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1. Bevezetés
1.1. A GBM altalanos jellemzése

A glioblastoma (GBM) a kdzponti idegrendszer leggyakoribb és legmalignusabb primer
agydaganata. Az Egészségligyi Vilagszervezet (WHO) kategorizalasa szerinti
legstilyosabb, IV-es gradusu glioma. Evente hozzavetlegesen 240 000 agydaganatot
regisztralnak vilagszerte, melyeknek jelentés része GBM [1]. Az Egyesiilt Allamokban az
incidenciaja 3.19/100 000 [2]. Magyarorszagon az agydaganatok a rakos megbetegedések
2-3%-at teszik ki, évente az 1000 agyszovetbdl kiinduld daganatbol koriilbeliil 400 GBM
[3]. A GBM ritkédn gyermekkorban is kialakulhat, de az ¢életkor eldrehaladtaval és foként
az 1dds korban fokozddik az el6fordulasa. A daganat leggyakrabban a hemiszfériumokban
talalhato, leginkabb a frontalis, ritkdbb esetekben, a temporalis lebenyben [4]. A betegség
median talélési ideje 14-20 honap kdzott mozog [1, 5]. Mai napig redkiviil rossz progndzis
jellemzi annak ellenére, hogy szamos kutatdcsoport innovativ diagnosztikus stratégiak és
Uj terapidk kialakitasan dolgozik [6, 7]. A jelenleg is alkalmazott standard terdpias eljarast
Stupp et al. [1] dolgozta ki, amely TMZ (temozolomid) alapu kemo- és sugarterapian
alapult. A Stupp protokoll széles marg6ju tumor rezekcidt, majd 6 héten keresztiil 75
mg/m? dozistt TMZ-t és 60 (30 x 2) Gy (Gray) sugarterapiat foglal magaba. Ezt egy 4 hetes
sziinet kdvet, majd jabb 6 ciklus TMZ-monoterapia, ahol 150-200 mg/m?* dozisban 5
napon keresztiil kapjak a betegek a gyogyszert [1].

A GBM mas agressziv tumorokkal szemben (melyek gyakran képeznek attétet), szinte
kizarolag az agyra lokalizalodik és nagyon ritkan metasztatizal. A tumorra jellemzd, hogy
az idegpalydk mentén a normal agyszovetbe kiszik, ami rendkiviil megneheziti a teljes
mitéti eltdvolitasat. A daganat, progresszidja soran fokozatosan ndvekszik és roncsolja a
normalis agyallomanyt. Térfoglald expanzidjanak kovetkeztében szdmos patologiai €s
neurologiai elvaltozast okoz, mint példdul 6sszenyomhatja és karosithatja az agyi ereket,
aminek kovetkeztében fokalis hypoxia alakul ki. Tovabba agyi 6démat ¢és epilepszias
rohamokat idézhet el6. Késdi stddiumban a tumor ndvekedése intrakranidlis
nyomasfokozodashoz és ezzel jardé fejfajashoz, szédiiléshez, hanyingerhez,
eszméletvesztéshez €és végso esetben beckelddéshez vezethet [8].

A GBM-ek tobbsége (90-95%) elézmény nélkiil, de novo alakul ki. Ezek a primer GBM
tumorok agressziv és erésen invaziv tulajdonsagokat mutatnak, idésebb korra (median
¢letkor 62 év) jellemzéek. A masodlagos GBM ritkabb (5-10%), fiatalabb korban (median

¢letkor 45 ¢év) alakul ki alacsonyabb gradusu asztrocitomak progresszidjanak
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eredményeként. Az utdbbi daganat tipus progndzisa jobb, mint a primer GBM-nek [9, 2]
(1. Tablazat). A primer és masodlagos GBM hisztologiailag megkiilonboztethetetlen,
valamint klinikailag is hasonl6 tlineteket eredményez. Elkiilonitésiik elsodlegesen
molekuléris tulajdonsagaikon alapszik, mivel eltéré mutacidkat halmoznak fel, valamint
kiilonb6zé molekularis utvonalak aktivalodnak a kialakulasuk soran. A primer GBM-re
jellemzd az EGFR (epidermal growth factor receptor) amplifikécioja vagy mutacioja, a
PTEN (phosphatase and tensin homolog) delécidja vagy muticioja, mig a masodlagos
tipusra jellemzébb a p53 fehérje és az IDH-1/2 (isocitrate dehydrogenase 1 and 2)
mutacioja. Az IDH mutécié korai esemény a gliomagenezis soran [10, 11], igy az IDH-1
statusz meghatarozésa a leggyakrabban és legmegbizhatobban alkalmazott marker a primer

¢s masodlagos GBM elkiilonitésére [11, 12].

IDH vad tipus GBM IDH mutans GBM
Név Primer GBM Masodlagos GBM
Diffuz asztrocitoma,

Prekurzor de novo anaplasztikus
asztrocitoma
Gyakorisaga GBM-en beliil ~90% ~10%
Median ¢életkor a diagnoziskor ~62 év ~45 év
Median talélés természetes lefolyassal 4 honap 15 hénap
Median talélés rnl'?tét-i-sugérterépia ~9.9 hénap 24 honap
kezeléssel
Median talélés ’m’l’jtétJrsugérterépiaJr ~15 hénap ~32 hénap
kemoterapia kezeléssel
Tipikus agyi lokalizacidja Supratentorialis Frontalis
Nekrozis Kiterjedt Limitalt

1. Tablazat: Legfontosabb klinikai kiilonbségek a primer és masodlagos GBM kozott (Forras: [2]).
1.2. A GBM leggyakoribb molekuliris mutacidi

Mint minden tumor esetében, a GBM kialakuléasa is szomatikus mutaciok és epigenomikai
valtozasok felhalmozddasdnak kovetkezménye. A genetikai instabilitds €s az emelkedett
mutéacids rata klondlis diverzitashoz €s a tumoron beliili molekuléris heterogenitdshoz
vezet. Néhany daganat tipusnak, mint példaul a vastagbélraknak jol meghatarozott és
ismert fejlodési stadiumai vannak, definialt szomatikus mutacidkkal, melyek altaldban
meghatarozott sorrendben kovetik egymadst. Ezzel szemben a GBM-re a komplex és
nehezen eldrelathatd molekularis elvaltozasok jellemzoek, amelyek modositjak a jelatvivo

utvonalakat [13]. A GBM-ben felhalmozddott mutaciok elsé és atfogd meghatarozasa a
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,»The Cancer Genome Atlas” (TCGA) egyiittmiikddési hal6zat munkéjanak kdszonhetd
[14]. Ez a tanulmany rdmutatott, hogy a GBM-ben a mutaciok leggyakrabban a
RTK/RAS/PI3K (receptor tyrosine kinase/RAS/ phosphatidylinositol-4,5-bisphosphate 3-
kinase) a RB (retinoblastoma) €s a p53 utvonalat érintik [14]. Az EGFR egy biologiailag
fontos RTK, amely szdmos tumorban, igy a GBM-ben is szerepet jatszik a sejt proliferacio,
migracio, differencialodés és talélés szabalyozasdban. A GBM-ben az EGFR jelatvivo
utvonal fokozott miikodését lehet tapasztalni, melyet leggyakrabban a receptor konstitutiv
aktivacidos mutacidja, az EGFRVIII (a gén 2-7 exonjanak delécigja), vagy az EGFR gén
régio amplifikacioja okozza [15]. A RAS utvonal negativ szabalyozo6 eleme a PTEN ¢és az
NF-1 (neurofibromin 1) is. E két fehérje mutacidja tumor szupresszor funkcidovesztéssel
jér, melynek kovetkeztében a tumor agresszivitasa és terjedése is fokozodik. Az RB utvonal
a sejtciklus szabalyozasaban jatszik kulcsszerepet. A nem o0sztodo sejtekben az RB
hipofoszforilalt allapotban van ¢és aktivan kotédik az E2F transzkripcids faktorhoz (TF),
igy a mitézishoz sziikséges gének traszkripcioja gatolt. Osztddod sejtekben a novekedési
faktorok aktivaljak a CDK/cyclin (cyclin-dependent kinase-cyclin) komplexeket, melyek
foszforilaljak az RB-t, az E2F gatlasa megsziinik és indukalodik a DNS szintézise és a
sejtek proliferacioja. Az RB utvonal negativ gatlasa soran a CDKN (cyclin-dependent
kinase inhibitor) fehérjék a ciklinnel kompeticioban kotédnek a CDK-hoz, ezaltal
megakadalyozva az RB foszforilaciojat. A GBM-ben a sejtciklus felboruldsa figyelhetd
géncsendesités) kovetkeztében [16]. Végiil a pS3 egészséges sejtekben a DNS kéarosodas
helyreallitdsdban, a sejthalal és sejtdifferencialédas szabalyozasdban veszt rész, mig
gliomékban és a GBM-ben a fehérje exonjaban torténd misszenz mutaciok kovetkeztében
egy fontos DNS kot doménje hibasan irddik at, igy a p53 affinitdsa a DNS egyes

szakaszaihoz lecsokken vagy teljesen gatlodik [17].

A korabban jelzett nagyfokl intra- és intertumor molekuléris heterogenitast kiilonb6z6
mechanizmusokkal magyaraztadk GBM-ben [18], melyek koziil két lehetséges feltételezés
latszik legvaldszinlibbnek. Az egyik elmélet kiemeli a CSC-k (cancer stem cell) random
modon jelentkez mutacidinak szerepét a GSC-k (glioma stem cell) tobbponta
megjelenésében és az ezekbdl szarmazd daganatos sejtklonok kialakulasdban. A masik
elmélet szerint a heterogenités a klonalis evolucié kdvetkezménye, melynek soran a rakos
sejtek folyamatosan osztodnak kiilonb6z6 mutaciok halmozddasa és klonalis elagazddasok

kozepette, melyek kiilonbozo sejt szubpopulaciok kialakulasdhoz vezetnek [19, 20].



A TCGA konzorcium nemcsak a SNP (single-nucleotide polymorphism), CNV (copy
number variation) és kromoszdma struktira variansokat hatarozta meg elséként GBM-ben
[14], hanem a genomikai és transzkriptomikai adatok integralt elemzésével megallapitotta
a GBM molekularis alcsoportjainak elkiiloniilését is, melyeket klasszikus, mesenchymalis,
proneuralis és neuralis alcsoportnak neveztek el [21]. Késdbb a neurdlis alcsoportot
(normal agyszdveti kontamindcié gyantja miatt) elvetették [22]. A klasszikus ¢és
mesenchymalis alcsoport tipikusan agresszivebb, szemben a proneurdlis alcsoporttal
magas gradusu gliomakban. A klasszikus alcsoportra jellemzé a magas szintil sejt
proliferaciés rata, az EGFR amplifikacio és az EGFRvIII mutaci6, valamint a 10-es
kromoszéma delécigja. Szdvettanilag asztrocitoid eredet és markerek jellemzik. A
mesenchymalis alcsoportban jellemzé az NF-1 gén delécidja vagy mutacidja, tovabba
gyakori a mesenchymalis €s asztrocitikus markerek talzott kifejez6dése. A mesenchymalis
alkategodria altalaban iddsebb betegekben alakul ki. Szovettanilag ebben a csoportban a
legmagasabb a nekrozis ¢€s a gyulladdsos folyamatok mértéke. Végiil a proneuralis
alcsoportban gyakran mutalodik a p53, a PDGFRA (platelet-derived growth factor receptor
A) és az IDH-1 vagy az IDH-2 gén. Ebben az alcsoportban tapasztalhatjuk viszonylag a
legjobb prognozist, jellegzetesen a fiatalabb betegekben fordul eld. Szdvettanilag
oligodendroid eredet és markerek jellemzik [21, 23].

Kiterjedt omikai vizsgélatok ramutattak arra, hogy a gliomak molekuléris jegyei
foliillirhatjdk a hisztoldégiai gradust a progndzis meghatarozasiban. A WHO az
hisztopatologiai adatokat és javasolta az IDH-1 muticids statusz vizsgalatdt, mint
els6dleges molekularis tesztet a gliomak rutin hisztopatoldgiai meghatarozasa soran [24].
Ugyancsak a TCGA konzorcium genom-szinten meghatarozta a GBM DNS CpG
metilacidés mintazatait és javasolta a G-CIMP (glioma-CpG island methylator phenotype)
alcsoport elkiilonitését [21, 25]. A G-CIMP alcsoport elkiiloniil a nem-G-CIMP
alcsoportoktél, a CNV-k, a DNS metildciés mintdzata, a fehérje expresszios

jellegzetességei, valamint jobb talélési mutatoi alapjan (2. Tablazat).
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Klasszikus Mesenchymalis Proneurilis /G-CIMP
Eletkor 1dés 1dés Fiatalabb

Prognodzis Rossz Rossz Viszonylag jobb
Sejt marker Ossejt Ossejt Neuroblaszt
P alis:

7-es kromoszoma 7-es kromoszoma . roTleura ' ,
, [ [ Normalis 7-es és 10-s kromoszéma
Kromoszéma amplifikacio, amplifikacio,
. . , , G-CIMP:
valtozas 10-es kromoszoéma 10-es kromoszoéma i i
i i 8-as ¢és 10-es kromoszoma
vesztes vesztes e, .,
amplifikacid
EGF és EGFR
Jell 0 fehérj . . NF-1 delécié6 . .
¢ emzs 'e’ ee amplifikacio, etefm'(? vagy p53 mutacio, IDH-1/2 mutacio
futacto EGFRVIII muticio futacto
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2. Tablazat: A tablazat osszefoglalja az alcsoportokra legjellemzobb tulajdonsagokat (Forras:
12D

A TCGA adatok szoros 9sszefiiggést mutattak a G-CIMP statusz és az IDH génmutaciok
kozott a proneuralis alcsoportban. A mutans IDH enzim a-ketoglutaratbol D2HG (D-2-
hydroxyglutarate) onkometabolitot képez, amely jelentds mértékben képes megvaltoztatni
a CpG szigetek metilaciés mintazatat, ezaltal befolyasolva a tumor transzkripcids

mintazatat is [25, 26].
1.3. A GBM epigenetikai valtozasai

A tumorok kialakuldsa és progresszidja soran a sejtek DNS metilacids mintdzata a legtobb
esetben megvaltozik [27]. A rdkos sejtekben egy altalanos citozin metilacios szint
csokkenés (hipometilacid) figyelhetd meg lokalis 10kusz-specifikus hipermetilacié mellett
[28, 29]. A daganatban kialakuldé genom szintli hipometilacidé genetikai instabilitashoz,
valamint a normalis koriilmények kdzott represszalt onkogének expresszidjahoz vezet [30].
Ezzel szemben a DNS lanc citozin nukleotidjainak talzott metilaltsaga, vagyis a
a génspecifikus hipometilacido, mind a hipermetilacié a daganatok kialakuldsat és
progressziojat segiti el [31, 32]. A GBM-ben az egyik legtobbet vizsgalt és a klinikai
gyakorlatban is jelentéssé valt epigenomikai valtozas, az MGMT (O®-methylguanine-DNA
methyl-transferase) gén promoterének hipermetildcidja. Az MGMT enzim kijavitja az
alkilalo kemoterapia (mint pl. a TMZ) éltal okozott DNS kéarosodast, ezzel segiti a tumor
tulélését ¢és rontja a kezelés hatékonysagat. A gén promoterének hipometilacidja rossz
prognodzissal tarsul, mig hipermetilacidja elcsendesiti az enzimet, ezzel javitva a kezelés

kimenetelét. Kdvetkezésképpen a gén potencialis terapias célpontként is szolgalhat [33].
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A genom szintli DNS CpG metilacios elemzések koziil kiemelést érdemel Zhang et al. [34]
tanulmanya, melyben 40 GBM mintaban a normal agyhoz képest 104 hipometilalt és 524
hipermetilalt régiot talalt. Ebbol 70 hipometilalt és 361 hipermetilalt régio CpG szigetre
térképezddott. A hipometilalt régiok 81,1%-a ¢és a hipermetilalt régok 66,5%-a
promoterekben volt taldlhato. A legtobb gén terméke, amely érintett volt a metilacios
valtozas altal, valamilyen jelatvivé folyamatban, sejt adhézidban, apoptdzisban és a tumor
fejlodés szabalyozasaban jatszott szerepet [34]. Klinikai formalin-fixalt, paraffinba-
agyazott (FFPE) GBM mintak epigenomikai vizsgalata a kozelmultban valt lehetové az
RRBS (reduced representation bisulfite sequencing) konyvtarkészitésre alkalmas kit és
NGS (next generation sequencing) technologia elérhetdségével. Ennek a modszernek az
alkalmazéséaval nemrég Klughammer et al. [35] végzett DNS CpG metilacios elemzéseket
FFPE GBM kohortokban. Szamos eredménye kdzott ramutatott a Wnt utvonal differencialt
metilaltsdgara a primer €s recidiv tumorok Osszehasonlitdsaban [35]. Egyidejlileg sajat
kutatocsoportunk is végzett egy RRBS és NGS technoldgiara épiilé genom-szintii DNS
CpG metilacios elemzést 24 par FFPE primer és recidiv GBM mintaban [36]. A GO (Gene
Ontology) elemzéseink ramutattak a Wnt utvonal differencialt metilaltsdgara progressziv
GBM-ben, szamos mas differencidltan metilalt utvonal mellett. A Wnt utvonal szerepe
progressziojanak a kialakuldsdban, azonban kevés informaci6 all rendelkezésre milyen
befolyassal bir a gliomakban. Ezért a hipotézis mentes, epigenomikai elemzések Wnt-re
utald eredménye kiilondsen fontosnak latszott, és meghatarozta tovabbi kutatdsaink
iranyat.
1.4. A Wnt ttvonal és szerepe a GBM patogenezisében

A gliomakban a Wnt utvonal rendellenes mikddésének f6 hajtoerdi altaldban nem a
mutaciok, hanem az epigenetikai valtozasok. A Wnt szdmos egy¢b jelatvivo utvonallal all
kapcsolatban, mint példaul a Notch, Hedgehog és RTK/EGFR [37]. Az els6 Wnt gént
emldsokben 1982-ben irtdk le [38]. Jelenleg 19 Wnt ligand és 15 receptor/co-receptor
ismert. A Wnt molekuldk ciszteinben gazdag, 350-400 aminosav hosszusagu szekretalt
glikoproteinek [39]. Két f6 alutvonalat kiilonithetjiik el, a kanonikus vagy béta-katenin
fliggd ¢és a non-kanonikus vagy béta-katenin fiiggetlen Gtvonalat. Mindkét ttvonal erdsen
konzervalodott az evolucid soran. Normalis emberi fejlddés soran kulcsszerepet jatszik az
embriogenezis korai szakaszaban, meghatarozza a sejtalakot €s sejtsorsot. Tovabba fontos

szerepet jatszik bizonyos szovetek és szervek kialakuldasdban, valamint hozzajarul a
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testforma meghatarozasahoz [40, 41]. Az embriogenezist kdvetden az utvonal kifejezédése
jelentds mértékben lecsokken, de bizonyos fokig aktiv marad a felndtt emberi
szervezetben, kiillondsképpen az agyban [42]. Patologias koriilmények kozott, mint példaul
a neurodegenerativ €s a tumoros betegségek esetében (beleértve a GBM-et is), ismét

megemelkedik az aktivitasa [20, 43, 44].
1.4.1. Kanonikus vagy béta-katenin fiiggé atvonal

A Wnt kanonikus utvonalanak fébb komponensei a Fzd (Frizzled) receptor és ko-receptora
az LRP5/6 (low density lipoprotein receptor-related protein 5 and 6), valamint a DVL-1
(dishevelled segment polarity protein 1), és az AXIN (axis inhibitor protein) fehérje. Az
AXIN egy vaz (,,scaffold”) protein, amelyhez szdmos egyéb molekula kapcsolodik, ezzel
egy degradacios komplexet 1étrehozva. Ha Wnt ligand nem kapcsolddik a receptorahoz/ko-
receptorahoz, akkor a béta-katenin proteoszomalis degradaciéra lesz kijeldlve a CKl1
(casein kinase 1) és a GSK-3p (glycogen synthase kinase 33) medialt foszoforilacio és a -
TrCP (B-transducin repeating protein) medialt ubikvitinacié altal. Ennek kovetkeztében a
citoplazmaban alacsony marad a béta-katenin koncentracioja, és nem képes elég
mennyiségben transzlokalédni a sejtmagba, hogy a transzkripciés ko-represszort
(Gorucho) eltavolitsa a LEF1 (lymphoid enhancer faktor 1) és a TCF4 (T-cell factor 4) TF-
r6l, vagyis gatlodik a Wnt jelatvitel altal aktivalhato célgének kifejezédése [45]. Ha a Wnt
ligand kapcsolddik a receptorahoz, az LRP 5/6 ko-receptor citoplazmatikus része
foszforilalodik, amelynek kovetkeztében az AXIN és a DVL-1 csatlakozik az Fzd
intracellularis részéhez. A DVL-1 foszforilacié hatasara aktivalodik és gatolja a CK1 és a
GSK-3p kinaz aktivitasat, illetve a B-TrCP-t, melynek kovetkeztében a béta-katenin nem
foszforilalodik és ubikvitindlodik, ezaltal nem bomlik le, és nd citoplazmatikus
koncentracioja. Ha a béta-katenin szintje elér egy bizonyos koncentraciot, a sejtmagba
transzlokalodik. A magban a béta-katenin egy transzkripcidos komplexben vesz részt a
LEF1 és a TCF4 egyiittmiikodésével. A kanonikus utvonal célgénjei koz¢ tartozik a c-myc
¢s Ciklin D1, amelyek szabalyozzak a sejt proliferaciojat és differencidlodasat [20, 45-47]
(1. Abra). Az Gtvonalra legjellemz6bb ligandok a Wntl, Wnt3a és Wnt7b, valamint az
Fzdl1, Fzd4 és Fzd9 receptorok.
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1. Abra: 4 kanonikus, vagy béta-katenin fiiggd vitvonal legfontosabb molekuldris eleme [20].
1.4.2. Non-kanonikus vagy béta-katenin fiiggetlen titvonal
1.4.2.1. Planar cell polarity/PCP utvonal

A Wnt protein kotddik az Fzd receptorhoz és a Ryk (receptor-like tyrosine kinase) vagy
ROR (receptor tyrosine kinase-like orphan receptor) ko-receptorokhoz, ezéltal a DVL-en
keresztiil aktivalja a DAAMI1 (dishevelled-associated activator of morphogenesis 1),
Profilin és a RAC1 (Rho- and Ras-related C3 botulinum toxinsubstrate 1) fehérjéket. A
DAAMI1 aktivalja a RhoA-t, amely a ROCK-on (Rho-associated kinase) keresztiil
szabalyozza a citoszkeletalis fehérjéket. A RACI1 aktivalja a JNK-t (c-Jun N-terminal
kinase) ¢és kozvetleniil, vagy az AP-1 (activator protein-1) csalddon keresztiil indirekt
modon idéz el6 citoszkeletalis valtozasokat [20, 48]. A PCP utvonal a citoszkeletalis axin
f6 szabalyozé eleme és meghatarozza a sejtek apikalis, valamint bazolateralis polaritasat
[48]. Fontos szerepet jatszik a sejtalak meghatarozasban és a migracioban, valamint a

sejtorganellumok mozgatasaban [49]. (2. Abra).
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1.4.2.2. Wnt/Ca?* itvonal

A Wnt ligand kapcsolodasakor a kaszkdd a DVL-en keresztiil aktivalja a cGMP specifikus
PDE-t (phospodiesterase) és PLC-t (Phospholipase C). Az aktiv PLC noéveli a
citoplazmatikus Ca*"-ion koncentraciot, amelynek kovetkeztében aktivalodik két Ca**
dependens fehérje, a CaMKII (Ca*‘/calmodulin-dependent protein kinase II) és a
calcineurin, valamint két TF, az NFAT (Nuclear factor of activated T-cells) és az NFxB
(Nuclear factor kappa-light-chain-enhancer of activated B cells), amelyek fontosak a
sejttulélés szempontjabol. Emellett a Cdc42 (cell division controll protein 42 homolog) is
aktivalodhat a Ca®* altal, amely a sejtciklus szabalyozasaban vesz részt. Bizonyos Wnt
ligandok esetében a calcineurin a TF-ok aktivalasa mellett egy masik utvonalon gétolja a
béta-katenint, ezzel szabalyozva a kanonikus Gtvonalat [20, 49]. A Wnt/ Ca®" Gtvonal a
dorzalis embriondlis tengely kialakitasat szabalyozza, tovabba sejtsors meghatarozo,
valamint gasztrulacio és szovetképzO folyamatokban is szerepet jatszik. Az utvonalra
legjellemzdbb ligandok a Wnt4, Wnt5a, és Wntl 1, valamint az Fzd2, Fzd3, Fzd6 és Fzd10
receptorok (2. Abra).

Extracelluliris matrix Extracellularis métrix

PCP Wnt/Ca®

RYK or ROR

é&%a&x*
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l Citoszkeletilis
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2. Abra: A non-kanonikus, vagy béta-katenin fiiggetlen iitvonal legfontosabb molekuldris elemei

[20].
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Az aberransan miikddd és expresszaloddé Wnt kanonikus és non-kanonikus utvonala
egyarant hozzajarul a GBM novekedéséhez, terjedéséhez és agresszivitasdhoz. A két
alitvonal kozott nincs éles dichotomia, egyes elemek atfedhetnek egymadssal a
szignalkaszkadban, valamint egyes Wnt ligandok képesek egymas receptorahoz kotddni,
jelatvitelét aktivalni vagy inaktivalni (pl. Wnt7) [50]. Fontos megemliteni, hogy az utvonal
aktivalasa vagy gatlasa nem csak ligand-receptor kapcsoldodason alapul, hanem egyéb
szabalyoz6 molekuldk is befolyast gyakorolnak. Ilyen molekulak példaul a WIF1 (Wnt
inhibitor factor 1), sFRP-k (solubile frizzled-related protein family) és a Cerberus, melyek
megakadalyozzak a szolubilis Wnt ligand kapcsoloddsat a receptorahoz. A DKK
(Dickkopf) a Wnt receptorok egyik alegységéhez kotddik [51]. A WIF1 és az sFRP-k a
kanonikus és a non-kanonikus Wnt/ Ca*" tvonalat is, a DKK csak a béta-katenin ttvonalat,
mig a Cerberus mind a kanonikus, mind a non-kanonikus PCP és Wnt/ Ca*" Gitvonalat is
képes gatolni [52]. A GBM-ben gyakran ezek a negativ inhibitorok epigenetikai
csendesitésen esnek at. A WIF1 egy erds tumor szupresszor fehérje és expresszioja gyakran
gatolva van mutacié vagy metilacio révén gliomakban [53]. Az sFRP1 és sFRP2 promotere
hipermetilalt a primer GBM-ek tobb mint 40%-aban [54], mig a DKK1 nagyjabol 50%-
ban hipermetilalt promoterrel rendelkezik a masodlagos GBM-ben [55]. Egyes adatok arra
utalnak, hogy a béta-katenin fiiggd utvonal hibds miikodése hozzdjarul a GSC
kialakulasahoz és fenntartasahoz [56], mig a béta-katenin fiiggetlen utvonal funkci6 zavara
ndveli a tumor invaziv potencialjat [57]. Wnt/béta-katenin aktivitas sziikséges a sejt de-
differencialodasahoz ¢s CSC/GSC kialakitdsadhoz [20, 58]. Immunhisztokémiai (IHC)
vizsgalatok azt mutattak, hogy a kanonikus és non-kanonikus Gtvonal a GBM marginalis
vagy ugynevezett invazids zonajaban a legaktivabb a tumor kézéppontjdhoz és a normal
agyszovethez képest. Ez a megfigyelés arra utal, hogy a Wnt ttvonal hozzijarul a
tumorsejtek invazojahoz, €s eldsegiti a tumor ndvekedését, progressziojat €s a recidivak
képzddését [43, 59, 60]. Mindemellett szdmos egyéb fehérje hatdssal van az Utvonal
adenoma gene-like 2) fehérje, melynek expresszids szinje hatdssal van az Fzd4 receptor
kifejezddésére, részt vesz a GSC-k képzésében. A GSC-k novelik a tumor ellenallosagat a
besugarzassal szemben, illetve fokozzdk a VEGF (vascular endothelial growth factor)
expresszios szintjét, ezzel eldsegitve az angioneogenezist. A TCGA adatok alapjan a
Wnt3a (kanonikus ttvonal ligand) ¢és a Wnt5a (non-kanonikus ligand) fokozott
expresszioja figyelheté meg a GBM-ben, de a Il-es és IlI-as gradusu gliomakban is [14,

61, 62], de a fokozott expresszid jellemzd a Fzd2, Fzd6 ¢és Fzd7 receptorokra is [57].
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Osszességében a legtdbb Wnt gén mRNS szintje szignifikidnsan magasabb a GBM-ben a
normal agyszdvethez viszonyitva [63], valamint a béta-katenin expresszios szintje korrelal
a glioma gradussal [64]. Kvantitativ real-time PCR (polymerase chain reaction) elemzések
kimutattak, hogy Wnt5a talmiikodés figyelhetd meg a legagresszivebb és leginvazivabb
GBM-ben, ezen beliil is a mesenchymalis alcsoportban [21, 43, 60]. Mint fentebb jeleztem,
a proneuralis alcsoportban nagyon gyakori az IDH-1/IDH-2 muticiok el6éfordulésa,
azonban viszonylag kevés €s ellentmondé adat van az IDH-1/2 statusz és a Wnt tvonal
kozotti kapcesolatrol [43, 65-67]. Annak tiikrében, hogy az IDH-1/2 gén mutaciok
jelentésen befolyasoljak a DNS CpG metilacios mintdzatok genomikai megoszlasat, és a
Wnt gének expresszidja erds epigenomikai szabalyozas alatt all, az IDH-1/2 mutécids
statusz ¢s Wnt marker expresszid kapcsolatanak vizsgalata egy kiilondsen fontos, Uj
iranynak latszik.

Osszefoglalva elmondhaté, hogy mind a kanonikus, mind a non-kanonikus Wnt titvonal
kiemelkedd szerepet jatszik a GBM kialakuldsdban, fejlddésében, terjedésében és
kigjulasaban, illetve hogy szamos jelatvivé utvonallal és molekulaval all szoros
kapcsolatban. A Wnt szignalkaszkad meghatarozza a tumor bioldgiai folyamatait, valamint
hozzajarul a kemo- €s sugarterapia elleni rezisztencia kialakuldsdhoz. Miikodésének jobb
megértése kulcs fontossagli lehet a GBM kezelésében, valamint egyes elemei esetleg
potencialis terdpids célpontokként is szolgalhatnanak. Ezért kutatdsaim soran a Wnt
utvonal elemeinek a gliomakban torténd kifejezddését, a GBM molekularis alcsoportjai
kozotti kiilonbségeit, ¢s a DNS CpG metilacid, valamint a génexpresszid kozotti

Osszefiiggéseit vizsgaltam.
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2. Hipotézisek és célkitiizések
2.1. Hipotézisek
A Wnt kanonikus és non-kanonikus Gtvonala:

Fontos szerepet jatszik a gliomak kialakulasaban gradustol, hisztologiai altipustol és
molekularis jellegzetességektdl fiiggden.

Eltéréen expresszalodik a GBM molekularis alcsoportjaiban és progresszidja soran.
Elemeinek differencialt expresszidja Osszefiiggésben all a DNS CpG metilacios

mintazataival a tumor progresszidja soran.
2.2. Célkituzések

A Wnt expresszios mintazatanak 6sszehasonlitasa a gliomak gradusa, szovettani eredete

¢és molekularis markerei szerint kvantitativ IHC alkalmazasaval.

A Wnt utvonal kifejez0désének és mintazatanak vizsgalata a GBM klasszikus,
mesenchymalis és proneurdlis molekularis alcsoportjaiban kvantitativ. THC

alkalmazasaval.

Osszefiliggések elemzése a Wnt ttvonal egyes elemeinek DNS CpG metilécios, valamint
fehérje expresszids mintdzatai kozott RRBS, NGS és kvantitativ IHC modszerek

felhasznalasaval szekvencidlis (primer és recidiv) GBM mintdkban.
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3. Anyag és modszer
3.1. Etikai nyilatkozat

Az értekezés az 1964-es Helsinki Nyilatkozat 2008-as szduli és 2014-es magyarorszagi
torvénykezése szerint, a Markusovszky Egyetemi Oktatokorhdz (MEOK) helyi Etikai
Bizottsaganak (EB) ¢és a Pécsi Tudomanyegyetem (PTE) Regionalis Tudomanyos Etikai
Bizottsaganak (RKEB) a jovahagyasaval tortént a MEOK Molekularis Patologiai és a
Szentadgothai Janos Kutatokozpont laborjaiban (Szombathely és Pécs, Magyarorszag).
Etikai dontések dokumentéacidja: az MEOK EB 56/2012, 21/2014 és 28/2014 szamu
jovahagyasa, tovabba a 025782-003/2014/ szamt dokumentuma, valamint az PTE RKEB
7517-2018 és 2019 jovahagyasa. A kutatashoz felhasznalt mintdk a betegek miitétje soran
szerzett, rutin patoldgiai vizsgalatokbol visszamaradt FFPE blokkok. A mintdk nagyrészét
retrospektiven nyertiik, és csak egy kisebb részénél tortént prospektiven a gytlijtés, amikor
részletes felvilagositas utdn a betegektdl belegyezd nyilatkozatot kértlink. A tanulmany

Prof. Dr. Kalméan Bernadette molekularis GBM irdnyultsagt kutatoprogramjanak a része.
3.2. Beteganyag
3.2.1. Altalanos leiras

AL IIT és IV gradusa GBM mintak 1999 ¢és 2018 kozott a szombathelyi MEOK Patologiai
Osztalyan, mig a szekvencialis GBM parok 1997 és 2017 kozott a PTE Altalanos
Orvostudomanyi Kar (PTE AOK) Patologiai Intézetében keriiltek dsszegyiijtésre. A II és
IIT gradusu gliomédk mintait sugar- és/vagy kemoterapia el6tti mintakbol kaptuk. A IV
gradusu GBM parok esetében a primer mintdk mindegyike sugar-és kemoterapiai kezelés
eléttrdl, mig a recidiv mintdk kezelés utanr6l szdrmaztak. A gliomak diagndzisanak és
gradusanak meghatarozasa klinikai, képalkotd, szovettani és molekuldris modszerek
alapjan tortént [24]. A tanulmanyunk el6tti mindségellendrzéshez és mintavalasztashoz HE

(hematoxylin-eosin) és a GFAP (glial fibrillary acidic protein) festést hasznaltunk.
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3.2.2. A Wnt markerek expresszidos mintazatinak vizsgalata a gliomak

gradusa, eredete és molekularis markerei szerint

Osszesen 72 IV-es gradust FFPE gliomat 69 betegtdl, és 19 Il-es és I11-as gradust FFPE

gliomat 19 betegtdl elemeztiink. Az esetek jelentds részében (67 beteg) 1 blokk allt

rendelkezésre, mig kisebb részben (2 beteg) egynél tobb blokk allt rendelkezésre a
multifokalis (2 és 3 gocl) GBM tumorbol (3. Tablazat).

Grade II Grade I1I Grade IV
. Diffaz Oligodendro- | Anaplasztikus Angp lasztikus Aqap Isztikus
Tumor tipus . . . oligodendro- | oligoasztro- GBM
asztrocitoma glioma asztrocitoma . .
glioma citoma
Betegszam 5 4 3 6 1 69
Nem (N§) 3 2 1 5 - 40
Nem (Férfi) 2 2 2 1 1 29
Eletkor a
betegscg 46 52 49 56 56 64
megjelenésekor
(Atlag)
Eletkor a
betegsg 46 53 45 57 56 65
megjelenésekor
(Median)
Eletkor a
betegscg 37-55 40-62 31-70 37-74 - 33-82
megjelenésekor
(Megoszlas)

3. Tablazat: A glioma gradus, eredet és molekularis markerek szerinti a tanulmanyba tartozo

betegeket demogrdfiai paraméterei.

3.2.3. A Wnt markerek expresszios mintazatinak vizsgialata a GBM

molekularis alcsoportjaiban

Héarom kohorttal dolgoztunk. A kohort 1-ben 78 betegtdl 62 retrospektiven, mig 19

prospektiven gylijtott blokk volt. A vizsgalat lezarasakor 5 beteg még ¢€lt. Az esetek

jelentds részében (76 beteg) 1 blokk allt rendelkezésre, mig kisebb részben (2 beteg) egynél

tobb blokk allt rendelkezésre a multifokalis (2 és 3 gocu) GBM tumorbol. A molekuléris

alcsoport meghatarozas mellett, a klinikai korrelaciokhoz a beteg életkorat, nemét és teljes

tulélését (mitét és halal kozott eltelt idé hetekben) hasznaltuk (4. Tablazat).

Eletkor a betegség | Eletkor a betegség Eletkor a betegség
Nem Betegszam megjelenésekor megjelenésekor megjelenésekor
(Atlag) (Median) (Tartomany)
N6 46 64 67 33-82
Férfi 32 63 62 40-78
Osszes 78 64 65 33-82

4. Tablazat: A kohort 1 betegek demografiai adatai.
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A kohort 2 szekvencialis FFPE GBM mintékat tartalmazott. A primer blokkokat a betegek
sugar-és kemoterapiaja elotti, mig a recidiv (masodik és harmadik minta) blokkokat a

betegek sugar- és temozolomid alapi kemoterapiaja utdni mitéti anyagabdl nyertiik. A

kohort eredetileg 9 betegtdl szarmazd 21 blokkot tartalmazott, de a HE és a GFAP

mindségeller6zés utan ez 8 beteg 19 mintdjara csokkent a vizsgalatokhoz (5. Tablazat).

A primer tumor | A recidiv tumor | A beteg kora a A beteg kora a Elz;l;i;sz(ziiel:{lso
Nem hisztologiai hisztologiai primer tumor recidiva e
kodja kodja diagnoézisakor diagnozisakor mutet kozote
(hetekben)
Férfi 7255/03 11880/05 51 53 114
la 1567/06
Y = 50 57
N6 18769/04 1b_1568/06 49
12371/06 51 86
N9§ 8626/05 16804/05 56 56 21
Férfi 11396/05 12314/05 53 53 3
Férfi 11424/05 1350/06 51 52 27
N6 13602/05 5700/06 64 65 31
N6 5641/13 1465/18 45 50 249
la_1500/17
Férfi 16945/15 lb_71500/17 66 67 70

5. Tablazat: A kohort 2 betegek demogrdfiai adatai.

A kohort 3 eredetileg 10 FFPE post mortem GBM-+normal agyszovetet tartalmazé
mintabol allt 10 betegtél. A szdvettani mindség ellendrzés utan 8 beteg blokkjabol
készitettiink metszetet, ahol elkiiloniilt a normal agyszovet, az invazidés zoéna €s tumor

kozponti régidja (6. Tablazat).

Nem | Blokk k6d | Halalkor a beteg életkora (években)
N6 194/05 83
Férfi | 157/03 25
N6 197/09 40
Férfi | 148/10 74
N6 177/N 85
N6 201/16 61
Férfi | 40035/15 37
N6 167/12 64

6. Tablazat: A kohort 3 betegek demogrdfiai adatai.
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3.24. A Wnt markerek expresszios és DNS metilacios mintazatanak

vizsgalata a szekvencialis GBM mintaparokban

Két kohorttal dolgoztunk. Kohort 1 esetében 24 betegtdl szarmazé 48 FFPE blokk allt a

rendelkezésilinkre (24 primer és 24 recidiv tumor). Mindségi szelektalas soran 3 beteget

kivettiink, igy 21 betegtdl 42 blokk keriilt be a tanulményba. A 21 betegbdl 7 n6 és 14 férfi

volt (7. Tablazat),

17 beteg részesiilt besugarzasban ¢és

temozolomid

alapu

kemoterapidban az elsé miitét utdn, mig 4 esetben nincs adat a beteg kezelésérdl (8.

