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1 Zusammenfassung

1 Zusammenfassung

Das Glioblastom (GBMYHOGrad4 ist der bdsartigste und haufigsfgimére Hirntumor mit einer
Gesamtuberlebensrate von 9,8 %ach finf Jahren Praktisch jedesMal scheitert die
Standadbehandlungbestehend auperation und Radiound Chemotherapienit Temozolomid
(TMZ), und der Tumor énickelt sich weiter, bildet Resistenzmechanisnarsund kehrt in Form
eines Rezidivs zurickDaher ist es von entscheidender Bedeutungas Forschungsfeld
auszuweiten um diese Mechanismen besser zu verstehelen Tumor tiefer zu klassifizieren,
kombinatorische Biomarker zu erstellemd neue therapeutische Ansétze zur Uberwindung der
Therapieresistenzen zu entwickeln.
Die hier aufgefuhrte erste Veroffentlichunlgematisiert TMZResistenzmechanismedie auf é&m
veranderten Stoffwechsel des Tumors und der\Wrt Regulierung beruhemie Carboanhydrase
2 (CA2Wwurde zuvor als konsistent und signifikant hochreguliert in rezidiviertem -GBWebe und
in TMZresistenten GBMStammzellen GSZs) beschrieben. In GA@chexprimiertenden GBM
Zelllinien die durch CRISPR/Cas9 induziert wurden, konnte ein erhéhter Sauerstoffverbrauch und
eine erhohte extrazellularansauerundestgestellt werden. Diese Bbachtungergibt sich aus der
bekannten Funktion des Protonenaustausch CA2die aerobe GlykolyséWarburg Effekt) und
den Protonerausstof3mit voranzutreiben Dies flihrtzu einem niedrigen extrazellularen piert
und zu einer pranvasiven und preentziindlichen Tumormikroumgebun@er panCA Inhibitor
Acetazolamid (ACZ)nterdriickte den Sauerstoffverbrauch und die extrazellulare Edeeung
effizienter als der selektiver€A2Inhibitor Brinzolamid (BRZ) in GBBerexprimierenden GBM
Zellen, was auf die entscheidende Rolle zusatzlichds@zyme hinweist, dizur pH-Regulierung
und damit zum Warbureeffekt beitragen. Im Gegeatzdazu reduzierte BRZ die Infiltrationsrate
effizienter und verstarkte die TMiAduzierte und Zelltodvermittelnde Autophagie in CA2
Uberexprimierenden Zellersowie in hoch CA-exprimierenden und in TMiesistenten GSZ
deutlicher. Diese Daten deuten darauf hin, dass eBRRZinduzierte pHWert-Verschiebunguf ein
physiologisches Niveau die T8Ehandlung optimieren kdnnte.
In einem weiteren Manuskriptwurden die Signalwege, die zur Tumorprogression und
Resistenzentwicklung beitragen, auf den Einfluss der Disintegmiiid Metalloproteinase 8
(ADAM§ untersucht.Neben seiner Féhigkeit, extrazellulare Matrixproteine zu spalten und dadurch
die Tumormikroumgebungnitzugestalten kann ADAM8 alsMultidomanenenzym an Integrine
binden und so verschiedene Signalwege modulieren. Wierde untersucht,wie ADAM8 die
microRNA(mMiRNA)Expressionsprofile durch intraind extrazellulare Signallibertragung reguliert.
Beim Vergleich voiBMZellen mit endogener ADAM8 Expression zu CRISPR/Cas9 induzierte
Verlust der ADAM8 Expression wurdenhrere dysregulierte miRNAs identifiziert. Die Expression
des Tumorsuppressors miBlabp war in Zellenmit fehlender ADAM8 Expression hochreguliert.
Es wurde festgestellt, dass ADAMS8 die Unterdriickung vorl@i&5p Uber STAT3 untMAPK
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1 Zusammenfassung

Signalwegevermittelt. Die Transfektioneiner miR181lab5p Mimik unterdriickte die GBM
Zellproliferation teilweise durch die pesanskriptionelle Hemmung von MEK2/ ERK1/2 und
CRER, was indirekt auf die MMPEXxpressionsuterdriickung abzielteBei der Aufschliisselung der
ADAMBS8vermittelten Signallibertragung unter der Beteiligung von #ab5p wurde eine
ADAMBS/STAT3/miR81a5p/Osteopontin und ADAMS/ERK1/2/CRHEBMIR/181a5p Achsemit
einer negativen Ruckkopplungsschleife afMP9 untersucht.Mit dem Verlust der zelluldren
ADAMS8 Expression gingen niedrigere fi@a5p Mengen in extrazellularen Vesikeln einher
Somit kdnnte die ADAM8ermittelte Unterdriickung von mi81a5p in den benachbarten Zellen
eine Runterregulation von MMP9 verhindetmd dadurch Invasivitat un@roliferation fordern.
Klinisch wurde miR81abp in SerurEVs nachgewiesen und in GEwebeproben im Vergleich
zu ADAMS8 herumrreguliert vorgefunden, wobeADAMS8 mit der MMP9 mRNA Expression
korrelierte. Die vielseitigen Eitlifsse von ADAMS8 auf progressiengnd resistenzférdernde
Signalwege, auch durch miRNA Regulation, rechtfertigeitere experimentelle Ansatze, die auf
ADAMS beim GBM abzielen.

SchlieRlich wurden die miRN&xpressionsmuster von drei von Patienten stammen®Ss im
Vergleich zu den entsprechendelifferenziertenastrozytaren Zelllinien untersucht. Einundreif3ig
signifikant veranderte miRNAs wurden identifiziert, darunter zehn stark dysregulierte miRNAs, die
an der GBMProgression undder Ausbildungeines Stammzellphdnotyps beteiligt sind. Die
Transfektion von mi&25-5p reduzierte die PTENInNd GFARProteinexpression in von Patienten
stammenden GBMelllinien, was darauf hindeutet, dass sie den-B8B&hotyp teilweise induziert.
Eine KEG@nreicherungsanalyse der miRNMARNABeziehung offenbarte einen Teil des
dynamighen miRNA/Signalnetzwerks, das lber Differenzierungron Stammzellen entscheidet.
Diese Daten fuhren zu einer weiteren Klassifizierung des zellularen Subgypsr deuten sie auf
potenzielle Zielmoleki#, die zur Stimdation der SZDifferenzierungbeitragen kénnen, um den

Tumor anfalliger fur Behandlungsstrategien zu machen.
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Glioblastoma multiformg GBM)WHO gradet is the most malignant andrequent primary brain
tumor with afive-year overall survivarate of 9.8% Virtually every timethe standard treatment
with surgery andradio/chemotherapy applying temozolomidéTMZ) fails, and the tumor
progresses, develops resistangechanismsand recurs Thus, it is crucial to further expand the
research fieldor a properunderstandingof those mechanismsenablingdeeperclassificationsthe
assembly oftombinatorialbiomarkers, andhe development ofnew therapeutic approaches to
overcome therapy resistances

The first publicationthematizes TMZresistance mechanismsbased on theii dzY 2 N ad OKI y 3§
metabolism and pHvalue regulation.Carbonic anhydrase RCA2)was previously identifiecas
highly upregulated in TMZesistant glioblastoma steslike cells (GSCs) as well as recurrent GBM
tissue samples. Herthe metalloenzymewas functionally analyzet¢hcreased oxygeoonsumption
and extracellular acidification rasavere detectedin CA2overexpressig GBM cell linesnduced
via CRISPR/CasJhis observation nderlines the known function of the proton exchangerto
enhan@ aerobic glycolysis (Warburg effect) apdoton efflux thereby leadingto extracellular
acidification and a prinvasive andpro-inflammatory microenvironmenin cancer The parCA
inhibitor acetazolamidg ACZ)repressedthe oxygen consumption and extracellular acidification
rates more efficiently than the more selective CA2 inhibitor brinzolamide (BRZ)CA2
overexpressing GBM celladicating the crucial role of addition@lAisozymesnediatingtumor pH
regulation andcontributing to the Warburg efféc On the contrary, BRZduced infiltrative rates
and augmented TMihduced autophagycausing cell death more efficientthan ACZin CA2
overexpressing cellSCA2highly expressing GS@sd TMZresistant GSCsThose dataprovide
evidence for aBRZnduced pH shift to a physiological leveloptimizing the conditions foan
efficient TMZ treatmaent.

In the second publicatignsignaling pathwaysontributing to tumor progression and resistance
were examinedor the influenceof the disintegrin and metalloproteinas@ (ADAM§. Next to its
ability to cleave extracellular matrix proteinthereby shaping the tumor microenvironment,
ADAMSis characteded asa multi-domain enzymend can bind to integringhereby modulating
various signaling pathways. Hethe mechanism of ADAMS8 regulating miRNA expression profiles
through intra and extracellular signaling was investigaté#veral dysregulated miRNAgere
identified, comparing GBM callwith endogenous ADAM8xpression or a CRISRas9induced
ADAMS knockoutin GBM, nR181a5p is described aa tumor-suppressor Here, this miRNAvas
identified being upregulated in ADAM8 knockout cells. Mechanistically, ADAM8 found to
mediate miR181a5p repressiorvia STAT3 and MAPK signaliMjR-181a5p mimic transfection
suppressed GBM cell proliferation partially through fhest-transcriptional inhibition oMEK1/2
ERK1/2 and CREB, indirectly targeting MMP9Breaking dowrthe ADAM8mediated signaling
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2 Summary

involving miRL81a5p, an ADAM8/STAI/miR-181a5p/osteopontin and ADAMS/ERK1/2/CREB
1/miR-181a5p axis with a nedave feedback loogargeting MMP9was examined Upon loss of
ADAMS8 expression, enriched miR1a5p levelswere detected in extracellular vesicleShus,the
ADAM8mediated repression ofmiR181a5p could prevent surrounding cells from MMP9
repression stimulatinginvasion and proliferation. ldically, miR-181a5p was detected in serum
EVsand downregulated itsBM tissuesamples comparetb ADAM8 which correlatied with MMP9
MRNA expressionThe versatile influences of ADAMS8 oiprogression and resistancelriving
signaling pathwaysalsovia miRNA regulationjustifies further experimental approaches targeting
ADAMS in GBM.

Lastly, the miRNA expression pattermé three patientderived GSCscompared to their
differentiated astrocytic stateswere investigatedThirty-one significantlychangedmiRNAs were
identified, including ten highly dysregulated miRNiAgolved in GBM progression and stem cell
fate. Among them, miRRB255p was highly expressed in GS&sd miR425-5p mimic transfection
reduced the PTEN and GFAP protein expressigratientderived GBM cell linesuggestingo
induce the GSC phenotype partiallx miRNAarget relationship KEGG enrichment analysis
revealed asection of thedynamicmiRNAsignaling networkdeciding about stem cell fate. Thus, we
further classified the cellular subtype GSCsrevealing potential targets to stimulate GSC

differentiation, which could modulate the sensitivity towards GBidatment strategies.
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3.1 Glioblastomanultiforme (GBM)

Glioblastoma multiforra (GBM)is the most frequent and lethal primary brain tumor with an
incidence of 319/100,000per year, increasing with age and male sex, and the median age at
diagnosis of 65 yearf eeceet al, 2017; Ostromet al, 2019; Torrisiet al, 2022) Diagnosed
patients have grogressioAree survivalbf seven to eight monthand fiveyear overall survivabf
9.8% (Stuppet al, 2009; Michaelseret al, 2013; Ngrgxest al, 2016) GBM can develoms a
primary or secondary tumorarising from lower-grade gliomas often facilitating isocitrate
dehydrogenase (IDH) mutatiofNergxeet al, 2016) CQurrently, the World Health Organization
(WHO)definedformer GBMWHO centrahervoussystem(CNS)yrade4 tumors harboring an IDH
R132H mutation as diffusagstrocytomas IDHnutant WHOCNS gradd tumors (Stoyanowet al,,
2022) Thisreclassification offormerly GBM WHO CNS grade I\eavesO°-methylguanineDNA
methyltransferase NIGMT) promotor methylation as the only significant prognostic marker in
clinical usepredictingpatient survivalStuppet al, 2017; Stoyanoet al., 2022) Although there are
approachesto expand thediagnosticto a more personalized manneutilizing molecular and
genomiccharacteristics leading tolassical, mesenchymal, and peural GBMsubtypes(Verhaak
et al, 2010) the current diagnosisonsists ohistopathological examinatiorNuclear atypia, high
mitotic activity, cellular pleomorphism, microvascular proliferation, necrosis, and vascular
thrombosis arecrucial fordiagnosingGBM WHO CNS gradgWirschinget al., 2016; Loui®t al,
2016; Gilarcet al,, 2021)

The clinical manifestation highly depesadn the tumor location and size at diagnosiGBMoften
occurs in the suprgentorial space (>85%Wirschinget al, 2016) Headache and nausea are the
common symptomst diagnosis arising from a large tumor or edem@BM mtients suffer from
symptoms caused by intracranial hypertension (308)tor deficits (20%), loss of body weight
(17%), epilepsy (15920%) confusion (15%), and speech and visaatrictions (13%fYuileet al,
2006; Vechtet al, 2014; Gilarcet al., 2021) The standard adjuvanttreatment is based on ta
Stupp regimen(Stupp et al., 2005) consistingof surgeryand subsequenttreatment with the
alkylating agent temozolomide (TMZ) in combination witinationated exposure to 6Gray Xray
irradiation (Torrisi et al.,, 2022) Since 2017tumor-treating fields have amendal the Stupp
regimen Its usage improved the progressifree and overalsurvival significantlyStuppet al,
2017) Additional therapeutic approaches can be groupddto molecularor chemotherapeutic
drugs and immuatherapies(Torrisiet al, 2022) Not only finding common signatures for GBM
subgroup classification enabling persalized treatment decisiondut also understanding the
hallmarks of GBNE proposed to lead to advanced treatment strateg{®sargxeet al., 2016; Torrisi
et al, 2022)



3 Introduction

3.11 Themolecularhallmarks of GBM

Based on thalefinition of cancer hallmarkey Hanahan an&einberg(Hanahan and Weinbg,
2000; Hanahan and Weinberg, 201dnd later adapted by Fouad and AariEbuad and Aanei,
2017) seven hallmarks can be described for GBMirisiet al,, 2022)defining the aggressivengss
complexity and heterogeneity of GBMAccording to Torrisi and colleagues, the hallmaaks

illustrated in Figure 1.

Figure 1. The hallmarks of glioblastoma multiform&ccording to the definition of Torrisi and colleagues, mainly six

KFEEtYrENL&a | NB ?Sté":“‘? ) A)[(] SNO2yySOiGSR (2 SyadNB (KS aSgSyir
LINEY2UA2Y PQ ReNdeilcon®Rdifiedrandfadaptéd@dm Torrisiet al, 2022.

