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Abstrakt

Nédory mozku ptedstavuji heterogenni skupinu onemocnéni, a to jak z hlediska jejich
pivodu, tak svym biologickym chovanim. I v rdmci stejnych histopatologickych jednotek
pozorujeme u jednotlivych ptipadi rizny klinicky pribéh, pfiCemz soucasna klasifikace
neni schopna tuto skuteCnost mnohdy reflektovat a stratifikovat pacienty podle jejich
prognézy nebo odpovédi na 1é€bu. Diagnostika mozkovych nadorii je nékdy limitovana
jejich lokalizaci a nedostupnosti reprezentativniho vzorku tkané. To mulze vést az
k podhodnoceni stupné sledovaného nadoru, nespravné indikaci 1écby a v konecném
disledku i ke krat§Simu pfezivani pacienti. Proto je pozornost odbornikti ¢im dal vice upirana
k molekularnim biomarkertim, které jsou Casto piimo zodpovédné za biologické chovani
nadoru a mohou tak byt vyznamné nejen v diagnostice, ale také jako terapeutické cile. Navic
byvaji tyto molekuly butikou cilen¢ secernovany nebo se z ni uvoliluji v prib&éhu apoptdzy
¢i nekrozy a mohou tak byt detekovatelné mimo jiné i v krvi a mozkomi$nim moku.
Intenzivné studovanou skupinu takovych biomarkerii pfedstavuji kratké nekddujici RNA
(small non-coding RNAs; sncRNA), které jsou zapojeny v kontrole mnoha bunécnych
procesti, vcetné téch, které jsou zapojeny do patogeneze mozkovych nadorti. Predkladana
habilita¢ni prace proto shrnuje souc¢asné poznatky tykajici se zapojeni téchto molekul do
patologie nejCastéjSich nador mozku s ohledem na jejich mozné vyuziti pro zpiesnéni
stavajici diagnostiky, pfipadn¢ jako terapeutickych cili. Ve snaze pfispét k uvedené
problematice jsme ve spolupraci s klinickymi pracovisti sestavili unikéatni soubory pacientt
a biologického materidlu, které nadm umoznily identifikovat v nadorovych tkénich
a mozkomisnim moku sncRNA asociované s konkrétnim typem nadoru a s progndzou
onemocnéni. U vybranych molekul jsme déle detailné prostudovali jejich biologickou funkci
a navrhli jejich mozné vyuziti v terapii. Habilitaéni prdce ma charakter komentovaného
souboru praci, pfi¢emz piislusné ¢asti teoretického uvodu jsou vzdy doplnény komentafem

k publikovanym ptispévkiim v rdmci dané problematiky.



Abstract

Brain tumors represent a heterogeneous group of diseases both in terms of their origin and
biological behavior. It is possible to observe different clinical courses in individual cases
even within the same histopathological units, which the current classification is often unable
to reflect and stratify patients according to their prognosis or response to treatment. The
correct diagnosis of brain tumors is sometimes limited by their location and the
unavailability of a representative tissue sample. This can lead to underestimating the grade
of the tumor being monitored, incorrect indication of treatment, and, consequently, shorter
patient survival. Therefore, experts' attention is increasingly focused on molecular
biomarkers. An intensively studied group of such biomarkers are small non-coding RNAs
(sncRNAs), which are involved in the control of many cellular processes, including those
involved in brain tumors' pathogenesis. These molecules are often directly responsible for
the tumor's biological behavior and, thus, can be important not only in diagnosis but also as
therapeutic targets. In addition, these molecules are specifically secreted by the cell or are
released during apoptosis or necrosis, and can be detectable in, inter alia, blood, and
cerebrospinal fluid. The presented habilitation thesis summarizes the current knowledge of
the involvement of these molecules in the pathology of the most common brain tumors,
including their possible use to refine the existing diagnostics or as therapeutic targets. In an
effort to contribute to this field, in collaboration with clinical institutions we collected unique
patient cohorts and sets of biological material, that allowed us to identify sncRNAs in tumor
tissues and cerebrospinal fluid associated with specific brain tumor types and disease
prognosis. We further studied their specific biological function, and suggested their possible
use in therapy. The proposed habilitation thesis is written as a collection of previously
published scholarly works, while the relevant parts of the theoretical introduction are always

supplemented by a commentary on published contributions within the given topic.
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Uvod