Tablazat).
Primer tumor
Eletkor a Eletkor a Eletkor a
Kvartilis 1-
primer tumor | Széras | primer tumor primer tumor
Nem | Betegszam Kvartilis 3
megjelenésekor | (xSD) | megjelenésekor (Q1-Q3) megjelenésekor
(Atlag) (Median) (Megoszlas)
N6 7 55 6 56 52-59 45-63
Férfi 14 50 10 47 42-60 32-66
Osszes 21 52 10 52 43-61 32-66
Recidiva
Eletkor a Eletkor a Eletkor a
Kvartilis 1-
primer tumor | Széras | primer tumor primer tumor
Nem | Betegszam Kvartilis 3
megjelenésekor | (xSD) | megjelenésekor (Q1-Q3) megjelenésekor
(Atlag) (Medi4n) (Megoszlas)
N6 7 57 5 58 53-61 48-64
Férfi 14 51 10 48 43-61 36-68
Osszes 21 53 9 53 45-61 36-68

7. Tablazat: A kohort 1 betegek dsszesitett demografiai adatai.
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Az elsé és

Eletkor a Eletkor a Halalkor
masodik Teljes
primer tumor recidiva a beteg
Primer tumor Recidiva Nem miitét kozott | tilélés Kezelés
megjelenésekor | megjelenésekor | életkora
: , : eltel id6 (Hetek)
(Evek) (Evek) (Evek)
(Hetek)
15043/1999 9849/2000 | Férfi 50 50 50 31 41 Nincs informacid
9501/2001 3624/2002 | Férfi 52 53 53 33 59 Nincs informacié
15916/2003 9527/2004 N6 63 64 64 30 43 Miitét + besugarzas
9886/2004 15289/2004 | Férfi 41 42 43 17 70 Nincs informacié
Miitét + besugarzas +
3094/2006 15302/2006 | Férfi 59 60 60 35 65
T™Z
Miitét + besugarzas +
5526/2007 13808/2008/1 | N6 50 52 52 77 88
T™Z
Miitét + besugarzas +
13501/2007/C1 | 9614/2008/1 | Férfi 39 39 - 40 -
T™Z
Primer tumor: Mitét
+ besugarzas + TMZ;
12732/2008 | 17440/2010/1 | Férfi 41 43 43 117 149
Recidiva:
Bevacizumab + radio
17578/2008 | 7779/2010/B | Férfi 63 65 - 77 - Nincs informacié
Miitét + besugarzas +
15466/09 16534/10 | Ferfi 66 68 - 56 -
T™™Z
AVAGLIO klinikai
10379/2010A 7536/2014 N6 56 60 61 199 287 tanulmany (STUPP +
Bevacizumab/placebo)
AVAGLIO klinikai
14561/2010/1 | 2315/2012/A | Férfi 45 46 - 70 - tanulmany (STUPP +
Bevacizumab/placebo)
Miitét+TMZ és
2525/2011/B | 1365/2013/1 | Feérfi 32 36 36 177 203 Bevacizumab,
besugarzas, BCNU
Miitét + besugarzas +
14642/2011/1 | 7990/2014/1 | Férfi 43 45 46 135 192
T™Z
Miitét + besugarzas +
5693/2012/1 612/2015/1 N6 45 48 48 143 169
T™™Z
Miitét + besugarzas +
7183/2012/1 11956/2012 | N6 57 58 59 51 95
T™™Z
Miitét + besugarzas +
6795/2013/1 17545/2013 | N6 61 62 62 31 54
T™™Z
Miitét + besugarzas +
16189/2014 16742/2015 | No 53 54 55 55 69
T™Z
Miitét + besugarzas +
3997/2016 51202017 | Férfi 62 63 63 58 62
T™Z
Miitét + besugarzas +
10776/2016 2168/2017 | Férfi 43 43 44 29 46
T™Z
Miitét + besugarzas +
13956/16/1 12107/17/1 | Férfi 60 61 62 49 60

™Z

8. Tablazat: A kohort 1 betegek egyéni demografiai és klinikai adatai.
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Metilacios adataink validacidjahoz a kohort 2-ben egy nyilvanos adatbazisban elérhetd 112

szekvencidlis GBM mintapar RRBS adatait hasznaltuk (https://www.ebi.ac.uk/ena,
hozzaférési szam: EGAS00001002538) [35]. Kontrollként az IHC tanulmany soran 6 FFPE

post mortem agyi mintat vizsgaltunk, mivel mutétileg eltavolitott normal agyszdvet nem

allt rendelkezésiinkre, mig a DNS CpG metilacios elemzéseinkhez 5 epilepszia miitéti

minta RRBS adatait hasznaltunk az European Nucleotide Archive adatbazisbol [35].

3.3. Immunhisztokémia

Az elsddleges antitesteket egy pilot IHC tanulmany keretében allitottuk be. Ezek

eredményei alapjan pontosan meg tudtuk hatarozni az optimalis feltarast és higitast illetve,

az adott antitest kotddésének specificitasat (9. Tablazat).

A gradus szerinti glioma és a GBM molekularis alcsoport vizsgalatok sordan hasznalt antitestek
Gyarto Szirmazasi hely Kata,logus Elsoc%leges Klonalitas Immunogén szekvencia Higitas
szam Antitest
Dako Egyesiilt Allamok, M7239 EGFR Monoklyonahs Tlszt}tott, dgnaturalt epidermalis 135
Santa Clara (egér) ndvekedés faktor receptor
LA . -, Huméan EGFRVIII aminosav
Bioss Eg]\}//[esult /}?llar:ltok, bs-2558R EGFRvIII POhklo,Tahs szekvenciabol szarmaztatott KLH 1:200
assachusetts (nydl) konjugdlt szintetikus peptid
Egyesiilt Kiralysag, Poliklonalis Szintetikus peptid, aminosav .
Abcam Cambridge ab30325 NF-1 (nyal) szekvencia: QQNTHTKVSTEHNKE | 1200
. Németorszag, Monoklonalis Szintetikus peptid, aminosav .
Dianova Hamburg DIA-HO9 [DH-1 R132H (egér) szekvencia: CKPIIIGHHAYGD 1:40
. Egyesiilt Kiralysag, Monoklonalis E. Coli-ban expresszalt, tisztitott .
Biorbyt Cambridge orb69157 Wnisa (egér) rekombindns Wnt5a fragmens 12200
Abcam Egyesiilt K}ralysag, ab81614 Wni3a Monoklronalls Teljes hosszlisagd recombinans Wnt3a 1:200
Cambridge (egér) (aal9-352)
Egyesiilt Kiralysag, . . Poliklonalis Szintetikus peptid, aminosav .
Abcam Cambridge ab6302 béta-katenin (nyul) szekvencia: PGDSNQLAWFDTDL 1:500
.. a1 A1 Peptid szekvencia:
Everest | - Egyesillt Kiralysag, EB08353 Fzd2 Monoklondlis RYATLEHPFHCPR, a protein 1:250
Biotech Oxfordshire (kecske) PP
szekvencia kozépso részébol
Abcam Egyesillt K?ralysag, ab6741 anti-kecske Pollqunahs Kecske IgG teljes molekula 1:200
Cambridge (nyul)
Dako Egyesiilt Allamok, M7001 P53 Monoklyonahs Rekombindns humén vad tipust p53 1:40
Santa Clara (egér) protein.
Sigma- | Egyesilt Allamok, | yp 1 51906 ATRX Poliklondlis Rekombinéns ATRX protein 1:500
Aldrich Missouri (nyul)
Dako | FeyesiltAllamok, M0761 GFAP Monoklonlis Agyi GFAP 1:100
Santa Clara (egér)
A szekvencidlis Wnt - GBM tanulmany soran hasznalt antitestek
Gyarté Szarmazasi hely Kata,logus Elsod.leges Klonalitas Immunogén szekvencia Higitas
szam Antitest
Abcam Egyesiilt K?ralysag, ab224803 béta-katenin Monoklronalls Human b.eta—lfatenln—rg reagald 1:500
Cambridge (nyul) szintetikus peptid
Egyesiilt Kiralysag, Monoklonélis Humén Wnt3a-ban talalhato .
Abeam Cambridge ab219412 Wntla (nyul) szintetikus peptid szekvencia 250-350 1:300
. Egyesiilt Kiralysag, Monoklonélis E. Coli-ban expresszalt, tisztitott .
Biorbyt Cambridge orb69157 WntSa (egér) rekombinans Wnt5a fragmens 1:2000
Eovesiilt Kiralysa Poliklonalis Human Frizzled 2 71-150 aminosav
Biorbyt &y Cambrid ysag, orb100745 Fzd2 il szekvenciabol szarmaztatott KLH 1:500
ambridge (nydl) konjugdlt szintetikus peptid
Eavesiilt Kiralysé Poliklonalis WNT7B 71-150 251-290 aminosavbol
Biorbyt &y Cambrid ysag orb100915 Wnt7b al szarmaztatott KLH konjugalt 1:200
ambrdge (nydl) szintetikus peptid
Rekombinans protein epitdp antigén
. . A - - szekvencia:
211%“.‘3}'1 Egye;}l‘.“ Allamok, 1 1y 4 14485 Fzd10 P"hkk’,rllahs KTLQSWQQVCSRRLKKKSRRKPA |  1:100
e 1ssourt (nyaD) SVITSGGIYKKAQHPQKTHHGKY
EIPAQSPTCV

9. Tablazat: A tanulmany soran hasznalt antitestek klonalitasa és higitasa.
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A pilot kisérlet soran a specificitds ellendrzésére olyan kiillonbozd szovettani eredetii
tumorokban hataroztuk meg primer antitestjeink kotddését, melyekrdl ismert a vizsgalt
antigének expresszidja az irodalomban (pozitiv kontroll), Osszevetve olyan normal
szovetekkel, ahol ezek a molekuldk ismerten nem expresszalodnak (negativ kontroll).
Negativ technikai kontrollként, csak a Novolink mésodlagos antitestet és kémiai reakciot
alkalmaztuk a primer antitest elhagyasaval minden kisérlet soran. A primer antitestek GBM
szovetben torténd kotddésének ¢és expresszidjanak a validalasara olyan mintakat
hasznaltunk, amelyek nem szerepeltek a f6 tanulmanyban. Mind a pilot kisérletekben, mind
a fo tanulmanyban manualis mikrotommal és Microtome Blade A35 (Feather®, Osaka,
Japan) pengékkel 3-5 pm vastagsagi metszeteket készitettiink az FFPE blokkokbdl,
melyeket Superfrost Ultra Plus J3800AMNZ (Thermo Scientific®, Waltham,
Massachusetts, Egyesiilt Allamok) targylemezekre vittiink fel és hagytuk megszaradni egy

napon keresztiil.

Az THC teszt elsd [épéseként a szovetmintakat a targylemezen PAP PEN-nel (Biotium Inc.
Fremont, Egyesiilt Allamok és San Francisco, Egyesiilt Allamok) korberajzoltuk, amivel
egy hidrofob gytrtt képeztiink, ezaltal megakadalyoztuk, hogy a higitott antitest lefolyjon
a szovetrol. Az antitesteket Tween20-t6l mentes TBS (tris-buffered-saline) pufferrel
higitottuk a pilot kisérletben beallitott koncentracidra. A szovetmintak feltarasat 95°C-os
0.01M citratpufferbe meritve mikrohulldama siitében, vagy proteindz K kezeléssel
végeztiik. A mosasi 1épéseket Tween-20 detergenst tartalmazo TBS pufferrel végeztiik. A
primer antitesteket 100 pl térfogatban vittiik fel a targylemezekre. Az elsddleges antitestek
kotddésének a detektalasat a Novolink Polymer Detection Systems RE-7140-K és RE-
7150-K kit (Leica Biosystems, Newcastle, Egyesiilt Kiralysag) segitségével végeztiik. Egér
primer antitest esetén a kit masodlagos antitestjét is alkalmaztuk (anti-egér nytl univerzalis
antitest), nyul eredetii primer antitest esetén erre nem volt sziikkség. A masodlagos
antitesthez a kit-ben taldlhatd polymert kotottiik és a specifikusan kotddott antitesteket
DAB-bal (diamino-benzidin) hivtuk elé tormaperoxiddz reakcid révén. A kész, festett
mintdkra pertexet (Mitsui&Co. Ltd. Osaka, Japan) vittiink fel, amit Menzel-Gléser
(Thermo Scientific®, Waltham, Massachusetts, Egyesiilt Allamok) targylemezfedével

fedtiink le és hagytunk megszaradni.

Mindegyik metszet esetében a HE ¢és GFAP festett lemezek alapjan egy patologus
szakorvos meghatarozta a ,,region of interest”-et (ROI), ahol a tumor a legmalignusabbnak

latszott. A ROI-n beliil magas cellularitas, intenziv mitotikus aktivitas és polimorf sejtmag
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megjelenés volt megfigyelhetd, de nem, vagy csak minimalis volt a nekrézis és a
vaszkularitds mértéke. A ROI teriiletén beliil kijeldltiink harom latoteret, ahol koriil-beliil
100-100 sejtet olvastunk le. Meghataroztuk a festddott sejtek szamat szazalékos formaban
¢s a festddés intenzitasat 0, +, ++ és +++ (numerikus skalan: 0, 1, 2 és 3) jeloléssel. Ezekbol
az értekekbdl egy ,,Complex Score”-t (CS) szamoltunk tigy, hogy megszoroztuk a festddott
sejtek szazalékos értékét az intenzitds mértékével. Az THC festés eredményeit harom
fiiggetlen leolvaso is kiértékelte, 20 illetve 40-szeres nagyitasi objektiv lencsék
alkalmazasaval, mely képek a digitalizalas nagyitasaval egylitt 200x és 400x nagyitasu
abrakat eredményeztek. A glioma gradus szerinti €¢s a GBM molekularis alcsoport szerinti
tanulmanya soran egy Olympus BX51 (Olympus Corp. Japan), mig az epigenomikai
tanulmany szekvencialis mintaparjainak Wnt tanulméanya sordn egy Nikon Optiphot-2
(Nikon Corp. Japan) mikroszkdpot hasznaltunk. A manualis kiértékelés mellett digitalizalt
leolvasast is végeztiink a szekvencialis mintik esetében. A digitalizalas a PTE AOK
Patologiai Osztalyan talalhatdé MIDI II Scanner-rel végeztiik. A digitalizalt lemezeket a
3DHisTech Pannoramic Viewer 1.15 programmal, valamint a bévitményként hozzaadhato

QuantCenter modullal (3D HisTech Kft. Budapest, Magyarorszag) értékeltiik ki.

A Tl-es ¢és Ill-as gradusu gliomak oligodendroglialis és asztroglialis eredetének
elkiilonitésére az agydaganatokra vonatkozd6 WHO 2016-os utmutatojat kovetd
hisztologiai és molekuléris vizsgalatokat végeztiink [24] (3. Abra). Az asztroglialis
tumorok IHC meghatarozasahoz p53-at és ATRX-et (alpha thalassemia/mental retardation
syndrome X-linked) specifikus antitesteket hasznaltunk. Az oligodendrogliara jellemzo
1p19q kodeléciot FISH (fluorescent in situ hybridization) modszerrel teszteltiik a Vysis
1p36/1g25 és 19q13/19p13 probak alkalmazasaval, a gyartd kézikonyvének utasitsait
kovetve (Abbott Laboratories, Abbott Park, Egyesiilt Allamok). A GBM molekularis
alcsoportjait az IDH-1 R132H, EGFR/EGFRVIII, és az NF-1 IHC markerekkel hataroztuk
meg a TCGA eredmények [21] és sajat csoportunk korabbi munkai nyoméan [23]. Az IDH-
1 R132H és az EGFRUVIII esetében a mutans molekula jelenlétét vagy hianyat regisztraltuk,
mig az EGFR és NF-1 esetében CS qIHC értéket szamoltunk.
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Hisrtolozia AsTtrocitoma Olizoasztrocitoma Oligodendroglioma Glioblastona

IDH statusz IDH mutins IDH vad tipus | IDH mutdns [DH vad tipus
/\ Glioblastoma, IDH mutins
1p/19q vagy .
: ] ATRX vesziés*® 1p/15 shioblaston e
egyéh genetikai & ke A | Glioblestomn, 1DH vad tipi:
sor il P53 mutdcio® kodelecio
viltozdsok l
| Diffiiz aszhocitoms, TOH mutins | } 35
= Nem volt genetikai teszt
Oligodendroglioma, [DH mutins és 1p/19¢q kodelzdlr | vagy inkonkluziv
| Egyéb entitasck kizarasa win:
Diffiiz aszirocitoma. IDH vad tipos
| Oligedendroglioma, NOS
Diffir asztrocitoma, NOS
Oligodendroglioma, NOS
*=jellemzd, de nem Oligoaszirocitoma, NOS

sziikséges a diagnozishoz Gilioblastomn, NOS

3. Abra: 4 diffiiz gliomdk szévettani és molekuldris felosztasanak jelen gyakorlata az
agydaganatok osztalyozasanak 2016-os WHO revizioja alapjan (eredeti abra magyar verzioja a
publikaciobol [24]).

Az anti-p53 ¢és az anti-ATRX antitest sejtmagi festddést mutat, ezért elsésorban a magban
vartuk a jelet (vagy annak elvesztését), mig az anti-GFAP festés citoplazmatikus festést

mutat az asztroglialis eredetli gliomakban.

A mutécio specifikus anti-IDH-1 R132H antitest festddési mintazatara citoplazmatikus
festddés jellemzd. Eldzetesen piroszekvenalassal megallapitottuk, hogy az IHC-ban ,,+”
festddésii mintak mutacié negativnak, mig a ,,++” és ,,+++” festddésli mintdk mutdnsnak

tekinthetok.

Az anti-NF-1 fest6dését citoplazmatikus és sejtmagi kompartmentekben is vizsgaltuk.
Fiziolégias koriilmények kozott a protein csak a citoplazméaban expresszalodik. Malignus
malforméciok esetében azonban a tumor szuppresszor protein teljes vagy részleges
sejtmagi transzlokécioja és delécidja is tapasztalhatd, igy négyféle mintazat leolvasasa
tortént GBM-ben: csak citoplazmatikus (c+/m-), csak sejtmagi (c-/m+), kettds negativ (c-

/m-), kettds pozitiv (c+/m+).

Az anti-EGFR antitest festddés els6sorban sejtmembranban varhato. A protein azonban
gyakran jelen van citoplazmatikusan is az éppen kifejezddés alatt 4llo6 EGFR molekuladk
endoplazmatikus retikulumhoz vagy mas intracitoplazmatikus membranokhoz kotédése

miatt.

Az altalunk hasznalt anti-EGFRVIII antitest csak az EGFRvlll-as varianst ismeri fel,

normal EGFR molekuldkhoz nem ko6tédik. Az EGFRVIII festédésre is igaz, hogy nemecsak
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membran, hanem citoplazmatikus vagy perinuklearis jelet is adhat. Akarcsak az IDH-1
R132H festddése estén, itt is csak a ++ és +++ festddési intenzitast lemezeket tekintettiik

pozitivnak.

A kanonikus utvonal vizsgélatara a Wnt3a, Fzd10 és béta-katenin, mig non-kanonikusra a
Wnt5a, Wnt7b és az Fzd2 marker fehérjéket hasznaltuk fel. A gradus szerinti glioma ¢és a
GBM molekularis alcsoport vizsgélat soran hasznalt Fzd2 antitest kecske eredetii volt,
ezért, hogy kompatibilis legyen a Novolink Polymer Detection Systems rendszeriinkkel,

intermedier antitestként egy nyul eredetii anti-kecske antitestet hasznaltunk.

Az anti-Wnt3a, anti-WntSa és az anti-Wnt7b antitest festddési mintazat részben a
citoplazmaban (a ligand internalizdcidja miatt) és részben az extracellularis matrixban
figyelheté meg. A béta-katenin fiziologids koriilmények kozott csak a citoplazmaban
expresszalodik, azonban tumoros sejtekben megjelenhet a sejtmagban is. Végiil az anti-
Fzd2 ¢és anti-Fzd10 altal megfestett receptor elsdsorban a sejtmembranban talalhat6, de az

internalizacié kovetkeztében megjelenhet a citoplazmaban is (9. Tablazat)..
3.4. DNS izolalas

Az FFPE blokkokbol 4-5 darab 5 pum vastagsagi metszetet készitettiink, amelyeket
Eppendorf csébe helyeztiink. Ezt kdvetéen a QiaGen® Deparaffinization Solution for
FFPE samples kit (Qiagen®, Hilden, Németorszag) segitségével a mintakat
deparaffinizaltuk. A QiaGen® QIAamp DNA FFPE Tissue Kit (Qiagen®, Hilden,
gradus szerinti glioma ¢és a GBM molekularis alcsoport tanulméany soran egy Thermo
Scientific® NanoDrop 2000 (Thermo Scientific®, Waltham, Massachusetts, Egyesiilt
Allamok) késziilékkel mértiik meg a hozzé tartozé NanoDrop 2000/2000c szoftvercsomag
segitségével. Az epigenomikai tanulmany szekvencialis mintaparjainak DNS mennyiségi
meghatarozasdhoz a Qubit™ 1X dsDNA CS Assay Kit-et hasznaltuk, Qubit 3
Fluorimeteren (Invitrogen, Carlsbad, CA, USA). Az epigenomikai tanulmanyhoz
sziikséges DNS fragmentanalizist az Agilent Genomic DNA ScreenTape Assay kit-tel egy
Agilent 4200 TapeStation System (Agilent Technologies, Santa Clara, CA, USA)

késziiléken végeztik.
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3.5. Piroszekvenalas

Az anti-IDH-1 R132H antitest mitkddését és a mutacid jelenlétét piroszekvenalassal
erdsitettiik meg. Az elézéekben ismertetett eljarassal a blokkokbol DNS-t izolaltunk. A
DNS anyagokat PCR eljarassal amplifikdltuk egy BOECO Thermal Cycler SQ
BOES8085240 (Boeco GmbH, Hamburg, Németorszag) késziiléken. Az IDH-1 PCR és
szekvenald primereket egy korabbi publikacid alapjan szintetizaltattuk a BioScience Kft
kozvetitésével. A reverz PCR primer biotin konjugéalt volt [68]. A PCR primerek
(Invitrogen® Paisley, Egyesiilt Kirdlysag).
A PCR primerek szekvencidja:

IDH-1 forward primer: 5’-CACCATACGAAATATTCTGG-3’

IDH-1 reverse primer: 5’-BIOTIN-CAACATGACTTACTTGATCC-3".

A PCR ciklusok az alabbiak szerint keriiltek beéllitasra: 1. ciklus: 95°C 10 percig; 2-39
ciklus: 95°C 3 masodpercig, 50°C 30 masodpercig, 72°C 30 masodpercig; 40 ciklus: 72°C
10 percig, majd tarolas 4°C-on.

A szekvenal6 primer szekvencigja: 5’-GTGAGTGGATGGATGGGTAAAACC-3’ [68].

A biotinildlt PCR amplikont egy avidin-biotin alapu (Streptavidin) immobilizalassal
tisztitottuk meg. A biotin-avidin kapcsolodas éltal a felsokszorozott, szekvenalandé DNS
szegmentumokat egy vakuum allomas segitségével emeltiik ki. Ezt kovetéen a DNS
terméket annealing pufferbe mostuk, mely tartalmazta a szekvenald primert is. A
piroszekvenalas soran a fent jelzett publikalt szekvenald primert hasznaltuk a PyroMark
Q24 (Qiagen®, Hilden, Németorszag) késziiléken, melynek a szoftvere képes tobbféle
szekvencia valtozatot is azonositani, ez esetben az IDH-1 R132H/C mutaciok vagy a vad

tipusu szekvencia jelenlétét.
3.6. Epigenomika

Az izolalt DNS-ekbdl biszulfit konvertalt konyvtarakat készitettlink a gyarto altal javasolt
protokollt kdvetve az RRBS kit 24x (Diagenode SA, Seraing, Belgium) felhasznalasaval.

Az FFPE szovetmintdk DNS-e a postmortem biologiai folyamatok, de foként a formalin
kezelés kovetkeztében kiilonb6z6é mértékben fragmentalodik. A konyvtarkészitéshez
altalanossagban 200 ng DNS input ajanlott, ha a 2000bp feletti fragmentek szazalékos

aranya magas az adott mintdban. Azon mintaink esetében, amikor a 2000bp feletti DNS
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fragmentek szdzalékos aranya csak 20-35% kozott mozgott, a DNS bevitelt 350 ng-ra, mig
10-20% kozott 400 ng-ra emeltiik.

Az RRBS konyvtarkészités harom napot vett igénybe:

Elsé nap: Egy CCGG felismerdhellyel rendelkezé Mspl restrikcids endonukleazzal
minimum 300 ng DNS-t emésztettiilk meg egy ,,enzymatic digestion mix” felhasznalasaval,
amely egy CCGG felismerdhellyel rendelkez6 Mspl restrikcios endonukleédzt tartalmazott
egy GeneAmp PCR Systems 9700 (Applied Biosystems, Foster City, Egyesiilt Allamok)
késziiléken, melyet a kovetkezd ciklusra allitottunk be: 37°C 12 6éran keresztiil> 8°C-on
tarolassal. Az emésztés kovetkeztében minden DNS fragmentum CpG dinukleotidokkal

veégzOdott.

Masodik nap: A fargmentumok végét az ,,ends preparation mix” segitségével kezeltiik a
kovetkez6 thermocycler ciklus alkalmazasaval: 30°C 20 perc=> 37°C 20 perc—> 75°C 20
perc—> tarolas 8°C-on. Ezt kovetéen a DNS fragmentek adapterekkel torténd ligalasat
végeztik a ,ligation mix” alkalmazéasaval a kovetkezd thermocycler ciklust hasznalva:
25°C 20 perc—=> 65°C 10 perc—> tarolas 8°C-on. A CpG gazdag méret szelekcid, magneses
tarton, AMPure XP Bead-ekkel (Beckman Coulter, Washington D.C., Egyesiilt Allamok)
tortént. A fragmentek mindségét a Kapa Sybr Fast qPCR kit-et (Kapabiosystems, Cape
Town, South Africa) alkalmazva meghataroztuk a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) késziiléken a kovetkezd protokol szerint: elsd
denaturacio 98°C 3 perc (1x), majd denaturacio: 95°C 15 masodperc—=> kapcsolodas: 60°C
30 masodperc > lanchosszabitas: 72°C 30 masodperc (25x) —> tarolas 4°C-on. A
konyvtarak mindsége az egyes mintaink fragment megoszldsan alapult. Azon §-8
konyvtarat, melyeknek hasonlé kvantitativ (qQ)PCR CT (threshold cycle) értéke volt, egy-
egy pool-ba tettiik. Egy-egy kisérlet soran 2-3 pool-lal dolgoztunk. A pool-ok biszulfit
konverzidja soran a metilalatlan citozin uracilld deaminalédott, mig a metilalt citozinok
esetében nem torténik valtozas, mivel a metilcsoport megvédi a citozint a kémiai
konverziotol. A konverziot a GeneAmp késziiléken végeztiik: denaturacio: 95°C 1 perc>

konverzio 60°C 10 perc (20x) > tarolas 4°C-on.

Harmadik nap: A konvertalt konyvtarak egy masodik qPCR reakcion estek at. A protokoll
a kovetkezd volt: elsé denaturacid6 98°C 3 perc (1x), majd denaturacio: 95°C 15
masodperc> kapcsolodas: 60°C 30 masodperc > lanchosszabitas: 72°C 30 masodperc
(30x) —-> tarolas 4°C-on. A qPCR [épéssel meghataroztuk a végsé6 PCR reakcio
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amplifikacos ciklusdnak a szdmat. Ezt kovetden elvégeztiik a végsd PCR-t, aminek a
lényege a konvertalt DNS fragmentek felsokszorozésa volt: elsé denaturacid 95°C 5 perc
(1x), majd denaturacio: 98°C 20 masodperc—>kapcsolodas: 60°C 15 masodperc —=>
lanchosszabitas: 72°C 45 masodperc (CT érték a masodik gPCR-bol minusz egy) =2 végso
lanchosszabitas: 72°C 7 perc (1x) => tarolas 4°C-on. Ezt egy tisztitasi folyamat kdvetett,
amelyet az AMPure XP Bead-ekkel végeztiink magneses tarton. Végiil a konyvtar DNS-
ek fragmentumainak mindségét a 4200 TapeStation System és High Sensitivity D5000
ellendriztiik. Ezt kovetden az amplifikdlt konyvtarakat megszekvenaltuk a NextSeq
500/550 High Output Kit v2.5 (75 ciklus) és a NextSeq 550 (Illumina, San Diego, CA,
USA) szekvenal6d késziilék alkalmazasaval. A nyers szekvenalasi adatokat az European
Nucleotide Archive-ba toltottiik fel (https://www.ebi.ac.uk/ena, Primary Accession:

PRJEB38380, Secondary Accession: ERP121800).
3.7. Bioinformatika

A Dbioinformatikai elemzéseket, bioinformatikus kollégak segitségével végeztik. A
NextSeq 550 szekvenalokésziilék altal adott nyers adatok mindségét FastQC programmal
ellendriztiik. Az alacsony mindségli szekvencidkat és az adaptereket a TrimGalore
programmal kisz{irtiik. Az RRBS szekvenciakat a hgl9 (GRCh37) referencia genommal
vetettiik 0ssze. A Bismark programot hasznalva értékeltiik ki a biszulfit konvertalt read-
eket és a lehetséges metilacios pontokat. Az RnBeads programmal kohort szinten
elkiilonitettiik a differencialtan metilalt CpG helyeket, gén régidkat, a GO analizissel az
utvonalakat, 0sszehasonlitva a primer és recidiv GBM mintaparokat egymassal és a
kontrollal. Ezutan a metil4cio szintjét és megoszlasat a GO elemzés szerint kohort szinten
egyéni mintdkban egy bioinformatikus kolléga altal, a tanulmanyhoz irt script segitségével,
mely a BioMethyl R csomagon alapul:

A parancssor részletes leirdsa (https://github.com/galikbence/MethylPatternViz):

“Rscript methylation patterns.R —chr ? --start ? --end ? --gene TEST -- all samples T --
paired F”.

Az igy kialakitott formuldba illesztettiik be az altalunk elemezni kivant Wnt markerek

genomon beliili kezdd és végpontjanak a helyét:
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Wnt5a: 3-as kromoszoma --starthely 55499743 --végpont 55525473
Wnt3a: 1-es kromoszoma -- starthely 228193252 -- végpont 228248961
Fzd2: 17-es kromoszéma -- starthely 42633425 -- végpont 42636907
Béta-katenin: 3-as kromoszoma -- starthely 41234828 -- végpont 41301587
Wnt7b: 22-es kromoszdma -- starthely 46316242 -- végpont 46374509
Fzd10: 12-es kromoszoma -- starthely 130645504 -- végpont 130650285

Ezt kdvetden az program referencia genomhoz viszonyitva mind a primer, mind a recidiv
egyedi mintdkban megadta a régid metilaciés mennyiségét és megoszlasat szazalékos
forméaban. Az adott egyedi metilaciot a program ugy szdmolta ki, hogy meghatarozta a
metilacios helyeket a megadott région beliil az §sszes mintdban. Majd ezeknek a helyeknek
egyedi szinten meghatarozta a szamszerli metilaltsagat és annak relativ fokat 0 és 100%
kozott, végiil a metilacios helyek szamat elosztotta az Gsszes lehetséges metilacios hely

szdmaval és megszorozta 100-zal.

Metilaciés helyek
Osszes lehetséges metilaciés hely

>><100

Kiegészitésként megvizsgaltuk a script felhasznalasdval a hat Wnt marker
adatbazisbol nyert szekvencidlis GBM mintdkban. A GeneCards adatbazisbol nyertiik ki a
vizsgalando enhancer  régidkat és pozicidjukat a génhez képest

(https://www.genecards.org/Search/Keyword?queryString=Wnt).
3.8. Statisztika

A Wnt markerek THC értékelésébdl adodo CS értekek median és interkvartilis tartomanyat
hataroztuk meg és hasonlitottuk 6ssze a kiilonboz0 statisztikai probdk soran. Az adataink
minden esetben nem parametrikus eloszlast kovettek. Két fliggetlen minta 6sszehasonlitasa
esetén Mann-Whitney U tesztet alkalmaztunk, mig egymastdl fiiggd mintaparok esetén
Wilcoxon signed rank tesztet. Tobb minta egyidejli 6sszehasonlitasakor Kruskal-Wallis
probat futtatunk le. A Wnt és az alcsoport meghatdroz6 markerek, valamint a teljes talélés
kozotti kapesolatot Kendall’s T korrelacid analizissel vizsgaltuk. A teljes tulélést a GBM
kiilonbozo alcsoportjaiban Kaplan-Meier vizsgalattal, még az alcsoportok €s a nem kozotti
Osszefliggést Pearson Khi négyzet probaval elemeztiik. Minden statisztikai probat az SPSS
v.23.0 csomagu szoftvert felhasznalasaval viteleztiink ki (SAGE, IBM® SPSS® Statistics
v23.0).
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4. Eredmények

4.1. A Wnt markerek expresszios mintazatanak a vizsgalata a gliomak gradusa,

eredete és molekularis markerei szerint

A Wnt kanonikus alutvonal vizsgalatara a Wnt3a ligandot és a béta-katenin jelatvivo
fehérjét, mig a non-kanonikus altitvonal vizsgalatara a Wnt5a ligandot és az Fzd2 receptort
valasztottuk ki. Ezen markerek expresszidjat gradus, szovettani eredet és molekularis

jellemz6k szerint vizsgaltuk a kiilonboz6 glioma alcsoportokban (4. Abra).

Wtn3a béta-katenin

4. Abra: Reprezentativ IHC képek a Wnt markerek festédési megjelenésérdl és mintdzatarol. A
Wnt5a citoplazmas, az Fzd2 membran, a Wnt3a citoplazmas, mig a béta-katenin citoplazmds és a

sejtmagi lokalizdcio jellemzi.
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4.1.1. A Wnt markerek expresszios szintje a II-IV gradusu gliomakban és a

normal agyszovetben

Kutatasunk soran arra kerestiik a valaszt, hogy a Wnt tvonal expresszios kifejezodése
milyen mértékben valtozik meg a gliomakban a normal agyhoz képest, valamint az titvonal
aktivitasa fokozatosan emelekedik-e a gradus eldrehaladtaval. Tanulmanyunkban 8 darab
normal agyszovetet, 9 darab Il-es, 10 darab Ill-as és 72 darab IV-es gradusu (GBM)
gliomat hasonlitottunk 6sssze (3. Tablazat). A csak gradus vizsgalatok sordn a GBM
mintakban szignifikdnsan magasabb expressziot tapasztaltunk a WntSa (III gradus vs. IV
gradus p<0.001) és Wnt3a (II gradus vs. IV gradus p=0.036; és III gradus vs. IV gradus
p=0.001) esetében a II és Ill-as gradust gliomékhoz képest (5. Abra). A béta-katenin
magasabb citoplazmas megjelenése tekintetében gradus IV esetében egy hatarozott trendet
tapasztaltunk (III gradus vs. IV gradus p=0.070). A béta-katenin sejtmagi, illetve az Fzd2
festddése nem mutatott kiilonbséget a gradus emelkedésével. A Wnt markerek CS értékei
nem mutattak kiilonbséget az Il-es és IlI-as gradusu tumorok 6sszehasonlitasaban, ezért a

kovetkezd elemzésben 0sszevontuk ezt a két csoportot.
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Wtn5a Wtn3a Fzd2 béta-katenin béta-katenin
(citoplazma) (sejtmag)

5. Abra: A Wnt marker expresszié dsszehasonlitdsa kiilonbozd tumor gradusok kézott I1, IT1 és 1V.
Az dabran a WntSa, Wnt3a, Fzd2 és a béta-katenin plazmas és sejtmagi CS median értéke van

feltiintetve, valamint az interkvartilis tartomany (Kruskal-Wallis teszt: * p<0.05; *** p<0.001).

A 8 darab normal agy, 19 darab II-III gradus és a 72 darab GBM 06sszehasonlitasa soran a
Wnt markerek fokozatosan emelkedd expresszidjat tapasztaltunk a tumor gradus
novekedésével. A normal agyi régidhoz képest a Wnt3a kivételével, mindegyik marker

emelkedett expressziot mutatott a GBM-ben (WntSa p=0.004; Fzd2 p=0.015; citoplazmas
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béta-katenin p<0.001; sejtmagi béta-katenin p=0.001). A normal agyi régid ¢és a II-III
gradusu tumor kozott csak a béta-katenin plazmas (p=0.016) és sejtmagi (p=0.030)
kifejez6désében talaltunk kiilonbséget (6. Abra). Felvetheté, hogy kontrollként post
mortem mintabol szarmazo normal agyi régiot vizsgaltunk, mig a tumorok mitétileg
eltavolitott mintdk voltak. Azonban fenti megallapitasunkkal Osszhangban, egy
elévizsgalat soran a nyolc post mortem normal — GBM mintaparban is hasonléan emelkedd
tendenciat figyeltiink meg: A Fzd2 és a béta-katenin markerek csak tendencidlisan, mig a
Wnt5a (p=0.003) és a Wnt3a (p=0.029) szignifikansan emelkedett a tumoros régiokban a
nem tumoros régiokhoz képest. Ez alapjan hitelesnek tekinthetjik a Wnt markerek
expresszios novekedését a (mitéti) tumoros vs. a normdl (postmortem) agyi régid

Osszehasonlitasakor is.
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6. Abra: A Wnt marker expresszié ésszehasonlitisa a normdl agyszévet és a kiilonbozé tumor
gradusok kézott (1I-1V). Az abran a Wnt5a, Wnt3a, Fzd2 és a béta-katenin plazmas és sejtmagi CS

median értéke van feltiintetve, valamint az interkvartilis tartomany (Kruskal-Wallis teszt: * p<0.05;

% p<0.01; *** p<0.001).

Abban az esetben, amikor csak a 19 darab II-III gradust gliomdkat hasonlitottuk a 72 darab
IV-es gradusu GBM-hez, a Wnt5a (p<0.001), a Wnt3a (p<0.001) és a béta-katenin
citoplazmatikus expresszioja (p=0.039) is szignifikansan emelkedett volt a GBM-ben, mig

az Fzd2 és a béta-katenin sejtmagi megjelenése csak kis mértékben valtozott (7. Abra).
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7. Abra: A Wnt marker expresszié ésszehasonlitdsa az LI-II1 és a IV tumor grddus kozott. Az dbran
a Wntda, Wnt3a, Fzd2 és a béta-katenin plazmas és sejtmagi CS median értéke van feltiintetve,

valamint az interkvartilis tartomany (Mann-Whitney U teszt: * p<0.05; *** p<0.001).
4.1.2. Wnt markerek expresszios mintazata a gliomak eredete szerint

A 19 II-1II gradust gliomabdl 8 asztroglialis és 11 oligodendroglialis tumort kiilonitettiink
el a WHO 2016-o0s utmutatdjat kdvetd hisztoldgiai és molekularis vizsgalatokkal [24]. A 8
asztroglioméabdl 7 rendelkezett IDH-1 R132H/C mutaciéval, mig 1 IDH-1 R132H/C vad
tipusu volt. A 11 oligodendrogliomébol 8 IDH-1 mutéacidval és 1p19q kodelécidval
rendelkezett, 3 hisztologiai alapon oligodendrogliomanak itélt tumor IDH-1 vad tipust,
nem kodelealt volt. A két csoport 0sszehasonlitasakor csak a Wnt5a expresszidja volt
szignifikdnsan magasabb az asztroglidlis csoportban (p=0.02) az oligodendroglialishoz

képest (8. Abra).
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8 Abra: A Wnt marker expresszié sszehasonlitisa két eltéré eredetii glidlis csoportokban. Az
dabran a WntSa, Wnt3a, Fzd2 és a béta-katenin plazmas és sejtmagi CS median értéke van

feltiintetve, valamint az interkvartilis tartomdany (Mann-Whitney U teszt: * p<0.05)

4.1.3. Wnt markerek kifejezédése a gliomakban az IDH-1 R132H/C mutacio

szerint.