3.1.2.1 Uncontrolled growth and proliferation

Firstly, uncontrolled growth and proliferatiorare summarized as onessential GBM hallmark
which arises fronthe deregulationof signaling pathwaysesulting inthe activation of oncogenes
andthe inactivation of tumorsuppressor gees (Mao et al., 2012; Torrisét al, 2022) One driving
signaling pathway is thRat sarcomeaRat fibrosarcomemitogen-activated protein kinas&inasesg
extracellularsignalregulated kinasgRasRafMEKERK pathway, which promotes tumor growth
cellular proliferation,vascularizatiorand the modulation of thetumor microenvironment(TME)
(Chappellet al, 2011) Moreover,the amplification ofreceptor tyrosine kinases likihe vascular
endothelialgrowth receptor YEGFRand the epidermal growth factor receptor5§GFR including
its mutated and constitutively active form EGFRvilHayneset al, 2014) leads to downstream
effects includingthe stimulation of proteintyrosine kinasedike proto-oncogenetyrosine-protein
kinase Src JCR proteins stimulating not only uncontrolled tumor growth but alsoigration,
invasion, and cell survivdAhluwala et al, 2010; Oikonomotet al., 2014) Among others, the

retinoblastoma protein (RB) pathway plays a significant rof@nce inactivated, it stimulates
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3 Introduction

autophagy, resistance tdesoxyribonucleic aciDNA damage and apoptosis evasiofBiasoliet

al,, 2013)

3.1.2.2 Altered response to stress

{SO2yRfex (KS WFHfGSNBR NBaLRyaS (Tomisiead, R2)aQ Aa | a
GBM cells have an efficient DNAmlge and repair system. MGMT activity is the prime example,
removing alkylating agents induced by chemotherapeutic agents like {®&£son, 2004)
Moreover, DNA damage response molecules are active for sstigled and doublestrand breaks.
Naming one example, ataxtalangiectasia miated (ATM) is constitutively active in glioblastoma
stemtlike cells(Jackson and Bartek, 2009; Carruthetsl, 2018; Ferret al., 2020) Rapid growth
distant from blood vessels can lead to undersupply of nutrients and oxygen before the tumor can
adapt to the TMEvianeovascularization. Hence, tumor cells learn to handle and exploit the hypoxic
TME. Using hypoxiaducible factor lalpha (HIFlh 0 £ D . sustaih$dadtiie oxygen species
(ROS) and control their expovia controlled lactate export(Olivier et al, 2020) Autophagy, a
catabolic process recycling cellular constituents and promoting cellular balance re¢@seanmilla
Ramirezt al, 2020) is induced under hypoxic conditions promoting tumor surviygalvhariet al.,

2016) Yet, the role of autophagy in GBM remains controverd&acamilleRamirezet al., 2020)

since it is also discussed to inhibit tumor initiation avoiding necrosis, genomic instability and
inflammation by removing damaged proteins and organeléloiet al, 2013; EscamilRamirez

et al, 2020) Moreover, induced autophagy can promote apoptosis and senescence byl type

programmed cell death, thereby functioning as a tumor supprefsscamilleRamirezt al., 2020)
3.1.2.3 Metabolic alteration

Different metabolic modulationscoexist within the heterogenous tumor GBMincluding the
Warburg effect (aerobe glycolysis) fatty acid oxidation, glutaminolysis, anaxidative
phosphorylation(Torrisiet al., 2022) Given the hypoxic TMEIF1" ubiquitination is inhibited by
prolyl hydroxylaseactivation It forms stabléheterodimers with HIJi enabling the transcription of
several glycolytic enzymeand glucose transporte(Nagaoet al, 2019) contributing o the
Warburg effect.Importantly, the conversion of pyruvate to lactatand inhibition of pyruvate
oxidation is also supported byhe inhibition of pyruvate dehydrogenase [kading toreduced
mitochondrial oxygerconsumptionrates (Olivier et al., 2020) As a connection to another GBM
hallmark, lactate promotes the Mke immunosuppressive polarization of macrophafles Cruz
Lopezet al, 2019) Moreover, metabolic reshapings linked to anincreased invasiothrough

energy deliveryandlactate production causingncreasedacidificaton (Torrisiet al., 2022)
3.1.2.4 Vasularization
GBM is a highly vascularized tumbiggered by many factorsincluding the main axis of

hypoxidhypoxia response element sequence transcription/VEGF actimatioNoticeably

acidification of the TME stimulates VEGF and fibrobsiwth factori expression causing
7



3 Introduction

increased proliferation and motility of endothelial callse toincreased lactate release promoting

hyaluronic acid production anslpporting vessel formatio(Valléeet al,, 2021; Torriset al., 2022)
3.1.2.5Invasion

The GBM hallmark invasion is describedaa®cal infiltration through healthy parenchyma and
stroma mainly responsible for a recancy ratherthan forming metastasitdo secondary organs
due to the short patient survival rate and physibatrierslike the bloodbrain-barrier (BBB)YKimet
al., 2014; Da Cunha and Maldaun, 2019; Toaisal., 2022)Here, theextracellular matrix (ECM)
remodeling is cruclaand partially achieved bymatrix metalloproteinases (MMPs) likéhe
gelatinase MMP9whose expression is associateslith the primary GBM subtype (Choeet al,
2002) Through its proteolytic cleavage of cell surface protepisieins of the ECM and proteins
maintaining the ceitell and celECM interactioa, MMP9 contributeso invasion and proliferation,

angiogenesis, inflammatiomigration and tumor metastasi{g¢iuang, 2018)
3.1.2.6 Immne modulation

5dz2S G2 GKS . . .describeda® a¥ O 2By Badny immunecell typeshave
been associated with GBMbrogression passing the BBB du® weakenedtight junctions and
endothelial cells (Couto et al, 2019) Among these immune cells comprisimgyeloid-derived
suppressor cells dendritic cells, and neutrophils(Daubon et al, 2020) tumor-associated
macrophages (TAMg)ake up the largestnmune cell populatiorandaccountfor up to 40% of the
tumor mass(Chhoret al, 2013; Buonfiglioli and Hambardzumyan, 2021; Tosisal, 2022)
Immunosuppressive TAMs promote invasion, vascularization, proliteraind immunosuppression
(Grégoireet al., 2020) Moreover, hypoxia is one of the main stimuli for an inmosuppressive
microenvironment For instance periostin is highly expressed under hypoxiaducing the
phosphoinositide3-kinasdprotein kinase BPIX/AKT) pathwayand shifting recruited TAMs to the
immunosuppressivé12 phenotype(Maet al., 2018; Torrisét al., 2022)

3.1.2.7 Promotion of the tumor microenvironment

Torrisi and colleagues define the complex interplay ofsixllhallmarksas the seventhhallmark
(Torrisiet al, 2022) On the cellur level,extracellular vesicles (EV&)pportthe GBM hallmarks

and contribute to their interplaydue to their crucial role in cellular communicati¢viekulaet al.,

2019) EVs are small membrasdmund vesicles secretely all cells into the extracellular space.
They contain nucleiccids like miRNAs as well as proteins and lipids and, thus, contribute to several
GBM hallmarks like angiogenesis and reprogramming the metabolic activitwell as drug

resistancgvan Niekt al,, 2018; Yekulat al, 2019)

3.2 Recurrent GBM

Despite thestandard treatment of GBM according to the Stupp regini®tuppet al., 2005; Stupp
et al, 2017) virtually every tumor recur§Camposet al,, 2016; Birziet al, 2020) Diagnostically,
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magnetic resonance inging (MRIwith the LJI (i A Sinfcal Gtatusservesto detect a recurrent
GBM (rGBM)Piperet al, 2018) In about 80% of the cases, GBM recurs at ithiéal tumor
location, but also distant and unifocal or multifocal leptomeningealparenchymalspreadis
described(Bordignonet al., 2006) Here it remains challenging tdistinguish betweeranrGBM or
a complication occurringn treatment relatedto pseudoprogression and radionecragiVeller et
al., 2013) underlying the need foadditional biomarkers to detect an rGBINh lessthan 50% of
rGBM patients, a second surgery is possible due to the tumor's feasibility and the patient's
condition (Birzuet al, 2020) The National Comphensive Cancer Netwoduggestslinical trials
to treat rGBMsincethe lack ofvalidated standard treatmenfWenet al, 202&; Birzuet al.,, 2020)
Therapeutic options are also-gadiation (Shiet al, 2018) re-treatment with TMZ(Perryet al.,
2010) treatment with lomustine and bevacizumafWick et al,, 2017) and tumoktreating fidds
(Stupp et al, 2012; Birzuet al, 2020) Although at firstit was thought that rGBM differs
significantlyfrom initial GBM(iGBM since shared mutations variated from eleven to ninsgven
percent (Kimet al, 2015; Campost al, 2016) it is nowacknowledged thathe rGBM shares
mostly similar geetic and epigeneticlandscapewith its iGBM, slightlyfacilitating therapy decisions
(Birzu et al, 2020) Little evidence for rGBMpecific mutaibns was found, and the strongest
selective pressurevas supposed to beexerted on the iGBMBarthelet al,, 2019) The observed
heterogeneityresulted partially from theheterogeneityin the tumor itsdf since analyzing several
samples in parallel taken from the same surgeayncausesignificantmolecular profile differences
and crucial changes in the microenvironment and immune cell infiltraGamposet al., 2016;
Birzuet al, 2020) Nevertheless, rarer distant rGBMs resulting from infiltrattoghor cellsshare
fewer mutations with their iGBM (Kim et al., 2015) and individual genescan show different
mutation retentions. Whereastelomerasereversetranscriptase TERY promotor mutations are
commonly retined in around 90%f investigated casefGFRnutations are less maintained in
rGBMin around 50%Draaismeet al., 2020; Bartheét al, 2019; van den Bert al, 2015; Birziet
al., 2020) and the mutations in the same gene can diffBraaisna et al,, 2020; Birzwet al., 2020)
Moreover, hypermutatedrGBMsshow significant differencefom their iGBMscaused byTMZ
treatment andinactivating mutationsn repair enzymesesulting inextraordinariy high numbers of
mutations (Birzuet al, 2020) However,a gross otal resectionat the first surgeryis not always
possible and many studies daot refer to the terms grossand subtotal resectionalthough the
significant impact of thét dzZNH SNE Q& S E (i Ghybiika dnd Aizérbérd, 2017y Hetdaly,
2020) Therefore,an rGBM mayoften bea progression of iGBM. Nevertheless, the gaitretapy
resistancemechanismf the progression orecurrenceare crucial for thepoor patient€overall

survival.
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3.3Resistancenechanisms

Virtually everytime, the treatment of GBM patients according to the Stupp reginiStuppet al,

2005; Stuppet al, 2017)eventuallyfails, and the tumor progresses or results in a recurrence
which is associatedvith resistance mechanism@rtiz et al, 2021) Hence, it is crucial to
understand and overcom¢hose adapted machanismsThe development of radioresistancean

be withdrawn tokey factorsincluding DNA damage repaiell cyclemetabolic alterationhypoxia,

TME glioblastoma sterike cells GSCgs microRNAs (miRNAshdtumor heterogeneity(Ali et al,,

2020) Similarly, mainly five resistance mechanisnase intensively studied that counteract the
TMZinducedapoptosis, autophagy, or senescence: MGMT promotor methylation, DNA mismatch
repairment, base excision repair pathway, acquired resistance through the induction and selection

of genes or cell clones requiring survival, and the presence of @82t al, 2021)
3.3.1Glioblastoma steHike cells

GSCs are described as a sourceGBM (Lathiaet al, 2015)inducing radie and chemoresistance
(Garnieret al, 2019) angiogenesis and invasigBoydet al, 2021) andO2 Y i NA o dzi Ay 3 {2
heterogeneity by their potential of multineage differentiation(Lathiaet al, 2015) Singh and
colleagues among other researcherdnitially describedGSCsas prominin-1-positive CD133)
tumor-initiating cellsin vivo(Singhet al,, 2003; Singlet al., 2004) This small cellular subpopulation
is classifiedby its selfrenewal capacityforming tumor spheresin vitro and tumors in xenograft
experimentsin viva Moreover,GSCs are multipoterand caninitiate tumors contributing ® GBM
heterogeneity(Bayinet al,, 2014) Stem cell maintenanceccurs throughhe interaction with TME
components, mesenchymal stem cells, vascular compartments and imn(dioitsisiet al, 2022)
involving signaling pathways like the Notch, transforrgngwth-factori (TGH 0PI3K/AT and
mitogentactivated protein kinaseMAPK kinase signaling/Vithin GBM, bone morphogenic protein
functions asa differentiation signal Althoudh also involved in the maintenance of GSCs, Notch
Signaling islescribedasan important signaling cascade for the differentiatiorto tumor-derived
endahelium (Bayinet al, 2014) Their slow cell cycle kinetics (Jackson et al., 2015) make [dszm
attackable for chemotherapeutics targeting higloliferative cells Regding in stem @ll niches,
they benefit fran favorabk conditionsinteracting with the ECM and nemmor cells while not
being recognized by the immune system. Moreov8ECs are known to overexpresdenosine
triphosphate(ATR bindingcassette (BC) transporterHere ABC subfamily member ABCGPwas
found to bind méarix metalloproteinases delivering increased migration and cell invagotiz et

al.,, 2021) Multidrug resistance is ascribed to GSCs expressing the breast cancer resistance protein
1 (BCRP1)GSCHighly express hypoxiaducible factos (HIFs)favoringsurvival, selfenewal and
tumor initiation, mimicking the molecular phenotype of cells under hypoxic condit{dasksoret

al., 2015) Furthermore, GSCkacilitate extensive DNA repair and higher mitochoabreserve

(Rodriguezt al., 2022)
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3.3.2 Carbonianhydrase?

Carbonic anhydraseCAs)contribute to TMZresistanceby playinga significant rolein hypoxia,
metabolic changesand extracellular acidificatignvhichcombinesseveral hallmarks of GBMheir
crucial role in pH regulatiommas beenknown for almost a centur{KEILIN and MANN, 1939;
Haapasalet al, 2020) catalyzing the chemical key reaction: COHO <=>HCQ@- + H (Meldrum
and Roughton, 1933; Lindskog, 199Fjfteen family members of the humah-CA family are
describedas differing in their intra or extracellular localization and gymatic activity.Especially
the isozymes CA2, CA9, and CA12 raported to be involved inneoplasticgrowth and GBM
progressionHaapasal@t al., 2020)
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Figure 2. The mechanistic role of carbonic anhydrases in tumor pH regulatidre interplay of carbonic

anhydrases (CAs) with transport proteins ensures extracellular acidificatiorslagdly alkaline to physiological

intracellular pH values. Anaerobic and aerobic glycolysis (Warburg effect) leadevaied lactate production.

Subsequently, lactate and protons are secreted through monocarboxylate transporters (M&Arshic

mitochordrial respiration yields GQwhich can diffuse passively into the extracellular space, where it gets hydrated

through CA9 and CA12 enzymatic activity leading to further extracellular acidification through proton production.

HCQ@- can be imported with Nathrough sodium bicarbonate transporter (NBCs), where intracellular CA&:{CA

catalyze the reverse reaction and close the cycle. Anion exchangers (AEs) and not illustréte@xthangers and

H+-ATPases contribute to this machinery. CA2 is localzgtd G KS Ay ySNJ OStt Y®Idaingl yS ' yR A
FyiSyylF®Q S5ANBOGfe o62dzyR (G2 a/¢m FyR a/¢nx Al adzZJJINIa
extracellular acidification and the Warburg effec@reated with BioRender.conModified and adaptd from

Haapasalet al., 2020.

