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Summary 

Lung cancer (LC) is the leading cause of cancer-related deaths. Its progression is strongly 

enhanced by intercellular communication in the tumor microenvironment (TME). One of the 

main players in intercellular communication is small extracellular vesicles (sEV). sEV transport 

various biological cargoes such as microRNAs (miRs), a class of small non-coding RNAs, and 

thus trigger diverse responses in recipient cells. In addition to sEV, inflammatory processes 

promote tumor progression. A key inflammatory mediator in LC is prostaglandin E2 (PGE2). It 

highly contributes to inflammation, angiogenesis, immune evasion, and proliferation in the 

TME. To date, a possible relationship between inflammatory mediators like PGE2 and miR 

content in sEV remains unknown. Hence, this study aimed to analyze the impact of PGE2 on 

miR sorting into sEV. In this context, special attention was paid to miR-574-5p because it was 

shown to regulate PGE2 biosynthesis in lung adenocarcinoma (AC) cells. 

An analysis of the two main LC subtypes AC and squamous cell carcinoma (SCC) revealed 

different expression patterns of miR-574-5p and the PGE2-synthesizing enzyme microsomal 

prostaglandin E synthase 1 (mPGES-1) in LC tissue sections and 3D tumor models. Further, 

it was demonstrated that PGE2 induces the secretion of sEV-derived miR-574-5p in LC cells 

via the activation of E prostanoid (EP) receptors 1/3. PGE2 inhibition significantly reduced miR-

574-5p secretion, indicating that PGE2 levels specifically modulate miR-574-5p sorting into 

sEV. An analysis of tetraspanins, membrane proteins abundant in sEV, revealed different 

compositions between AC- and SCC-derived sEV. Finally, sEV-derived miR-574-5p proved its 

physiological function by activating Toll-like receptors (TLR) 7/8 in AC cells and decreasing 

intracellular miR-574-5p, mPGES-1, and PGE2 levels. Thus, AC cells revealed a novel function 

for miR-574-5p which depends on miR transmission via sEV and stands in contrast to its 

intracellular role. Together, intracellular- and sEV-derived miR-574-5p prevent uncontrolled 

upregulation of PGE2 via a negative feedback loop.  

The findings of this study demonstrate for the first time that an inflammatory mediator, here 

PGE2, induces the sorting of a miR into sEV and that sEV not only transfer miRs to recipient 

cells but can also change their mode of action. 
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Zusammenfassung 

Lungenkrebs (LK) ist die führende Ursache für krebsbedingte Todesfälle. Seine Progression 

wird stark durch die interzelluläre Kommunikation in der Tumormikroumgebung (TMU) 

gefördert. Ein wichtiger Mediator der interzellulären Kommunikation sind kleine extrazelluläre 

Vesikel (sEV, auch Exosome genannt). SEV transportieren verschiedene biologische Moleküle 

wie mikroRNAs (miRs), eine Klasse von kleinen nicht-kodierenden RNAs, und lösen so diverse 

Reaktionen in Empfängerzellen aus. Neben sEV fördern Entzündungsprozesse die 

Tumorprogression. Ein für LK wichtiger Entzündungsmediator ist Prostaglandin E2 (PGE2). 

PGE2 trägt in hohem Maße zu Entzündung, Angiogenese, Immunevasion und Proliferation in 

der TMU bei. Bislang ist ein möglicher Zusammenhang zwischen Entzündungsmediatoren wie 

PGE2 und dem miR-Gehalt in sEV unbekannt. Daher war es Ziel dieser Studie, den Einfluss 

von PGE2 auf die miR-Sortierung in sEV zu analysieren. In diesem Zusammenhang wurde 

besonderes Augenmerk auf miR-574-5p gelegt, da gezeigt wurde, dass diese die PGE2-

Biosynthese in Lungen-Adenokarzinom (AK)-Zellen reguliert. 

Eine Analyse der beiden Hauptsubtypen von LK, AK und Plattenepithelkarzinom (PEK), ergab 

unterschiedliche Expressionsmuster der miR-574-5p und dem PGE2-synthetisierenden Enzym 

mikrosomale Prostaglandin-E-Synthase 1 (mPGES-1) in LK-Gewebeschnitten und 3D-

Tumormodellen. Weiterhin wurde gezeigt, dass PGE2 die Sekretion exosomaler miR-574-5p 

in LK-Zellen über die Aktivierung von Prostaglandin E (EP)-Rezeptoren 1/3 induziert. Die 

Inhibition von PGE2 reduzierte die miR-574-5p-Sekretion signifikant, was darauf hindeutet, 

dass der PGE2-Spiegel die Sortierung von miR-574-5p in sEV spezifisch moduliert. Eine 

Analyse der Tetraspanine, häufig vorkommende Membranproteine von sEV, zeigte 

unterschiedliche Zusammensetzungen zwischen AK- und PEK-sEV.  

Schließlich konnte eine physiologische Funktion für die exosomale miR-574-5p nachgewiesen 

werden, bei welcher sie die Toll-like Rezeptoren (TLR) 7/8 in AK-Zellen aktiviert und dadurch 

die intrazellulären miR-574-5p-, mPGES-1- und PGE2-Spiegel senkt. Somit wurde in AK-Zellen 

eine neuartige Funktion der miR-574-5p identifiziert, die von der miR-Übertragung mittels sEV 

abhängt und im Gegensatz zu ihrer intrazellulären Rolle steht. Zusammen verhindern 

intrazelluläre und exosomale miR-574-5p die unkontrollierte Hochregulierung von PGE2 über 

eine negative Rückkopplungsschleife.  

Die Ergebnisse dieser Arbeit zeigen zum ersten Mal, dass ein Entzündungsmediator, hier 

PGE2, die Sortierung einer miR in sEV induziert und dass sEV miRs nicht nur transportieren, 

sondern auch deren Wirkungsweise verändern können. 
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1. Introduction 

In this work, the two major subtypes of non-small-cell lung cancer (NSCLC), adenocarcinoma 

(AC) and squamous cell carcinoma (SCC), were compared with special focus on the regulation 

of prostaglandin E2 (PGE2). Further, the physiological function of small extracellular vesicle 

(sEV)-derived microRNA (miR)-574-5p, secreted by AC and SCC cells, was elucidated. The 

following chapter provides background information on scientific topics relevant to this work. 

 

1.1 Lung cancer 

Human lung cancer (LC) is one of the most frequent cancers worldwide. Many cases are 

diagnosed at late stages leading to high numbers of cancer-related deaths in women and men 

[1 3]. The major cause of LC is tobacco smoking [4]. However, environmental factors such as 

radon exposure, secondhand smoke, air pollution, and genetic predisposition can also induce 

LC [5, 6]. 

LC is a heterogeneous disease and is subdivided into small-cell lung cancer and NSCLC 

(Figure 1). NSCLC accounts for ~80% of all lung cancer cases [7]. The five-year relative 

survival rate for NSCLC (23%) is higher than the survival rate for small-cell lung cancer (6%) 

[8]. NSCLC is further divided into several histological subtypes. Most common is SCC with 

37.5%, followed by AC with 30% of all NSCLC cases. Less frequent subtypes are 

neuroendocrine carcinoma (19.6%) and large cell carcinoma (6.6%) [9]. The subtypes differ in 

their cellular origin. SCC originates from epithelial cells within the lungs, while AC originates 

from glandular cells that line the alveoli [10]. 

The treatment strategy for LC depends on the stage of the disease. Stage I-II NSCLC is mainly 

treated by resection of the tumor [11]. Depending on tumor, characteristics, patients can also 

receive chemo- and/or radiotherapy [12, 13]. Patients with advanced LC often benefit from 

molecular target therapies. To this end, tumor biopsies are analyzed for known mutations and 

specific molecular markers to find suitable therapies [14]. In this context, drugs for epidermal 

growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) mutations are already 

approved for treatment [15 18]. Further mutations such as human epidermal growth factor 

receptor 2 (HER2) and kirsten rat sarcoma viral oncogene homolog (KRAS) were identified, 

and suitable drugs are currently tested [19, 20].  

In addition to the development of targeted therapies, immunotherapies open a new, promising 

field for LC therapies. This novel form of cancer therapy attracted attention in 2018 when 

James P. Allison and Tasuku Honjo were awarded the Nobel Prize in Physiology or Medicine 

for their discovery of cancer therapy by inhibition of negative immune regulation  [21]. Within 
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these studies, programmed cell death ligand 1 (PD-L1) was recognized as a potent 

immunoregulatory molecule, which inhibits the antitumor immune response [22, 23].

Figure 1: Histological subtypes of lung cancer.
Lung cancer (LC) can arise from multiple cell types. This leads to the formation of heterogenous histological 
subtypes. The two main types are small-cell lung cancer and non-small-cell lung cancer (NSCLC). NSCLC is further 
subdivided into adenocarcinoma (AC), squamous cell carcinoma (SCC), and large cell carcinoma. Modified from: 
[24]

Tumor cells make use of this mechanisms by expressing PD-L1 to inhibit a proper immune 

response. By blocking programmed cell death protein 1 (PD1)/PD-L1, for example with specific 

antibodies, the underlying signaling can be prevented [25]. This activates the immune reaction 

against PD-L1 expressing cells. The method can be very effective in NSCLC therapies, as 

many NSCLC cells overexpress PD-L1 [25 28]. However, due to the heterogeneity of NSCLC, 

a detailed subclassification is necessary for a proper treatment choice [29]. PD-L1 was shown 

to be regulated by the inflammatory lipid mediator PGE2 [30]. In tumor-infiltrating myeloid cells, 

high PD-L1 levels directly correlated with high PGE2 levels. Hence, the inhibition of PGE2

biosynthesis could reduce the PD-L1-mediated immune suppression in NSCLC [30].



Introduction 
__________________________________________________________________________

13 
 

1.2 Prostaglandin E2 in cancer development

Inflammation induces several hallmarks of cancer and thus promotes tumor progression [31, 

32]. A major inflammatory mediator in NSCLC is PGE2, which is upregulated in many human 

cancers [33 37]. PGE2 is a bioactive lipid that regulates many physiological processes such 

as inflammation and pain [38]. In pathological conditions like cancer, it promotes inflammation, 

angiogenesis, immune evasion, and cell proliferation [39]. Thus, PGE2 is a driver of cancer 

progression [39, 40]. 

The first step in PGE2 biosynthesis is the release of arachidonic acid (AA) from phospholipid 

membranes, mediated by phospholipase A2 (PLA2) (Figure 2). AA is converted to prostaglandin 

H2 (PGH2) by the cyclooxygenases (COX) COX-1 and COX-2. Finally, PGH2 is transformed to 

PGE2 by microsomal prostaglandin E synthase 1 (mPGES-1) [41]. 

Afterwards PGE2 is secreted by the cell and exerts its biological functions via binding to one of 

four E prostanoid (EP) receptors [42]. The receptors are expressed differently depending on 

tissue type and cell state [43]. The EP receptors differ in their downstream signaling [43]. Thus, 

the response to PGE2 depends on the interplay of different EP receptors expressed by the 

target cell. Due to differences in the EP receptor composition, the reaction to PGE2-stimulation 

is very cell-type-specific [43, 44]. 

Interestingly, mPGES-1 and its metabolite PGE2 are overexpressed in many NSCLC cases 

[45]. Due to tumor-promoting functions, overexpression of COX-2, mPGES-1, and 

consequently PGE2 are associated with poor overall survival 

 in cancer patients [46]. Thus, the inhibition of PGE2 biosynthesis is a focus in cancer research 

[47 53]. In this context, PGE2 inhibition sensitizes prostate and LC cells to chemotherapeutic 

drugs [54]. In bladder cancer, chemoresistance occurs due to higher PGE2 biosynthesis after 

conventional cancer treatment [55]. Here, elevated PGE2 levels facilitate the repopulation of 

tumor sites. PGE2 inhibition can successfully prevent this repopulation [55]. Also in patients, 

the regular inhibition of PGE2 formation resulted in a lower cancer incidence [56]. 

A current clinical possibility of PGE2 inhibition is the use of COX inhibitors [56 58]. Most 

prominent are nonsteroidal anti-inflammatory drugs (NSAIDs), which inhibit COX-1 and COX-

2 (Figure 2) [57, 58]. Even though NSAIDs lower PGE2 levels and positively influence cancer 

treatment, they trigger severe side effects. Long-term NSAID treatment often results in 

gastrointestinal bleeding and cardiovascular events [59 63]. Hence, the use of PGE2 inhibitors 

in cancer therapy is not recommended so far. The major disadvantage of NSAIDs is the 

general inhibition of prostanoids (Figure 2) [58]. Besides PGE2, NSAIDs also reduce 

prostacyclin (PGI2), thromboxane A2 (TXA2), prostaglandin F2 (PGF2), and prostaglandin D2 

(PGD2) levels due to COX-1 and COX-2 inhibition [58]. 



Introduction
__________________________________________________________________________

14

Figure 2: PGE2 biosynthesis.
Prostaglandin E2 (PGE2) is synthesized in multiple steps. First, arachidonic acid (AA) is released from the 
phospholipid membrane by phospholipase A2 (PLA2). AA is then converted to the intermediate prostaglandin H2

(PGH2) by the cyclooxygenases (COX)-1 and COX-2. In a final step, PGE2 is formed from PGH2 by microsomal 
prostaglandin E synthase 1 (mPGES-1). PGH2 can also be converted to other prostanoids such as prostacyclin 
(PGI2), thromboxane A2 (TXA2), prostaglandin F2 (PGF2), and prostaglandin D2 (PGD2). Prostanoid biosynthesis in 
general can be inhibited with COX inhibitors (NSAIDs). A specific inhibition of PGE2 biosynthesis can be achieved 
with mPGES-1 inhibitors. Modified from: [64]

However, the balance of different prostanoids is crucial for regular tissue functions [62, 65]. 

Hence, the specific inhibition of PGE2 could be of great benefit for long-term treatments [47, 

51, 52, 66].

A promising approach is the inhibition of the terminal PGE2-synthesizing enzyme mPGES-1

[50]. First studies show that the genetic or pharmacological inhibition of mPGES-1 reduces 

tumor growth in different models [54, 67]. Due to an accumulation of PGH2, the precursor of 

PGE2, a shunt towards other prostanoids is conceivable. This was already observed in different 

experimental setups. However, it depends on the mode of mPGES-1 inhibition and the 

respective cell type [53, 68, 69]. Thus, it is necessary to further characterize mPGES-1

inhibitors to understand possible beneficial or unwanted side effects. The pre-clinical 

characterization of mPGES-1 inhibitors is limited, as human and rodent mPGES-1 differ in 
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three amino acids [47, 49]. Thus, many human mPGES-1 inhibitors are not functional in 

rodents which complicates research. So far, mPGES-1 inhibitors are not approved for clinical 

use [70]. However, the inhibition of mPGES-1 in combination with standard cancer therapies 

seems to be very promising for future cancer therapy [47, 51, 52, 66].

The main tumor promoting function of cancer-associated inflammation is the activation of 

several cell types in the tumor proximity [71 73]. Due to an activation, healthy cells are 

reprogrammed and start to support tumor progression, which is highly driven by an altered 

intercellular communication [74, 75].

1.3 Intercellular communication in the tumor microenvironment

In the last decades, cancer research mainly focused on cancer cells themselves [76]. However, 

today it is known that also the tumor microenvironment (TME) greatly contributes to cancer 

progression [76, 77]. The TME comprises a variety of cell types, as well as the extracellular 

matrix (ECM) [77 79]. The latter provides the scaffold for all cells of the TME and includes 

proteins, glycoproteins, proteoglycans, and polysaccharides [78, 80]. The ECM is formed by 

different TME cells, mainly stromal cells [80]. Cancer often leads to a dysregulation of ECM 

production and thus changes the biophysical characteristics of the ECM [80, 81]. In this context 

it was shown that ECM remodeling at the tumor site facilitates cellular invasion [82].

Cell types commonly found in the TME include fibroblasts, immune cells (e. g. lymphocytes, 

natural killer (NK) cells, T cells, and macrophages), and pericytes (Figure 3) [77].

Figure 3: Cellular composition of the tumor microenvironment.
In addition to cancer cells, the tumor microenvironment (TME) comprises variable other cell types. Those include 
immune cells, fibroblasts, and pericytes. Together, all cell types contribute to tumor homeostasis, often promoting 
tumor progression. Modified from: [77]
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The different cell types of the TME can be activated by cancer cells [71 73, 83]. This activation 

most often supports tumor development and progression [71, 76]. The underlying processes 

are highly triggered by intercellular communication within the TME [84 86]. Different 

mechanisms exist, that enable cellular communication [87 89]. For example, cells that are in 

direct contact, can communicate via the interaction of ligands and receptors located on the cell 

membranes, which triggers diverse downstream signaling in the respective cells (Figure 4 A)

[89]. Cells also communicate when they are not located in direct proximity to each other. This 

is for example enabled due to the secretion of soluble signals like cytokines or hormones

(Figure 4 B) [88, 90]. In this way, cells can communicate with themselves (autocrine signaling), 

with neighboring cells (paracrine signaling) or with distant cells of different tissues (endocrine

signaling) [88].

A major secretory cell type in the TME is cancer-associated fibroblasts (CAFs) [91]. CAFs 

support tumor progression by secreting growth factors and cytokines such as C-X-C motif 

chemokine ligand 12 (CXCL12) and fibroblast growth factor-2 (FGF-2). These signals activate 

signaling in pericytes and endothelial cells thus supporting the formation of novel blood vessels

in the TME [74, 75]. Moreover, CAFs actively promote cancer cell proliferation by secreting 

growth factors, epidermal growth factor (EGF) family members, insulin-like growth factor-1 

(IGF-1), and others [92 94].

In addition to the secretion of soluble factors, cells can communicate via vesicle mediated 

signaling (Figure 4 C) [87]. It was shown that nearly all cell types, including cells of the TME, 

secrete vesicles containing various biological cargo [95 97].

Figure 4: Mechanisms of intercellular communication.
Cells can interact in various ways. (A) When they are in direct contact to each other, ligands and receptors on the 
cell membranes can interact and thus trigger downstream signaling. Cells also secrete soluble (B), or vesicle 
associated molecules (C), which can reach distant recipient cells. Modified from: [98]
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Originally, it was assumed that cells secrete those vesicles to excrete waste products [99, 100]. 

However, recently, it has become clear that they play a key role in intercellular communication

in several cellular processes [95, 101].

1.4 Extracellular vesicles: Novel mediators of intercellular communication

Generally, extracellular vesicles (EV) are very heterogeneous and can be subdivided into three 

major classes, depending on their biogenesis, size, and content (Figure 5) [102]. The main EV 

types include exosomes, microvesicles (MV), and apoptotic bodies (AB) [102]. Exosomes arise 

from the endosomal compartment of the cell and range from ~30 nm- 150 nm in diameter [103, 

104]. In contrast, MV directly shed from the plasma membrane [103]. In terms of size, MV 

overlap with exosomes ranging from 100 nm- 1000 nm in diameter [105]. Hence, exosomes 

and MV are both categorized as small EV (sEV) [106].

AB are classified as large EV and range from 1000 nm- 5000 nm in diameter (Figure 5) [107, 

108]. In contrast to sEV, AB are released by dying cells [109]. They result from the 

fragmentation of an apoptotic cell and are rapidly disposed by intact neighboring cells [110].

Figure 5: The three main types of extracellular vesicles: Exosomes, microvesicles, and apoptotic bodies.
Nearly all cell types secrete a variety of different extracellular vesicles (EV). The three main types comprise 
exosomes, microvesicles (MV), and apoptotic bodies (AB). Exosomes and MV are classifies as small EV (sEV). AB 
are formed by dying cells and are categorized as large EV. AB arise from dying cells and are cleared up by 
surrounding intact cells. In contrast, sEV are used as communication tools which transfer various biological cargo 
to recipient cells. Modified from: [105]
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In contrast to AB, the physiological function of sEV is the transport of various biological cargo 

to recipient cells [95 97]. The cargo is very specific for different sEV types and can trigger 

diverse biological responses in recipient cells [97, 103]. Hence, sEV depict important mediators 

in intercellular communication [98, 111, 112]. In this context, they have been associated with 

the progression of various diseases like cancer [96, 113]. Disease-related sEV often carry 

different cargo than sEV from healthy tissues, thus contributing to disease progression [114, 

115].  

sEV consist of a membrane layer which is associated with several membrane proteins (Figure 

6) [104]. These include 

(TGF-  others. The membrane proteins highly impact sEV uptake since they can interact 

with recipient cells (for a detailed description see chapter 1.4.1) [116 118]. The lumen of sEV 

contains diverse biological cargo like proteins, nucleic acids, and lipids [103, 104].  

 

 
 

Figure 6: Small Extracellular vesicles. 
sEV are secreted by all types of cells. They carry various biological cargo such as proteins, nucleic acids, and lipids. 
The EV envelope consists of lipid membrane and membrane-associated proteins. Tetraspanins, integrins, and 
proteoglycans are among the most prominent EV membrane proteins. Modified from [104] 
 
sEV cargo can trigger various downstream signaling in recipient cells [97]. Both membrane 

proteins and sEV cargo are specific for the secreting cell [119, 120]. It is already known that 

cells actively control the cargo sorting into sEV (see chapter 1.4.2) [121 123]. Moreover, 

distinct sEV types differently interact with recipient cells, allowing a fine-tuned intercellular 

communication [118, 124, 125]. 
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1.4.1 Biogenesis and uptake of sEV

sEV biogenesis occurs via two main pathways [103, 104]. While MV are directly shed from the 

plasma membrane, exosomes originate from the endosomal compartment (Figure 7) [103, 

104]. Here they form within the multivesicular endosome (MVE) [126, 127]. In a first step, the 

MVE forms via inward budding of the plasma membrane, for example during endocytosis [128]. 

The so generated early endosomes enable recycling or degradation of membrane components 

and endocytosed material. Next, they mature into late endosomes [128]. Within the late 

endosome (further referred to as MVE), exosomes are formed by membrane invagination 

[126]. This process is driven by the endosomal sorting complexes required for transport 

(ESCRT) machinery, which comprises four protein complexes: ESCRT-0,-I,-II,-III, and the 

associated AAA ATPase Vps4 complex [129]. The ESCRT-0 complex recruits ESCRT-I and 

ESCRT-II to MVE membranes [130]. Together, ESCRT-I and ESCRT-II initiate the membrane 

budding of exosomes. ESCRT-III is involved in the final steps of exosome formation by 

pinching off the membrane and releasing the exosomes into the MVE [129, 131].  

Afterwards, MVE either fuse with the plasma membrane to release exosomes, or MVE are 

transported to the lysosome for degradation (Figure 7) [100, 132]. The fate of MVE is mainly 

determined by the composition of their membranes [133]. Cholesterol-rich MVE populations 

are transported to the cell membrane for exosome secretion. In contrast, cholesterol-poor MVE 

populations are designated for lysosomal degradation [133]. MVE become fused with the 

plasma membrane by the trans-soluble N-ethylmaleimide-sensitive-factor attachment receptor 

(SNARE) complex consisting of V-SNARE and T-SNARE [134]. This complex is located on 

MVE and plasma membranes. It enables MVE docking at the plasma membrane and fusion of 

both membranes, which releases exosomes into the extracellular space (Figure 7) [134]. 

Exosome biogenesis via ESCRT is considered the most common pathway [135]. However, 

ESCRT independent mechanisms exist [136 138]. For example, one of these mechanisms is 

described for melanosomes. Here, the premelanosome protein (Pmel17) organizes exosome 

formation within MVE [136, 137]. Also, other factors like tetraspanin-30 (CD63), ceramide, and 

sphingomyelin have been linked to membrane invagination and exosome formation [137, 138]. 

sEV uptake is highly dependent on membrane proteins and receptors in the membranes of 

sEV and recipient cells [139]. The unique composition of receptors and proteins in different cell 

types is likely to enable a cell-specific uptake of sEV [139]. In this context, sEV from B cells 

are preferentially internalized by follicular dendritic cells in lymphoid follicles [140]. The 

secretion of different sEV populations by one cell type further enhances the cell-specific sEV 

uptake [120]. Characterization of sEV populations is a current focus of research [119, 120, 

141]. It is likely that sEV, which differ in their membrane protein composition, also carry 
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different cargo [119, 120]. Taken together, this allows a fine-tuned cargo transfer to specific 

recipient cells, enabling a very specific cellular crosstalk.