A 19 II-1II gradusu gliomabol 15 minta IDH-1 R132H/C muténs, mig 4 vad tipust volt. A
Wnt marker expresszié 6sszehasonlitdsakor a két csoport kozott nem talaltunk szignifikans
kiilonbséget a CS érték tekintetében. Bar a Wnt3a kivételével valamennyi marker

expresszioja tendeciozus novekedést mutatott a mutans csopotban (9. Abra).
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9. Abra: A Wnt markerek expressziés mintdzatéanak osszehasonlitisa a Il-es és Ill-as gradusii IDH-
1 R132H/C mutacioval rendelkezd és a vad tipusu mintdk kézott. Az abran a Wnt5a, Wnt3a, Fzd?2
és a béta-katenin plazmas és sejtmagi CS median értéke van feltiintetve, valamint az interkvartilis

tartomany (Mann-Whitney U teszt).

Az dsszes (II-1V gradusu) glioma minta koziil 22 rendelkezett IDH-1 R132H/C mutacidval,
mig 69 vad tipusu volt. A két csoport kozotti Wnt markerek CS értékének 0sszevetése soran
csak a Wnt3a esetében tapasztaltunk szignifikansan magasabb kifejezodést (p=0.006) a vad
tipusu csoportban (10. Abra).
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10. Abra: 4 Wnt markerek expressziés mintdzatinak ésszehasonlitisa az osszes (II-1V) gradusii
IDH-1 R132H/C mutacioval rendelkezo és a vad tipusu mintak kozott. Az abran a WntSa, Wnt3a,
Fzd2 és a béta-katenin plazmds és sejtmagi CS median értéke van feltiintetve, valamint az

interkvartilis tartomany (Mann-Whitney U teszt: * p<0.01).

4.1.4. Wnt markerek megjelenése a p53 é az ATRX pozitiv és negativ

/4

festodésii II-II1 gradusu gliomakban.

A kiilobozé Wnt markerek expresszios szintjében nem talaltunk statisztikai kiilonbséget
p53 és ATRX pozitiv és negativ statuszii 19 minta kozott, bar hatarozott trend mutatkozott
(a Wnt3akivételével) valamennyi Wnt marker esetében a magasabb expressziora az ATRX

mutéans csoportban (11. Abra; 12. Abra).
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11. Abra: A Wnt markerek expressziés mintdzatanak ésszehasonlitisa az p53 negativ és pozitiv Il-
111 gradusu mintak kozott. Az abran a WntSa, Wnt3a, Fzd2 és a béta-katenin plazmas és sejtmagi

CS median értéke van feltiintetve, valamint az interkvartilis tartomany (Mann-Whitney U teszt)
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12. Abra: A Wnt markerek expressziés mintdzatinak osszehasonlitdsa az ATRX negativ és pozitiv
1I-111 gradusu mintak kézott. Az abran a WntSa, Wnt3a, Fzd?2 és a béta-katenin plazmas és sejtmagi

CS median értéke van feltiintetve, valamint az interkvartilis tartomany (Mann-Whitney U teszt).
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4.2. A Wnt markerek protein kifejezodése a GBM molekularis alcsoportjaiban
4.2.1. Kohort 1 tanulmanyok
4.2.1.1. A GBM molekularis alcsoportjai

A TCGA 2010-ben transzkriptomikai alapon kiilonitett el négy alcsoportot a GBM-en beliil
[21]. Csoportunk korabbi vizsgalatai sordn az ezen alcsoportokat meghatdrozo
legfontosabb markerek IHC vizsgalataval sikeresen reprodukalta a TCGA alcsoportokkal
atfedo alcsoportok elkiilontilését klinikai FFPE mintdkban (az egyszerliség kedvéért, az
alcsoportok megnevezéséhez mi is a TCGA nomenklaturat hasznaljuk) [23]. A GBM négy
molekularis alcsoportja a kovetkezé: IDH-1 R132H mutans (proneuralis); EGFRvIII
mutans és EGFR tulexpresszalt (klasszikus) és a NF-1 sejtmagi és citoplazmas (c-/m-)
expressziot elvesztd (mesenchymalis) ¢és jellemzé molekularis fenotipussal nem

rendelkezé (nem besorolt) alcsoport (13. Abra).

B k=

13. Abra: Molekuldris alcsoportokra legjellemzébb markerek reprezentativ IHC festédése.
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Jelen vizsgélat sordn is ugyanazt a modszert és stratégiat kovettiik, mint a megel6z6
tanulmanyban [23], azonban ,manudlisan” kiilonitettik el a GBM molekularis
alcsoportokat a fent jelzett IHC markerek (IDH-1 R132H; EGFRvVIII; NF-1) expresszidja
alapjan. A vizsgalat soran 78 betegtdl 81 FFPE blokk allt a rendelkezéstlinkre (4. Tablazat).
A proneuralis csoport (sarga) teljesen elszeparalodik a klasszikus (z6ld) és mesenchymalis
(kék) és nem besorolt (narancssarga) alcsoportdl, mig 1 beteg esetében a klasszikus és a
mesenchymalis klaszter atfed egymassal. (A TCGA altal kozolt publikacidban is talaltak
részlegest atfedést az elobb emlitett két csoport kozott). A betegek 61,7%-at (50/81)
sikeriilt valamelyik alcsoportba besorolnunk (14. Abra).

IDH-1 R132H
pozitiv

NF-1 negativ és

EGFRVIII pozitiv

1 beteg
(1%)

14. Abra: A GBM mintdk szegregdloddsa a kules markerek alapjan.
4.2.1.2. A betegek teljes tulélése

A betegek életkoranak elemzése sordn jelentds eltéréseket tapasztaltunk a molekularis
alcsoportok kozott: Az IDH-1 R132H mutéciot (proneuralis) hordoz6 7 beteg fiatalabb volt
(p=0.05), mint a 74 vad tipusu tumort hordozo6 beteg. Ezzel szemben, a 15 beteg, akik a
dupla NF-1 negativ (c-/m-) (mesenchymalis) fenotipusu tumort hordoztak, idésebbek
voltak, mint az NF-1 protein expressziot mutatd tumora (akar ¢+, m+ vagy c+/m+), 66
fobol allo betegek csoportja (p=0.039). A 27 EGFRVIII mutédns és 54 nem mutans daganata
betegeknél nem volt kiilonbség (15. Abra).
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15. Abra: 4 betegek medidn életkora és az interkvartilis tartomdny az egyes alcsoportokkal dtfedd

markerek jelenléte vagy hianya alapjan (Mann-Whitney U teszt: * p<0.05).

Amikor a GBM-es betegeket az alcsoport meghatarozd mutacidk alapjan kiilonitettiik el
(stratifikaltuk) nem tapasztaltunk szignifikans kiilonbséget a talélésben. Egyediil az IDH-
1 R132H muténs daganattal rendelkezd betegeknél (p=0.052) tapasztaltunk trendet a
hosszabb tulélésre az IDH-1 vad tipusos tumora csoporttal szemben. Feltehetd, hogy a
mintaelemszam novelésével szignifikans kiilonbség lenne e két alcsoport kozott (16.

Abra).
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16. Abra: A betegek teljes tilélése az adott marker expresszidjanak vagy hidnydnak tiikrében. A
fehér pontok azokat betegek reprezentaljik, akik a vizsgalat befejeztével még életben voltak.
(Kaplan-Meier féle tulélési teszt).

4.2.1.3. A Wnt markerek kifejezodése a molekularis alcsoportokban

Tanulmanyunk {6 célja az volt, hogy megvizsgaljuk a Wnt két (kanonikus és non-
kanonikus) alitvonal markereinek expresszids mintdzatdt a GBM molekularis
alcsoportjaiban. Kutatdsunk sordn azonban nem talaltunk szignifikans eltéréseket, csak
trendet tapasztaltunk a Wnt3a (p=0.059) és a Wnt5a (p=0.077) esetében, amikor az egyes
markerek kifejez6dését vizsgaltuk a GBM molekularis alcsoportjai kozott (17. Abra).

WtnSa Wtn3a
300 —_ 300
250 250
200 200
150 == 150
100 100
0 0
IDH-1 R132H  NF-1 negativ EGFRvIIT Nem IDH-1 R132H  NF-1 negativ EGFRvIII Nem
pozitiv pozitiv besorolt pozitiv pozitiv besorolt
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17. Abra: A Wnt markerek expressziés mintdzata az alcsoportok kozott. A markerek CS értékének

medianja és interkvartilis tartomanya van feltiintetve az abran (Kruskal-Wallis teszt).

Kovetkezd 1épésként Wnt markerek CS értékeinek megoszlasat hasonlitottuk &ssze az
egyes GBM alcsoportokon beliil. A vizsgalat soran jelent0s expresszios szintbeli
eltéréseket tapasztaltunk a kanonikus és non-kanonikus utvonal markerei kozott. A 7
beteget magaba foglald proneurdlis IDH-1 R132H mutdns alcsoportban szignifikans
eltérést figyeltiink meg a Wnt5a és a Wnt3a kozott (p=0.012) (18. Abra)
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18. Abra: A Wnt markerek expressziés mintdzata a proneurdlis alcsoportban. A markerek CS
értékének medianja és interkvartilis tartomanya van feltiintetve az abran (Kruskal-Wallis teszt: *

p<0.05)
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A leglatvanyosabb kiilonbség a kanonikus €s non-kanonikus markerek kozott a 15 betegbdl
allo NF-1 citoplazma és sejtmag expressziot vesztett, vagyis dupla negativ (c-/m-),
mesenchymalis csoportban talaltuk. A Wnt5a expresszioja szignifikdnsan magasabb volt
(Wnt5a vs. Wnt3a p<0.001; Wnt5a vs. béta-katenin (citoplazma) p=0.002; Wnt5a vs. béta-
katenin (sejtmag) p<0.001) mindegyik kanonikus utvonal markerrel Osszehasonlitva.
Tovabba a non-kanonikus Gtvonal masik altalunk vizsgalt markere, az Fzd2 is emelkedett
expressziot mutatott a Wnt3a-val (p=0.009) és a sejtmagi béta-kateninnel (p=0.04)
szemben (19. Abra).
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19. Abra: A Wnt markerek expressziés mintdzata a mesenchymalis alcsoportban. A markerek CS
értékének medianja és interkvartilis tartomanya van feltiintetve az abran (Kruskal-Wallis teszt: *

p<0.05; ** p<0.01; *** p<0.001).

A 27 mintabdl allo klasszikus EGFRVIII mutans alcsoportban a Wnt5a erdsebben
expresszalodott a Wnt3a-nal (p=0.021) és a sejtmagi megjelenésii béta-kateninnél
(p<0.001), tovabba a Fzd2-nek is magasabb CS értéke volt a sejtmagi béta-kateninnel
szemben (p=0.046) (20. Abra).
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20. Abra: A Wnt markerek expressziés mintdzata a klasszikus alcsoportban. A markerek CS
értékének medianja és interkvartilis tartomanya van feltiintetve az abran (Kruskal-Wallis teszt: *

p<0.05; *** p<0.001)

A 31 beteget magaba foglalé Nem besorolt alcsoportban a kanonikus ¢és non-kanonikus
markerek hasonld mértékben expresszalodtak, mint a klasszikus alcsoportban. Itt is a
Wnt5a jelentésen magasabban fejez0dott ki a Wnt3a-nal (p<0.001) és a sejtmagi béta-
kateninnél (p<0.001), tovabba az Fzd2 itt is magasabb CS értékkel szerepelt a sejtmagi
béta-katenin-nél (p=0.01). Egyediil a nem besorolt alcsoportban kaptunk szignifikdnsan
magasabb citoplazmatikus mint sejtmagi béta-katenin expressziot (p=0.005) (21. Abra).
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21. Abra: 4 Wnt markerek expressziés mintdzata a nem besorolt alcsoportban. A Wnt markerek
CS értékének medianja és interkvartilis tartomanya van feltiintetve az abran. (Kruskal-Wallis teszt
** p<0.01; *** p<0.001).
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4.2.14. A Wnt markerek kifejezodése az IDH-1 R132H/C mutacio

szerint

A 81 db IV-es gradust GBM-ben 7 minta rendelkezett IDH-1 R132H/C mutaciéval, mig
74 vad tipusu volt. Egyediil a Wnt5a esetében tapasztaltunk tendencidlis expresszio

emelkedést (p=0.071) a muténs csoportban (22. Abra)
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22. Abra: A Wnt markerek expressziés mintdzatanak 6sszehasonlitdsa a magas gradusi (IV) IDH-
1 R132H/C mutacioval rendelkezé és IDH vad tipusu mintdik kézott. Az abran a WntSa, Wnt3a,
Fzd2 és a béta-katenin plazmds és sejtmagi CS median értéke van feltiintetve, valamint az

interkvartilis tartomany (Mann-Whitney U teszt).

4.2.1.5. A Wnt markerek Kkifejezédése a ,,gazdagitott” molekularis

alcsoportokban

A molekularis markerek egyik esetben sem voltak minden sejtben, vagyis 100%-osan jelen
a ROI tertiletén beliil. Annak érdekében, hogy még mélyrehatobban meg tudjuk vizsgalni
a molekularis markerek és Wnt utvonal kapcsolatat, végeztiink egy olyan vizsgalatot, ahol
kritériumként feléllitottunk egy minimum 50%-o0s expresszids szintet a molekuldris
markerekre a ROI-n beliil. A ,,gazdagitas” jelentds mértékben nem javitotta a statisztikai
kiilonbségeket az alcsoportokon beliil a Wnt markerek dsszehasonlitdsa soran, feltehetdleg
a lecsokkent mintaeclemszam miatt. A legnagyobb kiilonbséget itt is a kanonikus és non-

kanonikus utvonal kozott az NF-1 (c-/m-) mesenchymalis alcsoportba tapasztaltuk.
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Az NF-1 c-/m- csoportban tapasztalt er6s Wnt marker kiilonbségek miatt egy tjabb
szempotbdl is megvizsgaltuk az NF-1 és a Wnt Gitvonal elemeinek kapcsolatat (23. Abra).
Normal esetben az NF-1 és a béta-katenin protein is csak a citoplazmaban van jelen.
Mindkét fehérje sejtmagi megjelenése tumoros atalakuldssal tarsul. Az NF-1 expresszio
alapjan négy alcsoportot képeztiink: 19 ,,normal” megjelenésii (c+/m-) minta, 4 csak
sejtmagi expresszidju (c-/m+) minta, 19 citoplazmatikus €s sejtmagi expresszidju (c+/m+)
minta és 15 kettds negativ (c-/m-) minta. Az alacsony mintaclemszam miatt a c-/m+ ¢€s
ct+/m+ csoportot Osszevontuk, hogy noveljiik a statisztikai erét. A ,,normal” megjelenésii
(ct/m-) NF-1 expresszid esetében tapasztaltuk a legalacsonyabb magi béta-katenin
kifejez6dést, azonban a tumorra jellegzetes c-/m+ & c+/m+ és c-/m- NF-1 festddés
esetében a sejtmagi béta-katenin kifejez0dése szignifikdnsan nagyobb volt. A magi béta-
katenin expresszidja kiilonbozott a ,,normal” (c+/m-) és a tumorra jellemzé magi NF-1
festddésti alcsoportban (c-/m+ & ct+/m+) (p=0.021); és szintén kiilonbozott a ,,normal”
megjelenésli (c+/m-) és a tumorra jellemzd negativ NF-1 fest6désii (c-/m-) alcsoportban
(p=0.03). A kiilonbség még tovabb ndvekedett, amikor a ,,normal” megjelenésii (c+/m-) és
a patologias (c-/m+ & c+/m+ €s c-/m-) NF-1 festédésli csoportokban hasonlitottuk dssze a
béta-katenin expressziojat (p=0.009) (23. Abra). A tobbi marker esetében nem lattunk NF-

1 expresszi6 szerinti kiilonbséget.
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23. Abra: A Wnt markerek expressziés mintdzata az egyes NF-1 festédési mintdzat szerint. A Wnt
markerek CS értékének medianja és interkvartilis tartomanya van feltiintetve az abran. (Mann-

Whitney U teszt: * p<0.05).

4.2.1.6. Korrelacio az alcsoport meghatarozo CS és a Wnt markerek CS

értékei kozott a molekularis alcsoportokban

Annak érdekében, hogy 0Osszefiiggéseket talaljunk, miként hathatnak az alcsoport
meghataroz6 markerek a Wnt utvonal markereinek expresszidjara vagy éppen forditva,
szamos megkdzelitésbdl végeztiink elemzéseket. A klasszikus csoportban az EGFRvVIII
mind a citoplazmatikus (Kendall’s t korrelacié p=0.01), mind a membranos (Kendall’s t
korrelacié p=0.035) CS értéke szignifikdnsan korreldlt a Fzd2 CS értékével. Tovabba
ugyanebben a csoportban a Wnt5a szignifikans osszefliggésben allt a citoplazmatikus béta-
katenin (Kendall’s t korrelacio p=0.047) és a sejtmagi béta-katenin (Kendall’s t korrelacid
p=0.005) CS értékével, illetve tendencidlis korrelacioban az Fzd2-vel (Kendall’s t
korrelacié p=0.059). Nem taldltunk semmilyen 0&sszefiiggést az IDH-1 RI132H
(proneuralis) ¢és az NF-1 (mesenchymalis) alcsoport meghatarozo fehérje és a Wnt

markerek CS értékei kozott.
4.2.1.7. A Wnt markerek kozotti korrelacio

A Wnt és az alcsoport meghataroz6 markerek CS értékek kozotti osszefiiggések elemzése
utdn megvizsgaltuk, hogy a kohort 1-ben szerepld 78 beteg 81 GBM mintajaban
expresszalodd Wnt marker fehérjék, milyen korrelacidban allnak egymassal. A WntSa
korrelalt a sejtmagi béta-kateninnel (Kendall’s t korrelacio p=0.003) és az Fzd2-vel

(Kendall’s 1 korrelacio p=0.036). A Wnt3a csupan csak tendencialisan 0sszefliggésben volt
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a citoplazmatikus béta-kateninnel (Kendall’s t korrelaci6 p=0.051), azonban az Fzd2 CS
értekével szignifikans asszociaciot tapasztaltunk (Kendall’s t korrelacié p=0.015). A
citoplazmatikus béta-katenin és a sejtmagi béta-katenin egymadssal jelentds mértékben
(Kendall’s t korrelacio p=0.0001), illetve a sejtmagi béta-katenin a Fzd2-vel korrelalt
(Kendall’s t korrelacio p=0.032).

4.2.1.8. A Wnt markerek korreliacidja a teljes taléléssel

Nem talaltunk semmilyen szignifikans 0sszefiigést a Wnt marker expresszios aktivitasa és

a betegek teljes tulélése kozott (Kendall’s t korrelacio).
4.2.2. Kohort 2 tanulmanyok

Ebben a csoportban 8 betegtdl szarmazo szekvencialis GBM tumorokat vizsgaltunk (5.
Tablazat), de nem talaltunk szignifikans eltérést egyik Wnt marker CS értéke kozott a
primer ¢és recidiv mintaparokban. Egyediil Wnt5a expresszidja emelkedett meg, mig az

Fzd2 expresszidja csokkent tendencialisan a recidivaban a primer GBM-hez képest.
4.2.3. Kohort 3 tanulmanyok

A kohort 3 tanulmény soran 8 beteg post mortem mintajat felhasznalva megvizsgaltuk,
hogy a Wnt itvonal marker expresszioja miként valtozik egy olyan blokkban, ahol a normal
agyszoveti, invazids zéna és GBM régio is megtalalhato (6. Tablazat). Mindegyik Wnt
marker estében megfigyelhetd volt egy fokozatos emelkedés a normal agyszovet — invazids
zona — tumoros régid Osszehasonlitaisban. A Wnt markerek CS értéke a normal
agyszovetben volt a legalacsonyabb és a tumor régidban a legmagasabb, azonban csak a
Wnt5a (p=0.003) ¢és a Wnt3a (p=0.029) esetében tapasztaltunk csak szignifikans
kiilonbséget a két régio kozott (24. Abra).
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24. Abra: A Wnt markerek CS értéke a post mortem mintdk normdl agyszoveti, invdzios és

tumoros régiojaban (Kruskal-Wallis teszt * p<0.05, ** p<0.01).
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4.3. A Wnt markerek protein expresszios és DNS metilacios mintizata a

szekvencialis GBM mintaparokban

Ez a tanulmany a korabbi DNS CpG metilacids elemzéseink eredményének [36] folytatasat
képezi. Az eredeti [36] tanulmany GO elemzései ugyanis ramutattak arra, hogy a Wnt
utvonal differencidltan metildlt primer és recidiv GBM mintdkban kohort szinten [36].
Ezért ebben a kovetd munkaban megvizsgéltuk egyedi szinten hat szelektalt Wnt marker
promoter+gén régidjanak metilacidjat, 6sszevetve ezen markerek fehérje expresszidjaval,
ugyanazon primer (GBM-P) és recidiv (GBM-R) GBM blokkokban. Mind az IHC, mind a
DNS CpG metilacios vizsgalatok sordn harom csoportot hasonlitottunk 6ssze: kontroll (6
postmortem C-PM az [HC-ban, adatbazis 5 C-DB az epigenomikaban), 21 GBM-P ¢és 21
GBM-R (7 és 8. Tablazat).

A koréabbi [36] genom-szintli metilacio elemzésiink soran meghataroztuk a GBM-P ¢és
GBM-R mintdk DNS fragmentacidjanak mértékét, RRBS konyvtarakat készitettiik, illetve
meghataroztuk a nem metilalt citozin uracilld vald konvertalasanak a mértékét, vagyis a
biszulfit konverzios rata atlagat [36]. A kohort szintii GO elemzésnél szamos jelatviteli
utvonal differencialt metilaltsagat taldltuk, melyek koziil jelen tanulmanyunkban a Wnt
utvonalra fokuszaltunk. A Wnt utvonal egyes elemét és funkciondlis aspektusat
kozelebbrél megvizsgalva szamos metilacidos mintazatkiilonbség fedezhetd fel a CD-B,

GBM-P ¢s GBM-R csoportokban [36] (10. Tablazat).

C-DB vs. GBM-P
GO azonosito | p érték | Utvonal szerepe
Gén hipometilacid
GO:0198738 0,0081 Wnt altali sejt-sejt szignaliz4cid
GO0O:0060070 0,0085 Kanonikus Wnt Gtvonal
G0:0030111 7,60E-03 Whnt Gtvonal szabalyozésa
Promoter hipometilacié
GO:0060070 0,009 Kanonikus Wnt tatvonal
GO:0030111 9,00E-04 Whnt Gtvonal szabalyozésa
GO0:0198738 0,0012 Wht altali sejt-sejt szignalizacid
Promoter hipermetilacio
G0:0090244 | 0,009 | Wnt ttvonal hozz4jaruldsa a szomitogenezishez
C-DB vs. GBM-R
GO azonosité | p érték | Utvonal szerepe
Gén hipometilacid
G0:0007223 0,0075 Whnt Gtvonal szerepe a kalcium koncentracidjanak a szabalyozasaban
G0:0090263 0,0039 Kanonikus Wnt utvonal pozitiv szabélyozésa
GO0:0198738 0,0054 Wht altali sejt-sejt szignalizacid
GO0:0035567 0,0056 Non-kanonikus Wnt Gtvonal
Gén hipermetilaciod
G0:0030111 2,00E-04 Whnt Gtvonal szabalyozésa
G0:0090090 4,00E-04 Kanonikus Wnt utvonal negativ szabdlyozasa
G0:0016055 0,0016 Whnt Gtvonal szabalyozasa
Promoter hipermetilacio
G0:0090244 | 0,009 | Wnt Gtvonal hozzajaruldsa a szomitogenezishez
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GBM-P vs. GBM-R
GO azonosito | p érték | Utvonal szerepe
Gén hipermetilacid
GO:0030111 8,00E-04 Whnt Gtvonal szabalyozésa
G0:0016055 9,00E-04 Wnt utvonal
Promoter hipometilacio
GO:0044328 3.40E-03 Kanonikus Wnt titvonal szerepe az (?nfioteliélis sejtmigracio pozitiv
szabalyozasaban
GO-0044329 3.40E-03 Kanonikus Wnt utvonal szerepe a sejt-sejt adhézid pozitiv
szabalyozasaban
G0:0044330 3,40E-03 | Kanonikus Wnt Uitvonal szerepe a sebgydgyulés pozitiv szabélyozésdban
Promoter hipermetilacio
GO:0198738 0,0012 Wht altali sejt-sejt szignalizacio
GO0:0030111 2,20E-03 Whnt Gtvonal szabalyozasa

10. Tablazat: 4 Wnt utvonal szerepe és metildltsagi statusza a C-DB, GBM-P és GBM-R mintak

GO osszehasonlitas alapjan.

A kiilonbségeket tovabb vizsgalva megnéztiik, hogy a kanonikus és non-kanonikus utvonal
egyes elemei ¢s az utvonalat szabalyozo gének milyen mértékben metilaltak a GBM-P ¢és
promotere, mint példaul az ASPM (Assembly Factor For Spindle Microtubules), UBAC2
(Ubiquitin-associated domain-containing protein 2), KREMEN (Kringle Containing
Transmembrane Protein) hipometilalt a GBM-P mintakban a GBM-R mintakhoz képest. A
Wnt7b, Wntll hipermetilalt, mig a Wnt6 hipometilalt volt a GBM-P-ben a GBM-R
kohorthoz képest. A receptorok és ko-receptorok esetében az Fzd1, Fzd3, Fzd10, LRP6 és
a ROR2 hipermetilalt volt, Ryk pedig hipometilalt szintén a GBM-P vs. GBM-R kohort
Osszehasonlitdsban. A kanonikus utvonal intermedier molekulai koziil az AXIN2
hipermetilalt volt, az APC (Adenomatous Polyposis Coli Protein), DVL1, GSK-33, LEF1
esetében hipometilaltsdgot tapasztaltunk, mig a non-kanonikus tutvonal intermedier
molekulai koziil a DAAMI hipermetilalt, az NLK (Nemo Like Kinase) hipometilalt volt a
GBM-P vs. GBM-R 06sszehasonlitasban (11. Tablazat).

Gén név A GBM-P és GBM-R kozotti atlagolt metialicés p-érték
mennyiségi kiilonbségek (referencia a GBM-R)
Ligandok
WNTS5A-ASI 0,035876789 0,045203637
WNT6 -0,063522517 0,004682226
WNT7B 0,361174242 1,83113E-07
WNTI11 0,050134953 0,007675597
Receptorok/Ko-receptorok

FZD1 0,050266551 0,033390294
FZD3 0,015233763 0,025245219
FZD10-AS1 0,129444497 0,002846416
FZDI10 0,038540305 0,000421006
LRP6 0,134496371 8,7844E-06
RYK -0,025986389 0,099676305
ROR2 0,128947164 0,002378599
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Intermedier molekulak
APC -6,59295E-05 2,18823E-10
GSK-3B -0,000109043 0,013179114
LEF1 -0,025806452 6,19091E-07
AXIN2 0,006355158 0,001682212
DAAMI1 0,030307392 0,000350737
NLK -0,042816563 0,002709731
DVLI1 -0,03305102 0,035001404

Inhibitorok

ASPM -0,000207609 8,70723E-06
UBAC2 -0,108446251 0,000964676
KREMEN -0,166666667 1,13631E-05

11. Tablazat: A Wnt utvonal egyes elemeinek metilacios statusza a szekvencialis GBM mintaparok
osszehasonlitasa alapjan. Negativ: hipometilalt / pozitiv: hipermetildlt a GBM-P kohortban a
GBM-R kohorthoz képest.

A fenti adatokbdl ¢és korabbi vizsgalatainkbol kiindulva, a nagyfoku metilaltsagi
kiilonbségiik miatt a Wnt7b és az Fzd10 markerekkel egészitettik ki az altalunk
gliomakban mar fentebb vizsgalt négy Wnt markert (Wnt5a, Wnt3a, béta-katenin, Fzd2) a

tovabbi részletes epigenomikai és IHC dsszehasonlitd elemzéseinkhez (25. Abra).
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25. Abra: Reprezentativ IHC képek a szekvencidlis epigenomikai tanulmdny sordn vizsgalt Wt

markerek festodésérol.
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4.3.1. A Wnt markerek protein expresszios szintje a GBM mintaparokban és

a kontroll mintakban

Novekedési trendet (citoplazmatikus ¢és sejtmagi béta-katenin) vagy statisztikailag
szignifikans emelkedést tapasztaltunk a GBM-P (Wnt5a p=0.003) ¢s GBM-R (Wnt3a
p=0.003) csoportokban a kontrollhoz (C-PM) képest, azonban mindegyik csoportban az
Fzd10 expresszidés szintje alacsony maradt. Tovabba szignifikans csokkenés volt
megfigyelheté Fzd2 esetében a GBM-P-ben a C-PM-hez képest (p<0.001). A Wnt7b
expresszido magas volt a C-PM csoportban, amelyhez képest kismértékii csokkenés volt
megfigyelhetd a GBM-P-ben ¢és szignifikans csokkenés a GBM-R-ben (p=0.005) (26.
Abra).

300 B

250 = }

200 *% %

2E @ C-PM

150 H GBM-P
H GBM-R

100

*x %
A l R
. L ol __. -
Whnt5a Fzd2 béta-katenin  béta-katenin Whnt3a Wnt7b Fzd10
(citoplazma) (sejtmag)

26. Abra: A Wnt markerek expressziés mintdzata a kontroll (C-PM), GBM-P és GBM-R csoport
egyedeiben. A markerek egyedi mintakbol nyert CS eértékeinek medianja és interkvartilis
tartomanya van feltiintetve (Mann-Whitney teszt (C-PM vs. GBM-P vagy GBM-R), illetve Wilcoxon
paros eldjelteszt (GBM-P vs. GBM-R): * p<0.05; ** p<0.01; *** p<0.001).

A Wnt markerek expresszios kifejezodésének egyedenkénti megjelenése soran a Wnt5a, a
sejtmagi béta-katenin és az Fzd10 fehérje expresszios iranyanak tekintetében nem volt
egyértelmii emelkedd vagy csokkend irdny. Azonban a citoplazmatikus béta-katenin trend-
szerli novekedést, mig a Wnt3a (p=0.009) és Fzd2 (p=0.016) expresszid szignifikdns
novekedést mutatott a progresszid soran. Ezzel szemben a Wnt7b (p=0.019) esetében pont
a forditott mintazatot és szignifikdns csokkenést tapasztaltuk. Végiil az Fzd10 egyforméan

alacsony expresszioval fejez6dott ki mindkét esetben (27. Abra).
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27. Abra: A Wnt markerek expressziés mintdzatinak a valtozdsa egyedi GBM-P és GBM-R

mintaparban. (Wilcoxon paros eldjelteszt).

4.3.2. A Wnt markerek DNS CpG metilaciéos mintiazata a promoter és gén

régiokban a GBM mintaparokban és a kontroll mintakban

Az RRBS szekvenciak kohort szintli GO elemzése nem mutatott differencialis metilaciot a
Whnt Gtvonal génjeinek promoterében, amikor a C-DB és a GBM-P vagy C-DB ¢és GBM-R
csoportokat hasonlitottuk 0ssze. Azonban szignifikansan alacsonyabb metilacios szintet
tapasztaltunk a kanonikus Wnt promoterekben a GBM-P kohortban a GBM-R kohorthoz
képest [36]. Ezen eredmények nyoman vizsgaltuk meg a GBM kohortok egyedi mintaiban
a szelektdlt Wnt markereink metildcios mintdzatait (fehérje expresszidval is

Osszehasonlitva).

Elsé 1épésként meghataroztuk a Wnt5a, Fzd2, béta-katenin, Wnt3a, Wnt7b és Fzd10
markerek promoterének metilacios értékeit, azonban nem tudtunk a statisztikai elemzéshez
elég CpG-rdl informacidt nyerni az egyes mintakban az FFPE konzervacios technika
kovetkeztében 1étrejové DNS mindség csokkenés miatt. Ezért kiterjesztettiik a vizsgalando
DNS szakaszt és bevontuk a promoter mellé magat a génrégiot is (28. Abra). Amikor a
promoter+gén metilacidos aranyokat a GBM-P és a GBM-R csoport egyedei kozott
hasonlitottuk 6ssze, nem talaltunk szignifikans kiilonbséget egyik Wnt markerek esetében
sem. Azonban erds trend jelleggel magasabb metilaciot észleltiink a Wnt5a €s béta-katenin,
valamint szignifikdnsan magasabb metilacios szintet talaltunk a Wnt3a és Wnt7b markerek
esetében a kontroll mintakban (C-DB) a GBM-P-hez képest (Wnt3a p=0.028; Wnt7b
p=0.015), valamint a C-DB mintdkban a GBM-R-hez képest (Wnt3a p=0.012; Wnt7b
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p=0.034). Az Fzd2 ¢és Fzd10 nem mutatott jelentds metilacids szintkiilonbséget a csoportok
kozott. Azonban az Fzd10 metilacios szintje mind a C-DB, mind a GBM-P ¢és GBM-R
mintakban kifejezetten magas volt a tobbi marker metilacios értékeihez képest. Ez a magas
metilacids szint a primer ¢€s a recidiv mintdkban-6sszhangban volt az IHC-ban tapasztalt
nagyon alacsony protein expresszios szinttel (26. Abra). A Wnt5a, a béta-katenin és a
Wnt3a CpG metildcidjanak tendencidlis vagy statisztikai csokkenése a GBM-P és GBM-R
mintakban a C-DB mintakkal szemben, megfelel ezeknek a markereknek a fokozott fehérje

szintli expressziojanak a tumorokban.

0,6%
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0,2% _*
0,1% . Q

_k
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Wnt5a Fzd2 béta-katenin Wnt3a ‘Wnt7b Fzd10

28. Abra: A hat Wnt marker promoter+gén DNS CpG metiliciés szintje a C-DB, GBM-P és GBM-
R dsszehasonlitasban. Az oszlopok reprezentaljak az egyedi CpG metilacios szdzalekok median
ertéket és interkvartilis tartomanyat. (Mann-Whitney teszt (C-PM vs. GBM-P vagy GBM-R), illetve
Wilcoxon paros eldjelteszt (GBM-P vs. GBM-R): * p<0.05).

4.3.3. A Wnt markerek CpG metilacids szintje a promoter és gén régiokban
az adatbazis szekvencialis GBM kohort egyéni mintaiban

Megfigyeléseink tovabbi megerdsitése érdekében ugyanazt a hat Wnt promoter+gén régiot
megvizsgaltuk Klughammer et al. [35] egy adatbazisba feltoltott és nyilvanosan is elérhetd
adataiban (https://www.ebi.ac.uk/ena, hozzaférési szam: EGAS00001002538). Ez a
kutatocsoport szintén RRBS konyvtar szekvenalast alkalmazott szekvencialis FFPE GBM
mintakon. Annak ellenére, hogy C-DB (kontroll) mintdkat ebbdl a kutatasi anyagbol
kaptuk, a kiértékelések és dsszehasonlitasok soran arra a kovetkeztetésre jutottunk, hogy a
DNS CpG metilacidjanak egyedi 6sszevetése az 6t kontroll és az adatbazisban elérhetd 112
GBM mintapar kozott a hat Wnt marker esetében torzitdsokat eredményezhet, ezért csak a

GBM mintaparok DNS CpG-metilacios szintjének Osszehasonlitdsara hasznaltuk az

59



adataikat (29. Abra). (Az altalunk hasznalt script annal t5bb CpG-r6l ad informéaciot egy
adott régidban, minél nagyobb a vizsgalt kohort. Ezért okozhatott volna torzitott kimenetelt
a jelentdsen kiillonb6z6 méretii C-DB ¢s GBM kohort 6sszehasonlitasa). Az adatbazisbol
nyert GBM-P és GBM-R &sszevetés soran (29. Abra) hasonloan sajat eredményeinkhez
(28. Abra) a kovetkez$ tendencik figyelhetdk meg: 1) Az altalunk vizsgalt hat Wnt
marker kozil itt is az Fzd10 esetében tapasztaltuk a legmagasabb metilacios szintet; 2) A
primer ¢€s a recidiv kohort 0sszehasonlitasakor szintén nem tapasztaltunk kiilonbséget a

GBM-P ¢s GBM-R csoportok kozott.
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29. Abra: A hat Wnt marker promoter+gén DNS CpG metildciés szintje az adatbdzis primer és
recidiv GBM tumorainak egyedi mintaiban [35]. Az oszlopok reprezentiljak a CpG metilacios
szazalékok median értékeit és interkvartilis tartomanyait. (Wilcoxon paros eldjelteszt [GBM-P vs.
GBM-R)).

4.3.4. A Wnt markerek CpG metilacios szintje a gén enhancer régiokban a

tanulmany és az adatbazis szekvencialis GBM kohort egyéni mintaiban

A fenti fehérje expresszids €s promoter+gén CpG metilacios vizsgalatok eredményeinek
Osszevetése soran csak részleges negativ korrelaciot tapasztaltunk. Ebbdl arra
kovetkeztettiink, hogy a promoter+gén régiokon kiviil esé szabalyozo6 régiok metilacios
véltozasai, vagy a CpG metilaciotol eltérd mechanizmusok is hozzajarulhatnak a Wnt
fehérjék expresszids valtozasaihoz. Kiegészitésként igy megvizsgaltuk a hat Wnt marker
enhancer régiodinak metilacidés mintézatait is, el6szor a 6 C-DB-ben és a 21 GBM parban,
majd az adatbazis 112 GBM mintaparjdban. A formalin DNS karositd hatasa
kovetkeztében az RRBS alapt biszulfit szekvenalds rovid DNS szegmentekben vagy
egyedi CpG helyeken, kiilondsen egyedi mintakban, korlatozott CpG metilaciot

informaciot ad. Ezért nem volt meglepd, hogy nem kaptunk elég megbizhato adatot az
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enhancerek CpG metilacidos mintazatardl a sajat, 21 GBM-P és GBM-R parbol allo
kohortban. Azonban amikor az adatbazis 112 GBM-P és GBM-R mintaparjaban vizsgaltuk
meg a Wnt gének cis pozicioban levé enhancer régidit, azt talaltuk, hogy a Wnt7b
GH22J045611, Fzd10 GHI12J130124 ¢és Fzd10 GHI12J130138 GeneHancer kodu
enhancerek emelkedett metildciot mutattak a tobbihez képest, valamint e hdrom enhancer

metilacioja magasabb volt a GBM-R-ben mint a GBM-P-ben.
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5. Megbeszélés

A GBM egy rendkiviil sulyos és végzetes kimenetelli agytumor. Szamos kutatdcsoport
nagy konzorciumok keretein beliil jelentds er6feszitést tett a GBM jellegzetes molekularis
valtozasainak, mutacidinak és metilacids profiljanak a meghatarozéasara, annak érdekében,
hogy leirjak a tumor etioldgidjat és hogy potencialis terdpids beavatkozasi célpontokat
azonositsanak. A GBM epigenomikai, genomikai és fehérje expresszids szinten is
Ezek koziil kiemelkedik az utdbbi évtizedekben jobban megismert, de még mindig nem
teljesen megértett Wnt utvonal. A Wnt Gtvonal elemei magasan expresszalodnak és fontos
szerepet jatszanak az embriondlis fejlddésben. Feln6tt korban az Gitvonalat alkotd fehérjék
expresszidja jelentds mértékben visszaesik, azonban elemei Ujra aktivalodnak és erds
kifejezodést mutatnak szdmos neurodegenerativ betegségben, valamint a daganatok
patogenezise soran. Tanulmanyunk soran arra kerestiik a valaszt, hogy a Wnt utvonal
milyen szerepet jatszik a gliomdk és a GBM kialakuldsdban, fennmaradéaséaban,
terjedésében és progresszidjaban. Egyben probaltuk felmérni, hogy e molekuldk és
utvonalak szolgalhatnak-e 10j terapias célpontként. A kontroll mintdk megvalasztasa soran
szamos problémaba {itkoztiink. Mint példaul: 1, Normal agyszévet miitéti eltavolitasa és
kontrollként alkalmazasa etikai okokbdl nem megengedett. 2, A post mortem normal
agyszovet a miitéti tumorral szemben biologiai modosuldsoktol szenved. 3, A normal
agyszovet kiérett sejtek heterogén populacidja a tumor klonalis természetével szemben, az
epilepszids agyszovetben a rohamok okozta patoldgias és epigenomikai elvaltozas is jelen
lehet. A fent szempontokat figyelembe véve kiegészitd kisérletekkel igyekeztiink
minimalizdlni, és a tumor-specifikus mintdzatokat a nem tumoros agyi mintdzatok
hatterébdl probaltuk azonositani, mint ahogy hasonlé human tanulmanyokban

tapasztalhat6 [25, 35, 65]. Vizsgalatainkat tobb kohortban végeztiik.