Under physiological conditions, CA2 is mainly expressed by oligodendrocytes and thus in myelin
sheaths (Kumpulainen and Korhonen, 1982; Haapasatical, 2020) but it was also found in
reactive microglial cell§Nogradi, 1993) and shows variable expression patterns in astrocytes
(Roussett al,, 1979; Kimelbergt al., 1982; Haapasalet al., 2020; Ghandouet al, 1981; Stridret
al., 2012) In astrocytes, CA2 hydrolyzes £ @hich was secreted by neurons befofdée produced
proton is then shuttled tanonocarboxylate transporter IMCT) and MCT4via/ ! v | & | WLINR { 2
02ttt SOGAY3a IyiSyylrQ gAGK | 02y O2 Yhelrbng takelF ¥t dzE G 2
lactate through MCT2 and convert it to pyruvate ensuring energy bal@eekeret al, 2010;
11
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Stridhet al,, 2012) CA2 was found directly bound to thet€minus of MCT1Beckeret al., 2005;
Stridh et al,, 2012)and MCT4(Beckeret al, 2010) inducirg the lactate and proton symport.
Moreover, CA2 is suggested to interact with the vacuolar ATPase, the main proton pump,
controlling the energy flow and inducing extracellular acidifica{@@aunesciet al., 2008) CA2 is
described in oligodendrogliomas, meningiomas, -ipnade astrocytomas and WHO gradlé&SBMs
(Proescholdet al,, 2005; Haapasalet al, 2007; Korhoneeet al., 2009; Haapasalet al,, 2020) The
zincdependent metalloenzyménas a dual role in promoting tumor progression. For one, the
proton exchanger contributes to estcellular acidification linked to tumor progressi@Rarkkila,
2008) As a second roJeCA2 enhances the lactate transport directly bound to MCTB&Ekeret

al., 2005; Beckeet al., 2010)non-enzymatically, contributing to the Warburg effect (illustrated in
Figure 2). Extracellular acidification stimulates HHFHatova et al, 2016) inducing MMP
transcription (Conget al,, 2014)and resulting in ECM degradati¢dhonget al,, 2010) inducing
invasion.Hannen and colleagues described CA2 linked to-féd@&ant GSCs andpregulated in
rGBM tissue samples. Since the efficiency of several dingjading TMZis highly dependent on
the pH valugStéphanou and Ballesta, 2018rgeting carbonic anhydrasekd CA2 regulating the
pH value could favor TMZ efficiengyannenet al., 2019)

3.3.3A disintegrin and metalloprotsse 8

Resistance mechanisms can be causeddbgcton of genes essential forcellularsurvival(Ortiz et

al., 2021) A disintegrin and metalloproiease 8 (ADAMB8)vas previouslyassociated withTMZ
resistance causing elevated pERK1/2 and pAKT levels in(Q@iget al, 2015) Given ts low
expressionunder physiological conditiongargeting ADAMS8 is discussed as very attragtive
suggestingnminor side effect{Conradet al,, 2019). ADAMS is a multidomain enzyrfigigure 3with

mainly two functions proteolytic cleavageof extracellular matrix proteinshaping the TME and
signal transduction influencing variotisnor-driving pathwaysHevated expressionf ADAM8has

been associated with invasiveness and poor prognosis in several tumor erntitikegling breast

brain-, gastrie, pancreatic cancer and leukem{&onradet al, 2019) with an especially high
expression pattern in immune cells like macrophages and neutrofBijlsrgjevskiet al, 2019;
Jaworeket al, 2021; Liet al, 2022b) ADAM8 mediates invasion and cell motility partiallyotigh

its cleavage of collagen |, fibronectin, and cell adhesion molecules like vascular endothelial (VE)
cadherin. Shedding membrasimund cytokines and chemokines liklhemokine (€¢-C motif)

ligand 1(CXCLiland tumor necrosis factor alphalNF), ADAM8shapes the TMEpromoting
inflammation and tumor progressiofConradet al., 2019) Moreover, the disintegrin domain of
ADAMS enables a multienization withi 1 Integrin and the stimulation ofocal adhesion kinase
(FAK, ERK1/2, and PI3/AKT signaling pathways mediating cellular survival, inducing MMP activity
and transmitting chemoresistand&chlomanret al,, 2015; Donget al., 2015; Conractt al., 2018;
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Cook et al, 2022) In GBM, ADAM8 was described to ediate STAT3 signalingromoting

osteopontin expression and angiogenggiget al.,, 2021)
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Figure 3. Schematic illustration of the domain structure of human ADANRBocessing and activation of the
multidomain enzyme equire the removal of the prodomain (light blue), which can be achieved by homophilic
multimerization of disintegrin (orange) and cysteineh (CYSich, purple) domains and subsequent autocatalytic
cleavage. Thus, the 120 kilodalton (kDa) proform of ABA&comes a 90 kDa active form. The metalloprotease
domain (around 30 kDa) can be released, leaving a 60 kDa remnant form of human ADAMS8. Additionally depicted
are domain functions and borders. The cytoplasmatic tail (CD) is essential for the mediatiomaoéllular
signaling, also influencing miRNA expression profiestaining src homology three (SH3) binding motifs and
potential phosphorylation sites af¥and Y%, Created with BioRender.com. Modified and adapiedn Conradet

al., 2019.

Recently, ADAM8 was found to activate hepdindingEGF/EGFR signalirtgereby inducing
chemokine (€ motif) ligand 2GCL2mediated TAM recruitment in GBNLiu et al, 2022b) In
breast aml pancreatic cancer, ADAMS8 influences miRNA expression prid#est al., 2016; Verel
Yilmazet al, 2021) In detail, Das and colleagues revealed tA&tAM8mediated ERK signaling
induces miR720 expression in breast cancer cell lines, describing a new furestensisedhrough
its ability of intracellular signaling. A&scrucial factor in the TME, ADAMS is expressedreactive
protease in pancreaticancerderived EVs(VerelYilmazet al, 2021; Cooket al, 2022)and is
associated with the systematic packaging of specific molecules into EVs, like LCN2 an(COddkP9
et al, 2022)or miR720 and miRi51 (VerelYilmazet al, 2021) Koller and Bartscldeveloped a
specific ADAMS inhibitoBk1361, mimicking thé 1 Integrin binding loop structure and preventing
ADAMS8 multimerization and autocatalytic activati@@®chlomanret al, 2015) BK1361 treatment
revealed promising results in pancreatic can¢&chlomanret al, 2015)and asthmaChenet al,
2016) which could be transferred to GBM considering the ability of ADAM8 to transmit TMZ
resistance in GBNDonget al.,, 2015)

3.3.4MicroRNAs

MicroRNAs (miRNAspnsists of around twentywo nucleotides and are neooding. Binding to
complementary or partially complementary targetRNAs, they modulate protein expression post
transcriptionally (reviewed in O'Brieret al, 2018) Their impact ontranslational regulation is
revealedby participatingin the regulation of more tha®0% of the human genom@geviewed in
Mabhinfar et al, 2022) Indeed, around 2,600 mature human miRNA sequences are supposed to

target hundreds to thousands ofiRNAs respectivelyeviewed in Sheat al, 2016) Functionally,
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YAwb! & O0AYR (2 GKS 0Q dzyiNIXyaftlkriSR NBIA2Y 06! ¢wo
MiRNAs cause translational inhibition, deadenylation or decapping of target mMRNAs. MiRNAs are
I f a2 NS LR NI SRRsladd coding iRgiotis2causing gomtscriptional inhibiton The
interactionswith promotor regions were shown to induce proliféia. Mostly, miRNAs function as

part of the miRNA induced silencing complex (RISC). Here, miRNAs guide to target mMRNAs and
enable the mRNA cleavage through endonuclease argonaute 2 (Af@@2jved in O'Brieret al,,

2018) Depending on their target genes, miRNAs daature tumorsuppressive or tumer
promoting roleqreviewed in Mahinfaet al,, 2022) MiRNAshemselvesare regulatecby promotor
methylation, influenced during their biogenesis othrough extrinsic molecules like exogenous
xenobiotics, hormones, and cytokinéSulyaeva and Kushlinskiy,18). Dysregulated miRNAs are
associated with several cancer hallmarksilitating invasion, metastasis, growth, proliferation,
metabolicreprogramming and avoiding the immune systemGBM(reviewed inMahinfar et al,

2022) Influencing multidrug resistan¢éor instance, miFk828 was described directhargeting the
multidrug resistance proteidBCGascribing a tumor suppressive ra@d its possible utilization

asa predictive marker(reviewed in Sheat al, 2016) Moreover, E¥ carry high amounts of
miRNAgreviewed inO'Brienet al,, 2018; Mahinfaet al,, 2022) Mahinfar and colleague®viewed
andlisted specificmiRNAglynamicallyinvolved in GBM progression anekistancgMahinfaret al,,

2022) Therapeutically, utilizing tumesuppressor miRNAsarried by nanoparticless discussed
(reviewed in O'Neill and Dwyer, 2020)but also targeting oncogenic miRNAs through the
transfection of singlestranded RNMAligonucleotides leading to miRNA degratan are

conceivablgreviewed in Sheat al., 2016)
3.4 Aim of this thesis

Given the highmortality rate due to the incurability ofGBM the progression,recurrence and
resistancemechanismesit is crucial tadeepen our understandingf molecular mechanismsf TMZ
resistancein orderto overcome them Thusdifferent molecular mechanisms of GBdlogression
and resistancevere aimed to elucidateln the caseof CA2 metabolic mechanisms leading to
resistance wereanalyzed Secificaly, targeting CA2using brinzolamide (BRZ)was probed as a
potential cotreatment augmenting TMi#hduced cell death. Moreoversignaling mechanisms
leading to tumor survivalproliferation, and progression were investigated on ADAKBAMS8was
found to influencevarious pathwaypartially by its miRNA regulatiorLastly, GSs as a source of
rGBM wereanalyzed regarding their changing miRNA profile through differentiasoggestinga

deeperGBMclassification anghotential elucidation ofdifferent targetingstrategies.
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4.1 Inhibition of Carboic Anhydrase 2 Overcomes Temozolomide Resistance in
Glioblastoma Cells

Kai ZhaoAgnes SchaferiZzhuo Zhang, Katharina Elsasser, Carsten Culmsee, Li Zhong, Axel Pagenstecher,
Christopher Nimsky and Jérg W. Bartsch
(2021) International Journal dfiolecular Science23 (1) 157. DOI:10.3390/ijms23010157

4.1.1 Scientific sumany

Despite the standard treatment of GBMomprising surgical resection, radiotherapy, and
chemotherapy with TMZStuppet al, 2005) nearly every tumor recur@Camposet al, 2016) A
small subpopulation of tumor cells, GS@sconsideredto contribute to the recurrenceshowing
several resistancenechanismqLathiaet al., 2015; Campost al., 2016) For instance, hese sel
renewingcellshave metabolic featurethat enable them togrow under hypoxic coditions. They
overexpresDNA repair enzymes arave anupregulated drug efflux, thereby escaping rachod
chemotherapy(Bao et al., 2006; Liuet al, 2006; Campogt al., 2016) Previously, our group
identified CA2as beingconsistentlyupregulated inTMZresistantGSCsnd recurrent GBM tissue
using a transcriptomic approach{Hannenet al, 2019) However, the function of CA2 iGBM
therapy resistance was unknown at this stage.a member of the carbonic anhydrase family, CA2
is a proton exchange proteimvolved inregulating pH homeostasis(Haapasalcet al., 2020)
Additionally, CA2 takes part in tlsymportof, for instance, lactte, pyruvate and protonsia its
location at the inner cell membrane and its association with the monocarboxylate transporters
MCT1/4(Beckeret al., 2005) Thus, CA2 supportee maintenance ofaerobic glycolysis (Warburg
effect) (La Crut.0pezet al,, 2019) In this study, we performed subsequent fitional experiments
focusing on thanetabolism, proliferation, invasio,MZresistance, and inhibitionf CA2in GBM
cells and primary GSCs

First we verifiedan enrichedCA2mRNAexpression inGBMuviatestingten Y §t OKSR D. a LJ GA Sy
tissue samplesp(< 0.001,Figure 1A- Y R LJ G A Sy ( d@rein Tabje TSR NI digiificantfy
higher CA2ZmRNA expression in GBM tumor tisss@mpared tonormal brain tissue igotable via
GTCGA and 0GTEx database analysis (Figure Silext to CA2 the wellestablished GSC marker
CD133Liu et al,, 2006)was tested in ten matched tissue samples withdifferencegletectablein
MRNA expressiofFigure 1C)In contrast, theefflux transport protein andnultidrug-resistance
protein permeability-glycoprotein (pgp) wasslightly upregulated in rGBM tissue sampiesmRNA
level (p < 0.05 Figure 1B Viaimmunahistochemistryanalysis in paraffiembedded tissueslides,

the colocalization of CA2 with the stem cell marksex determining regiol)}box 2 SOX2(Liuet

al., 2009) indicated the partial expression of CA2 IB0OXositive GSCs(Figure 1D) The
information on patients used for immunstochemistrystainingsis summarized in Table S2n

enriched CA2mRNA expression was observed in three out of fpatient-derived GSC cell lines
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compared to thelevelsin the GBM cell line U87 (Figure 1&hich wasalsoseenon the protein

level (Figure S1B)nterestingly testing other two critical membersof the arbonic anhydrase
family described in GBM and other tumor entiti¢daapask et al., 2020)showedCA9as highly
downregulated in all four tested GSC cell lings (0.001,FigurelF) andCAl2as upregulated in

two of four GSC cell lines (Figure 1G) compared to U87 Thlsindependent expression QA9

and CA12to CA was also described in Figure S2. Heteferoxamine (DFQ induced hypoxia
stimulatestheir mMRNA expression in GBM cells and G8@svery different maner, protruding
CA9%inducedup toaround 2,000 fold.

To deeperanalyzethe function of CRin GBM cells, gaiof-function experiments were performed
generating stable cell clones expressing CA2 (U87_CA2 and U251 _CA2) and cotdrel ve
transfected cells (U87_Ctrl and U251 Ctf)ne representative clone was picked for further
experiments, respectivelyLhe stable overexpression of CA2 wasfirmedon protein and mRNA
levek in both cell lines (Figure 2A&QYoreover, a higher profieration rate was measured in
U87_CA2 and U251_CA2 cells compared to their control transfected cell lines (Figure &RE.D)
CA2 expressing U251 cell lines showelavatedinvasion into Matrige(Figure 2E&FMetabolic
changes induced by a stable CA®mession were measuredad { S K2NBES ! yI f @aA&aé R
the mitochondrial oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR)
(Figure 2&).A higher OCRiith stable CA2 expressiamas manifestedby higher ATP production,
maximal respiration, and basatspiration In addition a higher ECARvas shownthrough more
elevatedglycolysis and glycolytic capacity in both cell ligees Q.001)

To investigate whether those metabolic changes depend on the enzymatic activity otellaz,
were treated with eitler the panCA inhibitor acetazolamide (ACZ) or tinore selectiveCA2
inhibitor brinzolamide(BRZ)Supuran, 2007, 2008 Table S3&S4, the inhibitory effects of ACZ
and BRZ are listed’heir molecular structuresre depicted in Figure 3 A&Bfter applying100 uM

or 400 y(MARZ oBRZ, metabolic changes in U251_Ctrl (Figure S3) and U251 _CA2 (Eigbre 3
were investigated. Interestinglyno differences in the OCR or ECARU251_Citrl cells were
detectable, whereasn U251 CAZ2 cellshe OCRs and ECARs diminished with BRZ and even more
with ACZ treatmentln a direct comparison of U251 Ctrl and U251_CAZ2 cells, significant decreases
in the OCRs after ACZ (Figure 3E) and BRZ (Figure 3G) and the ECARs after ACZ (Figure 3F) and BRZ
(Figure 3Hjreatment were visible in CA2 expressing cells. Noticeably, theQ#amhibitor ACZ was
more potent than the CA2 inhibitor BR¥ext, we wondered if thénduced invasionhrough stable

CA2 expression could be inhibiteth ACZ or BRZ treatment. Interestingly, with 400 uM AGX

100 and 400 uM BR# significantly reduced invasivehaviorwas observed in U251 CA2 cells
(Figure 3L).In contrast, 100 pMACZcaused nahanges in the invasive behavior of U251_CA2 cells

(Figure 3K)showingBRZ to be more potent imhibiting invasiveness ifCA2expressingecells. In
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comparison,no differences in invasive behavior were observed without a stable CA2 expression
(Figure S4).

Next, weinvestigated ifsensitization to TMZ through BRZ treatment can be achieved, as previously
shown for ACZHannenet al,, 2019) Thus,U87_Ctrl and U87_CAZ2 cells were treated vall® UM

TMZ and U251_Ctrl and U251_CAZ2 cells with 30 uM ,Tédhbined with 100 or 400 pM ACZ or
BRZ forfive dayswith subsequent measurement of cell viabilifia 6CellTiterGlo® (CTGassay.
Interestingly the TMZ cedreatment with BRZcaused synergistic effects at even lower
concentrationswith stable CA2 expression in both cell lifegyure 4&C). In contrastonly ACZ at

a high dosage of 400 uM coulsugment the effect ofTMZ in U87_CA2omparedto U87_@&l
(Figure 4A)and in U251, the stable CA2 expression didreotforcethe synergistic effect of ACZ at

all (Figure 4C). Moreovestable CA2 expressn leadsto a more TMZresistantphenotype in both

cell lines (Figure 4A&Clhe synergistic effects &RZ and TMZ are visible in baA2expressing

cell lines whereas ACZ causedduced cell viability only in high dosage (Figure 4B&Byarding
cytotoxicity, treating ACZ and BRZ alod@ not impactcell viability. Only 400 uM BRZ showed a
slow cytotoxc effect in U87_CAZ2 cel{Figure 4B).