One possibility to characterize sEV populations is the analysis of their membrane protein 

composition [142, 143]. sEV exhibit a variety of surface proteins that can interact with recipient 

cells [116 118, 124]. Generally, it is distinguished between transmembrane proteins, lipid-

anchored membrane proteins, and peripherally associated membrane proteins [104]. 

Tetraspanins are the most prominent sEV-linked transmembrane proteins. They are involved 

in the organization of membrane domains by forming clusters and interacting with other 

transmembrane or cytosolic proteins [144, 145]. Moreover, tetraspanins affect numerous 

biological processes such as cell adhesion, membrane fusion, and protein transport [146]. 

Among the most abundant tetraspanins are tetraspanin-28 (CD81), tetraspanin-29 (CD9), and 

CD63. They likely impact sEV uptake by recipient cells [147 149]. First studies show that 

differences in the tetraspanin composition of sEV can influence the selection of target cells 

[124]. Alongside tetraspanins, integrins, proteoglycans, TGF-

been shown to interact with recipient cells [116 118]. Because integrins are involved in the 

formation of premetastatic niches and cancer metastasis, they are of special interest in cancer 

research [116, 150]. Overall, sEV carry a variety of proteins that can interact with recipient 

cells. However, the cellular response to sEV also depends on the protein and receptor 

composition of recipient cells [125]. In this context, different cell types internalize identical sEV 

via different uptake-mechanisms [125].

After the initial binding to cells, sEV have different possibilities of interacting with recipient cells

(Figure 7) [140, 151 153]. Some sEV directly fuse with the plasma membrane and release 

their content into the cytosol [153]. In contrast, sEV are also endocytosed by cells and further 

transported within the cell. This uptake-mechanism enables the cargo release at specific 

cellular locations [151, 152]. 

Figure 7: Biogenesis and uptake of small extracellular vesicles.
Small extracellular vesicles (sEV) either directly shed from the plasma membrane (microvesicles, MV), or form in 
the endosome (exosomes). Here, exosomes are formed within the multivesicular endosome (MVE). MVE can 
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further be transported to lysosomes for degradation or fuse with the plasma membrane. By fusing with the plasma 
membrane, exosomes are released into the extracellular space where they can reach their target cells. The 
interaction of sEV with recipient cells highly depends on sEV and cellular membrane composition. Specific 
membrane-associated proteins and receptors determine whether sEV interact with receptors, fuse with the plasma 
membrane, or are taken up via endocytosis. Depending on the mode of interaction, sEV cargo can be released at 
different locations within the cell. Modified from [103] 
 

Some sEV also remain at the plasma membrane without fusing with the cell, or sEV directly 

dissociate from the cell without any further interaction [103, 140]. 

 

1.4.2 Cargo loading into sEV 

Generally, lipids, proteins, nucleic acids, and other cellular components are loaded into sEV 

[103, 104]. sEV cargo differs depending on the cell type they originate from, the state of the 

cell, and intracellular origin [95, 135, 154].  

For protein sorting, the oligomerization of plasma membrane proteins targets those to sEV 

[155]. Moreover, oligomerized proteins that are bound to a plasma membrane-anchored 

protein are also sorted into sEV [155]. In this context, any plasma membrane anchor could 

likely support sorting into sEV, but endosomal membrane anchor proteins do not [156]. For 

example, plasma-associated CD63 and CD9 are incorporated into sEV more efficiently than 

endosomal CD63 and CD9 [157]. Also, several proteins likely modulate cargo sorting into sEV. 

Among others, programmed cell death 6 interacting protein (ALIX), ESCRT-III, and Rab 

GTPases are expected to influence protein sorting, e. g. the sorting of tetraspanins, into sEV 

[121, 158 161]. 

In addition to proteins, miRs represent an important physiologically active cargo of sEV [162

166]. 

 

1.4.2.1 MicroRNAs in sEV 

Recent studies describe that miRs are transferred via sEV to exert physiological functions in 

recipient cells [162, 165, 167]. miRs are short single-stranded, non-coding RNAs of 

approximately 18-22 nucleotides (nt) in length [168]. The first miR was described in 1993 by 

Lee et al. in the nematode Caenorhabditis elegans, where it represses the expression of lin-

14 [169]. Today it is known that miRs exert important regulatory functions in nearly all cellular 

processes of all species [170]. An imbalance is often involved in diseases [163, 168, 170 172]. 

miRs mainly regulate targets intracellularly on a post-transcriptional level [173]. Besides 

intracellular regulation, they can be secreted by cells and thus also function as auto- and 

paracrine mediators of cellular communication [162, 165]. 
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1.4.2.2 Biogenesis of miRs

miR biogenesis is divided into canonical and non-canonical pathways [174]. Canonical miR 

biogenesis starts with the transcription of miR-genes by polymerase II/III generating a primary 

miR transcript (pri-miR) [175, 176]. These transcripts form a hairpin structure that is further 

processed by splicing, capping, and polyadenylation (Figure 8) [176, 177]. Pri-miRs are 

cleaved by the microprocessor complex, resulting in a premature miR (pre-miR) [178]. The 

microprocessor complex involves the RNA binding protein DiGeorge syndrome critical region 

8 (DGCR8) and the ribonuclease III enzyme Drosha [178 182]. To process a pri-miR, an N6-

methyladenylated GGAC motif is needed, which is recognized by DGCR8 [183]. Subsequently, 

Drosha processes the pri-miR into in a pre-miR with a hairpin structure and a overhang at the 

3'-end [181]. This two nt long overhang is recognized by the exportin 5/RanGTP complex, 

which translocates the pre-miR into the cytoplasm [184]. In the cytoplasm, RNase III 

endonuclease Dicer is recruited to further process the pre-miR into a miR-duplex of 

approximately 18-22 nt in length [185]. This duplex consists of two mature miRs, which differ 

in the directionality of the pri-miR strands [186]. This is taken into account for the nomenclature 

of miRs. Depending on their directionality, miRs include the information 5p or 3p in their name 

which - -end of the pri-miR [174]. Both mature miR strands can be 

physiologically active [180, 185]. However, in most cases only one strand is selectively loaded 

onto argonaute proteins (AGO) to exert biological functions in the miR-induced silencing 

complex (miRISC), while the other strand is degraded [187 189]. This decision strongly 

depends on the cell type and cellular environment [188]. The selection of the strand is often 

- -uracil at nt position 1 of the miR-

duplex [187, 190].  

An example for a non-canonical miR biogenesis pathway are mirtrons. Mirtrons are generated 

from the introns of messenger RNAs (mRNA) during splicing [191]. Consequently, pre-miRs 

result from splicing and not Drosha cleavage [191]. The spliced product has a lariat structure, 

which is linearized by the debranching enzyme. Afterwards, the pre-miR forms the 

characteristic hairpin structure and is exported into the cytoplasm as described for canonical 

miR biogenesis [192]. The following mirtron processing also includes Dicer cleavage and AGO 

loading as previously described for canonical miR biogenesis [191 194]. 
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Figure 8: miR biogenesis. 
miR biogenesis starts in the cell nucleus with the transcription of miR-genes by polymerase II/III, resulting in a 
primary (pri)-miR transcript. The pri-miR is further processed to a premature (pre)-miR by the microprocessor 
complex involving DiGeorge syndrome critical region 8 (DGCR8) and Drosha. The so formed pre-miRs are actively 
transported to the cytoplasm via the exportin 5/RanGTP complex. In the cytoplasm, Dicer cleaves pre-miRs to a 
miR-duplex with a length of 18-22 nt. Finally, the mature miR can exert its biological functions, for example within 
the miR-induced silencing complex (miRISC) complex, where it is loaded onto an argonaute (AGO) protein. Modified 
from: [195] 
 
sEV-derived miRs can exert various functions in recipient cells [162, 196 200]. Generally, miR 

functions are subdivided in canonical and non-canonical miR functions [201]. The different 

modes of action are described in the following two chapters. Both canonical and non-canonical 

miR functions have already been described for sEV-derived miRs [202 204]. 

 

1.4.2.3 Canonical miR functions 

Canonically, miRs act as post-transcriptional regulators of gene expression [205]. Here, their 

main function leads to translational repression [205]. To this end, miRs are selectively loaded 

onto AGO proteins to form a miRISC [189]. miRISC usually comprises AGO2 and a miR, but 

can also include other AGO proteins or miRISC associated proteins such as glycine-tryptophan 

protein of 182 kDa (GW182) [206 208]. In this complex, miRs bind to target mRNAs and thus 

prevent their translation. Also, binding to target mRNAs can lead to degradation of the 

respective mRNA. Both possibilities result in decreased protein levels [209]. 

mRNA-binding commonly occurs in the  untranslated region (UTR) of target mRNAs [173]. 

In order to bind, miRs need a high sequence complementarity within their seed region, at 



Introduction 
__________________________________________________________________________

24 
 

positions 2- -end of the miR [210]. However, mRNAs can also be bound within their 

-UTR or coding sequence [211, 212]. 

The mode of mRNA regulation depends on the grade of complementarity between a respective 

miR and their target mRNA [213]. Based on this, target mRNAs can either be degraded or 

translationally repressed [213]. AGO2, a part of miRISC, mediates these processes [213]. For 

degradation, miRISC recruits poly(a)-nuclease deadenylation complex subunit 2 (PAN2), 

PAN3, and carbon catabolite repressor protein 4 (CCR4)-NOT complexes, resulting in a 

deadenylation of the target mRNA. The mRNA is further decapped by the mRNA-decapping 

enzyme subunits DCP1 and DCP2 and then rapidly degraded [214 217]. Instead, miRISC can 

also inhibit mRNA translation. This is either achieved by preventing ribosome recruitment or at 

later translation steps [218 221]. 

 

1.4.2.4 Non-canonical miR functions 

In addition to the canonical miR functions, which result in post-transcriptional repression, 

several non-canonical functions exist [203 205, 222 225]. 

It has been shown that miRs can regulate miR maturation. In Caenorhabditis elegans, Let-7 

positively regulates the processing of its pri-miR. Thus, levels of mature Let-7 increase due to 

this mechanism [222]. In contrast, other miRs negatively regulate miR biosynthesis. For 

example, miR-709 negatively modulates the maturation of target miRs by binding to a specific 

recognition motif [223]. 

Moreover, miRs can positively regulate the translation of target mRNAs, which contrasts with 

their canonical functions (see chapter 1.4.2.3). In this case, miRs act as a decoy to an RNA 

binding protein (RBP) and thereby antagonize its function [224, 225]. The first decoy 

mechanism was shown for miR-328, which binds to the RBP heterogeneous nuclear 

ribonucleoprotein (hnRNP) E2 during myeloid cell differentiation [224]. hnRNP E2 negatively 

regulates the translation of CCAAT/enhancer-binding protein alpha (CEBPA) mRNA. By 

binding to hnRNP E2, miR-328 prevents it from interacting with CEBPA mRNA. Thus, miR-

328 positively regulates CEBPA translation [224]. Later it was revealed that the miR-

328/hnRNP E2 decoy mechanism also regulates S100 calcium-binding protein A9 in 

monocytes [226]. In addition, a proteomic analysis in differentiated MonoMac6 cells identified 

high mobility group box 1 (HMGB1), tumor protein p53 (p53), and 140 further proteins as 

potential miR-328/hnRNP E2 decoy targets. This hints at the global role of the non-canonical 

miR-328 function [227]. Another decoy mechanism involves miR-574-5p and CUG-RNA 

binding protein 1 (CUGBP1), which regulates the translation of mPGES-1 [225, 228]. This 

mechanism will be described in detail in the following chapter.  



Introduction 
__________________________________________________________________________

25 
 

Another non-canonical miR function is the interaction of miRs with receptors. One example is 

the interaction of miRs with Toll-like receptors 7/8 (TLR7/8). Here, secreted miRs can act as a 

ligand for TLR7/8 [203, 204]. The interaction with TLR7/8 was described for miRs which were 

transported to recipient cells via sEV. In recipient cells, sEV are internalized and transported 

to the endosome, where enclosed miRs can interact with TLR7/8 [229]. So far, this mechanism 

was described for miR-574-5p, miR-21, and miR-29a [203, 204]. Via TLR7/8 activation, miRs 

can induce proinflammatory responses in immune cells [230, 231]. The interaction of miRs 

with TLR7/8 plays a role in different diseases such as cancer, neuropathic pain, and 

[203, 232, 233]. Due to the transfer of miRs via sEV, they can interact 

with variable recipient cells in the body. Hence, miRs can show hormone-like functions [162]. 

 

1.4.2.5 miR sorting into sEV 

Although only a few sorting mechanisms are known so far, there is increasing evidence that 

miRs are actively sorted into sEV [122, 123, 163]. In this context, some sEV reveal higher miR 

levels than their parental cell, which indicates a regulated miR sorting into sEV [234]. Also, 

some miRs are more preferentially loaded into sEV than others. These include miR-320, miR-

150, and members of the miR-320 family [235 239].  

There are some features in miRs that influence the sorting into sEV. For example, miRs with 

uridylated -ends are preferentially sorted into sEV, while miRs with adenylated -ends 

remain within the cell [240]. Also, some mRNAs harbor a zip code-like sequence, which leads 

to enhanced sorting into MV [241] -UTR and comprises 

25 nt. In glioblastoma, a CUGCC motif and a binding site for miR-1289 facilitates the sorting 

into MV. Consequently, miR-1289 was also present in MV, together with the bound mRNAs 

[241]. 

The first protein described to influence miR secretion into sEV was neural sphingomyelinase 

2 (nSMase2) [242]. The overexpression of nSMase2 is linked to an increased number of miRs 

in sEV [242]. The protein heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) binds 

specific miR-sequences [243]. Binding leads to the sorting of bound miRs into sEV. Thus, 

GGAGGAG was described as a characteristic motif that induces the sorting [243]. hnRNPA2B1 

was further shown to interact with caveolin-1 (cav-1) [244]. The complex of both proteins is 

then sorted into MV and capable of carrying miR-17 and miR-93. This sorting mechanism was 

discovered in oxidatively stressed cells, demonstrating the specificity of miR sorting into sEV 

[244]. Another protein involved in miR sorting is Y-box protein I (YBX1). In a cell-free reaction, 

it mediates the sorting of miR-223 into sEV [245]. In addition, various other small non-coding 

RNAs are sorted into sEV depending on YBX1 [246]. Similarly, the Lupus La protein regulates 
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the sorting of miR-122 into sEV, relying on two sequence motifs in miR-122, which are 

necessary for Lupus La binding [122]. The RBP synaptotagmin-binding cytoplasmic RNA-

interacting protein (hnRNP-Q) binds to so- hEXO motifs GGGCUG) in miRs and 

thereby mediates their sorting into sEV [247]. 

In addition to those proteins, there is increasing evidence that the miRISC machinery, 

especially AGO proteins, influence miR sorting into sEV. However, the exact mechanisms 

remain unknown [154, 234, 237, 238, 248, 249]. In contrast, RBPs can also retain the sorting 

of miRs. For example, heterogeneous nuclear ribonucleoprotein U (hnRNPU) restrains miR-

30c-5p and other miRs within the cell. Hence, downregulation of hnRNPU led to enhanced 

sorting of the respective miRs into large EV [250]. 

Even though it is well described that miRs are specifically secreted via sEV, it is still up for 

debate whether sEV-derived miRs exert physiological functions [251]. However, the impact of 

sEV-derived miRs is increasingly described for various diseases, such as LC [163, 164, 166, 

196, 252, 253]. 

 

1.4.3 The role of sEV in lung cancer progression 

sEV have been recognized as key-players in intercellular communication in healthy and 

diseased tissues [98, 111, 112]. The cargo of sEV is transported throughout the whole body 

[112, 162]. Hence it exerts autocrine and paracrine signaling in physiological and 

pathophysiological conditions [162]. For example, LC-derived sEV influence the behavior of 

tumors [202, 254]. sEV-derived miR-660-5p targets kruppel like factor 9 (KLF9) and thus 

promotes the progression of NSCLC [202]. The secretion of sEV-derived miR-660-5p is 

increased in LC patients, compared to healthy controls [202]. Also, sEV transmit the prosurvival 

AKT serine/threonine kinase 1 (Akt)/mechanistic target of rapamycin kinase (mTOR) complex, 

which induces resistance to the EGFR kinase inhibitor gefitinib in NSCLC cells [254]. 

In addition to direct effects on cancer cells, many more studies focus on the impact of LC-

derived sEV in the TME [197, 255 257]. Many instances show that LC-derived sEV modulate 

the immune response [203, 255, 256]. sEV, secreted from hypoxic LC cells, carry TGF-  and 

miR-23a [255]. Those sEV regulate the expression of lysosomal associated membrane protein 

1 (CD107a) in NK cells and thus lead to immunosuppressive reactions [255].  

In LC biopsies, about 80% of all tested patients showed overexpression of EGFR in isolated 

sEV [256]. EGFR is a membrane protein that is associated with a poor outcome in several 

cancer types [258]. sEV with high EGFR content induce tolerogenic dendritic cells [256]. 

Further, the co-cultivation of tolerogenic dendritic cells with naive T cells induces the formation 

of tumor antigen specific regulatory T cells (Treg) [256]. High Treg levels within a tumor are 
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usually linked to a poor prognosis in many cancers [259]. Proinflammatory effects induced by 

sEV were observed by Fabbri et al. They discovered increased miR-21 and miR-29a levels in 

sEV-derived from NSCLC cells. Those miRs were capable of binding to TLR7/8 and thus 

activated nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF- signaling in 

macrophages. This led to increased secretion of prometastatic and proinflammatory cytokines 

(e. g. tumor necrosis factor-alpha (TNF-  and interleukin 6 (IL-6)) [203]. Another 

immunoregulatory function of an sEV-derived miR was described for Lewis lung cancer. 

Cancer cell-derived sEV transported miR-214 to T cells, which decreased phosphatase and 

tensin homolog (PTEN) and the promoted Treg formation. The resulting Treg cells secreted 

interleukin 10 (IL-10), which promoted tumor progression [199]. Taken together, LC cell-

derived sEV favor tumor progression by increasing tumor-promoting inflammation or facilitating 

immune evasion. 

In addition to immunomodulatory effects, LC cell-derived sEV also affect fibroblasts and 

endothelial cells at the tumor site [197, 260]. For example, AC cells secrete miR-142-3p in 

sEV, which are then taken up by fibroblasts and endothelial cells [197]. Here, two different lung 

fibroblast cell lines, sEV-derived miR-142-3p induced the transformation to CAFs. CAFs 

represent a heterogeneous population of cells that are mainly responsible for the synthesis of 

ECM [91 94]. They secrete several factors which contribute to the reprogramming of tumor 

metabolism and immune response. Thus, CAFs actively contribute to enhanced tumor 

progression as well as resistance to chemotherapy [91]. In endothelial cells, sEV-derived miR-

142-3p promoted angiogenesis via inhibition of TGF-  receptor 1 (TGF R1) [197]. 

Interestingly, miR-142-3p exerts tumor-suppressive functions within cancer cells [260]. Hence, 

cancer cells discard this miR via sEV to avoid suppressive functions, induce CAF formation 

and angiogenesis at the same time [260]. 

Some LC-derived sEV contain human telomerase reverse transcriptase (hTERT) mRNA. 

Those sEV could also induce CAF formation [257]. Many studies address the promotion of 

angiogenesis by LC cell-derived sEV [196, 200, 261 264]. Among others, vascular endothelial 

growth factor (VEGF) and the Akt/ nitric oxide synthase 3 (eNOS) pathway are activated by 

those sEV [261 264]. Of note, the induction of angiogenesis is often linked to sEV-derived 

miRs [196, 200, 265]. 

Moreover, LC-derived sEV can induce epithelial mesenchymal transition (EMT) [266]. During 

EMT, cells with an epithelial phenotype convert towards a mesenchymal phenotype [267]. EMT 

is a crucial process in cancer, as those cells gain many functions of mesenchymal cells, like 

enhanced migration [267, 268]. The conversion facilitates cancerogenic processes, including 

invasive potential and resistance against apoptosis. Consequently, EMT leads to increased 

tumor metastasis [31, 267]. Some sEV-derived from metastatic LC cells contain high levels of 
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vimentin, which can induce EMT in bronchial epithelial cells [266]. LC-derived sEV can also 

impact bone metastasis. For example, sEV from human LC cell explants altered the pheno- 

and genotypes of human bone marrow cells [269]. Moreover, LC sEV-derived miR-192 

modulates bone metastatic colonization [270]. 

In addition, sEV-derived miRs are promising candidates as biomarkers. In this context, 

numerous miRs are investigated as biomarkers for LC [271 275]. sEV-derived miRs are well 

suited, as they are found in nearly all body fluids, and show great stability [276 279]. The main 

intention for the use of such biomarkers is an early diagnosis of LC [274, 280, 281].  

Overall, sEV-derived miRs are gaining increased attention in cancer research [163, 167, 275, 

282]. Also in LC, the role of sEV-derived miRs becomes more and more apparent, and a 

deeper understanding of sEV functions could strongly contribute to the development of 

improved treatment strategies [127, 163, 167, 253, 283]. 

 

1.5 miR-574-5p 

This thesis focuses on the role of miR-574-5p in NSCLC. Over the last decade, miR-574-5p 

has been linked to variable diseases [284 286]. miR-574-5p is encoded within the gene 

FAM114A1. It is embedded as a mirtron and hence expressed together with its host mRNA 

nervous system overexpressed protein 20 (NOXP20) [287]. NOXP20 is classically known to 

be expressed in the central nervous system, mainly the brain [288]. The physiological functions 

of NOXP20 are still poorly understood. It is highly expressed during embryonic development 

in the ventricular and intermediate zones of the brain and the spinal cord. The protein contains 

a caspase recruiting domain and is expected to play a role in programmed cell death [288]. 

In contrast to NOXP20, miR-574-5p expression has already been described in varying cell 

types where it exerts diverse functions [284, 285, 289 291]. For example, it promotes vascular 

smooth muscle cell growth in coronary artery disease [284]. In white adipose tissue, it regulates 

the expression of EBF1 (EBF1) together with miR-361-5p [289]. 

Most miR-574-5p functions described so far in humans are linked to cancer [285, 290 297]. 

miR-574-5p regulates -catenin/wingless-type MMTV integration site family member 1 (Wnt) 

signaling in papillary thyroid carcinoma, thereby influencing cell proliferation and migration 

[285]. In addition, miR-574-5p regulates cell cycle and apoptosis via -catenin/Wnt signaling. 

In this context, miR-574-5p represses the expression of quaking proteins (Qki) [290]. These 

interactions were also observed in colorectal cancer, where miR-574-5p promotes cancer 

progression [291]. In contrast, other studies describe anti-tumorigenic effects of miR-574-5p in 

colorectal cancer [292 294]. Here, cancer cell proliferation, migration, and invasion decreased 

due to high intracellular miR-574-5p levels. Long non-coding RNA MFI2-AS1 sponges miR-
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574-5p and hence reverts this effect [292]. Moreover, miR-574-5p negatively regulates

metastasis-associated in colon cancer 1 (MACC-1) and thus likely suppresses liver metastasis 

in colorectal cancer [293]. Also, miR-574 -5p represses alternatively spliced ceramide 

synthase 1 expression in human cancer cells [294].  

In addition to other human cancers, miR-574-5p is often linked to LC. Several studies showed 

that miR-574-5p promotes cancer cell growth and tumor metastasis [295 297]. TLR9 signaling 

elevates intracellular miR-574-5p levels in LC cells and thereby promotes tumor progression 

[297].  

The tumor-promoting effect of miR-574-5p was recently supported by the discovery of the miR-

574-5p/CUGBP1 decoy mechanism [225, 228]. Here, miR-574-5p antagonizes the function of 

the RBP CUGBP1, which negatively regulates mPGES-1 translation and thus controls PGE2 

levels in AC cells (Figure 9) [225]. In an inflammatory environment, for example due to 

Interleukin 1 beta (IL- -574-5p expression is increased. Here, miR-574-5p 

acts as a decoy to CUGBP1 and prevents it from binding to GU-rich elements (GRE) of 

mPGES-1 mRNA. Under these circumstances, mPGES-1 mRNA is alternatively spliced to a 

shorter isoform with a higher translational rate. Consequently, mPGES-1 protein levels and 

thus PGE2 levels increase in AC cells. Hence, high miR-574-5p levels promote cancer cell 

proliferation in AC. This mechanism was confirmed in vivo in a xenograft mouse model, where 

the overexpression of miR-574-5p led to increased tumor growth. Of note, the inhibition of 

mPGES-1 completely blocked the miR-574-5p mediated tumor progression in this model [225]. 