5.1. A Wnt markerek expresszios mintazata a gliomak gradusa, eredete és

molekularis markerei szerint

Els6 1épésként megvizsgaltuk, hogy az altalunk kivalasztott Wnt markerek (WntSa, Wnt3a,
Fzd2, béta-katenin) expresszidja miként valtozik a normal agyhoz képest a glioma gradus
elérehaladtaval. Tanulmanyunk sorén arra a kovetkeztetésre jutottunk, hogy egy fokozatos
novekedés tapasztalhato a gradus elérehaladtaval (5. és 6. Abra), annak ellenére, hogy a II
¢s Ill-as gradust gliomak mintaeclemszama viszonylag kicsi volt (9 Il-es és 10 Ill-as

gradusu), illetve a kontroll mintaként (8 darab) csak post-mortem agybol szarmazo szovetet
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tudnunk felhasznélni. A Il-es és IlI-as gradust gliomdk dsszehasonlitasakor nem talaltunk
szignifikdns Wnt marker expresszio eltérést, ezért egyes elemzésekben dsszevontuk ezeket.
Amikor az Osszevont II+III gradust (19 darab) hasonlitottuk 6ssze a IV-es (GBM)
gradussal (72 darab), a Wnt5a és Wnt3a szignifikdnsan emelkedett expressziot mutatott,
ellentétben a tobbi Wnt markerrel. Hasonld6 megfigyeléseket kozolt Pu et al. [69] és
Denysenko et al. [70] korabbi kisérleteik soran, miszerint a Wnt5a és a Wnt3a expresszidja
a normal agyban a legalacsonyabb és novekszik a gradus elérehaladtaval [69, 70]. Egyes
publikaciok azt kozolték, hogy a GBM-re jellemz6 a magas citoplazmatikus béta-katenin
expresszio [69-71], azonban mi ennek az ellenkezdjét tapasztaltuk. Az eltérésre az egyik
lehetséges magyardzat az, hogy a magas gradusban a béta-katenin transzlokalodik a
sejtmagba, ezaltal alacsonyabb expresszidt mutat a citoplazmaban [72]. Egy madsik
lehetséges magyarazat pedig az alacsony mintaclemszdm torzitd hatisaval allhat
osszefiiggésben. Osszességében azonban elmondhatd, hogy a normaél agyban és a II-IV
gradusu gliomakban a Wnt marker expresszidjara vonatkoz6 adataink jelentds részben
megegyeznek az irodalomban kozolt eredményekkel. A gradus elérehaladésa, vagyis a
tumor progresszioja mellett, a gliomak eredete (oligodendroglialis vagy asztrocitikus) is
befolyéasolhatja, hogy a tumorsejtekben mely utvonalak és molekulak fejez6dnek ki és

milyen mutaciok halmozddnak fel.

Feltételezéseink szerint a Wnt utvonalnak eltéré az aktivitdsa a két glioma vonalban,
azonban nagyon kevés olyan tanulmany létezik, amely ezt a kapcsolatot vizsgalta.
Vizsgalataink sordn csak a Wnt5a esetében tapasztaltunk szignifikdnsan magasabb
expressziot a 8 darab asztrocitikus eredetli mintdban a 11 oligodendroglidlishoz képest (8.
Abra). Denysenko et al. [70] azonban a Wnt3a és a citoplazmatikus béta-katenin nagyobb
hogy van kiilonbség a két glioma vonal Wnt expresszidja kozott, azonban az inter- és
intratumor GBM heterogenitds miatt nagyobb kohortok vizsgalata alapjan lehet

egyértelmiien felfedni, hogy melyik glioma vonalban, melyik Wnt alitvonal a dominalé.

5.2. A Wnt markerek Kkifejezédése az IDH-1 R132H/C mutans és a vad tipusu

gliomakban

A GBM-ben kialakul6 mutéciok atfogé meghatarozasat elséként a TCGA végezte el [14].
A konzorcium késObb a genomikai és transzkriptomikai adatok integralt elemzésével
meghatarozta a GBM molekularis alcsoportjait, melyeknek a klasszikus (kulcsmarkere az

EGFR amplifikéacié és az EGFRvIII mutacio), a mesenchymalis (kulcsmarkere az NF-1
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delécid vagy mutacid) és a proneurdlis (kulcsmarkere az IDH-1/2 mutacid) nevet adtak
mint els6dlegesen elvégzendo tesztet a gliomak molekularis vizsgalatai soran [24]. Az IDH
klinikai kulcsfontossaga miatt a kiilonb6z6 gradusu gliomakban megvizsgaltuk az IDH
mutacid és a Wnt Gtvonal kozotti lehetséges kapcsolatokat. Az elsé 6sszehasonlitas soran,
ahol a 15 darab IDH-132H mutans és 4 darab vad tipust betegek Wnt marker CS értékeit
vizsgaltuk az 0sszevont I1-11I-as gradusu gliomak esetében, nem tapasztaltunk szignifikans
kiilonbséget a Wnt marker expresszio tekintetében, azonban a Wnt5a, Fzd2 és béta-katenin
citoplazmatikus ¢€s sejtmagi festddése is emelkedett szintet mutatott a mutdcioval
rendelkez6knél, mig a Wnt3a esetében nem taldltunk markéns kiilonbséget. Ugyanezt az
Osszehasonlitast elvégezve a GBM-ben (7 minta IDH-1 R132H/C muténs és 74 vad tipus),
a minden altalunk vizsgalt Wnt marker tendencialis jelleggel emelkedett szintet mutatott a
mutacioval rendelkez6knél (22. Abra). Feltételezve, hogy az IDH mutacidja erésebb
hatassal van a Wnt marker expresszidra, mint a gradus, ezért 6sszevontuk mindegyik
gradusban szerepld 22 darab IDH mutans és 69 darab vad tipust mintat. Az Fzd2 és béta-
katenin sejtmag tovabbra is magasabban expresszalddott a mutans csoportban, azonban az
Osszevont elemzés sordn a Wnt3a expresszioja szignifikdnsan nagyobb volt a vad tipusu
csoportban a mutanshoz képest (10. Abra). Elmondhato tehat, hogy Wnt Gitvonal aktivitasa
rendkiviil komplex és valtozatos megjelenési a kiilonb6z6 gradusu IDH-1 pozitiv glioméak
esetében [73, 74], azonban eredményeink alapjan a Wnt ttvonal aktivitidsa magasabb az
IDH mutacioval rendelkezd betegnél a vad tipussal szemben. Megfigyeléseinket Huang et
al. [67] munkdja is alatdmasztja, ahol megallapitotta, hogy a kanonikus Wnt Gtvonal magas
kifejez6déssel rendelkezik a proneuralis alcsoportban [67], azonban ellenkezik Kim et al.
[65] altal leirtakkal, ahol azt talaltdk, hogy a WntSa expresszidja fiiggetlen az IDH-1
statuszatol. Tovabba Cui et al. [66] arrdl szamolt be, hogy az IDH-1 R132H mutacio
jelenléte forditott Osszefiiggésben van a béta-katenin sejtmagi expresszidjaval [66].
Tanulmanyéaban az IDH-1 mutacid szignifikansan csokkentette a kanonikus Wnt/béta-
katenin jelatviteli aktivitasat a GBM sejtvonalakban, mert az IDH-1 mutacio kovetkeztében
er6sebben aktivalodtak a Wnt utvonal egyes komponenseinek negativ regulatorai (pl.
DKKI1 ¢és APC), mindemellett a mutacidé csendesitette az utvonal tobb effektor és
célmolekuldjat is (pl. béta-katenin, TCF4/LEF1) [66]. Az egyik elképzelheté magyarazat
az eltéré megfigyelésekre az, hogy az utdbb emlitett munka soran in vitro sejtvonalakkal
dolgoztak, amelyekbdl hidnyzik a tumor komplex mikrokdrnyezete, illetve szamos egyéb

szignalutvonal, amely befolydsolhatja a Wnt Gitvonal mitkddését és kifejezddését, valamint
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interakciojat egyéb szignalkaszkad rendszerben szerepet jatsz6 molekulaval. Azonban a
TCGA adatai alapjan a TCF4 TF (a kanonikus tvonal egyik céleleme) emelkedett szintet
mutat a proneuralis alcsoportban, amely egyetértésben van azzal, hogy az IDH-1 mutacio
nem csokkenti, hanem inkabb ndveli a kanonikus Wnt tvonal aktivitasat [14, 37]. Egy
harmadik lehetséges magyardzat, hogy a FoxM1 (Forkhead box protein M1) fehérje
tulmiikodése figyelhetd meg a p53 expresszidt vesztett IDH-1 mutans proneuralis
alcsoportban. A FoxM1 kulcsszerepet jatszik a béta-katenin citoplazmabol a sejtmagba
val6 transzlokécidja soran [75]. Tehat a tanulmanyunkban detektalt magas citoplazmatikus
¢s sejtmagi béta-katenin szint az IDH-1 mutans GBM-ben, az in vivo komplex kornyezet
¢s az el6bb emlitett egyéb szignalutvonallal (pl. Notch) vald kolcsonhatas eredménye lehet
[76]. Az el6zbleg ismertetett eredmények alapjan is lathato, hogy a szakirodalmi adatok is
erdsen megosztottak az IDH mutacid és a Wnt Gtvonal expresszidja kozotti kapcesolatrol,
amelyet tovabb bonyolit az, hogy az egyes Wnt markerek milyen mdédon valtoznak a

glioma gradusatol és feltehetden a tumor mikrokornyezettdl fiiggden.
5.3. A Wnt markerek protein kifejezodése a GBM molekularis alcsoportjaiban

A kérdés klinikai relevancidja miatt, megvizsgaltunk egy nagyobb, csak GBM tumorbdl
allo csoportot, amit kohort-1-nek neveztiink, ahol az IDH-1 mutdns proneuralis alcsoport
mellett, a klasszikus és a mesenchymalis alcsoportot is bevonva elemztiik a Wnt utvonal
expressziojanak a mintazatat. Tovabba a szekvencialis mintakat tartalmazé kohort 2-ben
(ugyanattol a betegtdl szarmazo primer és recidiv minta), és a post mortem mintakbol allo
kohort 3-ban is megvizsgaltuk a Wnt markereink kifejez0désének mértékét (lasd Anyag és
modszer 3.2.3, Eredmények 4.2.).

A kohort 1-ben (81 keresztmetszeti minta) elkiilonitettilk a GBM molekularis alcsoportjait,
klinikai rutindiagnosztikai kornyezetben THC technika és a legjellemzdbb markerek
felhasznalasaval. A TCGA altal is megallapitott alcsoportok szazalékos megoszlasdhoz
nagyon hasonld eloszlasi eredményt tapasztaltunk a munkank soran [21] (14. Abra).
Egybevagdan a korabban leirt megfigyelésekkel az IDH-1 R132H mutaciéval rendelkezd,
proneuralis alcsoportba tartozéd 7 beteg a legfiatalabb, mig a citoplazma és sejtmagi NF-1
expressziot elvesztd mesenchymalis alcsoportba sorolt 15 beteg a legidsebb volt. Az IDH-
1 mutans tumort betegek tulélése volt a leghosszabb, mig az NF-1 expressziot vesztett
tumoruaké a legrovidebb. A klasszikus alcsoport EGFRVIII mutans 27 beteg életkora
szignifikansan nem kiilonb6zott a vad tipussal rendelkez6¢ktol, illetve a teljes talélésiik a

két eldbb emlitett csoport kozé esett [21, 23, 77] (15. és 16. Abra). Fontos kiemelni, hogy
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a GBM kialakuldsdban nem csak az alcsoportra legjellemz6bb markerek és ttvonalak
vesznek részt, hanem szamos egyéb kulcsfontossagu szignaltranszdukcios kaszkad is, mint
példaul a Wnt utvonal. A Wnt bizonyitottan hozzajarul a tumor fennmaradasahoz,
terjedéséhez és progressziojahoz, illetve bizonyos terapias kezelések elleni rezisztencia
kialakitasahoz [59, 60]. Ezeknek a kapcsolatoknak a jobb megértése érdekében
megvizsgaltuk a GBM kiilonb6zd alcsoportjaiban a kanonikus és non-kanonikus Wnt
utvonal expresszidjanak mértékét és mintazatat. Kutatdsunk soran meglepd moédon nem
talaltunk az altalunk vizsgalt Wnt markerek kifejezédésében szignifikans kiillonbségeket a
GBM molekularis alcsoportjai kozott (17. Abra), azonban az alcsoportokon beliil viszont
jelentds eltéréseket tapasztaltunk a kanonikus (Wn3a és béta-katenin) és non-kanonikus

(Wnt5a és Fzd2) Wnt Gtvonal markereinek megoszlaséban (18. 19. 20. 21. Abra).

Megvizsgalva a GBM alcsoportjaiban a Wnt markerek kifejezodésést, eredményeink

crer

Az IDH muténs betegeket tartalmazé proneuralis alcsoportban (18. Abra) a non-kanonikus
utvonal Wnt5a ligandja szignifikdnsan magasabban expresszalodott a kanonikus utvonal
Wnt3a ligandjanal. Az eldz6 bekezdésben ismertett szakirodalmi eredmények alapjan
egyes kutatok kiemelték, hogy az IDH-1 R132H mutacio jelentds csokkenést okoz a
gliomédk proliferacios, migraciés ¢és invaziv potencidljdban a Wnt/béta-katenin
szignalizacio, vagyis a kanonikus Utvonal visszaszoritdsanak kovetkeztében [66]. Masok
azonban azt talaltak, hogy a kanonikus Wnt utvonal magas aktivitasa figyelheté meg az
IDH-1 RI132H mutaciora jellemzé proneurdlis alcsoportt  GBM-ekben [67, 73].
Osszességében megallapithatd, hogy a Wnt Utvonal és az IDH muticié kozott van
kapcsolat, amelyet in vitro és allatkisérletekkel is megerdsitettek [74], azonban jelenleg
nem tisztdzott még ezen kapcsolat irdnya. Mivel az IDH-1/IDH-2 génmutéaciok
kovetkeztében kialakulé onkometabolit a D2HG direkt moédon és teljes genom szinten
befolyasolja a DNS CpG metilacios mintazatokat [25, 26], és a Wnt markerek elsésorban
epigenomikai szabalyozas alatt allnak, ennek a kérdésnek a tovabbi vizsgalata egy fontos

iranya jovobeli kutatdsainknak.

A Wnt két alutvonala kozott a legmarkansabb kiilonbséget az NF-1 c-/m- (citoplazma és
sejtmagi expressziot vesztett) dupla negativ fenotipusu, mesenchymalis alcsoportban irtuk
le (19. Abra). A non-kanonikus utvonal altalunk vizsgalt Wnt5a és Fzd2 markere
lényegesen erdsebb mértékben expresszalodott, mint a kanonikus kaszkad Wnt3a és béta-

katenin fehérjéje. A TCGA ¢és szamos egyéb publikacidé eredménye alatdmasztja azon
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megfigyelésiinket, hogy a Wnt5a tulmiikodése figyelhetdé meg a mesenchymalis
alcsoportban [21, 60]. A Wnt5a ligand egymagaban képes ndvelni a tumor agresszivitasat
¢s invazivitasat a GSC-k képzésével és modulalasaval [59, 60, 62]. Bhat et al. [78] a non-
kanonikus Wnt/Ca®>" utvonal fontos TF-anak, az NF-kB-nek fokozott aktivitasat talalta a
besugérzassal szemben fokozott rezisztenciat mutatdé tumorokban, rosszabb prognozissal
¢és rovidebb tulélési idovel tarsulva [78]. Fontos megemliteni azonban, hogy a Wnt
ligandoknak ¢és az intermedier fehérjéknek a tumorsejtekre gyakorolt hatdsa
nagymértékben fligg mind az intra-, mind az intercelluldris folyamatok Osszességétol.
Példaul in vitro koriilmények kozott a WntSa a béta-katenin independens (non-kanonikus)
utvonalon keresztiil noveli a melanoma invazivitasat és agresszivitdsat, mig a kolorektalis
tumorok estében a béta-katenin dependens (kanonikus) szigndlon keresztiil fejti ki
ugyanezeket a hatasokat [79]. Tovabba a Wnt5a képes az Fzd6 (mind a kanonikus, mind a
non-kanonikus utvonal receptora) ¢és az Fzd2 expressziojat novelni autokrin moédon, majd
ezek a receptorok facilitaljdk a Wnt5a szintjének emelését, ezzel egy pozitiv visszacsatolasi

hurkot 1étrehozva [67].

A klasszikus alcsoportra jellemz6 a kisebb mértékii agresszivitas, valamint EGFRVIII
pozitivitds és EGFR talmiikddés. Eredményeink alapjan WntSa és Fzd2 vagyis non-
kanonikus Utvonal talmiikodés figyelhetd meg a kanonikus utvonallal szemben, ebben az
alcsoportban is (20. Abra). Egyes tanulmanyok korabban mar vizsgaltak az EGFR ¢és a
Wnt utvonal kézotti kapesolatot [37, 79, 80]. Puliyappadamba et al. [81] kimutatta, hogy
GBM-ben a non-kanonikus utvonal TAK1 (TGFf-activated kinase-1) és NEMO (NFk -B
essential modulator) elemei fontos szerepet jatszanak az EGFRVIII medialt tumor
kialakuldsdban az NF-xB TF aktivalasan keresztiil [81]. Ezzel szemben, Hu és Li [79]
leirta, hogy a kanonikus utvonal intermedier molekuldja a béta-katenin és az EGFR
képesek aktivalni vagy éppen inaktivalni egymads regulatorikus elemeit. Tovabba
megfigyelték, hogy az EGFR muticid és a metildlatlan Wnt antagonista gének
Osszefiiggésben dllnak a kedvezd progndzisi kissejtes tiidérakkal, ezzel szemben
emésztérendszeri daganatok esetében az EGFR szignal utvonal egyes elemei szinergista
progressziojaban [79]. Az EGFRVIII a kanonikus utvonal aktivitasat novelheti bizonyos
kortiilmények kozott, de példaul a caveolin-1 fehérje gatolja az EGFR facilitalo hatasat a
béta-kateninre [82], amely eredményezhette a tanulmanyunkban tapasztalt csokkent

citoplazmatikus €s sejtmagi béta-katenin szintet. A szakirodalmi adatok ¢és sajat kutatdsunk
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alapjan is leirhato, hogy a Wnt utvonal és az EGFR és EGFRVIII jelatviteli tvonallal
kapcsolata rendkiviil komplex (akarcsak az IDH-1 mutacidos és Wnt kapcsolat) és
feltehetden a tumor sejtben és mikrokornyezetében talalhatd szdmos molekulamodulald

hatassal van erre a kapcsolatra.

A Nem besorolt alcsoportba tartozott azon 31 beteg, akik nem hordoztak sem IDH-1, sem
EGFRVIII mutaciot vagy NF-1 expressziovesztést. A tanulmanyunkban, akarcsak a TCGA
konzorcium kordbbi eredményei alapjan, ennek az alcsoportnak a Wnt expresszids
mintazata nagymértékben megegyezett a klasszikus alcsoportéval, feltehetéen az EGFR
(tal)expresszionak koszonhetéen [21] (21. Abra). Gong és Huang [75] megfigyelésével
egyetértésben alacsony sejtmagi béta-katenin szintet detektaltunk. Tanulméanyuk sordn a
TCGA adatait elemezték és azt talaltak, hogy a FoxM1 expresszidja ebben az alcsoportban
volt a legalacsonyabb a masik haromhoz képest. A FoxM1 hianya vagy kismértékii
kifejez0dése magyarazhatja, miért tapasztaltuk a béta-katenin alacsony szintjét a

sejtmagban [75].

Az intratumor heterogenitds miatt az alcsoport meghatarozé markerek expresszidja
tobbnyire jelentdsen a 100% alatt volt a ROI-ban. Ezért, egy kiegészitd elemzésben
megvizsgaltuk kiilon azokat a mintdkat, ahol az alcsoport meghatarozd6 markerek
megjelenése meghaladta az 50%-ot. Ez a ,,gazdagitds” nem véltoztatta meg a Wnt
markerek eloszlasat és nem novelte a statisztikai kiilonbségeket az alcsoportok kdzott. Az
alcsoport meghataroz6 markerek tovabbi szdzalékos dusitasanak nem volt statisztikai

értelme a mintaelemszam jelentds lecsokkenése miatt.

Korabban mar emlitettiik, hogy a kanonikus és non-kanonikus Wnt markerek kifejezédése
kozotti legmarkansabb kiilonbséget (az eredeti és ,,gazdagitott” csoportban is) az NF-1 c-
/m-, mesenchymalis alcsoportban tapasztaltuk. Ezért ebben az alcsoportban kiilon
megvizsgaltuk a Wnt markerek expresszids aktivitasast a kiilonb6z6 NF-1 festodési
mintazatokkal (c+/m-; c-/m+; c+/m+; c-/m-) Osszefiiggésben. Az alacsony mintaclemszam
miatt a 4 darab c-/m+ és a 19 darab c+/m+ (,,patologids”) csoportot dsszevontuk, hogy
noveljik a statisztikai erdt, illetve képeztiink egy 19 darabbol all6 c+/m- (,,normal”) és 15
darabot tartalmazo c-/m- dupla negativ mintazata csoportot (23. Abra). Az egészséges
sejtekben, illetve a GBM sejtek kis hanyadaban az NF-1 csak citoplazmatikus expressziot
mutat (c+/m-). A GBM tumorban az NF-1 gén ateshet bizonyos mutaciokon és/vagy

crer

a termék teljesen elvesztését (c-/m-) eredményezi. Az NF-1-hez hasonloan a béta-katenin
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normal sejtekben foként citoplazmatikusan taldlhato meg, de daganatos sejtekben az
aberransan miikodo kanonikus Wnt Gtvonal, valamint a citoplazmaban valo6 felhalmozddas
kovetkeztében transzlokalodhat a sejtmagba. Erdekes jelenséget tapasztaltunk, amikor az
NEF-1 és a béta-katenin festédési mintazatat hasonlitottuk dssze (23. Abra). A béta-katenin
sejtmagi megjelenése abban a csoportban volt a legalacsonyabb, ahol az NF-1 ,normal”
(ct/m-) megjelenésii volt, mig a ,,patologias” (kombinalt: c-/m+ és ct+/m+; c-/m-) NF-1
festddés esetén emelkedett sejtmagi béta-katenin szintet tapasztaltunk. Az NF-1 egy erds
tumorszuppresszor, mutacioja noveli a daganatok agresszivitasat és invazivitasat az EMT
atalakulason (epithelial-mesenchymal transition) keresztiil. A béta-katenin magi szintje
korrelal az EMT-t facilitald fehérjékkel (pl. Snail, Slug, Twistl, ZEB1) [59, 75].
Feltételezéseink szerint azokban a GBM tumorokban, ahol az NF-1 c+/m- megjelenésii és
a béta-katenin sejtmagi szintje alacsony, az EMT bekovetkezésének a valdszinlisége
kisebb, mint az elobb emlitett ,,patologias” NF-1 festddésii és magas sejtmagi béta-katenin
szintli csoportokban. Az ilyen NF-1 c+/m- és citoplazmatikus béta-katenin profilt tumorok

biologiailag valdsziniileg kevésbé agresszivek.

Az ¢el6z6 vizsgalatokban a Wnt markerek kiilonbségeit tanulmanyoztuk az alcsoportok
kozott €s azon beliil is, de végeztiink egy masfajta megkozelitést is. A GBM mind a harom
alcsoportjaban korrelaltuk a Wnt és az alcsoport meghataroz6 markerek CS értékét. Nem
talaltunk szignifikdns Osszefiiggést sem a proneuralis IDH-1 R132H mutéciot, sem a
mesenchymalis NF-1 expressziot vesztd alcsoportok és a Wnt markerek CS értéke kozott,
azonban a klasszikus alcsoportban a non-kanonikus utvonal Fzd2 receptora és az EGFRvIII
szignifikdnsan korrelalt. Tovabba erds tendencidlis jelleggel a Wnt5a és Fzd2 CS értéke
korrelalt egymassal az EGFRVIII mutans alcsoportban, amely tovabb erdsiti az emelkedett

EGFR/EGFRVIII mutacié €s non-kanonikus Wnt utvonal koézotti kapcsolatot.

Szintén megvizsgaltuk a Wnt markerek expresszidja kozotti kiilonbségeket a GBM
molekularis besorolastol fliggetleniil a teljes kohort 1-ben. A Wnt5a szignifikdnsan
korrelalt az Fzd2-vel és a sejtmagi béta-katenin szintjével. A Wnt5a legjellemzdébben a
Fzd2 receptorhoz kapcsolddik [37, 83]. A kordbbi GBM publikaciokhoz hasonloan az
egész kohort 1 betegpopulacioban emelkedett szintet mutatott a WntSa és az Fzd2 [57, 63].
A korrelacio a Wnt5a és a béta-katenin sejtmagi expresszioja kozott meglepd volt, de
fontos megemliteni, hogy a kanonikus és a non-kanonikus Wnt tvonal nem kiiloniil el
egymastol teljesen. Szdmos Wnt ligand képes aktivalni egyarant a kanonikus és non-

kanonikus utvonalat is, amelyet elsOsorban ¢és feltehetéen a biologiai koriilmények
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alakitanak ki. Példdul a Wnt3a (kanonikus ttvonal aktivétor) ligand medulloblastomaban
gatolja a sejtproliferaciét a non-kanonikus utvonalon keresztiil, mig a Wnt7a (non-
kanonikus titvonal aktivator) képes a kanonikus itvonalat inicidlni a petefészekrakban [37].
A GBM-ben a kanonikus és non-kanonikus utvonal kozotti lehetséges kommunikaciorol

¢s atfedésrol e vizsgalatok eredményein kiviil jelenleg még nincs adat a szakirodalomban.

Megvizsgaltuk a teljes tulélési id6 és a Wnt markerek CS értéke kozotti lehetséges
Osszefliggéseket, azonban nem tapasztaltunk semmilyen korrelacidt. Az Osszefliggés
hianya eredhetett a statisztikai erd alacsony szintjébdl, a markerek expresszios
mintazatanak a nagyfoku variabilitasabol, vagy abbol, hogy a Wnt utvonalnak énmagéaban

nincs nagy hatésa a klinikai paraméterekre.

A kohort 2-ben (19 tumor 8 betegtél) a Wnt markerek expresszidjanak mértékét vizsgaltuk
primer és recidiv (szekvencidlis) GBM mintaparokban. A szakirodalom alapjan emelkedett
Wnt expressziot vartunk a recidivaban a primerhez képest, mivel a recidivakban a GSC-k
emelkedett szamban taldlhatdak, amelyek fokozott Wnt aktivitassal tarsulnak [37, 84, 85].
Eredményeinkben inkdbb komplex mintdzatot, mintsem egyértelmti emelkedést vagy
csOkkenést tapasztaltunk, amely arra enged kovetketkeztetni, hogy Wnt ligandok és
receptorok egy komplex €s Osszetett mintdzatban expresszalddnak a tumor progresszidja

soran.

A kohort 3-ban olyan nyolc post mortem mintaban vizsgaltuk a Wnt markerek expressziods
szintjét, ahol egy betegtdl rendelkezésiinkre allt a tumor centralis régioja, az invazids zona
¢s a normalnak tiind agyszovet. Szamos publikacié korabban mar leirta, hogy a Wnt
receptorok és ligandok nagyobb aktivitdsi szintet mutatnak a tumorban, mint a normal
agyszovetben [59, 60]. Kahlert et al. [59] és Binda et al. [60] egyarant kimutatta, hogy a
kanonikus €s non-kanonikus utvonal is az invazios zénaban expresszalodik a legnagyobb
mértékben [59, 60]. Tovabba Kamino et al. [57] megallapitotta, hogy a normal agyhoz
képest a glioma sejtvonalakban a Wnt5a, Wnt7b és Fzd2 mRNS mennyisége jelentdsen
megnott, amelynek mértéke tovabb fokozodott, amikor a GBM-et vizsgalta [57]. Munkénk
soran is hasonld koOvetkeztetésre jutottunk, miszerint a WntSa és Wnt3a
expresszionovekedés a tumorban a nem tumoros résszel osszehasonlitva szignifikansan
eltér a kis mintaelemszam ellenére. De az Osszes Wnt marker emelkedett expressziot
mutatott a tumoros régidban (az invazids zéna rendkiviil elmosddott volt a mintakban) a

normél agyhoz képest (24. Abra).
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5.4. A Wnt markerek protein expressziés és DNS metilacios mintizata a

szekvencialis GBM mintaparokban

Az elézéekben ismertetett mechanizmusok alapjan is jol latszik, hogy Wnt utvonal
aktivitasa, gatlasa és interakcidja egyéb utvonalakkal rendkiviil Gsszetett és komplex
folyamatok eredménye. Fontos kiemelni, hogy az Gitvonal modulaldsa nem csak a ligand-
receptor kapcsolaton alapulhat, hanem szdmos egyéb regulatorikus/inhibitor molekulan
(pl. WIF1, sFRPs, Cerberus, DKK) is. A Wnt utvonal nem megfeleld mikodését
viszonylag ritkdn okozza génmutacié a tumorokban. Ezzel szemben szamos tanulmany
megallapitotta, hogy a Wnt utvonal Gjra aktivalédasért elsdsorban epigenetikus szabalyzo
mechanizmusok a feleldsek, kiilondsen GBM-ben [34, 35, 54, 55]. Az epigenetikai
mechanizmusok jobb megértése érdekében, genom szinten megvizsgaltuk a GBM DNS
CpG metilaciés mintazatat 22 par szekvencialis mintan [36]. A DNS CpG metilacid
blokkolni képes a TF-ok kotodését, és ezaltal az adott génexpresszidjat, mig ugyanezen
CpG-k hipo- vagy unmetilacioja fokozott génexpressziohoz vezet. A tanulmanyunk részét
képezd GO analizis ravilagitott arra, hogy egyes kanonikus Wnt gének promoterek régioi,
amelyek az endotél sejtek vandorlasaban, sejt-sejt adhézioban és sebgydgyulasban vesznek
részt, differencialtan metilaltak a GBM mintaparokban. Ez a metilaciés kiilonbség ¢és
korabbi eredményeink is azt sugalltdk, hogy a Wnt utvonal kiillonb6z6 aktivitast mutat a
GBM primer ¢és recidiv tumorokban. A kohortszintli elemzés soran Wnt utvonal szamos
ligandjanak, receptoranak és szabalyozé molekuldjanak szélesebb korét is kozelebbrol
megvizsgaltuk, mely sordn a valtozdsok Osszetett mintdzatat tapasztaltuk. A ligandok és
receptorok hipermetilaltsdgat, az intermedier molekuldk hipo- és hipermetiléltsagat, mig a
negativ regulatoros molekuldk hipometilaltsagat figyeltik meg a GBM-P vs. GBM-R
mintdkban (10. és 11. Tablazat). A metilaltsagi szintek fokuszalt vizsgalata alapjan,
lesziikitettiik a vizsgalando elemeket a korabbi IHC kutatasokban hasznalt Wnt markerekre
(Wnt5a, Wnt3a, Fzd2 és béta-katenin), kiegészitve két ) markerrel (Wnt7b-vel és az
Fzd10-zel) abbol a célbdl, hogy szimultan hatdrozzuk meg a kivalasztott markerek
metilaltsagi szintjét és fehérje expresszidjat ugyanazon szekvencialis GBM blokkokban.
Elsésorban a Wnt elemek DNS promoterének a metilaltsdgara voltunk kivancsiak, azonban
az FFPE konzervacids technika kovetkeztében kialakul6 DNS mindségesokkenés
(fragmentalddas) kovetkeztében nem kaptunk elegendé CpG-rél adatot. Ezért a promoter
mellé bevontuk az adott génrégiodt is, hogy kiterjedtebb DNS szakaszon (promoter+gén)

vizsgaljuk a metilacids profilt. Vizsgélataink soran nem talaltunk szignifikans kiilonbséget
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a hat Wnt marker promoter+gén régoijaban a GBM-P és GBM-R Gsszehasonlitas soran,
annak ellenére, hogy globélisan ugyanezen mintdk kohortjaban egy hipometilacios
eltolodas volt megfigyelhetd [36], és az irodalmi adatok is egy ilyen iranyu eltolodésra
utalnak progressziv tumorokban [86, 87]. Viszont trendszeri vagy szignifikans
hipometilaciods eltolddast tapasztaltunk markereinkben (az Fzd2 és Fzd10 kivételével),
amikor a kontroll normal agyhoz (C-DB) hasonlitottuk a GBM-P és a GBM-R mintakat
(28. Abra). Eredményeinkben a promoter+gén hipometilacios eltolodas, tendencialis vagy
szignifikans Wnt5a, Wnt3a és béta-katenin fehérjeexpresszios novekedéssel tarsult a
GBM-P és GBM-R mintakban a kontrollhoz képest (26. Abra). Az Fzd10 esetében a
magas promoter+gén metilaci6 Osszhangban volt az alacsony membranos
fehérjeexpresszié mértékével, mind a kontroll, mind a tumoros mintdkban (26. és 28.
Abra). Az THC Aéltal detektalt Wnt3a, Fzd2 és citoplazmatikus béta-katenin fehérjék
novekvd expresszidjat azonban nem kisérte promoter+gén hipometilacio6 a GBM-P ¢és
GBM-R mintaparokban, utalva arra, hogy vagy a vizsgalt région kiviili szabalyozo régiok
CpG metilacioja/hipometilacidja vagy a DNS metilaciotol eltérd szabalyozo
mechanizmusok jarulhattak hozzd a fehérjék expressziés novekedéséhez a GBM-R

mintakban.

Megfigyeléseink tovabbi megerdsitése és validdlasa érdekében ugyanazt a hat Wnt
promoter+gén régiot megvizsgaltuk a Klughammer et al. [35] altal feltoltott, nyilvanosan
is elérhetd6 RRBS szekvencidkban. Sajat anyagunk elemzése soran a 21 par GBM
metilaciés mintazatat az 6t C-DB mintdzataval is 6sszehasonlitottuk. Bar a C-DB szama
alacsonyabb volt, mint a GBM mintdké, az a tény, hogy ennek ellenére magasabb
metilaciot tudtunk detektalni a vizsgélt régidkban az 6t kontrollban mint a 21 par GBM-
ben megeroésitette eredményiink validitasat. Mivel azonban az 6t C-DB ¢és a 112 par GBM
kozott mar 1ényegesen nagyobb volt a szamszerl kiilonbség €s igy a detektalt CpG-k szdma
is a vizsgalt promoter+gén régidkban, az adatbazis mintainak metilacids vizsgalatahoz mar
nem hasznaltuk a C-DB kontrollokat az adattorzulas elkeriilésének érdekében. Itt a hat
promoter+gén régid metilaciés mintazatat csak a 112 primer és 112 recidiva GBM
mintaparban hasonlitottuk Ossze [35]. Ez az elemzés a sajat mintaink elemzéséhez
hasonléan nem mutatott CpG metilacids kiillonbséget a GBM-P és GBM-R mintapéarok

crer

szintén a Fzd10 promoter+gén jelentdés metilaltsagat taldltuk a masik 6t Wnt marker
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Fzd10 expresszioval 6sszhangban (29. Abra).

Osszességében megfigyeléseink azt mutattik, hogy a Fzdl0 alacsony expresszid a
promoter+gén fokozott metilaciéval allhat kapcsolatban, mig a WntSa, Wnt3a és béta-
katenin fehérjék expresszids valtozdsai csak részben allnak Osszefliggésben a csokkent

metilacios mértékével GBM-ben.

Mig a korabban mar emlitett, atfogdé DNS CpG hipometilacio irdnyaba mutaté elmozdulas
figyelhetd meg a daganatok esetében a normal agyszovethez képest [88, 89, 90], egyéni
szinten az egyes gének ¢és genomi régidk metilaciods szintje mindkét iranyban (hiper- és
hipometilacid) valtozhat malignus transzformécidkban [88]. Ezek a metilacios valtozasok
nemcsak a promotereket €s a nyitott leolvasasi kereteket érinthetik, hanem a szabalyozo
RNS-molekulak régidit, a splicing helyeket vagy az insulatorok topoldgiai doménjeinek
kotohelyeit is. Az RNS-interferencia mediatorai, a mikroRNS-ek €és az siRNS-molekulék
kodolo régidinak metilacios valtozasai az mRNS-ek transzlacids represszidjaban fontos
szerepet jatszanak [91, 92]. A fehérje kotési helyek, illetve a splicing helyek metilacios
valtozasai befolyasolhatjadk a fehérje izoformak kifejez6dését [93]. A megnovekedett
metilacids szint az insuldtor molekuldk kotOhelyein, mint példaul a CTCF (CCCTC-
binding factor) kotShelyén, befolyasolhatjdk a génexpressziot. A CTCF kotohelyek
metilacio altali gatladsa inszulacid vesztést eredményez a topologiai domének kozott.
Korabban az IDH-1 mutans gliomakban leirtdk, hogy a doménhatar elvesztése lehetové
teszi a modositott génkifejezddést (egy tavoli konstitutiv enhancer hasznalat altal),
amelynek kovetkeztében rendellenes onkogén expresszid €s aktivacio jelentkezhet (pl.
PDGFRA) [94-97]. Tovabba Moarii et al. [98] leirta, hogy a CpG-k metilacidjanak
kiilonb6z6 hatasa lehet a génexpressziora, attol fiiggden, hogy a metilacié a CpG szigeten
beliil vagy kiviil van. Mig tanulményunk a génexpresszié szabalyoz6 mechanizmusok
koziil a promoter+gén DNS CpG metilacigjara dsszpontositott, mas mechanizmusok, mint
példaul a hiszton modosulés, a gén kopiaszadm, a strukturalis kromoszémavaltozasok vagy
a tavoli enhancerek metilacios/hipometilacios valtozéasai szintén hozzédjarulhatnak a

fehérjék expressziojanak moédosulasdhoz tumorokban [98].