Thehighercapacity of BRZ than ARZ to sensitize to TMZ therapy was also observed in GSCs (Figure
5). Here three GSC cell lines were stimulated with TMZ for three or five days leading to an
upregulation of theCA2mRNA leve(Figure 5AC) GCS cell lines were treated with TMZ, ACZ, or
BRZ in combination or alone for ten ddifggure 5BG). Interestingly, in all three GSC cell lines, BRZ
in cotreatment with TMZ significantly reduced cell viabilitympared to TMZ monotherag§igure

5EG) with striking morphological changes sphere sizeand form (Figure 50 As for ACZnly a
higher dosge in cetreatment enhanced the TMZ effect arell viability significantlin two of three

cell lines(Figure 5E5) with striking morphological changes (Figure 5[3peaking for the low
cytotoxicity of ACZ and BRZ, no changes in morphology (Figure 5B¢lherability (Figure 56)

were detectedafter mono treatment Whether combined BRZ woulthe more effective than
combinedACZn longterm TMZresistant GSQEGSCTMZ (Hannenet al, 2019)was investigated

next With TMZresistance, strongly upregulatedA2and CA12mRNAlevelswere observed g <
0.001, Figure 6A&C), whereas CAA the contrary,was downregulatedp < 0.6 compared to
DMSO, Figure 6BMoreover, the p-gp and the bicarbonate cotransportesolute arrier family 4
member4 (SLC4AMMRNA levels werelevated withTMZresistance(Figure 6D&G)whereas the
MRNA level oMCT1land MCT4did not change (Figure 6E&H)he combined treatment of high
dose BRZ with TMZ inhibited cell viabilignificantlycompared to TMZnono treatment(Figure

6J)in those TMZresistantcells with highCA2mRNA (FiguréA) and proteinlevels(Figure S5)in
contrast, the combinatorialreatment of ACZ and TMZ did not reduce cell viabdignificantly
(Figure 6J). In addition, the GSC_DMSO celtlitheot showany significant inhibitory effectsvith

ACZ, BRZ, ACZ + TMZ, or BRZ +cbMpgared to TMZ treatment alonéicroscopic picture
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showedmorphologicakchanges with TMZ monotherand combinatorial therapy of ACZ and BRZ
but not with ACZ or BRZ monotherapy (Figure 6H).

Lastly,we aimed to discover the mechanisoh how BRZAaugmentscell death in combination with
TMZ. Since TMZ can induce autophaffyscamilleRamirezet al, 2020; Huet al, 2020) we
wondered if BRZcan enhance this effect, thereby overcoming resistance mechasjzrventing
autophagy.To target this, we tested fanicrotubuleassociated protein 1A/1Bght chan 3 LC3 Il
puncta formation visibleriaimmunohistochemistry (Figure 7A) and LC3II protein expression (Figure
7GG) LCallis the lapidated form of LC3I arid autophagosomeelated. An enhancement of
autophagyis measurableiathe conversatiorfrom LGl to LC3I(ScherzShouvakt al,, 2007) Next

to LC3Il, p62 proteitevelswere quantifiedto mark autophagic fluxFigure 7€5, (Bjgrkayet al.,
2009) Interestingly, with a combinatorial BRZ treatmeb€3Il puncta formation was enhancied
U251 CAZ2 cells (Figure 7A&Hpreover, an increased LCahd decreased p6@rotein expression
after combinatorial BRZ treatmemtere observed in U31_CA2 but not U251_Citrl cells (Figure
7C&D) Similar results were found in U87_Ctrl and U87_CA2 cells (Figurel@épver, three GCS
cell lines were tested witincreased LC3Il and decreage®R protein expressionAs forthe CA2
protein level,an increased signal was observedth TMZ monotherapy and significantreduction
after combinatorial treatmenbf BRZ and TMZ (Figure-@).

4.1.2 Description of own contribution

| participaed in the developmentof the experimental design anchethodologyand elaboratedand

analyzdthe datashownin Figure 1AC. Icompiledthe information on the patient¢TableS1&S?2)

4.2 The Metalloproteas®isintegrin ADAM8 Alters the Tumor Suppressorl8R5p
Expression Profile in Glioblastoma Therebyi@®miting to Its Aggressiveness

Agnes Schaféer, Lara Evers Lara MeierUwe Schlomann, Miriam H. A. Bopp, Giaica Dreizner, Olivia Lassmann,
Aaron Ben Bacha, Andre€aistina BenesciMlirza Pojskic, Christian Preu3er, Elke Pogge von Strandmann, Barbara
Carl,Christopher Nimsky and Jérg W. Bartsch
* These authors have contributed equally to this work.
(2022) Frontiers in Oncologyl2. DOI:10.3389/fonc.2022.826273

4.2.1 Scientific sumany

Disintegrin and metalloproteases (ADAMS) participate in the mediation of tumor cell adhesion and
migration as well as intracellular signalifMurphy, 2008) ADAMS is one particular family member
contributing to the aggressiveness and progression leading to a pognesis in several tumor
entities including GBM, breast cancer and pancreatic ductal adenocarci(idaficovskayaet al.,
2007; Heet al, 2012; Romagnokt al, 2014; Conracet al, 2019) As a multidomain enzyme,
ADAMS8 mediates signaling pathwayisi its cytoplasmatic domain (CD) and disintegrin/cysteine
rich domain (DIS/C¥Y&h). Thisoccurseither in anEGFRndependentmanner (Schlomanret al,
2015; Conradet al, 2018)or EGFRlependent manner(Liu et al., 2022b) Moreover, ADAM8
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Ay i SNI Olingegrig AclivitingiFAK andhe PI3K/AKBignalingpathway (Schlomanret al.,
2015; Awaret al, 2021)and it mediates the STAT3 signaling cascédet al, 2021) Giventhis
diverse and criticalnfluence of ADAM&n signalingpathways, we hypothestel whether the
regulation of mMiRNAby ADAM&lays a role in mediatinthis influence MiRNAscanmodify many
cancerprogressioArelated pathways(Ali Syedaet al, 2020)by posttranscriptionally regulating
protein expressio (O'Brienet al,, 2018) Through binding to specific target mMRNAs, miRNAs lead to
the inhibition of transléion or evento the degradation ofmRNAs as part of thRISGcomplex
(Fabianet al, 2010) In GBM, he tumorsuppressor mil81a5p is downreglated andtargets
oncogenic proteins like osteopontiiCiafreet al,, 2005; Wanget al,, 2015; Marisettyet al, 2020)
and Bcell lymphoma 2 (BCLZ$hiet al,, 2008; Hu, 2010)Moreover, miRL81a5p is predicted to
regulate members of the MAPK pathwafLiu et al, 2013; Wanget al, 2017b) The MMP
expression correlatewith ADAM8in GBM andreastcancerderived brain metastasigConradet
al., 2018; Gjorgjevsket al, 2019) MMP9 is upregulated in GBMMusumeciet al, 2015)and
promotes especiallytumor invasion migration, metastasjsand proliferation (Huang, 2018)
Exploringalso the influence of ADAMS8 omxtracellular signalingwe thematizel EVs, whictare
critical mediators of cellular communication in the tumor microenvironment #sey contain
proteins, lipids and nucleicacidslike miRNAsas cargo(van Nielet al., 2018) In this study, we
investigated the influence of ADAMS8 dntra- and extracellularsignaling pathways throughs
alteration of miRNAexpression profiledurther exploringits correlation to MMP@nd its effect on
tumor cell proliferationin GBM.

To investigate the influencef ADAMS8 orthe expression omiRNA, we generated stablADAMS
knockoutclones of U87 cells (U87_KO) wilie clustered regularly interspaced short palindromic
repeats/CRISPR associated proteiflCRISPR/CasBomologus recombinant methodising two
guide RNAsTwo representative KO clondsl87_KO1 and U87_ KO®&Egre selected for further
analysisand compared to UBTCTRL cells with endogenous ADAM8 expressioa successful KO
of ADAM8 was verified on mMRNA le¥Elgure 1A), protein level (Figure 1Bhdin cell culture
supernatantsvia enzymelinked immunosorbent assay (ELISA, FigureN&X, a miRNA PCR Array
(Human Finder) wasonducted screening 84 different miRNAgith additional controlsin U87_
clonesand U87_CTRL ce{lKgure D).Especially four miRNA®IR19a3p, miR29b-3p, miR130a
3p, and miR-181a5p, were highly upregulated in U87_KO1 and U87_KO2 compared to U87_CTRL
cells.Since only miR81lab5p was upregulatedria ERK1/2 inhibitior{Supplementary Figure) 2ve
focused on thisniRNArepressed by ADAME:irst, we confirmed théighly significanmiR181a5p
upregulation in the twaepresentativeKO clonesompared to CTREigurelE) and ten KO clones
compared to tenADAMB8expressingclones (Supplementary Figutg. To expand this observation
on other GBM cell lingave tested U251, G28,1G2, three @tient-derived GBM cell lines (GBM29,
GBM98, GBM42and threepatient-derivedGSC$GSC 2016/240, GSC 2017/74, GSC 2017fa51)
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miR-181a5p (Figure 1F) anADAMBmRNAexpression(Figure 1G)Resultsvere normalized to the
expression in U87, respectivelpterestirgly, a higher expression of miB8la5pin GSC(< 0.01)
was observed whereas theADAMS level was comparatively low.Pearson correlation analysis
revealed anegativeassociation betweemiR181a5p andADAMSIn GSCs (Figurk]), which was
not verified in GBM cells (Figure 1H) and primary GBM cells (Figurédditionally the
downregulation of ADAM8accomplishedthrough small interfering RNAS(RNA in GBM42
(Supplementary Bure 3A) revealed an elevated miR81abp expressionJupplementary Figure
3B).Since U87 and GBM42 showed the high&B®AM8level, those cells were selected for further
analysis.

Next, we aimed to investigate thmiR181a5p downreguléion through ADAM8 mechanistically.
To target this, ADAM8xpressing U87 cells were treated with either BatimastatgBBBrown,
1995)as broadspectrum inhibitor of metalloproteases or with the selective ADAMS itdvilBk
1361 (Schlomanret al., 2015)(Figure 2A)Treating cells with BB4 led to a slight, not significant
tendency of higher miRL81a5p values whereas the treatment with 5 or 1M BK1361
conducted in asignificantly higher miR181a5p expression(p < 0.05). Focusing onADAMS
mediaed signaling through it€D domain, a transient 1&xpression oADAMS lacking this critical
domain (Delta CDYr afull-lengthtransient rescue of ADAM8 (hA&psaccomplishedn U87_KO2
cells and confirmedvia western blot (Figure 2B) Interestingly, the fullength ADAM8 rescue
resulted in miRL81a5p downregulation (Figure 2B, right). Contraty this observation the
transfection of the Delta CD variant of ADAM8 did not change thel®iR5p expression (Figure
2B, right).Moreover,a slighttendency of higher pSTAT3 occurreneas observed withiull-length
ADAMS8but not Delta CD variant rescy€&igure 2B)TreatingU87 (Figure R) and GBM42 cells
(Figure 2EWith the STATS3 inhibitor WP10§Bvamaruet al,, 2007 resulted in elevated miR8la
5p levels |f < 0.05 and < 0.001, respectively)n addition, MEKZ2 inhibitor U0126(Favataet al,,
1998)treatment resulted in a slight upregulation of miBB1labp in U87 (Supplementary Figuté,

p < 0.05) ando signifiant trend of higher miRL81a5p level in GBM42SupplementanyFigure 4B,
p=0.052).

The question appeared whether tiEeDAMB8induceddownregulation of miRL81a5p contributed
to the aggressiveness of GBiNI vitro. The upregulation of mi@81labp in U87_KOZells was
accompanied with a reduced proliferation rate (Figure 3A, p < 0.0001):18GR5p mimic
transfection also attenuated the cellular proliferation in U87 cells (Figure 3B, p < 0.05). MMP9
expression levels are associatwih elevatedproliferation in GBMXueet al, 2017; Huang, 2018)
and a strongdownregulationof MMP9 mRNAwasseen in U87_KO1 and U87_KO2 (Figure 3C, left,
p < 0.00). This effect wasatially recapitulated with the miR81a5p mimic transfection in U87
cells (Figure 3C, right,<0.001). Next to significantly decreasstMP9 mRNA leveldgess secreted

MMP9 wasmeasunble in cellular supernatants (Figui@D, left p < 0.05) and less MNP9 was
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detectedviawestern blot analysim cell lysategFigure 3D, rightComparably, miR81a5p mimic
transfectioninduced decreased3P1 and secreted osteopontitevels (Supplementary Figur@).
Since there is no direct binding side of Mi&lLa5p to the potential target mMRNA MP9, we
aimed toinvestigatean indirect influence of mi281a5p on the MMP9 expressiomterestingly,
critical members of the MAPK pathwaf;RER, MEK1 and ERK2 are distinguished bya
complementary sequence and binding side for miRla5p predicted by omiRDE and
GTargetScahprediction tools (Supplementary Table ¥Western blot analysis revealatkcreased
protein levels of pERK1/2 amCRER and no influence otheir unphosphorylated formsduced
by miR181a5p mimic transfection(Figure 3E)Moreover, the inhibition ofMEK1/2 by U0126
resulted indecreased MMP9 protein level in U887 and GBM42 (Supplementary Figurné&eas
the miR181la5p mimic transfectionhad no influence on STAT3 or pSTAT&usin U87 and
GBM42 (Supplementary Figure 6).

Next to the intracellular influence of ADAM® signaling cascadesa miR181a5p inhibition, we
aimed to explore its extiellulareffects in theTMEthroughEV secretionFirstly, we separated EVs
from cellular supernatants ofu87_CTRL, U87 _KO1, and U872 Kid characterized them
regarding their size and concentration (Figd#&B). Interestingly, a higher occurrence of daral
EVs secreted from both KO clongas observed compared tsecreted EVs from U87_CTéeels.
The successful EV separation was verified with the presence of FLATHAINCD81 EV markers
OCATdz2NB n/ 0 |yR (KS -TUBULIS Ko teehiedominfnty%exptessedliny R
the cellular fractionsAfter characterization, EVs were tested for rii&la5p occurrencegFigure
4D).The presence of miR81a5p wasmeasurablein EVs derived from U87_CTRL, U87_Kdd
U87_KO2 cellsvith a tendency ofa higher amount inrKOderivedEVs.To ensure that higher miR
181a5p occurrencein U87_KO derived EVs is due to the higteltularamounts of miRL81a5p,
we transfectedU87_CTRL cells with mlR1a5p mimicbefore EV separatiomesulting intwenty-
eight-fold higher miR181a5p presence in EMSupplementary Figur8). Moreover, the possile
uptake of EVs was demonstratedia carboxyluorescein succinimidyl estelCESESstaining and
immunofluorescence SupplementaryFigure 9A). The incubation ofU87 cells with U87_KO2
derived EVsdecreasedMMP9 expressionSupplementaryFigure 9B Moreover, incubatingJ87
cells with EVs derived fromiR181a5p mimic or inhibitortransfected cellsdemonstrated the
crosscell influence of miR81a5p wrappedin EVs $upplementary Figure 9C). EVs from mimic
transfected cellsshowed an inhibitory effect o soluble MMP9 occurrence whereasEVs from
inhibitor-transfectedcells did not.

Lastly, we examinedthe possibility of transferringour in vitro results to clinicalobservations
investigatingumor tissue sample derived from twentytwo patients diagnosed with primary GBM
IDH wildtype (Table 1 omparing the mRNA expression levelADIAM8and MMP9 with miR
181a5p, the high upregulationof theseoncogenesvas visible Figure 5Ap < 0.001) Afterward,

21



4 Summary of the publications

the patients were divided into subgroups according to high or AMAM8or miR181a5p levels
(SupplementaryFigure 10). Interestingly, MMP9 was upregulated in the subgroup with high
ADAMS8expression (Figure 5B = 0.00). Thisstrong connection was confirmely their high
positive correlation in mMRNA expression levels (FigurelB@pntrast,no high or low miRL81a5p
associationwas observed wh high or lowADAM8and MMP9 levels(Figure 5B). The mRNA levels
of ADAM8and MMP9 showed no correlation to mi®81a5p (Figure 5D)The single miR81a5p
expression patterns listing each patient ademonstrated in Figure 5C.To limit the high
heterogeneity of GBMto a certain extent, waleterminedthe ADAM8 MMP9, and miR181a5p
levels in tissuesamples obtained byWR-spectroscopyguided surgery from a selected patient
(Figure 5E) Deailed histological and spectroscopimformation on every tissue part are
summarized in Supplementary Talfe Interestingly, starting from nomrtumorous access tissue,
high miR181a5p and lowADAM8and MMP9values were detected, but witfurther approaching
the tumor core, low miRL81la5p and highADAM8 and MMP9 values weremeasured(Figure
5F&G). Moreover, analyzing mi&8labp occurrence in serusderived EVs of threeselected
patients suffering from initial GBM with a subsequent recurrendecreased levels & the first
surgery (Figure 5H) and a tendency of elevated levels #igisecond surgery (Figure Sdere
measured Moreover, comparing the occurrencef serumEVsseparated before the first and
second surgerya significant decrease of the tumeuppressor miR81a5p was measured before
the second surgery (Figure 5J).

