanin CD81 in the function of sEV-miR-574-5p, a 

siRNA-mediated transient knockdown of CD81 in SK-N-AS cells was established. Intracellular 

CD81 levels, validated by Western blot analysis, were reduced by 50% (Figure 29A). 

Figure 28: Western blot analysis of tetraspanins in lysates 
of SK-N-AS and SK-N-SH cells and corresponding sEV. 
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Subsequently, the supernatants of siCD81 and siScrC transfected cells were analyzed using 

the ExoView R100 platform to analyze the tetraspanin composition (Figure 29B,C). However, 

the analysis did not confirm the hypothesis that reducing the intracellular CD81 level would 

decrease the CD81 level on the surface of sEV. Instead, CD81 knockdown significantly 

reduced the total vesicle number to about 50%. Tetraspanin composition did not change by 

the knockdown of CD81. Thus, this approach could not be used to investigate further the 

association of miR-574-5p function with the presence of tetraspanins. Therefore, a different 

approach was established and used. 

 

Figure 29: SiRNA mediated CD81 knockdown in SK-N-AS cells. 

Cells were transfected with siCD81 or siScrC RNAs. (A) Knockdown validation of CD81 on Western blot. A 
representative Western blot of 4 independent experiments is shown. (B) ExoView R100 analysis of supernatants 
derived from siScrC transfected cells or (C) siCD81 transfected cells. Unpurified sEV were captured at antibody-
coated spots against the tetraspanins CD9, CD63, and CD81, and sEV were further stained with antibodies against 
CD9, CD63, and CD81 to analyze the tetraspanin composition on the surface. Results are shown as mean +SEM 
and experiments were performed in two biological replicates with each of 3 technical replicates. 

3.3.3. Antibody blocking of CD63 and CD81 alters sEV functionality 

The use of neutralizing antibodies is a well-established method in the treatment of viral 

diseases. Treatment with neutralizing antibodies against tetraspanins on the cell surface 

blocks the uptake mechanisms and prevents viruses from being taken up by the cells 

[104,108,306]. SEV were treated with neutralizing antibodies against CD9, CD63 and CD81 or 

an IgG control, and the function of miR-574-5p oe sEV was analyzed (Figure 30). SK-N-AS-

derived miR-574-5p oe sEV were treated with antibodies and the α-SMA level of treated HFL1 

cells was analyzed on Western blot. In the previous experiments, miR-574-5p oe sEV derived 

from SK-N-AS cells significantly induced the α-SMA level of fibroblasts (Figure 24A). Here, 

treatment of the sEV with antibodies against CD63 and CD81 significantly decreased the 

α-SMA level (Figure 30A). To exclude an influence of the antibodies on the HFL1 cells, the 

cells were also treated exclusively with antibodies without miR-574-5p sEV. No effect on the 

α-SMA level could be observed. To apply these results to the function of sEV-miR-574-5p of 
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A549 cells, these experiments were also performed with miR-574-5p oe sEV of A549 cells. For 

this purpose, miR-574-5p oe sEV from A549 cells were treated with the same amounts of 

antibodies against CD9, CD63, or CD81, and the mPGES-1 level of treated cells was detected 

by Western blot analysis. In previous experiments, the mPGES-1 level was decreased by 

adding sEV-miR-574-5p [52]. Treatment of sEV with CD63 antibody lowered the mPGES-1 

level even more to 0.7-fold (Figure 30B). Addition of antibodies without sEV did not significantly 

affect the mPGES-1 level.  

 

Figure 30: Treatment of sEV with antibodies against tetraspanins alters the function of sEV-miR-574-5p. 

A) Western blot analysis of α-SMA levels of HFL1 cells treated with SK-N-AS-derived miR-574-5p oe sEV blocked 
with α-CD9, α-CD63, α-CD81 or mouse IgG antibodies or antibodies without sEV for 21 h (N=4). (B) Western blot 
analysis of mPGES-1 levels of A549 cells treated with antibody-treated A549-derived miR-574-5p oe sEV (N=3). 
(C) Western blot analysis of α-SMA levels of HFL1 cells treated with antibody-treated A549-derived miR-574-5p oe 
sEV (N=3). α-SMA and mPGES-1-levels were normalized to GAPDH and folded to IgG control samples. Results 
are shown as mean +SEM, unpaired t-test to untreated control or IgG control, * p≤0.05, ** p≤0.01. Unpaired t-test 
to other samples, §p≤0.05. 
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To verify whether the effect was specific to the sEV-miR-574-5p and their elicited function, 

HFL1 cells were also stimulated with the antibody-treated A549-derived miR-574-5p oe sEV 

(Figure 30C). Here, however, we did not detect a significant effect. Therefore, the effect seems 

specific for sEV-miR-574-5p with a physiological function on their target cells. 

In addition, experiments were performed using a combination of antibodies to block SK-N-AS-

derived sEV. It was expected that the addition of CD63 and CD81 would enhance the effect 

on HFL1 cells. This expectation was not confirmed (Figure 31). The addition of the combination 

of CD63 and CD81 antibodies triggered no effect on the α-SMA level. After the addition of the 

combination of CD9 and CD81 antibodies, a slight but significant decrease in α-SMA level was 

observed. The combination of CD9 and CD63 antibodies also showed no effect. Strikingly, the 

controls of cells treated without sEV and only with antibodies showed strongly fluctuating 

α-SMA levels. 

 

Figure 31: A combination of antibodies does not enhance the effect of tetraspanin antibody treatment of 
miR-574-5p oe sEV. 

Western blot analysis of α-SMA levels of HFL1 cells treated with SK-N-AS-derived miR-574-5p oe sEV blocked with 
combinations of α-CD9, α-CD63, α-CD81 or mouse IgG antibodies or antibodies without sEV for 21 h. α-SMA-levels 
were normalized to GAPDH and folded to IgG control samples. Results are shown as mean +SEM (N=3). Unpaired 
t-test to IgG control, **** p≤0.001. Unpaired t-test to other samples, §§p≤0.01. 

Overall, in the context of both NB and NSCLC, an effect of blocking tetraspanins on the 

physiological function of sEV-miR-574-5p was observed. Whereas SK-N-AS-derived sEV 

significantly lowered α-SMA levels in HFL1 cells by treatment with CD63 or CD81 antibodies, 

thereby inhibiting miR-574-5p function, treatment with CD63 antibodies enhanced the lowering 

effect on mPGES-1 that A549-derived sEV-miR-574-5p has. The combination of antibodies 

used to treat sEV showed no enhancing effect. Since protein levels were lowered in both 

models, it is reasonable to assume that the uptake of sEV plays a role in this effect. This 

hypothesis is proved in the following chapters. 
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3.4. The role of tetraspanins in sEV uptake 

3.4.1. Qualitative observations of sEV internalization 

To determine whether the effects of antibody treatment against tetraspanins were due to a 

change in sEV uptake, live cell imaging experiments were first performed. For this purpose, 

cells were seeded in microscopy-suitable chambers and stained with an endocytosis-labeling 

dye pHrodoTM shortly before the addition of sEV treated with antibodies and stained with DiO. 