Az enhancerek ataldban rovid (50-1500 bp) DNS szegmensek, amelyek néha kozel,
gyakran azonban akar 1 milli6 bp tavolsagban helyezkednek el a traszkripci6 kezddhelyétdl
[99]. Minden génnek egy vagy tobb enhancere van, amelyek fokozhatjak vagy gatolhatjak

a génexpressziot a TF kotddés helyének metilacios valtozasa altal. Az epigenomikai
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vizsgalataink sordn hasznalt script lehetdséget adott arra, hogy ezen aktivald/szabalyozé
régidkat is megvizsgaljunk. A GeneCards adatbazisban meghataroztuk, hogy az altalunk
vizsgélt minden egyes Wnt markernek melyek a f6 enhancer elemei, majd megnéztiik a
metilaciés mintdzatukat. Nem talaltunk CpG metilacios szintkiilonbséget a sajat GBM
mintaparokban és a C-DB mintakban, amit magyaraz az alacsony mintaelemszam, és az
enhancerek korlatozott kiterjedésti DNS szegmentje (az FFPE mintakbol nyert nagyfoku
random DNS kdrosodas miatt, révid DNS szakaszokon és kevés mintdban, a CpG
detektalhatdsag alacsony). Az adatbazis nagyobb (112) szamu mintaparjaiban azonban a
Wnt7b GH22J045611, Fzd10 GHI12J130124 ¢és Fzd10 GHI12J130138 enhancerek
emelkedett metilaciot mutattak a tobbi enhancer régidhoz képest, valamint mindhdrom
enhancer esetében a recidivdban magasabb volt a metilacids szint a primerhez képest.
(Erdemes megjegyezni azonban, hogy ezek az enhancerek az el6zéen vizsgalt
promoter+gén régidkon kiviil esnek). Az Fzd10 nagyon alacsony fehérje expresszios
megjelenése erésen Osszefiigghet azzal, hogy a gén+promoter és az enhancer régionak is
magas a metilacios szintje. A Wnt7b esetében tapasztaltuk egyediil, hogy a fehérje
expresszioja a kontroll mintakban magas, a primer mintdkban alacsonyabb, mig a recidiv
mintakban jelentésen alacsonyabb szintet mutatott. Ezt a graduélis csokkenést okozhatta a
Wnt7b GH22J045611 enhancer magasabb metilacidja a recidiv és feltételezhetden a
kontroll mintdkban a primerhez képest. Mivel a Wnt7b ligand kapcsolodik a Fzd10
receptorhoz, e ligand és receptor szimultan jelentkezé fokozott metildcidja és alacsony
vagy csOkkend protein expresszioja ezen kapcsolat szerepét nagy valdszintséggel kizarja
progressziv GBM-ben. Mig az alacsony Fzd10 fehérjeexpresszié nagy valoszinliséggel
megjegyezni, hogy még a TF-ek kotddési helyeinek a blokadja (pl. metilacio altal) a
promoter régidban sem mindig eredményez génexpresszios szuppressziot. Irizarry et al.
[100] kimutatta, hogy vastagbélrdkban pozitiv Osszefliggés vagy korrelacio lehet a
hipermetilalt promoter és a célgén magas expresszidja kozott, ha a metilalt hely
transzkripcid kezdohelyét6l 300 bazisparral feljebb helyezkedett el [100]. Hasonl6 adat
nem all rendelkezésre GBM-ben, de a megfigyelés érdekes kérdéseket vet fel.
Osszességében, a Wnt markerek expresszidjanak modulalasahoz a GBM-ben szdmos
epigenetikai mechanizmus hozzajarulhatott a DNS CpG metilacion kiviil, mint példaul a
hiszton modosulds vagy strukturdlis genomikai valtozasok, kiegészitve az id6
elérehaladtaval torténd promoter €s a gén, illetve az enhancer CpG metilacios mintadzatok

valtozasaival.
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6. Kovetkeztetések

A kanonikus (Wnt3a, béta-katenin) és non-kanonikus (Wnt5a, Fzd2) utvonal protein
elemeinek expresszidja fokozatosan novekszik a normal agyszovettdl a glioma gradus
elorehaladtaval, ¢és legkifejezetebben a GBM-ben jelenik meg. A gliomak
(oligodendroglialis vagy asztrocitikus) eredete szerinti vizsgalatban, a non-kanonikus
utvonal meghatarozobb szerepet jatszik a kanonikus tvonallal szemben az asztrocitikus
eredetli alacsony gradust gliomdk GBM-mé valé transzformaloddsdban a Wnt5a magas
expresszioja miatt. Az 6sszevont II-111-as gradustt IDH-1 muténs és vad tipusu csoportok
kozott nincs Wnt expressziokiilonbség, de tendencidlis WntSa szintemelkedés figyelhetd
meg az IDH-1 mutdns GBM-ben, tovabba az Osszevont gradusii glioma csoportban a
Wnt3a szignifikdns emelkedettsége tapasztalhato az IDH-1 vad tipusu csoprtban, amely
tovabbi vizsgalatok sziikségességét jelzik az IDH-1 mutacidé és a Wnt utvonal kozotti

kapcsolat tisztazasra.

A GBM molekuldris alcsoportjai (proneuralis, mesenchymalis, klasszikus és nem besorolt)
kozott nincs kiilonbség a kanonikus és non-kanonikus Wnt utvonal markereinek
expressziojaban, de szignifikdns eltérések allnak fenn az alcsoportokon beliili marker
megoszlasban. Mindegyik alcsoportban a non-kanonikus utvonal markerek expresszioja
domindl a kanonikussal szemben. A legmarkénsabb elkiiloniilés a mesenchymalis
alcsoportban tapasztalhatd. Tovabba interakciok lehetségesek az egyes alcsoport
meghataroz6 markerek és a Wnt elemek kozott. Az NF-1 festédési mintdzatok (c+/m; c-
/m+ €s ct/m+; c-/m-) és a Wnt marker expresszids profilok kozott kiilondsen szoros a
korrelacid, nevezetesen az NF-1 és a béta-katenin szimultan sejtmagi (patologias) magas
szintli megjelenésében, amely hozzajarulhat a daganak malignitdsanak és kedvezdtlen
prognézisanak a kialakitasahoz. A Wnt markerek GBM-ben betoltdtt szerepét alahuzza
markereink emelkedett expresszidja a tumoros régiokban a normal agyhoz képest
postmortem tumort+invazids zoénat+ nem érintett normal agyszovetet tartalmazé minta-

triokban.

Bar a primer és recidiv mintaparok k6zott nincs szignifikans kiilonbség az altalunk vizsgalt
szignifikdns vagy trendszerli hipometilacios eltolodast mutatnak GBM-ben a normal
agyszovettel torténd Osszehasonlitdsban. Ez a promoter+gén hipometilacié tendencialis

vagy szignifikdns expresszid ndvekedéssel tarsul WntSa, Wnt3a €s béta-katenin fehérjék

crcr
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magas szintll CpG metilacidja alacsony fehérje expresszioval tarsul mind a kontrollokban,
mind a GBM mintakban. Eredményeinket megerdsitik egy adatbazisbol szdrmazo nagyobb
szekvencidlis GBM kohort parhuzamos elemzései €és hasonld eredményei. Az a
megfigyelésiink, hogy a recidiv mintakban a primerekhez képest magasabb a Wnt3a, Fzd2
¢s citoplazmatikus béta-katenin fehérje expresszid ezen markerek promoter+gén
DNS metilaciéos mechanizmusok, vagy mas (nem DNS metilacios) szabalyozo
mechanizmusok is hozzéjarulhatnak a fehérjék expresszidos novekedéséhez progressziv
GBM tumorokban. Az enhancerek, amelyek részben vagy teljesen kiviil eshetnek az
altalunk vizsgalt promoter+gén régidokon, szintén CpG metilacio altal szabalyozott
genetikai elemek, és jelentéséggel birnak a génexpresszié szabalyozasaban. Osszhangban
a fenti megfigyelésekkel, a hat Wnt markeriink enhancerei koziil a Fzd10 két, mig a Wnt7b
egy fontos (promoter+gén région kiviil esd) enhancere is hipermetilacidval jellemezhetd a
tobbi enhancerhez képest, és kiilondsen a recidivdkban a primerekhez hasonlitva az
adatbazis GBM mintaparokban. A promoter+gén metilacids adatok mellett a Fzd10 és a
Wnt7b hipermetilacidja is jol korrelal a Fzd 10 fehérje alacsony expresszidjaval valamennyi
mintankban, és a Wnt7b csokkend fehérje expresszids profiljaval a GBM progresszioja

soran.

Osszességében tanulméanyunk eredményei alapjan megallapithatjuk, hogy a Wnt ttvonal
fontos szerepet jatszik a gliomak, kiilon6sen a GBM kialakulasaban, bonyolult molekularis
kolcsonhatasok altal. A Wnt fehérjék expresszidjat és ez altal az titvonal aktivitasat jelentds
mértékben epigenomikai mechanizmusok, koztiik a DNS CpG metilacié gliomagenezissel
kapcsolatos valtozasai hatdrozzak meg. Mindezen felismerések olyan tovabbi kutatdsokat

¢s terapias fejlesztéseket timogatnak, amelyek a Wnt utvonal elemeire irdnyulnak.
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Uj megallapitasok

- Az asztorcitikus eredetli gliomék progresszidjaban a Wnt non-kanonikus ttvonal
nagyobb szerepet jatszik a kanonikussal szemben.

- A Wnt utvonal egyes elemei ¢és az IDH-1 mutacids statusz kdzott korrelacio all
fenn, melynek mélyebb tisztdzasa folyamatban levé Uj tanulményaink targya.

- A Wnt Gtvonal markereinek expresszidjaban nincs kiilonbség a GBM molekularis
alcsoportjai kozott, azonban valamennyi alcsoportban a non-kanonikus utvonal
markereinek expresszioja a dominansabb a kanonikus tutvonallal szemben.

- A béta-katenin és az NF-1 sejtmagi megjelenése pozitiv korrelacioban all
egymassal, amely feltehetden agresszivabb ¢és rosszabb prognozisu GBM tumort
eredményez.

- Az altalunk vizsgalt Wnt markerek expresszids mintdzata jelentdsen, azonban
promoter+gén metildcios mintdzata nem kiilonbozik egymastol primer és recidiv
GBM mintaparokban.

- A promoter+gén metilacidés statuszon kiviil, az adott génrégion kiviil esd
enhancerek metildltsagi profilja is fontos szerepet jatszik a génexpressziod
szabalyozasaban.

- A Wnt7b ¢és Fzdl10 ligand-receptor kapcsolat nem jarul hozzd a GBM
novekedéséhez €s progresszidjahoz.

- A Wn7b és Fzd10 potencidlis tumor szuppresszor funkcioval is birhat, melyrdl

szintén nincsenek még szakirodalmi adatok.
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HIGHLIGHTS

® Glioblastoma may be sorted into molecular subgroups.

® Both the canonical and non-canonical Wnt pathways contribute to each subgroup.

® Non-canonical markers predominate over canonical markers in all subgroups.

® Correlations between subgroup and Wnt pathway markers can be observed.

® Nuclear accumulation of NF-1 is accompanied by nuclear accumulation of beta-catenin.

ARTICLE INFO ABSTRACT

Keywords: Glioblastoma (GBM) is a highly heterogeneous and aggressive brain tumor. Comprehensive genomic and tran-

Glioblastoma scriptomic analyses revealed that GBM segregates into three subgroups with characteristic signaling pathways.

Molecular subgroups The Wnt pathway recently received increasing attention with the recognition of its importance in tumor de-

Wnt pathway velopment and recurrence through the promotion of glioma stem cells. As an extension of our previous trans-

Clinical correlations lational studies, here we tested the possible interactions between key subgroup markers (IDH-1 R132H, EGFRvIII
and both cytoplasmic and nuclear loss [c-/n-] of NF-1 expression) and the canonical (Wnt3a and beta-catenin)
and non-canonical (Wnt5a and Fzd2) Wnt pathway markers by immunohistochemistry. These analyses revealed
increased expression levels of both Wnt pathway markers with significant quantitative differences within, but
not among subgroups. Wnt5a and Fzd2 levels were higher than the canonical marker levels in all subgroups. The
strongest evidence for correlation between expression levels of the EGFRVIII subgroup marker and the Fzd2 Wnt
marker was found, but weaker correlations also could be noted for IDH-1 R132H and NF-1 and some Wnt
markers. The correlations detected between markers of the canonical and non-canonical pathways raised the
possibility of cross-talk between the two pathways. Analyses of tumors with various NF-1 expression patterns (¢
+/n-; ¢c-/n+ combined with ¢+ /n+, and c-/n-) revealed that aberrant nuclear accumulation of NF-1 is ac-
companied by nuclear accumulation of beta-catenin, suggesting that they may act synergistically to define the
tumor’s biology. Altogether, our study presents expression characteristics of Wnt ligands and receptors, and
suggests complex molecular interactions in subgroups of GBM.

1. Introduction high rate of mitosis, pleiomorphism, necrosis and angiogenesis define
the histological entity with significant intra- and inter-tumor hetero-

Glioblastoma (GBM) is a grade IV glioma with a median overall geneity (de Almeida Sassi et al., 2012; Dunn et al., 2012). Integrated
survival of 14-20 months (Stupp et al., 2005; Weller et al., 2017). A analyses of genomic and transcriptomic data by The Cancer Genome
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Atlas (TCGA) Network established the segregation of the clin-
icopathological entity into molecular subgroups (named proneural,
classical and mesenchymal) that correlate with clinical outcomes (The
Cancer Genome Atlas Research Network, 2008; Verhaak et al., 2010;
Brennan et al., 2013). The proneural tumors have several molecular
features characteristic of oligodendrocytes, while the classical and
mesenchymal tumors of those of astrocytes (Verhaak et al., 2010). An
epigenomic study identified a glioma CpG island methylation pattern
(G-CIMP) in association with the proneural subtype and with mutations
in the genes of isocitrate dehydrogenase (IDH) (Noushmehr et al.,
2010). Subsequently, the molecular markers were incorporated into the
2016 revision of the World Health Organization (WHO) brain tumor
classification, where screening for IDH mutations was recommended for
all gliomas (Louis et al., 2016). While additional markers were pro-
posed for lower grade astrocytoid and oligodendrocytoid gliomas, no
further molecular markers were proposed for GBM. In a translational
study, we have demonstrated that using markers from the TCGA results,
the separation of molecular subgroups is feasible, and has both prog-
nostic and therapeutic utility in the clinical setting (Nagy et al., 2019).
Key markers of subgroup separation included the expression of the IDH-
1 R132H mutation and the Epidermal Growth Factor Receptor (EGFR)
vIII mutation (EGFRvVIIID), and the loss of neurofibromin (NF-1) ex-
pression. These subgroups overlapped with the TCGA proneural, clas-
sical and mesenchymal subtypes, respectively (Nagy et al., 2019).

In the TCGA analyses, the subgroup-defining molecular markers
appeared to align in a few pathways including the receptor tyrosine
kinase, RB1 and p53 pathways (The Cancer Genome Atlas Research
Network, 2008). However, recognizing the importance of Wnt ligands
and receptors, recent studies have focused on the involvement of the
Wnt pathways (Lambiv et al., 2011; Zhang et al., 2018). Both the ca-
nonical and non-canonical Wnt pathways have been implicated in these
tumors. In the non-canonical Wnt pathway, the expressions of Wnt5a
and the Ryk, Frizzled (Fzd)-2 and Ror2 receptors correlated with GBM
invasiveness (Kim et al., 2015). Wnt5a™&" predicted worse prognosis,
and discriminated the highly invasive mesenchymal from the less in-
vasive classical and proneural subtypes (Binda et al., 2017). Wnt5ahieh
also associated with tumor-promoting stem-like characteristics (TPC).
Enforcing high Wnt5a expression (Wnt5aP8") activated an infiltrative
mesenchymal program in classical GBM TPCs and Wnt5a'®" TPC. Epi-
genetic activation of Wnt5a prompted glioblastoma stem cell (GSC)
differentiation and invasive growth (Binda et al., 2017; Hu et al., 2016).
Defective activation of the canonical, beta-catenin-mediated Wnt
pathway was also noted in the formation and maintenance of GSCs
(Zhang et al., 2011; Suwala et al., 2016). Not only ligands and re-
ceptors, but also negative regulators of the inhibitors and positive
regulators of this pathway were overexpressed (Miller et al., 1999;
Tompa et al., 2018), and controlled epithelial-mesenchymal transition
(EMT) and tumor microenvironment interactions (Kahlert et al., 2012;
Kim et al., 2017). In another study, GBM-derived Wnt3a (a canonical
ligand) induced M2-like microglial cells through Wnt/beta-catenin
signaling, and by this interaction regulated a cross-talk between mi-
croglia and GBM cells as well as contributed to a more aggressive
growth rate of tumors (Matias et al., 2019). An inverse relationship was
found between the IDH1 R132H mutation and the expression levels as
well as nuclear localization of beta-catenin and GSC frequency in
gliomas (Cui et al., 2016). Overexpression of both the canonical and the
non-canonical pathway markers was demonstrated in correlation with
glioma grade (Liu et al., 2011a,b; Binda et al., 2017; Tompa et al., 2018;
Zhang et al., 2018). Altogether, both the non-canonical and canonical
Wnt pathway markers appeared as targetable master regulators of brain
invasion, recurrence, GSC differentiation and angiogenesis in correla-
tion with molecular GBM subtypes (Kamino et al., 2011; Tompa et al.,
2018). Preclinical studies in GBM and in other tumors also suggest that
Wnt pathway specific small molecular inhibitors, monoclonal anti-
bodies, gene therapy or epigenetic approaches may modify the activity
of this pathway with therapeutic benefit (see details in Tompa et al.,
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2018). As Wnt pathway activity greatly contributes to resistance to
standard chemotherapy, elements of this pathway appear as attractive
supplementary treatment targets both in early and progressive GBMs.
Since most prior studies were conducted in cell lines or in gliomas of
various grades, our present study tested the expression of canonical
(Wnt3, beta-catenin) and non-canonical (Wnt5a, Fzd2) Wnt markers in
molecular subtypes of GBM. Our studies were carried out in three co-
horts.

2. Results

2.1. Cohort 1 (specimens surgically removed after diagnosis, prior to
chemoradiation therapy)

2.1.1. Molecular subgroups of GBM

In our previous study by Nagy et al. (2019), the GBM histopatho-
logical entity could be subdivided into four molecular subgroups: IDH-1
R132H mutant, EGFRVIII mutant with EGFR overexpression, NF-1
double negative (with loss of both cytoplasmic and nuclear expression
[c-/n-]) and an unspecified subgroup, where the former three sub-
groups overlapped with the TCGA proneural, classical and mesench-
ymal subgroups, respectively. This subgroup distribution was con-
firmed by both hierarchical cluster analyses and manual sorting of
tumors based on their markers. In the present study on 81 specimens
from 78 patients and with the same immunohistochemistry (IHC)
markers, the separation of GBM subgroups was similar to that described
by Nagy et al. (2019). Fig. 1 also shows that the IDH-1 R32H mutant
subgroup completely separates from the other subgroups, while there is
one patient whose tumor was both EGFRVIII positive and had loss of
NF-1 expression (c-/n-), representing an overlap between the classical-
like and the mesenchymal-like subgroups.

Fig. 2 shows that patients whose tumors were positive for the IDH-1
R132H mutation, were significantly younger than those whose tumors
were negative for this mutation, the latter category including patients
in all other subgroups (Mann-Whitney U test, p = 0.05). Those patients
who had tumors with c-/n- NF-1 staining patterns were older than
patients who had NF-1 expression in either the cytoplasm or the nucleus
(Mann-Whitney U test, p = 0.039). Finally, patients with tumors

N=81 =
IDH positive

Unspecified
31 specimens
(38%)

EGFRVIII positive
27 specimens
(33%)

NF-1 negative
15 specimens
(19%)

NF-1 negative and
EGFRVIII positive
1 specimen

(1%)

Fig. 1. Distribution of molecular subgroups in Cohort 1. This figure depicts the
distribution of GBM molecular subgroups in Cohort 1 and indicates the sub-
group-defining key markers. Tumors with the IDH-1 R132H mutation overlap
with the TCGA proneural subgroup, tumors with EGFR overexpression and
EGFRVIII mutation overlap with the TCGA classical subgroup, while tumors
with cytoplasmic as well as nuclear loss of NF-1 expression overlap with the
TCGA mesenchymal subgroup. Tumors falling out of the previous three sub-
groups have been sorted into the unspecified subgroup.
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Fig. 2. Age of disease onset according to molecular subgroups markers of GBM in Cohort 1. This figure shows the age of disease onset in sub-cohorts positive and
negative for the subgroup-defining markers. Median values along with the interquartile range are indicated (*p < 0.05). IDH-1 R132H positive N = 6, IDH-1 R132H
negative N = 53; EGFRVIII positive N = 16, EGFRVIII negative N = 42; NF-1 positive N = 46, NF-1 negative N = 14.

carrying the EGFRvIII mutation had age of onset similar to those
without the EGFRvIII mutation. No gender differences were found in
any of the GBM molecular subgroups (Pearson’s %> test). Fig. 3a—c de-
pict the Kaplan-Meier’s survival curves of patients in the three mole-
cular subgroups of GBM. Patients with the IDH-1 R132H mutation
showed a strong trend for longer overall survival than patients without
this mutation (p = 0.052).

2.1.2. Wnt markers in molecular subgroups of GBM

Fig. 4a—d indicate histoscore (HS) values of Wnt markers in the four
subgroups. The Kruskal-Wallis test suggested only trends for differences
in the Wnt3a (p = 0.059) and Wnt5a (p = 0.077) HS values among the
subgroups. However, when we compared Wnt HS values within sub-
groups (Fig. 4e-h), significant differences were observed among several
markers as indicated, but most strikingly between the non-canonical
and canonical markers, when using the Kruskal-Wallis test.

We have also compared the Wnt HS values in the IDH-1 R132H
positive and negative subgroups, but only a trend (p = 0.071) for in-
crease of Wnt5a, and apparent tendencies for increase of beta-catenin
and Fzd2 were observed in the mutant group (Fig. 5).

2.1.3. Wnt markers in enriched molecular subgroups of GBM

Since none of the molecular subgroup markers were 100% present
in regions of interest (ROIs), we next asked if the Wnt marker dis-
tribution pattern is different when we only analyze those samples
where the ROIs have a certain threshold of molecular subgroup mar-
kers. Therefore, we selected those GBMs, where the molecular markers
were present in at least 50% in the ROI, and reanalyzed the Wnt dis-
tribution in these enriched molecular subgroups. However, these ana-
lyzes did not enhance the statistics in regards to Wnt marker distribu-
tion among or within molecular GBM subgroups (possibly because of
the reduced samples size in each enriched subgroup).

When we analyzed Wnt marker distribution according to (the en-
riched) NF-1 expression, the result was remarkable (Fig. 6a—d). It is
important to note, that in normal cells, NF-1 as well as beta-catenin is
expressed only in the cytoplasm, while in tumors, nuclear expression of
both markers can be characteristic. As Fig. 6¢ indicates, the subgroup
with NF-1 c+ /n- staining pattern had the lowest nuclear beta-catenin
HS values, while all other tumor-characteristic NF-1 staining patterns
(c-/n+ plus c+/n+, and c-/n-) were associated with increased nuclear
beta-catenin HS values (Mann-Whitney U test p = 0.021 for c+ /n- vs.
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c-/n + plus c+/n+; p = 0.03 for c+ /n- vs. c-/n-). Even more striking
difference was observed in Wnt marker distribution when the ¢+ /n-
(corresponding to the “normal” staining pattern of NF-1) subcohort was
compared with the other two subcohorts (with “pathological” NF-1
staining) (Mann-Whitney U test, p = 0.009). Nevertheless, due to the
low sample size (c+/n-: 19, ¢-/n+ combined with ¢+ /n+: 23, ¢-/n-:
15), no statistical differences were reached when the other Wnt markers
were tested among the NF-1 subcohorts.

2.1.4. Correlations between subgroup marker HSs and Wnt HSs in
molecular subgroups

With the exception of EGFRVIII HS values, no correlations were
observed between subgroup marker HSs and Wnt marker HSs. (Note
that for the GBM subgroup definition, the presence or absence of
EGFRVIII and IDH-1 R132H mutations or of the NF-1 c-/n- staining
pattern were used. In the correlation analyses, HS values of the sub-
group markers were correlated with HS values of the Wnt markers in
each molecular subgroup of GBM). In the EGFRVIII (TCGA classical)
subgroup, for both membrane and cytoplasmic EGFRVIII HSs, correla-
tions were observed with the Fzd2 HS values (Kendall’s t correlation
p = 0.01 and p = 0.035, respectively). In addition, in the EGFRVIII
positive GBM subgroup, statistically significant correlations were ob-
served between Wnt5a and the nuclear beta-catenin as well as Wnt5a
and the cytoplasmic beta-catenin HS values (Kendall’s T p = 0.005 and
p = 0.047, respectively). A tendentious correlation was also detected
between the Wnt5a and Fzd2 HS values (Kendall’s t p = 0.059). No
correlations were detected among the Wnt HSs or between Wnt and
subgroup HSs within either the IDH-1 R132H (TCGA proneural) or the
NF-1 c-/n- (TCGA mesenchymal) GBM subgroups.

2.1.5. Wnt marker correlations in the entire sample population of Cohort 1

Wnt5a correlated with nuclear beta-catenin HS values (Kendall’s ©
p = 0.003) and Fzd2 (Kendall’s T p = 0.036). Wnt3a showed tenden-
tious correlation with cytoplasmic beta-catenin HS values (Kendall’s ©
p = 0.051) and significant correlation with Fzd2 (Kendall’s <
p = 0.015). Beta-catenin cytoplasmic and nuclear HS values also sig-
nificantly correlated with each other (Kendall’s t p = 0.0001). Beta-
catenin nuclear HS values also correlated with the Fzd2 HS values
(p = 0.032).
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Fig. 3. A-C. Survival analyses in Cohort 1 according to GBM subgroup markers. This figure reflects overall survival time of patients whose GBMs were positive or
negative for the subgroup markers in Cohort 1. The dots indicate those patients who were still alive at the writing of this manuscript. IDH-1 R132H positive N = 6,
IDH-1 R132H negative N = 32; EGFRVIII positive N = 11, EGFRVIII negative N = 26; NF-1 positive N = 30, NF-1 negative N = 8.

2.1.6. Wnt marker correlation with overall survival
No significant correlations were detected between any of the Wnt
markers and the overall survival figures of patients (Kendall’s < test).

2.2. Cohort 2 (paired specimens of surgical GBM at diagnosis prior to
chemoradiation therapy and at recurrence after TMZ and radiation therapy)

2.2.1. Wnt markers in the sequential GBM samples

In Cohort 2, we compared the Wnt marker expression values in
primary and recurrent tumor pairs (Wilcoxon Signed Rank test).
Varying directions of changes were observed for each of the Wnt
marker HS values but without significant p-values. Only a tendentious
increase of Wnt5a HSs and decrease of Fzd2 HSs were noted in the
recurrent samples when compared to those in the primary samples.

2.3. Cohorts 3
2.3.1. Wnt markers in the trios of GBM tumor, normal appearing brain and

invasive zone
Since specimens in Cohort 1 and Cohort 2 were surgically removed

GBM tumors from live patients, no sufficient amounts of corresponding
normal tissue regions could be available for comparison of Wnt ex-
pression levels in normal and tumorous regions. Therefore, post
mortem specimens were used for addressing this question. Assessments
of the Wnt marker HS values in corresponding postmortem tumor
centers, invasive zones and normal brain regions were performed and
differences were statistically tested by the Kruskal-Wallis test. While in
all 8 trios for all Wnt markers we noted the highest levels of expression
in the tumors, and the lowest levels in the normal brain regions, sta-
tistically only the Wnt5a and Wnt3a HS values were higher in the tu-
mors (p = 0.003 and p = 0.029, respectively) when compared to those
in the normal brain regions, likely due to the low sample size in the
cohort.

3. Discussion

GBM is one of the most challenging tumors attributed to en-
dogenous processes such as the rise of somatic mutations and the in-
volvement of GSCs (The Cancer Genome Atlas Research Network, 2008;
Tompa et al., 2018). Major efforts have been made to map by OMICS
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Fig. 4. Distribution of Wnt pathway markers among (A-D) and within (E-H) molecular subgroups of GBM in Cohort 1. A-D feature the non-canonical and canonical
Wnt markers in four molecular subgroups of GBM, while E-H show within-subgroup comparisons of Wnt marker HSs. Median HS values with the interquartile range
are indicated. Note that black and dark grey indicate markers of the non-canonical pathway, while moderate and light grey indicate markers of the canonical
pathway. (*p < 0.05; **p < 0.01; ***p < 0.001). IDH-1 R132H positive N = 7; EGFRVIII positive N = 27; NF-1 negative N = 15; Unspecified N = 31.

approaches all characteristic molecular alterations in order to better
define its etiology and heterogeneity and to identify targets for therapy.
Among the implicated signaling pathways, the Wnt pathway only re-
cently attracted attention and thus far the available data are relatively
scarce in GBM. Our approaches to the exploration of GBM has been
mainly translational to provide tools to defining heterogeneity and
important drivers of this tumor in patient care. Using the most char-
acteristic markers from the TCGA analyses but along with the method of
IHC, we have recently reproduced the segregation of GBM into mole-
cular subgroups (Verhaak et al., 2010; Nagy et al., 2019). In the present
study, we investigated the relationship between the subgroup markers
and a few selected Wnt markers in human GBM specimens since most of
the previous observations arose from experimental models (Binda et al.,
2017; Huang et al., 2016). Our Wnt analyses were carried out in three
cohorts.

3.1. Molecular subgroup and Wnt pathway markers in Cohort 1

3.1.1. Molecular subgroups of GBM

In Cohort 1, using the same markers (IDH-1 R132H, EGFR and
EGFRvVIII, and NF-1) and a proportion of the same specimens as in the
study by Nagy et al. (2019), we identified the molecular subgroups in
order to analyze the expression distributions of Wnt markers among and
within them. The distribution of the molecular subgroups overlapping
with the TCGA proneural, classical and mesenchymal subgroups, was
similar in this study and in our published study (Nagy et al., 2019)
(Fig. 1). Patients in the subgroup with the IDH-1 R132H mutation
(overlapping with the TCGA proneural) were the youngest, while pa-
tients in the subgroup with nuclear as well as cytoplasmic loss of NF-1
expression (overlapping with the TCGA mesenchymal) were the oldest
ones (Fig. 2). Patients with tumors positive for the EGFRvIII mutation
(overlapping with the TCGA classical) had similar age of disease onset
as the entire Cohort 1, and those patients without this mutation (Fig. 2).
In addition, patients with IDH-1 R132H mutant tumors had the longest
overall survival time, while those with the NF-1 double loss had the
shortest overall survival time (Fig. 3a—c). These observations are in
consensus with earlier findings regarding GBM subgroups, age of onset
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and survival (Parsons et al., 2008; Verhaak et al., 2010; Nagy et al.,
2019). In addition to the established prognostic utility of these sub-
group markers in GBM, direct therapeutic targeting EGFR and EGFRVIII
(elements in one of the receptor tyrosine kinase pathways) and IDH-1
R132H (an important metabolic and epigenetic regulator), or cir-
cumventing NF-1 deficiency (a tumor suppressor gene negatively reg-
ulating the EGFR-initiated receptor tyrosine kinase pathway) have been
extensively investigated (Eder and Kalman, 2014; Nagy et al., 2019)
either alone or in combination with other targets (Tompa et al., 2018).
This being said, one must keep in mind that not all patients have mu-
tations or defects in the highlighted pathways (also involving our
subgroup markers) in GBM, as exemplified by a patient/tumor sample
Br20P in the study by Parsons et al. (2008). Other pathways may be
relevant, or epigenetic dysregulation of gene expression (as in the case
of Wnt pathway markers) may also play key roles, underscoring the
importance of individual evaluation of tumors and multi-target ap-
proaches for potential therapy. Interactions between or among various
pathways is also possible. Most strikingly, the IDH-1 R132H mutation
alters the catalytic activity of the enzyme that produces an oncometa-
bolite, named 2-hydroxyglutarate. This oncometabolite has an estab-
lished role in epigenetic regulation, also potentially affecting DNA CpG
methylation in the genes of the Wnt pathway, known to be controlled
by epigenetic changes (see details reviewed in Tompa et al., 2018).
These observations were the reasons why we not only investigated the
Wnt pathways in isolation, but rather in the context of GBM subgroup
markers.

3.1.2. Wnt markers in molecular subgroups of GBM

We postulated that different signaling pathways may exert pre-
dominant effect in the different molecular subgroups of GBM, and
therefore, tested the distributions of canonical and non-canonical Wnt
pathway markers. IHC analyzes, however, did not reveal significant
differences in the expression levels of the Wnt markers among GBM
subgroups, but this negative outcome could have been related to the
high variability of marker expression (Fig. 4a-d). In contrast, quanti-
tative IHC analyses showed significant differences in the expression
levels of canonical (Wnt3a and beta-catenin) and non-canonical (Wnt5a

=
O IDH-1 wild type
@ IDH-1 mutant
il 5 e
Beta-catenin Fzd-2
(Nucleus)

Fig. 5. Comparison of Wnt marker histoscores in GBM with and without the IDH-1 R132H mutation. Although the expression levels of all markers, with the exception
of Wnt3a, appear to be higher in the IDH-1 mutant than in the IDH-1 wild type cohort, only Wnt5a approaches statistical significance (p = 0.071). Median HS values
with the interquartile range are indicated. IDH-1 R132H positive N = 7, IDH-1 R132H negative N = 74.
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Fig. 6. Distribution of the Wnt markers in samples sorted according to NF-1 staining patterns. This figure shows expression patterns of non-canonical and canonical
Wnt markers in NF-1 (marker enriched) subcohorts with ¢+ /n-, N = 19; c¢-/n + combined with c+/n+, N = 23; and c-/n-, N = 15 staining patterns. A: Wnt5a, B:
Wnt3a, C: cytoplasmic and nuclear beta-catenin, and D: Fzd-2. Medians Wnt marker HS values with the interquartile range are indicated. In the “among subgroup”
comparisons, only HS values of the nuclear beta-catenin showed different distribution (Mann-Whitney U test p = 0.021 and p = 0.03 for ¢+ /n- vs. ¢-/n + plusc+/n

+, and ¢+ /n- vs. c-/n-, respectively). (*p < 0.05).

and Fzd2) markers in the within subgroup comparisons (Fig. 4e-h). HS
values for the Wnt5a ligand and its receptor Fzd2 seemed to be elevated
in all subgroups, but statistically Wnt5a was significantly higher com-
pared to Wnt3a in the IDH-1 R132H positive subgroup, while it was
higher than Wnt3a and both the cytoplasmic and nuclear beta-catenin
in the EGFRVIII and NF-1 c-/n- subgroups (Fig. 4e-h).

When we compared Wnt HS values between IDH-1 R132H positive
and negative tumors, Wnt5a, beta-catenin and Fzd2 were again ten-
dentiously elevated while Wnt3a did not quantitatively differ (Fig. 5).
This observation argues against the results of Kim et al. (2015) who
found that Wnt5a signaling is independent of the IDH-1 status. Inter-
estingly, Huang et al. (2016) found that the canonical Wnt pathway has
a high activity in the proneural subgroup and Wnt3a is the major in-
itiator of this pathway. On the contrary, Cui et al. (2016) reported that
the presence of IDH-1 R132H mutation is in an inverse correlation with
the expression level and nuclear localization of the Wnt mediator beta-
catenin in gliomas (Cui et al., 2016). The R132H IDH-1 mutation sig-
nificantly reduced the canonical Wnt/beta-catenin signaling in GBM
cells, because the IDH-1 mutation upregulated negative regulators of
the Wnt/beta-catenin pathway (e.g., DKK1 and APC), while down-
regulated several effector and target molecules (e.g., beta-catenin itself
and TCF4/LEF1) (Cui et al., 2016). There may be a few possible ex-
planations for these conflicting observations. First, the aforementioned
authors worked with in vitro cell lines without the complex micro-
environment of the clinical brain tumor specimens resulting in differ-
ences in the identity and number of interacting pathways. The lack of
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down-regulation of beta-catenin in our IDH-1 R132H GBMs might have
been due to the complexity of the in vivo regulatory pathways and the
involvement of pathways not in operation in in vitro cell lines (eg.
Notch) (Zhang et al., 2012). According to the TCGA data, the TCF4
transcription factor level is also elevated (indicating enhanced activa-
tion of the canonical Wnt pathway) in the proneural subgroup, con-
sistent with our observation that the canonical Wnt pathway was not
downregulated by IDH-1 R132H mutation (Suwala et al., 2016).
Second, overexpression of the FoxM1 protein can be seen together with
the loss of p53 in IDH-1 mutant GBMs, which may contribute to the
nuclear translocation and accumulation of beta-catenin (Gong and
Huang, 2012). Finally, the possibility of a biased Wnt/beta-catenin HS
assessment cannot be excluded due to the low sample size of our IDH-1
mutant subgroup, representing 8% of the total GBM Cohort 1. In ad-
dition, affinity of the various primary antibodies used in IHC could also
bias some of our observations.

In all subgroups (Fig. 4e-h), but in the NF-1 n-/c- (TCGA me-
senchymal) subgroup particularly (Fig. 4f), statistical differences were
observed between the HS values for the non-canonical pathway and the
canonical pathway markers suggesting that the non-canonical Wnt
pathway predominantly contributes to GBM, and particularly to its
mesenchymal subtype. The mesenchymal subgroup is the most ag-
gressive and the most infiltrative type of the GBM. The TCGA data along
with numerous other studies confirm that Wnt5a overactivation is
characteristic of the mesenchymal subgroup (Verhaak et al., 2010;
Binda et al., 2017). The Wnt5a ligand alone is capable of modifying the
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TPC pattern, causing a global phenotypic shift of TPCs, and increasing
the invasiveness of these cells in GBM. The Wnt5a-driven new mole-
cular TPC phenotype is associated with poor prognosis and shorter
survival time, features consistent with our findings (Liu et al., 2011a,b;
Binda et al., 2017). Bhat et al. (2013) also showed that nuclear factor
kappa light chain enhancer of activated B cell (NF-kB), which is an
important transcription factor of the non-canonical Wnt/Ca2+
pathway, is associated with elevated resistance to irradiation, and thus
may contribute to the poor prognosis and shorter survival of patients in
this subgroup. However, it is important to note, that the function of
Wnt5a may depend on both intra- and intercellular processes. For ex-
ample, in in vitro circumstances Wnt5a increases the invasiveness of
melanoma through a beta-catenin independent pathway, whereas the
beta-catenin independent pathway antagonizes the beta-catenin de-
pendent pathway in colorectal tumors (Hu and Li, 2010). Wnt5a can
stimulate the expression of the Fzd6 (that is involved in both the ca-
nonical and non-canonical Wnt pathways, but is predominantly re-
ported as a non-canonical pathway receptor) and Fzd2 receptors in an
autocrine manner, and these receptors then elevate the expression le-
vels of the Wnt5a by creating a positive feedback loop. Finally, Fzd6
can affect the nuclear translocation of beta-catenin, and thus the ca-
nonical Wnt pathway (Huang et al., 2016). While our finding appears to
be in consensus with previous observations concerning the higher ex-
pression of the non-canonical than the canonical Wnt pathway markers
in GBM, particularly in the subtype overlapping with the TCGA me-
senchymal subtype (Fig. 4f), the results generated by IHC may be
confounded by potential affinity differences of primary antibodies.
Therefore, a confirmation of the suggested differences in the expression
levels of the non-canonical and canonical pathway markers in GBM
subgroups is needed by more exact quantitative methods.

In the EGFRVIII positive (TCGA classical) subgroup, EGFR over-
activity maybe associated with elements of both the canonical and non-
canonical Wnt pathways (Fig. 4g). EGFR and beta-catenin are capable
of mutually activating or inhibiting each other's regulatory elements
(Hu and Li, 2010). In oral cancers, high EGFR activity promotes an-
giogenesis and cell migration by upregulating the vascular endothelial
growth factor (VEGF) and matrix metalloproteases (MMPs), which then
contribute to the nuclear translocation of beta-catenin. In vitro and in
vivo GBM studies showed that inhibition of beta-catenin results in de-
creased expression of EGFR (Paul et al., 2013). Furthermore, EGFR
mutations and unmethylated genes of Wnt antagonists are associated
with a favorable prognosis in non-small cell lung cancer, whereas the
downstream genes of EGFR synergize with the Wnt pathway and pro-
mote tumor formation and progression in intestinal tumors (Hu and Li,
2010). In GBM, the non-canonical pathway-related TAK1 and NF-
kappa-B essential modulator (NEMO) play important roles in the de-
velopment of EGFRvIll-mediated tumor by the activation of NF-xB
transcription factor (Puliyappadamba et al., 2013). EGFRVIII also in-
creases the activity of the canonical pathway, but for example the ac-
tion of caveolin-1 protein inhibits the EGFR facilitating effect on beta-
catenin (Abulrob et al., 2004). Taken together, the relationship of the
Wnt pathway with the signal transduction pathway of EGFR and
EGFRVIII is very complex, and is presumably influenced by the acti-
vation of many other molecules present in a given cancer cell and the
tumor microenvironment.