In conclusion we summarized our findings schematically in Figure déscribing the
ADAMS/STATBMAPKMIR-181a5p/MAPK/MMP9 axis red a new mechanism of ADAM8

regulating critical pathwaygromoting GBM progression.
4.2.2 Description of own contribution

As a personal contribution tothe publication experiments were performedincluding planning
their seup and analyzingind designinghe resultsof FigureslA-C, Figure 1H,Figure 2, Figure 3,
Figure 4, Figure 5&, Figure 58, and Supplementary Figurgs3-10. | participated in writing the
manuscript In addition the medicaldoctoral candidateand human biology students Lara Evers,

Gan-Luca DreiznerQivia Lassmanrand Aaron Ben Bachaorked under my supervision.

4.3 Identification of Dysregulated microRNAs in Glioblastoma-ker@ells

Lara Evers*Agnes Schéafér Raffaella Pini, Kai Zha8usanne Stei,
Christopher Nimsky and Jérg W. Bartsch
* These authorhiavecontributed equally to this work

(2023),Brain Sciences3%2): 350. DOI:10.3390/brainsci13020350
4.3.1 Scientific summary

GSCare distinguished aa small but powerfulseltrenewing subpopulation of GBM tumor cells
(Lathiaet al, 2015) They arepartially responsible fodevelopingGBM recurrence du¢o their
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inducement ofradio-/chemoresistane (Garnieret al, 2019)or occurrence in perivascular niches
Their ability to differentiate ito multi-lineagescontributesto GBM heterogeneity(Lathiaet al.,
2015) The miRNA expressiomafpern changesduring GSC differentiatiomto astrocytic tumor
cells and GCs areproposed to have a unique miRNA expression prg¢fleeaet al, 2016) As
miRNAs aresignificantposttranscriptionallymodulators ofgene expressiofO'Brienet al., 2018)
they highly influence critical cancprogressiorrelated pathwayslike proliferation, apoptosis, and
angiogenesis . dzNXJeh al,y2020) Here, we investigated the changes in miRNA expression
pattern during GSC differentiaticand revealedessential miRNAisvolved in the GSC maintenance
and GBM progression.

Firstly,three patient-derivedGSC cell lines (2016/240, 2017/74, and 2017/1&dre characterized
regardingtheir stem cell phenotype and propertyf differentiation. Theclinical information and
histopathological featuresare depicted in Table 1Based ontheir morphologicalcharacteristics
GSCs grew amn-adherent neurospheres (Figridl A, left) After their differentiation, the cells grew
as attached monolayers and exhibited long and-staiped protrusions (Figure 1A, righn the
molecular levelhigh mRNAevelsof the establishedcancer sterdike cell markerCD133Singhet

al., 2004; Liuet al, 2006; Bezegar Behroozt al, 2019)were detected in GSC celith a
significantdecreaseduring differentiation (Figure 1B, left). On the contratile MRNA expression
of glial fiber acid protein (GFAR} a hallmark of reactive astrocytasd intermediatefilament
(BIGNAMI and DAHL, 1978as lowin all three GSCs and elevated with differentiation highly
significantly (Figure 1B, righjo deeper characterize the stemnessorecancerstem-like markers
were tested(Lathiaet al., 2015) At the mRNA level, SOX2 and Nestin showed less consistent trends
(Figure S1B&C) and CD44 was increased in differentiated cells (Figure@ARyotein was highly
expressed in all three GCS cell liméth diminished occurrence in differentiated celishereashe
GFAP levslwere induced withdifferentiation (FigurelC&D) Noticeable is the cleadistinction of
those protein markers in 2017/74 and 2017/151, whereas 2046/ showedfewer intrinsic
differences anghallowGFARevels

A pathwayfocused miRNA PCRraywas conducted to analyzae changes in miRNA expression
patternswith GSC differentiatiofFigure 2A). To realize this, miRNA samples from all B&€ cell
lines or their corresponding differentiated cells were pooled amked at the same miRNA
concentration. The heatmap in Figure 2A describes ailjhty-four tested miRNAswith an
upregulation (green) and downregulation (red) in GS@a.scatter plot analysistwenty-two
miRNA were found to beoverexpressed in GSCs, whereas nine miRNAs were overexpressed in
differentiated astrocytic tumor cells (Figure 2BJiRNAs werdnterpreted as dysregulated with
exhibiting fold regulation > 2 or < 2 using tb@iager analysis tool Detailed analysisof those
thirty-one miRNAs revealed ten highly dysregulated miRNAgure 2C and Table 2). Table 2

summarize the thorough literatureresearch on those ten miRNAgcusingon their generalrole
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and current statusn GBM and GSONotably, four members of theet-7a miRNA family and miR
223-3p were highly expressed in differentiated cellsnown as tumorsuppressor miRNAIn
particular, miR223-3p enhanceghe radiation sensitivity by targetinthe ATM(Lianget al,, 2014)

and all four letra miRNA familynembersand miR223-3p are predicted to target the steilike
marker Musashi2 (Kehlet al, 2020) Contrary,miR4255p, miR17-5p, miR30c5p, miR424-5p,
andmiR-195-5p feature astronglyelevated expression iBSCs.

Of those ten highly dysregulated miRNABR425-5p, miR17-5p, miR223-3p, and let7a5p were
consideredmost potentially involved in GSC differentiatidiiable 2).Before further functional
analysis, we aimed to validatbe observationsof up- or downregulation with differentiation in
each GSC cell lireeparately(Figure3A&B,Figure S2)MiR-4255p wasthe most consistenthand
significantlyupreguated in each GSC cell lirexcept 2016/24Q showing only a trend of lower
expression in differentiated cells (Figure 3A&E¥s0, miRL7-5p was verified as highly upregulated
in GSC=xcept for 2016/240 (Figure B8R The upregulationof let-7a5p and miR223-3p in
differentiated cells could not bealidated (Figure S2B&C)

Focusing on miR255p asthe most consisterly overexpressed miRNA in GSCs, we aimed to
explore its potential role imaintainingthe GSC phenotypay targetingGFAPFor this purpose, we
transientlytransfected the patienderived GBM42and GBM10@ell lines with a mil#25-5p mimic
(Figure 3Cand tested forprotein levels of the known target PTERhouet al, 2020)and the
omiRPathDB 2dpredictedcandidate GFAKehlet al., 2020)(Figure -G).Indeed, the miRI25

5p transfection significantly reduced GFAP and PTEN expression in GBNtioe BD&Ep <
0.05) Contrary, the inhibition of GFAP and PTEN by4885p mimictransfection was not verified

in GBM2 cells (Figure 3F&G).

The ten most dysregulated miRNAsth GSC differentiatio(Table 2) were further analyzed
bioinformatically bya Y& 2 G2 9 0@ Of 2 LISRA I KHGG BRighSeént ahafyits DSy 2YS.
(Figure 4A).Depicting the numbers and significanceof miRNAs involved in critical cancer
progressiorrelated pathways,i K S LI ( K ¢ | $athwayq r&galstihgt plurpaency of stem
cell€l YR -laY & o0& A 3y | f thryed out th be ke rhodtsignificant and in GBM important
influenced signaling cascadesthe miRNA/MRNA target relationshipcluding all ten miRNAs
Y2RdzE F GAy3 a{AIyrfAy3a LI dKgl &a NI I dsdépictadyha LI dzNR L.
Figure 4B as chord plot visualizingthe miRNAcontribution to either GSdlifferentiation or

maintenance
4.3.2 Description of own contribution

| designed performed, and analyed the experimentsin FigurelC&D, Figure 34, Figure $AC
and Figure S2&. Moreover, | contributed to reviewing and editing the writing part of the

manuscript.The medicaldoctord candidateLara Eversvorked under my supervision.
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5.1 Inhibition of Carbonic Anhydrase 2 Overcomes Temozolomide Resistance in
Glioblastoma Cells

Based onour grollJQ& LINB @A 2 d@gdanneddzoal., 2Q1B) (iwke Aiyied to explore the
mechanistichackgroundof the sensitizationto TMZ treatmentvia ACZin TMZresistant GSC$or
the first time Hannenet al. revealed CA2 to be inducedn TMZresistant GSCs angatient-
matched rGBM tissuescompared to their IGBM, respectivepn=8) We expanded the patient
cohort with additional ten patient-matched samplesand confirmed the upregulation of CA2 in
rGBM.Under physiological condition€A2 isnainly expressed bgligodendrocytes andherefore,

in myelin sheathgKumpulainen and Korhonen, 1982; Haapasslal., 2020)and shows variable
expression patterns in astrocytesiggesting relatively low levglRousseét al., 1979; Kimelbergt
al.,, 1982; Snydeet al,, 1983;Haapasalet al, 2020) Contrary, Ghandour and colleagues found
CAZ2 highly expressed in astrocy{€@handouret al,, 1981; Stridhet al,, 2012) Interestingly CA2
was also found in amoeboid and reactive microglial cellwhile resting microglial cellsvere
negative for CAZNOgradi, 1993; Haapasaé al., 2020) Althoughthe CA2 expressiony reactive
microgliamust be further validated, an accumulation of CA2 in rGBM coulgdréally due to the
expansionof TAMsin rGBM (Cosenz@ontreras, manuscript in preparatiosince TAMgonsistof
tissueresidentmicroglia and invadedone marrowderived macrophagesTAMscan make up to
40% of the tumor mass anare known to support tumor growth byeleasing abroad panel of
factors stimulating tumor growth and vasionin GBM (Buonfiglioli and Hambardzumyan, 2021)
Hence, ti would be interesting tanvestigatethe CA2 expression in TAMad their influence on
glialtumor cells Forinstance Yeet al. observed a higher invasive potentiafl CD133 GSCsfter
being cocultured with TAMs and traced this observation bacthérelease of TGFL by TAMs
inducing MMP9 expression in GS(¥e et al, 2012) Thus extracellular acidificatioras one
significanttumor-promoting result of CABverexpressiorfLindskog, 1997; Parkkila, 20@®uld be
causedby CAZ2expressing tumor cells5SCsand also byCA2expressingumor-promoting TAMs
activating signal transduction and proteolytic pathwaysvhich lead to more aggressiveness
facilitating invasion and metastatibehavior (MartinezZaguilanet al, 1996; Raghunaneét al,
2003) In a study of two hundredifty-five diffuse astraytic and seventpne oligodendroglial
tumors, Haapasaloet al. demonstrated the highest expression of CA2 in glioblastoma and
2f AA2RSYRNRIAEA2YlF gAGK Ly | O0O0dzvydzE I GA2y Ay (Gdzvy2NJ (
which underliresthe metabolicfunction of CAZHaapasale@t al., 2007) In meningiomas CA2 was
positively correlated with tumor proliferation rates and histological grade (Korhonen et al., 2009),
which highly underlineshe oncogenicrole of CA2In agreement with these findingsur 6TCGA
and 6GTEx analysis revealed a significantly higher expressionCé2in GBM tumor tissues

compared to normal braisamples
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In low-grade astrocytomas and grade4 glioblastoma,CA9 immunostaining ighe most dominant
comparedto CA2 and CA12 shavg only faint signas (Haapasaleet al, 2020) Proescholdt and
colleagues found Fnof testedGBMs tobe CA9 positivéProescholdet al., 2005; Haapasalet al,,
2020) We observedan opposite expression trend @A and CAL2 to CA9. Our patient-derived
GSCs expresd sigrificantly higherCA2and CA12mRNAlevelsthan GBM cellswhereasCA9was
enriched inGBM cellsThe small subpopulation GS@istinguished as source of rGBMLathiaet
al., 2015)couldmake up the faint CA2 immunohistochemical stairimgjcated inHaapasalet al,
2020, in line with our observation of higher mRNA Ieval this subpopulatiorcompared to GBM
cell linesand in line withthe CA2 cdocalization with ©X2* expressing GSGs three selected
patients Even thoughwe did not detect changes i€D133levels comparing rGBM and iGBM,
which indicaes no increase of CD1335SCs in rGBM, we saw a significant increase irp-ne
MRNA expressioim rGBM For one thing, tb upregulation of this drugfflux protein displayshe
multidrugresistance mechanisr{Seelig, 2020)Onthe other hand, this also might indicatbe
evaluated presence of a GCS fraction sipap is highly activated in GS{@3aoodet al., 2008;
Rodriguezet al., 2022) As expectedwe sawCA9highly upregulatedwith DFGinduced hypoxia
independent ofCA2and CAl2expression, which were comparably |l@ffected This observation
indicatesthe critical roleof CA9during hypoxia, a hallmark of GB#arris, 2002; Park and Lee,
2022) CA9 is located on theurface of hypoxic tumor cells, where it daydrate carbon dioxiddo
bicarbonateand a proton.Bicarbonate came converted back t@arbon dioxideby cytglasmatic
CA2and diffuse back into the extracellular spactosing the circl¢Parkkila, 2008and leading to
proton accumulationin the extracellular compartment thereby contributing to acidification
(Swietachet al., 2007) RNAIi experiments also show that CA9 is crucial for tumor suranal
growth in hypoxigRobertsoret al,, 2004) and CA9 $ described in several brain tumomscluding
astrocytomasasa hypoxiainduced factor(Haapasal@t al., 2020) In one particulastudy, Erpolat
et al.verified CA9 evaluated with hypoxia or as a single factbigh-gradeastrocytomagn=172),
indicating shorteoverallsurvival and suggest usinga combination of hypoxic predictive markers
such asCA9, osteopontin, and HNrh (Erpolat et al, 2013) Thus,we confirmed the strong
induction anda critical rolefor CA9 under hypoxic conditions GBM.

Neverthelesswe mainlyaimed to describe the CA2 expression in GSCs and.r&8Mreguldion

in rtGBM tissugtogether with pgp, the ceexpression with @X2, and the upregulation in GSCs
speaks for itBut there is a need to validateur resultsby exploiting an expanded patient cohort
and, for instance, testing a expression of CA2 witlh marker for GSCs, but also a marker
expressed by théroadtumor bulk such asGFAPOurresults support tk initial findings inHannen
et al. that CA2 is upregutad in rGBM and associated with GSElsre importantly, Hannenet al.
found CAZ2enrichedin TMZresistant GSCs, indicatirtgat CA2is part of a critical resistance

mechanisnthat urgentlyneeds further exploration
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Unlikethe isozymesCA9 and CAL1Z A2 is a cytosolic protein located at the inner cell membrane
(Haapasalet al, 2020) The zinecontaining enzymesatalyzethe key reactiorfor pH regulation
the reversehydration of carbon dioxid¢CQ + HO <=>HCQ@ + H) (Meldrum and Roughton, 1933;
Lindskog, 1997Manyof them, also thewidely expressed CA2, are associatéth specifictumor
entities (Haapasaloet al, 2020) As a proton exchanger, CA@ntributes to extracédular
acidification which is linked to tumor progressiofifarkkila, 2008)On the other side CA2is
reported to enhance thelactate transport through drect binding tothe Gterminus of MCT1
(Beckeret al, 2005; Stridhet al., 2012)and MCT4(Beckeret al, 2010) In cancer carbonic
anhydrasesincluding the isozyme CA2 contributeaerobic glycaglsis (Warburg Effegtgnhancing
the symport oflactate with a protonby, for instance directly binding MCT{Beckeret al., 2005)
thereby contributing toextracellular acidificatior{(Swietachet al, 2007; Becker, 2020Recently,
CA2was suggested to interact with thmain proton pump vacuolar ATPaseducing extracellular
acidification and caimolling the energy flow(Paunesctet al., 2008) Since many drugsncluding
TMZ function under physiological pH valuegStéphanou and Ballesta, 2019he extracellular
acidificationinduced by CAZ2s contra-productive for efficient therapy. Hencewe hypothesized
that the extracellular acidificatiomausedoy CA2 is one resistance mechanism of G8A3BM and
can be targeted by carbonic anhydrasdibitors. To explorethe metabolic influence of CA2ye
overexpressedthis metalloenzymein two GBM cell lines. Indeed, we confirmed higher
mitochondrial basal respiration, ATP production, maximal respiratoa glycolytic activityby
measuring the OCR and ECAR leVdiss, we could confirm the functional overexpression of CA2
in both GBM cell linessaa basis for further experimentSimilarly,Silagi and colleagueseasured
the extracellular acidificatiorassociatedwith CA9 and CAland their dependencyon the
transcription factor HIfh nucleus pulposus cells withotgferencingCA2(Silagiet al., 2018)