A recent study aimed to identify novel targets of the miR-574-5p/CUGBP1 decoy mechanism 

[228] -UTR analysis showed that the splicing pattern of the mPGES- -

UTR is very unique and that the miR-574-5p/CUGBP1 decoy mechanism seems to only 

regulate mPGES-1 in AC cells but no other targets. Thus, this mechanism appears to be a 

specific regulator of PGE2 [228].  

 

Figure 9: miR-574-5p/CUGBP1 decoy mechanism. 
The miR-574-5p/CUGBP1 decoy mechanism controls the translation of microsomal prostaglandin E synthase 1 
(mPGES-1). CUG-RNA binding protein 1 (CUGBP1) binds to mPGES-1 mRNA and thus impedes translation. Under 
inflammatory conditions, intracellular miR-574-5p levels increase. miR-574-5p acts as a decoy to CUGBP1 and 
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prevents it from binding to mPGES-1 mRNA. Subsequently, a shorter isoform of mPGES-1 is generated due to 
alternative splicing. This isoform has a higher translational rate and thus leads to increased mPGES-1 protein levels. 
Consequently, prostaglandin E2 (PGE2) levels are increased due to a higher PGE2 biosynthesis rate. Modified from 
[225]. 

 

In addition to its intracellular role, miR-574-5p is considered as a functional biomarker for LC 

by different authors [280, 281, 298]. In this context, miR-574-5p is found in the plasma of LC 

patients and could be used to diagnose early-stage LC [280, 281, 298]. As described above, 

miR-574-5p can be secreted in sEV and activate TLR7/8 signaling in recipient cells [203, 204]. 

It was shown that sEV-derived miR-574-5p induces osteoclast differentiation in rheumatoid 

arthritis via TLR7/8 activation [204]. However, so far it is not known whether sEV-derived miR-

574-5p activates TLR7/8 signaling in LC. 

 

1.6 Toll-like receptors 

TLRs are immune receptors, which react to pathogen-associated molecules [229, 299, 300]. 

For example, TLRs recognize unmethylated double-stranded deoxyribonucleic acid (DNA), 

lipoproteins, lipopolysaccharides, flagellin, and single-stranded RNA [229]. In response, TLR 

downstream signaling activates the immune answer [229]. So far, ten TLRs have been 

discovered in humans and twelve TLRs in mice [301]. They are either located on the cell 

membrane (human TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10) to detect extracellular 

pathogens or in endosomal membranes (human TLR3, TLR7, TLR8, TLR9) (Figure 10). The 

latter bind pathogens that already entered the cell, mainly nucleic acids [229, 299, 300]. 

TLRs consist of an amino-terminal domain that includes leucine-rich repeats and comprises 

the ectodomain of the receptor. This ectodomain is responsible for pathogen detection [302, 

303]. Further, TLRs exhibit a carboxy-terminal Toll/IL-1 receptor (TIR) domain which interacts 

with TIR-containing adaptors (Figure 10). This domain is located in the cytosol and activates 

downstream signaling upon receptor activation [303, 304]. To this end, the TIR domains of 

TLRs recruit TIR-containing signaling adaptors [303]. These include myeloid differentiation 

primary response 88 (MyD88), TIR domain-containing adaptor protein (TIRAP), translocation 

associated membrane protein 1 (TRAM), and/or TLR adaptor molecule 1 (TRIF) (Figure 10) 

[303]. Depending on the adaptor, different kinases (e. g. Interleukin 1 receptor-associated 

kinases 1 and 4 (IRAK1 and IRAK4)) or ubiquitin ligases (e. g. TNF receptor-associated factors 

3 and 6 (TRAF3 and TRAF6)) are activated. Finally, different downstream signaling pathways 

are triggered [300, 301, 305, 306]. One possible signaling pathway is NF-  [301, 306]. 

However, type I interferon (via interferon regulatory factor 3/7 (IRF3/IRF7)), p38 mitogen-

activated protein kinases (p38 MAP kinase), and c-Jun N-terminal kinases (JNK) MAP kinase 
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pathways can also be induced [301, 305, 306]. The different downstream signal cascades are 

closely linked to each other and interact at variable points [300, 301, 305, 307].  

TLR activation mainly results in inflammatory signaling, which is involved in the innate immune 

response [308]. Thus, TLRs are mainly expressed as protection from pathogens [309]. 

However, TLRs do not only respond to external pathogens [203, 204]. TLR signaling is also 

linked to various diseases, such as autoimmune diseases. These are commonly attributed to 

the chronic activation of TLR signaling [310]. For example, TLR7/8 activation promotes 

rheumatoid arthritis by inducing osteoclast differentiation. Here, TLR7/8 are activated by sEV-

derived miR-574-5p [204]. Moreover, TLRs impact various other human diseases like cancer, 

neurodegeneration, or pulmonary fibrosis [198, 233, 311, 312]. 

 

 
 
Figure 10: Toll-like receptor signaling. 
Toll-like receptors (TLRs) are part of the immune system and capable of detecting pathogens. TLR4, TLR5, and 
the heterodimers TLR2-TLR1, and TLR2-TLR6 are located at the plasma membrane, while TLR9, TLR7, TLR8, 
TLR3 and endocytosed TLR4 are located in the endosome. TLR downstream signaling mainly activates 
proinflammatory responses in order to eliminate the detected pathogens. Depending on which TLR receptor is 
activated, the signaling adaptors myeloid differentiation primary response 88 (MyD88), Toll/IL-1 receptor domain-
containing adaptor protein (TIRAP), translocation associated membrane protein 1 (TRAM), and/or TLR adaptor 
molecule 1 (TRIF) are recruited by the Toll/IL-1 receptor (TIR)-domain. This can lead to the activation of interleukin 
1 receptor-associated kinase 4 (IRAK-4), interferon regulatory factor 7 (IRF7), tumor necrosis factor receptor-
associated factor (TRAF3), or inhibitor of nuclear factor kappa B kinase subunit beta (IKK). Finally, IRF7/IRF3, 
nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF- ), or p38 mitogen-activated protein kinases 
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(p38)/ c-Jun N-terminal kinases (JNK) mediate the transcription of target genes (mostly proinflammatory cytokines)
which are needed for the respective cellular response. Source: [313] 
 

1.6.1 The role of TLR7/8 in LC 

The research for this thesis was focused on TLR7/8, as they were recently described to interact 

with sEV-derived miR-574-5p [203, 204]. TLR7/8 are located within the endosome and 

recognize nucleic acids [229]. Both receptors respond to single-stranded RNA from viruses 

and bacteria [229]. However, also endogenous factors like miRs are also capable of activating 

TLR7/8 signaling [203, 204]. Thereby, TLR7/8 are mainly activated by sEV-derived miRs which 

were internalized by recipient cells and transported to the endosome [203].  

Many diseases, including cancer, dysregulate the fine-tuned miR-expression and secretion 

[170 172]. Hence, it is no surprise that this imbalance also affects TLR7/8 signaling. Since the 

regulation of miR secretion and the activation of TLR7/8 is specific for different cell types, a 

broad variety of effects can be expected [135, 314]. 

In LC, TLR7 activation promotes tumor progression and chemotherapeutic resistance in a 

mouse xenograft model [315]. In another mouse model, TLR7 signaling in cancer cells 

increases tumor growth and metastasis [316]. TLR7/8 signaling has similar effects in human 

LC [317]. Here, TLR7/8 are expressed in AC and SCC primary tumor cells, as well as LC-

derived cell lines [317]. The activation of TLR7/8 in cancer cells leads to enhanced cell survival 

and chemoresistance. This mainly occurs due to the induction of NF- , which triggers the 

expression of antiapoptotic protein BCL2 apoptosis regulator (Bcl-2) [317].  

In contrast, other studies showed anti-tumor effects of TLR7/8 signaling in LC for example due 

to anti-inflammatory reactions of immune cells [318 320]. But also, anti-tumor responses were 

observed in tumor cells upon TLR7/8 activation. Here, TLR7 activation induced pro-resolving 

signaling in lung cancer cells [318]. Moreover, it reduced the formation of angiogenic mediators 

[319]. Tumor resolving activity was also observed in a LC mouse model upon the activation of 

TLR7 [320]. In human peripheral blood mononuclear cells (PBMC), the activation of TLR7/8 

led to the production of proinflammatory cytokines, which resulted in NK cell activation that 

prevented lung metastases in a pulmonary metastatic mouse renal adenocarcinoma (Renca) 

model [321]. Of note, the combined activation of TLR7 and TLR8 led to a stronger 

proinflammatory reaction than the activation of only one receptor [321]. Due to the tumor 

resolving effects of TLR7/8 signaling, TLR7/8 ligands are considered for cancer therapy [322]. 

However, the use of TLR7/8 agonists for LC treatment is still debated, as TLR7/8 agonists also 

exert tumor-promoting functions, as described before. 
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1.7 Aim of this study

In the last years, sEV-derived miRs were recognized as potent drivers of cancer progression 

[162, 163, 196, 197, 260]. Also, inflammation promotes tumor growth [31, 32] and impacts sEV 

secretion [323, 324]. However, the impact of inflammatory mediators on miR sorting into sEV 

has not yet been studied. 

This thesis aimed to characterize the role of sEV-derived miR-574-5p in NSCLC. This miR was 

recently recognized as a regulator of the inflammatory lipid mediator PGE2 in NSCLC [225]. 

Due to the link between miR-574-5p and PGE2 in NSCLC, this study investigated whether 

PGE2-mediated inflammation affects the sorting of miR-574-5p into sEV. For this purpose, the 

two main NSCLC subtypes, AC and SCC, were examined and compared in the experiments 

of this work. 

First, AC and SCC tissue samples and 3D tumor models were used to analyze the expression 

and regulation of PGE2-synthesizing enzymes. Afterwards, it was investigated whether PGE2 

affects the secretion of miR-574-5p in sEV of AC and SCC cells. To compare AC- and SCC-

derived sEV, their tetraspanin composition was analyzed with the novel ExoViewTM R100TM 

platform. Finally, cell-specific miR-574-5p overexpression sEV were generated to perform 

functional analyses and unravel the physiological role of sEV-derived miR-574-5p in AC and 

SCC cells. 
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2. Materials and methods 

If not stated otherwise, incubation steps were carried out at room temperature (RT). 

incubation step refers to an incubation of ~30 s. Detailed information on buffer compositions 

can be found in supplementary Table 11. 

 

2.1 Cell culture methods 

All cell culture experiments were carried out sterile and under standard cell culture conditions 

(37°C, 5% CO2, and 98% humidity). Cell culture experiments involving the stimulation with sEV 

or sEV measurements were conducted with sEV depleted fetal calf serum (FCS). Therefore, 

FCS was centrifuged at 120 000 xg, 4°C for 8 -80 ultracentrifuge 

(Beckman Coulter, Brea, USA). 

 

2.1.1 Cell types and cell culture conditions 

The human AC cell line A549 (CCL-185TM) was obtained from American Type Culture 

Collection (ATCC). It was cultured in  (DMEM, Thermo 

Fisher Scientific, Waltham, USA) supplemented with 10% (v/v) heat-inactivated FCS (Sigma-

Aldrich, Darmstadt, GER), 50 mg/ml gentamycin (Merck Millipore, Darmstadt, GER), and 1 mM 

sodium pyruvate (ThermoFisher Scientific, Waltham, USA). The human SCC cell line 2106T 

(CLS: 300165) was obtained from CLS Cell Lines Service GmbH (Eppelheim, GER). The cells 

were cultivated in a 1:2 mixture of DMEM and Ham's F-12K (Kaighn's) Medium (both, Thermo 

Fisher Scientific, Waltham, USA) supplemented with 5% (v/v) heat-inactivated FCS, 50 mg/ml 

gentamycin, 0.5 mM sodium pyruvate, and 15 mM 4-(2-hydroxylethyl)-1-

piperazineethanesulfonic acid (HEPES, Sigma-Aldrich, Darmstadt, GER). The human lung 

fibroblast cell line HFL1 (CCL-153TM) was obtained from ATCC and was cultivated in Ham's F-

12K (Kaighn's) medium supplemented with 10% (v/v) FCS and 50 mg/ml gentamycin. 

All cell lines were passaged twice a week when they reached a confluency of ~80%. Therefore, 

the cell culture medium was aspirated, and cells were briefly washed with 5 ml prewarmed 1x 

phosphate-buffered saline (PBS, Gibco, Carlsbad, USA). Afterwards, PBS was aspirated and 

replaced with 3 ml prewarmed Trypsin-ethylenediaminetetraacetic acid (EDTA) solution 

(Invitrogen, Thermo Fischer Scientific, Waltham, USA). Cells were incubated in Trypsin-EDTA 

at 37°C until they detached from the cell culture flask (~5 min). The reaction was stopped by 

adding 7 ml prewarmed cell culture medium. Cells were gently mixed with the medium and 

counted using the Bio-Rad TC10 automated cell counter (Bio-Rad, Hercules, USA). The ratio 
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of dead cells was determined by trypan blue staining (Bio-Rad, Hercules, USA). Finally, 5x105 

cells were seeded into a fresh cell culture flask (T75, Greiner Bio-One, Kremsmünster, AT) 

containing 15 ml of fresh, prewarmed cell culture medium. After thawing, cells were used for 

experiments starting from passage three. AC and SCC cells were used until they reached a 

passage number of 30. In contrast, lung fibroblasts were only used for experiments until they 

reached passage 10.  

All cell lines were kept as cryo-stocks, which were thawed to obtain fresh cells with low 

passage numbers. To prepare a cryo-stock, cells were detached with Trypsin-EDTA as 

described above. A cell solution with 1x106 cells in 1 ml cell culture medium, containing 10% 

(v/v) dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe, Germany) was prepared and filled into 

a cryo-vial (VWR, Radnor, USA). Finally, cells were frozen at -80°C for 24 h and then 

transferred to liquid nitrogen for long-term storage. For cell thawing, cryo-vials were briefly 

prewarmed at RT. Subsequently, a total of 10 ml of prewarmed cell culture medium was used 

to rinse the tube until the whole cell suspension was thawed. To reduce the DMSO 

concentration, cells were transferred into a 50 ml reaction tube and spun down at 1,200 rpm 

for 5 min in an Eppendorf Centrifuge 5702. Afterwards, the supernatant was carefully 

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

for cultivation. 

 

2.1.2 Spheroid cultures 

Three-dimensional (3D) spheroid cultures were generated using the hanging drop method 

[325]. To this end, 1x104 cells were seeded in a 50 µl drop of cell culture medium containing 

0.4% (w/v) methylcellulose (Sigma-Aldrich, Darmstadt, GER). Approximately 60 drops were 

placed at the bottom of a 145 mm cell culture dish (Greiner Bio-One, Kremsmünster, AT). The 

cell culture dish was then incubated upside down. Due to gravity, cells accumulated at the 

bottom of the drop, creating 3D cell aggregates (Figure 11). 

 

 
 

Figure 11: Spheroid culture generation in hanging drops. 
Spheroids were generated in hanging drops. Due to gravity, cells accumulated at the bottom of the drops and 
formed 3D spheroid cultures. 
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Spheroid cultures containing AC cells were cultivated in DMEM and SCC containing cultures 

in a DMEM: Ham's F-12K mixture. Both media were supplemented as described above 

(chapter 2.1.1). Spheroids were either generated as monocultures containing 100% AC or 

SCC cells or as co-cultures consisting of 66% AC or SCC cells, combined with 33% human 

lung fibroblasts. 72 h after seeding, spheroids were either stimulated with 5 ng/ml IL-  

(PeproTech, Rocky Hill, USA) or 1 µM PGE2 (solved in DMSO, Sigma-Aldrich, Darmstadt, 

GER) for 24 h. For PGE2 treated spheroids, controls were generated via the treatment with an 

equal amount of DMSO (vehicle control). 

 

2.1.3 Stimulation of cells 

To determine whether PGE2 affects the secretion of miR-574-5p, 5x105 cells were seeded into 

a well of a 6-well plate. Therefore, cells were trypsinized as described (chapter 2.1.1). After 

24 h, the cell culture medium was discarded, and cells were briefly washed with prewarmed 

1x PBS. Then, cells were covered with fresh medium containing 5 nM PGE2, or vehicle 

(DMSO). Supernatants were harvested after 2 h and 8 h for RNA analysis. To this end, 

supernatants were transferred into a fresh reaction tube and centrifuged at 17 000 xg at 4°C 

for 5 min to remove cell debris. The supernatant was transferred into fresh tubes and stored 

at -80°C until RNA extraction. 

Intracellular PGE2 synthesis was blocked via the administration of the mPGES-1 inhibitor 

compound III (CIII, Cayman Chemicals, Ann Arbor, USA). Therefore, cells were seeded as 

described for PGE2 stimulation. Then, cells were stimulated with 10 µM CIII or DMSO for 16 h 

and 24 h. Afterwards, cell culture supernatants were harvested and stored as described above. 

To assess which EP receptor mediates the PGE2 induced secretion of miR-574-5p, cells were 

treated as described for PGE2 stimulation. The cells were stimulated with 5 nM Butaprost (in 

DMSO), 5 nM Sulprostone (in DMSO, both Sigma-Aldrich, Darmstadt, GER), or 5 nM L-

902,688 (in methanol, Cayman Chemicals, Ann Arbor, USA). Vehicle controls were generated 

via the treatment with the respective solvent (DMSO or methanol). After 2 h and 8 h, 

supernatants were harvested as described above. 

 

For the determination of subcellular miR-574-5p location, AC, SCC, and HFL1 cells were 

stimulated with IL- . To this end, 2.5x105 cells were seeded into a well of a 6-well plate as 

described in chapter 2.1.1. After 24 h, cell culture medium was aspirated, and cells were briefly 

washed with prewarmed 1x PBS. Subsequently, cells were either covered with fresh cell 

culture medium, or medium containing 5 ng/ml IL- . 24 h after stimulation, cells were fixed 

and stained as described in chapter 2.5.4. 
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2.1.4 Overexpression of miR-574-5p in sEV

For physiological assays, miR-574-5p was overexpressed in sEV (miR-574-5p oe sEV). The 

overexpression was established for AC and SCC cells, to specifically investigate cell type 

related reactions to the respective sEV. For the overexpression of miR-574-5p in sEV, the 

XMIRXpress Lenti system (System Biosciences, Palo Alto, USA) was used. Suitable negative 

control sEV (ScrC sEV) were generated with the XMIRXP-NT system (System Biosciences, 

Palo Alto, USA). Both constructs were used to transfect AC or SCC cells to generate sEV as 

follows: 

 

A549 cells were seeded with a density of 5x105 A549 cells per well of a 6-well plate. After 24 h, 

cells were transfected with 2 µg of either miR-574-5p oe or negative control plasmid per well 

using Lipofectamine 2000® 

instructions. Cell culture supernatants were harvested after 18 h to 20 h, spun down at 2000 xg 

at RT for 20 min, and stored at -80°C. 

 

2106T cells were seeded into 12-well plates with a density of 1x105 cells/well 24 h before 

transfection. SCC cells were transfected using polyethylenimine (PEI, Sigma-Aldrich, 

Darmstadt, Germany). Therefore, 2 µg of either miR-574-5p oe or negative control plasmid 

were mixed with 100 µl unsupplemented DMEM in a 1,5 ml reaction tube. In another tube, 6 µl 

PEI (1 g/L, pH 10) were mixed with 100 µl unsupplemented DMEM and mixed well. Plasmid 

and PEI mixes were combined into one tube and mixed well. The transfection mix was 

incubated for 15 min. Meanwhile, cells were briefly washed with prewarmed 1x PBS and 

covered with 200 µl of sEV-depleted cell culture medium. Afterwards, the transfection mix was 

added to the cells dropwise. Cells were incubated for 18 h to 20 h before supernatants were 

harvested as described above. 

 

2.1.5 Stimulation with miR-574-5p oe sEV 

To assess the physiological function of sEV-derived miR-574-5p, AC and SCC cells were 

treated with miR-574-5p oe or ScrC sEV. Therefore, 1x105 cells were seeded per well of a 24-

well plate. After 24 h, cells were briefly washed with prewarmed 1x PBS and covered with fresh 

cell culture medium. Stimulation was carried out with 2 µg/ml purified sEV (see chapter 2.2.1). 

In addition, the TLR7/8 ligand Resiquimod (R848, Invivogen, San Diego, USA) and antagonist 

ODN 2088 Control (2087) (Miltenyi Biotec, Bergisch-Gladbach, GER) were used to check for 

TLR7/8 activation. To this end, additional samples were stimulated with 100 ng/ml R848 or 
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200 nM ODN 2088. 24 h after treatment, cells were harvested by trypsinization (see chapter 

2.1.1), pelleted, and lyzed for Western blot analysis as described in chapter 2.4.1. 

 

2.1.6 Tetrazolium reduction Assay 

After the incubation with miR-574-5p oe sEV, cell viability and metabolism were assessed 

using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) tetrazolium (Carl 

Roth, Karlsruhe, GER) reduction assay. The reduction of MTT results in the formation of a 

purple-colored formazan. The amount of formazan at the end of the reaction depends on the 

number of living cells in the sample. Before sEV-treatment, 1x104 cells were seeded per well 

of a 96-well plate. After 24 h, cells were stimulated with 2 µg/µl miR-574-5p oe or ScrC sEV. 

Untreated cells were used as controls. Cells were incubated for another 24 h and then 

incubated with 5 mg/ml MTT diluted in cell culture medium at 37°C. The reaction was stopped 

after 3 h. Therefore, the medium was aspirated and 100 µl DMSO were added to each well. 

The quantity of formazan was measured with Tecan Infinite M 2000 plate reader (Tecan Group, 

Männedorf, CHE) at 570 nm. A reference measurement at 630 nm was performed to exclude 

nonspecific background. For data analysis, the values measured at the reference wavelength 

were subtracted from values measured at 570 nm. Afterwards, samples treated with miR-574-

5p oe or ScrC sEV were normalized to untreated samples. 

 

2.2 sEV methods 

2.2.1 sEV purification 

For the purification of sEV, the cell culture medium was centrifuged at 2000 xg at RT for 20 min, 

to avoid cell debris in samples. Afterwards, samples were either stored at -80°C or directly 

purified as follows: 1 ml of cell culture supernatant was placed into a 1.5 ml polypropylene tube 

-80 ultracentrifuge 

(Beckman Coulter, Brea, USA) at 21 000 xg at 4°C for 1 h. Then, the supernatant was 

transferred into a fresh tube and centrifuged at 100 000 xg at 4°C for 1 h. Subsequently, the 

supernatant was discarded and the sEV pellet was resuspended in 1x PBS. The amount of 

purified sEV was determined via UV-Vis spectroscopy to determine the protein level of each 

sample. Purified sEV were stored at 4°C and used for cell stimulation within 48 h after 

purification. 
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2.2.2 Transmission electron microscopy

To verify the successful purification of sEV, transmission electron microscopy (TEM) was 

conducted. To this end, sEV from AC and SCC cells were purified and resuspended in 1x PBS

as described above (chapter 2.2.1). Then, 15 µl of purified sEV solution (concentration 

~0.025 mg/ml) were incubated on a formvar carbon-coated nickel grid (Plano, Wetzlar, GER) 

for 10 min. Subsequently, samples were fixed with 2% formaldehyde (FA; Carl Roth, 

Karlsruhe, GER) for 10 min and afterwards briefly washed 3x with milli-Q water (MQ). Samples 

were post-stained with aqueous uranyl acetate (4%, w/v). Finally, sEV were imaged using a 

Zeiss EM109 electron microscope.

