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1. Introduction 
1.1 Glioblastoma  
Glioblastoma (GBM) is the most prevalent and lethal primary brain malignancy in adults 

(Ostrom et al. 2020). This high-grade brain tumor mainly manifests in older adults, as 

the average age of onset is 65 years (Ostrom et al. 2020). Epidemiologically, the 

incidence of this brain tumor ranges from 4-6 cases per 100.000 people, and men are 

more likely to suffer from GBM (Philips et al. 2018). However, the cause of this currently 

incurable disease remains elusive. A few known risk factors include exposure to ionizing 

radiation and genetic disorders, such as Li-Fraumeni syndrome and neurofibromatosis 

(Tan et al. 2020). Initially, GBM patients often present with unspecific symptoms 

dependent on tumor localization, like headaches, nausea, seizures, focal deficits, and 

changes to personality, memory, and vigilance (McKinnon et al. 2021). To make a 

diagnosis, computer tomography (CT) imaging and, more prominently, magnetic 

resonance (MR) imaging are often combined with definitive pathological confirmation 

(Silantyev et al. 2019). To add to the complexity, the composure of GBM is highly 

heterogeneous (Soeda et al. 2015). For instance, different tumor zones show distinctive 

metabolic activities, as MR-spectroscopy imaging suggests (Bulik et al. 2013). 

Pathologically, primary brain tumors are characterized by the World Health Organization 

(WHO). 2021 adapted, the  WHO classification categorizes GBM as WHO IV, the most 

aggressive primary brain malignancy (Wen and Packer 2021). At the molecular level, 

GBM is characterized by numerous genetic alterations including but not limited to an 

isocitrate dehydrogenase (IDH) wild-type status, an amplified or mutated epidermal 

growth factor receptor (EGFR), loss of p53 function, and telomerase reverse 

transcriptase (TERT) promoter mutations (Gritsch et al. 2022). The only broadly 

established prognostic histopathological biomarker is the methylation status of the O-6-

methylguanine-DNA methyltransferase (MGMT) promoter region (Weller et al. 2009; 

Butler et al. 2020). A methylated MGMT promoter is associated with prolonged survival 

due to a favorable response to the alkylating chemotherapeutic agent Temozolomide 

(TMZ), the gold standard in GBM chemotherapy (Stupp et al. 2005).  

Even though GBM patients are aggressively treated by maximum safe surgical resection, 

adjuvant radiation, and chemotherapy, most frequently using TMZ, GBM is a highly 

recurrent and progressive disease (Anjum et al. 2017). Recurrent tumors are often 

resistant to the available treatment options. As a result, the median survival of 12 up to 

15 months remains poor (Stupp et al. 2009). Therefore, identifying and testing new 

therapeutic agents is a crucial current research task. So far, recent treatment attempts 

like the vascular endothelial growth factor (VEGF) inhibitor Bevacizumab could not 

significantly prolong the overall survival of GBM patients (Chinot et al. 2014).  
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At the molecular level, dysregulated vital signaling pathways have been identified to 

contribute to GBM aggressiveness and progression. For instance, overstimulation of the 

mitogen-activated protein kinase (MAPK) signaling cascade promotes cell migration and 

invasion by inducing the transcription of oncogenes like matrix metalloproteinases 

(MMPs, Lakka et al. 2002). Second, the signal transducer and activator of transcription 

3 (STAT3) pathway promotes tumor growth and angiogenesis (Priester et al. 2013; Li et 

al. 2021). Due to the regulation of the cell cycle, apoptosis, and cancer stem cell 

maintenance, the phosphoinositide 3-kinase (PI3K)/ protein kinase B (AKT) pathway 

plays a central role in GBM carcinogenesis (Barzegar Behrooz et al. 2022). Nonetheless, 

many regulatory mechanisms of the complex GBM biology remain elusive. 

 

1.1.1 Glioblastoma stem-like cells 
A small but highly influential group of GBM tumor cells, named glioblastoma stem-like 

cells (GSCs), shows distinctive characteristics compared to the bulk tumor mass, such 

as capacities for multi-lineage differentiation and self-renewal (Lathia et al. 2015). With 

these properties comparable to those of neural progenitor cells and pluripotent stem 

cells, GSCs are currently viewed as the origin of the almost inevitable tumor recurrence 

(Chen et al. 2012; Gimple et al. 2019). Expression of stemness markers such as the 

transmembrane glycoproteins cluster of differentiation (CD) 133 and CD44 or the 

transcription factor sex determining region Y-box 2 (SOX2) distinguish GSCs from the 

differentiated bulk tumor mass at the molecular level (Aghajani et al. 2019; Gimple et al. 

2019). On the other hand, elevated glial fibrillary acidic protein (GFAP) levels are 

commonly used to characterize differentiated astrocytic tumor cells (Ricci-Vitiani et al. 

2008). Nevertheless, proper GSC characterization remains challenging due to the 

astonishing phenotypic plasticity of GBM (Soeda et al. 2015).  

Maintenance of stem cell properties is a complex interaction of GSCs and the 

surrounding tumor microenvironment (TME). For instance, there is strong evidence that 

hypoxia stabilizes the GSC phenotype (Soeda et al. 2009). Thus, GSCs are frequently 

located apart from the bulk tumor mass in perivascular and hypoxic niches (Garnier et 

al. 2019). As a result, GSCs are insufficiently targeted by surgical tumor resection (Lathia 

et al. 2015). Finally, GSCs also contribute to GBM progression by enhancing radiation- 

and chemotherapy resistance, resulting in rapid, hardly treatable relapses (Bao et al. 

2006; Chen et al. 2012).  

 

1.1.2 Glioblastoma tumor microenvironment 
The TME is implicated in tumor cell invasion, neovascularization, and facilitation of the 

extraordinary intratumoral plasticity of GBM (Dapash et al. 2021). Therefore, the TME 
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comprises a complex interactive network of invading tumor cells, GSCs, immune cells, 

resident glial and neural cells, and fibroblastic cells (Codrici et al. 2022). Tumor cells, 

dominantly GSCs, form the TME into perivascular and hypoxic niches associated with 

genetic instability and cancer progression (Folkins et al. 2009; Garnier et al. 2019). 

Another principal feature of the TME is its highly immunosuppressive nature, even 

though recruited immune cells represent one of the most predominant cell types within 

the TME (Pires-Afonso et al. 2020). For instance, tumor-associated macrophages 

(TAMs) are often polarized into an anti-inflammatory and, thus, tumor-supportive M2-

phenotype (Wu et al. 2010; Gjorgjevski et al. 2019). In addition, invasion is closely 

associated with extracellular matrix (ECM) remodeling (Vollmann-Zwerenz et al. 2020). 

In this context, zinc-dependent endopeptidases, prominently MMP9, degrade matrix 

components, thereby augmenting GBM aggressiveness (Li et al. 2016). The tumor 

cross-talk mediated by direct cell-cell interactions, secretory molecules, and extracellular 

vesicles (EVs) is fundamental to the TME hallmarks (Cavallari et al. 2020). All cell types 

within the TME communicate by encapsulating EVs, and their heterogeneous cargo 

contains lipids, proteins, and nucleic acids (van Niel et al. 2018). Because these nano-

molecules can pass the blood-brain barrier and circulate in body fluids, including 

cerebrospinal liquor and the bloodstream, EVs are also intensely studied as future 

biomarkers and therapeutic vehicles (Nazimek and Bryniarski 2020). 

 

1.2 micro-RNAs 
Among regulatory, non-coding ribonucleic acids (RNAs), microRNAs (miRNAs) play a 

pivotal role in regulating gene expression at the posttranscriptional level (Fabian et al. 

2010). These single-stranded, tiny molecules of approximately 21 to 23 nucleotides bind 

by complementary base-pairing to their target messenger RNAs (mRNAs), thereby 

forming an RNA-induced silencing complex (RISC) and inhibiting protein translation or 

even inducing mRNA degradation (Green et al. 2016). Biogenesis of these regulatory 

molecules is a complex multi-step process, including the transcription of a hairpin-loop 

primary miRNA (pri-miRNA) and intranuclear and cytoplasmatic processing to a single-

stranded mature miRNA (O'Brien et al. 2018). 

Not only do miRNAs silence gene expression in their cells of origin, but they are also 

secreted into body fluids as circulating miRNAs (Turchinovich et al. 2011). These nano-

molecules shape the TME, especially by influencing the immune response to invading 

cancer cells (Buruiană et al. 2020). To add to the complexity, investigations suggest that 

specific miRNAs function as tumor suppressor miRNAs or oncogene miRNAs (onco-

miRNAs) dependent on the type of cancer (Ali Syeda et al. 2020). In the case of GBM, 

dysregulated miRNAs are associated with critical hallmarks of GBM progression, for 
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instance, tumor cell invasion, immune evasion, and induction of angiogenesis (Møller et 

al. 2013; Shea et al. 2016). Thus, regulatory pathways of miRNA expression are an 

important object of research.  

 

1.2.1 miR-181a-5p 
In different cancer types, members of the miR-181 family have diverse functions as either 

onco-miRNAs or tumor suppressors (Indrieri et al. 2020). In glioblastoma, however, miR-

181a-5p is a known tumor suppressor, for instance, by enhancing radiation- and 

chemotherapy sensitivity (Chen et al. 2010; Wen et al. 2020). Generally, miR-181a-5p is 

scarcely expressed in GBM, as miR-181a-5p levels are inversely correlated with glioma 

grade (Shi et al. 2008). Moreover, low miR-181a-5p levels are correlated with reduced 

overall survival and poor functional patient status (Valiulyte et al. 2022). At the molecular 

level, miR-181a-5p targets Osteopontin (OPN) mRNA, thereby silencing OPN-mediated 

angiogenesis (Marisetty et al. 2020; Li et al. 2021). Furthermore, the sialoprotein OPN is 

an essential mediator of the TME by attracting TAMs, suggesting a regulatory role of 

miR-181a-5p in tumor immune modulation (Wei et al. 2019; Marisetty et al. 2020). In 

addition, miR-181a-5p targets the anti-apoptotic oncogene B-cell lymphoma 2 (Bcl-2), 

thereby promoting apoptosis when highly abundant (Chen et al. 2010). Interestingly, 

previous studies demonstrated that miR-181a-5p reduces invasion and tumor growth 

and identified kinases of the MAPK pathway as valid miR-181a-5p targets, for instance, 

mitogen-activated protein kinase 1 (ERK2), mitogen-activated protein kinase kinase 1 

(MEK1), and the downstream transcription factor cyclic adenosine monophosphate-
responsive element binding protein 1 (CREB1, Liu et al. 2013; Huang et al. 2016; Wang 

et al. 2017b). Especially the CREB1-miR181a-5p interaction is intriguing, as CREB1 also 

suppresses miR-181a-5p transcription resulting in a regulatory feedback loop (Fu et al. 

2021).  
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Figure 1: Role of miR-181a-5p in GBM. In GBM, miR-181a-5p is a tumor suppressor 

miRNA inducing apoptosis and sensitizing cells to radio-chemotherapy while inhibiting 

proliferation, invasion, EMT, and angiogenesis. Illustration created with biorender.com. 

 

1.2.2 miR-425-5p 
With striking oncogenic properties, miR-425-5p promotes tumor growth, invasion, 

metastasis, and immune evasion in human cancers, for instance, in colorectal 

carcinoma, non-small-cell lung cancer (NSCLC), and ovarian cancer (Wang et al. 2020; 

Zhou et al. 2020; Wu et al. 2021). Indeed, initial evidence also suggests that miR-425-

5p is an onco-miRNA in GBM (La Rocha et al. 2020). In addition, expression levels of 

miR-425-5p are correlated with a poor prognosis in GBM, ovarian cancer, and breast 

cancer (Xiao et al. 2019; La Rocha et al. 2020; Wu et al. 2021). By targeting the tumor 

suppressor phosphatase and tensin homolog (PTEN), miR-425-5p accelerates 

PI3K/AKT signaling (Xiao et al. 2019). Furthermore, a previous study showed that miR-

425-5p is highly expressed in GSCs and stabilizes the GSC phenotype by promoting 

neurosphere formation (La Rocha et al. 2020). However, the role of miR-425-5p in GBM 

remains widely unexplored.  
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Figure 2: Role of miR-425-5p in cancer. miR-425-5p accelerates tumor progression by 

promoting invasion, proliferation, immune response modulation, and anti-apoptotic 

signaling. Illustration created with biorender.com. 

 

1.3 A disintegrin and metalloproteinase domain-containing protein 8  
A disintegrin and metalloproteinase domain-containing protein 8 (ADAM8) is a 

transmembrane member of the metzincin superfamily that catalyzes ECM shedding and 

initiates intracellular signaling (Conrad et al. 2019). After pro-domain removal, mature 

ADAM8 is structurally composed of a metalloprotease domain, a disintegrin domain, 

cysteine-rich and EGF-like domains, and a cytoplasmatic domain (Conrad et al. 2019). 

Physiologically, ADAM8 is selectively expressed and enriched in immune cells such as 

macrophages, neutrophils, and natural killer (NK) cells (Gómez-Gaviro et al. 2007; 

Richens et al. 2007). Moreover, under homoeostatic conditions, ADAM8 is expressed in 

bone and lung tissue, and weakly in neural cells (Schlomann et al. 2000; Choi et al. 2001; 

King et al. 2004). Also, ADAM8 has been identified to play a significant role in cancer 

progression (Schlomann et al. 2015). This metalloproteinase is associated with 

aggressive courses, and correlated with reduced survival, for instance, in GBM and 

breast cancer (He et al. 2012; Romagnoli et al. 2014). ADAM8 promotes invasion and 

tumor growth by ECM cleavage and initiates oncogenic signaling pathways, primarily by 

its cytoplasmatic and disintegrin domains (Conrad et al. 2019). For instance, ADAM8-

induced STAT3 signaling enhanced the expression of the oncogenic sialoprotein OPN, 

thereby promoting angiogenesis (Li et al. 2021). Furthermore, ADAM8 was identified as 

crucial in mediating TMZ resistance by enhancing PI3K/AKT and MAPK signaling (Dong 

et al. 2015). In addition,  another downstream target of ADAM8 signaling is the focal 
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adhesion kinase (FAK), induced by ADAM8 – integrin beta-1 (ITGB1) interaction 

(Schlomann et al. 2015; Awan et al. 2021). In breast cancer metastasis, a striking 

correlation between ADAM8 and MMP9 was further explored, and indeed ADAM8 can 

induce MMP9 expression via MAPK signaling, contributing to tumor aggressiveness 

(Conrad et al. 2018). In addition, ADAM8 was identified to modulate miRNA expression, 

as  ADAM8-induced MAPK signaling regulated miR-720 expression in triple-negative 

breast cancer (Das et al. 2016). 

Figure 3: Homologous domain structure of ADAM8. ADAM8 is a multidomain 

enzyme, and after prodomain (PRO) removal, its active form is composed of a 

metalloprotease domain (MP), a disintegrin domain (DIS), a cysteine-rich (CYS) and 

EGF-like (EGF) domain, a transmembrane domain (TM) and a cytoplasmatic domain 

(CD). Adapted from Conrad et al. 2019, created and modified with biorender.com. 

 

1.4 Aim of this thesis 
This work aims to identify regulatory miRNAs for GBM progression. While upregulated 

onco-miRNAs promote GBM hallmarks like angiogenesis or tumor cell proliferation, 

tumor suppressor miRNAs are often downregulated. However, regulatory pathways 

silencing tumor suppressor miRNAs remain widely elusive. As a membrane-localized 

oncogene, ADAM8 induces key pathways of GBM progression, thereby mediating gene 

expression. For this reason, the regulatory role of ADAM8 in miRNA expression was 

explored. As GSCs play a pivotal role in initiating GBM recurrence and therapeutic 

resistance, another focus of this thesis was laid on identifying miRNAs of GSC 

maintenance. 
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2. Summary of the publications 
2.1 The Metalloprotease-Disintegrin ADAM8 alters the tumor 
suppressor miR-181a-5p expression profile in glioblastoma thereby 
contributing to its aggressiveness  
Agnes Schäfer *, Lara Evers *, Lara Meier, Uwe Schlomann, Miriam H. A. Bopp, Gian-
Luca Dreizner, Olivia Lassmann, Aaron Ben Bacha, Andreea-Cristina Benescu, Mirza 
Pojskic, Christian Preußer, Elke Pogge von Strandmann, Barbara Carl, Christopher 

Nimsky and Jörg W. Bartsch 
*These authors have contributed equally to this work 

2022 Frontiers in Oncology, DOI: 10.3389/fonc.2022.826273  

2.1.1 Scientific Summary 
MiRNAs, as small regulatory molecules of gene expression, are receiving rising attention 

as biomarkers for cancer progression (He et al. 2020). However, underlying signaling 

pathways inducing changes in miRNA expression remain widely elusive. ADAM8, a 

transmembrane-localized metalloproteinase, mediates critical hallmarks of cancer by 

ECM cleavage and initiation of oncogenic signaling (Mierke 2023). Initial evidence from 

a breast cancer study also suggests a regulatory role of ADAM8 in miRNA expression 

(Das et al. 2016). In this context, we explored ADAM8-dependent miRNA regulation in 

GBM by primarily screening the miRNA profile of two ADAM8 deficient U87 cell clones 

(U87_KO1 and U87_KO2) using a pathway-focused miRNA polymerase chain reaction 

(PCR) array. Stable knockout of the ADAM8 gene in U87_KO1 and U87_KO2 by 

clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR 

associated protein 9 (Cas9) induced genomic editing was confirmed as ADAM8 mRNA, 

protein, and soluble ADAM8 were marginally expressed or undetectable (Figure 1A-C). 

Compared to a U87 control clone, ADAM8-deficient U87 cells expressed a distinctive 

miRNA pattern as depicted by a heatmap (Figure 1D). For further investigations, miR-

181a-5p was selected because this miRNA was equally upregulated in U87_KO1 and 

U87_KO2, as validating experiments indicate (Figure 1E). Additionally, the expression 

patterns of both miR-181a-5p and ADAM8 mRNA were measured in several GBM cell 

lines, including three patient-derived GSC lines, three patient-derived primary GBM cell 

lines, and the commercial GBM cell lines G28, G112, and U251 (Figure 1F-G). 