Asan additional experiment underlining thencogeniaole of CAdn the TMEwe observed higher
infiltration rates with a stable CABverexpressionin U251 This observation waparticularly
interesting sincehe aggressivenvasionis one GBM hallmark shared by all GBM subtypes leading
to the impossibilityof removingthe whole tumorby surgery(VollmannZwerenzet al., 2020)
Extracellular acidification is induced lpoarbonic anhydrase as shown by us and otherEirstly
described in melanoma cellsylturing tumor cells withthe medium of acidic pH value leads to
higher invasion rates througtelatively moreactivated gelatinase B (MMP@YlartinezZaguilanet
al., 1996) Now it has been discoveréhat the charge inpH valuein the TME ca stimulate the HIF
function (Filatovaet al.,, 2016)and activatesMMPs(Conget al., 2014) which consequentiieadsto
enhanced degradation of extracellular matrix proteins like gelatin, collagen, laminin, and
fibronectin (Zhonget al, 2010) thereby causing higher invasion rate3he hypoxiainduced
transcrption factor HIFenhancesthe CA9 expressiofBwietachet al., 2007) creating apositive

feedbackloop. HIFnducesglycolysighroughits transcriptionalupregulation ofglucose transporter

27



5 Discussion

and glycolytic enzyme@®asteur, 1861; Kierans and Taylor, 20Zb¢ resultingenergyin the form

of ATP andiosynthetic precursors essentiafor cell divisionjnvasion and migration(Zhouet al.,,
2022) This could describe an indirect mechanishCA2 indumg glycolysis and invasion, next to
its known binding to MCT1/dupporting the lactate/proton sympoitBeckeret al., 2005; Beckeet
al., 2010) Because othis pH changedn the TMEthe high expression of CA2 neovascularized
endothelialcells(Haapasal@t al., 2007) and its expression in astrocytes, which argicalfor the
formation of the BBB(Watkinset al, 2014) one could hypothesize that CA2 also suppdhe
infiltration of bone-marrow-derived immune cellsHaapasalo and colleagues depicted a clear
association between high CA2 expression in endothelial aetispoor prognosis in patients with
astrocytoma, undelining the importanceof deeper analysis of invasive behavior associavét
CA2 expressiorMoreover, it has been studied that extracellular acidification is associated with
inflammation (Okajima, 2013)For instancean acidictumor microenvironmentwas accompanied
by human neutrophil activatiorand apoptosisrepression(Trevaniet al., 1999) We described the
role of CAZnducinginvasionin GBM for the first timeStill, Tachibanand colleaguegreviously
saw this connection in urinary bladder cancinding CADy proteome analysis angerifyingtheir
results with immunohistochemicataining(Tachibanaet al,, 2017) Thus further investigations are
necessary to explaithe mechanistic background behir@A2inducedinfiltration. Usingthe CA2
specificinhibitor BRZ resulted ia higher inhibition of infiltratiorthan the broadspectrum inhibitor
ACZn CA2 overexpressing cebpecificallyindicating CA2 to bthe crucial isozyme of the carbonic
anhydrase family inducingxtracellular acidification andubsequentinfiltration, reinforcing this
theory, without a stable CA2 overexpressiamgither BRZ nor ACZ induced changes in infiltration
patterns Hence,animmunohistochemicabr realtime-quantitative polymerase chain reactioRT
gPCRbased characterizationregardingthe & LIS OA F A OCA2 XxprdsSoyi (céuld enable a
personalizedherapy targeting CAand GBM infiltration potentiallycontributing tothe prevention

of recurrence.

We deeper analyzed themechanism behind the usage of ACZ and BRZ, startilgmeétabolic
changesACZ is panCA] and a & @d and Drug Administratioré (FDA) approvedrug in clinical
use againstglaucoma(Lemonet al, 2021) BRZhas been reported to have similar efficiency in
treating glaucoma(Sugrue, 2000; Supuran, 2008} in gliomaghe cotreatment of ACZ with TMZ
shows synergistic effec{®aset al., 2008; Amirket al, 2016; Wuet al, 2018)and is nowin phase |
clinical studyfor acombinedtreatment of iGBMand rGBMpatientsin the Universityof ChicagpUS
(httpsy/ clinicaltrials.gov; Study Number NCT030116¥dcessed on 06 March 2023haoet al,
2021) As a parCAl, ACZ targetsarbonic anhydraseswolved in tumor suppressiorfor instance,
CAlOacts as a tumor suppressotlt is downregulatedby promotor CpG methylationvith an
implication in cell proliferation and apoptosdemonstrating its role aa prognostic risk factor in

renal cell carcinomdLiet al, 2022) To circumventundesirableside effectswe also testedBRZ
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with a high efficiency against CAR value = 3 nM) reported against the fulength enzyme
comparedto the K value of12 nMin the caseof ACZSupuran, 2008)AlthoughBRZalso functions
highly efficiently againstthe catalytic domain of CA1X value = 3 nM)the efficiency against the
full-length enzyme is unknown and usudiiigherby orders ofmagnitude(Supuran, 2007, 2008)
BRZalso features & value of 0.9qM for the fultlength isoform @6 and2.8 nM for CA7Although
CAG6 is predominantly expressed in salivary and mammalian g{&ugsiran, 2008)CA7 is highly
expressed in neuronand takes part in neuronal signal transduction in hippocampal neurons
(Ruusuvuortt al, 2004; Haapasalet al., 2020) soside effectdargeting neurons have tbe ruled
out beforeclinical usageAlthough we did not observe any toxic efféctating @M cells with ACZ
or BRZ alone, the combination with TMZ reducedlular viability, which shall be discusdselow.
Hence, theimpact of ACZ and especially BRZcombination withTMZ on neuronsand other
surrounding cellsshould be addressedh further experiments, potentially by treating primary
mousederived brain slicesand subsequent staining for apoptotic markers lkenexin V (Rusch,
manuscript in preparation).Nevertheless, reating CA2 overexpressing GBM cellgh ACZ
compared to BRZ resulted in the downregulation of OCRs and ECARs only in cell lines
overexpressing CARdicating the critical role of CA®%jith a higher potency observed with ACZ
We ascribed this observatiom the additional inhibition ofCA9 and CAlthrough ACZ and not
BRZjndependentof CA2 expresseand part ofthe regulation of the pHalueand ATP production
contributing to extracellular acidification gliomas(Parkkila, 2008; Haapasabal., 2007)

To our knowledgewe were the first groupto describethe more powerful sensitizationot TMZ
inducing cell deathby treating CA2 overexpressi@BM cells and CA2 expressing patigatived
GSCsvith BRZ than with AC&uggesting a potential mechanism to overcome Fbkstanceand a
critical role of CAZin rGBM. Similat Mujumdar and colleaguesynthesizedderivates from
psammaplin C (1the product of primary sulfonamidegnd identified compound 5%8s apotent
inhibitor of CA12 (Ki = 0.56 nM) with further verificatioh overcoming TM#esistance in an
orthotopic, patientderived GBM xenograft mod@Mujumdaret al,, 2019) In another study, Boyd
and colleagueshowed a regression of GBM xenograftated with TMZ and SI1-@111, aCA9 and
CA12 inhibitor inducing DNA damage and cell cycle aimestro (Boydet al, 2017) These results
highlightthe promising potential okelective CAlf target specific CA isozymegith minor side
effects. Moreover, celecoxibacts as a selectiv€A2 inhiiior and is a cyclooxygenase inhibitor
(Knudseret al,, 2004; Di Fioret al., 2006; Haapasalet al,, 2020)in a currently completectlinical
trial combinatory witheight other repurposed drugs in the combinatorial treatment with TMZ in
rGBMin Um, Germany(https:/ clinicaltrials.gov; Study NumbédCT02770378accessed on 06
March 2023).Interestingly,we observeda more TM#esistant phenotypan CA2 overexpressing
cell lines higherCA2mRNA level after TMZ treatment in GS&@sd CA2and CAl12were highly

upregulatedin TMZresistantGSCs. At the same tim€A9was downregulated. Athese results
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indicate that CA and potentially CA12 areart of a resistance mechanis, while CA9 is
downregulated as a reactido TMZresistanceThe CA9 downregulaticas a consequence of TMZ
resistanceremains to be explainedSince CA9 is highly influenced by extracellular acidification
(Sedlakovaet al., 2014) describingthe TMZ influence on extracellular pitlues would be
interesting TMZefficiencydepends highlyn the pHvalue, which should beptimally aroundthe
physiologicalevel of7.4 (Stéphanou and Ballesta, 2018}ill, thepotential influence of TMZ on the
pH value angthereby, onCA9 remains to be discovered

GSCsombineseveralmechanisms tavoid TMZ or radiotherapynduced cell death, including slow
cell cycle kinetics suggesting a quiescent state, DNA repair mechanisms, mulkisisignce and
exploiting the hypoxic microenvironmemixpressing HH-"(Jacksoret al, 2015) We ascribe the
high presence of CA2 found in Zivksistant GSAe aresistance mechanisifiHannenet al., 2019)
which can beovercomeby specific CA2 inhibition witBRZ more efficiently than with the p&Al
ACZn a TMZ cdreatment. Asalsoproposedby Ortizet al., we enhance the effect of TMEy using

a pHregulatingagent, directly targeting CA2 and inhibiting extracellular acidificattatill, there is

a needto confirmthe influence of BRZ on the intracellular pelues sincave only measured pH
values extracellularlyThe importance of direct intracellular pH measurertsee emergesfrom a
literature searchsincethere was an assumption of acidic intracellular and extracellular pH values in
the 1930s to 1980%ased on the Warburg effectut with the progressiornin technologies,
intracellular pH measurements indicate namildly alkalineor near neutrapH valug(Webbet al,
2011; Haoet al, 2018) Thus, we hypothesized that CA2 inhibition leads imdracellular
acidification, shifting themildly alkalinepH to a physiological valughe observed upregulatioof
the sodium bicarbonate transporte8LC4Ad4s hintingfor more HC@- and N& import and more
conversion to Céby intracellular carbonic anhydrases lik&% (Becker, 2020; Haapasatn al.,
2020)driving the extracellular acidificatiomwomparably as described 8ilagiet al., 2018 also with
the tendency ofupregulation of MCT and MCT4But a decrease SLC4A4 expression with BRZ or
ACZ treatment was not shownvhich would be only an indire@ssumptionof intracellular pH
values.Interestingly we also measured highly elevated mRNA leve[s@ in TMZresistantGSCs,
indicatingthe adlitional inducement of the multidrugesistance mechanism, highly activated in
GSCs(Seelig, 2020; Daooet al., 2008; Rodrigueet al., 2022)from multiple mechanismsand
reminding of theheterogeneitybeyond CA2A connectbn between carbonic anhydrases and the
expression of gp regarding TMZesistance is wortHurther studyingsince CA12 was already
shown tobe coexpressed with ggp and necessary for the TMZ efflux neurospheres building a
new TMZresistance mechanism iBBM (Salaroglicet al., 2018) We supported these promising
insights bydetectingsignificantly upregulated-pg and CA12mRNA levels iTMZresistantGSCs.
Collectively, ar data suggesthat BRZis a more poverful synergistic agent for TMZ than ACZ

assuming higleellularCA2 levelsAlthoughwe validated thamportant role of CA9n extracellular
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acidification under hypoxjave did not seea connection to TMZesistance as we see it for CA2,
which is highly upregulateth GSCs and even higherTiNZresistantGSCs or after TMZ treatment
in GBM cellsConversely, CA9 wdswnregulatedin GSCs and TMg&sistantGSCsThus, wgustify
payingmore attention to CA2 which contributesto TMZresistanceBut more studies are arguing
for a specific CA9 inhibition to overcome T&istancein GBM(Amiri et al,, 2016; Boyckt al,
2017) Hence, theres a need to exploréhe isozymes of the carbonic anhydrase family in more
detailto enablean efficient TMZ treatment under optimal pH conditioi®) somedaythere will be
personalizedherapyasa drug cocktaibased on the expression patteot, for instance CA2 and
CA%as part of a personalized treatment regimen in Ggafients.

The question remained, hovBRZ augments the TMZ effeetducing cell viabilitySinceapoptotic
pathways are inhibited in GBEhdhypoxiainduced HIFRugments mitochodrial autophagyBellot

et al,, 2009; EscamilRamirezt al, 2020) we wonderif the combinedtreatment with TMZ and
CAlinduces autophagieading to cell deatimore than the treatment with TMZ alonéndeed, we
measured anenhancement of autophagy with thencreasedconversation from LC3I| to LC3lIl
(ScherzShouvalet al, 2007) and the reduction of p62 protein levels(Bjgrkayet al, 2009)
Comparably to our survival analysis, we satmonger effectsusing BRAMZ compaed to
ACZTMZ suggesting that the unspecifiohibition of several carbonic anhydrasesuld cause
compensatory effects leading to cell survivdbme comparable studies indicdteat CAl inhibitors
induce autophagy and cell death. For instanae breas cancer, ACZ was shown toduce
autophagy resulting in cell deatby the increased expression tfinsformationrelated protein 53
(p53), damageregulated autophagy modulatorDRAN), autophagy related 5ATGY, beclin 1
(BCLNY/ B-cell ymphoma2 (BCL-2) ratio, and a decrease of KTl along with an increase of PTEN
expression (Mohammadpour et al, 2014) Gul and collegues synthesized new
dibenzenesulfonamides inducing apoptosis and autophagy and inhib@i&g and CAlia different
tumor cell lines(Gul et al., 2018) The molecular mechanisnof CAs and specific CA isozymes
inhibiting autophagy or at least the molecular mechanism behind @#ibition inducing
autophagy mustbe further elucidatedHere, italsohave tobe consideredhat tumor cells induce
autophagy to adapt toa hypoxic microenviroment in the first stage (EscamillaRamirezet al,
2020) Neverthelessijt is conceivable that tumocells induce autophagy as a reactitm CA
inhibition since the machinery of ATP production by glycolgsa$fected Bythis, the existing intra
and extracellular pHvalues, meaning essential TME conditiomsll change. The autophagy
inhibitor 3-methyladeninled to more cell death (Zhao, unpublished data), so we could postulate
that autophagy might have a protective functioNoticeably we stow that the TMZnduced
autophagy is enhanced with ACZ and even more with BRZ, possibly due to tbellitza pH shift

to a physiological leveHere,carbonic anhydrases like CA9 cobklactivatedby HIFSwietachet
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al., 2007)to contribute to extracellular acidification anderobic glycolysjsthereby helping to

adapt tothe hypoxic microenvironment and autophagy to recyeadular organelleand protens.
5.2 The Metalloproteas®isintegrin ADAM8 Alters the Tumor SuppressorI8R5p

Expression Profile in Glioblastoma Thereby Contributing to Its Aggressiveness

Based on the nidications in other tumor entities that ADAM8 can regulatpecific miRNA
expression profilegDaset al,, 2016; Verelilmazet al,, 2021) we aimed tdnvestigateits potential
influence on miRN#further exploringits tumor-promoting role in GBMWith two representative
clones of sstable CRISPR/Cas9 induc&BAMB KO in U887 GBM cells, werformed a miRNA PCR
array and foundour miRNAs consistently and strongly upregulated compared to U87_CTRL cells
Of these miRNs, only miRL81abp was upregulated with ERK1/2 inhibition, indicatngotential
regulatory pathwayComparablyDas and colleaguegescribedthe ADAM8dependentregulaton
of miR720 expressiowia binding of ADAMS8 tdntegrini 1 and subsequent activationf the ERK
signalingcascade leading to increasethiR-720 expressiorin breast cancer cell line®aset al.,
2016) The indwtion of pERKevelsby ADAM8 was described brain, breast,and pancreatic
cancer(Conradet al, 2019) Hence, we focused on miEBlab5p being mtentially regulated by
ADAMBSinduced signaling. MiR-181a is known as tumor suppressor miRNAatching its
downregulation induced by the oncoproteiand multidomain enzymeéADAMS. Recently miR
181a5p wasdescribedasa potential prognostic and diagnostimomarkerin glioma patients being
downregulated inelderly patients, in IDH1 WT tumors bigh-grade compared tolow-grade
astrocytomas Itsdownregulation is significantly associated witlows overallrate survival analyzed
in tissue samples afeventyeight 2 to 4 gradeglioma patients(Valiulyteet al., 2022) This study
was in line with observations from Huang and colleagusch investigated the downregulation of
miR181abp and negative correlation with target genéisa a gene microarray in GBNHUANGet
al., 2016) and we could also verify a downregulation of AMi&la5p compared tcADAM8in GBM
tissue samples (n =22). Interestingly, analyzing different GBM cs|l patientderived cells, and
patient-derived GSCs, we detected a negative correlatiomiR181a5p with ADAM8only in GSCs
with enrichedmiR181a5p and lowADAMB8levels.Catrary to our findings of high mik81a5p
levels in GSCs, Huang and colleagues fauifil81a5p to be downregulated inhibiting GSC
formation by targeting Notch2 mRN#nderliningits tumor-suppressor roldHUANGet al., 2017)
Critically viewedthey based their experiments obl87MG and U373M&BM cells and their
formation of GSCs, whereas we performed experimentswith patient-derived GSCsbut also
with GSCs derived from three patien&ince miRL81a5p can inhibitproliferation by targeting F
box protein 11shown in U251 GBM celf§Venet al,, 2020b) the high occurrence of miR81a5p
in GSCs couldontribute to the suggested quiescent stamepicted by slow cell cycle kinetics
(Jacksoret al, 2015)thereby avoiding alkylating agenlike TMZ, which target high prolifative
cells. Yet, this would describe an oncogenic role of #Hfa5p in GSCs and needs further
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evaluation toexplainits particular role in the proliferation and survival regulation of GEGstrary

to this theory,Sun and colleagues recentlported that miR181a5p is decreased in hippocampal
neural stem cells. Onceverexpressed, miR8la5p targets PTENthereby supporting AKT
signaling and neural stem cell proliferatig@unet al, 2023) Nevertheless, they investigated
neural stem cells in the contexrff aging and not neoplasiagiving miRL81a5p acdhealing role in
supportingthe learningand memorial abilities iagedmice. Moreoverthe location of stem cells in
the brain couldimpact the role of miRL.81a5p since the hippocampus is known to be spared by
infiltrating glioma cell§Mughalet al, 2018) When studying miRNAsheir localization expression
by different cell typesand diverse target genes aiimportant to considershowing the need to
investigate the complex network of miRNAsifficientdetail.