2.2.3 sEV characterization using the ExoViewTM R100TM platform

A detailed sEV characterization was performed using the ExoViewTM R100TM platform 

(NanoView Biosciences, Boston, USA). This novel platform allows the analysis of sEV size, 

tetraspanin composition, and sEV cargo on a single sEV basis. To this end, unpurified cell 

culture supernatants of AC and SCC cells were incubated on tetraspanin chips (NanoView 

Biosciences, Boston, USA) for ~18 h. The chips contain spots that are coated with specific 

antibodies against CD81, CD9, CD63, and mouse immunoglobulin G (IgG, negative control). 

sEV that carry the respective tetraspanins are captured at those spots and can be further 

analyzed (Figure 12). Therefore, tetraspanins on sEV were stained following the 

prevent unspecific antibody binding. Then, sEV were incubated with fluorescently labeled 

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 

additional washing steps, chips were carefully air-dried and imaged using the ExoViewTM

R100TM platform. 

Figure 12: sEV characterization with the ExoViewTM R100TM platform.
Tetraspanin chips are coated with antibodies against CD81, CD63, and CD9 located on different spots, respectively. 
An IgG negative control is included on separate spots. sEV samples are incubated on the chips and sEV are 
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captured at the different spots, depending on the tetraspanins on their membrane. Captured sEV can further be 
stained for three different surface markers using fluorescently labeled antibodies. Modified from [326]. 
 
All materials used for this method (except sEV samples) were obtained from NanoView 

Biosciences, Boston, USA. Data analysis was conducted using the nanoViewer software, 

version 2.8 (NanoView Biosciences, Boston, USA). 

 

2.2.4 Determination of sEV numbers in cell culture samples 

For the measurement of sEV numbers in cell culture supernatants, a Zetasizer Nano S 

(Malvern Panalytical, Malvern, UK) was used. Therefore, 1 ml cell culture supernatant was 

filled into a 2.5 ml poly(methyl methacrylate) (PMMA) macro cuvette (Brand, Wertheim, GER). 

The measurement set-up was adjusted to protein samples in cell culture medium. Therefore, 

the refractive index of the material was set to 1.45 with an absorption of 0.001. The refractive 

index of the dispersant was set to 1.345 and the viscosity to 0.94 cP resembling cell culture 

medium characteristics. All samples were measured at 21°C for a duration of 20 s. 

 

2.2.5 RNase and Triton X-100 treatment of sEV 

To determine whether miR-574-5p is enclosed in sEV, or attached to the outside, miR-574-5p 

oe sEV were treated with RNase and Triton X-100. To this end, three reaction mixes were 

prepared according to Table 1. An untreated sample was used as control. The RNase sample 

was treated with 2.5 U/µl RNase I (New England Biolabs, Ipswich, USA) at 37°C for 20 min. 

The RNase+ Triton X-100 sample was treated similarly to the RNase sample. In addition, it 

was also incubated with 1% TritonX 100 (Carl Roth, Karlsruhe, GER) for 10 min before RNase 

treatment. This was done to disrupt sEV membranes and expose sEV-derived miR-574-5p to 

the RNase. After incubation, total RNA was isolated using the miRNeasy Mini Kit (Qiagen, 

Hilden, GER) and the amount of miR-574-5p was analyzed via real-time quantitative 

polymerase chain reaction (RT-qPCR) as described in chapter 2.3.3. 

 

Table 1: RNase and Triton X-100 treatment of sEV 
Sample Reaction mix  
untreated NEBufferTM 3 
RNase 2.5 U/µl RNase I 

NEBufferTM 3 
RNase+ Triton X-100 1% Triton X-100 

2.5 U/µl RNase I 
NEBufferTM 3 
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2.3 RNA methods

2.3.1 Intracellular RNA extraction  

Intracellular RNA was extracted using TRIzolTM reagent (Thermo Fisher Scientific, Waltham, 

USA). Therefore, cells were lyzed in 1 ml TRIzolTM reagent for 5 min. Subsequently, 200 µl 

trichlormethane/chloroform (Carl Roth, Karlsruhe, GER) were added to each sample. Samples 

were thoroughly mixed for 15 s and incubated on ice for 15 min. After incubation, samples 

were centrifuged at 17 000 xg at 4°C for 15 min. This led to the separation of the sample into 

three phases. The upper, aqueous phase, containing the RNA was transferred into a fresh 

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) were mixed with the sample. RNA was precipitated on ice for 15 min 

and centrifuged as described. The supernatant was discarded, and the RNA pellet was 

resuspended in 17 µl MQ. Residual DNA was removed by a digest with TurboTM DNase 

(Thermo Fisher Scientific, Waltham, USA),  

Afterwards, 100 µl ethanol (EtOH, VWR, Radnor, USA), 2 µl 3 M sodium acetate (pH 6.5), and 

1 µl GlycoBlueTM were mixed with the sample. Samples were incubated at -80°C for 30 min 

and then centrifuged as described, to precipitate the RNA. The pellet was washed with ice-

cold 70% (v/v) EtOH and subsequently centrifuged at 17 000 xg at 4°C for 5 min. The 

supernatant was completely discarded, and the RNA pellet was briefly air-dried. Finally, the 

pellet was resuspended in a suited volume of MQ. RNA concentration and purity were 

determined by UV spectroscopic measurement with the NanoDrop ND-1000 

spectrophotometer (Thermo Fischer Scientific, Waltham, USA). 

 

2.3.2 RNA extraction from sEV 

Prior to RNA isolation, sEV were purified as described in chapter 2.2.1. The total RNA of sEV 

was extracted using a phenol/guanidinium thiocyanate (GTC, Sigma-Aldrich, Darmstadt, 

GER)-based method according to [204, 327]. Therefore, 200 µl extraction buffer, 20 µl sodium 

dodecyl sulfate (SDS, AppliChem GmbH, Darmstadt, GER), and 200 µl 6 M GTC were added 

to the isolated sEV. Then 200 µl preheated (65°C) Roti®-Aqua-phenol (Carl Roth, Karlsruhe, 

GER) were added per tube, and tubes were thoroughly mixed for ~15 s. Subsequently, 

samples were incubated at 65°C for 5 min. After phenolization, 0.01 pmol synthetic ath 

(Arabidopsis thaliana)-miR-159a (5 UUUGGAUUGAAGGGAGCUCUA 3') were added as an 

internal standard. Additionally, 1 pmol cel (Caenorhabditis elegans)-miR-39-3p (5 -
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UCACCGGGUGUAAAUCAGCUUG-3 , both Sigma Aldrich, Darmstadt, GER) was added to 

enhance the precipitation efficiency of the samples. Afterwards, samples were mixed with 

200 µl chloroform: isoamyl alcohol (24:1, both Carl Roth, Darmstadt, GER), transferred into 

MaxTract High-Density tubes (Qiagen, Hilden, GER) and centrifuged at 17 000 xg at 4°C for 

5 min. The upper RNA-containing aqueous phase was transferred to a fresh reaction tube and 

mixed with 1.6 ml EtOH, 40 µl 3 M sodium acetate (pH 6.5), and 1 µl GlycoBlueTM. RNA was 

precipitated via an incubation at -80°C for 20 min and subsequent centrifugation at 17 000 xg 

for 20 min. The resulting RNA pellet was resuspended in 17 µl MQ and residual DNA was 

removed as described above (chapter 2.3.1). Then, samples were mixed with 100 µl EtOH, 

2 µl 3 M sodium acetate (pH 6.5) and 1 µl GlycoBlueTM, and precipitated again at -80°C for 

20 min and following centrifugation at 17 000 xg at 4°C for 20 min. The RNA pellet was washed 

with 70% (v/v) ice-cold EtOH and centrifuged at 17 000 xg at 4°C for 20 min. Finally, the whole 

supernatant was removed, and the pellet was solved in 15 µl MQ. 

 

2.3.3 miR quantification via RT-qPCR 

The miR quantities of intracellular and sEV samples were determined via RT-qPCR. Most 

samples were analyzed with the miRCURY (Qiagen, Hilden, GER) system. Therefore, 10 ng/µl 

of DNase digested RNA of intracellular samples, or 4 µl of sEV RNA were used for reverse 

transcription. . 

Generally, a mix for one reaction contained 2 µl 5x miRCURY SYBR® Green RT Reaction 

Buffer, 4.5 µl RNase-free water, 1 µl miRCURY RT Enzyme Mix, and 2 µl template RNA. For 

sEV RNA measurements, the amount of water was reduced to 2.5 µl and 4 µl template RNA 

were used. The reaction was performed in a thermocycler (Peqlab Biotechnologie GmbH, 

advanced primus 25, Erlangen, GER). To this end, samples were heated to 42°C for 60 min 

for the reverse transcription step. The reaction was stopped at 95°C for 5 min and samples 

were stored at 4°C for short terms, or -20°C for longer terms. 

RT-qPCR was performed using the following primer pairs: miR-574-5p (YCP0044301), ath-

miR-159a (YCP0044303), miR-21-5p (YP00204230), miR-486-5p (YP00204001) and miR-16-

5p (YP00205702, all Qiagen, Hilden, GER). The RT-qPCR reaction was performed following 

-Time PCR 

System (Applied Biosystem, Thermo Fisher Scientific, Waltham, USA) as listed in Table 2. 

Prior to RT-qPCR measurements, cDNA was diluted 1:60 with MQ. One reaction comprised 

5 µl 2x miRCURY SYBR® Green Master Mix, 0.5 µl ROX Reference Dye, 1 µl primer mix, 1 µl 
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RNase-free water, and 3 µl diluted cDNA sample. Measured values were normalized to the 

spike-in control ath-miR-159a, and fold inductions were calculated using the 2(- Ct) method. 

 

Table 2. PCR program for miR quantification using the miRCURY system 

Step Temperature Time Repeats 

PCR initial heat activation 95°C 2 min x 

Denaturation 95°C 10 s 
40 cycles 

Annealing & elongation 56°C 60 s 

Melting curve analysis 60- 95°C 
 

PGE2 treated AC samples were analyzed with the miScript system (Qiagen, Hilden, GER). To 

instructions. One reverse transcription reaction consisted of 4 l 5x miScript HiSpec Buffer, 

2 l 10x miScript Nucleic Acid Mix, 2 l reverse transcriptase and 1 g DNase digested RNA 

in MQ ad 20 l. The reaction was carried out at 37°C for 1 h, followed by inactivation at 95°C 

for 5 min in a thermocycler (Peqlab Biotechnologie GmbH, advanced primus 25, Erlangen, 

GER). 

Before RT-qPCR analysis, cDNA was diluted 1:2 with MQ. The following primer pairs were 

used: miR-574-5p (MS00043617), ath-miR-159a (MS00074871), and miR reverse 

transcription control (miRTC) primer (MS00000001; all Qiagen, Hilden, GER). RT-qPCR 

 Table 3. In 

general, one reaction comprised 12.5 l QuantiTect Syber Green Mastermix, 2.5 l 10x 

miScript Universal primer, 2.5 l specific primer, 1 l diluted cDNA, and 6.5 l MQ. The 

reaction was carried out in an -Time PCR System. 

Measured values were normalized to the spike-in control ath-miR-159a or miRTC values and 

fold inductions were calculated using the 2(- Ct) method. 

 
Table 3. PCR program for miR quantification using the miScript system 

Step Temperature Time Repeats 

Initial denaturation 94°C 15 s x 

Denaturation 94°C 15 s 

40 cycles Annealing  55°C 30 s 

Elongation 70°C 30 s 

 94°C 15 s x 

Melt curve 60- 95°C 
 

2.3.4 mRNA quantification via RT-qPCR 
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mRNA samples were reversely transcribed with the High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Waltham, USA)

instructions. Therefore, 1 µg of DNase digested intracellular RNA was used. Typically, one 

reaction consisted of 2 µl 10x RT Buffer, 0.8 µl 25x dNTP Mix (100 mM), 2 µl 10x RT Random 

Primers, 1 µl MultiScribeTM Reverse Transcriptase, 1 µg RNA, ad MQ to 20 µl. The reaction 

was conducted at 37°C for 1 h, followed by inactivation at 95°C for 5 min in a thermocycler 

(Peqlab Biotechnologie GmbH, advanced primus 25, Erlangen, GER). Then, cDNA was diluted 

1:5 with MQ. 

RT-qPCR was performed in an -Time PCR System. 

Therefore, 10 µl Fast SYBR® Green Master Mix (Applied Biosystems, Thermo Fisher Scientific, 

Waltham, USA), 3.75 µl forward primer (2 µM), 3.75 µl reverse primer (2 µM), 1 µl diluted 

cDNA, and 1.5 µl MQ were mixed. The RT-qPCR program is listed in Table 4 and all primer 

sequences used for mRNA quantification are listed in Table 5. 

 

Table 4. RT-qPCR program for mRNA quantification 

Step Temperature Time Repeats 

Initial denaturation 95°C 20 s x 

Denaturation 95°C 3 s 
40 cycles 

Annealing & Elongation 60°C 30 s 

 95°C 15 s x 

Melt curve 60- 95°C 

 

Table 5. Primer used for RT-qPCR 
Target forward primer sequence  reverse primer sequence 
COX-2 CCGGGTACAATCGCACTTAT GGCGCTCAGCCATACAG 
CUGBP1 AAAGTCCTCCCAGGGATGCA AGCTTCCTGTCTTCCACTGCAT 
GAPDH TGAGAACGGGAAGCTTGTCA ATCGCCCCACTTGATTTTGG 
mPGES-1 CDS GAAGAAGGCCTTTGCCAAC CCAGGAAAAGGAAGGGGTAG 
mPGES-1 WT TCCCGGGCTAAGAATGCA ATTGGCTGGGCCAGAATTTC 
mPGES-1 
Isoform 

GTGCCCGTGTGTGTGTATG 
TGTGTGTGTGT 

CCCAGCTGGCAGACACTTCCA 
TTTAATGACT 

NOXP20 GGCAAATCTCTGCTGTCGTC CCTGCTTTTTCCTTGACTGC 
 

2.4 Protein methods 

2.4.1 Sample preparation and determination of protein concentration 

In preparation for protein analysis, samples were lyzed in T-PER  (tissue protein extraction 

buffer Thermo Fisher Scientific, Waltham, USA) for 30 min. To avoid the degradation of 
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proteins, the extraction buffer was supplemented with EDTA-free protease inhibitor (Roche, 

Basel, CH), and samples were handled on ice. Afterwards, samples were centrifuged at 

17 000 xg and 4°C for 15 min to eliminate cell debris. 

The protein concentration of the supernatant was determined via Bradford assay (Bio-Rad 

Laboratories, Hercules, USA). A standard curve using known concentrations of bovine serum 

albumin (BSA; Sigma-Aldrich, Darmstadt, GER), ranging from 50- 500 µg/ml, was used to 

determine sample concentrations. For the measurement, 1 µl of the sample was mixed with 

9 µl MQ in a well of a 96-well plate. Each sample, as well as the standard curve samples, were 

measured in duplicates. Then, 190 µl Bradford reagent were added to each well. The reaction 

was incubated in the dark for 5 min. Finally, the plate was measured at 595 nm with a Tecan 

Infinite M 2000 plate reader. The protein concentrations were calculated using the obtained 

standard curve values. 

 

2.4.2 SDS-polyacrylamide gel electrophoresis and Western Blot 

For Western blot analysis, 20- 30 µg of protein were mixed with 5 µl protein loading buffer. 

Samples were filled up with MQ to 20 µl and boiled at 95°C for 5 min. Then, proteins were 

separated with an SDS polyacrylamide gel electrophoresis (PAGE, for gel composition, see 

Table 6). T -Rad, Hercules, USA) was used 

as marker. The gel was run at 120 V for ~1 h. 

 

Table 6. Gel composition for SDS-PAGE 
Stacking gel (7.4%) Separating gel (12%) 

MQ 1.2 ml MQ 1.6 ml 

Acrylamide 30% (w/v) (AppliChem GmbH, 
Darmstadt, GER) 

266 µl Acrylamide 30% (w/v) 2 ml 

Tris-HCl, 0.5 M, pH 6.8 (Carl Roth, Karlsruhe, 
GER) 

500 µl Tris-HCl, 1.5 M, pH 8.8 1.3 ml 

SDS 10% (w/v) (AppliChem GmbH, Darmstadt, 
GER) 

20 µl SDS 10% (w/v) 50 µl 

APS 10% (w/v) (Carl Roth, Karlsruhe, GER) 12 µl APS 10% (w/v) 50 µl 

TEMED (Carl Roth, Karlsruhe, GER) 3 µl TEMED 4 µl 

 
Afterwards, the proteins were blotted onto a HyBond ECL nitrocellulose membrane 

(AmershamTM, Sigma-Aldrich, Darmstadt, GER) with 230 mA for 80 min. To prevent unspecific 

antibody binding, membranes were blocked with Odyssey® blocking buffer (Bioscience Li-COR 

Biosciences, Lincoln, USA) for 1 h. Then, membranes were incubated with primary antibodies 

at 4°C overnight. Afterwards, membranes were washed with 0.1% (v/v) Tween20 (Carl Roth, 

Karlsruhe, GER) in 1x PBS 3x for 5 min. Finally, the membrane was incubated with infrared 
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dye conjugated secondary antibodies (IRDye®, LI-COR Biosciences, Lincoln, USA) for 45 min. 

Antibody detection and quantitative analysis of Western blots were performed with Odyssey 

Infrared Imaging System (LI-COR Biosciences, Lincoln, USA) and the Image Studio Software. 

 

Table 7. Primary antibodies for Western blot analysis 
Target Host Dilution Supplier (order no.) 

COX-2 goat 1:200 Abcam (ab23672) 

CUGBP1 rabbit 1:500 Abcam (ab129115) 

GAPDH rabbit 1:1000 Cell Signaling Technology (2118) 

mPGES-1 rabbit 1:200 Cayman Chemicals (cay160140) 

 

2.4.3 PGE2 Enzyme-linked Immunosorbent Assay 

The cell culture supernatants of cells treated with miR-574-5p oe or ScrC sEV were analyzed 

for their PGE2 content. Therefore, cells were treated with 10 µM AA (Sigma-Aldrich, Darmstadt, 

GER) 24 h after sEV stimulation at 37°C for 15 min. Subsequently, supernatants were 

collected and centrifuged at 17 000xg, 4°C for 5 min to eliminate cell debris. Then, 

supernatants were transferred into fresh tubes and PGE2 concentrations were determined via 

a PGE2 Enzyme-linked Immunosorbent Assay (ELISA, 514010, Cayman Chemicals, Ann 

Arbor, USA) according to 

duplicates. The absorbance was measured with Tecan Infinite M 2000. Sample concentrations 

were determined using a PGE2 standard curve ranging from 7.8 pg/ml to 1000 pg/ml. 

 

2.5 Staining techniques  

2.5.1 Immunohistochemistry staining of paraffin embedded tissue sections 

LC patient samples were used to visualize the location of mPGES-1 and CUGBP1 within 

NSCLC tissue via immunohistochemistry (IHC). For this purpose, paraffin-embedded tissue 

sections were deparaffinized with xylene (Carl Roth, Karlsruhe, GER) and rehydrated in a 

sequential EtOH series as listed in Table 8. Subsequently, samples were washed with MQ 3x 

for 5 min. 

Table 8. Deparaffinization of LC tissue sections 
Xylene 100% 3 times for 5 min 

EtOH 99.9% Briefly immersed for 10 times 

EtOH 99.9% 1 time for 5 min 

EtOH 96% Briefly immersed for 10 times 

EtOH 96% 1 time for 5 min 

EtOH 70% Briefly immersed for 10 times 
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EtOH 70% 1 time for 5 min 

 
Antigen unmasking was carried out by boiling samples in 1x citrate buffer 3x for 5 min. 

Afterwards, samples were cooled down at RT for 30 min. Unspecific antibody binding sites 

were blocked with 3% (w/v) BSA in 1x PBS for 30 min. Tissue sections were incubated with 

primary antibodies against mPGES-1 and CUGBP1 diluted in blocking solution at 4°C 

overnight.  

After incubation, tissue samples were washed with 0,01% (v/v) Tween20 in 1x PBS (PBST) 3x 

for 5 min. Then, endogenous peroxidases were blocked via incubating with 3% (v/v) H2O2 

(Sigma-Aldrich, Darmstadt, GER) in 1x PBS for 10 min. Afterwards, tissue sections were 

washed with 1x PBS 3x for 3 min. To detect the primary antibodies against mPGES-1 and 

CUGBP1, samples were incubated with an HRP-labeled secondary antibody diluted in 

blocking solution for 45 min. Residual antibody was removed by washing with PBST 3x for 

5 min. The staining was developed using -Diaminobenzidine (DAB) substrate kit (Abcam, 

 This resulted in brown substrate 

precipitation at the sites of bound antibodies, thus visualizing the location of mPGES-1 and 

CUGBP1. To visualize the whole tissue section, samples were counterstained with 

hematoxylin (Sigma-Aldrich, Darmstadt, GER) for 20 s and washed under running tap water 

for 10 min. Finally, tissue sections were hydrated as listed in Table 9. Prior to mounting, 

samples were briefly incubated in xylene.  

 
Table 9. Dehydration of LC tissue sections 
EtOH 70% 1 min 

EtOH 96% 1 min 

EtOH 99.9% 1 min 

Xylene 100% ~30 s 

 
Then, tissue sections were mounted in EUKITT® (VWR, Radnor, USA) and air-dried overnight 

before imaging. Control staining were performed without primary antibodies, to exclude 

unspecific binding of the secondary antibody. The development time for the DAB reaction was 

determined on unstained control samples, to avoid background signals. A detailed list of the 

antibodies used can be found in the appendix (Table 12). 

 

2.5.2 In situ hybridization of paraffin embedded tissue sections 

Besides mPGES-1 and CUGBP1, miR-574-5p was visualized within LC tissue sections. This 

was achieved via in situ hybridization (ISH). Therefore, tissue samples were deparaffinized as 

listed in Table 8 and then incubated in 1x PBS for 5 min. Afterwards, tissues were 
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permeabilized with 3 µg/ml proteinase K (Qiagen, Hilden, GER) diluted in proteinase K buffer 

at 37°C for 10 min. Residual phosphatase was removed by washing twice in 1x PBS for 3 min. 

Permeabilized tissue sections were prehybridized in ISH buffer (Qiagen, Hilden, GER) at 50°C 

for 20 min. miR-574-5p was hybridized with complementary locked nucleic acid (LNA)-probes 

(Qiagen, Hilden, GER) which were double-labeled with fluorescein (FAM). The hybridization 

was carried out with 100 nM miR-574-5p probe, diluted in ISH buffer, at 54°C for 1 h. To 

achieve specific miR-574-5p binding, samples were washed in differently concentrated saline-

sodium citrate buffer (SSC, Invitrogen, Karlsruhe, GER) as listed in Table 10. 

 

Table 10. Stringent SSC washing 
5x SSC Hybridization temperature 1x 5 min 

1x SSC Hybridization temperature 2x 5 min 

0.2X SSC Hybridization temperature 2x 5 min 

0.2x SSC RT 1x 5 min 

 
After the stringent washing in SSC buffers, samples were incubated in 1x PBS for 5 min. The 

tissue samples were blocked with 1x PBS containing 0.1% (v/v) Tween20, 2% (w/v) sheep 

serum (Jackson Immunoresearch, Ely, UK) and 1% (w/v) BSA for 15 min. The LNA-probe was 

detected with an alkaline phosphatase (AP)-labeled antibody against FAM. To this end, tissue 

sections were incubated with the antibody diluted in 1x PBS containing 0.05% (v/v) Tween20, 

1% (w/v) sheep serum and 1% (w/v) BSA for 1 h. Afterwards, samples were washed with PBST 

3x for 3 min and once for 3 min in 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), dissolved in MQ at 30°C for 2 h. The substrate solution was supplemented with 0.2 mM 

levamisole (Sigma-Aldrich, Darmstadt, GER) to block endogenous phosphatases. The 

reaction was stopped via incubating twice in KTBT buffer for 5 min and then in tap water for 

5 min. The whole tissue section was visualized via counterstaining with nuclear fast red (Vector 

Laboratories, Burlingame, USA) for 60 sec. Finally, samples were washed under running tap 

water for 10 min and dehydrated and mounted as described above (chapter 2.5.1). 