Interestingly, miR-181a-5p was strongly expressed in GSCs and inversely correlated 

with ADAM8 mRNA expression (Figure 1H-J). Literature research revealed that miR-

181a-5p, a known tumor suppressor in GBM progression, targets the oncogene OPN 

(Marisetty et al. 2020).  Since OPN expression is induced by ADAM8-mediated STAT3 

signaling, we hypothesized that ADAM8 inhibits miR-181a-5p expression and thereby 

induces OPN translation (Li et al. 2021). Therefore, the roles of two ADAM8-dependent 
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downstream signaling cascades, the MAPK and STAT3 pathways, were investigated to 

explore this hypothesis. First, further evidence of ADAM8-dependent downregulation of 

mir-181a-5p is presented, as the selective ADAM8 inhibitor BK-1361 affects miR-181a-

5p expression in contrast to BK-94, a broad spectrum MMP-inhibitor (Figure 2A). In 

addition, transient re-expression of ADAM8 in U87_KO2 led to the significant 

downregulation of miR-181a-5p (Figure 2B). ADAM8 is a multidomain protease, and 

each domain executes distinct functions. Here, miR-181a-5p inhibition is associated with 

an intact cytoplasmatic domain (Figure 2B). ADAM8 regulation of miR-181a-5p is 

unidirectional, as miR-181a-5p mimic transfection did not affect ADAM8 levels (Figure 

2C).  Treatment of U87 cells and primary GBM cells with the STAT3-inhibitor WP1066 

significantly increased miR-181a-5p levels in both cell lines, indicating a STAT3-

dependent silencing of miR-181a-5p (Figure 2D-E). Less prominently, MEK1/2 inhibition 

increased miR-181a-5p levels in U87 cells (Supplementary Figure 4). 

Not only does ADAM8 regulate OPN expression via STAT3 signaling, but ADAM8 

expression is closely correlated with MMP9 expression in breast cancer metastasis 

(Conrad et al. 2018). As the oncogene MMP9 enhances tumor cell proliferation and 

invasion, high MMP9 levels are associated with aggressive tumors (Huang 2018). We 

explored whether ADAM8 induces MMP9 expression by suppressing the expression of 

miR-181a-5p. MMP9 expression and proliferative rates were significantly decreased in 

U87 KO_2 cells and in U87 miR-181a-5p mimic transfected cells compared to wild-type 

U87 cells (Figure 3A-D). Since miR-181a-5p and MMP9 expression are inversely 

correlated, we speculated that miR181a-5p could directly inhibit MMP9 translation by 

binding to MMP9 mRNA. Even though literature research and target prediction analysis 

did not reveal a putative binding site for MMP9 mRNA, miR-181a-5p targets proteins of 

the oncogenic MAPK pathway, which in turn induces MMP9 expression (Wang et al. 

2017b; Fu et al. 2021). Indeed, phosphorylated ERK1/2 and CREB1 protein levels were 

significantly lower in miR-181a-5p mimic transfected U87 cells (Figure 3E). 

Apart from directly secreted molecules, and cell-cell contacts, EVs are essential for 

intercellular communication, and their heterogeneous cargo includes miRNAs (Valadi et 

al. 2007). Isolated EVs from cellular supernatants of wild-type U87 (U87_CTRL), 

U87_KO1, and U87_KO2 cells were measured and further characterized by Nanoflow 

cytometry and Western Blot analysis (Figure 4A-C). EVs derived from U87_KO1 and 

U87_KO2 contained higher levels of miR-181a-5p than U87_CTRL EVs (Figure 4D). 

When EVs are internalized, the cargo of these nano-molecules can alter the behavior of 

the recipient cell (Clerici et al. 2021). EVs derived from U87_KO2, miR-181a-5p mimic 

transfected cells, and miR-181a-5p inhibitor-treated cells were taken up by U87_CTRL 

cells and induced changes in MMP9 protein expression (Supplementary Figure 9). 
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Finally, miR-181a-5p, ADAM8 mRNA, and MMP9 mRNA expression levels in GBM 

tissue samples of 22 GBM patients were analyzed by quantitative PCR (qPCR). Detailed 

clinical information and expression of histopathological markers regarding the patient 

cohort are visualized in Table 1. All data regarding GBM tumor specimens were 

normalized to control tissue specimens localized most distant to the tumor core. Overall, 

GBM tissue specimens displayed low levels of miR-181a-5p and comparably high levels 

of ADAM8 and MMP9 mRNA (Figure 5A, C). While ADAM8 and MMP9 mRNA 

expressions were strongly and positively correlated, miR-181a-5p expression was 

neither inversely correlated to MMP9 levels nor ADAM8 expression (Figure 5B, D). 

However, GBM is a highly heterogeneous tumor composed of functionally different areas 

(Soeda et al. 2015). Therefore, we explored the expression of MMP9 mRNA, ADAM8 

mRNA, and miR-181a-5p in different tumor areas. These areas were detected and 

resected by MR-spectroscopy-guided surgery. In contrast to the tumor core (L4) and the 

tumor edges (L2,3), the highest miR-181a-5p levels were detected in non-tumorous 

“surgical access” tissue (L1), whereas MMP9 and ADAM8 mRNA levels were at their 

apex in highly vascularized and proliferative tumor zones (Figure 5E-G). In a pilot study 

to investigate the suitability of miR-181a-5p as a biomarker, EVs were isolated from 

serum specimens of three GBM patients suffering from recurrent GBM before and after 

each surgical resection. Interestingly, miR-181a-5p expression in serum-derived EVs 

decreased in recurrent GBM compared to the initial manifestation (Figure 5J). However, 

further investigations analyzing serum-derived EVs and miR-181a-5p in a large patient 

cohort are necessary to confirm the suitability of miR-181a-5p as a biomarker.  

  

2.1.2 Description of own contribution 
My contribution to preparing this publication includes data acquisition, planning the 

experimental design, executing experiments, performing data analysis as shown in 

Figure 1E-J, Figure 5A-D, and Supplementary Figure 10; designing Figure 6, assembling 

the information regarding the patient cohort presented in Table 1, compilation of 

Supplementary Table 1, and writing the manuscript draft.  
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2.2.1 Scientific Summary 
At the cellular level, GSCs promote radiation- and chemoresistance and rapid relapse of 

GBM (Bao et al. 2006; Chen et al. 2012). Regulation of cancer-stem cell maintenance is 

a complex interaction of various regulatory molecules, including miRNAs (Aldaz et al. 

2013; Sana et al. 2018). This study investigated the miRNA expression profile of GSCs 

and corresponding differentiated tumor cells. Therefore, three established, patient-

derived GSC lines were stimulated to differentiate into adherent-growing astrocytic cells. 

Previously, the preparation of GSC lines from surgically resected tumors was described, 

further characterization of these cell lines by a side population analysis was successfully 

conducted, and typical GSC characteristics remained restored under cell culture 

conditions as implantation of these GSCs in nude mice induced highly infiltrative, diffuse 

growing glioblastomas (Hannen et al. 2019). Detailed information on the three GSC lines, 

including molecular-pathological features and clinical data, is depicted in Table 1. In-vitro 

GSC differentiation was stimulated by the withdrawal of bovine fibroblast growth factor 

(bFGF) and epidermal growth factor (EGF) and the addition of fetal calf serum (FCS). 

Morphologically, non-adherent, in spheroids growing GSCs differentiated into adherent 

growing, astrocytic tumor cells with long cellular protrusions (Figure 1a). On the mRNA 

level, stem cell marker CD133 was significantly higher expressed in GSCs than in 

differentiated cells, and conversely, upon GSC differentiation, a significant increase of 

GFAP mRNA was observed (Figure 1b). Furthermore, SOX2 protein expression 

decreased in differentiated tumor cells, while GFAP protein expression increased (Figure 

1c).  

Identifying changes in miRNA expression was realized by conducting a pathway-focused 

miRNA PCR array on pooled GSCs and differentiated cell samples. Here, heatmap and 

scatter plot analyses revealed 31 dysregulated miRNAs, especially ten strongly 

dysregulated miRNAs (Figure 2a-c).  Interestingly, six upregulated miRNAs in 

differentiated cells belonged to the lethal-7 (let-7) miRNA family (Figure 2c). 

Furthermore, the most dysregulated miRNA of the PCR array, miR-17-5p, is associated 

with the oncogenic miR-17-92 cluster. MiRNA clusters are defined as miRNAs 

transcribed simultaneously from physically adjacent miRNA genes (Olive et al. 2010). 

Moreover, the biological functions of these miRNAs are similar and often complement 
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each other (Gruszka and Zakrzewska 2018).  Remarkably, four miRNAs of the miR-17-

92 cluster were upregulated in GSCs (Figure 2c). 

As a next step, an extensive literature search focused on the role of the ten most 

dominantly dysregulated miRNAs of the PCR array in GBM. Furthermore, we sought to 

identify future mRNA targets using the target prediction tool mirRPathDB v2.0 (Table 2, 

(Kehl et al. 2020). Here, a focus was laid on targets involved in GSC maintenance or 

cancer stem cell differentiation. As a result, four promising miRNA candidates of GSC 

maintenance and differentiation were identified, miR-425-5p, miR-17-5p, let-7a-5p, and 

miR-223-3p. Analyzing the expression of these four miRNAs in all three GSC-lines 

separately, miR-425-5p was most consistently and significantly overexpressed (Figure 

3a, b). In addition, miR-17-5p was upregulated in all three GSC lines, though to different 

extents (Supplementary Figure S2a). However, miR-223-3p and let-7a-5p 

downregulation in GSCs, when compared to the differentiated cell state, could not be 

confirmed in all three GSC lines (Supplementary Figure S2b, c). 

MiR-425-5p was chosen for further functional analysis. Since miR-425-5p is upregulated 

in GSCs and displays a putative binding site for GFAP mRNA, we hypothesized that 

miR-425-5p stabilizes the GSC phenotype by inhibiting GFAP mRNA translation. 

Exploring this hypothesis, we successfully transfected two primary patient-derived GBM 

lines with miR-425-5p mimics (Figure 3c). As a previous study identified that miR-425-

5p targets PTEN mRNA, we also investigated if transient miR-425-5p overexpression 

could alter PTEN expression in the two primary GBM lines (Zhou et al. 2020). However, 

upon miRNA mimic transfection, the GFAP and PTEN protein expression measured by 

Western Blot analysis were only consistently downregulated in one of the two primary 

GBM cell strains (Figure 3d-g).  

Finally, bioinformatic Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 

analysis revealed that all ten strongly dysregulated miRNAs of the PCR array were 

involved in “PI3K/AKT signaling” and “Signaling pathways regulating pluripotency of 

stem cells” as their connected mRNA targets are depicted in a chord plot (Figure 4a, b). 

 

2.2.2 Description of own contribution 
My contribution to the preparation of this publication includes planning the experimental 

design, executing the experiments in Figure 1a, b, and Figure 2a-c, providing samples 

and data for Figure 1c, d, Figure 3a, b, and Figure 4a, b, conducting literature research 

for Table 2 as well as data analysis of Figure 1a-d, Figure 2a-c, Figure 3a-c and writing 

the manuscript draft.  
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3. Discussion 
3.1 The Metalloprotease-Disintegrin ADAM8 alters the tumor 
suppressor miR-181a-5p expression profile in glioblastoma thereby 
contributing to its aggressiveness  
GBM remains an aggressive, incurable disease with a devastating prognosis (Ostrom et 

al. 2020). It is anticipated that monotherapy targeting only one particular molecule has 

limitations as tumors develop resistance (Dymova et al. 2021). Therefore, exploring 

downregulated tumor suppressors, including miRNAs and underlying signaling 

pathways, could lead to new therapeutic strategies by targeting oncogenic pathways or 

making tumor cells more susceptible to current therapies. The oncogenic 

metalloproteinase–disintegrin ADAM8 is associated with aggressive tumors, and initial 

evidence suggests that this transmembrane protein can also regulate miRNA 

expression. For instance, two studies claimed a regulatory role of ADAM8 in miR-720-

5p expression, though in different directions (Das et al. 2016; Verel-Yilmaz et al. 2021). 

For this reason, we hypothesized that ADAM8 also regulates miRNA expression in GBM. 

Indeed, a distinctive miRNA pattern was confirmed in ADAM8-deficient U87 cells. For 

further investigations, miR-181a-5p was selected due to its strong tumor-suppressive 

properties. In this context, previous studies demonstrated that overexpression of miR-

181a-5p reduces invasion and tumor growth, making this tumor suppressor miRNA an 

exciting ADAM8 target for further analysis (Shi et al. 2008; Wang et al. 2015). Screening 

of the miR-181a-5p expression in different GBM cell lines revealed that miR-181a-5p 

was most highly expressed in GSCs, so this miRNA might be involved in GSC 

maintenance. However, further investigations by our group could not confirm this 

hypothesis as miR-181a-5p expression was not significantly altered upon GSC 

differentiation (Evers et al. 2023). Detailed investigation of GSCs is justified because this 

small but pluripotent cell population plays a crucial role in the acquaintance of therapeutic 

resistance and rapid relapses (Bao et al. 2006; Chen et al. 2012). Paradoxically, the 

oncogene ADAM8 is scarcely expressed in GSCs, and thereby, low ADAM8 levels and 

comparably high levels of the tumor suppressor miR-181a-5p were inversely correlated, 

highlighting the complex and unique GSC biology. Previously, it was demonstrated that 

miR-181a-5p sensitizes GBM cells to radiation (Chen et al. 2010). However, the link 

between high miR-181a-5p levels in GSCs and therapeutic resistance is uninvestigated.  

To strengthen our hypothesis that ADAM8 downregulates miR-181a-5p, thereby 

promoting GBM progression, we confirmed that transient ADAM8 re-expression in 

U87_KO2 led to decreased miR-181a-5p levels, and additionally, ADAM8 inhibitor 

treatment increased miR-181a-5p levels. However, miR-181a-5p mimic transfection did 
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not lead to changes in ADAM8 expression. To conclude, ADAM8-miR-181a-5p 

regulation is unidirectional and not a feedback loop. ADAM8, a multidomain 

transmembrane-anchored protein, promotes several hallmarks of cancer (Conrad et al. 

2019). For instance, invasion is directly facilitated due to the cleavage of ECM molecules 

by its metalloproteinase domain but also indirectly promoted by the induction of the 

MAPK pathway (Schlomann et al. 2015; Conrad et al. 2018). Previous studies 

demonstrated that apart from MAPK signaling, other key signaling pathways, including 

PI3K/Akt, STAT3, and FAK-induced signaling, are also initiated by the ADAM8 

cytoplasmatic and disintegrin domains (Dong et al. 2015; Schlomann et al. 2015; Awan 

et al. 2021; Li et al. 2021). This study confirmed that ADAM8-dependent miR-181a-5p 

regulation was associated with an intact cytoplasmatic domain. ADAM8-dependent miR-

181a-5p regulation was most dominantly mediated by STAT3 signaling. STAT3 is 

considered a master of EMT, a promoter of tumor growth, and a mediator of tumor-

supportive properties in the TME (Swiatek-Machado and Kaminska 2020). In GBM, the 

oncogene OPN promotes angiogenesis due to ADAM8-induced STAT3 signaling (Li et 

al. 2021). In addition, a previous study demonstrated that OPN is a direct miR-181a-5p 

target (Marisetty et al. 2020). In summary, we present an ADAM8-STAT3-miR-181a-5p-

OPN pathway promoting GBM progression by induction of angiogenesis. Although 

ADAM8 signaling leads to increased STAT3 activity, constitutive STAT3 expression in 

GBM results from numerous hyperactive signaling pathways, including EGFR and Janus 

kinase 2 (JAK2) downstream signaling (Fu et al. 2023). Therefore, it cannot be excluded 

that STAT3 signaling could silence miR-181a-5p independently of ADAM8. 

Apart from STAT3 signaling, ADAM8-induced MAPK signaling also suppressed miR-

181a-5p in U87. Fu et al. demonstrated that the MAPK cascade downstream 

transcription factor CREB1 directly binds to the miR-181a-5p promoter region, thereby 

repressing miR-181a-5p transcription (Fu et al. 2021). Physiologically, MAPK signaling 

is induced by cytokines and growth factors, for instance, platelet-derived growth factor 

(PDGF) and EGF (Heldin and Lennartsson 2013). In numerous types of cancer, 

however, this signaling cascade is constitutively activated, facilitating crucial hallmarks 

of cancer like invasion and resistance to apoptotic stimuli (Guo et al. 2020). In GBM, 

accelerated MAPK signaling is most frequently caused by an amplified or mutated EGFR 

(Padfield et al. 2015). Interestingly, miR-181a-5p also directly targets the MAPK 

pathway, namely ERK2, MEK1, and CREB1, resulting in a complex regulatory MAPK-

miR-181a-5p feedback network that deserves detailed investigation (Liu et al. 2013; 

Wang et al. 2017b). We demonstrated that miR-181a-5p mimic transfection only reduced 

phosphorylated ERK1/2 and CREB1 levels, while unphosphorylated ERK1/2 and 

CREB1 levels remained stable. Mechanistically, miRNAs repress mRNA translation, so 
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these results must be investigated further to comprehend them fully. However, similar 

observations for miR181d-5p were made, as this member of the miR-181 family only 

reduced phosphorylated levels of AKT and ERK (Wang et al. 2012). Functionally, 

aberrant MAPK signaling promotes uncontrolled mitosis and tumor growth, and we 

present that transient miR-181a-5p overexpression decreased proliferative rates in U87 

cells. Furthermore, ADAM8 knockout in U87 cells and miR-181a-5p mimic transfection 

resulted in decreased MMP9 levels. Combining these findings, we hypothesized that 

miR-181a-5p directly targets MMP9 mRNA, thereby facilitating its tumor-suppressive 

properties. However, bioinformatic target prediction analysis of MMP9 mRNA did not 

reveal a binding site for miR-181a-5p. As a result, we postulate that miR-181a-5p 

indirectly decreases MMP9 expression by targeting the MAPK pathway.  