The pHrodoTM dye allowed us to observe the sEV that were actually internalized by the cells 

by colocalizing pHrodo with DiO. The experiment was first performed with SK-N-AS-derived 

sEV and HFL1 cells (Figure 32).  
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Figure 32: Live cell microscopy of HFL1 cells and SK-N-AS-derived sEV treated with tetraspanin antibodies. 

SEV from SK-N-AS were treated with α-CD9, α-CD63, α-CD81, or mouse IgG antibodies for 21 h. Then, sEV were 
stained with DiO for 15 min. HFL1 cells were incubated with 20 μg/mL pHrodoTM Red Dextran and DiO-labeled 
sEV. After 30 min - 1 h, cells were washed briefly and were imaged within 15 min. The experiment was performed 
using protocol B described in 2.2.7. Representative images of 3 independent biological replicates with at least 5 
technical replicates are shown. Scale bars = 10 μm.  

The size of the HFL1 cells varied greatly, making it difficult to compare the uptake of sEV. In 

addition, the cells could not be separated very well. However, it can be speculated that the 

sEV treated with IgG, CD63, and CD81 are more internalized by the cells. The control sEV 

and the CD9-treated sEV are less present in the cells. These experiments were also performed 

for A549 cells and their sEV (Figure 33). Overall, the cells were more comparable and the sEV 

appeared more uniform in size. There were no visible differences observed. Therefore, it can 
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be assumed that there are no quantitative differences in the internalization rate of sEV as a 

result of antibody treatment. 

 

Figure 33: Live cell microscopy of A549 cells and A549-derived sEV treated with tetraspanin antibodies. 

SEV were treated with α-CD9, α-CD63, α-CD81, or mouse IgG antibodies for 21 h. Then, sEV were stained with 
DiO for 15 min. Cells were incubated with 20 μg/mL pHrodoTM Red Dextran together with DiO-labeled sEV. After 
30 min - 1 h, cells were washed briefly and were imaged within 15 min. The experiment was performed using 
protocol B, described in 2.2.7. Representative images of 3 independent biological replicates with at least 5 technical 
replicates are shown. Scale bars = 10 μm. 
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3.4.2. Microscopy-based uptake quantification  

Further imaging experiments with antibody-treated sEV were performed because these initial 

live cell microscopy experiments showed promising results but were not well quantifiable. In 

this case, the sEV were also treated with DiO and stained. The cells were fixed and stained 

after 4 h of sEV uptake. The cytoskeleton was visualized with phalloidin. The nuclei were 

stained with DAPI. This allowed the determination of the total cell area and quantitative 

assessment of sEV uptake. The number of sEV was normalized to cell area and untreated 

control. Three experiments were performed for HFL1 and A549 cells, and at least 30 cells were 

analyzed per condition. Microscopy and evaluation were performed by Kai Breitwieser. 

In general, antibody-treated SK-N-AS-derived sEV were less internalized by HFL1 cells 

compared to untreated sEV (Figure 34). The sEV were taken up at least 40% less than the 

control sEV. There were no significant differences in relative uptake between antibody-treated 

sEV.  

 

Figure 34: Microscopy-based uptake quantification of HFL1 cells taking up SK-N-AS-derived sEV. 

1 µg sEV were treated with 100 ng α-CD9, α-CD63, α-CD81, or mouse IgG antibodies for 21 h. SEV were labeled 
with DiO and incubated with the cells for 4 h. Then, cells were fixed and stained with phalloidin and DAPI. Taken-
up sEV were counted, and relative uptake is shown as x-fold to untreated sEV. Relative changes are shown as 
mean +SEM (N=3). Representative HFL1 micrographs were shown after 4 h of SK-N-AS sEV uptake. Scale bars = 
10 μm. Kai Breitwieser performed microscopy and evaluation. 

The uptake of A549-derived sEV was not reduced by antibody treatment (Figure 35). Neither 

the IgG control nor antibodies against CD9, CD63, or CD81 resulted in significant changes in 

the relative uptake rate. Thus, this experiment does not confirm the assumption from the 

previous live cell microscopy experiments that the overall uptake rate of sEV is specifically 

altered by antibody treatment of the tetraspanins. To confirm this, further non microscopy-

based experiments were performed. 
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Figure 35: Microscopy-based uptake quantification of A549 cells taking up A549-derived sEV. 

1 µg sEV were incubated with 100 ng α-CD9, α-CD63, α-CD81, or mouse IgG antibodies for 21 h. SEV were labeled 
with DiO and incubated with the cells for 4 h. Then, cells were fixed and stained with phalloidin and DAPI. Taken-
up sEV were counted, and relative uptake is shown as x-fold to untreated sEV. Relative changes are shown as 
mean +SEM (N=3). Representative A549 micrographs were shown after 4 h of sEV uptake. Scale bars = 10 μm. 
Kai Breitwieser performed microscopy and evaluation. 

3.4.3. Uptake quantification by luciferase-assay  

Microscopy-based uptake quantification showed no significant effects on the relative uptake 

rate between sEV treated with different antibodies. Therefore, another luciferase assay-based 

approach was used. For this, an NLuc-Hsp70 plasmid and the protocol for the luciferase-based 

uptake assay were kindly provided by Dr. Gregory Lavieu [298]. The donor sEV cells are 

transfected with the NLuc-Hsp70 plasmid to produce sEV containing NLuc. These sEV can be 

used to treat the sEV recipient cells with the NLuc-containing sEV. When the sEV are taken 

up, the NLuc is taken up as well, and a luciferase assay can be performed with the recipient 

cells. Luciferase activity can be measured and normalized to the untreated control. This allows 

the relative uptake of sEV to be indicated. Here, the sEV were again additionally treated with 

antibodies against the tetraspanins CD9, CD63, and CD81 or an IgG control antibody. The 

cells were incubated with the sEV for 4 h to observe the uptake.  

No significant differences occurred in the luciferase assay of HFL1 cells treated with SK-N-AS-

derived sEV (Figure 36A). There were also no significant differences in the luciferase assay of 

A549 cells treated with A549-derived sEV (Figure 36B). However, it can be suggested here 

that there are slight differences between the individual antibody-treated sEV. The uptake rate 

looks slightly increased with CD63 and CD81 treatment compared with CD9-treated sEV. 

However, since no significant effects are seen, it can be assumed that tetraspanin treatment 

does not affect the uptake rate of sEV.   
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Figure 36: Luciferase-based uptake quantification of antibody-treated sEV. 