Fig. 1 shows that about a third of all specimens in Cohort 1 re-
mained unclassified. Although analyses of Wnt markers in this sub-
group is not very informative (Fig. 4h), it is worth mentioning that the
distribution patterns of the canonical and non-canonical Wnt markers
in the unspecified subgroup resemble those in the classical subgroup,
possibly due to EGFR (over)expression even in the unspecified sub-
group (Verhaak et al., 2010). The lower level of nuclear beta-catenin in
the unspecified GBM subgroup may be related to observations by Gong
and Huang (2012), who analyzed the TCGA data and found that the
other three GBM subgroups had much higher FoxM1 expression levels
than the unspecified group. The lack of or the low level of FoxM1 might
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have contributed to a low level of nuclear beta-catenin expression.

3.1.3. Wnt markers in enriched molecular subgroups of GBM

Since the GBM subgroup markers were not 100% present in the
ROIs, we next performed the Wnt marker analyses in those specimens
where the expression levels of the subgroup markers were at least 50%.
However, this enrichment did not change the distribution or enhance
the statistics of the Wnt markers. Further enrichment was precluded by
the significant drop of sample size.

Since the most significant differences among the Wnt markers were
detected in both the original and the enriched NF-1 c-/n- (TCGA me-
senchymal) subgroups, we next further examined the Wnt HS values
according to the NF-1 expression patterns (c+/n-, c-/n+ combined
with ¢+ /n+, and ¢-/n-) (Fig. 6). In normal cells and in a proportion of
GBM tumor cells, NF-1 shows only cytoplasmic expression (c+/n-).
Due to certain mutations or deletions within the large NF-1 gene, the
neurofibromin protein may translocate in to the nucleus (c-/n+ or c
+/n+) or alternatively, its expression may completely be lost (c-/n-) in
tumors. Similarly, beta-catenin expression is predominantly cyto-
plasmic in differentiated normal cells, but due to the enhanced Wnt
ligand - receptor engagement and activation of the canonical Wnt
pathway, beta-catenin migrates and accumulates in the nucleus of
tumor cells. Therefore, it was interesting to note in Fig. 6¢, that the
beta-catenin nuclear expression was the lowest in the NF-1 c+ /n- sub-
cohort, while all other (“pathological”) patterns of NF-1 expression (c
+/n+ combined with c¢-/n+, and c-/n-) were associated with in-
creased nuclear beta-catenin expression. Mutations in the tumor sup-
pressor NF-1 increase tumor aggressiveness and invasiveness through
EMT. The nuclear level of beta-catenin correlates with the expression
level of EMT-promoting proteins (eg. Snali, Slug Twistl, ZEB1) (Gong
and Huang, 2012; Kahlert et al., 2012). We postulate that EMT is less
likely to occur in GBMs with ¢+ /n- NF-1 and low nuclear beta-catenin
than in the subsets with other (“pathological”) NF-1 staining patterns
(c-/n+, c+/n+ and c-/n-) and higher nuclear beta-catenin expression
levels.

3.1.4. Correlations between subgroup marker HSs and Wnt HSs

We next correlated the HS values of the subgroup markers with the
HS values of the Wnt pathway markers in each subgroup of GBM. No
correlations were detected between the IDH-1 R132H and NF-1 HS
values and the Wnt pathway markers. However, in the EGFRVIII posi-
tive subgroup, the non-canonical Fzd2 receptor HSs significantly cor-
related with the EGFRVIII HSs. We also noted a tendentious correlation
between Wnt5a and Fzd-2 in the EGFRVIII subgroup, further suggesting
that the elevated EGFR or EGFRVIII expression may be associated with
non-canonical Wnt signaling. As detailed above (Discussion Section
3.1.2), there is a complex interaction between EGFR/EGFRVIII and the
Wnt pathway ligands and receptors.

3.1.5. Wnt marker correlations in the entire sample population of Cohort 1

When we analyzed the expression levels of the Wnt pathway mar-
kers in the entire Cohort 1, Wnt5a significantly correlated with Fzd2
and nuclear p-catenin. Fzd2 is one of the most utilized receptors of
Wnt5a (Asem et al., 2016; Suwala et al., 2016). Levels of both the
Wnt5a and Fzd2 were found elevated in our entire Cohort 1 similar to
those in other GBM publications (Kamino et al., 2011; Zhang et al.,
2018). The correlation between Wnt5a and beta-catenin nuclear ex-
pression was somewhat unexpected, but may be explained by a cross-
talk between the canonical and non-canonical Wnt pathways.

Wnt ligands and receptors are traditionally sorted into canonical
and non-canonical pathways. Nevertheless, recent observations suggest
a cross-talk between these ligands/receptors and the two pathways.
Several Wnt ligands can activate either the canonical or non-canonical
pathway dependent on biological circumstances and the assembly of
certain receptors and co-receptors. For example, the Wnt3 (“canonical”)
ligand in medulloblastoma inhibits cell proliferation via the non-



M. Tompa, et al.

canonical pathway, while Wnt7a traditionally a “non-canonical”
pathway ligand stimulates the canonical pathway (Suwala et al., 2016).
Thus far, no data regarding cross-talk between the canonical and non-
canonical pathways have been reported in GBM. The correlations de-
tected here between Wnt5a (“non-canonical”) HSs and both the cyto-
plasmic and nuclear beta-catenin (“canonical”) HSs raise the possibility
of an inter-pathway cross-talk.

Alternatively, the lack of correlation between the (“canonical”)
Wnt3a and beta-catenin, and strong correlation between the (“non-ca-
nonical”) Wnt5a and beta-catenin may be the result of the more dy-
namic expression range of Wnt5a than of Wnt3a in a system, where
both Wnt pathways are activated. Finally, higher affinity of Wnt5a and
beta-catenin and lower affinity of Wnt3a specific antibodies used in IHC
could be mere technical causes of the observations.

3.1.6. Wnt marker correlation with overall survival

Our study revealed no correlation between Wnt marker HS values
and overall survival of patients with GBM. This finding may be ex-
plained by the lack of power due to a relatively small sample size and
the high variability in the markers’ expressions. Alternatively, Wnt
markers alone may not define outcome in clinical patient populations.
This important question merits further studies in larger cohorts and
with other methodological approaches.

3.2. Wnt markers in sequential GBM samples of Cohort 2

In Cohort 2, we analyzed the Wnt HS values in primary and re-
current tumor pairs. We expected elevated levels of Wnt markers in the
recurrent tumors since several studies showed increased GSC activity
accompanied with elevated Wnt expression in progressive tumors
(Sandberg et al., 2013; Hu et al., 2016; Skoda et al., 2016; Suwala et al.,
2016). However, no increasing levels, rather complex patterns of Wnt
markers were detected in our paired GBM specimens over time. Al-
though Wnt5a increased and Fzd2 decreased in most recurrent samples,
even these markers could not reach statistical significance in the Wil-
coxon signed rank test. Therefore, our data suggest that complex pat-
terns of Wnt ligand and receptor expression may be characteristic of
GBM over time. Larger cohorts of paired samples need to be tested to
confirm if there are characteristic directions of changes in Wnt ligands
and receptors in longitudinal GBM.

3.3. Wnt markers in trios of GBM tumor, normal appearing brain and
invasive zone in Cohort 3

Several studies have established that Wnt ligands and receptors are
expressed at much higher levels in tumors than in their normal tissue
counterparts, setting the ground for our above studies. Kahlert et al.
(2012) and Binda et al. (2017), also reported that the highest levels of
both the canonical and non-canonical Wnt pathway markers may be in
the tumor’s invasive zone. We did not have access to corresponding
normal and tumor tissues in Cohort 1 and Cohort 2, since our samples
were surgical specimens from live patients. However, in a small post-
mortem series of tumor - invasive zone - normal brain region trios in-
cluded in Cohort 3, we also found an increase of Wnt markers in the
tumors compared to the normal regions, which was even statistically
supported for the Wnt5a and Wnt3a markers, despite the small size of
this cohort. Since the invasive zone is a blurred definition suffering
from varying proportions of tumor cells (and of GSCs), we did not ex-
pect and indeed could not detect the highest proportion of Wnt HSc
values in this zone of our small trio cohort.

4. Conclusions
The involvement of the Wnt pathway in tumorigenesis including the

development of GBM is increasingly recognized. Our study revealed
increased expression levels of markers involved in both the canonical
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and non-canonical Wnt pathways in GBM but without significant dif-
ferences among molecular tumor subgroups. Nevertheless, varying
quantitative patterns of Wnt markers could be observed within each
molecular tumor subclass. Overall, expression levels of the non-cano-
nical markers appeared more predominant across samples and sub-
groups, but this finding needs to be taken with caution due to inherent
methodological challenges associated with IHC. Our data also provided
indirect evidence to presume interactions between GBM subgroup
markers and Wnt markers as well as a possible cross-talk between the
traditional canonical and non-canonical markers. In the small cohort of
sequential samples we could not detect an unequivocal direction of
changes in Wnt expression over time, instead complex patterns of
changes were seen. Altogether our study suggests importance of the
Wnt ligands and receptors in GBM development with likely complex
inter-molecular/inter-pathway interactions underlying the tumor’s
heterogeneous biological features. These IHC studies lay the ground for
more comprehensive analyses using high resolution molecular methods
in the evaluation of interactions between the Wnt and other pathways
in this aggressive tumor, and for testing marker/pathway associations
with clinical outcome in larger patient cohorts.

5. Materials and methods
5.1. Subjects of the study

GBM specimens were collected at the Pathology Department of the
Markusovszky University Teaching Hospital (MUTH) between 2000 and
2018. Both the retrospectively and prospectively collected tissues were
left over specimens from routine clinical histopathological evaluations.
In each case, the clinical and histopathological diagnosis of GBM was
established. All patients in the retrospective and also a great proportion
of patients in the prospective subcohort had passed away by the end of
the study. The protocol was approved by the local Ethics Committee
and the Data Security Officer of the MUTH, and was fully compliant
with the Code of Ethics of the World Medical Association (Declaration of
Helsinki). From patients in the prospective subcohort, informed consent
documents were obtained.

5.1.1. GBM specimens were studied in Cohort 1-3

Cohort 1 included 90 formalin-fixed, paraffin-embedded (FFPE)
blocks from 87 patients. After quality assessment by Hematoxylin-Eosin
(HE) and glial fibrillary acidic protein (GFAP) IHC staining of sections,
81 specimens of 78 patients were retained in the study. Of the 78 pa-
tients, 59 were retrospectively and 19 were prospectively included with
the total number of 81 blocks. Sixty-two specimens from the 59 retro-
spective patients were also included in a previous study (Nagy et al.,
2019). Only 5 patients were still alive among the prospectively included
patients at the closure of the analyzes. All GBM specimens were sur-
gically resected after the diagnosis, before any radiation and che-
motherapy. A single specimen was available from each patient except
for two, who had multifocal (two and three foci of) GBM, and thus in
their cases, tumor tissues were obtained from multiple foci (Table 1a).
For clinical correlation, patients’ age, gender and overall survival (time
elapsed in weeks between the date of surgery and date of death) were
used along with the molecular markers.

Cohort 2 represented sequential FFPE GBM specimens, where the
first samples were surgically obtained after diagnosis, before radiation
or chemotherapy, while the second and third samples were surgically
resected recurrent tumors after radiation and TMZ chemotherapy. This
cohort included 21 blocks from 9 patients in the initially selection,
which was reduced to 19 specimens from 8 patients after quality se-
lection of sections stained by HE and GFAP IHC (Table 1b).

Cohort 3 represented a small, post-mortem FFPE sample series,
where 10 trios of GBM, normal appearing brain tissue and the invasive
zone between the tumor and normal brain tissue were included in each.
After quality selections, 8 trios were retained in the final analyzes
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Table 1

Characteristics of the three study cohorts. A summarizes clinical data including
patients’ number, gender and the age of disease onset in Cohort 1. B shows the
patients’ gender, age at the onset and recurrence as well as the duration of GBM
in Cohort 2. C summarizes the gender and age of death for patients whose post
mortem samples were included in Cohort 3.

A
Gender Number of Age of onset Age of onset Age of onset
patients (Mean) (Median) (Range)
Female 46 64 67 33-82
Male 32 63 62 40-78
Total 78 64 65 33-82
B
Gender Histological Histological Age at first Age at Time between
codes of codes of diagnosis  recurrece the first and
primary tumors recurrent second
tumors surgery
(weeks)
Male 7255/03 11880/05 51 53 114
Female 18769/04 1a_1567/06 49 50 57
1b_1568/06
12371/06 51 86
Female 8626/05 16804/05 56 56 21
Male 11396/05 12314/05 53 53 3
Male 11424/05 1350/06 51 52 27
Female 13602/05 5700/06 64 65 31
Female 5641/13 1465/18 45 50 249
Male 16945/15 1a_1500/17 66 67 70
1b_1500/17
C
Gender Block code Age of death (years)
Female 194/05 83
Male 157/03 25
Female 197/09 40
Male 148/10 74
Female 177/N 85
Female 201/16 61
Male 40035/15 37
Female 167/12 64
(Table 1¢)

5.2. Immunohistochemistry analyses

From the FFPE tissue blocks, 3 um sections were prepared. ROI in
each tumor was selected and marked based on a preliminary HE and
GFAP evaluation of the tumor. The ROI contained the most malignant
looking, highly cellular and mitotic segment of GBM with polymorphic

Table 2
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nuclei, but without or with minimal amount of necrosis and vascularity.

Optimal conditions for antigen retrieval and antibody dilution were
established in a small pilot study (Table 2, Fig. 7a, b). GBM molecular
subgroup markers included: IDH-1 R132H, EGFR, EGFRVIII and NF-1.
For the IDH-1 R132H and for EGFRVIII markers, the presence or ab-
sence of the mutant molecule was determined. For NF1 staining, four
staining patterns were distinguished: Cytoplasmic + /nuclear- (c+/n-),
c-/n+, c+/n+ and c-/n-. For the Wnt pathway, the Wnt5a and Fzd2
(non-canonical) and the Wnt3a and beta-catenin (canonical) markers
were used. Cytoplasmic and nuclear staining patterns were dis-
tinguished for beta-catenin. Secondary antibodies along with the dia-
minobenzidin substrate were included in the Novolink Polymer De-
tection System RE-7140-K kit (Leica Biosystems, Newcastle, UK) and
used for labeling the primary antibody binding in case of all, except the
anti-Fzd2 antibody. Anti-Fzd2 was generated in goat, therefore, a rabbit
anti-goat secondary antibody was included along with the Novolink
system. Hematoxylin counter-staining was used for the visualization of
cell nuclei.

Three independent readers quantitatively evaluated the IHC results
using 1:200 magnification objective of an Olympus BX51 microscope
(Olympus Corp., Japan). The primary reader was the first author of this
paper (MT), whose reading was used for the presentation of data. Due
to an extensive reading exercise prior to the study, the primary reader’s
quantitation differed less than 10% from those by the secondary and
tertiary readers (AN and BK) in all cases. The readers were blinded for
the evaluations by the other two readers when they quantified staining
under the microscope, but not for the specificity of antibody. In three
marked subregions of each ROI, intensity of staining on the scale of 0,
+, ++ and + + + (in a numerical scale of 0, 1, 2 and 3), and per-
centage of stained cells were determined and subsequently averaged.
Histoscore (HS) values were derived by multiplying the numerical
staining intensity values by the % of positive cells (Nagy et al., 2019).

5.3. Pyrosequencing

We performed pyrosequencing for the confirmation of the IDH1
R132H mutation detected by IHC, as previously described (Setty et al.,
2010; Nagy et al., 2019).

5.4. Statistics

In Cohort 1, molecular subgroups of GBM were determined based on
the IDH1 R132H and EGFRVIII mutant expression, and the cytoplasmic
as well as nuclear loss of NF1 expression (c-/n-) (Nagy et al., 2019). For
the distribution of Wnt marker HS values among and within the mo-
lecular GBM subgroups, Kruskal-Wallis and Mann-Whitney U tests were
used. Overall survival indicators of patients in the various molecular
subgroups of GBM were compared by the Kaplan-Meier survival ana-
lyzes. For gender association with GBM molecular subgroups, the
Pearson’s Chi square test was applied. Differences in age of onset be-
tween molecular subgroups of GBM were tested by the Mann-Whitney

Primary antibodies used in immunohistochemistry. This table lists the primary antibodies with indication of the manufacturers, catalogue numbers, characteristics
concerning specificity, clonality, immunogenicity and working dilutions as used in this study.

Manufacturer Catalogue number  Primary antibody Clonality Immunogen Dilution
Dako M7239 EGFR Monoclonal (mouse) Purified, denatured epidermal growth factor receptor 1:35
Biorbyt orb47907 EGFRVIII Polyclonal (rabbit) Synthetic peptide: LEEKKGNYVVTDHC 1:200
Abcam ab128054 NF-1 Polyclonal (rabbit) Synthetic peptide, Corresponding to an internal region of Human Neurofibromin 1:300
Dianova DIA-HO09 IDH-1 R132H Monoclonal (mouse) Synthetic peptide, amino acid sequence: CKPIIIGHHAYGD 1:40
Biorbyt orb69157 Wnt5a Monoclonal (mouse) Purified recombinant fragment of Wnt5A expressed in E. Coli. 1:200
Abcam ab81614 Wnt3a Monoclonal (mouse) Recombinant full length human Wnt3a (aal9-352) 1:200
Abcam ab6302 B-Catenin Polyclonal (rabbit) Synthetic peptide: PGDSNQLAWFDTDL, Corresponding to amino acids 768-781 1:500
Everest Biotech  EB08353 Fzd-2 Monoclonal (goat) Peptide with sequence RYATLEHPFHCPR, from internal region of the protein 1:250
sequence
Abcam ab6741 Anti-Goat Polyclonal (rabbit) Goat IgG whole molecule 1:200
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Wnt3a

Beta-catenin

Fig. 7. Representative images of staining patterns with the GBM molecular subgroup and Wnt pathway markers. This figure illustrates IHC staining patterns with the
IDH-1 R132H (cytoplasmic), EGFRVIII (membrane with faint cytoplasmic staining) and NF-1 (nuclear and cytoplasmic) molecular subgroup markers (A), and those
with the Wnt5a (cytoplasmic), Fzd2 (mostly membrane), Wnt3a (cytoplasmic) and beta-catenin (both cytoplasmic and nuclear staining) Wnt pathway markers (B).

U test. Correlations between Wnt markers, overall survival and mole-
cular subgroup markers were tested by using Kendall’s © correlation
analysis. In Cohort 2, differences in the expression levels of Wnt HS
values in the primary and recurrent GBM pairs were tested by using the
Wilcoxon signed rank test. In Cohort 3, Wnt marker HS values in the
three aforementioned zones were compared by Kruskal-Wallis test. All
employed statistical tests were included in the SPSS v. 23.0 package
(SAGE, IBM® SPSS® Statistics v23.0).
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Background and purpose — Aberrant activation of the
Wnt pathway contributes to differentiation and mainte-
nance of cancer stem cells underlying gliomagenesis. The
aim of our research was to determine as to what degrees
some Wnt markers are expressed in gliomas of different
grades, lineages and molecular subtypes.

Methods — Nine grade Il, 10 grade Il and 72 grade

IV surgically removed, formalin-fixed paraffin-embedded
glioma specimens were included. Mutation status of IDH1
codon 132 was defined by immunohistochemistry and
pyrosequencing in all tumors. Grade Il and Ill astrocytic
and oligodendroglial tumors were further tested for the
expression of p53 and ATRX by immunohistochemistry,
and codeletion of 1p19q by fluorescent in situ hybridiza-
tion. Expression levels of the non-canonical Wnt5a and
Fzd2, and the canonical Wnt3a and beta-catenin Wnt
pathway markers were determined by immunohistochem-
istry, and compared between subgroups stratified accord-
ing to grade, lineage and the presence or absence of
IDH1 R132H/C mutations.

Results — In the normal brain — grade II-IV glioma com-
parisons, a gradual increase was observed for the expres-
sions of Wnt5a, Wnt3a, Fzd2 and beta-catenin. In the
astroglial and oligodendroglial lineages of grade Il and
Il gliomas, only the Wnt5a expression was significantly
higher in the astroglial subgroup. Stratification according
to the IDH1 status resulted in a significant increase of
the Wnt3 expression in the wild type grade lI-IV

gliomas.

WNT-UTVONALMARKEREK ALACSONY ES MAGAS
GRADIUSU GLIOMAKBAN

Nagy A, PhD; Tompa M, MSc; Krabéth Z, MSc; Garzuly F,
MD, PhD; Mardczi A, MSc; K&lman B, MD, DSc, FAAN
Ideggyogy Sz 2021;74(5-6):000-000.

Hattér és cél — A glioma kialokuldsdban szerepet jatszik
a Wnt-Gtvonal aberrdns akfivaldsa az 8ssejtek differencid-
l6ddsdnak és fenntartdsdnak szabélyozésa dltal. Kutatd-
sunk célja volt meghatdrozni, hogy egyes Wnt-markerek
milyen mértékben expresszdlédnak a kilénbézs gradiusd,
szdvettani eredet( és mutdcids profild gliomakban.
Médszerek — Kilenc grddius Il., 10 gradius lIl. és 72 gré-
dius IV., m{téti Gton eltavolitott, formalinfixdlt paraffinba
dgyazott gliomadt vizsgdltunk. Az IDH1 132 kodon muté-
ciés dllapotdt immunhisztokémia és piroszekvendlds mod-
szereivel hatdroztuk meg minden tumorban. A ll. és llI.
gradiusy astroglialis és oligodendroglialis tumorokat
tovébb vizsgdltuk p53- és ATRX-expressziéra immunhisz-
tokémidval, és 1p19q kodeléciéra fluoreszcens in situ hib-
ridizéciéval. A nem kanonikus Wnt5a és Fzd2, valamint

a kanonikus Wnt3a és B-katenin Wnt-Utvonalmarkerek
expresszids szinfjét immunhisztokémiai Uton hatdroztuk
meg, és az expresszids értékeket 6sszehasonlitottuk

a tumorok grddiusa, hisztolégiai eredete (asztrocitoid vs.
oligodendroglioid) és az IDH1 R132H / C mutdcidk jelen-
léte vagy hidnya szerinti alcsoportokban.

Eredmények — A normdl agyi szévet vs. lI-IV. gradiusu
gliomdk &sszehasonlitdsa sordn egy gradius szerinti
fokozatos névekedést figyeltink meg a Wnt5a, Wnt3a,
Fzd2 és a B-katenin expresszidjaban. A Il. és Ill. grédiusu
gliomdk astroglialis és oligodendroglialis szévettani ere-
detl 8sszehasonlitdsa sordn csak a Wnt5a-expresszié volt
szignifikdnsan magasabb az asziroglia-alcsoportban.

Az IDH1 R132H / C mutdns és vad tipust gliomdk dssze-
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Conclusion - These data extend previous observations
and show a correlation of Wnt pathway activity with
glioma grade. Further investigations of the Wnt marker
expression regulation according to glioma lineage or IDH
gene mutational status are in progress by using more
exact molecular approaches.

Keywords: glioma, grade, lineage, IDHT mutation,
Wnt pathway

he Wingless-related integration site (Wnt) gene

family has been intensively studied in both nor-
mal and pathological conditions'. The 19 known
human Wnt ligands may engage one or a few of
their 15 different receptors and co-receptors align-
ing in two major signaling pathways: the canonical
(beta-catenin-mediated) and the non-canonical
(non-beta-catenin-mediated) pathways. These con-
served pathways are involved in early embryonic
development as well as in tumorigenesis by control-
ling cell differentiation, proliferation and migra-
tion'.

Recent studies demonstrated that both Wnt sig-
naling pathways may be involved in the pathogene-
sis of gliomas, however, likely with differential
quantitative and qualitative characteristics depend-
ent on grade and molecular profiles'. Because of the
key functions of these pathways in driving glioma
initiation and progression, therapeutic targeting of
the involved ligands, receptors and regulators
appears to be an attractive approach that is under
investigation at several research centers'. Based on
these considerations, we recently tested expression
levels of the canonical and non-canonical Wnt path-
ways, and found no differences in marker expres-
sion among, but significant differences in marker
distribution within molecular subgroups of glio-
blastoma (GBM)>.

Here we analyze further the importance of
canonical and non-canonical Wnt pathway markers
in grade II-IV gliomas, and test the differential in-
volvements of these markers in the grade II-III sub-
groups discriminated by lineage and molecular
markers.

Nagy: Wnt pathway in gliomas

hasonlitdsa sordn a Wnt3 emelkedését taldltuk a vad
tipust grade II-IV. gliomd&k csoportjéban.

Koévetkeztetés — Ezek az adatok kibdvitik a kordbbi
megfigyelések eredményeit, és 8sszefiggést mutatnak

a Wnt-Utvonal aktivitdsa, valamint a gliomagrédius kézétt.
A Wnt-markerek expressziés szabdlyozdsanak tovabbi
vizsgdlata gliomékban mar folyamatban van szévettani
eredet vagy IDH-génmutdciés stdtusz szerint, nagy felbon-
tasy molekuléris vizsgélatok alkalmazésaval.

Kulesszavak: glioma, grddius, szévettani eredet,
IDHT mutdcié, Wnt-dtvonal

Materials and methods
SUBJECTS OF THE STUDIES

After quality selection, 9 grade II, 10 grade III and
72 grade IV formalin-fixed, paraffin-embedded
(FFPE) glioma specimens were included in the
study from the tissue collection of the Pathology
Department at our Hospital. The study was
approved by the institutional research ethics com-
mittee and performed in accordance with the ethical
standards laid down in the 1964 Declaration of
Helsinki and its later amendments. Most specimens
were retrospective, surgically removed tumors. In a
few cases, the surgically removed specimens were
prospectively obtained, after the patient signed the
informed consent document. Parts of the GBM
cohort were included in previous analyses? . Table
1.A and B show demographic data of patients and
distribution of histological tumor types. As a con-
trol, eight postmortem pairs of normal brain and
GBM were used, since surgically removed non-
tumor brain specimens were unavailable.

IHC AND MOLECULAR STUDIES

For details of GBM specimen selection, region of
interest (ROI) definition and method of IHC see
previous publications? 3. In the more homogeneous
grade II-1II tumors, the entire area of each section
was stained and evaluated by IHC.

Histological evaluation was complemented by
determination of the isocitrate dehydrogenase-1
(IDH1) R132H mutation status, and the p53 and



Table 1. Demographic data of patients with grade II-1V gliomas. Table 1.A shows the number of patients with grade
1I-1V gliomas, and the figures of mean age and median age with interquartile range in years. Note that from two
patients with multifocal GBMs, two and three specimens were included in the study (that is why 72 specimens from
69 patients were included). Table 1.B presents the number and age distribution of patients with histologically
defined gliomas of various grades

Grade Il gliomas
Gender Number of patients Age of onset (Mean) Age of onset (Median) Age of onset (Range)
Female 5 47 45 37-62
Male 4 49 51 40-55
Total 9 48 47 37-62
Grade Il gliomas
Gender Number of patients Age of onset (Mean) Age of onset (Median) Age of onset (Range)
Female 6 58 57 37-74
Male 4 49 51 31-62
Total 10 54 56 31-74
Grade IV gliomas (GBMs)
Gender Number of patients Age of onset (Mean) Age of onset (Median) Age of onset (Range)
Female 40 64 67 33-82
Male 29 63 62 40-78
Total 69 64 65 33-82
Table 1.B
Grade Il Grade I Grade IV
Tumor type Diffuse Oligodendro-  Anaplastic Anaplastic Anaplastic Glioblastoma
astrocytoma  glioma astrocytoma oligodendroglioma  oligoastrocytoma
Number of 5 4 3 6 1 69
patients
Age of onset 46 52 49 56 56 64
(Mean)
Age of onset 46 53 45 57 56 65
(Median)
Age of onset  37-55 40-62 31-70 37-74 - 33-82
(Range)

ATRX expressions by THC* 3. When the result of
IDH1 R132H IHC was ambiguous, pyrosequencing
was performed, which also revealed an IDHI1
R132C mutation*?. In oligodendroglial grade IT and
III tumors, 1p and 19q deletions were determined
by using the Vysis 1p36/1g25 and 19q13/19p13 flu-
orescent in situ hybridization (FISH) probes
(Abbott Laboratories, Abbott Park, IL, USA). The
histological diagnosis of one anaplastic oligoastro-
cytoma was reclassified to IDH1 R132H mutant,
1p19q codeleted oligodendroglioma (grade III)
after molecular analyses.

For studying the Wnt pathway markers, the non-
canonical WntS5a and Fzd2, and the canonical
Wnt3a and beta-catenin markers were tested by
THC as described?. Representative images of these
IHC preparations are shown in Figure 1. Wnt

expression levels were compared in the control nor-
mal brain — GBM pairs and in grade II - IV gliomas.
Quantitative evaluations of Wnt IHC results were
carried out by three readers under an Olympus
BX51 microscope (Olympus Corp., Japan)?. Com-
bined score (CS) values were calculated by multi-
plying the staining intensity numerical values (0, 1,
2 and 3) by the % of positive cells.

STATISTICS

Median and interquartile range values of Wnt mark-
er CSs were determined, and compared in controls
and grade II - IV tumors. CS values were also com-
pared in the grade II and III glioma subcohorts dis-
tinguished by grade and lineage, and by IDHI1
R132H/C mutant and wild type status as well as by

Ideggyogy Sz 2021;74(5-6):000-000.
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Figure 1. Representative IHC images of Wnt marker and IDH-1 RI32H staining patterns. Figure depicts IHC
appearance of Wnt5a, Wnt3a, Fzd2, beta-catenin and IDH-1 R132H in GBM specimens

p53 and ATRX positive and negative status. The
Kruskal-Wallis and Mann-Whitney U tests were
used in the SPSS v. 23.0 package (SAGE, IBM®
SPSS® Statistics v23.0).

Results

EXPRESSION LEVELS OF WNT MARKERS IN GRADE II-IV
GLIOMAS AND NORMAL BRAIN

Figure 2.A indicates significant increases in the CS
values for all Wnt markers, except for Wnt3a, in
GBMs compared to normal brain tissues (Wnt5a
p=0.004; Fzd2 p=0.015; cytoplasmic beta-catenin
p<0.001; nuclear beta-catenin p=0.001). However,
only the cytoplasmic (p=0.016) and nuclear
(p=0.030) beta-catenin CS values were significant-
ly increased in grade II and III tumors vs. normal
brains (Figure 2.A). While the comparisons of Wnt
marker expressions were not ideal in post mortem
normal brain specimens and surgically removed
gliomas (surgically removed normal brain controls
are unavailable), the validity of the above observa-
tions was supported by the finding that these mark-
ers appeared higher either tendentiously (Fzd2 and
beta-catenin) or significantly (in cases of Wnt5a
p=0.003, and Wnt3a p=0.029) in the GBMs com-
pared to the corresponding normal brain regions in
the eight post mortem tissue pairs.

In Figure 2b, we compared CS values for the
four Wnt markers between grade II and grade 111

Nagy: Wnt pathway in gliomas

tumors, but detected no differences, an observa-
tion that prompted us to combine grade II and III
tumors in some analyses (as shown in Figure 2.A,
Figure 3). However, in the three group compar-
isons including grade II, IIT and I'V tumors, signif-
icant differences appeared for Wnt5a (grade III
vs. grade IV p<0.001) and Wnt3a (grade II vs.
grade IV p=0.036; and grade IIl vs. grade IV
p=0.001), but only a trend for cytoplasmic beta-
catenin (grade III vs. grade IV p=0.07) (Figure
2.B).

COMPARISON OF WNT MARKERS IN GRADE II-lll GLIOMAS
ACCORDING TO LINEAGES

Of the 19 grade II-1II gliomas, 8 astroglial and 11
oligodendroglial tumors were distinguished based
on histological and molecular markers (7 IDHI1
R132H/C mutant and 1 IDH1 R132H/C wild type
astrogliomas; and 8 IDH1 mutant 1p19q codeleted
and 3 IDH1 wild type 1p19q non-codeleted or NOS
oligodendrogliomas). Comparing the Wnt marker
CSs, only Wnt5a (p=0.02) was significantly higher
in the astroglial subgroup (Figure 3). Of note, at the
time this study was initiated, we used the 2016 revi-
sion of the WHO recommendation for the molecu-
lar discrimination of glioma lineages*. However,
more recent consensus statements recommend to
abandon the NOS (IDH1 wild type, 1p19q non-
codeleted) oligodendroglioma category, as further
molecular refinements became available, at least in
the research setting™ °.
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Figure 2.A, B. Comparison of Wnt marker expression in grade II-1V gliomas and normal brain. Figure 2.A shows
median and interquartile range values of Wnt5a, Wnt3a, Fzd2, and both cytoplasmic and nuclear beta-catenin CSs
in normal brain and grade II-11I and IV glioma specimens. Kruskal-Wallis test *p<0.05, **p<0.01 and ***p<0.001
are indicated. Figure 2.B depicts median and interquartile range values of Wnt5a, Wnt3a, Fzd2, and both cytoplas-
mic and nuclear beta-catenin CSs in grade II, Il and IV gliomas Kruskal-Wallis test *p<0.05, and ***p<0.001 are

indicated

COMPARISON OF WNT MARKERS IN GLIOMAS ACCORDING
TO MOLECULAR MARKERS

Of the 19 grade II-III gliomas, 15 were IDHI
R132H/C mutant and 4 wild type. Comparing the
Wnt marker CSs between the two subgroups, no
significant differences were detected.

Of the 72 grade IV tumors, 7 were IDHI1
R132H mutant and 65 IDHI1 wild type. Only the
Wnt5a CSs showed a tendency (p=0.065) for
increase in the mutant subgroup, while no signifi-
cant differences were observed for any of the Wnt
markers.

We also compared Wnt CSs between all (grade
II-IV) IDH1 mutant vs. wild type gliomas, which
showed significant increase in the Wnt3a CSs in the
wild type cohort (p=0.006).

Stratifying grade II-III tumors according to
IDHI mutant 1p19q codeleted (N=8), IDH-1
mutant 1p19q non-codeleted (N=7) and IDH1 wild
type status (N=4), no differential distributions of
the Wnt markers were revealed.

Similarly, we found no differences in Wnt mark-
er expression distribution when the grade II-III
tumors were compared according to (positive vs.
negative) p53 and ATRX expression.
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Discussion

COMPARISONS OF WNT MARKERS IN GRADE II-IV GLIOMAS
AND NORMAL BRAIN

Our study of four Wnt markers revealed a gradual
increase in expression when normal brain and grade
II-IV glioma specimens were compared, though
with varying levels and patterns of significance
(Figure 2.A). This finding is in consensus with the
results of previous studies” 3 even though we could
only compare autopsied normal brain and surgical-
ly removed glioma specimens, and our grade II / I1I
glioma cohorts were rather small. Nevertheless, the
observed differences between the post mortem nor-
mal brain and GBM pairs, and the overall concor-
dance of our results with those in the literature con-
firm the validity of our findings. We observed sig-
nificant differences when expression levels of
Wnt5a and Wnt3a were compared in grade II+I11
and grade IV gliomas (Figure 2.A, B), but no dif-
ferences emerged when expression levels of these
markers between grade II and grade III tumors were
compared. Some authors™™ reported elevated levels
of cytoplasmic beta-catenin in high grade compared
to low grade gliomas. Other studies demonstrated
that expression of Wnt5a’ and Wnt3a® !° are the
lowest in the normal brain, and increase according
to tumor grade. Overall, our data regarding Wnt
marker expression in normal brain and grade II-1V
gliomas concurs with the data reported in the liter-
ature.

Nagy: Wnt pathway in gliomas

COMPARISON OF WNT MARKERS IN GRADE II-lIl GLIOMAS
ACCORDING TO LINEAGES

The literature is scarce regarding Wnt involvement
in the development of the two glioma lineages. With
the exception of Wnt5a that had higher expression in
the astrocytic than in the oligodendroglial lineage,
we observed no further differences in the expression
levels of the Wnt markers (Figure 3). However,
Denysenko et al.® demonstrated an excess in the
Wnt3a and beta-catenin levels in the astrocytic as
compared to the oligodendroglial lineage. These
observations suggesting some differences in Wnt
marker expression in glioma lineages merit further
studies in larger cohorts.

COMPARISON OF WNT MARKERS IN GLIOMAS ACCORDING
TO MOLECULAR MARKERS

In GBM, we only noted a tendency for higher
Wnt5a expression in the IDH1 R132H mutant
(N=7) vs. wild type (N=65) subgroup. In grade II-
IIT gliomas, no statistical differences were detected
in the expression levels of Wnt markers in the IDH1
R132H and R132C mutant (N=15) vs. wild type
(N=4) subgroup. Assuming that the IDH mutant
status may have stronger influence on the Wnt
marker expression than grade, we also tested these
markers in combined IDH1 mutant and wild type
cohorts of all grades, but only the expression of the
Wnt3a marker was higher in the wild type than in
the mutant group.



Previous studies revealed mixed results regarding
IDH mutations and Wnt marker expression. Some
demonstrated that IDH1 R132H causes a significant
reduction in the proliferation, migration and invasive-
ness of gliomas due to the downregulation of the Wnt
/ beta-catenin signaling®. However, others'" !? found
that the canonical Wnt pathway had a high activity in
proneural GBMs characterized by IDH1 R132H muta-
tion. This apparent association between IDH1 mutation
and Wnt pathway activity was confirmed in both in
vitro systems and animal models'. These conflicting
observations may result from intra- and inter-tumor
heterogeneity as well as from technical factors.
Because of the clinical relevance of the issue, we are
currently in the process of further testing by higher res-
olution methods the expression regulation of Wnt path-
way elements in IDH mutant and wild type gliomas.
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ARTICLE INFO ABSTRACT

Keywords: Background: Wnt signaling plays important roles in tumorigenesis, invasiveness and therapeutic resistance of
Wnt ligands and receptors glioblastoma (GBM).

DNA CpG me_thylation Methods: We simultaneously investigated six Wnt pathway markers (Wnt5a, Fzd-2, beta-catenin, Wnt3a, Wnt7b,
Gene expression Fzd-10) at epigenetic and protein levels in 21 sequential formalin-fixed paraffin-embedded GBM pairs and
Sequential glioblastoma controls

Results: Expression levels of Wnt5a, beta-catenin and Wnt3a proteins either moderately or significantly increased,
while those of Fzd-2, Wnt7b and Fzd-10 decreased in the primary (GBM-P) and recurrent (GBM-R) tumors
compared to the controls. Methylation levels within promoters and genes showed corresponding decreases for
Wnt5a, beta-catenin and Wnt3a in tumors vs. controls, while that of Fzd-10 was uniformly high. Comparing the
GBM-P and GBM-R pairs, proteins of Fzd-2, beta-catenin and Wnt3a were either moderately or significantly up-,
while that of Wnt7b was downregulated in GBM-R, but these patterns were not accompanied by inverse
methylation patterns in the corresponding promoters and genes over time. No methylation differences were
noted within promoters and genes of the same markers in 112 pairs of primary and recurrent GBMs in a database,
suggesting that the observed changes in protein expression levels may not be explained by CpG methylation
status alone. The promoter and gene methylation rate was the highest for Fzd-10 in the database cohort too,
supporting the noted low Fzd-10 protein expression.