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 (snRNA) 

probe (positive control, both Qiagen, Hilden, GER). This probe was hybridized on the tissues 

under the same conditions described for the specific miR-574-5p probe. It was detected with 

an AP-labeled antibody against DIG. A detailed list of the antibodies used can be found in the 

appendix (Table 12). 
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2.5.3 Immunofluorescence in fixed cells

Immunofluorescence (IF) staining was applied to analyze the expression of TLR7/8 within AC 

and SCC cells. Therefore, 2.5x105 cells were seeded onto glass coverslips (12 mm; Neolab, 

Heidelberg, Germany) per well of a 6-well plate (Greiner Bio-One, Kremsmünster, AT). Cells 

were allowed to settle for 24 h before cell culture medium was carefully aspirated, and cells 

were rinsed with prewarmed 1x PBS. Afterwards, cells were fixed in 4% (v/v) FA for 10 min, 

washed with 1x PBS 3x for 3 min. Cell membranes were permeabilized with 0.5% (v/v) Triton 

X-100 (Sigma Aldrich, Darmstadt, GER) in 1x PBS for 10 min. Subsequently, cells were 

washed again with 1x PBS 3x for 3 min. Cells were blocked with 4% (w/v) BSA in 1x PBS for 

20 min to minimize unspecific antibody binding. Afterwards, BSA was aspirated, and samples 

were incubated with primary antibody solution (antibody diluted in blocking solution). The 

incubation of primary antibodies was either carried out at RT for 1 h or at 4°C overnight. After 

incubation, cells were washed with PBST 3x for 5 min. Nucl -

diamidino-2-phenylindole (DAPI; Sigma Aldrich, Darmstadt, GER) for 5 min, followed by 

washing with 1x PBS 3x for 3 min. Finally, cells were briefly dipped into MQ and mounted in 

Mowiol® 4-88 (Sigma Aldrich, Darmstadt, GER) mounting medium containing 2% (w/v) DABCO 

(see Table 11, Sigma Aldrich, Darmstadt, GER). All antibodies used for staining are listed in 

Table 12.  

 

2.5.4 Fluorescence in situ hybridization in fixed cells 

To visualize miR-574-5p within fixed cells, fluorescence in situ hybridization (FISH) was 

performed. For this, 2.5x105 cells were seeded onto glass coverslips in 6-well plates as 

described before. After 24 h, cells were briefly washed with prewarmed 1x PBS and afterwards 

prefixed with 1% (v/v) FA in 1x PBS for 10 min. Subsequently, cells were washed with 1x PBS 

3x for 3 min. Permeabilization was carried out with 0.5% (v/v) Triton X-100 in 1x PBS on ice 

for 20 min. After 3 washing steps of 5 min with 1x PBS, cells were refixed with 4% (v/v) FA in 

1x PBS for 10 min. Cells were washed 3x for 3 min with 1x PBS and then prehybridized at 

40°C in ISH buffer (Qiagen, Hilden, GER) for 30 min. The hybridization of miR-574-5p was 

carried out with double DIG-labeled LNA probes (Qiagen, Hilden, GER). The probes were used 

at a concentration of 100 nm, diluted in ISH buffer. Hybridization was carried out for 1 h at 

54°C. Afterwards, cells were washed 2x in 2x SSC buffer at hybridization temperature for 5 min 

and once in 2x SSC at RT for 5 min. To avoid unspecific antibody binding, cells were blocked 

with 2% (w/v) BSA in 1x PBS for 20 min. Hybridized miR-574-5p was detected with an anti-

DIG antibody which was diluted 1:40 in blocking solution and incubated on the cells at room 

temperature for 1 h. After incubation, cells were washed with PBST 3x for 5 min. Subsequently, 
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cells were incubated with secondary antibody diluted in blocking solution. After 45 min of 

incubation, cells were again washed with PBST 3x for 5 min. Nuclei were counterstained with 

DAPI for 5 min and cells were washed 3x for 3 min in 1x PBS. To mount the samples, cells 

were briefly dipped into MQ and mounted in Mowiol® 4-88 mounting medium containing 2% 

(w/v) DABCO (see Table 11). miR-574-5p hybridization was controlled in A549 cells using a 

DIG-labeled scramble control probe (40 nm, negative control) and a DIG-labeled U6 snRNA 

probe (2 nm, positive control). Both were hybridized under the same conditions described for 

the miR-574-5p probe. A list of all antibodies used can be found in the appendix (Table 12). 

 

2.5.5 Live-cell imaging 

To analyze whether miR-574-5p oe sEV are taken up by cells, live-cell imaging was performed. 

Therefore, cells were seeded into 8-well chamber slides (IBIDI, Gräfelfing, GER) with a density 

of 2.6x104 cells per well. After 24 h, cells were stained with 5 µg/ml Hoechst 33258 (Sigma-

Aldrich, Darmstadt, GER) for 30 min at 37°C, to visualize nuclei. sEV were purified and 

resuspended in 1x PBS as described above. Purified sEV were stained with the lipophilic tracer 

-dioctadecyloxacarbocy-anine perchlorate (DiO, Sigma-Aldrich, Darmstadt, GER) for 

15 min at 37°C. Cells were imaged in 5 min intervals for a total of 35 min. Stained sEV were 

dropped onto the cells after the first image (0 min) was taken. Details on image acquisition are 

described in chapter 2.6.2. 

 

2.6 Microscopy and image acquisition 

2.6.1 IF and FISH images 

FISH and TLR7/8 stainings were imaged using a Leica TCS SPE confocal point scanner 

mounted on a Leica DMi8 stand (Leica Microsystems, Buffalo Grove, USA) equipped with an 

oil immersion 60x Apochromat. In general, images show one focal plane of the middle of the 

nucleus. All images were processed using the ImageJ software (http://imagej.nih.gov/ij/) using 

the automated adjustment for fluorescent intensities. 

 

2.6.2 Live-cell imaging 

Confocal live-cell imaging was performed using an UltraVIEW VoX spinning disk system 

(PerkinElmer, Waltham, USA) mounted on a Nikon TI microscope (Nikon, Minato, Japan) and 

equipped with a climate chamber (37°C, 5% CO2, 60% humidity). Images were acquired with 
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a cooled 14-bit EMCCD camera (1,000 × 1,000-pixel frame transfer EMCCD, 30 fps at full 

software Volocity 6.3 (PerkinElmer, Waltham, USA). Images were acquired in 5 min intervals 

for a time span of 35 min. All images were acquired including differential interference contrast 

(DIC), to visualize the whole cell. Cells were imaged with 2 µm Z-increments, which were 

adapted individually for each image, to visualize the whole cell. For Analysis, Z-increments 

were merged to one image using the ImageJ software (http://imagej.nih.gov/ij/) and fluorescent 

intensities were adjusted using the automated function. 

 

2.7 3D spheroid cultures 

3D spheroid cultures were imaged using a Zeiss Axiovert 200 epifluorescence microscope 

equipped with a Zeiss AxioCam mRM camera using 5x magnitude. To this end, one image 

was taken per spheroid, showing the diameter of the spheroid. Images were analyzed using 

ImageJ software (http://imagej.nih.gov/ij/). 

 

2.8 Tissue samples 

IHC stained tissue sections were imaged using an Aperio CS2 slide scanner (Leica, Wetzlar, 

GER) with a magnitude of 20x. Images of tissue sections were further analyzed with the Aperio 

ImageScope software (version 12.3.2.8013). 

 

2.8.1 Human lung tumor tissue 

Lung tumor tissue sections were kindly provided by Prof. Dr. Rajkumar Savai (Max Planck 

Institute for Heart and Lung Research in Bad Nauheim). Samples were collected from 15 

different NSCLC patients (8x AC and 7x SCC). 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 

kin (AZ 58/15) (25 27). 
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2.9 Statistics

Results are given 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 analysis of variance (ANOVA) 

Prism 6.0. Differences were considered as statistically significant for p 0.05 (indicated as * for 

, and *** , or § , §§ 1, §§§ ). 
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3. Results 

This thesis aimed to analyze the role of sEV-derived miR-574-5p in NSCLC. The first step of 

this work was the visualization of miR-574-5p in NSCLC tissue sections. Recently, miR-574-

5p was described to regulate mPGES-1 and PGE2 in lung AC via the miR-574-5p/CUGBP1 

decoy mechanism [225, 228]. Hence, mPGES-1 and CUGBP1 were also stained in the 

corresponding tissue sections. 

 

3.1 Location of miR-574-5p, mPGES-1 and CUGBP1 in human NSCLC tissue sections 

To compare the regulation of PGE2 biosynthesis in AC and SCC, miR-574-5p, mPGES-1, and 

CUGBP1 were stained in human NSCLC tissue sections. The use of serial sections allowed 

the comparison of all targets within the same tissue sample. miR-574-5p was visualized via 

ISH and was mainly detected within nuclei of cancer cells in AC and SCC (Figure 13 A, B).  

In SCC tissue samples, miR-574-5p was additionally detected in inflamed/necrotic areas of the 

tissue, which was not the case in AC samples. Thus, SCC tissue sections showed higher levels 

of miR-574-5p than AC samples. 

mPGES-1 was stained via IHC and showed similar staining patterns as miR-574-5p (Figure 

13 C, D). In AC and SCC samples, mPGES-1 was visualized within the cytoplasm of cancer 

cells, which is in line with the described location of mPGES-1 within the endoplasmatic 

reticulum [66, 328]. Also, mPGES-1 was present in inflamed/necrotic areas of SCC tissue 

sections. A comparison of miR-574-5p and mPGES-1 within the same tumor samples revealed 

that both locate similarly within the tumor sample.  

CUGBP1 was also stained via IHC (Figure 13 E, F). Similar to miR-574-5p and mPGES-1, 

CUGBP1 was detected within cancer cells of AC and SCC tissue sections. However, CUGBP1 

was not present within inflamed/necrotic areas of SCC tissue samples. More representative 

stained tissue sections can be found in the appendix (Figure 36 and Figure 37). 
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Figure 13: Location of miR-574-5p, mPGES-1, and CUGBP1 in human NSCLC tissue sections. 
Human non-small-cell lung cancer (NSCLC) tissue sections were stained for miR-574-5p (blue) via in situ 
hybridization (ISH) and for microsomal prostaglandin E synthase 1 (mPGES-1) and CUG-RNA binding protein 1 
(CUGBP1) (brown) via immuno-histochemistry (IHC). (A, B) Adenocarcinoma (AC) or squamous cell carcinoma 
(SCC) tissue sections stained for miR-574-5p and counterstained with nuclear fast red (red). (C, D) AC or SCC 
tissue sections stained for mPGES-1 and counterstained with hematoxylin (blue). (E, F) AC or SCC tissue sections 
stained for CUGBP1 and counterstained with hematoxylin (blue). Representative images of tumors from 15 
independent patients (ISH: 7x AC, 7x SCC; IHC: 8x AC, 7x SCC) are shown. Scale bars in AC tissue sections: 
3 mm, SCC tissue sections: 2 mm, magnified images: 200 µm. 
 

The specific binding of the miR-574-5p LNA-probe was confirmed with control stainings. To 

this end, AC tissue sections were hybridized with a probe against U6 snRNA as a positive 
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control (Figure 14 A, left image) or with a ScrC probe as a negative control (Figure 14 A, right 

image). As expected, U6 snRNA was visualized within nuclei, whereas ScrC stainings showed 

no signal. Since strong miR-574-5p signals were detected in necrotic areas of SCC tissue, the 

same sample was hybridized with ScrC probes. This was done to rule out possible non-specific 

binding to necrotic areas (Figure 14 B). The signal obtained by negative control ISH clearly 

differed from the miR-574-5p ISH. Necrotic areas were stained very weakly and no staining 

was observed in cancer cell nuclei, confirming the specific binding of the miR-574-5p LNA-

probe. 

 

 

 

Figure 14: Positive and negative control ISH. 
(A, left image) Positive control in situ hybridization (ISH) using a complementary U6 snRNA probe (blue). (A, right 
image) Negative control ISH using a negative control (ScrC) probe (blue). (B) Negative control ISH (blue) of an 
squamous cell carcinoma (SCC) tissue section including necrotic tissue areas. The tissue sections were 
counterstained with nuclear fast red (red). Scale bars: 200 µm. 
 
Overall, the results demonstrate that the decoy mechanism interaction partners are present 

within cancer cells in AC and SCC tissue samples. Thus, their interaction within a tumor is very 

likely, and the functionality of the decoy mechanism can be expected. Interestingly, AC and 

SCC samples differed in their staining patterns for miR-574-5p and mPGES-1. Hence, it is 

conceivable that AC and SCC regulate PGE2 biosynthesis differently. 

 

3.2 Subcellular location of miR-574-5p in AC and SCC cells 

To further analyze subtype-specific differences in the PGE2 biosynthesis of AC and SCC, cell 

culture experiments were performed. In addition to cancer cell lines, human lung fibroblasts 

were included in the following experiments. In a first step, the subcellular location of miR-574-

5p was assessed via FISH analysis. miR-574-5p FISH analysis for SCC cells was performed 

in collaboration with M.Sc. . 

In unstimulated AC, SCC, and HFL1 cells, miR-574-5p was mainly detected within the nuclei 

(Figure 15, left panel), which is in line with the tissue staining results described above (chapter 

3.1). Also, signals for miR-574-5p were detected within the cytoplasm. However, the 
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cytoplasmatic signal was much lower than the nuclear signal for miR-574-5p. In comparison, 

AC and HFL1 cells seem to show higher levels of cytoplasmatic miR-574-5p than SCC cells. 

However, this could be attributed to differences in sample imaging, as AC and HFL1 samples 

were visualized with a different microscope than SCC samples. 

To gain information on the location of miR-574-5p in an inflammatory environment, cells were 

stimulated with IL-  for 24 h before staining. Of note, IL-  regulates PGE2 biosynthesis via 

the induction of mPGES-1 and the miR-574-5p/CUGBP1 decoy mechanism [225]. In 

stimulated cells, miR-574-5p showed the same pattern as described for unstimulated cells 

(Figure 15, right panel). All cell types revealed the majority of miR-574-5p within nuclei and a 

lower extent in the cytoplasm.  

 

 

 

Figure 15: Subcellular location of miR-574-5p in AC, SCC, and HFL1 cells. 
miR-574-5p (green) fluorescent in situ hybridization (FISH) staining in adenocarcinoma (AC, A549), squamous cell 
carcinoma (SCC, 2106T), and human lung fibroblast (HFL1) cells. Nuclei were counterstained with 4´,6-Diamidine-
2´-phenylindole dihydrchloride (DAPI, blue). Staining was performed with either unstimulated cells (w/o) or with cells 
stimulated with 5 ng/ml interleukin-(IL)- -  h. Representative images of three independent 
experiments are shown. Scale bars: 10 µm. 
 

In summary, these results show that miR-574-5p is mainly located within the nuclei of AC, 

SCC, and HFL1 cells. Both cancer cell types showed comparable patterns for the intracellular 

location of miR-574-5p. 

The specificity of miR-574-5p FISH was confirmed with negative and positive control stainings 

(Figure 16 A, B). The negative control staining resulted in some fluorescent signals throughout 

the cell, which were mainly detected in the cytoplasm (Figure 16 A). Even though it is a 

negative control staining, some signals were expected as a binding of the ScrC probe to 

unknown cellular targets cannot be excluded. However, the staining differed from miR-574-5p 
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FISH, which was mainly detected within nuclei. Hence, the miR-574-5p probe seems to 

specifically bind miR-574-5p. The signal for the positive control FISH using a U6 snRNA probe 

was localized within the cytoplasm, but also nuclei, as expected for this RNA (Figure 12 B) 

[329]. Overall, the FISH controls confirmed the functionality of the established staining method 

for miR-574-5p. 

 

 

 

Figure 16: Positive and negative control FISH. 
(A) Negative control fluorescent in situ hybridization (FISH) in adenocarcinoma (AC, A549) cells using an ScrC 
control probe (green). (B) Positive control FISH using a U6 snRNA control probe (green). Nuclei were 
counterstained with 4´,6-Diamidine-2´-phenylindole dihydrchloride (DAPI, blue). Representative images of three 
independent experiments are shown. Scale bars: 10 µm. 
 

3.3 A549-conditioned medium enhances cytoplasmatic miR-574-5p in HFL1 cells 

In tissue stainings, AC and SCC samples revealed differences in the expression of miR-574-

5p and mPGES-1 (see chapter 3.1). Hence, it is conceivable that PGE2 biosynthesis is 

regulated differently in both tumor types. To further analyze this, co-cultures of AC (A549) or 

SCC (2106T) cells with human lung fibroblasts (HFL1) cells were generated. In a preliminary 

experiment, HFL1 cells were treated with A549-conditioned medium to observe whether they 

respond to secreted factors from cancer cells (Figure 17). Afterwards, the morphology of the 

cells and the location of miR-574-5p were monitored in HFL1 cells. 

Untreated HFL1 cells were of a spindle-like shape. As described before, miR-574-5p was 

mainly located in nuclei and to a lower extent in the cytoplasm of untreated cells (Figure 17, 

upper row). Treatment with A549-conditioned medium did not lead to any obvious changes in 

cell morphology and miR-574-5p location (Figure 17, middle row). In contrast, treatment with 

medium conditioned by IL- -stimulated AC cells did alter the morphology of HFL1 cells. Many 

cells lost their spindle-shaped phenotype and showed enlarged nuclei and cellular bodies. 

Interestingly, miR-574-5p was strongly present in the cytoplasm of those cells (Figure 17, 
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bottom row). This was not the case for the other conditions. The high cytoplasmatic levels 

could either result from a translocation of nuclear miR-574-5p to the cytoplasm or an uptake 

of miR-574-5p from the conditioned medium.  

 

 

 

Figure 17: A549-conditioned medium changes the morphology of HFL1 cells. 
Human lung fibroblast (HFL1) cells were incubated with fresh cell culture medium (upper row), A549-conditioned 
medium (middle row), or conditioned medium of interleukin (IL)- -stimulated A549 cells (bottom row). miR-574-5p 
was stained via fluorescent in situ hybridization (FISH, green). Nuclei were counterstained with 4´,6-Diamidine-2´-
phenylindole dihydrchloride (DAPI, blue). Representative images of three independent experiments are shown. 
Scale bars: 10 µm. 
 

Overall, this experiment was performed to see how HFL1 cells behave in the environment of 

LC cells. The results demonstrate that miR-574-5p content was strongly increased within the 

cytoplasm of HFL1 cells treated with conditioned medium. Moreover, the cells changed their 

morphology. This could hint at the cellular activation towards a CAF phenotype, which is an 

important cell type within the TME. Hence, further experiments in direct co-cultures were of 

high interest to analyze the tumor subtype-specific regulation of PGE2 biosynthesis. 

 

3.4 3D models of AC and SCC cells show subtype-specific regulation of PGE2 
biosynthesis 

Tissue stainings revealed differences in the miR-574-5p and mPGES-1 expression and 

location between AC and SCC samples. To further investigate these differences in cell culture 

experiments, 3D spheroid cultures were generated. These resemble a more physiological 
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environment than commonly used two-dimensional (2D) cell cultures [330]. To this end, AC 

and SCC cells were cultivated in mono- or co-cultures with human lung fibroblasts, to further 

emulate a physiological environment. The following spheroid experiments were performed 

together with M.Sc. Anna Riedel and M.Sc. Eva Wolf. 

In a first step, spheroids were examined via light microscopy to assess their morphology 

(Figure 18). All cultures formed compact spheroid structures. However, they differed in their 

morphology. In general, the co-cultivation with fibroblasts led to the formation of smaller 

spheroids. This is probably due to the nature of fibroblasts, which are part of the connective 

tissue [331]. Thus, fibroblasts possibly promote the condensation of spheroid cultures. A 

comparison of AC and SCC monocultures revealed that AC spheroids were bigger than SCC 

spheroids. Of note, light microscopic images of AC cultures showed a brighter color than SCC 

cultures. This is probably due to a less condensed state of AC compared to SCC spheroids. 

Hence, SCC spheroids seem to be more compact than AC spheroids.  

 

 
 

Figure 18: Light microscopic images of AC and SCC spheroid cultures. 
Adenocarcinoma (AC, A549 cells) and squamous cell carcinoma (SCC, 2106T cells) mono- and co-culture 
spheroids were generated in hanging drops with 1x104 cells in 50 µl cell culture medium. Representative images of 
three independent experiments were acquired 4 d after spheroid seeding with a light microscope. Co-cultures are 
comprised of 66% AC or SCC cells and 33% human lung fibroblasts (HFL1 cells). Scale bar: 100 µm. 
 
Overall, the light microscopic analysis of AC and SCC spheroid cultures revealed 

morphological differences. AC monocultures seemed to be less condensed than SCC 

monocultures. However, the co-cultivation with fibroblasts led to the formation of more compact 

spheroid cultures for both cell types. Morphological differences between AC and SCC 

monocultures might be due to the different cellular origins of AC and SCC. As described in 

chapter 1.1, AC originates from glandular cells and SCC from epithelial cells [10]. Thus, cell 

type-specific differences that were observed in different experiments were expected. 

 

3.4.1 IL- -stimulation of AC and SCC spheroid cultures 

Next, the established spheroid cultures were used to analyze the tumor subtype-specific 

regulation of PGE2 biosynthesis. To this end, unstimulated and IL- -stimulated spheroids 
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were analyzed for their mPGES-1, COX-2, CUGBP1, and miR-574-5p expression. IL- was 

used for stimulation as it induces the expression of miR-574-5p in AC cells and activates the 

miR-574-5p/CUGBP1 decoy mechanism [225]. First, mRNA levels were analyzed via RT-

qPCR. Overall, significantly higher expression levels of mPGES-1 and COX-2 were observed 

in unstimulated SCC compared to AC monoculture spheroids (Figure 19 A-D). Accordingly, 

mPGES-1 levels were significantly induced by a ~5-fold increase in AC spheroids but not SCC 

spheroids. This was observed for the mPGES-1 coding sequence (CDS), mPGES-1 wild-type 

(WT), and mPGES-1 -UTR isoform (isoform). The latter was measured to control the impact 

of the miR-574-5p/CUGBP1 decoy mechanism. Contrary to AC spheroids, co-cultivation with 

fibroblasts reduced mPGES-1 levels in SCC spheroids. Here, mPGES-1 levels were not further 

induced by IL-  stimulation. 

AC mono- and co-culture spheroids also showed a significant ~14-fold upregulation of COX-2 

mRNA in response to IL-  stimulation. In contrast, this was not the case for SCC spheroids 

(Figure 19 D). The mRNA measurements indicate a cell type-specific regulation of mPGES-1 

and COX-2 in AC and SCC cells. While SCC spheroids generally express more mPGES-1 and 

COX-2, both were significantly induced by IL-  in AC spheroids, but not in SCC spheroids. 

The next aim was to focus on the regulation of mPGES-1 via the miR-574-5p/CUGBP1 decoy 

mechanism. Thus, CUGBP1 and NOXP20 mRNA levels were analyzed. NOXP20 mRNA 

carries the precursor of miR-574-5p and is therefore expected to show the same regulation 

patterns as miR-574-5p [287]. CUGBP1 levels were similar in AC and SCC spheroids. The 

stimulation with IL-  led to a significant ~1.7-fold induction of CUGBP1 mRNA in AC 

monoculture spheroids. This effect was not observed in AC co-cultures or SCC spheroids 

(Figure 19 E). NOXP20 mRNA levels were higher in SCC spheroids compared to AC 

spheroids. Stimulation with IL-  led to a significant decrease in NOXP20 mRNA levels in AC 

co-culture spheroids but not monocultures and SCC spheroids (fig 19 F). These results 

suggest that NOXP20, and thus miR-574-5p, are specifically regulated in AC co-cultures with 

fibroblasts. 

All in all, mRNA levels of IL-  stimulated spheroids indicate a subtype-specific regulation of 

mPGES-1 and COX-2. Moreover, differences were observed for mRNA levels of NOXP20, the 

host mRNA of miR-574-5p. This could hint at a cell-type-specific regulation of miR-574-5p and 

thus the miR-574-5p/CUGBP1 decoy mechanism. 