SEV-donor cells were transfected with NLuc-Hsp70 plasmid 21 h before sEV-harvesting. Isolated sEV were blocked 
with 50 ng α-CD9, α-CD63, α-CD81, or mouse IgG antibodies for 21 h. (A) HFL1-cells were treated with sEV from 
SK-N-AS cells, and (B) A549-cells were treated with sEV from A549-cells for 4 h. Afterward, a luciferase assay was 
performed. Results are shown as mean +SEM (HFL1: N=4; A549: N=5).  
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4. Discussion 

4.1. The function of miR-574-5p in the PGE2 biosynthesis of neuroblastoma 

Dysregulation of the PGE2 biosynthesis promotes tumor progression by increasing cell 

proliferation, angiogenesis, and metastasis, as well as by suppressing the immune response 

[185,191]. In 2019, Saul et al. revealed the regulation of PGE2 by the interaction of miR-574-5p 

and CUGBP1 in A549 cells [264]. In an inflammatory environment, increased miR-574-5p 

leads to the binding of miR-574-5p to CUGBP1 as a decoy, preventing the binding of CUGBP1 

and mPGES-1 RNA. This allows the mPGES-1 mRNA to be alternatively spliced, resulting in 

a shorter 3'UTR isoform that has a higher translation rate than the mPGES-1 WT form. This 

results in increased mPGES-1 and PGE2 levels. The decoy function of miR-574-5p appears to 

be specific for CUGBP1 and unique in A549 cells, whereas it is unlikely to be present in the 

SCC cell line 2106T [52,264,265].  

To address the transferability of the miR functions to other tumor models, NB was chosen as 

a physiological contrasting model to NSCLC. Both tumor types are PGE2-dependent, but unlike 

in NSCLC, mPGES-1 is usually not present in the cancer cells of NB [52,264,295,296]. 

However, CAFs appear to be the major producers of mPGES-1-dependent PGE2 in the tumor 

microenvironment [295,296]. It is known that CAFs can promote tumor progression via different 

pathways [231,241]. Proliferation and metastasis can be increased via the secretion of growth 

factors [228]. Likewise, favored angiogenesis may provide nutrients to tumor cells, and CAFs 

may promote chemoresistance [241]. Therefore, a better understanding of the communication 

between tumor cells and CAFs is a step toward new therapeutic options in the treatment of 

cancers. 

In this work, tissue staining confirmed that in tumors with 11q deletion, the surrounding 

fibroblasts have high levels of mPGES-1. This is in line with the findings of Larsson et al., 

published in 2015, that CAFs in the NB have a crucial influence on PGE2 synthesis and are 

the primary source of mPGES-1 [295]. They showed that in 11q deleted NBs, the mPGES-1 

level is significantly higher than in low-risk or MYCN-amplified tumors, which correlates with 

the PGE2 levels and survival rate. Furthermore, Kock et al. showed that inhibition of mPGES-1 

in CAFs leads to the suppression of tumor growth, further highlighting the unique role of CAFs 

in NB [296]. In line with these observations, Elwakeel et al. showed that the disruption of PGE2 

signaling in CAFs leads to the inhibition of tumor growth, while metastasis is increased in 

breast cancer [193]. However, up to now, the role of PGE2 in CAFs is not well understood 

because, although PGE2 contributes to CAF formation, it has been shown to be a negative 

regulator of fibrosis-promoting fibroblasts [193]. The diverse effects of PGE2 inhibition on CAFs 
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are also reflected in the literature, possibly due to the fact that fibroblasts are generally highly 

heterogeneous in the tumor environment [307,308]. 

Unexpectedly, we found that the expression of mPGES-1 in differentiated NB cells, 

presumably ganglion cells, correlated with the expression of miR-574-5p and CUGBP1 

[273,274]. This suggests that the miR-574-5p-CUGBP1 decoy may occur in cancer cells in 

both tumor entities. NB is the least differentiated and most malignant neuroblastic tumor, but 

can spontaneously differentiate into ganglioneuroblastoma or ganglioneuroma [269]. This 

observation is therefore of great interest and raises the question of whether this differentiation 

process is influenced by miR-574-5p-regulated PGE2 biosynthesis. In order to establish a link 

between differentiation and intercellular communication via PGE2, this question should be 

further addressed. 

The findings obtained by the tissue stainings are supported by the performed spheroid 

experiments with the NB cell line SK-N-AS and the NSCLC cell line A549 [304]. Consistent 

with tissue staining, SK-N-AS cells expressed significantly lower basal levels of the key 

enzymes in the PGE2 biosynthesis mPGES-1 and COX-2 compared to A549 cells. SK-N-AS 

spheroids also showed lower levels of miR-574-5p and NOXP20, but higher levels of CUGBP1. 

Together with the upregulation of all mPGES-1 isoforms after IL-1β treatment, this supports 

the hypothesis of the presence of the miR-574-5p-CUGBP1 decoy, but to a lesser extent 

compared to A549 [304]. It is plausible that SK-N-AS cells generally produce less PGE2 than 

A549 cells. To prove this PGE2 could be measured in supernatants of the cells by ELISA or 

mass spectrometry. RIPs of SK-N-AS cells confirmed that miR-574-5p and mPGES-1 bind to 

CUGBP1. All experiments supported the hypothesis that the interaction between miR-574-5p 

and CUGBP1 regulates mPGES-1-dependent PGE2 biosynthesis in NB cancer cells and that 

the intracellular function of miR-574-5p can thus be transferred from NSCLC to NB.  

4.2. The role of sEV-miR-574-5p in neuroblastoma 

MiRs are key players in intracellular communication in the tumor environment [109,309]. They 

can be exchanged between cells via sEV and thus be transferred from the donor cell to the 

recipient cell, triggering physiological functions in the recipient cells [58,91,140].  

There has been increasing interest in sEV and the identification of their functions in recent 

years [13]. Initially, these were mistakenly seen as waste disposal [53,54]. However, it is now 

known that sEV can perform physiological functions, mediated by their contents, as miRs 

[27,232,310]. At the same time, the physiological processes of miRs are discussed 

controversially because the calculated miR content with about 0.00825 +- 0.02 miR molecules 

per exosome is very low [311,312]. Other publications confirm that sEV are poorly internalized 

by target cells, with about 1% of the total sEV amount [91]. Nevertheless, physiological 
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functions of sEV have been observed in various studies [27,310,313]. This suggests very 

specific effects triggered even by small amounts of sEV and their transported miRs resulting 

in amplifying signal cascades. It has been previously shown that by the trigger PGE2, NSCLC 

cells secrete miR-574-5p specifically into their sEV, even compared to other miRs [52].  