A previous study highlighted the striking correlation between ADAM8 and MMP9 in 

breast cancer metastasis and unraveled that ADAM8 induces MMP9 expression by 

initiating MAPK signaling (Conrad et al. 2018). Moreover, high ADAM8 and MMP9 

expressions correlate separately with aggressive courses and reduced survival in GBM 

(He et al. 2012; Li et al. 2016). This study confirmed the ADAM8-MMP9 correlation for 

GBM tissue specimens and demonstrated that both oncogenes were upregulated while 

the tumor suppressor miR-181a-5p was downregulated. Concordant to our observations, 

other groups also described miR-181a-5p downregulation in GBM specimens (Shi et al. 

2008; Zhai et al. 2019). Pursuing the observation that miR-181a-5p expression is 

decreased in GBM compared to lower-grade astrocytoma, Valiulyte et al. demonstrated 

that increased miR-181a-5p levels not only correlated with prolonged patient survival but 

also with higher functional patient status and IDH mutations (Valiulyte et al. 2022). Given 

the above and considering that the MGMT methylation status is the only clinically 

established prognostic histopathological biomarker for GBM, miR-181a-5p could be 

further investigated for its suitability as a new independent prognostic biomarker. A 

hallmark of GBM is this malignancy’s highly heterogenous composure (Soeda et al. 

2015). Therefore, we hypothesized that the expression of tumor suppressors or 

oncogenes could vary widely when comparing functionally different tumor zones in one 

patient. Against this backdrop, the expression profiles of miR-181a-5p, ADAM8, and 

MMP9 were detailly investigated in different tumor zones of one GBM patient using MR-

spectroscopy-guided surgery. In cancer biology, members of the metzincin family such 

as MMP9 or ADAM8 degrade ECM components sustaining tumor invasion and growth, 

and indeed, ADAM8 and MMP9 levels were at their apex in highly proliferative tumor 

zones (Cui et al. 2017; Conrad et al. 2019). In addition, comparing the miR-181a-5p 

expression in different tumor zones of one GBM patient confirmed the assumption that 
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this tumor suppressor miRNA is scarcely expressed in the tumor center when compared 

to a non-tumorous brain tissue specimen.  

Besides aberrant intracellular functions, the TME promotes GBM progression through 

excellent tumor-supporting conditions (Da Ros et al. 2018). Therefore, tumor cells, 

especially GSCs, shape their environment by releasing secretory molecules and EVs 

(Folkins et al. 2009; Boyd et al. 2021). Analysis of U87-derived EVs revealed that 

ADAM8-induced miR-181a-5p downregulation extends to the EV cargo. Marisetty et al. 

demonstrated that miR-181a-5p is scarcely expressed in TAMs. In contrast, the miR-

181a-5p target OPN was greatly expressed, promoting tumor-supportive M2 

macrophage polarization (Marisetty et al. 2020). M2 polarization is characterized by high 

chemokine (C-C motif) ligand 13 (CCL13) expression, which positively correlates with 

MMP9 levels in GBM specimens (Gjorgjevski et al. 2019). In PDAC, it was demonstrated 

that ADAM8 is enriched in EVs and induced high MMP9 expression in the TME (Cook 

et al. 2022). Therefore, ADAM8-mediated miR-181a-5p downregulation could promote 

immunosuppression within the glioblastoma TME. Not only are EVs vehicles of TME 

communication but these nano-molecules are also secreted into the bloodstream. For 

this reason, EVs are receiving increasing attention as diagnostic biomarkers or even 

future therapeutic vehicles (Urabe et al. 2020). It is therefore likely that delivery of 

miRNA181a-5p could have a therapeutic potential in GBM by reducing the expression 

of genes that are essential for GBM progression. In addition, the investigation of miR-

181a-5p in serum-derived EVs revealed decreased levels in recurrent GBM. These 

findings justify further analysis in a large patient cohort to confirm miR-181a-5p as a 

potential biomarker of GBM progression. 

To conclude, this study explored that downregulation of the tumor suppressor miR-181a-

5p by ADAM8-induced STAT3 and MAPK signaling promotes GBM progression. 

 

3.2 Identification of Dysregulated microRNAs in Glioblastoma Stem-
Like Cells 
Mediated by GSCs, radiation- and chemotherapy resistance constitutes a central 

problem in treating patients with recurrent GBM (Bao et al. 2006; Chen et al. 2012). 

Identifying cancer stem cell fate regulators, including miRNAs, could unravel new 

therapeutic targets as differentiated GBM cells are more prone to therapy efficacy. 

Previous investigations confirmed that the three investigated GSC lines maintained their 

stem cell typical features as implantation of GSCs in nude mice generated highly invasive 

tumors (Hannen et al. 2019). Morphologically, GSCs formed spheroids while the 

differentiated cell state developed long star-shaped cellular protrusions and grew in 

monolayers. Considering GBM heterogeneity, several molecular GSC markers were 
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investigated to verify GSC differentiation further. We demonstrated that stem cell 

markers SOX2 and CD133 decreased, and GFAP levels rose upon differentiation in all 

three investigated GSC lines, though to different extents. Due to striking phenotypic 

plasticity, GBM is often divided into three subtypes, the mesenchymal type, the pro-

neural type, and the classical type. For instance, high CD133 levels are strongly 

associated with GSCs of the pro-neural and mesenchymal subtypes (Zarkoob et al. 

2013). In particular, the mesenchymal subtype is associated with increased therapeutic 

resistance and reduced overall survival (Phillips et al. 2006). The intermediary filament 

GFAP is commonly used as a differentiation marker, as differentiated tumor cells show 

similar characteristics to astrocytes (Ricci-Vitiani et al. 2008). However, a hallmark of 

cancer progression is EMT, in the case of GBM, also referred to as glial-mesenchymal 

transition, leading to reduced GFAP expression in recurrent gliomas (Kubelt et al. 2015). 

This further highlights the benefits of establishing new markers of GSCs differentiation, 

including miRNAs, and investigating a panel of stemness and differentiation markers to 

characterize GSCs properly. However, in-vitro GSC differentiation is widely discussed 

due to the lack of TME stimuli. For instance, hypoxia is a vital feature of the TME, and 

induction of hypoxia-inducible factor (HIF) related signaling stabilizes the stem cell state 

(Soeda et al. 2009).  

Investigating the miRNA profiles of GSCs and their corresponding differentiated cell 

states could uncover new regulatory mechanisms of GSC maintenance. Primary 

screening of GSCs and corresponding differentiated cells by PCR analysis unraveled 31 

dysregulated miRNAs. A thorough investigation of the ten most dysregulated miRNAs 

by bioinformatic KEGG enrichment analysis uncovered that these miRNAs were most 

significantly associated with “PI3K/AKT signaling” and “Signaling pathways regulating 

pluripotency of stem cells”. Prediction of miRNA targets involved in stem cell fate 

revealed numerous interesting target genes, such as insulin-like growth factor 1 receptor 

(IGF1R). This receptor tyrosine kinase is implicated in anti-apoptotic signaling and 

overexpressed in GBM (Wang et al. 2017a).  

Combining the research data, four promising miRNAs, miR-425-5p, miR-15-5p, miR-

223-3p, and let-7a-5p, were selected for further investigations. Elevation of miR-17-5p 

attributes to the anti-apoptotic, highly proliferative nature of GBM, and its overexpression 

is associated with a dismal prognosis (Ernst et al. 2010; Gruszka and Zakrzewska 2018). 

In this study, miR-17-5p was overexpressed in the three GSC lines when compared to 

their differentiated state. Functionally, miR-17-5p is part of the miR-17-92 cluster that 

regulates tumor and embryonic stem cell features (Mens and Ghanbari 2018). In GSCs, 

the miR-17-92 cluster is described to increase proliferation and sphere formation (Ernst 

et al. 2010; Schraivogel et al. 2011). Previous studies demonstrated that myc, a potent 
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cell cycle mediator, is implicated in GSCs survival and directly activates miR-17-92 

cluster transcription (O'Donnell et al. 2005; Cencioni et al. 2023). However, miR-17-5p 

displays an authentic binding site to myc mRNA (Kehl et al. 2020). Thus, a detailed 

investigation of the myc - miR-17-5p regulatory network is justified. 

As validating qPCR analysis indicates, miR-425-5p is consistently upregulated in all 

three GSC lines. This onco-miRNA promotes invasion, tumor growth, and immune 

suppression in breast cancer, NSCLC, and ovarian cancer (Xiao et al. 2019; Zhou et al. 

2020; Wu et al. 2021). A first investigation in GBM confirmed overexpression of miR-

425-5p in GBM specimens and demonstrated that high miR-425-5p levels correlated with 

reduced survival (La Rocha et al. 2020). Overactivated PI3K/AKT signaling promotes 

resistance to apoptotic stimuli and stabilizes the GSC phenotype (Barzegar Behrooz et 

al. 2022). Interestingly, constitutive PI3K/AKT signaling in GBM is frequently induced due 

to the downregulation of the tumor suppressor PTEN, a verified target of miR-425-5p 

(Zhou et al. 2020; Hashemi et al. 2023). Moreover, bioinformatic target analysis 

predicted GFAP mRNA as a direct miR-425-5p target. Therefore, primary patient-derived 

differentiated GBM cells altered GFAP and PTEN expression after miR-425-5p mimic 

transfection. EMT is a cornerstone of cancer progression, and a previous study 

demonstrated that miR-425-5p overexpression drives mesenchymal transformation in 

hepatocellular carcinoma (Fang et al. 2017). In GBM, glial-mesenchymal transition is 

linked to reduced GFAP expression and is crucial for GSC maintenance (Bhat et al. 

2011; Kubelt et al. 2015). Therefore, miR-425-5p could stabilize the GSC phenotype and 

promote mesenchymal transformation by downregulating GFAP expression and 

accelerating PI3K/Akt signaling in GBM.  

We detected that GSC differentiation induced the upregulation of nine miRNAs, including 

six members of the let-7-mirRNA family and miR-223-3p. On the one hand, the let-7-

miRNA family displays tumor-suppressive characteristics in GBM by targeting rat 

sarcoma virus (RAS), thereby silencing the MAPK pathway and inhibiting migration and 

proliferation (Wang et al. 2013). On the other hand, a previous study demonstrated that 

miR-223-3p could enhance radiation sensitivity by targeting ataxia-telangiectasia 

mutated (ATM, Liang et al. 2014). This protein is overexpressed in GSCs and promotes 

multi-resistant relapses, but the role of miR-223 in GSCs is unexplored (Li et al. 2017). 

In addition, target prediction analysis uncovered that miR-223-3p harbors a putative 

binding site for MMP9 mRNA. Thus, miR-223-3p could act as a tumor suppressor by 

repressing MMP9-induced invasion and by reducing radiation- and chemotherapy 

resistance. However, proceeding analyses did not confirm the upregulation of either let-

7a-5p or miR223-3p in differentiated cells of all three GSC lines. GBM is a highly 

heterogenous malignancy, and Li et al. introduced distinctive miRNA signatures in 
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different GBM subtypes so that differential miR-223-3p and let-7a-5p levels could also 

result from GBM’s remarkable phenotypic plasticity (Li et al. 2014). Supporting this 

hypothesis, literature research revealed evidence that high let-7 expression drives GSC 

differentiation consistent with investigations in other types of cancer (Song et al. 2016; 

Ma et al. 2021). By bioinformatic target prediction, we identified that Musashi-2 (MSI2) 

displays putative binding sites for miR223-3p and several let-7-members, including let-

7a-5p. MSI2 is associated with SOX2 expression and, thereby, essential for maintaining 

self-renewal capacities in stem cells (Wuebben et al. 2012). Hence, further explorations 

of the let-7 family and miR-223-3p in GBM, especially GSCs, seem justified.  

In summary, this study detected changes in the miRNA profile of GSCs and their 

corresponding differentiated cell state and identified that miR-425-5p, miR-17-5p, miR-

223-3p, and let-7a-5p are linked to GSC maintenance and tumor progression. 
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4. Summary 
As a highly invasive and progressive tumor, GBM ranks among the most lethal cancers. 

MiRNAs, as small regulators of posttranscriptional gene expression, are associated with 

aberrant intracellular signaling pathways that characterize GBM biology. Recurrent, 

progressive GBM is hardly treatable due to limited therapeutic options and the rapid 

acquaintance of radiation- and chemotherapy resistance. These relapses are often 

mediated by GSCs, a small but highly influential fraction of tumor cells with pluripotent 

properties. Identifying mediators of GBM progression, GCS maintenance, and underlying 

dysregulated signaling pathways is essential for developing new therapeutic strategies. 

This thesis investigated the role of miRNAs in GBM progression by identifying miRNAs 

of GSC maintenance and by exploring signaling pathways downregulating miR-181a-5p, 

a tumor suppressor miRNA in GBM.  

The membrane-anchored ADAM8 induces the transcription of pro-invasive and 

angiogenic oncogenes by initiating intracellular signaling pathways. In this context, the 

first study uncovered a new regulatory network implementing miR-181a-5p 

downregulation by ADAM8-induced MAPK and STAT3 signaling. In ADAM8-deficient 

U87 cells, miR-181a-5p was significantly upregulated. Notably, the overexpression of 

miR-181a-5p extended to the EV cargo. The cytoplasmatic domain of ADAM8 

accelerates MAPK and STAT3 signaling, thereby silencing miR-181a-5p transcription. 

Furthermore, transiently overexpressed miR-181a-5p reduced proliferation and MMP9 

expression by targeting MAPK pathway kinases, highlighting this miRNA's tumor-

suppressive properties, and introducing a complex regulatory miR-181a-

5p/MAPK/MMP9 loop. In tissue specimens ADAM8 and MMP9 were overexpressed, 

their levels were strikingly correlated, while miR-181a-5p was downregulated. Analysis 

of patient-serum-derived EVs revealed reduced miR-181a-5p levels in recurrent 

glioblastoma proposing miR-181a-5p as a potential biomarker of GBM progression.  

The second study explored the miRNA profiles of GSCs and their corresponding 

differentiated cell states, aiming to uncover regulatory miRNAs of GSC maintenance. 

Upon in-vitro differentiation of well-characterized GSCs into astrocytic tumor cells, 31 

dysregulated miRNAs were uncovered by conducting a miRNA PCR array. Combing 

literature research and bioinformatic analyses, four miRNAs, miR-425-5p, miR-223-3p, 

let-7a-5p, and miR-17-5p, were introduced as putative mediators of GSC fate. Since 

target prediction analysis revealed that PTEN and GFAP mRNAs display authentic 

binding sites for miR-425-5p, and validating experiments confirmed miR-425-5p 

overexpression in all GSC lines, this onco-miRNA was selected for further investigations. 

Indeed, GFAP and PTEN expression decreased upon miR-425-5p overexpression in 
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one primary patient-derived GBM cell line, highlighting a potential role of this onco-

miRNA in GSC survival and GBM progression. 

A distinctive miRNA profile is linked to core features of GBM like invasion, therapeutic 

resistance, and phenotype plasticity. Thereby, altered expressions of numerous 

miRNAs, including miR-425-5p and miR-181-5p, are associated with GBM progression 

and discussed as future biomarkers of GBM recurrence. 
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5. Zusammenfassung 
Das GBM ist eine primär hirneigene, hoch invasive Neoplasie mit fataler Prognose. Als 

zentrale Mediatoren der post-transkriptionellen Genexpression regulieren miRNAs 

kritische Signalwegen des GBM. Die ausgeprägte Rezidivneigung und die rapide 

Entwicklung von Resistenzen gegenüber der adjuvanten Therapie, stellen zentrale 

Probleme in der Behandlung des GBM dar. Bedeutende Mediatoren dieser fatalen 

Tumoreigenschaften sind GSCs, eine kleine Tumorzellfraktion mit stammzellähnlichen 

Charakteristiken. Ziel dieser Arbeit ist es, miRNAs als potenzielle Marker und 

Regulatoren für die Progression des GBM zu analysieren. Unter Berücksichtigung der 

einzigartigen Rolle von GSCs wurde das miRNA Profil dieser Tumorzellfraktion 

differenziert untersucht. Zudem wurden die Hintergründe und Konsequenzen der 

verminderten Expression von miR-181a-5p, einer Tumorsuppressor miRNA im GBM, 

detailliert exploriert. 

ADAM8 ist eine Disintegrin-Metalloproteinase, die durch Initiation von intrazellulären 

Signalwegen die Expression von weiteren Onkogenen fördern kann. Vor diesem 

Hintergrund ergründete die erste vorgestellte Studie die Zusammenhänge zwischen 

ADAM8-induzierter, onkologischer Signalgebung und der verminderten miR-181a-5p 

Expression im GBM. Die miR-181a-5p Expression zeigte sich nicht nur in ADAM8-

Knockout U87 Zellen erhöht, sondern auch in EVs dieser Zellen. Der verminderten miR-

181a-5p Expression in U87 Zellen lag die ADAM8-induzierte gesteigerte Stimulation von 

den MAPK- und STAT3- Signalwegen zugrunde. Diese Studie demaskierte ein 

komplexes miR-181a-5p/MAPK/MMP9 Netzwerk, da die transiente Überexpression von 

miR-181a-5p zu verminderter Zellproliferation und erniedrigter MMP9 Expression führte. 

In GBM-Gewebeproben zeigten die stark exprimierten Onkogene ADAM8 und MMP9 

eine positive Korrelation. Gegensätzlich war miR-181a-5p nur niedrig exprimiert. Um die 

Eignung von miR-181a-5p als potenziellen Biomarker zu prüfen, analysierten wir EVs 

aus Serumproben von drei Patienten mit Glioblastomrezidiven und zeigten, dass die 

miR-181a-5p Expression mit dem Krankheitsprogress sinkt.  