To further characterize the differences between AC and SCC spheroids, mPGES-1, COX-2, 

and CUGBP1 protein levels were determined in the same experimental setup. Here, SCC 

spheroids showed higher mPGES-1 protein levels than AC spheroids, which is in line with 

mRNA measurements (Figure 20 A). IL-  slightly but significantly increased mPGES-1 levels 

in AC monocultures. Interestingly, mPGES-1 protein levels were significantly higher in AC co-
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cultures than in AC monocultures. mPGES-1 levels were further increased to ~4-fold by IL-

stimulation in AC co-cultures. On the contrary, SCC spheroids did not show an induction of 

mPGES-1 in response to IL-  stimulation or for the co-cultivation with fibroblasts.  

 

 

 

Figure 19: RT-qPCR analysis of IL-  LC spheroid cultures. 
RT-qPCR analysis of microsomal prostaglandin E synthase 1 (mPGES-1) coding sequence (CDS), mPGES-1 wild 
type (WT), mPGES-1 -UTR isoform (isoform), cyclooxygenase-2 (COX-2), CUG-RNA binding protein 1 
(CUGBP1), and nervous system overexpressed protein 20 (NOXP20) mRNA. AC (A549 cells) and SCC (2106T 
cells) monoculture or co-culture spheroids with lung fibroblasts (HFL1 cells) were generated using the hanging drop 
method. Spheroids were stimulated with 5 ng/ml interleukin-(IL)-  h. Measured mRNA levels were 
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and untreated AC monoculture spheroids 
(AC: N=3, SCC: N=4). Results are shown as mean +SEM. Statistical differences between samples of the same cell 
type were determined by unpaired t-
between AC and SCC spheroids were determined by one-  
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Of note, mPGES-1 protein levels were lower in SCC co-cultures compared to SCC 

monocultures. In sum, mPGES-1 regulation highly differed between AC and SCC spheroid 

cultures. 

These subtype-specific differences were also observed for COX-2 protein levels. Here, SCC 

spheroid cultures showed significantly higher protein levels than AC spheroid cultures (Figure 

20 B). IL-  slightly induced COX-2 protein levels in AC spheroids. The induction was much 

lower than respective mRNA levels. In contrast, SCC monoculture spheroids showed 

significant induction of COX-2 protein levels after IL-  stimulation. Of interest, COX-2 protein 

levels were upregulated in SCC spheroids due to the co-cultivation with fibroblasts. This 

induction was not further increased by IL-  stimulation. Collectively, SCC spheroids revealed 

higher mPGES-1 and COX-2 protein levels than AC spheroids.  

In AC spheroids mPGES-1, but not COX-2, was upregulated in response to co-cultivation with 

fibroblasts and stimulation with IL- . Contrary to AC spheroids, SCC spheroids showed an 

upregulation of COX-2, but not mPGES-1. These results demonstrate that the PGE2-

synthesizing proteins mPGES-1 and COX-2 are differently regulated in AC and SCC spheroid 

cultures. 

To analyze the role of the miR-574-5p/CUGBP1 decoy mechanism, CUGBP1 protein levels 

and miR-574-5p levels were determined in AC and SCC spheroids. CUGBP1 expression 

revealed only slight changes in AC and SCC spheroids (Figure 20 C). miR-574-5p levels were 

similar in unstimulated AC and SCC spheroids (Figure 20 D). Interestingly, IL-  stimulation 

led to a slight decrease of miR-574-5p in both spheroid types. The decrease was advanced by 

co-cultivation with fibroblasts. This is in line with NOXP20 mRNA measurements for AC 

spheroids, but not with SCC mRNA data (Figure 19 F). Here, the lower expression levels of 

miR-574-5p could not be explained by reduced host mRNA levels of NOXP20, which was 

expected to correlate with the levels of miR-574-5p. Hence, other factors like the secretion of 

miR-574-5p might contribute to reduced miR-574-5p levels in SCC spheroids. 

Overall, these experiments indicate that PGE2 biosynthesis is regulated differently in AC and 

SCC. In both LC subtypes, mPGES-1 and COX-2 are regulated independently. Moreover, co-

cultivation with fibroblasts affected the expression of mPGES-1, COX-2, and miR-574-5p. This 

shows that intercellular communication probably affects the regulation of PGE2 in NSCLC 

spheroids. Moreover, the discrepancy between miR-574-5p and NOXP20 levels in SCC 

spheroids could hint at the secretion of miR-574-5p. 
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Figure 20: Western blot and RT-qPCR analysis of IL-  LC spheroid cultures. 
(A-C) Western blot analysis of microsomal prostaglandin E synthase 1 (mPGES-1), cyclooxygenase-2 (COX-2), 
and CUG-RNA binding protein 1 (CUGBP1) in adenocarcinoma (AC, A549 cells) and squamous cell carcinoma 
(SCC, 2106T cells) spheroids. Monoculture or co-culture spheroids with human lung fibroblasts (HFL1 cells) were 
generated in hanging drops. Spheroids were stimulated with 5 ng/ml interleukin-(IL)-  h. mPGES-1 and 
CUGBP1 levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and untreated AC 
monoculture spheroids (AC: N=7, SCC: N=7). COX-2 levels were normalized to GAPDH and untreated SCC 
monoculture spheroids (AC: N=3, SCC: N=5). (D) RT-qPCR analysis of intracellular miR-574-5p of AC and SCC 
spheroids. miR-574-5p levels were normalized to spike-in control ath-miR-159a and untreated AC monoculture 
spheroids (AC: N=3, SCC: N=4). Results are shown as mean +SEM. Statistical differences between samples of the 
same cell type were determined by unpaired t-
AC and SCC spheroids were determined by one-  
 

3.4.2 PGE2-stimulation of AC and SCC spheroid cultures 

Increased mPGES-1 and PGE2 levels have been linked to NSCLC in the literature [45]. This 

was also observed in stained tumor sections in this study (see Chapter 3.1). Since PGE2 is an 

important inflammatory lipid mediator in NSCLC [33], AC and SCC mono- and co-culture 



Results 
__________________________________________________________________________

64 
 

spheroids were stimulated with PGE2 in the following experiment to mimic the TME. This 

experimental setup was used to analyze possible cell type-specific differences with a focus on 

PGE2 biosynthesis. 

In the first step, mPGES-1, COX-2, CUGBP1, and NOXP20 mRNA levels were determined 

(Figure 21). As described in chapter 3.4.1, SCC spheroids revealed higher levels of mPGES-

1 than AC spheroids (Figure 21 A-C). Stimulation with PGE2 did not significantly alter mPGES-

1 mRNA levels in AC or SCC spheroid cultures. Also, COX-2 levels were higher in SCC 

cultures than in AC cultures, which is in line with previous experiments (see chapter 3.4.1). 

Again, neither PGE2 stimulation nor co-cultivation with fibroblasts significantly affected COX-2 

levels in AC and SCC (Figure 21 D). 

Further, CUGBP1 and NOXP20 levels were analyzed to control the impact of PGE2 on the 

miR-574-5p/CUGBP1 decoy mechanism. AC and SCC spheroids showed similar levels of 

CUGBP1 mRNA (Figure 21 E). CUGBP1 mRNA levels were not affected by PGE2 stimulation 

or co-cultivation with fibroblasts. In contrast, NOXP20 mRNA was significantly down-regulated 

in AC co-cultures. Co-cultivation led to a significant ~0.6-fold decrease of NOXP20 mRNA in 

AC spheroids (Figure 21 F). Interestingly, PGE2 stimulation did not increase NOXP20 mRNA 

in AC monocultures, but led to a significant ~1.6-fold increase in AC co-cultures. Comparing 

unstimulated and stimulated AC co-cultures, PGE2 stimulation accounts for a ~2.4-fold 

increase in NOXP20 mRNA levels. In SCC spheroids, a similar trend was observed. However, 

the changes upon co-cultivation with fibroblasts and PGE2 stimulation were lower and not 

significant. 

In summary, PGE2 stimulation did not alter mPGES-1, COX-2, and CUGBP1 mRNA levels. 

Noteworthy, NOXP20 mRNA levels were significantly impacted by co-cultivation with 

fibroblasts in AC spheroids. Further, AC co-cultures specifically responded to PGE2 stimulation 

with an upregulation of NOXP20. This indicates that miR-574-5p levels could be upregulated 

in stimulated AC co-cultures and thus affect PGE2 biosynthesis via the miR-574-5p/CUGBP1 

decoy mechanism. 
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Figure 21: RT-qPCR analysis of PGE2-stimulated LC spheroid cultures. 
RT-qPCR analysis of microsomal prostaglandin E synthase 1 (mPGES-1) coding sequence (CDS), mPGES-1 wild 
type (WT), mPGES- -UTR isoform (isoform), cyclooxygenase-2 (COX-2), CUG-RNA binding protein 1 
(CUGBP1), and nervous system overexpressed protein 20 (NOXP20) mRNA. Adenocarcinoma (AC, A549 cells) 
and squamous cell carcinoma (SCC, 2106T cells) monoculture or co-culture spheroids with human lung fibroblasts 
(HFL1 cells) were generated in hanging drops. Spheroids were stimulated with 5 nM prostaglandin E2 (PGE2) for 
24 h. mRNA levels were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and untreated AC 
monoculture spheroids (AC: N=3, SCC: N=3). Results are shown as mean +SEM. Statistical differences between 
samples of the same cell type were determined by unpaired t-
Statistical differences between AC and SCC spheroids were determined by one-  
 

To further analyze the observed effects, Western blot analyses were performed using the same 

experimental setup. Here mPGES-1 protein levels were higher in SCC than in AC spheroids, 

which is in line with mRNA measurements. Also, mPGES-1 protein levels slightly decreased 

in SCC co-cultures (Figure 22 A). COX-2 protein levels were generally higher in SCC than in 

AC spheroids (Figure 22 B). Contrary to mRNA data, co-cultivation with fibroblasts led to a 

slight increase of COX-2 protein levels in AC spheroids. 
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CUGBP1 protein levels did not change upon co-cultivation or PGE2 stimulation in all types of 

spheroids, thus resembling mRNA measurements (Figure 22 C). miR-574-5p levels were 

significantly lower in AC co-cultures compared to AC monocultures (Figure 22 D). Strikingly, 

miR-574-5p levels in PGE2 stimulated AC co-cultures did not resemble NOXP20 mRNA levels. 

As NOXP20 mRNA carries the precursor of miR-574-5p, both were expected to correlate. 

However, PGE2 stimulated AC co-cultures showed a significant 0.5-fold decrease of miR-574-

5p levels (Figure 22 D). Contrarily, NOXP20 mRNA levels were significantly upregulated ~1.6-

fold in respective samples (Figure 21 F). These results strongly indicate that miR-574-5p could 

be secreted in AC co-culture spheroids. In comparison, SCC spheroids did not significantly 

regulate miR-574-5p levels in this experimental setup. 

 

 

 

Figure 22: Western blot and RT-qPCR analysis of PGE2 stimulated LC spheroid cultures. 
(A-C) Western blot analysis of microsomal prostaglandin E synthase 1 (mPGES-1), cyclooxygenase-2 (COX-2), 
and CUG-RNA binding protein 1 (CUGBP1) in adenocarcinoma (AC, A549 cells) and squamous cell carcinoma 
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(SCC, 2106T cells) spheroids. Monoculture or co-culture spheroids with human lung fibroblasts (HFL1 cells) were 
generated in hanging drops. Spheroids were stimulated with 5 nM prostaglandin E2 (PGE2) for 24 h. Protein levels 
were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and untreated AC monoculture 
spheroids (mPGES-1: AC: N=3, SCC: N=4; COX-2, CUGBP1: AC: N=3, SCC: N=6). (D) RT-qPCR analysis of 
intracellular miR-574-5p of AC and SCC spheroids. miR-574-5p levels were normalized to spike-in control ath-miR-
159a and untreated AC monoculture spheroids (AC: N=3, SCC: N=3). Results are shown as mean +SEM. Statistical 
differences between samples of the same cell type were determined by unpaired t-

-
 

 

In sum, AC and SCC spheroids did not show regulation of mPGES-1, COX-2, and CUGBP1 

upon PGE2 stimulation. However, NOXP20 and miR-574-5p levels noticeably differed in 

stimulated AC co-cultures. To a lesser extent, this was also observed for SCC co-cultures. 

Since miR-574-5p levels are expected to correlate with NOXP20 mRNA levels, miR-574-5p 

may be secreted in co-cultures upon PGE2 stimulation.  

 

3.5 PGE2 induces the secretion of sEV-derived miR-574-5p in AC and SCC cells 

Stimulation of AC spheroid cultures with PGE2 led to the upregulation of NOXP20 mRNA. 

Surprisingly, miR-574-5p levels significantly decreased in the same samples. This led to the 

suggestion that miR-574-5p might be secreted by cancer cells and thus affect intercellular 

communication. In the following experiments, B.Sc. Leon Koch contributed to AC miR 

secretion exp . SCC miR secretion experiments, CIII- and 

EP-agonist stimulation experiments were performed together with M.Sc. Anna Riedel during 

 

To further investigate the hypothesis of miR-574-5p secretion, AC and SCC cells were treated 

with PGE2 in a 2D cell culture setup. Compared to spheroid cultures, this method facilitated 

the isolation and characterization of sEV, which could carry secreted miR-574-5p. After PGE2 

stimulation, the secretion of four miRs was analyzed. To this end miR-574-5p, miR-21-5p, miR-

486-5p, and miR-16-5p were measured via RT-qPCR analysis because they are known to 

exert physiological functions in LC. Moreover, they are secreted by LC cells [272, 332 334]. 

The secretion of all miRs was assessed 2 h and 8 h after stimulation. For this purpose, total 

RNA was isolated from sEV, and RT-qPCR analysis was conducted. After 2 h, AC cells 

showed a significant ~3-fold upregulation of miR-574-5p compared to unstimulated cells 

(Figure 23 A). The other miRs were also slightly but not significantly upregulated. 8 h after 

stimulation, miR-574-5p levels were significantly lower compared to unstimulated samples. In 

SCC cells, PGE2 stimulation slightly but significantly lowered miR-574-5p levels but not the 

other miRs in sEV (Figure 23 B). After 8 h, miR-574-5p was significantly enriched ~3-fold in 

stimulated SCC samples. This was not the case for the other miRs. 
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These results show that PGE2 triggers the secretion of miR-574-5p in AC and SCC cells. 

However, the cells revealed different secretion time points, which could be due to cell-type-

specific intracellular signaling. 

The next aim was to analyze whether increased miR-574-5p secretion was linked to higher 

intracellular miR-574-5p levels. Thus, AC and SCC were stimulated with PGE2, and 

intracellular miR-574-5p was measured via RT-qPCR analysis after 2 h and 8 h. Interestingly, 

intracellular miR-574-5p was not significantly increased due to PGE2 stimulation (Figure 23 C, 

D). Thus, it is conceivable that PGE2 specifically triggers the secretion of miR-574-5p into sEV. 

Next, it was analyzed whether increased sEV-derived miR-574-5p levels are due to a higher 

secretion rate of sEV in general, or if more miR-574-5p was packed per vesicle. To this end, 

AC and SCC cells were stimulated with PGE2, and cell culture supernatants were harvested 

after 2 h and 8 h to measure total sEV numbers. sEV numbers did not change due to PGE2 

stimulation in AC and SCC cells (Figure 23 E, F). It strongly suggests that PGE2 induces the 

sorting of miR-574-5p into sEV, rather than generally increasing sEV secretion. 

 

 

 

Figure 23: PGE2 induces the secretion of sEV-derived miR-574-5p in AC and SCC cells. 
(A, B) Small extracellular vesicle (sEV) miR levels of miR-574-5p, miR-21-5p, miR-486-5p, and miR-16-5p isolated 
from adenocarcinoma (AC, A549, N=4-5) and squamous cell carcinoma (SCC, 2106T, N=3) cell culture 
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supernatants. AC and SCC cells were stimulated with 5 nm prostaglandin E2 (PGE2) for 2 h and 8 h. sEV-derived 
RNA was analyzed via RT-qPCR and normalized to the spike-in control ath-miR-159a. Data are shown as mean 
+SEM. Unpaired t- -574-5p levels in AC 
and SCC cells after PGE2 stimulation. For AC samples, miR-574-5p levels were normalized to miR reverse 
transcription control (miRTC) and untreated samples (N=3). For SCC samples, miR-574-5p levels were normalized 
to spike-in control ath-miR-159a and untreated samples (N=3). (E, F) Number of AC- or SCC-derived sEV per ml 
after PGE2 stimulation. sEV numbers were determined using a Zetasizer Nano S (Malvern Panalytical) in unpurified 
cell culture supernatants (N=4). 
 

In summary, these experiments demonstrated that PGE2 induces the secretion of sEV-derived 

miR-574-5p in AC and SCC cells. The secretion did not correlate with increased intracellular 

miR-574-5p levels. Moreover, sEV numbers did not change due to stimulation, which indicates 

an increased miR-574-5p content per vesicle. 

To further characterize this novel mechanism, AC and SCC cells were treated with the 

mPGES-1 inhibitor CIII. CIII inhibits the function of mPGES-1 and thus lowers PGE2 

biosynthesis [335]. This setup was used to investigate whether miR-574-5p secretion is 

specifically triggered by external stimulation with PGE2 or is also modulated by native PGE2 

levels in AC and SCC cell cultures. sEV-derived miR-574-5p was measured as described 

above. In AC cells, inhibition of mPGES-1 led to a significant decrease to ~0.4-fold of miR-

574-5p after 16 h (Figure 24 A).  

SCC cells also showed a highly significant reduction of miR-574-5p secretion. Here, secretion 

was reduced to ~0.2-fold compared to unstimulated controls. Of note, SCC cells decreased 

the secretion of sEV-derived miR-574-5p 24 h after treatment with CIII. Thus, AC and SCC 

cells reacted similarly to CIII treatment but showed different regulation times. 

Next, it was analyzed which EP receptor mediates the secretion of sEV-derived miR-574-5p 

after PGE2 stimulation. To this end, AC and SCC cells were stimulated with EP receptor 

agonists, total RNA was isolated from sEV, and miR-574-5p levels were measured via RT-

qPCR analysis. The EP3/EP1 agonist led to increased sEV-derived miR-574-5p levels in AC 

cells (Figure 24 B). After 2 h miR-574-5p levels were increased ~2.5-fold, and after 8 h miR-

574-5p levels were significantly ~4-fold enriched. In SCC cells, miR-574-5p secretion was 

significantly 2.5-fold induced after 2 h. 8 h after stimulation, the secretion of sEV-derived miR-

574-5p was comparable with unstimulated controls. The observed secretion time points 

differed from the secretion time points of PGE2 stimulated cells, which is probably due to 

different binding affinities of PGE2 and EP receptor agonists to EP receptors. Also, it is likely 

that PGE2 and EP receptor agonists have different stabilities and thus a different half-live. 

Stimulation with EP2 and EP4 agonists did not increase the secretion of miR-574-5p in AC and 

SCC cells. Interestingly, in AC cells, sEV-derived miR-574-5p levels were significantly 

decreased 2 h after stimulation with the EP4 agonist. The differences in EP receptor-mediated 

responses can likely be attributed to different signaling cascades triggered upon the activation 

of distinct EP receptors. 
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Figure 24: PGE2-induced miR-574-5p secretion is mediated by EP1/EP3 receptors. 
(A) Small extracellular vesicle (sEV)-derived miR-574-5p levels of adenocarcinoma (AC, A549) and squamous cell 
carcinoma (SCC, 2106T) cells after treatment with 10 µM compound III (CIII, mPGES-1 inhibitor, N=3-4). (B-D) 
sEV-derived miR-574-5p of AC and SCC cells stimulated with 5 nM E prostanoid receptor (EP receptor) agonists 
Sulprostone (EP1/3, N=3), Butaprost (EP2, N=4), and L-902,688 (EP4, N=3). sEV-derived RNA was analyzed via 
RT-qPCR and normalized to the spike-in control ath-miR-159a. Data are shown as mean +SEM. Unpaired t-test, 

 
 
Together, these results demonstrate that sEV-derived miR-574-5p secretion is modulated by 

external stimulation with PGE2 as well as natural PGE2 levels in unstimulated cells. Also, 

secretion was shown to be mediated by EP3/EP1 receptors. Since PGE2 is overexpressed in 

many LC cases [45], PGE2-induced secretion of miR-574-5p probably plays an important role 

in the intercellular communication of LC. 

 

3.6 AC- and SCC-derived sEV differ in their tetraspanin composition 

Previous experiments showed that PGE2 induces the secretion of sEV-derived miR-574-5p in 

NSCLC cells. Thus, it is likely that miR-574-5p containing sEV impact the intercellular crosstalk 

in NSCLC. The following experiments focused on the role of miR-574-5p in the intercellular 

crosstalk of NSCLC. For this purpose, AC- and SCC-derived sEV were characterized with the 
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ExoViewTM R100TM platform (NanoView Bioscience). The platform provides multi-level sEV 

analysis of particle size, number and phenotype, and colocalization of tetraspanins [142]. 

First, sEV sizes were determined. AC- and SCC-derived sEV showed very similar size 

distributions (Figure 25 A, B). In AC samples, ~5440 sEV were detected in total. Out of those, 

93% were smaller than 100 nm in diameter, 5.5% were smaller than 150 nm, and 1.5% were 

smaller than 200  nm in diameter (Figure 25 A). In SCC 

samples, ~ 5290 sEV were detected in total. Here, 95% were smaller than 100 nm in diameter, 

4.2% were smaller than 150 nm, and 1.2% were smaller than 200 nm. Again, few sEV were 

detected with a size of 200 nm or above (Figure 25 B). The size distribution of AC- and SCC-

derived sEV was very similar. Thus, the characterization of sEV sizes indicates that AC and 

SCC cells secrete similar sEV populations. Of note, 50 nm marks the resolution limit of the 

platform. Both cell lines probably secrete sEV that are smaller than 50 nm in diameter. 

 

 

 

Figure 25: Size distribution of AC- and SCC-derived sEV. 
(A, B) The size distribution of adenocarcinoma (AC, A549)- and squamous cell carcinoma (SCC, 2106T)-derived 
small extracellular vesicles (sEV) was analyzed using the ExoViewTM R100TM platform. Data are presented as mean 
+SEM of two independent biological experiments each including three technical replicates. 
 

To further characterize sEV populations, AC- and SCC-derived sEV were analyzed for the 

presence of the tetraspanins CD63, CD81, and CD9, which are among the most abundant 

tetraspanins in sEV [147 149]. In a first step, sEV were captured on a chip that carries spots 

with antibodies against tetraspanins. Those spots were coated with specific antibodies against 

CD63, CD81, or CD9. Then, bound sEV were visualized via light scattering. Here, AC- and 

SCC-derived sEV strongly differed in their CD63 levels (Figure 26 A, B, bar graphs). In AC 

samples, 16% of total sEV were bound to CD63 spots, while the majority of SCC-derived sEV 

bound to CD63 spots (47% of total sEV). In SCC samples, CD81 spots revealed the lowest 

number with 20% of total sEV, and 32% of all sEV were captured with CD9. In contrast, most 
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AC-derived sEV were bound to CD9 spots with 47% of total sEV, and 34% were bound to 

CD81. The results strongly indicate that AC and SCC cells secrete different sEV populations. 

Further, sEV were stained with fluorescently labeled antibodies against CD81, CD63, and 

CD9. This allowed the measurement of tetraspanin colocalization on a single sEV basis. Here, 

CD81 and CD9 positive sEV revealed similar colocalization patterns in AC and SCC samples 

(Figure 26 A, B, pie charts). However, CD63 positive sEV revealed cell-specific differences. In 

AC, 43% of the CD63 positive sEV showed colocalization of CD9 and CD63. 14% of CD63 

positive sEV showed colocalization of CD81 and CD63. In AC samples, 12% of all sEV were 

positive for all three tetraspanins, and 31% of CD63 positive AC-derived sEV did not colocalize 

with other tetraspanins. 

Contrary to AC-derived sEV, SCC samples showed 80% of sEV were only positive for CD63. 

In addition, 13% of all CD63 positive SCC-derived sEV showed colocalization of CD9 and 

CD63. 5% were positive for CD81 and CD63. Only 2% of all CD63 positive SCC-derived sEV 

were positive for all three tetraspanins. 