In this work, it was shown that NB cells also secrete miR-574-5p into the sEV upon PGE2 

stimulation. By measuring the particles after PGE2 stimulation, it was confirmed that more miRs 

are packed into the sEV, and not just the sEV number was increased by the stimulus. No 

significant effect was observed on the total particle number. Since the intracellular level of miR-

574-5p was also not significantly affected, this supports a targeted secretion of miR-574-5p 

into the sEV. Levels of other miRs commonly found in NSCLC were also determined in A549 

cells and were not increased after PGE2 stimulation, further supporting the hypothesis of a 

specific secretion and increasing the attractiveness of miR-574-5p as a potential biomarker 

[52,314–316]. To determine the specificity of the secretion of miR-574-5p in NB, other miRs 

frequently found and discussed as biomarkers, such as miR-375, miR-21-5p, or miR-199a-3p, 

could be measured [27,310,317]. The very fast secretion process occurs only after 30 min in 

SK-N-AS cells. In general, sEV seem to be involved in very fast processes. It is also described 

that both secretion and uptake are rapid, energy-dependent processes [65–67]. In 2020, 

Matsumoto et al. described that sEV, when injected into mice, have a half-life of only 7 min 

and that one cell secretes an average of 100 sEV per hour [318]. Internalization of sEV was 

also observed after 20 min in the live cell experiments of SK-N-AS and SK-N-SH cells and 

their sEV. Thus, it is plausible that the secretion of miR-574-5p is significantly higher after 

30 min than after 60 min because the cells internalize sEV rapidly after the secretion. In the 

NB cell line SK-N-SH, the secretion of miR-574-5p was triggered after 2 h. These cell-

dependent differences could arise either within the signaling cascade involving PGE2 receptors 

and translation to the cell or within the executing pathway that mediates the packaging and 

secretion of sEV. Another explanation for the cell-dependent differences would be differences 

in the abundance of the EP receptors. Rasmuson et al. showed that both NB cell lines, 

SK-N-AS and SK-N-SH, express all EP receptors and that the levels of the receptors differ 

between 7 different analyzed NB cell lines [294]. By treatment with the EP1/3 agonist 

sulprostone, it was shown that in the cell types SK-N-AS and A549, the secretion of 

miR-574-5p is mediated via EP1/3 [52]. Sulprostone triggered the same secretory effects as 

PGE2, whereas the EP2 agonist butaprost and EP4 agonist L-902,688 did not. EP1 increases 

PLC and the cytosolic Ca2+ level, which triggers PKC activation [193]. This can lead to 

downstream processes and induce various gene expressions. These include the activation of 

NFκB and the MAPK pathway, which can lead to further downstream processes [186]. EP3 

has no apparent function but may also trigger Ca2+ levels by coupling to different G proteins 

[198].  
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These downstream processes could activate different miR sorting pathways. First, post-

translational modifications of hnRNPs such as SUMOylation have been shown to control miR 

sorting into sEV [149]. These post-translational modifications could be affected by PGE2 

stimulation, allowing hnRNPs to bind to miR-574-5p and subsequently sort into sEV. Other 

miR sorting mechanisms may also be affected by downstream processes. In 2022, Garcia-

Martin et al. showed that specific motifs in the sequence of miRs encode the sorting of miRs 

into sEV [319]. These EXO-motifs are cell type specific and distinct from the sEV populations 

present in the cell of origin. Several RBPs can bind these specific EXO-motifs and are involved 

in the sorting of miRs into sEV. Alyref and Fus are two RBPs that can bind the EXO-motif 

CGGGAG and are involved in the sorting process [319]. Targeted secretion of miR-574-5p into 

sEV appears to be present in all NSCLC and NB cell lines tested, suggesting one EXO-motif 

occurring in all these cell lines and being present in miR-574-5p. A possible EXO-motif in 

miR-574-5p would be UGUGUG, which was first identified in the mouse myoblast cell line 

C2C12, but is also present in the sEV of a number of other cell lines, such as primary 

hepatocytes [319]. It is possible that PGE2 triggers the transport of miRs into sEV by affecting 

the specific binding of RBPs to this EXO-motif. Another sorting mechanism that may be 

affected is that components of the RISC complex, as AGO2 may be upregulated, leading to 

increased binding of miRs and sorting in sEV [151,152]. Another possibility would be the 

translocation of nSMase2 to the site of sEV biogenesis, where increased production of 

ceramides could enhance sEV formation and secretion [29]. It would be interesting to further 

investigate the sorting processes of miR-574-5p. For this purpose, for example, after PGE2 

stimulation, RIPs of the different proteins involved in the miR sorting process could be 

performed, followed by analysis of miR-574-5p bound to the proteins. Another possibility would 

be to perform a cell-free in vitro sorting assay as described by Shurtleff et al. in 2016 [153]. 

Here, the influence of a specific protein on the sorting of miR-574-5p could be shown.  

It was hypothesized that sEV-derived miR-574-5p would have the same function as in A549 

cells, since the intracellular function of miR-574-5p remains the same in SK-N-AS cells and 

PGE2 also induces miR-574-5p secretion. In order to investigate the autocrine function of 

sEV-miR-574-5p in NB cells, miR-574-5p oe sEV of SK-N-AS and SK-N-SH cells were 

established. This is physiologically plausible because the subtype-specific composition of the 

sEV envelope and content may have an impact on the internalization and physiological 

function of miR-574-5p [18]. For example, the donor cell-specific proteins in the sEV membrane 

may interact with receptors on target cells and thereby influence the functional mediation of 

miR-574-5p [320].  

Contrary to expectations, no autocrine effect of sEV-miR-574-5p on mPGES-1 levels of 

SK-N-AS cells was observed. The TLR7/8 ligand showed a slight downregulating effect on the 
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mPGES-1 mRNA level of SK-N-AS cells. Although the literature shows that SK-N-AS cells do 

not respond significantly to the TLR7/8 agonists Imiquimod and SSRNA40 compared to other 

agonists as for TLR1/2 or TLR 3, the slight downregulating effect suggests that the cells do not 

lack TLR7/8 receptors [321]. Therefore, SK-N-AS cells would be able to respond to sEV-

derived miRs as ligands. Immunostaining or Western blot analyses could be performed to 

determine whether SK-N-AS cells express TLR7/8 receptors, The TLR1/2, -3, -4 and -6-

dependent immune response is cell line-dependent and correlates with the differentiation 

status of NB cells [321,322]. To the adrenergic state differentiated NB cell lines, such as SK-

N-SH, lack TLR-mediated responses [323]. Undifferentiated NB cells in the mesenchymal 

state, such as SK-N-AS have higher basal levels of inflammation [321]. However, as this 

correlation with differentiation status does not hold for TLR7/8, it is likely that these receptors 

have other regulatory roles, such as PGE2 regulation [131]. In conclusion, miR-574-5p 

regulates PGE2 synthesis intracellularly, but sEV-miR-574-5p has no significant autocrine 

effect on PGE2 synthesis in NB. 

To further investigate the function of sEV-miR-574-5p in NB, CAFs were included in the 

experiments. Tumor cells can induce a CAF phenotype of fibroblasts in the TME [231]. 