In der zweiten Studie wurde das miRNA-Profil von GSCs und ihrem differenzierten 

Status untersucht, um die regulatorische Rolle von miRNAs auf 

Tumorstammzelleigenschaften zu beleuchten. Mit der Ausdifferenzierung von GSCs zu 

astrozytären Tumorzellen, änderte sich die miRNA Expression deutlich, insgesamt 

wurden 31 dysregulierte miRNAs entdeckt. Unter Berücksichtigung von 

Literaturrecherchen und bioinformatischer Analysen wurden vier miRNAs miR-425-5p, 

miR-223-3p, let-7a-5p und miR-17-5p als potenzielle Mediatoren von GSC-

Eigenschaften vorgestellt und weitergehend untersucht. Am eindeutigsten stellte sich die 

Überexpression von miR-425-5p in GSCs dar. In einer primären Glioblastomzelllinie 
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führte die transiente Überexpression von miR-425-5p zu erniedrigten Expressionen von 

PTEN und GFAP, deren mRNA-Sequenzen potenzielle Ziele dieser onco-miRNA sind. 

Ein verändertes miRNA-Expressionsprofil ist mit Kernmerkmalen des Glioblastoms wie 

Invasion, therapeutischer Resistenz und Tumorheterogenität assoziiert. Da die 

veränderte Expression zahlreicher miRNAs, einschließlich miR-425-5p und miR-181-5p, 

eng mit der Glioblastomprogression assoziiert ist, werden miRNAs als zukünftige 

Biomarker für Glioblastomrezidive diskutiert. 
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Gian-Luca Dreizner1, Olivia Lassmann1, Aaron Ben Bacha1, Andreea-Cristina Benescu1,
Mirza Pojskic1, Christian Preußer3, Elke Pogge von Strandmann3, Barbara Carl 1,
Christopher Nimsky1,2 and Jörg W. Bartsch1,2*
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Glioblastoma (GBM) as the most common and aggressive brain tumor is characterized by
genetic heterogeneity, invasiveness, radio-/chemoresistance, and occurrence of GBM
stem-like cells. The metalloprotease-disintegrin ADAM8 is highly expressed in GBM tumor
and immune cells and correlates with poor survival. In GBM, ADAM8 affects intracellular
kinase signaling and increases expression levels of osteopontin/SPP1 and matrix
metalloproteinase 9 (MMP9) by an unknown mechanism. Here we explored whether
microRNA (miRNA) expression levels could be regulators of MMP9 expression in GBM
cells expressing ADAM8. Initially, we identified several miRNAs as dysregulated in
ADAM8-deficient U87 GBM cells. Among these, the tumor suppressor miR-181a-5p
was significantly upregulated in ADAM8 knockout clones. By inhibiting kinase signaling,
we found that ADAM8 downregulates expression of miR-181a-5p via activation of signal
transducer and activator of transcription 3 (STAT3) and mitogen-activated protein kinase
(MAPK) signaling suggesting an ADAM8-dependent silencing of miR-181a-5p. In turn,
mimic miR-181a-5p transfection caused decreased cell proliferation and lower MMP9
expression in GBM cells. Furthermore, miR-181a-5p was detected in GBM cell-derived
extracellular vesicles (EVs) as well as patient serum-derived EVs. We identified miR-181a-
5p downregulating MMP9 expression via targeting the MAPK pathway. Analysis of patient
tissue samples (n=22) revealed that in GBM, miR-181a-5p is strongly downregulated
compared to ADAM8 andMMP9mRNA expression, even in localized tumor areas. Taken
together, we provide evidence for a functional axis involving ADAM8/miR-181a-5p/
MAPK/MMP9 in GBM tumor cells.

Keywords: glioblastoma, tumor microenvironment, extracellular vesicles, miRNA, MR spectroscopy, ADAM8,
miR-181a-5p, MMP9
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common malignant
primary brain tumor in adults. Despite a standard multimodal
therapeutic strategy combining maximum safe surgical resection
and radio-/chemotherapy with temozolomide, the median
survival remains low between 12 and 15 months (1). To
improve the poor prognosis of GBM patients it is crucial to
identify new therapeutic targets and their underlying
dysregulated signaling pathways.

GBM is characterized as a highly invasive, heterogeneously
composed, and rapidly growing tumor (2). At the molecular
level, a disintegrin and metalloproteinases (ADAMs) mediate
tumor cell adhesion and migration as well as intracellular
signaling (3). One such proteolytically active family member is
the metalloproteinase-disintegrin 8 (ADAM8), strongly
associated with tumor aggressiveness, progression, and reduced
survival in various cancers including breast cancer, pancreatic
ductal adenocarcinoma (PDAC), and GBM (4–7). ADAM8, in
particular, the cytoplasmic domain (CD) and the disintegrin/
cysteine-rich domain (DC) can activate central signaling
pathways in carcinogenesis. First, ADAM8 activates the
mitogen-activated protein kinase (MAPK) signaling cascade,
epidermal growth factor receptor (EGFR) independently (8, 9).
Second, ADAM8 mediates angiogenesis by inducing the
expression of osteopontin (SPP1) via STAT3 signaling (10).
Moreover, ADAM8 interacts with integrin ß1 (ITGB1) and
thereby activates its downstream targets focal adhesion kinase
(FAK), and the PI3K/AKT pathway (9, 11). Interestingly,
ADAM8 dependent activation of the MAPK pathway as well
the PI3K/AKT pathway enhanced temozo lomide -
chemoresistance in GBM cell lines (12). Considering these
diverse functions of ADAM8 in intracellular signaling, we and
others hypothesized that ADAM8 mediates these functions
through the regulation of microRNAs and indeed, initial
evidence came from a study in MDA-MB-231 breast cancer
cells showing that ADAM8 regulates expression levels of miR-
720 (13).

MicroRNAs (miRNAs) are small non-coding RNA molecules
that regulate protein expression on a post-transcriptional level by
binding and thereby silencing their target messenger RNAs
(mRNAs) (14). In most cases, miRNAs lead to translational
repression or even degradation of their specific target mRNAs
(15). Therefore, dysregulated miRNA expression profiles alter
many critical pathways related to cancer progression (16).
Consequently, in GBM, a large number of miRNAs are
reported to be dysregulated (17, 18). In GBM, miR-181a-5p is
downregulated and functions as a tumor suppressor miRNA that
inhibits the translation of oncogenic proteins that are linked to
tumor progression such as osteopontin (SPP1) (19–21). This
type of sialoprotein is highly expressed in GBM and plays a key
role in tumor-tumor microenvironment communication by
attracting macrophages and mediating their immune response
(22). Furthermore, miR-181a-5p regulates cell apoptosis and cell
colony formation by targeting B-cell lymphoma 2 (BCL-2), so
that high expression levels of miR-181a-5p can induce
radiosensitivity of U87 GBM cells (23, 24). In addition, miR-

181a-5p contains inhibitory binding sites to members of the
MAPK family and its downstream targets, namely mitogen-
activated protein kinase kinase 1 (MEK1), cAMP response
element-binding protein 1 (CREB-1), and extracellular signal-
regulated kinase 2 (ERK2) (25, 26). Given an important
functional role in GBM, the signaling pathways regulating
miR-181a-5p itself, however, remain unclear.

Matrix metalloproteinase 9 (MMP9), a zinc-dependent
endopeptidase, plays a central role in the process of tumor cell
migration, infi l tration, and metastasis (27). Matrix
metalloproteinases degrade extracellular matrix molecules and
basement membrane components and thereby contribute to
glioma progression (28). Consequently, MMP9 is upregulated
in GBM compared to its expression in the normal brain
parenchyma (29). Gliomas that display high MMP9 levels are
associated with an aggressive course and are linked to reduced
survival (30). Previous studies demonstrated that MMP9
expression can be elevated via MAPK-signaling (31, 32).
ADAM8 and MMP9 levels are correlated in GBM tissue
samples as well breast cancer-derived brain metastasis (8, 33).
Whether MMP9 can be directly targeted by miR-181a-5p or
indirectly via miR-181a-5p induced downregulation of the
MAPK pathway has not been explored yet.

Cancer invasion is closely associated with the interaction of
infiltrating tumor cells and the tumor microenvironment (TME)
(34). As a means of communication, extracellular vesicles (EVs)
are secreted by tumor cells as well as by cells of the TME. Their
cargo contains lipids and proteins as well as nucleic acids
including miRNAs (35). Because EVs modulate tumor growth,
immune-escape, and tumor cell niche formation, they function
as central regulators of the TME (34).

In the current work, we explored the mechanism by which
ADAM8 modulates intracellular and extracellular signaling
through the regulation of miR-181a-5p expression and
uncovered MMP9 as a miR-181a-5p dependent target gene
in GBM.

MATERIAL AND METHODS

Patient Specimens
In accordance with the local ethics committee (Philipps
University Marburg, medical faculty, file number 185/11),
tumor tissue samples of GBM patients were obtained during
surgical resection and serum specimens were collected one to
three days prior and three to five days after surgical resection.
Each patient gave written informed consent before resection.
Tissue samples were shock frozen in liquid nitrogen and then
stored at -80°C. Serum samples were centrifuged at 2,000 g for 10
min prior to storage at -80°C. All included tissue and serum
samples were from primary, isocitrate dehydrogenase (IDH)
wild-type GBM tumors, further patient information and
histopathological characteristics are summarized in Table 1. In
three cases, we analyzed the expression of miR-181a-5p in
serum-derived EVs at the time of initial manifestation and
tumor recurrence (Patient 9, 23, 24 in Table 1).
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Cell Culture
Established GBM cell lines U87 and U251 were purchased from
the American Type Culture Collection (ATCC) and cell lines
G112 and G28 were obtained from the Westphal Lab (UKE
Hamburg). All GBM cell lines were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) high glucose (4.5 g/L) phenol
red (Capricorn Scientific, Germany), supplemented with 10%
fetal calf serum (FCS, S0615, Sigma, Germany), 1% penicillin/
streptomycin (2321115, Gibco, US), 1% sodium pyruvate (NPY-
B, Capricorn Scientific, Germany) and 1% non-essential amino
acids (11140050, Gibco, US). Primary GBM cell lines and
primary glioblastoma stem-like cells (GSCs) were obtained
during surgical resection. The isolation and preparation
process of GSCs and primary differentiated patient-derived
GBM tumor cells were each described previously by our group
(12, 36). GSC lines 2017/151, 2017/74, and 2016/240 were
cultivated in DMEM/F12 (DMEM-12-A, Capricorn Scientific,
Germany) and supplemented with 2% B27 supplement
(117504044, Gibco, US), 1% amphotericin (152290026, Gibco,

US), 0.5% HEPES (H0887, Sigma, Taufkirchen, Germany) and
0.1% Gentamycin (A2712, Biochrom, Germany). Moreover, a
final concentration of 0.02 ng/µL EGF (100-18B, Peprotech,
Germany) and bFGF (315-09, Peprotech, Germany) was
added, and GSCs were cultivated in non-cell-culture-treated
petri dishes. Primary differentiated GBM cell lines GBM98,
GBM42, and GBM29 were cultivated in DMEM high glucose
(4.5 g/L) without phenol red (Capricorn Scientific, Germany)
supplemented with 10% FCS (S0615, Sigma, Germany), 1%
penicillin/streptomycin (2321115, Gibco, US), 1 mM sodium
pyruvate (NPY-B, Capricorn Scientific, Germany), 1% L-
glutamine (200 mM) (25030-024, Gibco, US) and 1% non-
essential amino acids (11140050, Gibco, US). All cell lines were
cultured in a humidified atmosphere at 37°C under 5% CO2.

Generation of Stable U87 CRISPR/Cas9
ADAM8 KO (KO) Clones
U87 cells were transfected with two different gRNAs using the
CRISPR/Cas9 knockout/knockin kit from OriGene (#

TABLE 1 | Clinical data on patient included tumor tissue samples showed isocitrate dehydrogenase (IDH) wild-type expression.

Number Age at diagnosis
(years)

Sex Tumor localization Type of resec-
tion

MGMT promoter
meth ylation

EGFR
vIII

Ki67-Li Survival
(days)

1 71 m Septum pellucidum Subtotal Methylated – Up to
30%

114

2 65 m Left parietal lobe Subtotal Not methylated + Up to
40%

119

3 77 w Right frontal lobe Subtotal Methylated – Up to
20%

79

4 75 m Right temporal and parietal lobe Subtotal Methylated – 10% 476
5 63 w Left frontal lobe Subtotal Methylated – Up to

30%
76

6 87 m Right parietal and occipital lobe Gross Total Methylated ++ 5% 135
7 78 w Butterfly glioma, predominantly right

frontal lobe
Subtotal Not methylated unknown 20% 63

8 66 m Left frontal lobe Subtotal Methylated – 25% 49
9* 66 m Right occipital lobe Gross total Not methylated + 20% 336
10 65 w Left temporal lobe Subtotal Not methylated – Up to

15%
84

11 70 w Left frontal lobe Subtotal Methylated + Up to
25%

278

12 61 m Right temporal lobe Gross total Methylated – 30% 626
13 64 w Right frontal and temporal lobe Gross total Methylated – 20% 930
14 65 m Left temporal lobe Subtotal Methylated – 30% 579
15 66 m Right temporal lobe and right Insula Subtotal Methylated – Up to

20%
126

16 61 m Left temporal lobe Gross total Not methylated – 50% 398
17 57 w Right frontal lobe Gross total Weakly methylated + 20% 410
18 62 m Right temporal and parietal lobe Gross total Not methylated – Up to

20%
457

19 56 m Left temporal lobe Gross total Methylated – 20% 578
20 69 m Right parietal and occipital lobe Gross total Weakly methylated – Up to

50%
388

21 61 m Right frontal lobe Gross total Weakly methylated – 30% 94
22 76 m Right frontal lobe Gross total Not methylated – 30% 225
23* 76 f Left parietal Gross total Methylated – 20% unknown
24* 54 m Right frontal lobe Gross total Methylated – 30% 450
25 74 f Left parietal lobe Gross total Methylated – 40% unknown

Only initial manifested primary glioblastomas were included. Here, we show further parameters regarding the patient cohort including age at diagnosis, sex, survival in days, and type of
surgical resection (gross total or subtotal). Furthermore, histopathological data such as methylation status of the O6-methylguanine-DNA-methyltransferase (MGMT), Ki67-Labelling index
(Ki67-Li), and expression of epidermal growth factor variant III (EGFRvIII) are presented here. Patients’ 1 to 22 tissue samples were analyzed for miR-181a-5p, ADAM8, andMMP9mRNA
expression (Figures 5A–D), matched samples (initial and recurrence GBM) from patients 9, 23, and 24 (*) were used for serum-EV separation and analysis (Figures 5H–J) and patient 25
was used for the analysis via MR-spectroscopy (Figures 5E–G).
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KN213386) as described previously (37). Cell clones were
selected by treatment with antibiotics (1 mg/ml puromycin).
The ADAM8 knockout was confirmed through RT-qPCR,
western blot, and ELISA analysis. U87 wild-type cells were
used as control cells.

Transient Transfection to Induce an
ADAM8 Rescue in U87 ADAM8 KO Cells
To rescue ADAM8 in U87 ADAM8 KO clones, cells were seeded
in 6-well-plates at a density of 500,000 cells in 2 ml. After 24 h,
the transfection was performed with either ADAM8 lacking the
cytoplasmatic domain or the full-length ADAM8 using LTX
Lipofectamine (Invitrogen) according to the manufacturer’s
instructions. Cells were harvested and analyzed by RT-qPCR
and western blot after 48 h of transfection.

MiR-181a-5p Mimic Transfection
To transiently overexpress miR-181a-5p, U87 cells were seeded
in 6-well-plates at a density of 400,000 cells in 2 ml and were
transfected with 0.01 µMmiR-181a-5p mimic (miScript, Qiagen)
after 24 h. 0.01 µM ON-TARGET plus non-targeting Control
Pool (Dharmacon, US) was used as control RNA. Transfection
was performed utilizing Lipofectamine RNAimax (Invitrogen,
UK) according to the manufacturer’s instructions. After 24 h, the
transfection was repeated. Transfected cells and their controls
were harvested 48 h after the second transfection. To evaluate the
success of transfection, miRNA expression was analyzed by
RT-qPCR.

Inhibitors
Batimastat was used as a broad-spectrumMMP-inhibitor and was
purchased from Tocris (Biotechne, Wiesbaden, Germany). As a
specific ADAM8-inhibitor, BK-1361 (Peptide 2.0) was utilized
and described by our group previously (9). WP´066 (Sigma
Aldrich, US) was used as a JAK2/STAT3 inhibitor. Cells were
seeded in a 6-well-format (500,000 cells in 2 ml) and harvested 16
h after treatment with inhibitors. The concentrations used are
indicated in the graphs.

Separation of Extracellular Vesicles (EVs)
EVs were separated from cellular supernatants and GBM
patients’ serum samples via sequential ultracentrifugation.
Cells were incubated with 30 ml DMEM supplemented with
1% L-glutamine (200 mM), 1% penicillin/streptomycin, 1 mM
sodium pyruvate solution, and 1% nonessential amino acids for
48 h. Prior to EV separation, serum samples were diluted 1:3 with
HBSS (Gibco™, Life Technologies, US) (500 µl serum diluted
with 1 ml HBSS). The conditioned medium and the diluted
serum sample were centrifuged first at 2,000 g for 10 min at RT
and then at 10,000 g for 60 min at 4°C. After a subsequent
filtration (0.2 µm filter), EVs were pelleted via high-speed
centrifugation at 100,000 g for 90 min at 4°C using an Optima
XPN-80 ultracentrifuge (Beckman Coulter, Germany). Next, the
EV pellet was washed with HBSS at 100,000 g for 90 min at 4°C
using the Optima MAX-XP (Beckman Coulter, Germany)
ultracentrifuge with a TLA-55 fixed angle rotor. EVs were
resuspended in 50 µl HBSS and stored at -80°C until further

use. A 5 µl aliquot was sent to the FACS Core Facility, Marburg,
for determining the size and concentration of the particles by
usage of nano-flow cytometry (NanoFCM Co. Ltd.,
Nottingham, UK).