 

 

 

Figure 26: AC- and SCC-derived sEV differ in their tetraspanin composition. 
(A, B) Unpurified adenocarcinoma (AC, A549)- and squamous cell carcinoma (SCC, 2106T)-derived small 
extracellular vesicles (sEV) were analyzed with the ExoViewTM R100TM platform (NanoView Biosciences). In this 
approach, sEV were captured at specific antibody-coated spots against the tetraspanins CD81, CD63, and CD9 
(bar graphs). Captured sEV were further analyzed for tetraspanin colocalization using specific fluorescently labelled 
antibodies (pie charts). The graphs show data from two independent biological experiments each including three 
technical replicates. 
 

The colocalization results underline that AC- and SCC-derived sEV greatly differ in their 

tetraspanin composition, which could influence the interaction between cells and respective 

sEV. 
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Overall, the characterization of AC- and SCC-derived sEV showed that sEV greatly differ in 

their tetraspanin composition. This resembles another crucial difference between AC and SCC 

cells that possibly impacts the miR-574-5p based intercellular crosstalk. 

 

3.7 Establishment of cell-specific miR-574-5p oe sEV 

In previous experiments, it was shown that PGE2 induces the secretion of sEV-derived miR-

574-5p in AC and SCC cells. This is of special interest as PGE2 is overexpressed in many LC 

cases [45] and intracellular miR-574-5p regulates PGE2 biosynthesis in AC cells [225]. Thus, 

the following experiments aimed to investigate the physiological role of sEV-derived miR-574-

5p on AC and SCC cells. 

Functional analyses were performed with miR-574-5p oe sEV, generated from AC and SCC 

cells. SCC-derived miR-574-5p oe sEV were established in collaboration with M.Sc. Anna 

. sEV were purified via differential ultracentrifugation and 

further analyzed or used for cell stimulation. The successful purification of miR-574-5p oe sEV 

via ultracentrifugation was confirmed via TEM analysis (Figure 27). Here, the typical sEV sizes, 

ranging from 40 nm-150 nm in diameter, were visualized [106]. Unlike AC and SCC samples, 

control samples without sEV did not show any sEV-like structures. 

 

 

 

Figure 27: Transmission electron microscopy analysis of miR-574-5p oe sEV. 
Adenocarcinoma (AC, A549)- and squamous cell carcinoma (SCC, 2106T)-derived miR-574-5p overexpression 
(oe) small extracellular vesicles (sEV) were purified using differential ultracentrifugation. The purification of sEV 
was proven via transmission electron microscopy (TEM). Scale bars: 100 nm. 
 

After purification and morphological observation, miR-574-5p oe sEV were analyzed for their 

miR-574-5p content via RT-qPCR analysis. In AC-derived miR-574-5p oe sEV, miR-574-5p 

was significantly ~9-fold enriched, compared to ScrC sEV (Figure 28 A). SCC-derived miR-

574-5p oe sEV revealed a significant ~4-fold enrichment of miR-574-5p compared to ScrC sEV 

(Figure 28 B). Thus, miR-574-5p was successfully overexpressed in AC- and SCC-derived 

sEV. 
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To analyze whether miR-574-5p was located inside sEV or attached to the membrane of sEV, 

an RNase protection assay was performed by B.Sc. Sheila Nevermann (Figure 28 C). RNase 

treatment alone only slightly decreased miR-574-5p levels compared to untreated samples. In 

contrast, the disruption of sEV membranes followed by RNase treatment significantly reduced 

miR-574-5p levels compared to RNase treated samples. Here, miR-574-5p levels decreased 

to ~0.2-fold compared to untreated samples.  

 

 

 

Figure 28: Characterization of AC- and SCC-derived miR-574-5p oe sEV.  
(A, B) Adenocarcinoma (AC, A549) and squamous cell carcinoma (SCC, 2106T) cells were transfected with 
scrambled control (ScrC) or miR-574-5p overexpression (miR-574-5p oe) XMIRXpress constructs. miR-574-5p 
levels were analyzed via RT-qPCR analysis and normalized to spike-in control ath-miR-159a (AC: N=3, SCC: N=4). 
Relative changes to ScrC control are shown as mean + SEM, unpaired t- (C, D) AC- and SCC-derived 
miR-574-5p oe sEV were treated with RNase with and without Triton X-100. miR-574-5p levels were determined 
via RT-qPCR and normalized to spike-in control ath-miR-159a. Relative changes to untreated sEV are shown as 
mean +SEM (N= 3), t- . 
 

In sum, these results show that miR-574-5p was overexpressed in sEV-derived from AC or 

SCC cells. Moreover, the majority of miR-574-5p was enclosed in sEV and not only attached 

to sEV membranes. All in all, cell-specific miR-574-5p oe sEV were successfully generated 

and can be further used for cell stimulation. 

 

3.8 AC and SCC cells internalize miR-574-5p oe sEV 

Since PGE2 induced the secretion of miR-574-5p in sEV, miR-574-5p oe sEV were used for 

functional analyses. First, live-cell imaging was used to check whether the engineered sEV are 

taken up by AC and SCC cells. To this end, living cells were stained with Hoechst 33258 to 

visualize cell nuclei. Also, images were acquired using DIC to show the whole cell. Then, cells 

were incubated with stained sEV and monitored for 30 min. 

The first image was acquired before sEV were added to cells. Here, no sEV signal was 

observed (Figure 25 A, B, left panels). 15 min after stained sEV were added to cells, both cell 
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lines had started to internalize sEV (Figure 25 A, B, middle panels). After 30 min, a higher 

number of internalized sEV was observed in both cell lines. Of note, some SCC-derived miR-

574-5p oe sEV accumulated at the membranes of SCC cells, but not at AC cells (Figure 29 B, 

right panels, white arrows). 

 

 

 

Figure 29: miR-574-5p oe sEV are internalized by AC and SCC cells. 
(A, B) Live-cell imaging of miR-574-5p overexpression (oe) small extracellular vesicle (sEV) uptake in 
adenocarcinoma (AC, A549) and squamous cell carcinoma (SCC, 2106T) cells. Cells were visualized with 
differential interference contrast (DIC, grey) and nuclei were stained with Hoechst 33258 (blue). sEV were stained 
with -dioctadecyloxacarbocy-anine perchlorate (DIO, green). sEV uptake was monitored for 
AC and SCC cells with their respective sEV for 30 min. Some SCC sEV accumulated at the cell membrane (B, 
white arrows). Representative images of three independent biologicals replicates with at least three technical 
replicates are shown. Scale bars: 10 µm. 
 

Here it was shown that AC and SCC cells internalize the engineered sEV. Thus, a physiological 

response to the sEV is possible. Moreover, AC and SCC cells interact differently with the 

respective sEV. This might be due to cell-specific sEV uptake mechanisms. Thus, the cell lines 

may show different reactions to miR-574-5p oe sEV. 

Next, miR-574-5p oe and ScrC sEV were analyzed for possible cytotoxic effects on their 

recipient cells. For this purpose, AC and SCC cells were treated with miR-574-5p oe or ScrC 

sEV and incubated for 24 h. Afterwards, a tetrazolium reduction assay was performed (Figure 

30). In this assay, the metabolic activity of living cells causes the reduction of the MTT dye to 

insoluble formazan. The amount of formazan can be measured via spectroscopy and 

correlates with cell metabolism [336]. Thus, the experiment can detect a change in cell 

metabolism, as well as cell viability. 24 h after sEV treatment, no differences were observed 

between sEV treated and untreated samples of both cell lines. In conclusion, miR-574-5p oe 

sEV and ScrC sEV do not significantly alter cell viability or cell metabolism in AC and SCC 

cells. 

All in all, cell-specific miR-574-5p oe sEV were generated which can be used to conduct 

physiological analyses. miR-574-5p is enclosed within those sEV, and miR-574-5p oe sEV are 
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internalized by AC and SCC cells. Moreover, no cytotoxic effects of engineered sEV were 

determined. Hence, the established system is suited to perform further experiments. 

 

 
 

Figure 30: miR-574-5p oe sEV and ScrC sEV do not exert cytotoxic effects. 
(A, B) Tetrazolium reduction assay of adenocarcinoma (AC, A549) and squamous cell carcinoma (SCC, 2106T) 
cells after treatment with 2 µg/ml miR-574-5p overexpression (oe) or scrambled control (ScrC) small extracellular 
vesicles (sEV) for 24 h. Effects on cell proliferation or metabolism were assessed with 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide (MTT, N=3). Results are shown as mean +SEM. 

 

3.9 sEV-derived miR-574-5p decreases mPGES-1 and PGE2 levels via TLR7/8 in AC 
cells 

Previous experiments showed that PGE2 induces the secretion of sEV-derived miR-574-5p in 

AC and SCC cells. Thus, the physiological function of sEV-derived miR-574-5p was assessed 

with miR-574-5p oe sEV, which are internalized by AC and SCC cells and do not exert cytotoxic 

effects on the cells.  

The next aim was to analyze the physiological function of sEV-derived miR-574-5p on AC and 

SCC cells. In this context, it is conceivable that sEV-derived miR-574-5p interacts with TLR7/8. 

The interaction of TLR7/8 with miR-574-5p has already been shown in other studies [203, 204]. 

Moreover, TLR7/8 is expressed in AC and SCC samples [317]. 

To verify the expression in the cell lines used, TLR7/8 were stained via IF (Figure 31). TLR7 

stainings were performed by M.Sc. Eva Wolf and B.Sc. Sheila Nevermann. Both receptors 

were detected in AC and SCC cells. As expected for an endosomal receptor, the signal 

appeared in foci which were distributed within the cytoplasm of the cells. Thus, the expression 

of TLR7/8 was confirmed for the cell lines used in this thesis. 
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Figure 31: TLR7 and TLR8 staining of AC and SCC cells. 
(A, B) Toll-like receptor (TLR)7 (red) and TLR8 (green) staining in adenocarcinoma (AC, A549) and squamous cell 
carcinoma (SCC, 2106T) cells. Nuclei were stained with 4´,6-Diamidine-2´-phenylindole dihydrchloride (DAPI, blue). 
Shown are representative images of three independent experiments. Scale bars: 10 µm. 
 
Since both cell lines were positively stained for TLR7/8, further experiments were conducted. 

Thus, a TLR7/8 ligand and antagonist were included in the following experimental setup. 

To analyze the physiological role of sEV-derived miR-574-5p, AC and SCC cells were treated 

with miR-574-5p oe sEV, ScrC sEV, or a TLR7/8 ligand for 24 h. In addition, the same samples 

were generated in the presence of a TLR7/8 antagonist. Then, mPGES-1 protein levels were 

analyzed via Western blot analysis. 

In AC cells, treatment with ScrC sEV led to a significant ~1.6-fold induction of mPGES-1 levels 

compared to untreated controls (Figure 32 A). Interestingly, miR-574-5p oe sEV slightly 

reduced mPGES-1 levels to 0.9-fold compared to untreated controls. Compared to ScrC 

samples, mPGES-1 protein levels significantly decreased with miR-574-5p oe sEV. The same 

effect was observed for samples treated with the TLR7/8 ligand. Here, mPGES-1 levels 

significantly decreased in comparison to untreated samples and ScrC sEV treated samples. 

The decrease was significantly blocked with the TLR7/8 antagonist. 

In contrast to AC cells, these effects were not observed in SCC cells (Figure 32 B). Here, 

mPGES-1 protein levels were not significantly affected by ScrC sEV or miR-574-5p oe sEV. 

Moreover, no regulation of mPGES-1 occurred after treatment with TLR7/8 ligand and 

antagonist. 

In summary, these results indicate that sEV-derived miR-574-5p activates TLR7/8 signaling in 

AC cells. Thereby, mPGES-1 protein levels decrease. This was not observed in SCC cells. 

Thus, this experiment revealed a cell-specific response to sEV-derived miR-574-5p. Even 

though both cell lines express TLR7/8, SCC cells did not regulate mPGES-1 protein levels in 

response to TLR7/8 stimulation.  
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Figure 32: sEV-derived miR-574-5p decreases mPGES-1 levels via TLR7/8 activation in AC cells. 
(A, B) Western blot analysis of adenocarcinoma (AC, A549) and squamous cell carcinoma (SCC, 2106T) cells 
treated with 2 µg/ml small extracellular vesicles (sEV), 100 ng/ml R848 (TLR7/8 ligand) or 200 mM ODN 2088 
Control (ODN 2087, TLR7/8 antagonist). Cells were treated for 24 h prior to Western blot analysis. Microsomal 
prostaglandin E synthase 1 (mPGES-1) protein levels were normalized to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) and untreated cell samples (AC: N=3-5, SCC: N=5-6). Results are shown as mean +SEM, 
unpaired t- -  
 

It was shown that sEV-derived miR-574-5p decreases mPGES-1 levels in AC cells. In the 

following experiment, PGE2 levels were assessed using the same experimental setup as 

described above. After treatment with sEV, TLR7/8 ligand, or TLR7/8 antagonist, PGE2 levels 

were measured in cell culture supernatants with an ELISA (Figure 33). PGE2 levels were 

significantly lower in samples treated with miR-574-5p oe sEV or TLR7/8 ligand than in 

untreated samples. In contrast, ScrC sEV treated samples did not significantly differ from 

untreated samples. The use of a TLR7/8 antagonist blocked the miR-574-5p and the TLR7/8 
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ligand-mediated decrease of PGE2. Here, PGE2 levels were significantly increased after the 

administration of the TLR7/8 antagonist.  

 

 

 

Figure 33: sEV-derived miR-574-5p decreases PGE2 levels via TLR7/8 activation in AC cells. 
Prostaglandin E2 (PGE2) levels of adenocarcinoma (AC, A549) cells 24 h after stimulation. Prior to harvesting, cells 
were treated with 10 µM arachidonic acid (AA) for 15 min. PGE2 levels were measured via an enzyme-linked 
immunosorbent assay (ELISA, N=4). Results are shown as mean +SEM, unpaired t-
Unpaired t-  
 

These data showed that the regulation of mPGES-1 protein levels also affected PGE2 levels 

in AC cells. Thus, sEV-derived miR-574-5p reduces PGE2 biosynthesis in AC cells via the 

activation of TLR7/8. 

Since intracellular miR-574-5p is known to regulate PGE2 biosynthesis [225], intracellular miR-

574-5p levels were measured after treatment with miR-574-5p oe sEV. As expected, miR-574-

5p levels were increased due to the uptake of sEV-derived miR-574-5p 1 h after treatment with 

miR-574-5p oe sEV (Figure 34). 3 h after treatment with miR-574-5p oe sEV, intracellular miR-

574-5p levels were significantly reduced compared to untreated controls and 1 h samples. 

Compared to 1 h-samples, intracellular miR-574-5p levels were significantly decreased to 

~0.7-fold after 3 h. 6 h after treatment, intracellular miR-574-5p levels were comparable to 

untreated samples. 
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Figure 34: sEV-derived miR-574-5p decreases intracellular miR-574-5p in AC cells. 
Intracellular miR-574-5p levels were determined via RT-qPCR analysis in adenocarcinoma (AC, A549) cells after 
stimulation with miR-574-5p overexpression (oe) small extracellular vesicles (sEV). miR-574-5p levels were 
normalized to spike-in control ath-miR-159a and untreated samples (N=3). Results are shown as mean +SEM, 
unpaired t-test to other sample Unpaired t-  
 

The decrease of intracellular miR-574-5p 3 h after treatment indicates that sEV-derived miR-

574-5p triggers the downregulation of intracellular miR-574-5p. Similar to the observed 

regulation of mPGES-1 and PGE2, this might also be due to the activation of TLR7/8. 
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4. Discussion 

Over the last years, interest in sEV research has increased rapidly [125, 135, 139, 165, 167, 

253, 337]. Whereas sEV were originally thought to transport cellular waste products [99, 100], 

the knowledge of their physiological significance is steadily increasing [97, 103, 337]. Recently, 

sEV-derived miRs were recognized as novel messengers in the sEV-based intercellular 

crosstalk in cancer, often driving cancer progression [96, 162, 163, 167]. In addition to sEV, 

inflammation highly contributes to tumor formation and progression [31, 32]. However, the 

interplay between inflammatory processes and sEV-derived miRs in the TME has not yet been 

studied. A better knowledge of sEV-based communication in the TME could help to unravel 

disease-related processes and improve current therapeutic approaches. 

A key inflammatory mediator in LC is PGE2 [33 37]. Among others, it promotes tumor growth, 

angiogenesis, and immune evasion [39, 40]. High PGE2 levels are often found in lung tumors 

and indicate a poor patient outcome [45, 46]. The work of this study demonstrated that PGE2 

specifically induces miR-574-5p secretion in AC and SCC cells. As of now, PGE2 has not yet 

been described as a modulator of cargo sorting into sEV. So far, only one study links PGE2 

signaling with sEV secretion [338]. In this study, PGE2 activated EP4 receptors, thus promoting 

breast cancer chemoresistance. Blocking of EP4 receptors increased the number of secreted 

sEV, which reduced chemoresistance [338]. Contrary, PGE2 stimulation did not alter sEV 

numbers in the experiments of this thesis. Here, PGE2 induced miR-574-5p secretion via the 

activation of EP1/EP3 receptors. Since EP receptors induce diverse downstream signaling 

pathways, PGE2 can trigger variable answers in stimulated cells [339]. Hence, it is plausible 

that activation of different EP receptors individually affects sEV secretion and cargo sorting in 

different cell types.  

Since sEV play an important role in inflammatory processes [337], it is not surprising that an 

inflammatory mediator like PGE2 modulates sEV content. Several studies describe that sEV, 

secreted by inflamed cells, differ in their cargo compared to healthy sEV [323, 324]. Those 

differences directly impact the physiological function of respective sEV, which often promote 

inflammatory reactions [324, 337, 340, 341]. However, TNF-  is currently the only other known 

inflammatory modulator that induces the secretion of a different subset of sEV compared to 

sEV from untreated cells [323]. Notably, here the PGE2-induced miR-574-5p secretion was 

neither due to increased miR-574-5p expression nor to increased sEV secretion, indicating 

that PGE2 specifically induces miR-574-5p sorting into sEV. Hence, the work of this thesis 

shows for the first time that an inflammatory mediator, here PGE2, specifically modulates the 

sorting of cargo into sEV. 

sEV-derived miRs can be transported throughout the whole body and are very stable in 

numerous body fluids [276 279]. Hence, they represent promising biomarker candidates for 
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several cancer types [272, 280 282, 342 344]. In LC patients, miR-574-5p plasma levels are 

increased compared with healthy individuals [280, 281]. Also, miR-574-5p regulates PGE2 

levels via the miR-574-5p/CUGBP1 decoy mechanism in NSCLC, thereby supporting tumor 

progression [225, 228]. This direct correlation between miR-574-5p and PGE2 qualifies miR-

574-5p as a biomarker candidate for the stratification of NSCLC patients [225]. This study 

strongly supports the suitability of miR-574-5p as a biomarker. Here, it was shown that miR-

574-5p and mPGES-1 colocalize within the same areas and cell types of AC and SCC tissue 

sections. This indicates the functionality of the miR-574-5p/CUGBP1 decoy mechanism in 

NSCLC tissue. Moreover, it was demonstrated that PGE2 modulates miR-574-5p secretion in 

AC and SCC cells. The link between PGE2 and miR-574-5p is further supported by decreased 

miR-574-5p secretion upon PGE2 inhibition. Hence, extracellular miR-574-5p levels probably 

correlate with intra-tumoral PGE2 levels.  

In clinics, miR-574-5p plasma levels could be determined to estimate the tumoral PGE2 levels 

of individual patients. The inhibition of PGE2 biosynthesis is a promising approach to improve 

standard cancer therapies [47, 48]. In this context, the beneficial effects of PGE2 inhibition in 

cancer treatment are already known [54]. Currently, NSAIDs are used in clinics to inhibit COX 

function and decrease PGE2 levels [57, 58]. However, since NSAIDs evoke several side 

effects, and not all LC patients respond to PGE2 reduction, this treatment is not broadly 

recommended so far [48, 59 63, 345]. The varying treatment success might be due to patient-

specific PGE2 levels within tumors. Thus, it is desirable to identify patients with high tumoral 

PGE2 levels, which would benefit from a PGE2 inhibition in addition to standard cancer therapy 

[225, 228]. The successful stratification of LC patients via the determination of plasma miR-

574-5p levels would enable an individualized treatment with PGE2 inhibitors. Additionally, 

continuous measurements of plasma miR-574-5p levels during cancer treatment would 

facilitate the monitoring of treatment success. 

To further improve PGE2 inhibition, mPGES-1 inhibitors are currently developed [47, 53, 70, 

335]. The work of this thesis reveals new insights into the mPGES-1-mediated PGE2 

biosynthesis of AC and SCC. Since mPGES-1 is the terminal enzyme of PGE2 biosynthesis 

[41], it is of great interest to develop mPGES-1 inhibitors for clinical use. In this way, PGE2 

biosynthesis could be inhibited while preventing the severe side effects of NSAIDs [47]. So far, 

available mPGES-1 inhibitors are not approved for clinical use [70]. However, this study 

underlines the potential of mPGES-1 inhibition to support LC therapy. 

Interestingly, this study revealed subtype-specific differences between AC and SCC regarding 

the expression of miR-574-5p and mPGES-1 in NSCLC tissue sections. Even though the miR-

574-5p/CUGBP1 decoy mechanism is already described for AC cells [225], the location of the 

miR-574-5p/CUGBP1 decoy interaction partners in human NSCLC tissue was not analyzed so 
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far. Here, it was shown that miR-574-5p and mPGES-1 colocalize in human AC and SCC

tissue sections. Hence, this study provides strong evidence that the miR-574-5p/CUGBP1 

decoy mechanism is present in both NSCLC subtypes. The nuclear location of miR-574-5p in 

AC and SCC tissue and cell lines further supports this. During miR biogenesis, miRs are 

transferred to the cytoplasm [184]. Afterwards, only a few miRs are known to be transported 

back into the nucleus [346, 347]. The miR-574-5p/CUGBP1 decoy mechanism controls the 

splicing of mPGES-1 mRNA, which takes place in the nucleus [225, 228]. Hence, the nuclear 

colocalization of miR-574-5p and CUGBP1 in NSCLC tissue sections further implies the 

functionality of the decoy mechanism within NSCLC. 

Interestingly, SCC tissue sections revealed higher levels of miR-574-5p and mPGES-1 

compared to AC tissue sections. This could hint at higher PGE2 levels in SCC tumors. This 

observation is supported by the results obtained from 3D AC and SCC tumor spheroids. Here, 

mPGES-1 and COX-2 levels were higher in SCC compared to AC spheroids. Of note, COX-2 

is an immediate early gene that is commonly only expressed at very low levels [348]. It is 

rapidly activated due to inflammatory stimuli and then strongly expressed for a short time [348]. 

This tight regulation is probably impaired in the SCC cell line used for this study, as it 

constitutively expresses high COX-2 levels. 

Moreover, mPGES-1 and COX-2 levels were impacted by the co-cultivation with human lung 

fibroblasts which can probably be attributed to interactions between the cancer cells and 

fibroblasts. In the TME, fibroblasts often change their phenotype to CAFs and highly contribute 

to tumor homeostasis and progression [349, 350]. The fibroblast cell line used for this study 

underwent morphological changes upon treatment with A549-conditioned medium. The 

conversion of a spindle-shaped fibroblast to an enlarged, flattened cell is commonly associated 

with fibroblast activation [351]. Hence, A549-conditioned medium likely activated the treated 

fibroblasts. The activation of fibroblasts due to cancer cell-conditioned medium is reported for 

different cancer types, including LC [352 355]. Of note, an increase in cytoplasmatic miR-574-

5p was observed in fibroblasts with CAF-like morphology in this study. Since this phenotype 

developed after stimulation with A549-conditioned medium, it is conceivable that fibroblasts 

internalized extracellular miR-574-5p secreted by AC cells. Interestingly, miR-574-5p has 

already been observed to induce fibroblast activation in cardiac fibroblasts [356]. Here, high 

miR-574-5p levels decreased AT-rich interaction domain 3A (ARID3A) levels, which directly 

activated fibroblast differentiation [356]. Hence, high levels of miR-574-5p in fibroblasts might 

promote the conversion of fibroblasts to CAFs in LC. This might be achieved by LC cells via 

secretion of miR-574-5p in sEV. 