Identifying suitable markers for CAFs is challenging due to their heterogeneity [236]. The best 

known markers are α-SMA and other cytoskeletal markers such as vimentin, desmin, or 

smooth muscle myosin, which are increased during fibroblast activation [234–236]. In the 

experiments, α-SMA was used as a commonly-used and representative marker for fibroblast 

differentiation [324]. TGFβ was added to mimic an inflammatory tumor environment and to 

further induce the fibroblast activation of CAFs [222]. SEV-derived miR-574-5p from SK-N-AS 

cells showed a specific induction of α-SMA levels of the fibroblasts, which was not induced by 

sEV-miR-574-5p derived from A549, 2106T, or SK-N-SH cells. A toxic or anti-proliferative 

effect on cell viability with or without TGFβ was excluded.  

Further characterization showed that the effect was not mediated by the miR-574-5p-CUGBP1 

decoy in HFL1. We hypothesized that the binding of miR-574-5p and CUGBP1 would be could 

displace CUGBP1 binding to α-SMA and thus increase α-SMA levels. A connection between 

α-SMA and CUGBP1 has already been established, as CUGBP1 can bind to α-SMA, and in 

mouse stem cells and liver fibrosis models, the knockdown of CUGBP1 leads to altered α-SMA 

levels [325,326]. In general, the miR-574-5p-CUGBP1 decoy is not present in HFL1 cells 

because neither mPGES-1 nor miR-574-5p binds to CUGBP1. In addition, no staining for miR-

574-5p or CUGBP1 was detected in fibroblasts in the TME, which would be a criterion for the 

presence of the miR-574-5p-CUGBP1 decoy.  

Since it is already known that miR-574-5p can bind to TLR7/8 as a ligand and thereby trigger 

downstream signaling [52,144,268], it was likely that the effect on α-SMA was also mediated 
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via TLR7/8. Stimulation of the cells with the TLR7/8 ligand R848 elicited the effect on α-SMA 

levels, which was inhibited by the TLR7/8 inhibitor ODN 2088. To bind TLR7/8, miR-574-5p 

has to reach the endosomal compartment where TLR7/8 is located [144]. Therefore, the sEV 

would have to be taken up by endocytosis, as fusion with the plasma membrane would release 

the sEV content directly into the cytoplasm of the cell, where it would be loaded into RISC [80].  

Based on live cell experiments showing that sEV are taken up by HFL1 cells via long 

membrane protrusions, endocytotic internalization via filopodia would be plausible [327,328]. 

Filopodia are structural elements of the cell membrane that protrude from the lamellipodial 

actin network and consist of tightly packed actin filaments [329]. They are involved in cell 

motility, which contributes to wound healing, adhesion to the ECM, embryonic development, 

and guidance to chemoattractants [327]. They were first identified in the context of virus 

uptake, but it has already been shown that filopodia also contribute to sEV uptake [2,328]. As 

observed in the live cell experiments, the filopodia “grab the sEV and pull them into the cells” 

as described by Heusermann et al. in 2016, where they are presumably sorted to the 

endosome or lysosome [328]. When miR-574-5p interacts with TLR7/8, it can trigger 

downstream signaling via the NFкB pathway, which might lead to transcriptional activation of 

target genes like α-SMA [144,330]. The α-SMA mRNA levels of the fibroblasts are not affected 

by sEV-miR-574-5p, but there are several ways in which α-SMA could be regulated post-

transcriptionally. For example, α-SMA might be activated by extracellular signal-regulated 

kinases 1/2 (ERK1/2, also known as MAPK1), activated via the NFкB regulatory pathway [331]. 

ERK1/2 is also known to regulate α-SMA [332]. This hypothesis could be tested using an 

ERK1/2 inhibitor for example Ulixertinib [333]. In 2020, Cui et al. showed that miR-574-5p plays 

a role in CAF activation of cardiac fibroblasts, which is mediated by AT-rich interaction domain 

3A (ARID3A) [334]. They also showed that miR-574-5p is upregulated after TGFβ stimulation, 

which may explain the enhanced effect of sEV-miR-574-5p on α-SMA. As TLR ligands have 

been shown to induce ARID3A, this provides a possible link between miR-574-5p as a TLR7/8 

ligand and α-SMA upregulation [335]. 

SEV-miR-574-5p derived from NSCLC cell lines did not show an up-regulating effect on α-SMA 

levels in fibroblasts. This supports the hypothesis that fibroblasts play a special role in NB. 

Larsson et al. and  Kock et al. showed that CAFs are the primary source of PGE2 in the TME 

and that the inhibition of mPGES-1 in the fibroblasts resulted in the suppression of PGE2 levels 

and tumor growth [295,296]. In NSCLC, however, tumor cells are the primary source of 

mPGES-1, while surrounding fibroblasts play a minor role [262]. In addition, sEV-miR-574-5p 

from the NB cell line SK-N-SH showed a significant upregulating effect, but not with additional 

stimulation with TGFβ. As live cell imaging of NB cells indicated some differences in the uptake 

pattern, the sEV-derived from SK-N-SH might be taken up via other internalization 
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mechanisms than SK-N-AS-derived sEV. Proposed mechanisms for sEV internalization 

include fusion with the plasma membrane, receptor-mediated endocytosis, phagocytosis, and 

macropinocytosis [336]. The accumulation of sEV at the cell membrane after 20 min suggests 

a receptor-mediated function of sEV [91]. The function of sEV-derived miRs is likely to depend 

on the mode of internalization into the target cell, and this mode of internalization is cell-

dependent [52]. SEV-miR-574-5p derived from 2106T squamous cell carcinoma cells had an 

opposite effect on the α-SMA level of HFL1 cells additionally stimulated with TGFβ. A possible 

explanation here is also that the 2106T-derived-sEV-miR-574-5p is internalized by fibroblasts 

via a different pathway. Further, ScrC sEV of 2106T cells have a slight inhibitory effect on the 

α-SMA level. This is probably due to the fact that the ScrC sEV of the 2106T sEV also contain 

miR-574-5p, although to a lesser extent than the miR-574-5p oe sEV. However, it is noteworthy 

that the additional stimulation with TGFβ is crucial for this, which may amplify the stimulatory 

effects of sEV-miR-574-5p by additionally promoting fibroblast differentiation [334,337,338]. 

In conclusion, the intracellular function of miR-574-5p in NSCLC was shown to be transferable 

to NB, whereas the function mediated by sEV-derived miR-574-5p was not. In NB, 

sEV-miR-574-5p exerts a newly discovered paracrine function by specifically inducing the α-

SMA level of fibroblasts via TLR7/8. Also in NSCLC, the function of sEV-miR-574-5p has 

previously been shown to be specific for AC cells, whereas SCC-derived sEV-miR-574-5p has 

no effect [52]. One possible explanation is that specific sEV are more likely to be taken up by 

specific target cells, as has been shown for other cell types [32,339]. Another possible 

explanation is that in the absence of miR-574-5p function, sEV are not endosomally 

internalized and thus sEV-miR-574-5p is unable to function as a ligand for TLR7/8 [140,144]. 