Real-Time Quantitative Polymerase Chain
Reaction (qPCR)
Total RNA with an enriched fraction of miRNAs from tumor
tissue samples and cellular pellets was isolated using the
miRNeasy Tissue/Cells Advanced Mini Kit (217684, Qiagen,
Germany) according to the manufacturer’s instructions. To
quantify the miRNA expression in cells, miRCURY LNA RT
Kit (Cat. Number 339340, Qiagen, Germany) and miRCURY
LNA SYBR® Green PCR Kit (Cat. Number 339345, Qiagen,
Germany) were used according to manufacturer’s instructions.
YP00203_U6 snRNA miRCURY LNA PCR Assay (YP00203907,
Qiagen, Germany) and miRCURY miRNA Assay hsa-181a-5p
(YP00206081, Qiagen, Germany) was used for the quantification
of relative miR-181a-5p expression. In the case of tissue samples
(Figure 5), miScript II RT Kit (218161, Qiagen, Germany) and
miScript SYBR Green PCR Kit (218073, Qiagen, Germany) were
used according to the manufacturer’s protocols. Here,
Hs_RNU6-2_11 miScript Primer Assay (MS00033740, Qiagen,
Germany) and Hs_miR-181a_2 miScript Primer Assay
(MS00008827, Qiagen, Germany) were used. To assess gene
expression on an mRNA level, RNA was reverse transcribed
with RNA to cDNA EcoDry™ Premix (Takara Bio. Inc.).
Quantitative real-time PCR was performed with iTaq™

Universal SYBR Green Supermix (Bio-rad Laboratories GmbH,
US). QuantiTect Primer Assay (Qiagen) or forward and reverse
primer were used in a total reaction volume of 20 µl. XS13 was
used as a housekeeping gene. All PCR experiments were
performed on the Applied Biosystems StepOnePlus Real-time
PCR system (Thermo Fisher Scientific, US). Relative gene
expression was calculated utilizing either the 2-DCt- or the 2-
DDCt -method as indicated.

MiRNA PCR Array – Human Finder
A pathway-focused miRNA PCR Array/Human Finder (331221
miScript, MIHS-001ZC, Qiagen, Germany) was conducted
according to the manufacturer’s instructions. Data analysis was
performed with the online miScript miRNA Data Analysis
program from Qiagen using the 2-DDCt-method. Results are
presented in a heatmap.

Protein Extraction and Western
Blot Analysis
Cells were washed with PBS (Sigma-Aldrich, US) and detached
by cell scraping. Whole cell lysates were homogenized by an
incubation for 30 min in RIPA buffer (50 mM HEPES pH 7.4; 150
mMNaCl; 1% (v/v) NP-40; 0.5% (w/v) Natriumdeoxycholate; 0.1%
(w/v) SDS; 10 mM Phenantrolin; 10 mM EDTA; Pierce™ Protease
Inhibitor Mini Tablets, EDTA-free, Thermo Fisher Scientific;
Pierce™ Phosphatase Inhibitor Mini Tablets, Thermo Fisher
Scientific). Protein samples or EVs in a concentration of 1.5x109

particles were prepared in 5x Laemmli buffer [60 mM Tris-HCl pH
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6.8; 2% (w/v) SDS; 10% (w/v) Glycerol; 5% (v/v) ß-
Mercaptoethanol; 0.01% (w/v) Bromophenol-Blue] and 10x
NuPAGE™ sample reducing reagent (Thermo Fisher Scientific,
US) and denatured at 95°C for 5 min before SDS PAGE. For this, a
10% SDS polyacrylamide gel was used. Separated proteins were
transferred on nitrocellulose membranes (A29591442, GE
Healthcare Life science, Germany) followed by blocking in 5%
(w/v) milk powder (MP) in TBST (50 mM Tris, pH 7.5; 150 mM
NaCl; 0.1% (w/v) Tween-20) for 1 h. The detection of proteins was
performed utilizing the following primary antibodies diluted as
indicated in 5% MP in TBST: anti-ADAM8 (PA5-47047, Thermo
Fisher Scientific, 1:1000), anti-MMP9 (IM09L, Calbiochem,
1:1,000), anti- b-Tubulin (NB600-936, Novus Biological, 1:2,000)
anti-EGFR (4267, Cell Signaling, 1:1,000), anti-pEGFR (3777, Cell
Signaling, 1:1,000), anti-MAPK (4696, Cell Signaling, 1:2,000), anti-
pMAPK (4370, Cell Signaling, 1:2000), anti-CALNEXIN (2679, Cell
Signaling, 1:1,000), anti-FLOTILLIN-1 (PA5-18053, Thermo
Scientific, 1:2,000) anti-CD81 (sc166029, Santa Cruz, 1:500), anti-
STAT3 (ab68153, Abcam, 1:5,000), anti-pSTAT3 (ab76315, Abcam,
1:5,000), anti-CREB-1 (H74) (sc-25785, Santa Cruz, 1:500 in 5%
MP) and anti-pCREB-1(Ser133) (4276, Cell Signaling, 1:1000 in 5%
BSA in TBST). Nitrocellulose membranes were incubated with
primary antibodies at 4°C overnight. After washing three times
with TBST, membranes were incubated with horseradish
peroxidase (HRP) conjugated antibodies (Abcam, 1:5,000) for 1 h
followed by a next washing step. Chemiluminescence detection was
performed by adding Western Bright Sirius substrate (Advansta,
US) and using the ChemiDoc MP Imaging System (Bio-rad
Laboratories GmbH, US). Western blots were quantified using
Image J (NIH, Maryland).

Enzyme-Linked Immunosorbent
Assay (ELISA)
Soluble ADAM8 (DY1031, R&D Systems, UK) and soluble
MMP9 (DY911, R&D Systems, UK) from cell culture
supernatants were determined by Sandwich-ELISA method
with DuoSet ELISA Kits. All ELISA experiments were
performed according to the manufacturer’s instructions.

Proliferation Assay
The proliferation and survival effects on U87 cells were
determined using CellTiter-Glo 3D cell viability assay (G7571,
Promega, Germany). Cells were seeded in triplicates on a 96-well
plate. After 24 h, miR-181a-5p mimic was transfected according
to section 2.5. After 48 h, 50 µl of CellTiter-Glo 3D Reagent was
added to each well and mixed while shaking for 15 min. After an
additional 15 min without shaking avoiding light, Luminescence
was measured with a Microplate Reader luminometer (FLUOstar
OPTIMA Microplate Reader, BMG Labtech, Germany).

Spectroscopy
A T2-weighted magnetic resonance (MR) tomography together
with 1H-MR spectroscopy was performed on a 3T MR System
(Trio, Siemens, Erlangen, Germany) for in detail analyses of
tumor heterogeneity in patient 25. Thereby, a navigated
extraction of tissue samples by co-registration of MR data and

integration into the neuronavigation system (Curve Ceiling-
Mounted, Brainlab, Munich, Germany) was enabled.

Statistical Analysis
Student’s t-tests were applied for statistical analysis. For multiple
comparisons, two-way ANOVA tests were used. A Wilcoxon-
signed rank test and Pearson correlation were performed to
determine differences or correlation in gene expression. Results
were considered as not significant (ns) (p > 0.05), significant (*)
(p < 0.05), highly significant (**) (p < 0.01), or very highly
significant (***) (p < 0.001). Data from multiple replicates are
presented as mean ± SD and statistical analyses were performed
with GraphPad Prism (version 9.1.0) and Microsoft Excel.

RESULTS

ADAM8 Regulates Expression Levels of
miR-181a-5p in GBM Cells
To determine potential ADAM8 correlated miRNAs, we
generated stable ADAM8 knockout (KO) U87 cell clones using
two guide RNAs (U87 gRNA cl. 1, U87 gRNA cl. 2) for the
CRISPR/Cas9 homologous recombination method. U87 cells
expressing high endogenous levels of ADAM8 were subjected
to CRISPR/Cas9 induced genomic editing. After cell selection
with puromycin, independent cell clones were grown and
compared to U87 cells (in the following termed U87_CTRL)
for morphological features and ADAM8 expression levels. From
around 30 individual cell clones, two U87 gRNA clones were
selected for further analyses (Supplementary Figure 1).
Confirmation of successful ADAM8 knockout in these two
U87 gRNA cell clones was provided by qPCR, Western Blot,
and ELISA (Figures 1A–C). U87 gRNA cl. 1 and U87 gRNA cl. 2
(termed U87_KO1 and U87_KO2) showed a strong
downregulation of ADAM8 mRNA compared to U87_CTRL,
p < 0.001 (Figure 1A). Western Blots confirmed successful
ADAM8 knockout on the protein level (Figure 1B). In
addition, ELISA measurements from cell supernatants revealed
soluble ADAM8 levels below the detection limit in U87_KO
clones compared to U87_CTRL (p < 0.05, Figure 1C). For two
representative KO clones as well as a U87 control clone, a
microRNA PCR Array (Human Finder) was screened.
Differences in miRNA expression (given a ratio KO/CTRL) for
both U87_KO clones are presented in a heatmap (Figure 1D)
with green color representing upregulation of miRNA in
U87_KO cells.

Several miRNAs were consistently upregulated in both KO
clones and miR-181a-5p was selected for further investigations
due to its reported regulation of osteopontin/SPP1 which also
applies to ADAM8. Moreover, of all four miRNAs upregulated in
U87 ADAM8 KO cells, miR-181a-5p was the only one regulated
after treatment of U87 wild-type cells with an ERK1/2 inhibitor
indicating its influence in ADAM8-mediated signaling
(Supplementary Figure 2). To further validate our miRNA
screening, qPCR experiments were performed to detect miR-
181a-5p expression in U87_KO and U87_CTRL cells. We

Schäfer et al. ADAM8 Regulates miR-181a-5p

Frontiers in Oncology | www.frontiersin.org March 2022 | Volume 12 | Article 8262735



 46 

 

confirmed upregulation of miR-181a-5p in U87_KO1 and
U87_KO2 compared to U87_CTRL cells, p < 0.05 and p <
0.01, respectively (Figure 1E).

Next, we analyzed the expression profiles of ADAM8 and miR-
181a-5p in several GBM cell lines, including U87, U251, G112,
G28, three primary patient-derived cell lines GBM42, GBM29,
GBM98, and three patient-derived Glioblastoma stem-like cell lines
(GSCs), 2016/240, 2017/151 and 2017/74 (Figures 1F, G). GSCs
showed low ADAM8 mRNA and high miR-181a-5p expression
levels. Primary GBM cell lines showed great variability in ADAM8
and miR-181a-5p expression with GBM42 with the highest
ADAM8 levels. Interestingly, knocking ADAM8 down with
siRNA showed elevated levels of miR-181a-5p in GBM42
(Supplementary Figure 3). Pearson correlation analyses revealed
exclusively in the case of GSCs a clear negative correlation of
ADAM8 andmiR-181a-5p expression (Figures 1H–J). U87_CTRL

cells as well as primary GBM42 cells showed the highest
endogenous ADAM8 levels in qPCR experiments compared to
all other cell lines and were selected for further experiments.

ADAM8 Regulates miR-181a-5p
Expression via STAT3 and MAPK Signaling
To analyze the apparent ADAM8/miR-181a-5p dependence on
the mechanistic level, we tested the contribution of either the
metalloprotease activity or the functions of the non-proteolytic
domains (DC/CD) of ADAM8 on miR-181a-5p expression. To
address this, U87 cells were treated with either a broad-range
metalloprotease inhibitor BB-94 (Batimastat) or with BK-1361, a
selective ADAM8 inhibitor. While BB-94 did not affect miR-181a-
5p expression, treatment with 10 µM and even 5 µM BK-1361 led
to an increase in miR-181a-5p expression, p < 0.05 (Figure 2A)
suggesting a contribution of the DC/CD domain on miR-181a-5p
regulation by ADAM8. Moreover, we transiently re-expressed
ADAM8 in U87_KO1 and analyzed the effect on miR-181a-5p
expression. U87 gRNA_KO2 was transfected with either wild-type
ADAM8 (hA8) or with an ADAM8 variant lacking the
cytoplasmatic domain (Delta CD). Western Blots confirmed re-
expression of ADAM8 variants (Figure 2B).

Re-expression of wild-type ADAM8 caused a downregulation
of miR-181a-5p, p < 0.01 (Figure 2B). In contrast, cells expressing
the ADAM8 delta CD variant showed no downregulation of miR-
181a-5p (Figure 2B). These results indicate that the cytoplasmatic
domain of ADAM8 triggers signaling cascades that lead to the
downregulation of miR-181a-5p concomitant with a trend of
increased pSTAT3 in cells transfected with wild-type ADAM8
(Figure 2B). Interestingly, this regulation only works in one
direction, as changes in miR-181a-5p expression, i.e. by mimic
transfection, do not affect expression levels of ADAM8 in U87
cells (Figure 2C). We explored the role of two downstream
signaling pathways of ADAM8 CD, STAT3 signaling and
MAPK signaling. For this purpose, U87 cells and primary GBM
cells GBM42 were treated with either U0126 (MEK1/2 inhibitor)
or WP1066 (STAT3 inhibitor). MEK1/2 inhibition caused an
increase in miR-181a-5p expression in U87_CTRL cells (p <
0.05), and a tendency to increase in primary GBM42 cells (p-
value: 0.052) (Supplementary Figure 4). More prominently,
STAT3 inhibition by WP1066 was confirmed for both cell lines
via western blot and resulted in increased expression levels of
miR-181a-5p in both cell lines with p < 0.05 (Figures 2D, E).

MiR-181a-5p Regulates Cell Proliferation
and MMP9 Expression
We further analyzed whether miR-181a-5p can affect the cell
proliferation of GBM cells. Exemplified for U87_KO2, a decrease
in cell proliferation was observed (p < 0.001, Figure 3A). This
effect can be recapitulated when mimic miR-181a-5p was
transfected into U87 cells (p < 0.01, Figure 3B). As an
oncoprotein able to promote GBM cell proliferation, we
analyzed MMP9 expression in U87_KO2 and mimic
transfected U87 cells (Figures 3C, D) (27). MMP9 mRNA
levels in U87_KO2 and mimic transfected cells are strongly
downregulated as revealed by qPCR (p < 0.001, Figure 3C).

A B

D

E F G

IH J

C

FIGURE 1 | Screening of two representative CRISPR/Cas9 ADAM8 (hA8) KO
cell clones reveals an ADAM8-dependent regulation of miR-181a-5p.
Confirmation of the CRISPR/Cas9 ADAM8 stable KO in U87 cells by qPCR
(A), Western Blot (B), and ELISA (C). (D) A RT-qPCR-based miRNA PCR
Array (Human Finder, Qiagen) of U87 CRISPR/Cas9 ADAM8 KO cells
enabling the analysis of a total of 84 miRNAs. The legend for the fold-
changes in the heat map is given above representing the fold-change values
(2-DDCT) relative to U87_CTRL cells in both ADAM8 KO clones. Note the
variance in fold changes between the two KO clones (E) Confirmation of miR-
181a-5p upregulation in U87_KO1 and U87_KO2 cells (p-value: 0.01 and
0.03). The expression of miR-181a-5p (F) and ADAM8 (G) in GBM cell lines
(G28, G112, U251), primary patient-derived cell lines (GBM29, 98, and 42),
and GBM stem-like cell lines (GSCs) (GSC 2016/240, GSC 2017/74, GSC
2017/151) are shown as relative values to the expression in U87 cells. MiR-
181a-5p is mostly expressed in GSCs. The patient-derived cell line GBM42
shows the highest ADAM8 expression. Pearson correlation analysis of miR-
181a-5p and ADAM8 in cell lines (H), primary cell lines (I), and primary GSCs
(J) reveal a negative correlation only observed in GSCs (p-value: 0.01,
Pearson r: -0.88). Results are given as mean +/- SD of two to three
independent experiments. Unpaired two-tailed students t-test or two way
ANOVA for multiple comparison (F) were applied to determine significance:
*p < 0.05, **p < 0.01, ***p < 0.001. n.d., not detectable.
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After mimic miR-181a-5p transfection of U87 cells, ELISA
experiments revealed less soluble MMP9 levels in cellular
supernatants (p < 0.05, Figure 3D). Comparable results were
obtained for osteopontin (Supplementary Figure 7). Next, we
exp lored whether miR-181a-5p dependent MMP9
downregulation is a result of direct miR-181-a/MMP9 mRNA
interaction. Three target prediction tools, miRDB, TargetScan,
and TargetMiner, predicted no miR-181a-5p binding site. Also,
bioinformatic analysis of the MMP9 3’ UTR did not reveal a
sufficiently long binding site for miR-181a-5p. Thus, we
conclude that MMP9 is most likely indirectly regulated by
miR-181a-5p. Indeed, literature research and the utilization of
the target prediction tools miRDB and TargetScan revealed that
miR-181a-5p directly targets three kinases of the MAPK
pathway, CREB-1, MEK1, and ERK2 (Supplementary Table 1,
38, 39). To demonstrate that, transfection of U87_CTRL cells
with a miR-181a-5p mimic was performed and revealed
downregulation of pERK1/2 and p-CREB-1 in three
independent Western Blot experiments, with p < 0.01 and p <
0.001, respectively (Figure 3E). Notably unphosphorylated levels
of ERK1/2 and CREB-1 were not influenced by mimic
transfection (Figure 3E). Thus, our results further support
ERK2 and CREB-1 as downstream targets of miR-181a-5p.