As amultidomain enzymeon the one hand ADAMS8 has a proteolytic functiorshaping the
microenvironmentvia shedding of membranéound chemokines and cytokindsA { S ¢ b Ch
CXCLbr contributing to cell motility and invasion througtCMdegradation cleaving for instance
collagen | fibronectin, and cell adhesion moleculdge VEcadherin(Conradet al,, 2019) On the
other hand,ADAMS8 can bind téntegrini nwith its disintegrin domainnducing FAK, ERK1&nd
AKT/PI3 kinase signali@@chlomanret al,, 2015; Dongt al,, 2015; Conraét al., 2018; Coolet al,,
2022) Here, the cytoplasmatic tail (CD) is crucientaining SHBinding motifs and potential
phosphorylation sites (S&f and Tyr®®) (Kleinoet al, 2015) More recently, ADAM8&asalsofound

to activateheparinbindingEGF/EGFR signalittginduceCCL2 expression affdMrecruitment in
vitro and in vivoin GBM(Liu et al, 2022b) Givenits strong regulatory influence on different
signaling pathwaygshereby potentially regulating the transcription ofiRNA as one mechanisoh
regulation (Ha and Kim, 2014we aimed to explorethe ADAM8regulated signaling pathway
influencing miRL81a5p expression.Interestingly, using the broaspectrum MMP inhibitor
batimastat (BB4) (Brown, 1995) no significantchanges in miR81a5p expression were verified
but with the usage of BR361 mimickingthe structure ofthe Integrin i 1 binding loop and
specifically inhibiting the ADAMS8imerization andautocatalytic activation (Schlomannet al,
2015) significantly higher mi81a5p levels were detected in ADAM8 expressing U87_CTRL cells
suggesting thespecifical regulation of mik81a5p via active,homophilic mulimerizedADAMS In
more detail, we showed thatescuingfull-length ADAM8in U87_KO cells significantly inhibited
miR181ab5p expression, whereas transient transfectionAAMS8 missing the CD domain failed to
suppress miR81a5p, indicating that ADAMS8 influencegshe miR181a5p profile through its
participation on signaling cascadeésthough we did not see significant changegtie ratios of
pPEGFRo EGFR, pERK1#2 ERK1/2and pSTAT3 to STAAT&er transient transfectiorof full-length
ADAM8 o ADAMSlacking theCD domaintreatment of ADAM8expressing U87 and patient
derived GBM42 cells with th8TAT3 inhibitor WP10§6vamaruet al, 2007)or MEK1/2 inhibitor
U0126 (Favataet al, 1998) which inhibits MEK1/2 upstream oERK1/2 resulted ina dose
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dependentupregulation of miRL81a5p. Thus, we describednaunknown mechanisrthat explains
the downregulation of miR8labp in GBM(HUANGet al, 2016; Valiulyteet al, 2022)
Summarized in Figured the manuscripton the one handwe havedescribedADAM8dependent
STAT3 signalinghown before by.iet al. (2021),to possiblyregulaie miR181a5p, which is known
G2 oAYyR (2 (K SPPiefodingtosteopobtifMafisgtty & @l 2020) indicating an
ADAMSBKSTAT3hiR181a5p/osteopontin axisOn the other handwe suggesthat ADAMS8 induces
the ERK1/2 signaling pathwhy inhibiting miR181a5p via CRER, whichhas beershown to bind
to miR181a5p and repressits transcription in fibrous dysplasi@u et al, 2021) indicating an
ADAMS/ERK1/2/mi281ab5p axis.Still, there are somenechanistiogaps to be filledEventhough
the direct bindng of CRER to miR181a5p via chromatin immunoprecipitationhas been
demonstratedin fibrous dysplasidFuet al., 2021) it remains to be shown that STATHibits miR
18l1a5pthrough direct bindingContrary to our finding@ breast cancer, it was shown that STAT3
directly binds to the promotor of miRL81abp, driving its transcption. Here, miRL81a5p is an
oncogenedownregulating BAXdecreasingapoptosis and increasing invasi¢Niu et al., 2016)
NeverthelessmiR181a5p appears toplay a dual role in breast canceloth pro- and anti-
tumorigenic which may be attributed tothe complex netwok of diverse target genes and
feedback or feedforward loop&’anget al., 2017) Moreover,with the fulkHlength rescue of ADAM8
in U87_KO cells, it was expected to sigher pSTAT3 and pERKIE®els which can be assumed
from the representative western blotStil] the quantification ofthree independent experiments
revealed no significant difference#f is conceivable that mik81a5p isnot only regulated by
ADAMB8inducedsignalingand itstranscription factorgemainto be fully defined.Although miRNAs
were intensively studied during the last decagdige focus mostly laien their quantificationand
the investgation of target genesregarding their potential role agprognostic and diagnostic
markers therapeutictargets or potential drugs. In contrast, littlds known about the regulation of
miRNAs themselve#\pplying thepreviousknowledge, miRL81a5p couldalso be regulated by
promotor methylation, posttranscriptionally by changes in the activities of Drosha and Dicer
hormones, cytokineor exogenous xenobiotig§&ulyaeva and Kushlinskiy, 2016)

However, wefurther functionally analzed the impacts on miR8la5p mimic transfectionin
ADAMS8 expressing U87 celand detecteda decreasein cellular proliferation rates slightly
readjusting thereduced cellular proliferation observed in U87 K @his indicates that the reduced
proliferative behavior of U87_KO cells is partially dughe upregulation of miR81a5p. The
inhibition of proliferation by miRL81a5p isnot only known for GBM(Wenet al,, 2020b)but also
for prostate-cancerinducingG1 cell cycle arresn vitro (Shen H, Weng XD, Liu XH, et al, 2@h8)
in retinoblastoma cellstargeting neuroblastomaRAS (NRASnd reducing proliferation while
enhancingapoptosis(Ouyanget al, 2022) The indution of apoptosis by miR81a5p could also

be reflectedin our CTGassay defining cellular proliferation rates since the assay is based on
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measuringactive metaboliccells secreting ATFAccordingly Hu and colleagues founthat miR
181a5p was downregulatedwhen they exposedU87 cellsto radiation Here, miRL81abp was
reported to target Bcl2, indicating the indutton of apoptosis possilgl contributing to
radiosensitivity(Hu, 2010)In our study, ve focused onMMP9 as a potential miR181a5p target,
given its significant role asa promotor of invasion, metastasis, angiogenegsoliferation and
possiblebiomarkerin GBM(Xueet al, 2017; Huang, 20183iming to explairthe highly significant
correlation of ADAM8and MMP9 in GBMtissue samples, as shown by wmd brainmetastasis
derived from breast cancefConradet al, 2018; Gjorgjevsket al, 2019)in one possible way.
Conrad and colleaguegreviously found that ADAM8 regulates MMP9 pressionvia ERK1/2
signaling Measurements ofnduced pERK1/2 and pCRE®BIswere significantly higher in M231
triple negative breast cancer cells expressing-larigth ADAM8 than in cells lacking the CD
domain. As a consequence, transmigration wasluced in cells without the CD domaim vitro.
Interestingly, miRL81a5p is known to target MEK(Heet al., 2013; Wanget al., 2017b) ERKZHe
et al, 2013; Waneet al, 2017b; Huangt al, 2016)and CRER (Liuet al, 2013; Fwet al,, 2021)
and we confirmed significantly loweERK1/2pCRER and MMP9levels after miRL81a5p mimic
transfection. At this point, wecould notshow lower total protein ERK1/2 and CRERvelsas
expected because of miR8la5p binding and RIS@ducal RNA degradation or translational
inhibition. Aiming to explain thisa target scan analysis revealdtht miR181a5p directly binds to
cAMPRresponsiveelement binding proteidike 2 CREBL2whichinteracts with CREEMa et al.,
2011) underliningthe very complex and diverggossibility of miRL81a5p to influence cancer
related pathwaysWang and colleagues alsosgwvedlower pAKT and pERK levels after vhiB.d
transfectionwith a western blot approacin glioma cell§Wanget al., 2012) indicating a currently
unknown mechanism of kinase regulation by miRNAsthe example of miR81abp targeting
PTENthereby enabling the phosphorylation of AKT by RiBHhet al, 2023) elevated pAKT levels
but not total AKT levels can be explainedthe reduced levels of pERK1/2 and pCRiéBced by
miR181a5p could also be explainedby an indirect mechanism induced by riiBla5p in a
network. Nevertheless, we showed that active ERK1/2 signglingiotes MMP9 expression and is
inhibited by miRL81a5p. In summarywe explaired a novelmechanism of ADAMSignalingdriven
through miRNA regulatiorwith emerging influences ortumor-promoting pathways on the
example of miRL81a5p in GBM cellsAs depictedn Figure 6 in the mansucriptve propose an
ADAMS/ERK1/2/CREBmMiR181a5p axis with a negative feedback loop on tHenown
ADAMBS/ERK1/2/CREBMMP9 (Conradet al., 2018) axis thereby inhibiting MMP9 expression and
contributing to the ADAMS8 dependent regulation of MMPterestingly, the suggested
ADAMBS/STAIImiR-181a5p/osteopontin axis couldharbor a negative or positive feedback loop
He and colleaguesonfirmed thebinding of miRL8lap LJ 2y ( KS ovadubMuciferdse { ¢! ¢ o

reporter assayin cutaneous melanomgHe et al., 2020) implicating that miR181a5p inhibits
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STAT3 signalirand thus its inhibitionOn the contrary, Assmann and colleagues measured induced
pSTAT3 and pERK1/2 leveith miR181a5p overexpressiontargeting suppressor of cytokine
signaling 3 $OCS3and dual specificityphosphatase 6 QUSPHin T large granular lymphocyte
leukemia(Assmanret al,, 2022) Here, it hago be reconsidered thathe suppression ofliverse
MRNA targets by miRNAs is nmacessarilyubiquitous between cell types ands dependent on
several factors likeéhe robustness of the IBC complexhe possibilityof alternative splicing and
polyadenylation affecting the mRNA secondary structui@®rienet al, 2018) Expanding the
possibility thatADAM8 mediate signaling involving miR81la5p from intra to extracellular, we
wonder if the packaging of mi®81a5p into EVsdepends onthe cellular ADAM8 expression
Previous publicatiomfrom our groupindicatedthat ADAMS iself occurs aan active protease in
EVs derived from pancreatic adenocarcinoma délsoket al., 2022)and is detectable in serum
samples fronpatients sufferingrom pancreatic ductahdenocarcinomé#VerelYilmazet al., 2021)
Moreover,LCN2 and MMB (Cooket al, 2022) miR720 and miRi51 (VerelYilmazet al,, 2021)
were considered ADAM8ependent EV cargpssuggestingthat ADAM8 shapes the TME As
expected,EVs derived frorADAMB8expressingcells carried lower amounts of miR8labp. The
transfection of miRL81a5p mimic or inhibitorin U87 cellssignificantlyaffected tie amounts of
miR181a5p in EVs, suggestirthat the amount of miR181a5p in EVs is associated with the
amount in the original cellThe regulated process dhe miR181a-5p releaseby EVs remains to be
clarified Severamechanisms of miRNA cargo sorting describedand controlled bymiRNAs and
target sequenceg¢O'Brienet al, 2018; Weiet al, 2021) Nevertheless, weshowedthat the miR
181a5p amount in EVdepends on the cellular ADAM8 expression, enabling ADAMS to partially
shape the TMiby controllingboth the cellular and the EV miEBlabp expressionsuggesting that
with more availability otellularmiR-181a5p, more miR181a5p gets packed into vesicldadeed
cytosolic miRNA's high occurrencecinnected toan enriched occurrercin EVSMunir et al,
2020) With the miR181a5p repressionby ADAMEn cells anceEVs, we hypothesizatiat ADAM8
protects surrounding cellsom MMP9 inhibition by miiL81a5p reduction Indeed, we confirmed
EV uptakeby U87 cells and the MMP9 repression in cells treated ®itls carrying high miE8la
5p amountsAlthough there is a need timvestigate this observatiom different cell entities of the
TME, one could hypothesizbat especiallyTAMs, which are knownothighly express ADAMS8
(Gjorgjevsket al, 2019; Jaworekt al,, 2021; Liwet al,, 2022b) secrete EVs with less mi81a5p
amounts, thereby promoting MMP9 expression and MMPR&uced invasin, migration,
metastasis, and proliferatio(Xueet al, 2017; Huang, 2018[EVs areacknowledged mediators of
celkto-cell communication, also in the TME of the brain, adapting to the hypoxic microenvironment
and creating an immue-suppressivemicroenvironment (Simon et al, 2020) Supporting our
hypothesis andnsightsthat ADAM8 inhibis miR181a5p EV secretiarthereby preventing MMP9

downregulation in surrounding cells, several reportgeclare EVs to participate in ECM
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reorganization enhancing the secretiommnd activation of MMPs and subsequently cellular
migration and invasior(Baulchet al, 2016; Oushyet al., 2018; Rackoeet al, 2018) In one
particular study, GBMEVs decreased p53 levels in astrocytediich led to the increase of
fibronectin 1, a ligand for theupregulated receptorA y i S 3 NJ&A y dimer assoyidied ivith
MMPs invasion and poor prognogiKesanakurtet al., 2013; Mallawaaratchgt al., 2017; Simoret
al., 2020) In pancreatic cancePuolakkinen and colleaguedescribedthat macrophagegnhane
the expression oADAM8 and MMP®ading to evaluated invasion ratés a coculture approach
in vitro (Puolakkaineret al, 2014) describing thecorrelation of ADAM8 and MMP&ossing the
single cell and partially describing theetwork of the TME.Moreover, Cook and colleagues
describedthe influence of ADAM8expressingcells in the TMEregulating the release of LCN2
stabilizingMMP9 in a heterodimer complexYanet al,, 2001) suggesting teuppot extracellular
matrix degradation and invasiornterestingly, the coculture of pancreatic cancer cells with
ADAMS8expressingmacrophageseven overame ADAM8dependent irtracellular signalingin
pancreatic cancer cellEnceLCN2 ad MMP9 expression patterns in ADAM8 KO pancreatic tumor
cells were induce@Cooket al., 2022) Thisstrondy arguesfor ADAM8 mediating the TMiErough
the release of EVs, which are knowndarry high amounts of miRNAO'Brienet al, 2018) The
regulated release of miRNAga EVs expands the influence of ADARIBormously Focusing on
miR181labp released by EY$Sue and colleagues investigatedR181a5p in EVs secreted by
mesenchymasktromal cells suppressind® TENand activating STAT&nd the inhibitory regulatos
SOCS1 in acrophages,which demonstraes the ability of miR181la5p impairing crucial
inflammatory pathways crossellular. Interestingly,ones overexpressed in mesenchymal stromal
cells, EVs carried more miR181a5p and therapeutically affected acute respiratory diress
syndromein vivg highly underlininghe possibletherapeutical function of miR81a5p (Suet al.,
2022)