Overall, it is likely that the cell-specific composition of sEV is critical for mediating 

sEV-miR-574-5p function. Furthermore, the results suggest that miR-574-5p may be a suitable 

therapeutic gene for to regulate PGE2 biosynthesis in NSCLC and NB. Inhibition of miR-574-5p 

has a distinct advantage over conventional PGE2 inhibitors in cancer therapy due to its diverse 

effects as a TLR7/8 ligand. It has the potential to inhibit tumor progression at multiple levels. 

4.3. Tetraspanins and their role in the function of sEV-miR-574-5p  

As differences between sEV subtypes were also observed in the ScrC conditions, it is likely 

that sEV-specific differences, for example in the sEV envelope, affect the functionality of sEV-

derived cargo. Tetraspanins are membrane proteins commonly used as markers for sEV and 

have many different roles in sEV formation, cargo sorting, and uptake [93,94,97]. Tetraspanin 

clusters are known to occur in the membrane of sEV and contribute to target cell selection  

[305]. It is therefore likely that they also play a role in transmitting the functions of miRs 

transported by sEV to target cells. The tetraspanin composition is characteristic for each sEV 

population and may be used to determine the origin of sEV [101]. The most commonly used 
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markers for sEV are CD9, CD63, and CD81 [93,98,101]. The sEV from the two NB cell lines 

were characterized using the ExoView R100, which is one of the best methods for 

characterizing surface markers within an sEV population without purification [340]. A 

disadvantage is that only the tetraspanin-positive sEV are bound by the tetraspanin antibodies 

coated on the chips. Therefore, sEV that are negative for the specific tetraspanins cannot be 

immobilized and characterized using this method.  

ExoView R100 analysis revealed that NB-derived sEV, had high proportions of CD81-positive 

sEV, whereas A549- and 2106T-derived sEV had low proportions of sEV positive for CD81 

[52]. Breitwieser et al. showed that the NB cell line SK-SY5Y also had increased levels of 

CD81-positive sEV, whereas the sEV derived from other cancer cell lines had a low proportion 

of CD81-positive sEV [101]. This suggests a cancer type-specific distribution of tetraspanins. 

In addition, CD81 may play a more important role in NB than the other tetraspanins due to its 

increased presence. 

The details of how tetraspanins are involved in the uptake of sEV by target cells are not well 

understood [93]. However, there are some studies showing that tetraspanins influence the 

target cell selection [102,305]. In addition, CD9- and CD81-deficient mice have been shown to 

impair sperm-egg fusion and other fusion events [105]. It has also been suggested that some 

tetraspanins, including CD9, CD63, CD151, or CD81, influence the internalization process of 

viruses [64,104,108]. Therefore, it is plausible that the tetraspanin composition affects the 

internalization and uptake pathway of sEV. To determine whether the tetraspanins play a role 

in mediating the function of miR-574-5p, we aimed to inhibit them by siRNA-mediated 

knockdown and then examine the function of miR-574-5p. Since siRNA-mediated knockdown 

of CD81 significantly reduced the total number of sEV, CD81 appears to be involved in sEV 

biogenesis. This is plausible, as CD63 is also known to be involved in endosomal sorting 

through ESCRT-dependent and -independent pathways [45].  

Therefore, antibodies were used to block tetraspanin function in sEV uptake. To date, 

neutralization antibodies have been mainly used to treat viruses [108]. In the treatment of 

viruses, antibodies against different tetraspanins are used to inhibit viral uptake into cells 

[106,107]. Here, blocking CD63 and CD81 of SK-N-AS-derived miR-574-5p oe sEV had an 

inhibitory effect on α-SMA levels in HFL1 cells, in contrast to the upregulation by the 

miR-574-5p oe sEV. Blocking tetraspanins on A549-derived sEV also had no significant effect 

on α-SMA levels in HFL1 cells. This suggests a sEV subtype-specific effect. Since A549-

derived miR-574-5p oe sEV generally had no effect on α-SMA levels in HFL1 cells, this is 

presumably not affected by the tetraspanin treatment. In A549 cells, blocking CD63 on A549-

derived miR-574-5p oe sEV also had a significant inhibitory effect on mPGES-1 levels, but 
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rather than opposing, it enhanced the decrease induced by sEV-miR-574-5p. CD9- and CD81-

blocked sEV showed slightly inhibitory but not significant effects. 

While CD63 has also been shown to be located in the late endosome and lysosome, CD9 and 

CD81 are mainly found in the plasma membrane [91,341]. In 2021, Mathieu et al. provided 

evidence that sEV with higher levels of CD63 are presumably exosomes derived from the late 

endosome, whereas sEV bearing higher levels of other tetraspanins, especially CD9 and 

CD81, mainly bud from the plasma membrane, thus qualifying them rather as microvesicles 

[342]. CD63-positive sEV did not colocalize with other tetraspanins to a large extent in the 

ExoView R100 analyses. This may suggest that CD63- and CD9/CD81-bearing sEV are 

distinct subgroups mediating different functions and may explain the differential effects of 

CD63 versus CD9 and CD81 blocking. 

To test whether the differences in the physiological function of miR-574-5p oe sEV of the two 

cell lines were due to differences in internalization, live cell experiments were performed. Minor 

differences were observed in the internalization of the SK-N-AS-derived sEV by the HFL1 cells 

but indicated an altered internalization. Therefore, two assays were performed to quantify the 

uptake rate of the sEV. However, neither the microscopy-based assay nor the luciferase-based 

assay showed a significant effect between the individual tetraspanin antibody-treated sEV 

conditions. Interestingly, at least 40% less treated sEV were taken up by the HFL1 cells 

compared to the control without antibodies. It is possible that steric hindrance occurs due to 

the enlargement of the sEV by the combination with antibodies, resulting in fewer sEV taken 

up via the filopodia. At approximately 10 nm, an IgG antibody is only 1/5 the size of one of the 

smaller sEV [343]. Nevertheless, no tetraspanin-mediated effect on the relative sEV uptake 

number was detected in either A549 or HFL1 cells. 

However, it is also possible that the visual and non-quantifiable differences in microscopy are 

due to differences in cell size and the plane of microscopy. If the internalization of sEV does 

not result in the differences, there may be other downstream processes that alter the 

physiological function of sEV by blocking the tetraspanins. One possible explanation could be 

the influence of ERK1/2 signaling, since the overexpression of CD81 leads to increased 

ERK1/2 signaling, which also positively influences proliferation in HepG2 liver tumor cells 

[344]. Inhibition of CD81 could also lead to a decrease in ERK1/2 activity, which would result 

in a downstream downregulation of α-SMA levels. It has also been shown that the inhibition of 

CD9 in the cells decreases ERK1/2 activity [345]. It is therefore possible that tetraspanins in 

general are associated with the ERK1/2 pathway. Inhibition of CD63 on sEV may down-

regulate ERK1/2 and trigger downstream processes in the respective cell type, such as the 

reduction of mPGES-1 [346,347]. So far, only opposite effects have been found, showing an 

increase in MAPK/ERK signaling as a result of a CD63 knockout [348]. To find out whether the 
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effects are also mediated in the absence of miR-574-5p oe, the tetraspanin-blocking 

experiments would have to be performed with sEV without miR-574-5p oe. It would also be 

interesting to use an ERK1/2 inhibitor to determine whether the regulation is mediated via this 

pathway. 