EVs Derived From U87_KO Cells
Are Associated With Higher
miR-181a-5p Levels
Having demonstrated the intracellular effects of ADAM8 on
miR-181a-5p andMMP9 as a target gene, we further investigated

whether EVs derived from cellular supernatants of U87_CTRL
(CTRL_EVs), U87_KO1 (KO1_EVs), and U87_KO2
(KO2_EVs) are associated with miR-181a-5p expression. By
Nanoflow Cytometry Measurement (NanoFCM), the size and
concentration of EVs prepared from cellular supernatants were
analyzed (Figures 4A, B). Western Blot experiments further
confirmed the presence of EVs using FLOTILLIN-1 and CD81 as
EV markers, CALNEXIN as a negative control, and ß-Tubulin as
a predominant lysate marker (Figure 4C). MiR-181a-5p was
detected in all three EV populations (CTRL_EVs, KO1_EVs,
KO2_EVs) and consistent with our observation in U87_CTRL
and U87_KO cells, KO1_EVs and KO2_EVs displayed higher
miR-181a-5p levels than CTRL_EVs (Figure 4D). To ensure that
more miR-181a-5p is packed in EVs with higher cellular
expression, we separated EVs from ctrl and mimic transfected
cells with a 28-fold enrichment of miR-181a-5p in EVs derived
from mimic transfected cells (Supplementary Figure 8).
Furthermore, we confirmed the uptake of KO2_EVs by
U87_CTRL cells via immunofluorescent microscopy by
incubating CFSE-stained KO2_EVs as well as CTRL_EVs with
Hoechst-stained U87_CTRL cells (Supplementary Figure 9A).
Western blot analysis showed downregulation of MMP9 in
U87_CTRL cells incubated with both CTRL_EVs and
KO2_EVs in comparison to the HBSS control but did not
confirm a significant difference of MMP9 expression
comparing cells incubated with KO2_EVs or CTRL-EVs
(Supplementary Figure 9B). We treated U87_KO2 cells with
either miR-181a-5p-mimics or a miR181a-5p inhibitor and
incubated the corresponding EVs with U87_CTRL cells. An
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FIGURE 2 | ADAM8 regulates the expression of miR-181a-5p via JAK2/STAT3 signaling. (A) U87_CTRL cells were analyzed for miR-181a-5p expression by RT-
qPCR after treatment with the broad-spectrum MMP inhibitor BB-94 (left) and the ADAM8 inhibitor BK-1361 (right). (B) One representative western blot of three
independent experiments shows the rescue of either ADAM8 lacking the cytoplasmatic domain (Delta CD) or the full-length ADAM8 (hA8). The quantifications of
pEGFR, pSTAT3, and pERK1/2 are depicted on the right side and were normalized to b-Tubulin and total-EGFR/b-Tubulin, total STAT3/b-Tubulin, or total ERK1/2/b-
Tubulin. Also, RT-qPCR results show no differences in miR-181a-5p expression after the transfection of ADAM8 Delta CD but a downregulation with the full-length
ADAM8 rescue (p-value: 0.002). (C) The expression of ADAM8 mRNA (RT-qPCR, left) and secreted ADAM8 (ELISA, right, n=2) is not affected after miR-181a-5p
mimic transfection. U87_CTRL cells (D) and patient-derived GBM42 cells (E) were treated with JAK2/STAT3 inhibitor WP1066 as indicated and analyzed via western
blot and RT-qPCR. In (D), qPCR results are shown as mean values +/- SD of four independent experiments and in (E), results of miR-181a-5p are described as
mean values of three technical replicates. Inhibition of JAK2/STAT3 increases miR-181a-5p expression (U87 p-value: 0.027; GBM42 p-value: 0.004). Results are
shown as mean values +/- SD from three independent experiments if not otherwise stated. Unpaired two-tailed students t-test was applied to determine significance:
ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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ELISA experiment revealed that incubation of inhibitor-treated
EVs led to increased soluble MMP9 levels whilst incubation of
miR-181a-5p-mimic treated EVs caused a decrease in soluble
MMP9 (Supplementary Figure 9C).

Characterization of ADAM8, MMP9, and
miR-181a-5p Expression in GBM Tumor
Tissue Samples
RT-qPCR experiments were conducted on 22 tumor tissue
samples from patients admitted to our clinical department to
analyze the expression profiles of ADAM8, MMP9, and miR-
181a-5p in GBM tissue. Further information on the patient
cohort and histopathological data are listed in Table 1. For
normalization of data (set to 1 in Figures 5A–D), we utilized
tissue samples localized most remote from the tumor core. The
majority of the examined tumor tissue samples showed
downregulation of miR-181a-5p (Figure 5C). In contrast,
mean ADAM8 and MMP9 expression levels were upregulated
in the investigated tumor samples (Figure 5A). High ADAM8
correlated with elevated MMP9 expression levels, p < 0.0001
(Figure 5D). In the patient cohort, neither ADAM8mRNA levels
nor MMP9 mRNA levels correlated with miR-181a-5p
expression, p = 0.6 and p = 0.63 respectively (Figure 5D). We
then divided the patient cohort into subgroups, high ADAM8
expression, and low ADAM8 expression group, as well as high
miR-181a-5p expression and low miR-181a-5p expression group
(Supplementary Figure 9). MMP9 expression was elevated in
the high ADAM8 group, p = 0.01 (Figure 5B). MiR-181a-5p
expression was similar in the high ADAM8 and low ADAM8
groups (Figure 5B). MMP9 expression was also similar in both
miR-181a-5p subgroups (Figure 5B). To further investigate if
this trend is due to the strong heterogeneity of the GBM tissue,
we explored the connection between ADAM8, MMP9, and
miR-181a-5p in a pilot experiment using MR-spectroscopy
guided surgery at different locations in a GBM tumor tissue
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FIGURE 3 | ADAM8 affects MMP9 expression and proliferation via miR-
181a-5p targeting ERK2 and CREB-1. (A) The upregulation of miR-181a-5p
in U87_KO cells (RT-qPCR, n=3, left) causes inhibition of proliferation
(CellTiter Glo, n=2, measurement after 48 h, right). (B) Overexpressing miR-
181a-5p in U87_CTRL cells via transient transfection (RT-qPCR, n=3, left)
causes inhibition of proliferation after 48 h (CellTiter Glo, n=3 technical
replicates, right). (C) MMP9 is downregulated in U87_KO cells on mRNA (RT-
qPCR, n=3, left). After miR-181a-5p mimic transfection, MMP9 is
downregulated in U87 cells on the mRNA (RT-qPCR, n=3, p-value: 0.0009)
(C) and on protein level (ELISA, n=2, p-value: 0.0004) analyzed by western
blot (D). (E) Analyses of kinase activation after miR-181a-5p mimic
transfection for ERK1/2 (p-value: 0.003) and CREB-1 (p-value: 0.0007).
Results are shown as mean values +/- SD of three independent experiments
unless otherwise stated. Results are given in mean +/- SD. Unpaired one-
tailed students t test was applied to determine significance: *p < 0.05,
**p < 0.01, ***p < 0.001.
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FIGURE 4 | ADAM8 affects miRNA181a-5p levels associated with EVs in U87 cells. (A) U87_CTRL and U87_KO derived EVs were characterized regarding their
concentration (upper graph) and size (lower graph). Measurements were taken with the NanoFCM device and results are shown as mean values +/- SEM of four
independent experiments. (B) Representative size distributions of U87_CTRL and U87_KO derived EVs (NanoFCM) are shown in bar graphs. (C) Via western blot,
the presence of EVs was confirmed. CALNEXIN was used as negative control and FLOTILLIN-1 as well as CD81 as EV markers. (D) MiR-181a-5p is detectable in
U87 derived EVs. RT-qPCR results show a non-significant tendency of miR-181a-5p upregulation in U87_ KO derived EVs. Mean values +/- SD of three
independent experiments if not otherwise stated. Unpaired two-tailed students t-test was applied to determine significance: ns, not significant, *p < 0.05.
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sample of one selected patient. In the non-tumorous access tissue
(L1), miR-181a-5p showed the highest expression whereas
ADAM8 and MMP9 expression is at the lowest level
(Figures 5E–G). Analysis of tumor edge (L2 and L3) and core
tumor (L4) with strongly proliferating and vascularized zones
revealed reversed expression patterns for MMP9, ADAM8, and
miR-181a-5p (Figures 5E–G). Tumor locations in L3 and L4 were
also confirmed by 1H-MR spectroscopy (Supplementary Table 2).

MiR-181a-5p Expression in Serum-Derived
EVs From GBM Patients
In a further pilot study, serum specimens from three GBM
patients were obtained before and after surgical resection. All
three patients suffered from tumor recurrence and underwent
surgical resection for a second time. In all cases, the highest
miR-181a-5p expression levels were observed in serum samples
prior to the first surgical resection (Figure 5H). After the first

surgery, a reduction in miR-181a-5p levels was observed in post-
surgery serum-derived EVs, p < 0.05 (5H). In contrast, after the
second surgery, miR-181a-5p expression was slightly
upregulated (Figure 5I). A comparison of primary manifested
GBM and recurrent GBM revealed a decrease in miR-181a-5p
expression in EVs, p < 0.05 (5K). These results suggest that miR-
181a-5p could serve as a tumor marker, but needs to be
sufficiently powered in further studies.

DISCUSSION

ADAM8 as a multidomain enzyme exhibits numerous tumor-
supporting characteristics by promoting invasion, angiogenesis,
and chemoresistance in GBM (10, 12). Due to these multiple
functions, ADAM8 affects several intracellular pathways
involving several important kinases and transcription factors
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FIGURE 5 | Expression levels of ADAM8 and MMP9, and miR-181a-5p in GBM tissue samples. (A) RT-qPCR results of GBM tissue samples (n=22, fold change
normalized to 1) indicate a higher expression of ADAM8 (p-value: 0.0009) and MMP9 (p-value: 0.0002) than miR-181a-5p. (B) Dividing the RT-qPCR results and
patient cohort into two groups (low/high ADAM8 or low/high miR-181a-5p expression) reveals a correlation of ADAM8 with MMP9 (left graph, p-value: 0.001) but no
correlation of miR-181a-5p with ADAM8 (middle graph, p-value: 0.577) or MMP9 (right graph, p-value: 0.083) expression. (C) RT-qPCR results for miR-181a-5p
expression of each GBM tissue sample. (D) ADAM8 and MMP9 are correlated in GBM tissue samples (p < 0.0001, n=22), whereas the inverse correlations of
ADAM8 and miR-181a-5p and of miR-181a-5p and MMP9 are non-significant (p-values: 0.63 and 0.6, respectively). (E) T2-weighted magnetic resonance (MR)
image showing a left parietal GBM (segmented in yellow, patient 25) as well as the co-registered choline/N-acetylaspartate (NAA) maps derived from 1H-MR
spectroscopy, integrated into the neuronavigation system for navigated extraction of tissue samples (L1: tumor border, L2/L3: tumor, L4: tumor, Cho/NAA hotspot)
magnetic resonance (heatmap for choline metabolite). Corresponding molecular analyses are shown in (F, G) (patient 25). RT-qPCR results of ADAM8 (red), MMP9
(tiled red), and miR-181a-5p (blue) in different tissue locations normalized to either L1 (F) or L4 (G) describing the direction of surgery. (H) In a pilot study, three GBM
patients (Patient 9, 23, 24) were analyzed for their serum-EV miR-181a-5p expression via RT-qPCR. The serum was collected before and after the first and second
surgery. Interestingly, after first surgical resection miR-181a-5p is less expressed in serum-EVs (p-value: 0.042). (I) After second surgery, miR-181a-5p shows a
slight increase in serum-EVs (p-value: 0.08). (J), miR-181a-5p is less detectable in serum-EVs prior to the second surgery compared to pre-first surgery (p-value:
0.02; left graph). Results are shown in mean values +/- SD. Unpaired one-tailed students t test and Wilcoxon signed-rank test were applied to determine
significance: ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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such as JAK2/STAT, AKT/PI3K, ERK1/2, and CREB-1 (8–12).
Mechanistically, the ADAM8 metalloprotease domain cleaves
extracellular membrane components while the cytoplasmatic
domain activates crucial signaling cascades in carcinogenesis
(4). Thereby, ADAM8 induces the expression of several
oncoproteins including MMP9 and SPP1/osteopontin (8, 10).
Previously, we demonstrated that ADAM8-dependent MMP9
expression is mediated via the MAPK pathway and resulted in a
strong correlation of ADAM8 and MMP9 in breast cancer-
derived brain metastasis (8). By characterizing the expression
profile of ADAM8 and MMP9 in GBM tissue samples, we
confirmed these observations for GBM. To dissect the effects of
ADAM8 on oncoproteins mechanistically, we hypothesized that
ADAM8 could alter the expression levels of distinct miRNAs
such as miR-720, as previously shown for breast cancer cells (13).
Generation of stable ADAM8 KO clones with subsequent
miRNA screening revealed that the tumor suppressor miRNA
miR-181a-5p shows a significantly higher expression in GBM
cells deficient in ADAM8. Since high ADAM8 levels are
correlated with GBM progression, a downregulation of
miRNA181a-5p would be expected. Indeed, a recent study
linked the poor prognosis of GBM patients with low
miRNA181a-5p expression levels (40). Together, these findings
qualified miRNA181a-5p as a candidate for a detailed molecular
analysis, as presented here. Transient re-expression of ADAM8
in U87_KO cells resulted in downregulation of miR-181a-5p,
suggesting that ADAM8 actively suppresses the expression of
miR-181a-5p. Downregulation of miR-181a-5p by ADAM8 is
dependent on the presence of the cytoplasmatic domain. In
GBM, miR-181a-5p acts as a tumor suppressor miRNA by
reduc ing invas ivenes s and enhanc ing rad io- and
chemosensitivity (23, 41). We confirmed that overexpression of
miR-181a-5p led to reduced proliferation rates in U87 cells.
Moreover, a similar effect on cell proliferation was observed in
ADAM8 deficient GBM cells. It was shown that miR-181a-5p
suppresses cell colony formation and tumor growth, and
regulates apoptosis by targeting BCL-2 (23, 41). It is interesting
to note that GSCs express relatively high levels of miRNA181a-
5p compared to differentiated GBM cells, which could be
instrumental in regulating proliferation and cell survival of this
particular cell type. We have evidence that ADAM8 and,
negatively correlated, miRNA181a-5p levels change in GSCs
under conditions favoring differentiation of GSCs (Schäfer,
unpublished data). However, the mechanisms that lead to
miR-181a-5p downregulation in GBM remained elusive until
now. As ADAM8 is a membrane-anchored protein, we
concluded that ADAM8 downregulates the expression of miR-
181a-5p by downstream signaling and activation of transcription
factors. Indeed, our results revealed that miR-181a-5p can be
downregulated by the activation of STAT3 and MAPK pathways.
Conversely, miRNA181a-5p can regulate either total STAT3
levels in U87 cells and, notably, affect levels of p-STAT3 in the
primary GBM cell line GBM42, indicating an unknown
mechanism of kinase regulation by miRNA, similar to an
observation made for phospho-AKT and p-ERK in a previous
study in glioma (42) Previously, the importance of STAT3

signaling in GBM has been demonstrated in numerous studies
whilst our group showed that ADAM8 dependent activation of
STAT3 signaling led to increased angiogenesis by upregulation of
osteopontin (10, 43, 44, reviewed in 45). In agreement with these
findings, the 3’UTR of SPP1/osteopontin contains a binding site
for miR-181a-5p and can be downregulated upon miR-181a-5p
overexpression (19). All these results support the existence of a
possible ADAM8/STAT3/miR-181a/osteopontin axis in GBM
(Figure 6 left). In addition, increased activation of the MAPK
pathway is observed in numerous malignant tumors and leads to
uncontrolled cell growth and mitosis (46). One of the best-
known activators of the MAPK signaling pathway is the EGFR.
Frequently, primary GBM tumors display a constitutively active
variant, EGFRvIII (47). Apart from EGFR dependent MAPK
activation, ADAM8 can activate the MAPK pathway EGFR
independently (9). Interestingly, two kinases of the MAPK
pathway, ERK2, and MEK1 as well as the downstream
transcription factor CREB-1 are known to contain binding
sites for miR-181a-5p (25, 26). In our experiments,
phosphorylated and thus activated pCREB and pERK1/2 were
downregulated in U87 cells transfected with miR-181a-5p
mimics. We did not observe any effects on unphosphorylated
CREB-1 and ERK1/2 as well as on MEK1/2 expression. Since
miRNAs are post-transcriptional regulators of protein
expression, we do not fully understand these results, but a
TargetScan search revealed that CRBL2, a protein regulating
phosphorylation of CREB1 is directly regulated by miR181a-5p,
adding one more level of complexity to the network we have
described here. A study by Fu et al. showed that CREB-1
suppresses miR-181a-5p transcription by directly binding to its
promoter region (48). Thus, the interaction of miR-181a-5p and
the MAPK pathway may constitute a regulatory loop that
requires further investigation. Furthermore, we can postulate
that our results describing the regulation of miR-181a-5p by
ADAM8 are not restricted to the role of ADAM8 in GBM, as all
other tumor cell lines that we investigated so far such as the
triple-negative breast cancer cell line MDA-MB-231 and the
PDAC cell line Panc89 show elevated levels of miR-181a-5p
upon ADAM8 deficiency (unpublished observations). In
accordance, MDA-MB-231 were among those cell lines that
showed a strong correlation between ADAM8 and MMP9
expression in our previous study on breast cancer-derived
brain metastases (8).

MMP9 plays a central role in tumor progression, especially
for cell proliferation and invasion (27). Moreover, MMP9
expression is a prognostic factor in GBM and negatively
correlated with patient survival (30). Thus, exploring the miR-
181a-5p dependent MMP9 downregulation was particularly
interesting. U87 cells overexpressing miR-181a-5p exhibited
decreased MMP9 levels. This was observed in U87 ADAM8
knockout cells as well as U87_CTRL cells incubated with miR-
181a-5p mimics. To further establish whether MMP9 mRNA
contains a binding site for miR-181a-5p, we utilized target
prediction tools and analyzed the mRNA sequence of MMP9.
However, this analysis revealed that the MMP9 mRNA does not
contain an authentic binding site for miR-181a-5p.
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Consequently, we concluded that miR-181a-5p can indirectly
downregulate MMP9 expression by silencing the MAPK cascade
(Figure 6 right). This conclusion is supported by data showing
that ERK1/2 inhibition led to decreased MMP9 levels in U87 and
GBM42 cells (Supplementary Figure 5).

All these results demonstrate intracellular regulatory
mechanisms of ADAM8/miR-181a-5p signaling so far. Cell-cell
communication in the tumor microenvironment is essential for
shaping either an immunosuppressive or a tumor-supportive
microenvironment (34) . As one mode of ce l l -ce l l
communication, tumor cells release EVs. These heterogeneous
nanoparticles contain a great variety of different molecules
including miRNAs (35). Clinically, EVs received increasing
attention, as their function as novel diagnostic and prognostic
biomarkers is discussed (49). In our study, we analyzed the miR-
181a-5p expression in U87 cells and serum-derived EVs. We
recapitulated the higher abundance of miR-181a-5p in EVs from
ADAM8 KO cells. Concerning patient sera, miR-181-5p
expression in EVs dropped after the first surgical tumor
resect ion. Moreover , miR-181a-5p express ion was
downregulated in serum-derived EVs from recurrent GBM.