Discussion: These analyses underscore the relevance of Wnt pathway molecules in the context of their methyl-
ation profiles in the development and evolution of GBM, and suggest that Wnt pathway regulation as a potential
treatment target merits further studies.

1. Introduction Genome wide studies identified several signaling pathways (e.g. the
receptor tyrosine kinase, Rb and TP53) that underlie GBM pathogenesis
Glioblastoma (GBM) is a grade IV glioma with a 14-20 months of [3]. Wnt signaling is another important pathway that physiologically

median survival [1,2]. Although its cellular and molecular heterogene- controls embryogenesis and tissue differentiation by the nuclear acti-
ity is well established, the tumor is believed to invariably arise from vation of target genes involved in mitosis and transcription regulation of
transformed neural stem cells (NSC), the so-called glioma stem cells a number of genes [7]. In GBM, this signaling pathway contributes to
(GSC). Somatic accumulations of structural chromosomal changes, NSC / GSC maintenance and differentiation as well as to tumor growth,
mutations and copy number variations (CNV) accompany the branching invasion, angiogenesis and treatment resistance [7]. The 19 known
evolution of GSC progenies [3,4], and contribute to the emergence of human Wnt ligands may bind to one or a few of their 15 different re-
transcriptional patterns that segregate the entity into molecular sub- ceptors and co-receptors to initiate the canonical (beta-catenin-me-
types [5]. The DNA CpG methylation profiles correlate with and further diated) or the non-canonical (non-beta-catenin-mediated) signaling
refine the subdivisions of GBM molecular subtypes [6]. pathways. The best characterized upstream elements of the
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non-canonical pathway include the Wnt5a and Wnt7b ligands, and the
Fzd-2 and Fzd-7 receptors, while those of the canonical pathway include
the Wntl and Wnt3a ligands, and the Fzd-1 and Fzd-10 receptors [8].
Certain ligands (e.g. Wnt7b) have the capability to activate both the
canonical and non-canonical sub-pathways, and thus, to establish a
cross-talk between them [9-11]. In a recent review [8], we surveyed the
involvement of Wnt canonical and non-canonical pathway ligands and
receptors in glioma initiation, and also highlighted their roles in
epithelial-mesenchymal transition, angioneogenesis, invasiveness,
migration, interaction with the microenvironment, apoptosis regulation
and development of resistance to therapy, key features active during
progression of GBM. Because of the essential roles of the Wnt pathways
in the occurrence, further transformation and recurrence of GBM, and
because of the primary involvement of epigenetic mechanisms in the
alterations of Wnt gene expression regulation, we had two prior studies
focusing on Wnt markers in GBM.

In our first studies, we used immunohistochemistry (IHC) to repro-
duce the segregation of GBM into molecular subgroups with biological
relevance in the clinical setting [12], and to determine the expression of
Wnt ligands and receptors according to these molecular subdivisions
[13]. We performed these investigations not only in cross-sectional
formalin-fixed, paraffin-embedded (FFPE) tumors, but also in eight
pairs of sequential FFPE GBM specimens. While our data revealed no
differential expressions of the selected Wnt ligands (Wnt5a, Wnt3a),
receptor (Fzd-2) and signaling molecule (beta-catenin) among GBM
molecular subgroups, there were significant differences in their distri-
bution within subgroups [13]. Expression analyses of these markers
showed no clear trend of increasing or decreasing protein expression
profiles over time in the small sequential sample cohort [13].

Subsequently, we carried out a genome-wide DNA CpG methylation
study in 22 pairs of sequential FFPE GBM using the Reduced Repre-
sentation Bisulfite Sequencing (RRBS) method to identify the most
important pathways defining tumor occurrence and recurrence [14].
Gene ontology (GO) analyses of the bisulfite sequencing data suggested
a differential involvement of the Wnt pathways in longitudinal GBM
pairs. Namely, the canonical Wnt pathway involved in positive regula-
tion of endothelial cell migration, cell-cell adhesion and wound healing
appeared significantly less methylated (presumably more active) in the
primary than in the recurrent tumors [14]. Therefore, in this study we
decided to zoom into the Wnt DNA CpG methylation data, and to test the
expression levels of some of the markers at protein levels (Fig. 1). We
chose to investigate Wnt7b and Fzd-10 in addition to Wnt5a, Wnt3a,
Fzd-2 and beta-catenin, of which the latter four markers were previously
studied with different aims and in different cohorts [13]. The aims of the
current study are:

1) To retest the protein expression of the previously studied four Wnt
markers (Wnt5a, Wnt3a, Fzd-2 and beta-catenin) in a larger

Fig. 1. Study design.

This figure shows main steps of a preceding investigation [14] leading to the
design of the present study for the simultaneous assessments of promoter +
gene CpG methylation and protein expression for six selected Wnt markers in
our 21 pairs of GBM-P, GBM-R and C-PM / C-DB, and in 112 pairs of primary
and recurrent GBM in a database [17].
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sequential cohort of 21 GBM pairs [13] and also to quantitate the
protein expression of two additional markers (Wnt7b, Fzd-10) in
order to determine if their expression changes reflect any trend over
time;

2) To evaluate the CpG methylation levels in promoters and genes of the
six Wnt markers in individual tumors by zooming into the epi-
genomic data previously analyzed only at the cohort level [14];

3) To test if any correlation between the gene promoter methylation
and protein expression may be revealed.

These analyses may further refine the involvement of the Wnt
pathway in the evolution of GBM over time, reveal aspects of gene
expression regulation and highlight new potential targets for treatment.

2. Material and methods
2.1. Subjects of the study

All specimens were obtained during the period of 1999-2017 at the
Institute of Pathology, University of Pecs, School of Medicine. GBM
blocks included surgically removed FFPE specimens. Control blocks
were postmortem FFPE specimens. The study was approved by the
Regional Clinical Research Committee (Number: 7517 PTE 2018 and
2019) and was compliant with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). Clinical and histopathological
diagnoses of GBM were established based on the latest WHO guideline
[15]. Patients had passed away before the start of the study and all
specimens were leftover from routine histological evaluations. These
GBM specimens were also included in a recent DNA CpG methylome
analysis and a follow up study [14,16]. One pair of the original 22 pairs
was omitted here due to the insufficient amount of the remaining tissue
block.

2.2. GBM cohort

The present study cohort included 21 primary (GBM-P) and recurrent
(GBM-R) pairs of isocitrate dehydrogenase (IDH)-1 R132H mutation
negative de novo GBMs. GBM-P samples were surgically obtained at the
time of initial diagnosis, before chemo- and irradiation therapy. GBM-R
samples were also surgically obtained, but at recurrence, after chemo-
and irradiation therapy. Of the 21 patients (14 males and 7 females), we
could get documentation for 17 patients receiving temozolomide-based
chemo- and irradiation therapy after the first surgery, while no therapy
related information could be gathered in four cases. The mean age of
patients at disease onset was 52 years (+10) and the median age was 52
years (range: 43—61). The mean age at recurrence was 53 years (+9)
and the median age was 53 years (range: 45—61). The mean age at death
was 53 years (+8) and the median age was 53 (range: 46-61) (Table 1a,
b).

2.3. Control groups

In the DNA CpG methylation analyses, methylation profiles in GBM-P
and GBM-R were compared to those of five epileptic surgery specimens
(C—DB) in the European Nucleotide Archive (https://www.ebi.ac.
uk/ena, Primary Accession: PRJEB38380, Secondary Accession:
ERP121800) [17,14]. In the IHC study, the control group included six
post-mortem FPPE brain blocks (C—PM) of individuals who passed
away of non-neurological causes (No surgically obtained other neuro-
logical controls or normal brain specimens were available). We could
not use the C—PM in the DNA CpG methylation analyses, because the
DNA fragmentation rates were significantly higher and the detection of
CpG sites were significantly lower in the postmortem FFPE control
samples than in the surgically obtained FFPE specimens. (For compari-
son of DNA fragmentation rates and the numbers of detected CpG sites in
postmortem and surgical specimens, see [14]). As only bisulfite
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Table 1
Demographic and clinical characteristics of the patients with GBM.
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A

Primary tumor

Gender  Number of patients  Age at onset (Mean) Standard deviation (+SD)  Age at onset (Median) Quartile 1-Quartile 3 (Q1-Q3) Age at onset (Range)

Female 7 55 6 56 52-59 45-63

Male 14 50 10 47 42-60 32-66

Total 21 52 10 52 43-61 32-66

Recurrent tumor

Gender  Number of patients  Age at onset (Mean)  Standard deviation (+SD)  Age at onset (Median)  Quartile 1-Quartile 3 (Q1-Q3)  Age at onset (Range)

Female 7 57 5 58 53-61 48-64

Male 14 51 10 48 43-61 36-68

Total 21 53 9 53 45-61 36-68

B

GBM-P GBM-R Gender  Age at Age at Age at Time between GBM-Pand  Overall Treatment

onset recurrence death GBM-R diagnosis (weeks) Survival
(years) (years) (years) (weeks)

15043/ 9849/ male 50 50 50 31 41 No data
1999 2000

9501/ 3624/ male 52 53 53 33 59 No data
2001 2002

15916/ 9527/ female 63 64 64 30 43 Surgery + Bevacizumab + Irradiation
2003 2004 50 Gy

9886/ 15289/ male 41 42 43 17 70 No data
2004 2004

3094/ 15302/ male 59 60 60 35 65 Surgery + Irradiation + TMZ
2006 2006

5526/ 13808/ female 50 52 52 77 88 Surgery + Irradiation + TMZ
2007 2008/1

13501/ 9614/ male 39 39 40 Surgery + Irradiation + TMZ
2007/ 2008/1
C1

12732/ 17440/ male 41 43 43 117 149 Primary: Surgery + Irradiation +
2008 2010/1 TMZ; Recidive: Bevacizumab +

Irradiation

17578/ 7779/ male 63 65 77 No data
2008 2010/B

15466/09 16534/10  male 66 68 56 Surgery + Irradiation + TMZ

10379/ 7536/ female 56 60 61 199 287 AVAGLIO clinical study (STUPP +
2010A 2014 Bevacizumab/placebo)

14561/ 2315/ male 45 46 70 AVAGLIO clinical study (STUPP +
2010/1 2012/A Bevacizumab/placebo)

2525/ 1365/ male 32 36 36 177 203 Surgery + TMZ, then Bevacizumab,
2011/B 2013/1 Irradiation, BCNU

14642/ 7990/ male 43 45 46 135 192 Surgery + Irradiation + TMZ
2011/1 2014/1

5693/ 612/ female 45 48 48 143 169 Surgery + Irradiation + TMZ
2012/1 2015/1

7183/ 11956/ female 57 58 59 51 95 Surgery + Irradiation + TMZ
2012/1 2012

6795/ 17545/ female 61 62 62 31 54 Surgery + Irradiation + TMZ
2013/1 2013

16189/ 16742/ female 53 54 55 55 69 Surgery + Irradiation + TMZ
2014 2015

3997/ 5120/ male 62 63 63 58 62 Surgery + Irradiation + TMZ
2016 2017

10776/ 2168/ male 43 43 44 29 46 Surgery -+ Irradiation + TMZ
2016 2017

13956/ 12107/ male 60 61 62 49 60 Surgery + Irradiation + TMZ
16/1 17/1

Table 1a summarizes age distributions of patients. Table 1b shows the age at onset, recurrence and death of patients, the time elapsed between diagnosis and
recurrence of the tumor, the overall survival (time between diagnosis and death, where the latter dates were available) and the employed treatment modalities. TMZ =

temozolomide.

sequence data were available from the C—DB, we could not use these
controls in the IHC part of the study. Therefore, different controls were
used in the IHC (C—PM) and the methylation profile (C—DB) analyses.

2.4. DNA isolation and bisulfite sequencing

Details of DNA isolation, CpG methylation profiling and bioinfor-
matics analyses have been described in a paper by Kraboth et al. [14]. In
brief, sections of the FFPE specimens were subjected to DNA extraction
using the QIAamp DNA FFPE Tissue Kit (Qiagen GbmH, Hilden,

Germany). The Premium Reduced Representation Bisulfite Sequencing
kit (Premium RRBS Kit 24x, Diagenode SA, Seraing, Belgium) was used
for the preparation of the bisulfite-converted libraries for sequencing by
using the NextSeq 500/550 High Output Kit v2.5 (75 cycles) on a
NextSeq 550 machine (Illumina, San Diego, CA, USA) [14]. In this study,
methylation levels only within the promoter + gene regions of the six
selected markers were assessed in individual samples. Both the promoter
+ gene regions were investigated, because we considered that due to the
compromised quality of DNA from the FFPE specimens, the information
concerning CpG sites within only the (appr. 2000 bp) span of gene
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promoters, may not be sufficiently reliable for comparative analyses of
CpG methylation in individual samples.

2.5. Immunohistochemistry

Three pm sections were prepared from each FFPE tissue block. The
region of interest (ROI) was determined based on Hematoxylin-Eosin
(HE) staining and uniformly evaluated in the corresponding IHC prep-
arations. The ROI contained the most malignant appearing tumor region
with high degree of cellularity, polymorphic nuclei and mitotic rate, but
with little or no necrosis and vascularity.

In a pilot study, we optimized parameters for the retrieval of antigens
and dilutions of primary antibodies (Table 2). The expression levels of
the non-canonical and canonical Wnt pathway markers in GBM-P and
GBM-R were determined as previously described [13]. For Wnt5a,
Wnt3a and Wnt7b, the cytoplasmic expression levels, for Fzd-2 and
Fzd-10 the membranous expression levels, and for beta-catenin the
cytoplasmic and nuclear expression levels were assessed. The secondary
antibodies along with the diaminobenzidin (DAB) substrate were
included in the Novolink Polymer Detection System RE7150-CE kit
(Leica Biosystems, Newcastle, UK) that we used for labeling the primary
antibody binding. Cell nuclei were visualized by hematoxylin
counter-staining.

Quantitative evaluation of IHC was carried out manually and com-
plemented by automated reading. Manual evaluations were made by
three independent readers using a 1:200 magnification objective on a
Nikon Optiphot-2 microscope. The primary reader was the first author of
this paper (MT), whose assessment figures were used for the data pre-
sentation. Due to an extensive reading exercise prior to the study, the
primary reader’s quantitation differed less than 10 % from those by the
secondary and tertiary readers (second and last co-authors). The readers
were blinded for the evaluations by the other two readers, but not for the
specificity of antibody. The intensity of staining on the scale of 0, 1, 2
and 3, and the percentage of stained cells were determined within each
ROI. Combined score (CS) values were derived by multiplying the
staining intensity values by the % of positive cells. In case of Wnt 3a,
Wnt5a, Fzd-2 and beta-catenin IHC results, the manual readings were
validated by automatic evaluation of digitalized slides by the Pan-
noramic MIDI II (3DHISTECH, Budapest, Hungary) using the Quant-
Center image analysis platform (3DHISTECH, Budapest, Hungary). All
figures differed by <6% in the manual and automated readings.

2.6. Statistics and bioinformatics

For testing differences of Wnt IHC CS values and CpG methylation
levels in the GBM-P and GBM-R sample pair comparisons, the Wilcoxon
signed rank test was used, while in the control and GBM-P or GBM-R
comparisons, the Mann-Whitney U test was used. These statistical tests
were included in the SPSS v. 23.0 package (SAGE, IBM® SPSS® Statistics
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v23.0). Methylation levels in the promoters and the promoter + gene
regions of the selected Wnt markers were extracted from the Bismark
analysis results by an in-house generated R script as previously detailed
[14,16]. In brief, after quality control by FastQC and the removal low
quality bases and adapters by TrimGalore, RRBS sequences were aligned
to the GRCh37 reference genome. Methylation calls were made by Bis-
mark, and differentially methylated sites, genes and pathways were
identified by RnBeads. An in-house-generated R script allowed us to
quantify DNA CpG methylation in predefined genomic regions of pro-
moters and genes, and to plot the data in individual samples or in sample
sets. The methylation levels were given as percentages calculated from
the identified numbers of methylated sites with the relative degree of
methylation at each site also computed in the numerator that was
divided by the number of all possible CpG sites within the selected
genomic region of interest, and then multiplied by 100.

3. Results
3.1. Expression levels of Wnt marker proteins in paired GBM specimens

We assessed the expression levels of six markers, namely Wnt5a, Fzd-
2, beta-catenin, Wnt3a, Wnt7b and Fzd-10 in the cohort of 21 paired
sequential GBM specimens and in controls.

Fig. 2 displays the median and interquartile range values of marker
CSs in C-PM, GBM-P and GBM-R. Either trends for increase (cytoplasmic
and nuclear beta-catenin) or statistically significant increases are seen in
the GBM-P (Wnt5a p = 0.003) and GBM-R (Wnt3a p = 0.003) vs. C-PM
comparisons, while the expression of the membranous Fzd-10 is uni-
formly low. Also, a statistically significant decrease of Fzd-2 can be
observed in the comparison of GBM-P vs. C-PM (p < 0.001), while the
expression of Wnt7b appears relatively high in C-PM and GBM-P, and
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Fig. 2. Expression levels of the six Wnt markers in C-PM, GBM-P and GBM-R.
This figure depicts median and interquartile range values of marker CSs on the
Y axis in 6 C-PM (light gray), 21 GBM-P (gray) and 21 GBM-R (dark gray).
Mann-Whitney (C-PM vs. GBM-P or GBM-R) and Wilcoxon signed rank test
(GBM-P vs. GBM-R) p-values are indicated (*p < 0.05, ***p < 0.001).

Table 2
Technical parameters used in IHC studies.
Manufacturer ~ Catalogue Primary Clonality Immunogen Dilution
number antibody
Abcam ab224803 Beta- Rabbit Synthetic peptide corresponding to Human beta Catenin (C terminal). 1:500
catenin monoclonal
Abcam ab219412 Wnt3a Rabbit Synthetic peptide within Human Wnt3a aa 250—350 1:300
monoclonal
Biorbyt orb69157 Wntba Mouse Purified recombinant fragment of Wnt5A expressed in E. Coli. 1:2000
monoclonal
Biorbyt orb100745 Frizzled 2 Rabbit KLH conjugated synthetic peptide derived between 71—150 amino acids of human Frizzled 2 1:500
polyclonal
Biorbyt orb100915 Wnt7b Rabbit KLH conjugated synthetic peptide derived between 251290 amino acids of human WNT7B 1:200
Polyclonal
Sigma- HPA014485 Frizzled 10  Rabbit Recombinant Protein Epitope Signature Tag (PrEST) antigen sequence: 1:100
Aldrich Polyclonal KTLQSWQQVCSRRLKKKSRRKPASVITSGGIYKKAQHPQKTHHGKYEIPAQSPTCV

This table summarizes the parameters of antigen retrieval and dilutions of the primary antibodies used in IHC.
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significantly decreased in GBM-R (p = 0.005).

Fig. 3a-g visualize changes of the Wnt markers for each of the paired
primary and recurrent GBM specimens to show the trends over time. No
consistent direction of increases or decreases in the expression levels of
Wnt5a, nuclear beta-catenin and Fzd-10 proteins can be discerned,
possibly related to clonal and molecular heterogeneity within and
among tumors. However, there seems to be a strong trend for the in-
crease in the expression levels of cytoplasmic beta-catenin over time (p
= 0.07), while the increases in the expression levels of Wnt3a (p =
0.009) and Fzd-2 (p = 0.016) reach significance in GBM-R compared to
GBM-P. In contrast, a significant decrease can be seen in the expression
of Wnt7b over time (p = 0.019). The Fzd-10 levels are notably low in all
samples. These observations highlight that Wnt markers do not follow a
uniform pattern during development and evolution of GBM.
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3.2. DNA CpG methylation levels in promoters and genes of Wnt pathway
markers in paired GBM specimens

Gene ontology (GO) analyses in our preceding publication by Kra-
both et al. [14] showed no differential methylation in promoters of Wnt
pathway genes when data of C-DB vs. GBM-P or GBM-R were compared,
but revealed a significantly lower level of methylation in the canonical
Wnt pathway in GBM-P vs. GBM-R. The Supplementary Table presents
differential methylation data for ligands, receptors, co-receptors and
regulatory elements of this pathway at cohort level in the GBM pairs.
The results of this GO analysis and our IHC observations prompted us to
look into the DNA CpG methylation changes of selected Wnt markers in
individual samples over time.

First, we quantitated the methylation levels within promoters of the
Wnt5a, Fzd-2, beta-catenin, Wnt3a, Wnt7b and Fzd-10 markers, but
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Fig. 3. Protein expression level changes of the six Wnt markers comparing GBM-P and GBM-R.
This figure highlights the complex patterns of changes in the protein expression (by showing the CS values on the Y axis) of Wnt5a, Fzd-2, cytoplasmic beta-catenin,
nuclear beta-catenin, Wnt3a, Wnt7b and Fzd-10 in the 21 GBM-P and GBM-R pairs. Wilcoxon signed rank test p-values are indicated.
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could not get sufficient CpG coverage in individual samples due to the
FFPE nature of the initial specimens and quality of DNA. Therefore, next
we extended the investigated DNA segments by combining the promoter
and gene regions for the six markers. Fig. 4a shows the median and
interquartile range values of promoter + gene CpG methylation per-
centages in GBM-P and GBM-R compared to each other and to the C-DB.
No differential methylation levels can be seen in these regions when
GBM-P and GBM-R samples are compared. However, a strong trend for
higher promoter + gene region methylation in the Wnt5a and beta-
catenin markers, and significantly higher promoter + gene methyl-
ation in the Wnt3a and Wnt7b markers can be seen in the C-DB than in
the GBM-P (Wnt3a p = 0.028; Wnt7b p = 0.015) or in the C-DB than in
the GBM-R (Wnt3a p = 0.012; Wnt7b p = 0.034) comparisons, while no
differences are discerned for the Fzd-2 and Fzd-10 markers. In contrast,
the CpG methylation levels appear higher in the Fzd-10 promoter + gene
regions of all three of the C-DB, GBM-P and GBM-R samples. Of note, this
methylation “blockade” of CpGs corresponds to the very low levels of the

Promoter + gene DNA CpG methylation (Study samples)
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membranous Fzd-10 protein detection in the GBM pairs (Figs. 2 and 3).
The trend for or statistically decreased CpG methylation in Wnt markers
(Wnt5a, beta-catenin, Wnt3a) in both the GBM-P and GBM-R vs. C-DB,
corresponds to the increased expression of these markers at the protein
levels in the tumors. However, the similar rates of hypomethylation
within promoter + gene regions for all markers cannot explain the
increasing expression of the Wnt3a, beta-catenin and Fzd-2 markers, or
the decrease of Wnt7b in GBM-R compared to GBM-P, suggesting that
mechanisms other than promoter and gene methylation may also
contribute to the protein expression regulation over time.

3.3. CpG methylation in promoter + gene regions of Wnt markers in a
database GBM cohort (Fig. 4b)

To further strengthen our observations, we assessed DNA CpG
methylation within the same six promoter + gene regions in the publicly
available RRBS sequence data of sequential FFPE GBM published by

Fig. 4. Promoter + gene CpG methylation
levels for the six markers in the C-DB, GBM-P

A and GBM-R samples.
Fig. 4a shows methylation data in 5 C-DB (light
0,6 gray), 21 GBM-P (gray) and 21 GBM-R (dark
gray) in this study. Fig. 4b shows methylation
data in 112 GBM-P and 112 GBM-R samples
0,5 deposited in a database by Klughammer et al.
[17]. Bars represent median and interquartile
range values of CpG methylation percentages
0.4 within promoters + genes of Wnt5a, Fzd-2,
i beta-catenin, Wnt7b and Fzd-10 in C-DB,
g o “:'m’ GBM-P and GBM-R of our cohorts (a) and in
§ 0,3 o :BM"' GBM-P and GBM-R of the database cohort [17].
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Klughammer et al. [17] (https://www.ebi.ac.uk/ena, Primary Acces-
sion: PRJEB38380, Secondary Accession: ERP121800). Although the
C-DB data as reference in our analyses were taken from this study, we
concluded that individual comparison of DNA CpG methylation within
the six Wnt marker genes in these five controls and the 112 GBM sample
pairs could result in biases. (Due to the quality of FFPE sample - derived
DNA, the larger the cohort, the more methylated CpG sites can be
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captured and statistically evaluated by our script). Therefore, we only
compared the DNA CpG methylation levels in the paired GBM samples
(with similar preanalytical processing, and equal numbers of individuals
in the primary and recurrent GBM cohorts). Fig. 4b shows no differential
methylation levels in the GBM-P and GBM-R specimens. Comparing our
own (Fig. 4a) and the database (Fig. 4b) primary and recurrent GBM
promoter + gene methylation levels, the following similar trends may be

Fig. 5. The role of Wnt pathway in normal
brains and gliomas.

Fig. 5a highlights the most important roles of
the Wnt signaling pathway in normal brain
development and in gliomas, primarily focusing
on GBM. (For more details, see review papers
[7,8]). Fig. 5b depicts a schematic functional
model involving the studied Wnt pathway
markers in normal development and GBM.
Colored symbols represent Wnt markers
involved in the study. Light gray symbols
generally refer to Wnt ligands and receptors
that might have a role in the depicted pro-
cesses, but were not part of this study. Note the
presence of all our studied Wnt ligands, re-
ceptors and beta-catenin in neural stem cells,
but the lack of the Fzd-10 and Wnt7b pairs in
progressive GBM. The engagements of specific
ligands and receptors may depend on cellular
and molecular context and deviate from the
conventional canonical / non-canonical pairing
in cancers [7-11, 19, 44-47].
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observed: 1) The methylation levels are the highest for Fzd10 among the
six markers in GBM; and 2) no differential methylation may be discerned
when primary and recurrent cohorts are compared. The high Fzd-10
methylation corresponds to the low protein expression of the Fzd-10
marker in our IHC detection. The relative low methylation levels in
promoter + gene regions for the Wnt5a, beta-catenin, Wnt3a and Wnt7b
markers allow higher protein expressions of these markers detected by
IHC in our GBM cohorts.

4. Discussion

The Wnt signaling pathway plays an important role during embry-
onic development, but it’s elements also show high activity during the
pathogenesis of several disorders, particularly cancers (Fig. 5a,b).
Aberrant signaling in both the canonical and non-canonical pathways
contributes to the growth, aggressiveness and therapeutic resistance of
GBM [8,7]. Kamino et al. [18] demonstrated that the mRNA molecules
of Wnt5a, Wnt7b and Fzd-2 were increasingly upregulated in glioma cell
lines compared to normal brain cells, and the most robust expression
increase was noted in GBM. IHC analyses showed that the canonical as
well as the non-canonical Wnt pathway molecules are most highly
expressed in the infiltration zone as compared to the center of tumors or
to the normal appearing brain regions [19,20]. In addition, numerous
other proteins (e.g PLAGL-2, VEGF) have also increased expression
levels, thereby modulating the Wnt pathways and defining biological
characteristics of GBM [21,22]. Activation and inhibition of Wnt path-
ways can be accomplished not only by their own ligands, but also by
several other regulatory molecules (e.g. WIF1, FRPs, Cerberus and DKK)
[23]. Evidence supports that the Wnt-mediated carcinogenesis pre-
dominantly relies on epigenetic regulatory mechanisms rather than on
somatic gene mutations [24].

Because of the importance of Wnt signaling in gliomagenesis, we had
previously undertaken studying some ligands and receptors of this
pathway in GBM. In the first study [13], we demonstrated an increased
expression of Wnt5a, Wnt3a, Fzd-2 and beta-catenin proteins by IHC in
GBM compared to normal brain tissues, but did not detect a consistent
direction of expression changes for these markers when primary and
recurrent GBM tumors were compared in a small, and thus, for statistics
inadequate, sequential cohort [13]. In the second study, a genome-wide
assessment of DNA CpG methylation in 22 pairs of sequential GBM
specimens [14], GO analyses revealed differential methylation in pro-
moters of genes aligning in the canonical Wnt pathway involved in
positive regulation of endothelial cell migration, cell-cell adhesion and
would healing. The differential methylation patterns suggested that
these pathways may be more active (and the protein products may be
expressed at higher levels) in the primary than in the recurrent GBM
tumors. Surveying at cohort level a broader array of Wnt pathway li-
gands, receptors and regulatory molecules, a complex pattern of changes
was seen with hypomethylation of not only ligands, but also hypo-
methylation of several positive regulators, and increased methylation of
negative regulators in GBM-P vs. GBM-R (Supplementary Table).

These suggestive, but fragmented and far from unambiguous obser-
vations prompted us to pursue studying further some of the Wnt markers
in GBM (Fig. 1). Having access to the same FFPE GBM blocks from which
DNA was isolated in the epigenomic study [14], here we decided to
individually zoom into the DNA CpG methylation data and compare
those to protein expression levels of six markers by IHC. This simulta-
neous analysis was performed on specimens derived from sequential
GBM blocks of 21 patients (one pair of GBM had to be omitted from the
previously analyzed epigenomic cohort, as no sufficient tissue remained
for IHC). Due to the FFPE nature of tissue blocks and thus, the
compromised quality of DNA, instead of evaluating only the promoters,
we determined methylation levels of CpGs within promoters + genes.
We could not detect methylation differences within the promoter + gene
regions for any of the six markers when GBM-P and GBM-R were
compared (Fig. 4a). Nevertheless, in line with the known shift towards
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hypomethylation in tumors [25,26], all markers except Fzd-2 and
Fzd-10, showed either a trend for or a significant decrease in methyl-
ation in the GBP-P vs. C-DB and the GBM-R vs. C-DB comparisons
(Fig. 4a). The promoter + gene hypomethylation patterns in tumors
were accompanied with a moderately or significantly increased
expression of the Wnt5a, cytoplasmic beta-catenin and Wnt3a marker
proteins in the tumors as compared to controls (Fig. 2). In case of Fzd-10,
the increased promoter + gene methylation seemed to correspond to the
low levels of protein expressions in both the control and the tumorous
cell membranes (Figs. 2 and 4).

The THC-detected increasing expression levels of Wnt3a, Fzd-2 and
cytoplasmic beta-catenin proteins (Figs. 2 and 3) could not be explained
by the similar (instead of decreased) methylation levels in the promoter
+ gene regions of these markers in the primary and recurrent GBM
samples (Fig. 4a), suggesting that regulatory mechanisms other than
DNA methylation may also contribute to the increasing protein expres-
sion over time.

Although the informative CpGs in the promoter + gene regions of the
six Wnt markers were different in the C-DB (five individuals) and GBM-P
/ GBM-R (21 patients) cohorts, the fact that higher levels of methylated
CpGs were detected in the studied DNA segments even in the smaller
control cohort (with lower numbers of captured CpG sites) seemed to
support that Wnt5a, beta-catenin, Wnt3a and Wnt7b markers indeed
have higher levels of methylation in the normal compared to the
tumorous tissues. However, the difference in cohorts’ sizes (five C-DB
and 112 primary and recurrent GBM pairs), and thus, the number of
informative CpGs within the promoter + gene regions of the six markers
differed much more in the Viennese database cohort than in ours. To
avoid a biased conclusion, we did not compare the control and GBM
methylome data in the six Wnt marker promoter + gene regions in these
database cohorts, but rather restricted our analyses only to the
methylation data from the paired primary and recurrent GBM samples
(Fig. 4b) [17]. The analysis of these data, similar to our own, suggested
no statistical differences in the CpG methylation levels of the six markers
when primary and recurrent samples were compared, and showed
higher methylation level in the promoter + gene regions of Fzd-10 when
compared to those of the other five Wnt markers.

Altogether, the above observations suggest that the stronger
methylation within the promoter + gene region may be responsible for
the low expression level of Fzd-10 in all samples, a finding not previ-
ously reported in GBM or in gliomas of lower grades. This observation
raises the possibility that the Fzd-10 receptor might have growth and
tumor suppressor potential in GBM, a hypothesis that merit further in-
vestigations. A few previous studies reported high Fzd-10 expression
during embryogenesis, low expression in normal adult cells, individually
varying expression in medulloblastoma and its involvements in the
progression of colorectal and gastric cancers [27-29].

The increased expression of Wnt5a, beta-catenin and Wnt3a in GBMs
compared to non-tumorous brains may be related, at least in part, to the
decreased methylation patterns in GBMs. However, the increasing trend
of Wnt marker expression in cases of Wnt5a, beta-catenin and Wnt3a in
GBM-R vs. GBM-P may be related to regulatory mechanisms other than
DNA methylation alone.

While there is an established shift towards an overall DNA CpG
hypomethylation in tumors [30-32], at the individual gene and region
level there may be changes in either direction in malignant tissues [30].
These methylation changes may not only affect promoters and open
reading frames, but also regions of regulatory DNA and RNA, splice sites
or binding sites for insulators of topological domains. Methylation
changes in coding regions of microRNA and siRNA molecules, mediators
of RNA interference, may result in changes in the translational repres-
sion of mRNAs [33,34]. Methylation changes in splice sites may affect
expression of protein isoforms, and thus, their immune-based detection
[35]. Increased methylation within binding sites of insulator molecules
(e.g. CTCF) may also affect gene expression. For example, the blockade
of CTCF binding by increased methylation of the binding site, causes a
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loss of insulation between topological domains. The loss of domain
boundary allows altered gene expression regulation by a remote
constitutive enhancer that aberrantly interacts with genes of oncogenes
(such as PDGFRA) described in IDH-1 mutant gliomas [36-39]. In
addition, Moarii et al. [40] demonstrated that methylation of CpGs may
have a differential impact on gene expression regulation depending on
their location outside or within of the islands. While our study focused
on DNA CpG methylation as a means of gene expression regulation,
other mechanisms such as histone modification, and gene copy number
or structural chromosomal alterations may also contribute to protein
expression changes in tumors, and explain some of the discrepancies
between the detected and expected protein expression levels in our
study [40].

It is also important to note, that even the blockade of transcription
factor (TF) binding by CpG methylation in promoters may not always
result is gene expression suppression. Irizarry et al. [41] showed that
there may be a positive association or correlation between hyper-
methylated promoter and high expression of a target gene if the meth-
ylated site is located 300 bp upstream from the transcription start site
(TSSs) in colon cancer [41]. In brief, several epigenetic mechanisms
related to DNA CpG methylation and also, to histone modification or
structural genomic alterations might have contributed to the modulation
of Wnt marker expression, in addition to changes in promoter and gene
CpG methylation, in GBM over time. Nevertheless, the methylation
levels of the selected Wnt markers were generally low in all samples,
suggesting that these pathways may be active in GBM. However, the
question arises as to how the relatively small changes in methylation
levels could influence protein expression when control and GBM sam-
ples are compared. The answer might be related to differential methyl-
ation within a few CpGs with strong regulatory potential like those in
enhancers and silencers. Enhancers are usually short (50-1500 bp) DNA
segments located in some cases in the proximity, but often up to one
million base pairs upstream or downstream of the transcription start
sites of genes [42]. Each gene may have one or several enhancers that,
by the means of CpG unmethylation and the binding of TFs, play key
roles in gene expression regulation. As a corollary study, we performed a
subanalysis restricting our focus to assessing CpG methylation within
enhancers of the six markers using information from the GeneCards
database (https://www.genecards.org/Search/Keyword?queryStr
ing=Wnt). As expected, in the smaller cohorts of 5 C-DB and our 21
GBM-P and 21 GBM-R, we could not detect sufficient methylation within
these restricted regions to draw conclusion. However, in the larger
database cohort of 112 GBM pairs [17], the enhancers with the Gene-
Hancer identifier Wnt7b GH22J045611, Fzd10 GH12J130124 and
Fzd10 GH12J130138 showed markedly higher CpG methylation than
those of the other markers, in agreement with the marked suppression of
Fzd-10 expression in all our samples, and the decreasing expression of
Wnt7b during progression of GBM. As Wnt7b can functionally engage
Fzd-10, these findings strongly suggest the downregulation of this
particular receptor-ligand interaction in progressive GBM. Of note,
however, the three enhancers mapped outside of the marker regions that
we evaluated in the present study. It is also important to emphasize that
RRBS data of chemically compromised DNA from FFPE samples are not
optimal for defining if the methylation status of single CpG sites or CpGs
within short regulatory subregions such as enhancers may differentially
affect gene expression regulation in individual patients. The important
question of as to how methylation of various regulatory elements (e.g.
enhancers, silencers, insulators) affect gene expression in GBM may be
more precisely addressed in future studies on frozen tumor specimens or
cell lines with sufficient numbers.

Looking at our findings from the direction of corresponding Wnt li-
gands and receptors, one might deduce that neither the canonical, nor
the non-canonical pathway could play a role in GBM development and
progression, as the expression changes of no matching pathway ligand
and receptor pairs were observed. For example, Wnt5a, Wnt3a and beta-
catenin either moderately or significantly increased in GBM-P vs. C-PM,

Pathology - Research and Practice 222 (2021) 153429

but these increases in ligand and mediator expression were not accom-
panied by parallel changes in Fzd2 or Fzd-10 receptors. Similarly, the
expression levels of Wnt3a and beta-catenin (either moderately or
significantly) further increased in GBM-R vs. GBM-P, but again without
an increase in the expression level of a canonical receptor. From these
observations, however, a negative conclusion regarding the involvement
of matching Wnt ligand and receptor pathways cannot be drawn in GBM,
because 1) only selected markers and receptors were analyzed, while
DNA methylation changes (along with the discussed other regulatory
mechanisms of gene expression regulation) affect the expression of a
broad array of Wnt ligands, receptors, and positive and negative regu-
latory molecules of these pathways; and 2) the conventional Wnt ligand
and receptor engagement patterns may be altered, as both the canonical
and non-canonical ligands can compete for the same receptor in tumors
[9-11,43].

In conclusion, our study has demonstrated that on protein expression
levels, Wnt5a, Fzd-2, beta-catenin and Wnt3a are either moderately or
significantly increased, while Wnt7b and Fzd-10 are decreased or
constitutively low in GBM compared to normal brain tissues. Comparing
GBM-P and GBM-R pairs, Fzd-2 and Wnt3a expression levels were
significantly elevated and beta-catenin showed a trend for increase in
the recurrent samples, while Wnt7b significantly declined in GBM-R.
Comparing the promoter + gene methylation levels in the three co-
horts, Wnt3a and Wnt7b had significantly higher, Wnt5a and beta-
catenin moderately elevated CpG methylation in the C—DB brain sam-
ples than in GBM-P or GBM-R, while Fzd-10 had the highest level of
methylations among the six Wnt markers. These patterns inversely
corresponded to the moderately or significantly increased expressions of
the Wnt5a, Fzd-2, beta-catenin and Wnt3a proteins, and the low
expression of the Fzd-10 marker in the tumors. To validate our results,
we also assessed the promoter + gene CpG methylation for the six Wnt
markers in a large sequential cohort of GBM published by Klughammer
et al. [17]. Neither our, nor the database cohort revealed methylation
differences in the investigated regions when the primary and recurrent
GBM samples were compared. Of note, however, in both study cohorts,
the methylation levels were low for the six markers, with Fzd-10
showing the highest promoter + gene CpG methylation corresponding
to our low Fzd-10 protein detection. Our study has demonstrated that
the methylation and the protein expression levels follow an inverse
pattern in cases of the Wnt5a, Fzd-2, beta-catenin and Wnt3a markers
when controls and tumors are compared, while Fzd-10 displays high
methylation and low expression in all samples. In the case of Wnt7b, the
decreasing promoter + gene methylation did not result in an increasing,
rather a decreasing protein expression pattern in the tumor groups
compared to controls. Neither in the database cohorts, nor in our own
cohorts of sequential GBM samples could we see an inverse pattern in
DNA CpG methylation and protein expression over time, suggesting that
regulatory mechanisms other than CpG methylation may contribute to
the increasing marker expression.