In conclusion, it has been shown that the tetraspanins on the surface of sEV influence the 

functionality of the sEV-derived miR-574-5p. The novel approach of blocking sEV membrane 

proteins with antibodies is promising and has so far only been used as a therapy for viruses 

[106,107]. However, the results should also be verified by overexpressing the tetraspanins in 

sEV. In the future, blocking tetraspanins could be used to specifically inhibit the mediation of 

sEV-miR-574-5p functions and its various roles as a TLR7/8 ligand, which would in turn inhibit 

tumour progression.    

4.4. Outlook 

This study provided a better understanding of the different functions of miR-574-5p in the 

regulation of PGE2 biosynthesis in cancer. It was shown that the transferability of regulatory 

mechanisms is present in some cases, but not always. In NB, the interaction of intracellular 

miR-574-5p and CUGBP1 also regulates mPGES-1 and PGE2, whereas sEV-miR-574-5p has 

no autocrine regulatory function in PGE2 synthesis. In addition, a novel subtype-specific 

paracrine function of sEV-miR-574-5p was discovered in NB, which is not transferable to 

NSCLC. Therefore, the transferability to other tumor types should be further investigated in 

order to expand the therapeutic approaches with the least effort and the greatest effect.  

Due to the specific secretion of miR-574-5p by two NSCLC cell lines and two NB cell lines, 

miR-574-5p may be a potential biomarker in several cancer types [52]. MiRs are perfect 

candidates as biomarkers because their small size makes them very stable compared to other 

RNAs, and they are present in many body fluids [117]. This makes them easy to detect 

minimally invasively, for example in saliva, urine, or blood [117,154]. Particularly in NSCLC, 

miR-574-5p has been considered and investigated as a diagnostic and prognostic biomarker 

[161,162]. Other cancers where miR-574-5p could be used as a potential marker include breast 

cancer, squamous cell carcinoma of the esophagus, or SCLC [164–166]. MiR-574-5p has not 

been previously associated with NB, although there have been several studies of changes in 

miR expression patterns in different NB subtypes [317,349]. In the spheroid experiments, the 

NB cell line SK-N-AS was shown to have low intracellular levels of miR-574-5p compared to 

the adenocarcinoma cell line A549, even after stimulation with the inflammatory mediator IL-1β 

[304]. This confirms that even low levels of miRs can mediate important physiological functions 

and contribute to tumor progression. However, due to the low levels it may be difficult to use 

miR-574-5p as a single prognostic biomarker in NB. A potential use as a prognostic biomarker 
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would be in combination with the tetraspanin CD81, which is, as shown in the characterization 

studies of NB sEV, particularly abundant in NB-derived sEV compared to sEV from other 

cancer cells [52,101]. Thus, CD81- and miR-574-5p-positive sEV may represent a new 

promising tool for early detection of NB-related diseases. 

This work identified a novel function of miR-574-5p. It was shown that sEV-miR-574-5p has a 

paracrine function on fibroblast differentiation and not an autocrine function as in NSCLC [52]. 

To investigate the global effect of sEV-miR-574-5p on CAF activation, further studies could 

use other differentiation markers. Other markers that could be analyzed include cytoskeletal 

markers, ECM components or growth factors and cytokines [229,237–241]. Further research 

in this field could also help to use the understanding of intracellular communication to develop 

new therapeutic approaches against tumor progression. It has also been shown that blocking 

tetraspanins on the sEV surface can alter the function of sEV-derived miR-miR-574-5p, which 

in turn is due to intracellular communication in the TME. Further investigation of the influence 

of the tetraspanins is an interesting aspect that should be included in future studies. 
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6. Appendix 

6.1. Abbreviations 

AC Adenocarcinoma of the Lung 
AGO2 Argonaute 2 
ALIX 

 

Apoptosis-linked gene 2 interacting protein X 

 

 

Alyref Aly/REF export factor 
AP Alkaline phosphatase 
ARID3A AT-Rich Interaction Domain 3A 
ath Arabidopsis thaliana 
BSA Bovine serum albumin 
Ca2+ Calcium 
CAF Cancer associated fibroblast 
cAMP Cyclic adenosine monophosphate 
cDNA Complementary DNA 
CEBPA CCAAT/enhancer-binding protein alpha 
cel Caenorhabditis elegans 
COX Cyclooxygenase 
cPGES Cytosolic PGE synthase 
ct Cycle threshold 
CUGBP1 CUG-RNA binding protein 1 
DAB 3,3′-Diaminobenzidine 
DAPI 4',6-Diamidino-2-phenylindol 
DIG Digoxygenin 
DiO 3,3′- dioctadecyloxacarbocyanine perchlorate 
DMEM Dulbecco’s modified Eagle medium 
DMSO Dimethyl sulfoxide 
DNA Desoxyribonucleic acid 
ECM Extracellular matrix 
EDTA Ethylenediaminetetraacetic acid 
EGFR Epidermal growth factor receptor 
EP1-4 E-type prostanoids receptors 1-4 
ERK1/2 extracellular signal-regulated kinases 1/2 
ESCRT Endosomal sorting complexes required for transport 
EtOH Ethanol 
EV Extracellular vesicle 
F12K Ham’s F-12 medium 
FA Formaldehyde 
FAP Fibroblast activation protein 
FasL Fas ligand 
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FCS Fetal calf serum 
FSP Fibroblast specific protein 
Fus Fused in sarcoma 
GAPDH Glycerinaldehyd-3-phosphate-dehydrogenase 
GD2 Disialoganglioside 
GFP Green fluorescent protein 
GTC Guanidinium thiocyanate 
GTP Guanosine-5'-triphosphate 
Gαs Stimulatory G-protein coupled receptor subunit 
HIV Human immunodeficiency virus 
HMGB1 high-mobility group protein B1 
hnRNPs Heterogeneous nuclear ribonucleoproteins  
HPDG 15-prostaglandin dehydrogenase 
HPGD 15-PG dehydrogenase 
HRS Hepatocyte growth factor-regulated tyrosine kinase substrate 