We clinically transferred the suggested ADAM8/fBR a5p/MMP9 axis andested GBM tissue
samples for miR81a5p, ADAM8 and MMP9 expression As a result, ADAM8 and MMP9
expressionlevels significantlycorrelated, fitting to previous observationsf our grouptesting
another patient cohort(Gjorgjevsket al, 2019)and in line withdTGGAX GTExdataset analysis
(unpublished data)Contrary, no negative correlation betwe&bAM8and miR181a5p or MMP9
and miR181a5p could be determined, suggestinbat there are moreinfluencesregulating the
miR181abp expressionthan the exclusive inhibitiorthrough ADAM8and more and potentially
stronger, influences on MMP9 regulation than the indirect influence of {h#a5p targeting
MEK1/2, ERK1/And CRER in the heterogeneity of GBM tissuSveral factors are described
regulae MMP9, for instanceinflammatory cytokines and growth factors like interleukin 1 and
i dzy 2 NJ y S O NrardpeessoFst likikisSpbidtinhwhich interferes with the translocation of
MMP9 and binds toy dzOf S| NJ ¥ HighiicBadS yuk] | | ylaii Sidtisated B cells(NF
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¢ ) subunits to the promotor oMMP9 (Labrie and SPierre, 2013)Hence the repeatedhighly
significant observation athe ADAM8and MMP9 correlation, despite the heterogeneity of GBM
and variousother influences argues for a strong connection angciprocal influencethat
promotes tumor progression.Narrowing the heterogeneity of GBM tissugy analyzing the
expression patterns itissue samples derived fromn MR-spectroscopyguided surgerya clear
distinction of nontumorous access tissyavith high miR181a5p and lowADAM8and MMP9
levels, to the tumor core, comprising the opposite expression pattappeared Therapeutically,
targeting 1 KS  WR A 3ADSMBaidconsider@d to bevery attractive since it shows low
physiological expression levels suggesting e effects(Conradet al., 2019) BK1361, as a
specific ADAMS inhibitorturned out to be a promising therapeutical approach in pancreatic
cancer inhibiting ERK1/2 signalingnd MMP activitfSchlomanret al., 2015) In line treatment of
U87 cells with BH361 resulted in higher miB81labp levels suggestinthe promotion of the
ERK1/2 pathway inhibitioadditionally.In GBM, the ERK1/2 pathwatrongly drivesuncontrolled
cell growth(Guoet al., 2020)due tothe constitutively active EGFRPadfieldet al., 2015) Hence,
inhibiting this pathway is crucial andould betargeted indirectly via Bk1361 usageBK1-361
proved to be a promisingovel therapeutical approachot only inpancreatic cancefSchlomanret
al., 2015)but also inasthma(Chenet al,, 2016)and, with our dataand the study of Dong and
colleaguesshowing thatADAM8can cause TMZresistance in GBM cells with elevated pERK1/2
and pAKT level®onget al., 2015) we justify consideringmore experimental approaches target
ADAMS8 in GBMMoreover, the induced overexpression of miBla5p could also serve as
therapeutical option. As tumor suppressor miRNANiIR181la5p is downregulated in GBM
(Valiulyte et al., 2022) so the therapeutically induced re-expression cold restore its tumor
suppressive functionand the miRNA couldbe degraded if overexpressed inother tissue
compartments potentially avoiding sideffects. As therapeutically thought nanoparticld®'Neill
and Dwyer, 2020)EVs are considered to carry miRNAaderapeutical approacheither isolated
especiallyfrom mesenchymal stem cellsverexpressing the miRNA @waded with miRNAs by
physical or chemical techniquepotentially being able to cross th@BB(Munir et al,, 2020) First
clinical trials demonstrated the ability of Edssupportthe immune system in response to cancer
Evenbefore EVs were thought to serve as drug carribeir impact as biomarkers ag discussed
(Couchet al,, 2021) Our pilot study providegvidence that miR81a5p derived from seruniEVs
couldbe a potential biomarker to detecan early rGBMbecause of changes in expression patterns
before and after the first and second surgery. Neverthelssseeninga larger patient cohort would
be necessary to verifhis data Next to elevated ADAMS8 arldw miR181a5p levels in GBIvhigh
MMP9 levels areassociated withhigh glioma gradepoor survival and poor response toTMZ
treatment (Li et al, 2016) Thus, combinatorial screening of ADAM8, MMP9, and-18{E5p
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expression ptterns in paired tissue and blood samples of iGBM and rGBM cealde asa

prognosticmarker.
5.3 Identification of Dysregulated microRNAs in Glioblastoma-#terGells

GSCsare partially responsible for thedevelopment of GBM recurrence inducing radie
/chemoresistancéGarnieret al,, 2019) invasion, angiogenes{8oydet al,, 2021) andcontributing
to heterogeneitythrough their multilineage differentiation (Lathiaet al, 2015) Although it is
known thatmiRNA are commonlygysregulatedand mostly downregulateth GBM(Mgller et al,
2013) and several studiesim to further classify the heterogenicGBM through its miRNA
expression pattermiming to enable a personalized theraf8heaet al., 2016) little is known about
the change of miRNA expression during diffeigion of GSCs into astrocytic tumor ceN§e
differentiated three patientderived GSC cell linegith subsequent characterizatioaccording to
morphologicabind specific expression pattern changése downregulation of the wedstablished
cancer sterdike markerCD133(Singhet al., 2004; Liuet al, 2006; Barzegar Behroet al, 2019)
and the upregulation ofthe intermediate filament highly expressed in active astrocy&SAP
(BIGNAMI and DAHL, 19dgtinguished GSCs fradifferentiated astrocytic tumor cells, indicating
the successfulexperimental performanceinitially shown ly Hannenet al, 2019 Sincethe
discoverythat CD133 cells also has the ability to initiate GBM tumor formation and CD33
descendantsn vivo(Wanget al,, 2008) it became clear that morenarkers needed to be involved,
but the effectiveness of those markers is still controverévakt al, 2016) Wealso testedSOX2
Nestin and CD44mRNA expression patterns with less consistent trends, possibly due to the high
patient diversity and heterogeneity of GBM or the further need @BM subset classification
Especiallghe unexpected and strong upregulation ©@D44with GSC differentiation into astrocytes
raised questionsin line with our controversy than expected observatidiang and colleagues
induceda knockdown of initially CD44&SCshrough intrinsic and extrine methodsand observed
an upregulation of GSC features likever GFAPand higher CD133, Nestin andtamerbinding
transcription factor 4 Qct4) expression, reduced calbr proliferation and increased sphere
formation (Wanget al, 2017a) questioning thesuitability to mark GSCdn comparisonit was
shown thatboth CD44%/CD1339" and CD4#7CD13%" form GSC typical spheres and have high
tumorigenicity(Lottazet al., 2010; Fwet al, 2013) RegardingnolecularbasedGBM classification,
CD4dis assigned to the mesenchymsibtypefeaturing especiallyrigh angiogenesis and invas,
the activation of PIR/AKT signalingnd poor prognosisin contrast, thesignature of X belongs
to the proneural subtype, which imore common in young patients and less aggres&iranget
al.,, 2020) Thus, the three tested patiertterived cell lines could belassified especially to the
mesenchymal phenotypadditionallyinduced with astrocytic differentiatigrfitting to the known
patient age at diagnosisThe donorspecificity became apparent in cell line 2016/240;hich

showed lesshut still significantdistinction using CD133 and GFARoreover, there were less
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consistent results in further performed vedétions of mIRNA expression patternslthough
caution is required in drawing conclusions based on the low number of patsralyzed it is
interestingto note that cell line2016/240 wasalsoderived fromthe only femaleand the youngest
patient with the longest survivalassex differencesffectinghormones, metabolic pathwaysand
the immune system lead tdifferent outcomes and incidencg¢€arrancet al., 2021)

Appying a pathwayfocused miRNA PCR aritagting eightyfour miRNAs with additional controls
revealed thirtyone dysregulated miRNAs comparipgoled GCSs and their matched pooled
differentiated astrocytic cell typesi-ocusing on ten highlgysregulatedmiRNAs based ona
literature search regarding thepotential role in GBMfour lethal (let)-7 miRNA family members
were highly upregulated in astrocytic cellRemarkably even six out of nineinitially found
upregulated miRNA# differentiated cells in the set of thirone dysregulatedniRNAs were let
family membersin GBM, the leZ miRNA family can be classified as tursoppressiv§Wanget
al.,, 2013; Songt al., 2016) andthere are some studies regarding their role in GSC differentiation.
Induced overexpression of lefb reduced tumor sphere formation and inhibited proliferation,
migration, and invasioof glioma cell{Songet al, 2016) Directly targetingKirsten rat sarcoma
virus (K-RAS)let-7a-5p inducesapoptosis, cell cycle arrest, amgigration inhibiton (Wanget al.,
2013) Thus, directly targeting HRAS let-7a5p suppressesnajor signaling pathwaytke the
PI3K/AKT and MAPK signalingediating proliferation survivaland selfrenewal of GSC¢Bayinet
al., 2014) Moreover,neural stemstell markeMusahi2 (Kanekcet al, 2000)represents a possiel
target predicted bydmiRPathDB v.2£) suggesting anadditional factor suppressing the GSC
phenotype. Despite the heterogeneity of GBM, we confirmed the association of -letfamily
memberswith GSC differentiatiorby detecting six upregulatedmembers through a screening
method using three patienderived GSC cell lines. érkfore, we justify further experimentso
induce the expression of lat miRNAs thereby promoting GSC differentiatioand potentially
making the tumor more vulnerable to da- and chemotherapylnterestingly, Liu and colleagues
recently discoveredinc finger protein 117 (ZNF11&3 a genetic regulatosf GSC differentiation
towards an oligodendroglial lineag&NF117regulatesthe critical Notchsignaling(Bayinet al,
2014)interacting withjagged2 (JAG2 The authorgliscussed ZNF118& achallenging drug target
regarding traditional therapy since it functions adranscription factor(Liuet al, 2022a) Thus,
targeting ZNF117mRNA by an induced overexpression of a twsgppressor miRNA could
contribute to an oligodendroglial differentiation and, @mestingly, let7¢-3p is predicted to target
ZNF11%ia dcmiRPathDB v.2é0unpublished data)Next to the let7 family, miR223-3p was highly
enriched in differentiated cells. Directly targeting ATM, 8#3-3p sensitizes to radioand
chemotherapy overcoing ATMinduced DNA repair mechanism sensitizing in GBidnget al,
2014) Yet, itspotential role in controlling stem cell fate is not described, but there are some

implications fo the involvement of miRR23-3p. In cervical cancer, leukemighepatoma, oral
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carcinoma, and lung cancer cells, RRIE3-3p is described to suppress cell proliferatimntargeting
insulinlike growth factorl receptor (IGRR) Consequently, thdownstream PI3K/AKT signaliog
MAPK pathwayvas suppressedia miR223-3p overexpressiorfGaoet al, 2017) similar to the
impacts of let-7 targeting KRASdescribed aboveSince those signaling pathways are critical
involved in the maintenance of the stem cell phenotyfigayinet al., 2014, it remains to be
investigated if miR23-3p targetsIGF1R in GSCs. Thukge low expression of tumor gpressor
miR223-3p in GCSgustifies further detailed analysisegardingco-transfectionwith let-7 family
members potentially inducingstem cell differentiation overcoming radi@nd chemoresistance
and inhibiting distant tumor formationesulting in a recurrere

As for the most significant upregulated miRNAs in GR{E4255p, miR17-5p, miR30c5p, miR
4245p, and miR1955p are allinvolved or potentially involvedaccording toémiRPathDB v.2¢0
prediction analysign the maintenance of the GSC phenoty@houet al., 2020; Li and Yang012;
Kehlet al, 2020) Whereasfor miR30¢5p, miR424-5p, and miRL955p tumorsuppressive roles
are alsodescribed in GBMLiuet al, 2019; Gheidaret al, 2021; Wanget al, 2019) miR-4255p
and miR17-5p can be classified as onooiRNAgargeting PTENLi and Yang, 2012; Zhet al,,
2020) PTEN is commonly mutated or deleted in GBbhstitutingactive PISK/AKT signalingth
subsequenuncontrolled tumor growthas a hallmark of GBNPTENoss or mutation was discussed
but not provenas a prognostic marker in GBNMontano, 2016) Given the significant role of
PIX/AKT signaling in thenaintenanceof GSCqBayinet al., 2014) the inactivation of PTEN
partially through miRNAs like miF-5p and miRd25-5p couldclassify GSCs additionally to the loss
of GFAPBIGNAMIand DAHL, 1976which could be additionally targeted by both miRNAs as
predicted byomiRPathDB v.2¢0Since miRI255p was the most consistent upregulatedRNA in
GSCaye transfectedpatient-derived GBM cellieaturing theability to readoptto GSCsvith amiR
4255p mimic and detected significantly reduce®dTEN and GFAP level<aBM100 butwere not
able to \erify thesechangeson a protein levelin GBM42 cellsThiscould be explained by the high
heterogeneityin GBM making a statement dffcult even if the results were consistent in two
patient-derived cell linesOn the other handthe need to perform duciferase reporter assayjike
conductedfor PTENZhouet al., 2020) to verify thebindingability of miR425p LJ 2 GKS o0Q | ¢ w
GFAPbecomes apparent. Since GFAP expression is inducedJbyus kinase 2JAKYSTAT3
signaling and leads to differentiatiqBonniet al., 1997) the potentialdownregulationof GFARy

an inducedoverexpression o0imiR4255p in astrocytic tumor cells coulgbartially lead to re-
differentiation and GSC formatio@onversly, the transfection ofsinglestranded, antisense RNA
oligonucleotidescomplementary tooncomiRNAYSheaet al,, 2016) like miR4255p and miRL7-
5p, could prevent PTEN and GFAP downlation and inducethe differentiation to more
attackable astrocytic tumor celldnterestingly, clinical phase | and Il trials were conducted

targeting miR122 for the first time with promising outcomes fbepatitis c virus patient§Janssen
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et al, 2013) which requires miR22 for replication Although no side effecta/ere reported, the
widespread effects of miRNAsust be considered For example, miRL22 functions as tumor
suppressor in GBMnd decreased expression is associated with poor survival (dfesget al,
2014; Sheat al, 2016)

KEGG enrichment analysis and the illustration of the miRiget relationship asa chord plot
showed the suggested network of all ten miRNAs argirttarget genes involved in pathways
crucial for the GSC phenotypkke the PIB/AKT pathwg and a collection of signaling pathways
mediating stem cell pluripotencyince?,588 mature human miRNA sequences are counted on the
RFGF o6l &SsadymirMaprediGed to target hundreds to thousands mRNAYShezet al.,
2016) we surely state¢o reveal only a small part of a very heterogenoc@mplex and constntly
evolving network. Comparably to our studyTomei and colleaguegerformed an arraypased
profiling andRFgPCRcomparing three GSCs and thamtologousdifferentiated cells revealing
fourteen significantly dysregulated miRBl EspeciallyniR21 and miRd5 were associated with
overall patientsurvival(Tomeiet al, 2021) In another study, Sana and colleagaemlyzed ten
paired GSCs and differentiated tumor celigs global expression analysis vitro and in vivg
defining a dysregulated miRNA signaty®anaet al, 2018) Together wih these studies, we
provide evidencefor a new miRNAbased GBM classificatiorpotentially finding prognostic
markers defining new therapeutic targets associated with G&8(, overcoming associated radio

and chemoresistance
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