The strength of our study is that a corresponding comparison of DNA
CpG methylation and protein expression within the same tissue blocks is
unique, particularly in human pathological samples. Considering the
importance of the Wnt pathway in tumor biology (Fig. 5a), this study has
eliminated several ambiguities and further validated selected markers as
potential treatment targets, while also highlighted the complexity of the
regulation and involvement of these pathways in GBM (Fig. 5b). The
main weakness of this study is primarily related to the human tissue
origin and the pathological nature of the specimens as well as the rela-
tive small size of our sequential GBMs. FFPE tissue samples allow us
obtaining only compromised, significantly fragmented DNA, but frozen
tissues are typically unavailable at clinical centers. Although new
methods involving e.g. the RRBS library preparation and next genera-
tion sequencing circumvent parts of the technical limitations, still many
pitfalls remain as discussed above. Because of the aggressive biology of
GBM, relatively few sequential samples are available even at larger
university centers. In addition, controls frequently pose problems in
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human studies. The ones presented here, also suffer of quantitative and
qualitative limitations: First, because no surgically removed normal
brains can be obtained from humans; second, because no normal brain
cohort size can be matched to the study cohorts (GBM); and third,
because the normal (or epileptic) brain controls involve a heterogeneity
of normal (or degenerative) brain tissue cells, while the GBM samples
are heterogeneous clones of glioma lineages. Even though several pit-
falls were involved in the study, our results may reflect biologically
highly relevant observations (Fig. 5b) that should lead to further ex-
plorations of the Wnt pathway in in vitro and in vivo models of
gliomagenes.
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Abstract

Purpose Glioblastoma is the most aggressive form of brain tumors. A better understanding of the molecular mechanisms
leading to its evolution is essential for the development of treatments more effective than the available modalities. Here, we
aim to identify molecular drivers of glioblastoma development and recurrence by analyzing DNA CpG methylation patterns
in sequential samples.

Methods DNA was isolated from 22 pairs of primary and recurrent formalin-fixed, paraffin-embedded glioblastoma speci-
mens, and subjected to reduced representation bisulfite sequencing. Bioinformatic analyses were conducted to identify
differentially methylated sites and pathways, and biostatistics was used to test correlations among clinical and pathological
parameters.

Results Differentially methylated pathways likely involved in primary tumor development included those of neuronal dif-
ferentiation, myelination, metabolic processes, synapse organization and endothelial cell proliferation, while pathways dif-
ferentially active during glioblastoma recurrence involved those associated with cell processes and differentiation, immune
response, Wnt regulation and catecholamine secretion and transport.

Conclusion DNA CpG methylation analyses in sequential clinical specimens revealed hypomethylation in certain pathways
such as neuronal tissue development and angiogenesis likely involved in early tumor development and growth, while sug-
gested altered regulation in catecholamine secretion and transport, Wnt expression and immune response contributing to
glioblastoma recurrence. These pathways merit further investigations and may represent novel therapeutic targets.

Keywords Glioblastoma - DNA CpG methylation - Gene ontology analyses - Tumorigenesis - Progression

Introduction

Glioblastoma (GBM) is the most aggressive brain tumor
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mothripsis, a sudden catastrophic rearrangement involving
one or a few chromosomes, may also play a role (Furgason
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GBM is today subdivided into transcriptional and epig-
enomic subgroups, and the most characteristic mutational
events and pathways driving its development have been
identified (Cancer Genome Atlas Research Network 2008;
Verhaak et al. 2010; Brennan et al. 2013; Noushmehr et al.
2010). However, most molecular analyses involved cross-
sectional cohorts, since the collection of sequential samples
is hindered by the aggressiveness of GBM. Nevertheless, the
available sequential studies contributed invaluable informa-
tion to the understanding of GBM evolution and drug resist-
ance (Muscat et al. 2018; Erson-Omay et al. 2017).

The initial epigenetic studies determined levels of CpG
methylation within the promoter of the O-6-methylguanine-
DNA methyltransferase, because its silencing renders GBM
more sensitive to temozolomide (Hegi et al. 2005). The first
comprehensive methylome revealed the glioma CpG island
methylator phenotype (G-CIMP) in correlation with the
GBM proneural transcriptional subtype (Noushmehr et al.
2010).

DNA CpG methylome studies as an alternative to RNA
expression profiling in FFPE GBM specimens became fea-
sible due to the recent availability of the reduced representa-
tion bisulfite sequencing (RRBS) method. Combining RRBS
with next-generation sequencing (NGS), Klughammer et al.
(2018) reported the single-CpG and single allele methylation
profiles, the most important pathways and inferred transcrip-
tional subtypes of FFPE GBM specimens in the context of
multidimensional clinical and molecular data.

Testing key molecular markers (Verhaak et al. 2010) by
immunohistochemistry (IHC), we previously reproduced the
segregation of subgroups (Nagy et al. 2019) and demon-
strated the involvement of the Wnt pathways in both cross-
sectional and sequential FFPE GBM (Tompa et al. 2018).
To further explore mechanisms of GBM development and
recurrence, here we analyzed genome-wide distribution of
differentially methylated DNA CpG sites, regions and path-
ways in 22 pairs of sequential FFPE GBM specimens.

Materials and methods
Subjects of the study and samples

Surgically removed FFPE GBM specimens were obtained
between 1999 and 2017, and evaluated by routine histologi-
cal work up at the Institute of Pathology, University of Pecs
(UP). Leftover blocks were used for these molecular analy-
ses after receiving approval (Number: 7517 PTE 2018 and
2019) from the Regional Clinical Research Committee.
The characteristics of patients and specimens are sum-
marized in Table 1. The diagnosis of primary (de novo)
GBM was established based on standard clinical and his-
topathological criteria (Louis et al. 2016). After quality
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assessment, 24 pairs of isocitrate dehydrogenase (IDH)-1
R132H mutation negative, initial (GBM1) and recurrent
(GBM2) tumor blocks were identified. Subsequently, two
pairs were excluded as the patients turned out to be younger
than 20 years of age, leaving 22 pairs of GBM in the study.
GBM1 specimens were taken before chemoradiation, and
GBM?2 specimens at recurrence after chemoradiation. All
but one patient received temozolomide-based chemo- and
radiation therapy after the first surgery.

In control group 1 (CG1), six postmortem FFPE normal
brain specimens were included from the tissue archive of
the Pathology Institute, UP. This unideal choice was neces-
sitated because no surgically dissected normal brain or
other neurological disease control FFPE specimens were
available. In control group 2 (CG2), DNA CpG methyla-
tion data of five brain specimens obtained during epilepsy
surgery were included by downloading from the EBI
European genome—phenome archive (accession number:
EGAS00001002538) (Klughammer et al. 2018). DNA speci-
mens of CG1 were processed by the same methods as GBM1
and GBM2. DNA specimens of CG2 were also processed
by RRBS, but sequenced on Illumina HiSeq 3000 and 4000
machines (Klughammer et al. 2018).

Evaluation of a hematoxylin—eosin stained section from
each tumor block allowed us to exclude normal brain con-
tamination, necrosis or highly vascular regions. The charac-
teristics of the tumors are summarized in Table 2.

DNA isolation

Five cuts per FFPE block were used for DNA extraction
with the QIAamp DNA FFPE Tissue Kit (Qiagen GbmH,
Hilden, Germany). DNA quantitation was carried out using a
Qubit™ 1X dsDNA HS Assay Kit on a Qubit 3 Fluorimeter
(Invitrogen, Carlsbad, CA, USA). The distribution of DNA
fragments was determined by an Agilent Genomic DNA
ScreenTape Assay on an Agilent 4200 TapeStation System
(Agilent Technologies, Santa Clara, CA, USA).

DNA methylation profiling

Bisulfite converted libraries were prepared from DNA by
using the Premium RRBS kit 24x (Diagenode SA, Sera-
ing, Belgium) according to the manufacturer’s instructions.
To compensate for higher degrees of fragmentation, we
increased from the recommended 200 ng to higher amounts
(350—400 ng) of input DNA. DNA digestion by Mspl was
then followed by fragment-end repair and adaptor ligation.
The amount of effective library was determined using the
Kapa Sybr Fast qPCR kit (Kapabiosystems, Cape Town,
South Africa) on a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Samples with
similar quantitative (q)PCR threshold cycle (Ct) values were
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Table 1 Patients’ characteristics

Primary RRBS ID Recurrent RRBS ID2 Gender Age at Age at Treatment T1-T2 (weeks) Overall sur-
onset death vival (weeks)
(years) (years)
15043 1 9849 R1 Man 50 50 No data 31 41
9501 2 3624 R2 Man 52 53 No data 33 59
15916 4 9527 R4 Woman 63 64 Surgery + irradiation 30 43
9886 5 15289 R5 Man 41 43 No data 17 70
3094 6 15302 R6 Man 59 60 Surgery +irradiation + TMZ 35 65
5526 7 13808 R7 Woman 50 52 Surgery +irradiation + TMZ 77 88
13501 8 9614 RS Man 39 Surgery +irradiation + TMZ 40
12732 9 17440 R9 Man 41 43 Primary: Surgery + irradia- 117 149
tion+ TMZ; Recurrent: Bevaci-
zumab + irradiation
17578 10 7779 R10 Man 63 No data 77
15466 11 16534 R11 Man 66 Surgery +irradiation + TMZ 56
10379 12 7536 R12 Woman 56 61 AVAGLIO clinical study 199 287
(STUPP + Bevacizumab/pla-
cebo)
14561 13 2315 R13 Man 45 AVAGLIO clinical study 70
(STUPP + Bevacizumab/pla-
cebo)
2525 14 1365 R14 Man 32 36 Surgery + TMZ, then Bevaci- 177 203
zumab, irradiation, BCNU
14642 15 7990 R15 Man 43 46 Surgery +irradiation + TMZ 135 192
5693 16 612 R16 Woman 45 48 Surgery +irradiation + TMZ 143 169
7183 17 11956 R17 Woman 57 59 Surgery +irradiation + TMZ 51 95
6795 18 17545 R18 Woman 61 62 Surgery +irradiation + TMZ 31 54
16189 19 16742 R19 Woman 53 55 Surgery +irradiation + TMZ 55 69
8117 20 2908 R20 Woman 37 40 Surgery +irradiation + TMZ 92 106
3997 21 5120 R21 Man 62 63 Surgery +irradiation + TMZ 58 62
10776 23 2168 R23 Man 43 44 Surgery +irradiation + TMZ 29 46
13956 24 12107 R24 Man 60 62 Surgery +irradiation + TMZ 49 60

This table summarizes the gender, age at onset and age at death of patients, the treatment modalities and T1-T2 time. OS could not be calculated
for four patients because the time of death was unavailable after extensive search of all electronic medical records. Therefore, instead of OS, the

T1-T2 time values were used in the statistical analyses
TMZ temozolomide

multiplexed in pools of eight. The pools were subjected to
bisulfite conversion, followed by a second qPCR to deter-
mine the enrichment amplification cycles for the final PCR
on a GeneAmp PCR Systems 9700 (Applied Biosystems,
Foster City, CA, USA). After confirming the adequate frag-
ment size distributions on the 4200 TapeStation System and
the concentrations by the Qubit 3 Fluorometer, the ampli-
fied libraries were sequenced using the NextSeq 500/550
High Output Kit v2.5 (75 cycles) on a NextSeq 550 machine
(Illumina, San Diego, CA, USA). Raw sequencing data were
uploaded to the European Nucleotide Archive (https:/www.
ebi.ac.uk/ena, Primary Accession: PRIEB38380, Secondary
Accession: ERP121800). The glioma CpG island methylator
phenotype (G-CIMP) was excluded with high probability in
the GBM1 and GBM2 cohorts by adapting the eight gene

method for bisulfite-converted sequence data (Noushmehr
et al. 2010).

Bioinformatics

After the quality control step using FastQC, sequences were
filtered to remove low-quality bases and adapters by Trim-
Galore. Bisulfite-treated reads were aligned to the hg19 ref-
erence genome and methylation calls were performed using
Bismark (Krueger and Andrews 2011). After obtaining the
CpG calls, RnBeads (Miiller et al. 2019) was run to identify
differentially methylated sites, regions and pathways in the
cohorts. The Locus Overlap Analysis (LOLA) program (in
RnBeads) was used for an enrichment analysis of genomic
region sets and regulatory elements (Sheffield and Bock
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Table 2 Characteristics of tumors

GBM1 RRBS ID MI MVP Necrosis Cell TIL
15043 1 36 Yes None Astrocytic Moderate
9501 2 2 Yes Extensive with palisade Astrocytic Moderate
15916 4 10 Yes None Astrocytic None
9886 5 91 Yes Extensive Astrocytic None
3094 6 120 Yes Extensive Astrocytic Dense
5526 7 20 Yes Extensive Astrocytic Sparse
13501 8 13 Yes Extensive Epithelioid Sparse
12732 9 2 Yes Extensive with palisade Astrocytic Moderate
17578 10 0 No Extensive Astrocytic Dense
15466 11 18 Yes Extensive Astrocytic Dense
10379 12 30 Yes Extensive Small cell Dense
14561 13 36 Yes Extensive with palisade Astrocytic Sparse
2525 14 38 Yes Extensive with palisade Astrocytic Sparse
14642 15 78 Yes Extensive with palisade Small cell Dense
5693 16 42 Yes Extensive with palisade Astrocytic Sparse
7183 17 44 Yes Extensive with palisade Astrocytic Sparse
6795 18 15 Yes Extensive Astrocytic Sparse
16189 19 24 No None Small cell Sparse
8117 20 25 Yes None Astrocytic Dense
3997 21 12 Yes Palisade Astrocytic Sparse
10776 23 32 Yes Extensive Astrocytic Sparse
13956 24 32 Yes Extensive Astrocytic Sparse
GBM2 RRBS ID MI MVP Necrosis Cell TIL
9849 R1 100 Yes Extensive with palisade Small cell Sparse
3624 R2 2 No None Astrocytic Dense
9527 R4 32 Yes Extensive with palisade Small cell None
15289 RS 94 Yes Extensive Astrocytic Sparse
15302 R6 4 No Extensive Astrocytic Sparse
13808 R7 21 No None Astrocytic Sparse
9614 R8 20 No Extensive with palisade Epithelioid Sparse
17440 R9 14 No Extensive Astrocytic Sparse
7779 R10 50 Yes Palisade Astrocytic Moderate
16534 RI11 14 Yes Extensive Astrocytic Dense
7536 R12 62 Yes Palisade Astrocytic Dense
2315 R13 36 Yes Palisade Astrocytic Sparse
1365 R14 40 Yes None Astrocytic Dense
7990 RI15 16 Yes Extensive with palisade Small cell Dense
612 R16 12 Yes Extensive with palisade Astrocytic Dense
11956 R17 22 Yes Palisade Astrocytic Sparse
17545 R18 18 No Extensive with palisade Astrocytic Sparse
16742 R19 18 No Extensive with palisade Small cell Sparse
2908 R20 20 Yes Palisade Astrocytic None
5120 R21 18 Yes Extensive with palisade Astrocytic Sparse
2168 R23 10 No None Small cell Dense
12107 R24 16 No Palisade Astrocytic Dense

This table summarizes histopathological characteristics of GBM1 and GBM2. Histological parameters were assessed by manual eyeballing using
low microscopic magnification (100x) and semiquantitative evaluation criteria published previously (Tompa et al. 2018). In statistical analyses,
semiquantitative determinants were replaced by numerical values: e.g. TIL: no=0, sparse =1, moderate =2, dense =3

MI mitotic index (number of mitoses per 10 high power fields), MVP microvascular proliferation, 7/L tumor infiltrating lymphocytes
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2016). Biological interpretation of data was assisted by the
BioMethyl R package. All raw sequencing data, reports and
results were stored in-house on a network-attached storage
(NAS) server.

Statistics

Patients’ age, gender and time to recurrence (T1-T2)
were correlated with histological characteristics using the
Kruskal-Wallis and Mann—Whitney U tests, and Pearson’s
correlation.

Results

DNA CpG methylation data in FFPE control and GBM
specimens

We compared DNA CpG methylation patterns in normal
brain tissues and IDH-wild-type GBM specimens at initial
diagnosis (GBM1) and at first recurrence (GBM2). Two
control groups were initially considered. CG1 included the
DNA CpG methylomes of six postmortem normal brain
regions from individuals who passed away from non-neu-
rological causes. CG2 included the DNA CpG methylomes
of five FFPE brain tissues obtained during epilepsy surgery
and deposited in a publicly available database (Klugham-
mer et al. 2018). Twenty-two pairs of sequential surgically
obtained FFPE GBM specimens in GBM1 and GBM2 repre-
sented the main study groups with clinical variables of age,
gender, time between first and second surgery (T1-T2), OS
and treatment parameters (Table 1). Pathological character-
istics included tumor cell morphology, mitotic index, degree
of immune infiltration and necrosis (Table 2).

TapeStation analyses revealed that DNA fragmentation
was slightly, but not significantly higher in GBM1 than in
GBM2 (21.65% vs. 25.10% of DNA fragments were above
2000 bp, respectively). For comparison, the DNA fragment
rates above 2000 bp were 87.15% in freshly drawn total
blood and 70.18% in bufty coat (Supplementary Table 1).

The mean bisulfite conversion rate that reflects the
chemical conversion of unmethylated cytosine to uracil
was 98.48% (Supplementary Table 2). Using the spike-in
controls, the mean underconversion rate was 1.32%, and
the mean overconversion rate was 1.70% (Supplementary
Table 2). At an average alignment rate of 69%, the mean
number of informative CpGs per sample was 20,741,979
and the median number of CpGs was 16,574,809 in the non-
deduplicated raw data, representing over ten times higher
than expected figures due to duplications during library
amplification. Deduplication is not recommended, since it
could result in biases in the CpG representation and a loss
of information. Instead, 19,936 sites with overlapping SNPs

were removed and CpGs with extremely high coverage were
filtered out for the correction of duplicated sequences during
bioinformatics preprocessing.

There was a trend for fewer informative CpGs in sam-
ples with lower quality of DNA. In CG2 (Klughammer
et al. 2018), a higher mean CpG methylation rate (47.91%)
was noted compared to that of CG1 (32.31%), a difference
attributable to DNA quality differences in surgical and post-
mortem FFPE specimens. TapeStation analysis of DNA
from CG1 showed the highest levels of DNA fragmentation
(the mean rate of DNA fragments above 2000 bp was only
5.91%) among all groups. Based on these observations, we
abandoned the CG1 data, and used the CG2 data as reference
in all subsequent analyses (Klughammer et al. 2018).

Overall, a shift toward hypomethylation was observed
when comparing the controls and the sequential tumor sam-
ples (the mean CpG methylation levels in CG2: 47.91%; in
GBM1: 41.34%; and in GBM2: 31.6%). The methylation dif-
ferences showed only a trend in the GBM 1-CG2 comparison
(Kruskal-Wallis test p=0.35), but reached significance in
the GBM2-GBM!1 (p=0.046) and GBM2-CG2 (p =0.032)
comparisons (Supplementary Table 3).

Differential DNA methylation profiles in CG2, GBM1
and GBM2

The sample summary table in RnBeads with filtered and cor-
rected data revealed a mean CpG site number of 60,169.48
and mean coverage of 366.07. In addition to CpG sites, four
regions were covered by the analyses: tiling, genes, promot-
ers and CpG islands (Supplementary Table 4). We primarily
focused on differential methylation rates in gene promoters
comparing CG2-GBM1, CG2-GBM2, and GBM1-GBM2
in all analyses.

Differential methylation on the site and region levels
revealed no FDR corrected p-values of <0.05 in the scat-
terplots in the three group-wise comparisons.

In the GO analyses, hypermethylation was observed
within promoters of genes related to pathways of neuronal
differentiation and morphogenesis, and transcription and
metabolic processes in GBM1 compared to CG2. The most
significantly hypermethylated gene promoters were related
to gastrulation regulation (OTX2 p =8.38E-05) and cellu-
lar responses to the fibroblast growth factor (FGR) (PTBP1
p=5.52E-13; POLR2D p=6.09E-09; NOG p=4.32E-07).
There were, however, also genes showing higher degrees
of promoter methylation, but with lower degrees of signifi-
cance. For instance, 17 different promoters in genes associ-
ated with nucleic acid-templated transcription had hyper-
methylation in GBM1 compared to CG2 (mean p =0.0079).
Eighteen promoters in genes associated with the regula-
tion of different nucleobase-containing compound meta-
bolic processes were hypermethylated (mean p =0.0088).
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Furthermore, there were 19 hypermethylated promoters of
genes associated with pathways of neuron morphogenesis
and differentiation in GBM1 compared to CG2.

Pathways with promoter hypomethylation in GBM1 com-
pared to CG2 included genes related to synapse organiza-
tion and assembly, neuronal ensheathment and endothelial
cell proliferation. The most significantly hypomethylated
pathways were also the ones in which numerically the most
promoters were hypomethylated. These pathways associ-
ated with regulation of postsynapse organization (e.g.,
GHSR; HSPAS; FZD9; SEMA3F), synapse assembly (e.g.,
AMIGO1; NTRK1; THBS2), endothelial cell proliferation
(e.g., HIF1A; EGFL7; TNFSF12; PRKD2) and myelination
(e.g., NKX6-2; KCNJ10; NCSTN; TENM4).

The GBM2-CG2 comparison showed pathways with
gene promoter hypermethylation associated with tran-
scription regulation, cell adhesion and morphogenesis and
embryonic development in the GBM2 samples. Pathways
which showed the most significant hypermethylation in pro-
moters were associated with appendage morphogenesis and
limb development (e.g., ALX3; HOXD10; NOG; FRASI;
SALLA4). The pathways with numerically the most promoters
hypermethylated were associated with transcription regu-
lation by RNA polymerase II and cell adhesion processes.
Pathways with hypomethylated gene promoters in GBM2,
compared to CG2, included a few associated with purine
and pyrimidine nucleobase transports (SLC28A1), Golgi
transports (SNX12; SGSM2; GCC2) and allantonin cata-
bolic processes (ALLC).

Comparing GBM1 and GBM2, the GO analysis revealed
several pathways of biological relevance. Pathways with
gene promoter hypermethylation in the recurrent compared
to the primary tumors included genes related to regulation of
the Wnt pathway, catecholamine secretion and transport, and
cellular response, signaling and communication. The most
significantly hypermethylated pathways in the recurrent
samples were those associated with catecholamine secretion
regulation (SYT15; SYT17; PINK1; OXTR), catecholamine
transport (SLC18A2; TOR1A) and signaling receptor activ-
ity regulation (CACNGS; TSG101; DLG1) as well as those
negatively regulating the canonical Wnt signaling pathways
(e.g., ASPM; UBAC2; KREMEN), and some Wnt ligands
and receptors. However, the pathways with numerically
the most hypermethylated promoters in GBM2 were those
associated with regulation of the stimulus response (e.g.,
NDUFA13; DROSHA; FMR1), cell communication (e.g.,
PTP4A3; FRMPDI; PRKD?2), signaling (e.g., MBIP; RNF6;
NOD1) and localization (e.g., KCNJ3; KDM1A; TRIMS;
PRKD2).

Pathways with promoter hypomethylation in the recur-
rent compared to the initial tumors included genes related
to both the innate and adaptive immune responses, cellular
processes and cell differentiation. The most significant p
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values were noted in pathways linked to the regulation of
lymphocyte-mediated immunity (TFRC; FOXJ1; IL4R), nat-
ural killer (NK) cell-mediated cytotoxicity (e.g., HAVCR2;
SERPINB9; LAMP1; CADM1) and regulation of cell kill-
ing (e.g., ICAM1; MICA; DUSP22; FERC2). In addition,
several other important regulators of immune response were
hypomethylated (adaptive immune response, NK- and leu-
kocyte-mediated immunity, T cell-mediated cytotoxicity) in
the recurrent samples compared to the initial GBMs. Finally,
the most hypomethylated and most numerous (altogether 11)
promoters, although with the least significant p values (mean
p=0.0098), were detected in cell proliferation pathways in
GBM2.

Enrichment for genomic region sets and regulatory
elements

The LOLA program was run to enrich for genomic region
sets and regulatory elements relevant to the interpretation
of functional epigenomics data (Sheffield and Bock 2016).
Here, we primarily focused on the top-ranking 1000 hyper-
and hypomethylated tiling regions. In both the CG2-GBM1
and CG2-GBM2 comparisons, we identified strong enrich-
ment in hypomethylated regions in the tumors for binding
sites of transcription factors (e.g., RUNX1, ESR1, ESR2 and
CTCF) and histone proteins (e.g., H3K4mel; H3K4me2;
H3K4me3; H3K9me3; H3K27me3) relevant to proper
embryonic stem cell differentiation and lineage fidelity
maintenance. In the GBM1-GBM?2 comparison, GBM2
tumors showed enrichment in binding sites for transcrip-
tion factors (e.g., FOXA2, ESR1, ESR2, RXR) and histone
proteins (e.g., H3K27me3, H3K9m3, H3K4mel, H3K4m?2,
H3K4m3) among the hypomethylated regions.

Correlation between pathological and clinical data

We detected no association between T1-T2 and gender
or the age of patients, or T1-T2 and morphological sub-
type, mitotic rate, microvascular proliferation or necrosis
of the tumors. However, a trend for association was found
between T1-T2 and the amount of tumor infiltrating lym-
phocytes (TIL) in the GBM1 samples (Kruskal-Wallis test
p=0.08), but not in the GBM2 samples (p =0.737). Neither
Mann—Whitney nor Pearson’s correlation analysis showed a
link between TIL and mitotic rate.

Discussion

In this study, we aimed to identify molecular drivers and
pathways essential for GBM development and recurrence
(Fig. 1). We analyzed genome-wide DNA CpG methylation
patterns to infer the expression of genes defining the most
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Fig.1 Mechanisms of GBM development and recurrence revealed
by DNA CpG methylation. This figure provides a schematic depic-
tion of molecular pathways and potential mechanisms contributing to

critical pathways in 22 paired FFPE specimens (GBM1;
GBM2) from 18 years.

Although quality assessment revealed that DNA speci-
mens from surgically removed FFPE GBM were signifi-
cantly more fragmented than that of freshly obtained blood
(fragments above 2000 bp in buffy coat: 70.18%; whole
blood: 87.15%; GBM1: 21.65% and GBM2: 25.10%), these
samples worked well in RRBS. However, because DNA
quality was profoundly further compromised in the post-
mortem CG1 (mean fragment rate above 2000 bp: 5.91%),
and the number of methylated CpG sites proportionally
decreased with increasing fragmentation consistent with
previous reports (Klughammer et al. 2018; Wang et al. 2013;
Gillio-Meina et al. 2016), we abandoned CG1, and focused
all analyses on the CG2, GBM1 and GBM2 cohorts. CG2
included DNA CpG methylomes of five brain specimens
obtained during epilepsy surgery (Klughammer et al. 2018).
We did realize that such DNA controls from heterogeneous
populations of all normal and some degenerative cell types
of adult brains may not be ideal references for the methyl-
ome from transformed glial tumor cells of GBM. However,
using glial cell lines as control DNA source would be com-
pounded by other shortcomings including oligodendroglial

MNegative regulators, some =
ligands and receptors of Wnt

Decreased monoamine
contribution to
tumor growth

Cathecolamine secretion =
and transport

GBM development and recurrence as revealed by RRBS and NGS of
sequential GBM specimens

or astrocytic lineage specification and potential in vitro
(including epigenomic) modifications. As no ideal control
tissue is available for human GBM, we chose using the con-
trol brain methylomes that have been successfully applied
in a similar epigenomic analysis (Klughammer et al. 2018).
Using normal or near normal brain tissue as control also
matches with the strategy of other GBM epigenomic studies
(Noushmehr et al. 2010; Etcheverry et al. 2010).

As previously established (Nagarajan et al. 2014; Makos
et al. 1992; Feinberg et al. 1988; Brothman et al. 2005;
Ehrlich 2009; Hansen et al. 2011), we also observed a shift
toward global DNA hypomethylation when comparing CG2,
GBMI1 and GBM2 (where the mean methylation rates were
47.91%, 41.34% and 31.6%, respectively).

Comparisons of differential methylation data at site and
region levels revealed no significant p values in any of the
three pairwise comparisons. GO analyses, however, high-
lighted several pathways with biological relevance. In the
comparison of GBM1 vs. CG2, we found significant hypo-
methylation (likely activation) in the pathway of positive
regulation of endothelial cell proliferation, a factor con-
tributing to angioneogenesis, and thereby promoting GBM
growth (Fisher et al. 2005). This finding was not surprising,
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as upregulation of VEGF transcripts has also been described
(Etcheverry et al. 2010), and anti-angiogenetic therapy (i.e.,
bevacizumab) has been used to prolong progression-free
survival and to reduce clinical symptom burden in GBM
(Ameratunga et al. 2018; Roth et al. 2020). In the same
GBM1 vs. CG2 comparison, we found hypermethylation
(repression) in pathways of nucleic acid-templated tran-
scription and different nucleobase containing metabolic
processes, which affect multiple genes whose abnormal
function may modify cell function and define subtype for-
mation (Cuperlovic-Culf et al. 2012; Marziali et al. 2016).
The most strikingly hypermethylated pathways were related
to neuronal differentiation, while hypomethylated pathways
included those related to synapse formation and myelination.
We postulate that these latter findings reflect a disturbed bal-
ance in elements of a normal neuronal differentiation under-
lying the distorted patterns also observed by other investiga-
tors in cancer stem cells (CSCs) and in GBM (Etcheverry
et al. 2010; Silvestris et al. 2019).

Comparing differential promoter methylation in GBM2
vs. CG2, the hypomethylated pathways were primarily
related to intracellular function and transport, offering new
targets for experimental intervention (Fallacara et al. 2019).
The hypermethylated pathways included transcriptional reg-
ulation, cell adhesion and embryonic development, which
may also contribute to a distortion of normal neuronal dif-
ferentiation and abnormal proliferation of pluripotent neu-
roepithelial cells, thereby defining progression of GBM
(Bradshaw et al. 2016a, b; Etcheverry et al. 2010).

The comparison of differentially methylated pathways in
GBM2 vs. GBMI revealed a number of changes involving
essential cellular functions that may contribute to GBM pro-
gression. Higher gene expression and activity were inferred
from the lower methylation of elements essential in cell
response, signaling and communication in GBM1 than in
GBM2. Elements of the canonical Wnt signaling pathway,
particularly those regulating endothelial cell migration,
cell adhesion or wound healing also appeared more active
in GBM1 compared to GBM2. However, elements of this
pathway included KREMENTI that is capable of blocking
Whnt signaling, ASPM that is essential for normal mitotic
spindle function to regulate neurogenesis, or UBAC2 that
has a role in degradation of Wnt receptor FZD6 and LRP6
to negatively regulate the canonical Wnt signaling pathway.
Further, certain ligands (e.g., Wntl1) and receptors (e.g.,
Fzd8) were also significantly less methylated in GBM1 as
compared to GBM2. In contrast, promoters of other Wnt
ligands (e.g., Wnt6, Wnt7b) and receptors (e.g., Fzd1, Fzd3)
were less methylated in GBM2 than in GBM1. Although
not in sequential samples, but in GBM and control brain
comparisons, a differential methylation of Wnt genes (e.g.,
Wnt2, Fzd6) and pathways, and both up- (Wnt5a, Fzd7,
Fzd5) and downregulation of Wnt pathway transcripts
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(Wnt10b, Wnt7a, Wnt7b, Wnt2b) have been noted (Etch-
everry et al. 2010; Nagarajan et al. 2014). In a similar DNA
CpG methylation and biological pathway analysis in sequen-
tial GBM, Klughammer et al (2018) found Wnt pathway
genes among those whose promoters lost methylation over
time. Altogether, our data, overlapping with results in other
publications, showed that negative regulators of the Wnt
pathway are more active in GBM1 than in GBM2, while
changes in methylation patterns occur in both directions for
ligands and receptors, suggesting that the shifts and balances
in Wnt pathway elements are complex during evolution of
GBM. As the canonical Wnt pathway is involved in CSC
stemness, tumor invasiveness and angiogenesis, our finding
likely points to an important determinant of GBM evolution
(Etcheverry et al. 2010; Klughammer et al. 2018; Tompa
et al. 2018; Hu et al. 2016; Mazieres et al. 2005; Lamb et al.
2013; Anastas and Moon 2013). In line with this conclusion,
numerous experimental therapies targeting Wnt pathway ele-
ments are already under investigation (Tompa et al. 2018;
Zuccarini et al. 2018).

Another noteworthy result of GO analyses was the lower
methylation of promoters (and thus higher inferred activity)
in genes defining catecholamine secretion and transport in
GBM1 compared to GBM2. Monoamine signaling in glioma
initiating cells participates in hijacking normal developmen-
tal mechanisms and promotes tumor development. Synaptic
monoamines in the GBM microenvironment influence tumor
growth and angiogenesis (Caragher et al. 2018, 2019). The
observation that these pathways are more hypomethylated
(and likely more active) in GBM1 than in GBM2 reflects
the biological characteristics of early- versus late-stage
tumors, which merits further explorations. Differential meth-
ylation in catecholamine-encoding genes (e.g., ADRA2c,
ADRA1la, DRDS, DRD2) and neurotransmitter pathways
as well as differential expressions of such genes (e.g.,
ADRA1b, ADRA2a, ADRA2C, DRDS5, DRD1) have been
reported (Etcheverry et al. 2010; Nagarajan et al. 2014). The
therapeutic potential of monoamines and their receptors in
GBM have also been the subject of recent research studies
(Caragher et al. 2018, 2019).

In contrast, GBM2 compared to GBM1 showed less
methylation (and thus inferred higher activity) in immune
pathway genes regulating leukocyte, lymphocyte and
NK cell-mediated immunity. However, there were other
immune-regulatory processes such as macrophage inflam-
matory protein production and CD8+ T cell proliferation
that appeared more active (with promoters more hypometh-
ylated) in GBM1 than in GBM2. These data are in consen-
sus with the detected association between TIL in GBM1
and T1-T2, and align with previous observations concern-
ing differential activity of various immune pathways dur-
ing the development and progression of GBM (Etcheverry
et al. 2010; Klughammer et al. 2018; Greaves et al. 2012;
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Wang et al. 2017). While the use of immune therapies has
not been as efficient in GBM as in other solid tumors, there
are several newer modalities with better blood—brain bar-
rier penetrance and more robust cytotoxicity (e.g., vaccines,
monoclonal antibodies, engineered T cells and stem cells,
immune checkpoint inhibitors, proteasome inhibitors, RNA-
based therapies, oncolytic viruses), which are expected to
overcome immune evasion and to specifically target tumor
cells or their microenvironment (Giotta Lucifero et al. 2020;
Roth et al. 2020).

Finally, we also found support to our observations by
comparing the array-based DNA CpG methylation data of
TCGA GBMs to the sequence-based methylomes of our
CG2 controls (Klughammer et al. 2018), and the array-based
methylation data of the available 12 sequential TCGA GBM
pairs to each other (https://portal.gdc.cancer.gov/repository
Milters=%7B%220p%22 %3 A%22and %22 %2C%?22content
%22%3A%S5B%TB%220p%22%3A%22in%22%2C%22con
tent%22%3 A% 7B %22field %22 %3 A%22cases.project.proje
ct_1d%22%2C%22value%22%3A%5B%22TCGA-GBM %22
%5D%TD%TD%2C% 7B %220p%22%3A%22in%22%2C %22
content%22%3A%TB%22field%22%3 A%?22files.data_categ
ory%22%2C%22value%22%3 A%5B %22DNA %20Methylat
ion%22%5D%TD%TD%5D%7D&searchTableTab=cases).
The results of the first (cross-platform) analysis revealed
that promoters in genes of pathways involved in embryonic
development, immune regulation and Wnt signaling were
less methylated (presumably more active) in the TCGA
GBM samples than in the CG2 controls. The results of the
second analysis showed less methylated (presumably more
active) promoters in genes of pathways involved in stem
cell proliferation and cell dedifferentiation, intracellular
regulatory and metabolic processes, negative regulation of
apoptosis, cell adhesion and T cell polarity as well as migra-
tion in the TCGA recurrent compared to the primary sam-
ples. In contrast, promoters of genes in pathways involved
in endothelial cell proliferation, negative regulation of the
execution phase of apoptosis, T cell proliferation, cell-cell
signaling, neuronal differentiation, and regulation of G pro-
tein-mediated signaling (including neurotransmitter, cat-
echolamine and some Wnt receptor signaling, though with
lower ranking in the list) were less methylated (presumably
more active) in the TCGA primary than in the recurrent sam-
ples. Considering the technical limitations and interpretive
difficulties when comparing data from various platforms and
also results from small cohorts, the outcome of the TCGA
sample analyses in overlap with ours lends further support
to our conclusions.

Enrichment analyses highlighted regions represent-
ing hypomethylated binding sites for transcription factors
(e.g., ESR1, ESR2, CTCF, RUNX1) and histone proteins
(e.g., H3K27me3; H3K4mel; H3K4me3) likely relevant to
CSC differentiation and GBM development (Klughammer

et al. 2018; Huang et al. 2004; Bernstein et al. 2006; Hyun
et al. 2017). These analyses also showed an enrichment for
hypomethylated binding sites of transcription factors (e.g.,
ESR1, ESR2, FOXA2) and histone proteins (e.g., H3K4ml,
H3K4m2, H3K4m3, H3K27m3, H3K9m3) in GBM2 com-
pared to GBM1, suggesting a role for these factors in tumor
progression (Kondo et al. 2004; Steward et al. 2006).

Altogether, these methylome analyses revealed impor-
tant molecular pathways and mechanisms contributing to
the occurrence and progression of GBM (Fig. 1). While our
methodological approach was similar to that of Klugham-
mer et al. (2018), the presence of several modifying fac-
tors including the heterogeneous tumor biology, differences
in cohorts’ sizes, distributions of patients’ age, gender and
ethnic background, and the reduced representation of methy-
lome itself may explain the partial (although still notable)
overlap between the two studies. A weakness of our analy-
ses is the omission of the full IDH1/IDH2 mutational sta-
tus evaluation due to the limited availability of the archived
samples, though we excluded with high probability the pres-
ence of G-CIMP. These issues, however, were not among the
original aims and the information would not have modified
the outcome. Also, due to the limited availability of paired
primary and recurrent GBM samples, a hierarchical clus-
ter analysis, testing for intra- and inter-tumor heterogeneity
or correlations of the methylome data with other somatic
molecular changes statistically would not have been mean-
ingful. Finally, it is also important to note that gene expres-
sion regulation is a complex process involving multiple
mechanisms (e.g., gene copy number variation, transcrip-
tion factor expression, histone modification, microRNA and
long non-coding RNA expression, or splicing), explaining
that DNA CpG methylation alone may not always correlate
with gene expression, and cautioning us when inferring gene
transcription from promoter methylation status (Etcheverry
et al. 2010). Our sequential methylome analyses in FFPE
clinical specimens is, however, one of the few longitudinal
GBM studies, which not only extends existing data by con-
firmatory information, but also identifies new elements and
pathways of tumor development. Even among longitudinal
analyses, this differential methylation profiling represents
one of a few similar studies (Klughammer et al. 2018) and
aligns with the goals of the recently formed Glioma Longitu-
dinal Analysis Consortium (GLASS) (The Glass Consortium
2018; Barthel et al. 2019).

Conclusions

This study in sequential FFPE tumor specimens revealed
several important mechanisms that may underlie the devel-
opment and progression of GBM. Pathways involved in
synapse formation, myelination and endothelial cell
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proliferation were more active in GBM1 than in CG2,
likely underlying a faulty tissue formation and angioneo-
genesis during tumorigenesis. The repression of elements
of normal neurogenesis also might support a distorted
stem cell differentiation in GBM. Pathways of basic cell
response, signaling and communication as well as catecho-
lamine signaling appeared more active in early than late
phases of GBM. The inferred involvement of the canonical
Wnt pathway regulation, while essential, also appeared
complex regarding the development and progression of
GBM. Similarly, various elements of immune regulatory
pathways seemed to be differentially active in early and
late stages of GBM. Altogether, this study revealed sev-
eral differentially methylated pathways in GBM, which
translate into differentially active genes and pathways with
potential importance in new treatment development.
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