protein HSP Heat Shock Protein 
IHC Immunohistochemistry 
IL Interleukin 
ILV Intraluminal vesicle 
ISH In-situ hybridization 
KRAS Kirsten rat sarcoma viral oncogene homologue 
LC Lung cancer 
LNA Locked nucleic acid 
MAPK Mitogen-activated protein kinases 
miR MicroRNA 
MISEV Minimal information for studies of extracellular vesicles 
mPGES-1, or PTGES Microsomal Prostaglandin E2 Synthase 1 
MQ Milli Q water 
mRNA Messenger RNA 
MRP Multidrug resistance protein 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 
MVB Multivesicular body 
MVE Multivesicular endosomes 
MYCN MYCN proto-oncogene 
NB Neuroblastoma 
NBT/BCIP Nitro blue tetrazolium/ 5-Bromo-4-chloro-3-indolyl-phosphate 
NF1 Neurofibromatosis type 1 gene 
NFκB Nuclear factor-kappaB 
NLuc Nano-Luciferase 
NOXP20 Nervous system overexpressed protein 20 
NSAIDs Non-steroidal anti-inflammatory drugs 
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NSCLC Non-small cell lung cancer 
nSMase2 Neutral sphingomyelinase 2 
Nts Nucleotides 
Oe Overexpression 
PBS Phosphate Buffered Saline 
PD-L1 Programmed cell death protein ligand 1 
PDGFR Platelet-derived growth factor receptor 
PEI Polyethyleneimine 
PG Prostaglandin 
PGE2 Prostaglandin E2 
PKA Protein kinase A 
PKC Protein kinase C 
PLC Phospholipase C 
PTPRU Protein typrosine phosphatase receptor type U 
Rab proteins Rat sarcoma viral oncogene homologue associated binding protein 
RBP RNA-binding protein 
RIP RNA-Immunoprecipitation 
RISC RNA-induces silencing complex 
RNA Ribonucleic acid 
RND3 Rho family GTPase 3 
RT Room temperature 
RT-qPCR Reverse transcription polymerase chain reaction 
SCC Squamous cell carcinoma 
SCLC Small-cell lung cancer 
ScrC sEV Scrambled control 

 
SDS Sodium dodecyl sulfate 
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
SEM Standard error of mean 
sEV Small extracellular vesicle (s) 
siRNA Small interfering RNA 
SNAP-25 Synaptosomal-associated protein of 25 kDa 
SNARE Soluble N-ethylmaleimide-sensitive-factor attachment receptor 
SSC Saline-sodium citrate 
SYNCRIP Synaptotagmin-binding cytoplasmic RNA-interacting protein 
TE Trypsin-EDTA 
TEM Transmission electron microscopy 
TGFβ Transforming growth factor-β 
TLR Toll-Like receptor 
TME Tumor microenvironment 
TNF Tumor necrosis factor 
Trk Tropomysin receptor kinase 
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Tspan8 Tetraspanin 8 
TXA2 Thromboxane A2 
UTR Untranslated region 
VCAM-1 vascular cell adhesion molecule 1 
VPS4A Vacuolar protein sorting-associated protein 4A 
VTA1 Vesicle trafficking 1 
WT Wildtype 
α-SMA α-smooth muscle actin 
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6.2. Supplementary data 

Table S1: Buffer compositions of self-made buffers and solutions 

Buffer Composition 

B1 (RIP) 20 mM Tris-HCl pH 7.5 (Carl Roth, Karlsruhe, GER) 
150 mM NaCl 
2 mM EDTA 
0.1% SDS 
1% Triton X-100 
1x Protease Inhibitor Cocktail (Roche) 
Ad 10 mL MQ 

B2 (RIP) 20 mM Tris-HCl pH 7.5 (Carl Roth, Karlsruhe, GER) 
500 mM NaCl 
2 mM EDTA 
0.1% SDS 
1% Triton X-100 
1x Protease Inhibitor Cocktail (Roche) 
Ad 10 mL MQ 

B3 (RIP) 10 mM Tris-HCl pH 7.5 (Carl Roth, Karlsruhe, GER) 
250 mM LiCl 
1 mM EDTA (Roche) 
1% NaDeoxycholate (Sigma-Aldrich) 
1% NP-40 (Igepal) (Sigma-Aldrich) 
1x Protease Inhibitor Cocktail (Roche) 
Ad 10 mL MQ 

Citrate Buffer 10 mM trisodium citrate (Carl Roth, Karlsruhe, GER), pH 6 

Extraction buffer  10 mM sodium acetate (Carl Roth, Karlsruhe, GER) 
150 mM sucrose (Carl Roth, Karlsruhe, GER) pH 4.8 

ISH Antibody Buffer 0.05% (v/v) Tween20 
1% (w/v) sheep serum (Jackson Immunoresearch, Ely, UK) 
1% (w/v) BSA (Sigma-Aldrich, Darmstadt, GER) 
In PBS 

ISH Blocking Buffer 0.1% (v/v) Tween20 
2% (w/v) sheep serum (Jackson Immunoresearch, Ely, UK) 
1% (w/v) BSA (Sigma-Aldrich, Darmstadt, GER) 
In PBS 
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KTBT Buffer 50 mM Tris-HCl (Carl Roth, Karlsruhe, GER) 
150 mM NaCl (Carl Roth, Karlsruhe, GER) 
10 mM KCl (Carl Roth, Karlsruhe, GER) 

Lysis buffer RIP 10 mM Tris-HCl (Carl Roth, Karlsruhe, GER) 
10 mM KCl 
1.5 mM MgCl2 
0.5 mM LiCl 
0.9% NP-40 (Igepal) 
1x Protease Inhibitor Cocktail (Roche) 
40 U/µL Ribonuclease Inhibitor 
Ad 10 mL MQ 

Protein loading 
buffer 4 x 

5 mL glycerin (Carl Roth, Karlsruhe, GER) 
1.5 mL 2-mercaptoethanol (Carl Roth, Karlsruhe, GER) 
2 mL 20% (w/v) SDS (AppliChem GmbH, Darmstadt) 
1.5 mL MQ 
One spatula tip bromophenol blue (Carl Roth, Karlsruhe, GER) 

Proteinase-K Buffer 5 mL 1 M Tris-HCl (pH 7.4) (Carl Roth, Karlsruhe, GER) 
2 mL 0.5 M EDTA (Carl Roth, Karlsruhe, GER)  
0.2 mL 5 M NaCl (Carl Roth, Karlsruhe, GER) 
added MQ to 1 L 

RIPA Buffer 50 mM Tris-HCl (Carl Roth, Karlsruhe, GER) 
150 mM NaCl (Carl Roth, Karlsruhe, GER) 
1% Triton X-100 (Carl Roth, Karlsruhe, GER)  
0,1% SDS 
0,1% deoxycholate acid (MilliporeSigma, Burlington, USA)  

SDS running buffer 
10 x 

10 g SDS (AppliChem GmbH, Darmstadt) 
30.3 g Tris-HCl (Carl Roth, Karlsruhe, GER) 
144.1 g glycine (Carl Roth, Karlsruhe, GER)  
Ad 1 L MQ 

Transfer buffer 1 x 3 g Tris-HCl (Carl Roth, Karlsruhe, GER) 
14.4 g glycine (Carl Roth, Karlsruhe, GER) 
200 mL methanol (VWR, Radnor, USA)  
Ad 1 L MQ 
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Sämtliche aus fremden Quellen direkt oder indirekt übernommenen Gedanken sowie 
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