These results suggest that miR-181a-5p is further downregulated
along with tumor progression. However, additional analyses must
be carried out in a larger patient cohort to support this conclusion.
The uptake of EVs can alter the behavior of recipient cells (50).
Therefore, EVs might also be utilized as therapeutic vehicles (51).
In our experiments, miR-181a-5p enriched vesicles were taken up
by naive U87 cells demonstrating a role for ADAM8 in the tumor
microenvironment. It remains to be determined if GBM resident
immune cells such as macrophages that constitutively express
ADAM8 could release EVs that might fail to suppress MMP9
expression in target cells, in conjunction with the possible tumor-
promoting role of ADAM8 in macrophages (33).

Due to limited therapeutic options as well as the absence of
early diagnostic biomarkers, GBM remains challenging as an
incurable disease with a grim prognosis. Therefore, the
identification of potential biomarkers as well as new
therapeutic targets is of high importance. In summary, we
identified that ADAM8 downregulates miR-181a-5p by
activation of STAT3 and MAPK signaling. Considering that
miR-181a-5p is a tumor suppressor miRNA in GBM, ADAM8
dependent silencing of miR-181a-5p could further contribute to

FIGURE 6 | Sketch of ADAM8-dependent effects caused by regulation of miR-181a-5p in GBM cells. ADAM8 with homologous domains including the
metalloprotease domain (MP), the disintegrin/cysteine-rich domain (DC), the EGF-like domain (EGF), the transmembrane (TM), and the cytoplasmic domain (CD).
ADAM8 activates intracellular signaling cascades by STAT3 and MAPK in the presence of the cytoplasmic domain. ADAM8/STAT3/miR-181a/SPP1 axis: ADAM8
dependent STAT3 activation downregulates miR-181a-5p, as miR-181a-5p targets SPP1, disinhibition of SPP1 leads to several tumor progressing effects such as
induction of angiogenesis and enhanced immune cell recruitment. ADAM8/MAPK/MMP9 axis: ADAM8 activates the MAPK pathway, the transcription factor CREB-1
induces MMP9 transcription and inhibits miR-181a-5p transcription. MMP9 promotes tumor cell proliferation and invasion. By targeting CREB-1, ERK2, and MEK1,
miR-181a-5p downregulates MMP9 expression most likely by an indirect mechanism. Created with BioRender.com.
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tumor progression. We showed that overexpression of miR-
181a-5p decreased cell proliferation and suppressed MMP9
expression by downregulation of the MAPK pathway
Moreover, the presence of miR-181a-5p in clinical samples and
EVs isolated from cellular supernatants as well as patient sera
justifies further studies to reveal a potential role of miR-181a-5p
in GBM diagnosis and progression.
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Abstract: Glioblastoma multiforme (GBM) is the most common malignant primary brain tumor in
adults. Despite multimodal therapy, median survival is poor at 12–15 months. At the molecular
level, radio-/chemoresistance and resulting tumor progression are attributed to a small fraction of
tumor cells, termed glioblastoma stem-like cells (GSCs). These CD133-expressing, self-renewing cells
display the properties of multi-lineage differentiation, resulting in the heterogenous composition of
GBM. MicroRNAs (miRNAs) as regulators of gene expression at the post-transcriptional level can
alter many pathways pivotal to cancer stem cell fate. This study explored changes in the miRNA
expression profiles in patient-derived GSCs altered on differentiation into glial fiber acid protein
(GFAP)-expressing, astrocytic tumor cells using a polymerase chain reaction (PCR) array. Initially,
22 miRNAs showed higher expression in GSCs and 9 miRNAs in differentiated cells. The two
most downregulated miRNAs in differentiated GSCs were miR-17-5p and miR-425-5p, whilst the
most upregulated miRNAs were miR-223-3p and let-7-5p. Among those, miR-425-5p showed the
highest consistency in an upregulation in all three GSCs. By transfection of a 425-5p miRNA mimic,
we demonstrated downregulation of the GFAP protein in differentiated patient-derived GBM cells,
providing potential evidence for direct regulation of miRNAs in the GSC/GBM cell transition.

Keywords: glioblastoma multiforme; glioblastoma stem-like cells; differentiation; microRNA; GFAP;
miR-425-5p; miR-223-3p; let-7; miR-17-5p

1. Introduction
Glioblastoma multiforme, the most common malignant primary brain tumor in adults,

is characterized by an aggressive and invasive growth pattern, rapid development of
radio-/chemoresistance, and genetic heterogeneity [1]. The current therapeutic standard
of care consists of maximum safe surgical resection, radiation, and temozolomide (TMZ)
chemotherapy [2]. However, the median survival remains low at 12–15 months as tumor
recurrence occurs rapidly [3].

Glioblastoma stem-like cells (GSCs) are currently viewed as modulators of the tumor
microenvironment as well as the origin of radio-/chemoresistance thereby resulting in
tumor progression [4]. Due to this small, but pluripotent self-renewing subpopulation
of GBM tumor cells that typically reside in perivascular niches apart from the bulk tu-
mor mass, GSCs cannot be sufficiently targeted by surgical resection [5]. As a result of
GBM heterogeneity due to different GBM phenotypes, such as the classical, proneural,
and mesenchymal types, patient-derived cell-cultured GSC lines might display diverging
characteristics [6]. At the molecular level, GSCs express a unique pattern of stemness
markers such as the transmembrane glycoproteins CD44 and CD133 or the transcription
factor Sex-determining region Y-box2 (SOX2) [4,7]. In particular, CD133, an established
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marker for neural progenitor cells and cancer stem-like cells, organizes the cell membrane
topology [8]. Contrary to the bulk mass of astrocyte tumor cells, GSCs barely express
the intermediate filament GFAP [9]. Therefore, GFAP is utilized as a marker for primary
differentiated, astrocytic tumor cells in GBM [10].

Not only does the expression pattern of proteins change on GSC differentiation but
recent studies also suggest that GSCs display a unique miRNA expression pattern [11].
MicroRNAs (miRNAs) as small noncoding RNA molecules regulate gene expression at
the posttranscriptional level by binding to and thereby targeting their corresponding
mRNAs [12]. As miRNAs can mediate many critical pathways to cancer progression
such as proliferation, apoptosis, and angiogenesis, they can act as both tumor-suppressors
(tumor-suppressor miRNAs) and oncogenes (onco-miRNAs) [13]. Clinically, miRNAs are
receiving rising attention as their function as novel diagnostic and prognostic biomarkers,
as well as future therapeutic agents, is discussed and given that they can affect multiple
target genes involved in pathological processes [11].

For this reason, dysregulated miRNAs are intensely studied in GBM. However, the ex-
pression profile as well as the function of specific miRNAs in GSCs have not yet been
adequately elucidated.

This study investigated changes in the miRNA expression profile in patient-derived,
well-characterized, cultured, sphere-forming GSCs and their differentiated status as ad-
herent GBM cells by utilizing a miRNA PCR array. As a result, a total of 31 dysregulated
miRNAs were identified. Through a literature review and target prediction analyses,
we closely investigated the most dysregulated miRNAs.

2. Materials and Methods
2.1. Cell Culture

After approval from the local ethics committee (Philipps University Marburg, medical
faculty, file number 185/11), patient-derived GSCs as well as primary GBM cell lines were
obtained during surgical resection. Each patient gave written informed consent before sur-
gical resection. Isolation, preparation, and molecular characteristics of GSCs and primary
GBM cell lines from resected tumor tissues were described previously [14,15]. GSC lines
2017/151, 2017/74, and 2016/240 were cultivated in non-cell-culture-treated Petri dishes.
As a medium, DMEM/F12 (DMEM-12-A, Capricorn Scientific, Ebsdorfergrund, Germany),
supplemented with 2% B27 (17504044, Thermo Fisher Scientific, Waltham, MA, USA),
1% amphotericin (15290026, Thermo Fisher Scientific, Waltham, MA, USA), 0.5% HEPES
(H0887, Sigma-Aldrich, Taufkirchen, Germany), and 0.1% gentamycin (A2712, Biochrom,
Berlin, Germany), was utilized. In addition, epidermal growth factor (EGF, 100-15, Pepro-
tech, Hamburg, Germany) and basic fibroblast growth factor (bFGF, 100-18b, Peprotech,
Hamburg, Germany) were both supplemented at a final concentration of 0.02 ng/µL.
Primary differentiated GBM cell lines GBM100 and GBM42 were cultivated in phenol
red-free DMEM (DMEM-HXRXA, Capricorn Scientific, Ebsdorfergrund, Germany) sup-
plemented with 10% fetal calf serum (FCS, S0615, Sigma, Taufkirchen, Germany), 1% peni-
cillin/streptomycin (2321115, Gibco, Carlsbad, CA, USA), 1 mM sodium pyruvate (NPY-B,
Capricorn Scientific, Ebsdorfergrund, Germany), 1% L-glutamine (25030-024, Gibco, Carls-
bad, CA, USA), and 1% non-essential amino acids (11140050, Gibco, Carlsbad, CA, USA).
All cell lines were cultivated in a humidified atmosphere at 37 �C and 5% CO2.

2.2. GSC Differentiation

To differentiate GSCs, cells of 2016/240, 2017/151, and 2017/74 were seeded in 6-well
plates at a density of 750,000 cells in 2 mL. To initiate GSC differentiation, 10% FCS (S0615,
Sigma-Aldrich, Taufkirchen, Germany) was supplemented in DMEM/F12. In addition,
bFGF and EGF were withdrawn. After seven days of incubation, light-microscopy images
were taken. Then, cells were harvested for further analyses.
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2.3. miR-425-5p Mimic Transfection

For transient overexpression of miR-425-5p, primary GBM100 and GBM42 cell lines
were transfected with 0.01 µM hsa-miR-425-5p miRCURY LNA miRNA (GeneGlobe ID:
YM00471725-ADA, catalog no.: 339173, Qiagen, Hilden, Germany). In detail, cells were
seeded in a 6-well format at a density of 300,000 cells in 2 mL. After 24 h of incubation and
attaching, the transfection was performed with Lipofectamine 2000 Reagent (11668-030,
Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
Meanwhile, 0.01 µM Allstar Negative Control siRNA (1027280, Qiagen, Hilden, Germany)
was transfected as a control. The transfection was repeated after 24 h. Cells were harvested
48 h after the second transfection and further analyzed via qPCR and Western blot.

2.4. RNA and miRNA Isolation

Total RNA with an enriched fraction of miRNAs from cellular pellets was isolated
using the miRNeasy Tissue/Cells Advanced Mini Kit (217684, Qiagen, Hilden, Germany)
according to the manufacturer’s instructions.

2.5. RNA Reverse Transcription (RT) and Quantitive Real-Time Polymerase Chain Reaction (qPCR)

To quantify gene expression on an mRNA level, total RNA was reverse transcribed
using the RNA to cDNA EcoDryTM Premix (639548, TaKaRa, Saint-Germain-en-Laye,
France) according to the manufacturer’s instructions. Quantitative real-time PCR was
performed with a total reaction volume of 20 µL/well, consisting of 10 µL SYBR Green/Rox
Master Mix (PPLUS-R-10 ML, Primer Design, Eastleigh, UK), 2 µL GFAP/CD133 primers
(244900, Qiagen, Hilden, Germany), 6 µL nuclease-free water, and 2 µL cDNA. Expres-
sion of the ribosomal gene RPLP0/XS13 (fw: 50-TGG GCA AGA ACA CCA TGA TG-30;
rev: 50-AGT TTC TCC AGA GCT GGG TTG T-30) was used as a housekeeping gene for
normalization [16]. PCR experiments were performed on the Applied Biosystems StepOne-
Plus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Relative gene
expression was calculated utilizing the 2�DDCt method.

2.6. miRNA Reverse Transcription and miRNA PCR Array

First, pooled samples for GSCs and differentiated GBM cells consisting of 8.3 ng total
RNA with an enriched miRNA fraction from each of the three cell lines (2017/151, 2016/240,
and 2017/74) were generated. As a next step, reverse transcription of the pooled samples
was performed utilizing a miScript II RT Kit (218161, Qiagen, Hilden, Germany). Then, fol-
lowing the manufacturer’s instructions, a pathway-focused miRNA PCR array (331221 miS-
cript, Qiagen, Hilden, Germany) was conducted utilizing the miScript SYBR Green PCR Kit
(218073, Qiagen, Hilden, Germany). The miRNA PCR arrays were performed on the Ap-
plied Biosystems StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA). Data analysis and scatter plot generation were performed using the corre-
sponding online data analysis tool provided by Qiagen (miScript miRNA PCR Data Anal-
ysis, Qiagen, https://dataanalysis.qiagen.com/mirna/arrayanalysis.php?target=upload,
accessed on 1 February 2023). Relative gene expression was calculated utilizing the 2�DDCt

method. RNU6 was used for internal normalization. Results are presented in heatmaps,
which were generated using the GraphPad PRISM 9 software, version 9.1 (Insight Partners,
New York, NY, USA).

2.7. miRNA Reverse Transcription and qPCR

For verification of the miRNA PCR array results and further functional experiments on
miR-425-5p, isolated RNA samples with an enriched fraction of miRNAs were reverse tran-
scribed utilizing the miRCURY LNA RT Kit (339340, Qiagen, Hilden, Germany), according
to the manufacturer’s instructions. Quantitative real-time PCR was performed utilizing the
miRCURY LNA SYBR® Green PCR Kit (339345, Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. As miRNA primers, hsa-miR-17-5p miRCURY LNA miRNA
PCR Assay (YP02119304, 339306, Qiagen, Hilden, Germany), hsa-miR-425-5p miRCURY
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LNA miRNA PCR Assay (YP00204337, 339306, Qiagen, Hilden, Germany), hsa-miR-223-3p
5p miRCURY LNA miRNA PCR Assay (YP00205986, 339306, Qiagen, Hilden, Germany),
and hsa-miR-7a-5p miRCURY LNA miRNA PCR Assay (YP00205727, 339306, Qiagen,
Hilden, Germany) were used. For normalization, miR-24-5p (YP00203954, 339306, Qiagen,
Hilden, Germany) and UniSp6 (YP00203954, 339306, Qiagen, Hilden, Germany) were used.
Relative gene expression was calculated utilizing the 2�DDCt method.

2.8. Protein Extraction and Western Blot Analysis

For 30 min, whole cell lysates were incubated in RIPA buffer (50 mM HEPES pH 7.4;
150 mM NaCl; 1% (v/v) NP-40; 0.5% (w/v) natriumdeoxycholate; 0.1% (w/v) SDS; 10 mM
phenantrolin; 10 mM EDTA; PierceTM Protease Inhibitor Mini Tablets, EDTA-free, Thermo
Fisher Scientific; PierceTM Phosphatase Inhibitor Mini Tablets, Thermo Fisher Scientific).
Then, protein samples were prepared in 5⇥ Laemmli buffer (60 mM Tris HCl, pH: 6.8; 2%
(w/v) SDS; 10% (w/v) glycerol; 5% (v/v) ß-mercaptoethanol; 0.01% (w/v) bromophenol
blue) and 10⇥ NuPAGETM sample reducing reagent (Thermo Fisher Scientific, Waltham,
MA, USA). To separate proteins, samples were denatured at 95 �C for 5 min, then 12.5%
SDS polyacrylamide gel was utilized for separation. Separated proteins were transferred
onto nitrocellulose membranes (A29591442, GE Healthcare Life Science, Munich, Germany)
followed by blocking in 5% (w/v) milk powder (MP) in TBST (50 mM Tris, pH 7.5; 150 mM
NaCl; 0.1% (w/v) Tween-20), and then incubated for 1 h. The following primary anti-
bodies were utilized: anti-PTEN (1:1000 in 5% MP in TBST, 9559T, Cell Signaling, Leiden,
NL, USA), anti-GFAP (1:1000 in 5% bovine serum albumin in TBST, M0761, Dako GmbH,
Jena, Germany), anti-SOX2 (1:2000 in 5% MP in TBST, ab97959, Abcam, Berlin, Germany),
and anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase, 1:10,000 in 5% MP in TBST,
181602, Abcam, UK). After overnight incubation with primary antibodies at 4 �C, nitrocel-
lulose membranes were washed three times with TBST. Then, membranes were incubated
with horseradish peroxidase-conjugated antibodies (ab2116, Abcam, 1:5000) for 1 h. Mem-
branes were washed again with TBST. By the addition of Western Bright Sirius substrate
(K-12043-D10, Advansta, San Jose, CA, USA), chemiluminescence was detected using
the ChemiDoc MP Imaging System (Bio-rad Laboratories GmbH, Feldkirchen, Germany).
Western blot quantification was realized by using the Image J software version 1.53t (NIH,
Bethesda, MD, USA).

2.9. Kyoto Encyclopedia of Genes and Genomes (KEGG) Analyses

To functionally characterize the most dysregulated miRNAs in patient-derived GSCs and
their differentiated status, KEGG enrichment analysis was performed using the DIANAmiR-
Path v3.0 web app, an online software suite dedicated to the evaluation of the regulatory role
of miRNAs and the identification of controlled pathways [17]. The barplot and the chord
diagram were built in the R environment (v. 4.1.3) with ggplot2, and circlize R packages [18,19].

2.10. Statistical Analysis

Results from multiple replicates are presented as the mean ± standard deviation (SD).
The miRNA PCR array was conducted once. Paired Student’s t-tests were applied for
statistical comparison between the two groups. Results were considered as not significant
(ns) (p > 0.05), significant (*) (p < 0.05), highly significant (**) (p < 0.01), or very highly
significant (***) (p < 0.001) / (****) (p < 0.0001). Statistical analysis was performed utilizing
GraphPad PRISM 9, version 9.1 (Insight Partners, New York, NY, USA).