Next, the subtype-specific characteristics of AC- and SCC-derived sEV were analyzed using 

the ExoViewTM R100TM platform. This novel platform allows the characterization of sEV surface 
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proteins which highly impact the physiological functions of sEV [116 118, 124, 142]. Moreover, 

it firstly enables the measurement of multiple proteins, here tetraspanins, on a single sEV basis 

[142]. Tetraspanins make up a major surface protein type of sEV and are thus an interesting 

target for the characterization of sEV populations [144, 145]. Due to using this novel technique, 

the work of this study provides the first insights into the tetraspanin composition of LC-derived 

sEV. It was possible to reveal a unique tetraspanin composition for AC- and SCC-derived sEV, 

indicating the secretion of subtype-specific sEV populations. 

Cells are already known to secrete multiple sEV populations that carry heterogeneous surface 

proteins and cargo [119, 120]. It was shown that different sEV populations presumably target 

specific recipient cells [139, 140]. This is highly impacted by surface proteins which influence 

target cell selection and sEV uptake mechanisms [124, 125]. Here, it was shown that AC- and 

SCC-derived sEV differ in their tetraspanin composition. Live-cell sEV uptake experiments 

revealed that some SCC-derived sEV accumulated at the cell membrane, which was not the 

case for AC-derived sEV. These results indicate the uptake via different mechanisms due to 

cell-specific tetraspanin compositions. Hence, cell-specific interactions of AC- and SCC-

derived sEV can be expected. In the literature, only a few observations link distinct sEV-types 

to individual recipient cells so far [139, 140]. In this context, specific uptake is mainly attributed 

to the interaction between cellular and sEV proteins and receptors [125]. Together with sEV 

cargo, the targeting of distinct recipient cells and the sEV uptake mechanism are crucial for 

the physiological sEV functions [124, 125, 139, 140]. 

In this work, the physiological function of sEV-derived miR-574-5p was analyzed in AC and 

SCC cells. It is known that intracellular miR-574-5p positively regulates PGE2 biosynthesis via 

the miR-574-5p/CUGBP1 decoy mechanism [225]. Surprisingly, here miR-574-5p was shown 

to reduce mPGES-1 and consequently PGE2 levels in AC cells. Hence, a novel function of 

miR-574-5p was discovered in this study. Recently, miR-574-5p was shown to activate 

endosomal TLR7/8 signaling in immune cells [203, 204]. The novel role of miR-574-5p, 

discovered in this study, depends on the miR transfer via sEV. It releases miR-574-5p at the 

endosomal compartments of the cell. Here miR-574-5p interacts with TLR7/8 and thus 

regulates PGE2 biosynthesis differently than intracellular miR-57-5p, which is mainly located 

in the nucleus. This observation is in line with the fact that sEV-derived miRs can be released 

at variable locations within the cell, depending on the uptake mechanism [357]. One possible 

sEV uptake mechanism is endocytosis [152]. In this study, miR-574-5p containing sEV were 

shown to be endocytosed by AC and SCC cells. Endocytosed components, such as sEV, are 

transported to the endosome of recipient cells [358]. Thus, intracellular and sEV-derived miR-

574-5p reach individual cellular locations, resulting in different molecular interactions. Due to 

this, the same miR, here miR-574-5p, can exert opposing functions on PGE2 biosynthesis. This 
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demonstrates for the first time that sEV do not only transport miRs to recipient cells but can 

also change their mode of action. 

Since miRs show a low abundance in sEV, it is not yet completely accepted that sEV-derived 

miRs exert physiological functions [251]. However, this and many other studies already 

describe physiological functions of sEV derived miRs [164, 166, 196 199, 255, 263]. Recently, 

miR-574-5p was shown to bind to TLR8 with a high affinity [204]. This and the fact that sEV 

specifically target individual cells [139, 140] and release their cargo at distinct cellular locations 

[151, 152] demonstrates the fine-tuned organization of sEV based intercellular communication. 

Hence, it is very likely that sEV-derived miRs can trigger downstream signaling in target cells 

even though their abundance is low in sEV.  

In AC cells, TLR7/8 activation led to downregulation of mPGES-1 and PGE2 levels. This 

contrasts with other studies that describe the induction of PGE2 upon TLR7/8 activation [230, 

231]. Also, TLR7/8 signaling induced osteoclastogenesis without influencing PGE2 

biosynthesis in rheumatoid arthritis [204]. However, these studies are based on immune cells, 

which greatly differ from the cancer cell system used in this thesis. Hence, the differences can 

likely be attributed to cell-specific effects. Beyond that, many studies support the observation 

of a PGE2 reduction upon TLR7/8 activation [322, 359 361]. For example, treatment with 

TLR7/8 agonists showed antitumoral effects in different cancer types [322, 359, 360]. 

Moreover, miR-574-5p exerts anti-inflammatory effects in acute respiratory distress syndrome 

[361].  

Interestingly, SCC cells did not show the described mechanism. Here, sEV-derived miR-574-

5p did not affect PGE2 biosynthesis, even though TLR7/8 are expressed by SCC cells [317]. 

The absence of this mechanism could explain the higher mPGES-1 levels observed in SCC 

spheroid cultures compared to AC spheroid cultures. Higher mPGES-1 and thus PGE2 levels 

indicate a higher aggressiveness of SCC compared to AC, since PGE2 strongly promotes 

tumor progression [38, 39]. However, this is controversially discussed in the literature [362

365]. Some studies evaluating the overall survival of NSCLC patients conclude poorer 

outcomes for SCC compared to AC [363, 365]. However, this is not confirmed without a doubt 

and highly depends on the investigated parameters [362 365]. 

The fact that sEV-derived miR-574-5p differently affects AC and SCC cells, on the one hand, 

supports the assumption that both cancer subtypes interact differently with miR-574-5p oe 

sEV. This is in line with other studies describing cell-type-specific uptake for identical sEV [125] 

and that different sEV populations target distinct recipient cells [140, 366]. SCC-derived sEV 

possibly target other recipient cells within the TME. Thus, they do not only interact with their 

donor cells in an autocrine fashion. On the other hand, the difference between AC and SCC 
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cells might be due to cell-specific activation of TLR7/8, which was already observed for 

monocytes and macrophages [314]. 

One potential downstream signaling target after TLR7/8 activation is NF- [313]. Interestingly, 

intracellular miR-574-5p is down-regulated upon NF-  due to the NF-  subunit 

p65 (RELA) [367]. Hence, intracellular miR-574-5p was measured after miR-574-5p oe sEV 

administration. Here, intracellular miR-574-5p levels significantly decreased 3 h after treatment 

with sEV-derived miR-574-5p. Thus, after the activation by sEV-derived miR-574-5p, TLR7/8 

likely trigger NF- B signaling, thereby decreasing intracellular miR-574-5p levels. Combined 

with the knowledge of the miR-574-5p/CUGBP1 decoy mechanism [225], this suggests a 

negative feedback loop regulation of PGE2 biosynthesis in AC cells (Figure 35). In this 

feedback loop, intracellular miR-574-5p acts as a decoy to CUGBP1 to increase mPGES1- 

and PGE2 levels [225]. Then, PGE2 activates EP1/EP3 receptors, which induces the secretion 

of sEV-derived miR-574-5p. In recipient cells, sEV-derived miR-574-5p activates TLR7/8 

signaling, thus reducing intracellular miR-574-5p, mPGES-1 and PGE2 levels. As a result, this 

mechanism prevents the uncontrolled upregulation of PGE2. 

 

 

 

Figure 35: Schematic illustration of the prostaglandin E2 feedback loop regulation mediated by miR-574-5p 
and Toll-like receptors 7/8. 
The miR-574-5p/CUG-RNA binding protein 1 (CUGBP1) decoy mechanism regulates prostaglandin E2 (PGE2) 
biosynthesis intracellularly. Here, high intracellular miR-574-5p levels lead to increased microsomal prostaglandin 
E synthase 1 (mPGES-1) protein levels. Thus, PGE2 biosynthesis is induced. PGE2 triggers the secretion of miR-
574-5p in small extracellular vesicles (sEV) via E prostanoid (EP) receptors 1/3. In recipient adenocarcinoma (AC) 
cells, sEV-derived miR-574-5p activates Toll-like receptor (TLR)7/8 signaling, which leads to decreased miR-574-
5p, mPGES-1, and PGE2 levels. 
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In conclusion, the results of this study first and foremost demonstrate that PGE2 specifically 

induces the sorting of cargo, here miR-574-5p, into the sEV of NSCLC cells. Also, a novel 

function of miR-574-5p was discovered in this study. It is based on the transfer of miR-574-5p 

via sEV and stands in contrast to its intracellular role. Thus, it was shown for the first time that 

sEV do not only shuttle their cargo to recipient cells but can also change its mode of action. 

Together, intracellular and sEV-derived miR-574-5p regulate PGE2 biosynthesis in a negative 

feedback loop in AC cells. 

 

4.1 Outlook 

This thesis provides a deeper understanding of the role of miR-574-5p in human LC. Overall, 

a novel function of miR-574-5p was identified in this work. This novel function is dependent on 

the transfer of miR-574-5p via sEV. Cancer cells secrete sEV to manipulate other cell types in 

the TME and consequently promote tumor progression [257, 260, 266]. In future experiments, 

it would be interesting to analyze the physiological function of sEV-derived miR-574-5p within 

several cells of the TME, such as fibroblasts, endothelial cells, or immune cells. It is likely that 

sEV-derived miR-574-5p has more physiological effects in the TME than identified in this study. 

Accordingly, a broader analysis examining paracrine effects of sEV-derived miR-574-5p would 

be desirable to fully understand the influence of miR-574-5p in LC. 

In the emerging field of sEV research, the results of this thesis raise several new questions. 

Here, PGE2 was identified as a trigger for enhanced miR-574-5p sorting into sEV. However, 

the underlying sorting mechanisms remain unknown. To better understand the role of sEV in 

inflammatory signaling, miR-574-5p sorting into sEV should be characterized in detail. To this 

end, possible interaction partners of miR-574-5p, which might mediate sorting into sEV, could 

be identified. Overall, only a few miR sorting mechanisms are known so far [122, 123]. Clearly, 

future experiments are needed to discover new sorting mechanisms and to elucidate 

underlying regulatory processes. 

The results on cargo sorting should also be correlated with specific sEV populations. To date, 

it is known that cells secrete several sEV populations [119, 120]. However, little information 

exists on cargo differences between the populations. The fact that different sEV populations 

target specific recipient cells [124, 139] demonstrates the fine-tuned regulation of sEV-based 

cellular communication. A deeper understanding of communication within the TME could help 

identify new targets for cancer therapy development. 

To date, sEV are already considered for the therapeutic use to fight LC [368, 369]. For this 

purpose, different physiological effects of sEV could be utilized [368, 369]. The potential of sEV 

as LC therapeutic could be drastically improved by a deeper understanding of sEV function 
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and the interaction between distinct sEV populations with their target cells. To this end, specific 

target cell ligands located on sEV membranes should be investigated. This would allow the 

prediction of target cells for distinct sEV populations. Detailed knowledge on sEV-target-cell-

interaction could facilitate the choice of distinct sEV for therapies. Moreover, it could allow the 

manipulation of sEV membrane proteins to influence the choice of recipient cells. 

Consequently, sEV uptake could either be prevented or promoted in desired cells. Overall, the 

emerging field of sEV research provides novel opportunities to advance our understanding of 

disease-related intercellular communication. Hence, it harbors a high potential to identify novel 

targets suited for the improvement of cancer therapeutics. 

Moreover, this thesis strongly supports the suitability of miR-574-5p as a functional biomarker 

for NSCLC. However before clinical use, this biomarker requires further characterization. To 

this end, more NSCLC tissue samples could be analyzed for the expression of miR-574-5p 

and mPGES-1 via ISH and IHC analysis. The samples should be matched with information on 

cancer stage, patient treatment history, and gender. Also, tumoral PGE2 and plasma miR-574-

5p levels should be measured, to fully prove the correlation of extracellular miR-574-5p with 

PGE2 tumor levels. Ideally, plasma miR-574-5p could serve as a stratification marker to identify 

patients with high intra-tumoral PGE2 levels which could highly benefit from a treatment with 

PGE2 inhibitors in combination with standard cancer therapy. 
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6. Appendix 

6.1 Abbreviations 

2D Two-dimensional 
3D Three-dimensional 
AA Arachidonic acid 
AB Apoptotic bodies 
AC Adenocarcinoma 
AGO Argonaute protein 
Akt AKT serine/threonine kinase 1 
ALIX Programmed cell death 6 interacting protein 
ALK Anaplastic lymphoma kinase 
ANOVA Analysis of variance 
AP Alkaline phosphatase 
ATCC American Type Culture Collection 
Ath Arabidopsis thaliana 
ARID3A AT-Rich Interaction Domain 3A 
Bcl-2 BCL2 apoptosis regulator 
BSA Bovine serum albumine 
CIII Compound III (mPGES-1 inhibitor) 
CAF Cancer-associated fibroblast 
Cav-1 Caveolin-1 
CCR4 Carbon catabolite repressor protein 4 
CEBPA CCAAT/enhancer-binding protein alpha 
Cel Caenorhabditis elegans 
CD107a Lysosomal associated membrane protein 1 
CD9 Tetraspanin-29 
CD63 Tetraspanin-30 
CD81 Tetraspanin-28 
CDS Coding sequence 
COX Cyclooxygenase 
COX-1 Cyclooxygenase-1 
COX-2 Cyclooxygenase-2 
CUGBP1 CUG-RNA binding protein 1  
CXCL12 C-X-C motif chemokine ligand 12 
DAB -Diaminobenzidine 
DMEM  
DAPI 4´,6-Diamidine-2´-phenylindole dihydrchloride 
DCP1 mRNA-decapping enzyme subunit 1 
DCP2 mRNA-decapping enzyme subunit 2 
DGCR8 DiGeorge Syndrome Critical Region 8 
DIC Differential interference contrast 
DIG Digoxigenin 
DIO -dioctadecyloxacarbocy-anine perchlorate 
DMEM  
DMSO Dimethyl sulfoxide 
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DNA Deoxyribonucleic acid
EBF1 Early B cell factor 
EDTA Ethylenediaminetetraacetic acid 
ECM Extracellular matrix 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
ELISA Enzyme-linked immunosorbent assay 
eNOS Nitric oxide synthase 3 
EMT Epithelial mesenchymal transition 
EP receptor E prostanoid receptor 
ESCRT Endosomal sorting complexes required for transport 
EtOH Ethanol 
EV Extracellular Vesicle 
FA Formaldehyde 
FAM Fluorescein 
FCS Fetal calf serum 
FGF-2 Fibroblast growth factor-2 
FISH Fluorescence in situ hybridization 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
GRE GU-rich elements 
GTC Guanidinium thiocyanate 
GW182 Glycine-tryptophan protein of 182 kDa 
HEPES 4-(2-hydroxylethyl)-1-piperazineethanesulfonic acid 
HER2 Human epidermal growth factor receptor 2 
HFL1 Human fetal lung fibroblasts 
HMGB1 High mobility group box 1 
hnRNP Heterogeneous nuclear ribonucleoprotein 
hnRNPA2B1 Heterogeneous nuclear ribonucleoprotein A2B1 
hnRNPU Heterogeneous nuclear ribonucleoprotein U 
hnRNP-Q Synaptotagmin-binding cytoplasmic RNA-interacting protein 
hTERT Human telomerase reverse transcriptase 
IF Immunofluorescence 
IGF-1 Insulin-like growth factor-1 
IgG Immunoglobulin G 
IHC Immunohistochemistry 
IKK Nuclear factor kappa B kinase subunit beta 
IL-  Interleukin 1 beta 
IL-6 Interleukin 6 
IL-10 Interleukin 10 
IRAK Receptor-associated kinase 
IRF Interferon regulatory factor 
ISH In situ hybridization 
Isoform -UTR isoform 
JNK c-Jun N-terminal kinases 
KLF9 Kruppel like factor 9 
KRAS Kirsten rat sarcoma viral oncogene homolog 
LC Lung cancer 
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LC-MS/MS Tandem mass spectrometry
LNA Locked nucleic acid 
MACC-1 Metastasis-associated in colon cancer 1 
miR MicroRNA 
miRISC miR-Induced Silencing Complex 
miRTC miR reverse transcription control 
mPGES-1 Microsomal prostaglandin E synthase 1 
mTOR Mechanistic target of rapamycin kinase 
MQ Milli-Q water 
mRNA Messenger RNA 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 
NK cell Natural killer cell 
MV Microvesicle 
MVE Multivesicular endosome/late endosome 
MyD88 Myeloid differentiation primary response 88 
NBT/ BCIP Nitro blue tetrazolium/ 5-bromo-4-chloro-3-indolyl-phosphate 
NF-  nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 
NOXP20 Nervous system overexpressed protein 20 
NSAIDs Nonsteroidal anti-inflammatory drugs 
NSCLC Non-small-cell lung cancer 
nSMase2 Neural sphingomyelinase 2 
nt Nucleotides 
ODN 2088 ODN 2088 Control (2087) (TLR7/8 antagonist) 
oe Overexpression 
p38 MAP kinase p38 mitogen-activated protein kinases 
p53 Tumor Protein P53 
PAGE Polyacrylamide gel electrophoresis 
PAN2 Poly(a)-nuclease deadenylation complex subunit 2 
PAN3 Poly(a)-nuclease deadenylation complex subunit 3 
PBS Phosphate buffered saline 
PBST 1x phosphate buffered saline+ 0.01% Tween20 
PBMC Peripheral blood mononuclear cells 
PD1 Programmed cell death protein 1 
PD-L1 Programmed cell death ligand 1 
PEI polyethylenimine 
PGD2 Prostaglandin D2 
PGE2 Prostaglandin E2 
PGF2 Prostaglandin F2 
PGH2 Prostaglandin H2 
PGI2 Prostaglandin I2 
PLA2 Phospholipase A2 

Pmel17 Premelanosome protein 
PMMA Poly(methyl methacrylate) 
pre-miR Precursor microRNA 
pri-miR Primary microRNA 
PTEN Phosphatase and tensin homolog 
Qki Quaking protein 
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R848 Resiquimod (TLR7/8 ligand)
RBP RNA binding protein 
Renca Mouse renal adenocarcinoma 
RT-qPCR Real-time quantitative polymerase chain reaction 
RNA Ribonucleic acid 
SCC Squamous cell carcinoma  
ScrC sEV Negative control sEV 
SDS Sodium dodecylsulfate 
SEM Standard error of mean 
sEV Small extracellular vesicle 
SNARE Soluble N-ethylmaleimide-sensitive-factor attachment receptor 
snRNA Short nuclear RNA 
SSC Saline-sodium citrate 
TEM Transmission electron microscopy 
TGF-   

 TGF-  
TIR Toll/IL-1 receptor 
TIRAP TIR domain-containing adaptor protein 
TLR7/8 Toll-like receptors 7/8 
TME Tumor microenvironment 
TNF-  Tumor necrosis factor-alpha 
TRAF TNF receptor-associated factor 
TRAM Translocation associated membrane protein 1 
Treg Regulatory T cell 
TRIF TLR adaptor molecule 1 
TXA2 Thromboxane A2 
RT Room temperature 
UTR Untranslated region 
VEGF Vascular endothelial growth factor a 
Wnt Wingless-type MMTV integration site family member 1 
WT Wild type 
YBX1 Y-box protein I 
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6.2 Supplementary data

Table 11. Composition of self-made buffers and solutions 
Buffer Composition 
Citrate buffer 10 mM trisodium citrate (Carl Roth, Karlsruhe, GER), pH 6 
Extraction buffer 10 mM sodium acetate 

150 mM sucrose (all Carl Roth, Karlsruhe, GER) 
pH 4.8 

KTBT buffer 50 mM Tris-HCl 
150 mM NaCl 
10 mM KCl (all Carl Roth, Karlsruhe, GER) 

Mowiol® 4-88 
mounting medium 

20% (w/v) Mowiol® 4-88 (Sigma-Aldrich, Germany) in 0.2 M Tis-HCl 
20 ml glycerol (Carl Roth, Karlsruhe, GER) 
1  2.5% (w/v) DABCO (Sigma-Aldrich, Germany) 

PBS 10 x 160 g NaCl  

4 g KCl 

4.8 g KH2PO4 

35.6 g Na2HPO4 (all Carl Roth, Karlsruhe, GER) 

adjusted pH to 7.4 and added H2O to 2 l 
Proteinase K buffer 5 ml 1 M Tris-HCl (pH 7.4) 

2 ml 0.5 M EDTA (Carl Roth, Karlsruhe, GER) 
0.2 ml 5 M NaCl 
added H2O to 1 l 

Primary antibody 
solution 
(Westernblot) 

5 ml Odyssey® blocking buffer  

50 µl 10% (v/v) Tween20 in 1x PBS 
antibody in the desired dilution  

Protein loading 
buffer 4 x 

5 ml glycerin 

1.5 ml 2-mercaptoethanol (both 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) 

SDS running buffer 
10 x 

10 g SDS (AppliChem GmbH, Darmstadt) 

30.3 g TRIS-HCl 

144.1 g glycine (both Carl Roth, Karlsruhe, GER) 
added H2O to 1 L  

Secondary antibody 
solution 
(Westernblot) 

5 ml Odyssey® blocking buffer 

16 µl 10% (v/v) Tween20 

5 µl 10% (w/v) SDS 

antibody in the desired dilution 

Transfer buffer 1 x 3 g TRIS-HCl 

14.4 g glycine 

200 ml methanol (VWR, Radnor, USA) 

added H2O to 1 L 
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Table 12. Antibodies used for staining
Antibody Host Dilution Manufacturer 

-CUGBP1 rabbit 1:100 Abcam (ab129115) 

-DIG (FISH) rabbit 1:40 Invitrogen (9H27L19) 

-DIG  
AP labeled 

sheep 1:500 Roche (11 093 274 910) 

-FAM 
AP labeled 

sheep 1:500 Roche (11 426 338 910) 

-mPGES-1 rabbit 1:200 Cayman chemicals (cay160140) 

-TLR7 mouse 1:50 Invitrogen (MA5-16247) 

-TLR8 mouse 1:500 Invitrogen (MA5-16190) 

-mouse IgG 
Alexa Fluor® 594 labeled 

goat 1:500 Abcam (ab150116) 

-rabbit IgG 
Alexa Fluor® 594 labeled 

goat 1:300 Jackson Immunoresearch (111-585-144) 

-rabbit IgG 
HRP labeled 

goat 1:300 Abcam (ab7090) 
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Figure 36: Location of miR-574-5p, mPGES-1, and CUGBP1 in human AC tissue sections. 
Human AC tissue sections were stained for miR-574-5p (blue) via in situ hybridization (ISH) and counterstained 
with nuclear fast red (red, left panels). AC tissue sections were stained for mPGES-1 and CUGBP1 (brown) via 
immuno-histochemistry (IHC) and counterstained with hematoxylin (blue, middle, and right panels). Representative 
images of 7-8 (ISH: 7x; IHC: 8x) independent AC patients are shown. Scale bars in magnified images: 200 µm. 
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Figure 37 Location of miR-574-5p, mPGES-1, and CUGBP1 in human AC tissue sections. 
Human SCC tissue sections were stained for miR-574-5p (blue) via in situ hybridization (ISH) and counterstained 
with nuclear fast red (red, left panels). SCC tissue sections were stained for mPGES-1 and CUGBP1 (brown) via 
immuno-histochemistry (IHC) and counterstained with hematoxylin (blue, middle, and right panels). Representative 
images of 7 independent SCC patients are shown. Scale bars in magnified images: 200 µm. 
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6.4 Ehrenwörtliche Erklärung
 

 

 

 

Ich erkläre hiermit ehrenwörtlich, dass ich die vorliegende Arbeit entsprechend den Regeln 
guter wissenschaftlicher Praxis selbstständig und ohne unzulässige Hilfe Dritter angefertigt 
habe.  

 

Sämtliche aus fremden Quellen direkt oder indirekt übernommenen Gedanken sowie 
sämtliche von Anderen direkt oder indirekt übernommenen Daten, Techniken und Materialien 
sind als solche kenntlich gemacht. Die Arbeit wurde bisher bei keiner anderen Hochschule zu 
Prüfungszwecken eingereicht. 
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