3. Results
3.1. Differentiation of GSCs

GSC lines 2017/151, 2016/240, and 2017/74 were derived from resected tumor tissues
of three patients with primary, isocitrate-dehydrogenase (IDH) wildtype GBM. Information
regarding molecular-pathological features as well as clinical information is presented in
Table 1. In cell culture, GSCs formed typical non-adherent neurospheres (Figure 1a, left).
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On differentiation, cells acquired morphological features similar to those of glial cells.
For instance, differentiated cells grew in monolayers attached to the bottom of six-well
plates and developed long, star-shaped cellular protrusions (Figure 1a, right). As previously
demonstrated, a side population analysis was conducted. Here, a population of cells with
a higher efflux, hence a lower intracellular concentration of Hoechst dye, was identified.
Inhibition of ABC transporters with verapamil and concomitant blockage of efflux confirmed
the specificity of the side population as an efflux was no longer detectable [14]. At the
molecular level, GSCs expressed high levels of the stem cell marker CD133. In contrast,
differentiation resulted in a significant decrease in CD133 expression on the mRNA level in
all three GSC lines (Figure 1b, left). On the mRNA level, additional stem cell markers such
as CD44, Sox2, and Nestin were tested with similar, but less consistent trends for Sox2 and
Nestin, while CD44 was induced in differentiated GSCs (Supplementary Figure S1), similar to
the significant increase observed for GFAP mRNA expression (Figure 1b, right).

Table 1. Clinical information and histopathological characteristics of patient-derived GSC lines.
All three patients suffered from primary, isocitrate dehydrogenase (IDH) wildtype glioblastoma.
Here, clinical parameters including age at diagnosis, sex, survival in days, and tumor localization are
presented. Furthermore, histopathological data such as methylation status of the O6-methylguanine-
DNA-methyltransferase (MGMT), p53 accumulation, and Ki67 labeling index (Ki67-Li) are presented.

GSC
Line

Age at
Diagnosis
(in Years)

Sex Survival in
Days Localization MGMT Promotor

Methylation Status Ki67-Li p53 Accumulation

2016/240 48 female 641 right frontal lobe methylated up to
10%

moderately
accumulated

2017/151 66 male 126 right temporal lobe
and right insula methylated up to

20% accumulated

2017/74 61 male 398 right temporal lobe not methylated up to
50%

moderately
accumulated
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Figure 1. Differentiation of GSCs in astrocytic tumor cells. (a) Light microscopy images of
2017/151 spheroid GSCs (left) and adherent differentiated cells (Diff. cells, right). (b) Expres-
sion of CD133 and GFAP on an mRNA level by RT-qPCR in GSCs (green bars) and corresponding
differentiated, astrocytic cells (red bars). Results are given as mean ± SD of three independent
experiments. A paired Student’s t-test was applied to determine significance: * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. (c) Western Blot of GSCs and Diff. cells showing SOX2 and GFAP
expression, where GAPDH was used for internal normalization. (d) Western Blot quantification
of stem cell marker SOX2 and differentiation marker GFAP in three GSCs lines (green bars) and
differentiated cells (red bars).
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In addition, Western blot analysis demonstrated that the stem cell marker SOX2 is
more greatly expressed in GSCs compared to differentiated cells, while GFAP protein
expression increases on differentiation (Figure 1c,d). To summarize, these data suggest
that all three GSC lines were successfully differentiated into adherent, growing, astrocytic
tumor cells, although to different extents.

3.2. Identification of Dysregulated miRNAs in GSCs and Differentiated Cells

As a screening method to identify changes in miRNA expression induced by GSC
differentiation, a pathway-focused miRNA PCR array was conducted. This was realized
by generating pooled samples of either GSCs or differentiated cells, containing an equal
concentration of miRNAs from each of the three GSC lines and differentiated cell lines,
respectively. Differences in miRNA expression based on fold regulation are presented for
84 tested miRNAs by a heatmap (Figure 2a). While green signals represent upregulation in
GSCs, the red color indicates the downregulation of respective miRNAs in GSCs and conse-
quently higher expression in differentiated cells. All miRNAs exhibiting fold regulation
values > 2 or <�2 were interpreted to be dysregulated by the Qiagen analysis tool. A scatter
plot analysis revealed that from a total of 84 tested miRNAs, 22 miRNAs were more greatly
expressed in GSCs compared to differentiated cells. In contrast, nine miRNAs displayed
lower expression in GSCs and were consequently more greatly expressed in differentiated
cells (Figure 2b). A detailed analysis of these dysregulated miRNAs depicted by a heatmap
revealed that 10 out of 31 miRNAs were particularly strongly dysregulated (Figure 2c and
Table 2). Notably, miR-425-5p, miR-17-5p, miR-424-5p, miR-195-5p, and miR-30c-5p were
highly expressed in GSCs. Meanwhile, miR-223-3p and four members of the let-7 miRNA
family displayed higher expression in differentiated cells. A thorough literature research
was conducted on these 10 miRNAs. Here, we focused on the general role of each miRNA
in GBM and the current status of research concerning GSCs (Table 2).
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Figure 2. Differentially expressed miRNAs in GSCs and differentiated GBM cells. (a) Heatmap
of differentially expressed miRNAs in pooled GSCs and pooled differentiated cells generated by
fold expression values. Fold regulation values > 1 indicate lower miRNA expression in GSCs and
overexpression in differentiated cells (red). Fold regulation values < 0 indicate higher expression
in GSCs in comparison with differentiated cells (green). (b) Scatter plot analysis (log10 of 2ˆ�delta
Ct) of 84 miRNAs tested by the miRNA PCR array. Dotted lines equal log10 of fold regulation of
2 and �2. Green dots indicate upregulation in GSCs, black dots indicate no dysregulation, and red
dots indicate overexpression in differentiated cells. (c) Heatmap of all tested miRNAs exhibiting fold
regulation > 2 or < �2. Fold regulation values > 2 indicate miRNA overexpression in differentiated
cells compared to GSCs (red). Fold regulation < �2 indicates miRNA overexpression in GSCs (green).
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Table 2. Literature review results on highly dysregulated miRNAs identified in the PCR array.
The table includes PCR array results indicated by fold regulation and published data on highly
dysregulated miRNAs. We focused on the general role of each miRNA in GBM and their potential
roles in GSCs. Plus, reported functionally relevant mRNA targets and predicted target genes directly
involved in a GSC or differentiated state, respectively, are listed. For miRNA target prediction,
the online software miRPathDB v2.0 was used.

miRNA Upregulated in Fold Regulation Role in GBM Role in GSCs mRNA Target

miR-17-5p GSCs �8.05

Onco-miRNA [20]
Highly expressed in GBM,

correlated with poor
prognosis [20]

Highly expressed in
GSCs [21–23]
Increases GSC

proliferation [21]

PTEN [23]
GFAP (predicted)

[24]

miR-425-5p GSCs �4.00
Onco-miRNA [25]

Associated with poor
prognosis [25]

Highly expressed in
GSCs [25]
Promotes

neurosphere
formation and GSC

survival [25]

PTEN [26]
GFAP (predicted)

[24]

miR-30c-5p GSCs �4.00

Conflicting data
Promotes chemoresistance

[27]
Inhibition of proliferation,

migration, and invasion [28]
Downregulation in GBM

tissue [28]

Unexplored SOX-9 [28]

miR-424-5p GSCs �4.04

Conflicting data
Effects on migration and

proliferation, induction of
apoptosis [29–31]

Inhibition of
epithelial-to-mesenchymal

transition (EMT) and tumor
growth [31]

Enhances chemoresistance
[30]

Unexplored
Akt-1, RAF1 [29]
GFAP (predicted)

[24]

miR-195-5p GSCs �4.05

Conflicting data
Affects response to

TMZ [32,33]
Inhibits proliferation [34]
Upregulated in recurrent

GBM samples [35]

Unexplored

Cyclin E1 [32]
Cyclin D1 [34]

GFAP (predicted)
[24]

let-7a-5p

Differentiated
cells

4.01

Tumor-suppressor miRNA
family [36,37]

Inhibition of tumor cells’
migration, proliferation,

and invasion [36,37]
Promotes cell cycle arrest

and apoptosis [36]

Low expression in
GSCs [38]

Inhibition of
neurosphere growth

[37]

K-Ras [36]
Musashi-2

(predicted) [24]

let-7e-5p 3.97
MMP9 [39]
Musashi-2

(predicted) [24]

let-7b-5p 3.97

E2F2 [37]
Musashi-2,
Musashi-1

(predicted) [24]

let-7c-5p 4.00 Musashi-2
(predicted) [24]

miR-233-3p Differentiated
cells 3.09

Tumor-suppressor
miRNA [40]

Enhances radiation
sensitivity of GBM cells [40]

Unexplored
ATM [40]
Musashi-2

(predicted) [24]
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Taken together, the PCR array identified a changed miRNA expression profile in GSCs
and differentiated cells and revealed several candidate miRNAs for further investigation
into GSC/GBM cell transition.

3.3. miR-425-5p Is Downregulated in Differentiated GSCs

From all dysregulated miRNAs, four miRNAs, miR-425-5p, miR-17-5p, let-7a-5p,
and miR-223-3p, turned out to be functional candidates in GSCs for tumor cell differ-
entiation. To validate the miRNA expression levels found in our PCR array screening
using pooled miRNAs from all three GSCs (Figure 3a), we determined miRNA expression
levels in all three GSC lines separately (Figure 3b and Supplementary Figure S2). Most
consistently, miR-425-5p was significantly overexpressed in all three GSC lines compared
to differentiated, astrocytic tumor cells (Figure 3b). miR-17-5p proved to be significantly
overexpressed in GSCs (Supplementary Figure S2a). Meanwhile, let-7a-5p and miR223-3p
downregulation in GSCs compared with differentiated cells could not be verified in the
three GSC lines (Supplementary Figure S2b,c).
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Figure 3. Expression of miR-425-5p in GSCs and effects on GFAP and PTEN protein levels in GBM
cells. (a) Expression of miR-425-5p in GSCs (green) and their differentiated state (red). RT-qPCR
results for differentiated 2017/74, 2017/151, and 2016/240 were normalized to undifferentiated
controls. (b) Detailed depiction of miR-425-5p expression in each GSC line (green) and its corre-
sponding differentiated state (red). Results are shown as mean values ± SD of two independent
experiments. (c) miR-425-5p mimic transfection of primary GBM cell lines GBM100 and GBM42.
(d) Representative Western blot demonstrating GFAP and PTEN expression after miR-425-5p mimic
transfection in GBM100 cells. (e) Quantification of GFAP and PTEN protein expression in transfected
GBM100 cells. (f) Representative Western blot demonstrating GFAP and PTEN expression after miR-
425-5p mimic transfection in GBM42 cells. (g) Quantification of GFAP and PTEN protein expression
in transfected GBM42 cells. Two independent experiments were conducted. Results are presented
as mean values ± SD. A paired Student’s t-test was applied to determine significance: ns p > 0.05,
* p < 0.05, *** p < 0.001.

3.4. Transfection of miRNA Mimic Affects Protein Levels of GFAP in Patient-Derived GBM Cells

As shown in Table 2, miR-425-5p was identified to potentially target the GFAP gene,
which is expressed as a marker of differentiated GBM cells, so that downregulation of
miR-425-5p in GSCs could increase GFAP levels in the course of differentiation into GBM
cells. To explore this, we transfected two patient-derived GBM cell strains (GBM100 and
GBM42) with a miR-425-5p mimic miRNA (Figure 3c). About 48 h after transfection, cells



 62 

 
Brain Sci. 2023, 13, 350 9 of 13

were lysed and analyzed for protein levels of GFAP and the known miR-425-5p target PTEN.
In GBM100, both GFAP and PTEN protein levels were reduced after mimic transfection
(Figure 3d,e), whereas the results for GBM42 were inconsistent (Figure 3f,g). Those first
results suggested that GFAP is a target gene for miR-425-5p and could potentially regulate
the differentiation state of GBM cells.

3.5. miRNA Profiling in GSC Maintenance and Differentiation

The 10 most regulated miRNAs were analyzed for their biological functions by KEGG
enrichment analysis (Figure 4a). The most significant pathways were “Signaling pathways
regulating pluripotency of stem cells”, “Pathways in cancer”, and “PI3K-Akt signaling”,
a pathway of high importance in GBM. In Figure 4b, the miRNA target relationship to
pathways regulating the pluripotency of stem cells is shown in the form of a chord plot.
All 10 miRNAs are connected to their mRNA targets, thereby showing their contribution to
GSC maintenance or differentiation.
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Figure 4. Bioinformatic analysis of the 10 most dysregulated miRNAs. (a) KEGG enrichment
analysis of the 10 most dysregulated miRNAs. The x-axis reports the number of target genes and
the fraction of miRNAs in the starting list involved in the pathway. The number within the dots
represents the number of miRNAs. (b) The miRNA–target relationship in the KEGG_hsa04550 sig-
naling pathway, “Signaling pathways regulating pluripotency of stem cells”. Each link represents
a miRNA–target interaction.

4. Discussion
Due to tumor heterogeneity and limited therapeutic options, GBM remains an incur-

able disease with a devasting prognosis. As modulators of the tumor microenvironment
and radio-/chemoresistance, GSCs are considered putative future therapeutic targets [6].
Even though GSCs play a key role in tumor cell invasion, recurrence, and angiogenesis,
many underlying signaling pathways remain elusive [41]. MicroRNAs (miRNAs) can act
as central regulatory molecules of GBM hallmarks such as invasion or immune evasion [42].
Therefore, miRNAs are discussed as future therapeutic targets and diagnostic biomark-
ers [43]. Our study detected differences in the miRNA expression profile of GSCs and
differentiated tumor cells by PCR array screening. Cultured patient-derived GSCs were
stimulated to differentiate into astrocytic tumor cells. Although this in vitro differentiation
model is commonly used in GSC research, in vivo GSC differentiation is a complex pro-
cess as the tumor microenvironment is shaped by a variety of different cell types such as
macrophages, microglia, and mesenchymal cells [44].

Based on our results from miRNA PCR array screening, a literature review of mRNA
targets, and validating experiments in each GSC line, we present four suitable miRNA
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candidates, miR425-5p, miR-17-5p, miR-223-3p, and let-7a-5p, which might be directly and
indirectly involved in the regulation of GBM cell differentiation.

Firstly, miR-17-5p, the most dysregulated miRNA in the conducted array, is a known
onco-miRNA in GBM [20]. Consistent with other studies, miR-17-5p was highly expressed
in GSCs as it stimulates GSC proliferation [21–23]. As physically adjacent miRNA genes
are often transcribed at the same time, they are summarized as a cluster. miR-17-5p is
often analyzed as a part of the miR-17-92 cluster [45]. Notably, four of six miRNAs of the
miR-17-92 cluster were consistently upregulated in our conducted PCR array. In GBM,
the miR-17-92 cluster is highly expressed and correlated with a poor prognosis [20].

Secondly, miR-425-5p was upregulated in GSCs concordant with a study by
La Rocha et al. [25]. MiR-425-5p is overexpressed in GBM tissue specimens in comparison
to normal brain control specimens and acts as an onco-miRNA [25]. Both miR17-5p and
miR-425-5p are known to target phosphatase and tensin homolog (PTEN) mRNA [23,26].
PTEN, a key tumor suppressor, is commonly mutated in GBM carcinogenesis [46]. As a
predicted mRNA target based on miRPathDB v2.0, expression levels of GFAP could be
regulated directly by miR-425-5p and miR-17-5p, suggesting that these miRNAs control
astrocytic cell differentiation [24]. As an experimental proof, mimic miR-425-5p when
transfected into differentiated patient-derived GBM cells, can regulate GFAP expression.
Since these cells are also able to de-differentiate into GSCs, we interpret our findings to
reveal that miR-425-5p is able to contribute, among other critical proteins, to GBM cell
differentiation. Moreover, as chord analysis suggests, miR-425-5p is potentially involved
in gene regulation of IGF1 (insulin growth factor 1), gp 130 (IL6ST), MEIS1 (a homeobox
gene), SMAD5 (TGF-ß pathway), and PCGF5 (a polycomb transcription factor). All of them
could be important mediators of growth signals and cell fate determination in GBM cells.

Furthermore, PCR array analysis identified nine miRNAs that were upregulated in dif-
ferentiated cells. Notably, six of these nine miRNAs are members of the let-7 miRNA family.
Published data revealed that the let-7 family acts as a tumor suppressor in GBM [11,36].
Overexpression of let-7 miRNAs leads to the inhibition of tumor cell migration and pro-
motes apoptosis [36]. According to our PCR array, Degrauwe et al. demonstrated that the
let-7 family is scarcely expressed in GSCs [38]. As an interesting mRNA target, Kirsten rat
sarcoma virus oncogene homolog (K-Ras), an oncogene and activator of its downstream
targets in the mitogen-activated protein kinase (MAPK) pathway, was identified [38].
According to miRPathDB v.2.0 target gene prediction, the stem cell marker Musashi-2 can
be directly regulated by the let-7 family and miR-223-3p so that high expression of these
miRNAs could suppress the GSC phenotype [24,47]. Additionally, miR-223-3p was over-
expressed in differentiated cells. In GBM, miR-223-3p functions as a tumor-suppressor
miRNA; its overexpression enhances radio-/chemosensitivity in cell culture models as
miR-223-3p targets ataxia telangiectasia mutated (ATM) [40]. ATM initiates repair mech-
anisms after radio-/chemotherapy-induced DNA damage and thereby contributes to
radio-/chemoresistance [48]. Since the role of miR-223-3p is currently uninvestigated in
GSCs, future detailed analysis of miR-223-3p and ATM in GSCs is justified.

5. Conclusions
Our study detected a changed miRNA expression profile on GSC differentiation in

a well-defined in vitro setup. Through a miRNA PCR array, 31 dysregulated miRNAs
were identified. About 10 highly regulated miRNAs, including miR-425-5p, miR-17-5p,
miR-223-3p, and the let-7 miRNA family, are promising miRNA candidates for further
investigations aiming to manipulate the differentiation status of GSCs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci13020350/s1, Figure S1: qPCR analysis of stem cell markers
CD44, Sox2, and Nestin; Figure S2: qPCR analysis of miR425-5p, miR17-5p, let-7a-5p, and miR223-3p
in individual GSC lines.
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