Ackoliv primarni nadory mozku predstavuji malé procento zcelkového poctu nové
diagnostikovanych neoplazii, ve vice nez tficeti procentech se jednd o maligni tumory
s nepfiznivou prognézou. Podil intrakranidlnich nadorti na celkové umrtnosti zplisobené
nadorovymi onemocnénimi navic rapidné vzroste, zapocitime-li i mozkové metastazy, které
se dle nékterych zdrojli vyvinou az u ¢tyficeti procent onkologickych pacientii se solidnimi
nadory (Kazda et al, 2019). Incidence vSech nadorii mozku navic doposud mezi
jednotlivymi dekddami nartstala a tento nepfiznivy trend 1ze predpokladat i v nésledujicich
letech. Obecné Spatna progndza malignich forem nadorti mozku je zptsobend predev§im
jejich lokalizaci znesnadilujici asto, pii zvazeni vSech rizik, jejich efektivni terapii. Neméné
vyznamnou roli v kratkém ptezivani pacienti vSak hraje v nékterych piipadech i nepiesna
diagnostika, kterd je konfrontovana jednak s jiz zmifilovanou lokalizaci nddort a dale s jejich
zna¢nou heterogenitou. V tomto ohledu se lze napfiklad setkat s odbornymi pracemi
uvadéjicimi az 49% diskrepanci mezi diagnézou stanovenou na zdklad¢ stereotaktické
biopsie a posléze z resekéniho materidlu (Jackson et al., 2001). Situaci navic komplikuje
irozdilné biologické chovani nadort, které je ¢asto pozorovano i v radmci jednotlivych
diagnoz, a které standardni histopatologicka klasifikace nereflektuje. Zde proto nabyva na
vyznamu molekularni diagnostika.

Hlubsi poznani molekularni patogeneze nddort mozku bylo dosazeno az s vyvojem novych
sofistikovanych technologii umoziujicich vysokokapacitni a velmi pfesné molekularni
analyzy. Kromé studia chromozomovych aberaci a variant v kddujicich genech se stale vice
odbornych praci zaméfuje na analyzu nekddujici slozky transkriptomu. Celogenomové
analyzy odhalily, Zze lidsky genom obsahuje asi 20 000 protein-kodujicich gent, coz
reprezentuje méné nez 2 % jeho celkové kapacity. Nicméné bylo rovnéz zjisténo, Zze nejméné
90 % genomu je transkripcné aktivnich. Lidsky transkriptom tedy zdaleka neobsahuje pouze
sekvence protein-kodujicich gent, ale je v ném nepomérné veétsi mnozstvi nekodujicich
RNA véetné¢ RNA schopnych cilené na mnoha tirovnich regulovat genovou expresi. Nejprve
byly tyto nekodujici transkripty povazovany za evoluéné nahromadény geneticky odpad
vznikly pii ¢asném sestavovani genl nebo inzerci mobilnich genetickych elementl. AvSak
dalsi vyzkumy prokazaly, ze tyto nekodujici RNA hraji zasadni role v bunécném vyvoji,
fyziologii, ale také patologii mnoha onemocnéni. Pravé jejich esencialni vyznam snad ve

vSech bunécnych procesech a pozorovani, Ze jejich deregulace souvisi s mnoha typy



onemocnéni véetné nadorovych, z nich €ini velmi nadéjné jak diagnostické, prognostické
a prediktivni biomarkery, tak slibné terapeutické cile. Na zaklad¢ své délky se pak tyto RNA
déli do dvou hlavnich skupin — kratké nekodujici RNA a dlouhé nekddujici RNA. Kromé
délky se tyto dvé skupiny lisi pfedevsim mechanismem piisobeni. Zatimco kratké RNA se
uplatiiuji pfedevSim v procesu posttranskripéni regulace genové exprese, dlouhé RNA se
navic mohou castnit regulace i na trovni samotné transkripce, a dokonce mohou hrat ulohu
1 v nékterych posttranslacnich procesech.

Nasledujici komentat k souboru uvetejnénych praci si klade za cil seznamit s problematikou
tfid, dale uvést problematiku nddori mozku, a nakonec detailn¢ shrnout vyznam kratkych
nekodujicich RNA u téchto nadorovych onemocnéni. Text habilitacni prace je na
ptislusnych mistech doplnén o kapitoly dokladajici a komentujici piispévek autora k dané

problematice na zaklad¢ odbornych pract, které tvoii ptfilohy této prace.



Kratké nekodujici RNA

Jak jiz bylo zminéno v Givodu, skupinu kratkych nekodujicich RNA (sncRNA; small non-
coding RNAs) tvoii protein nekddujici transkripty o délkach do 200 nukleotidi. V tomto
smyslu se v§ak nejedna o nedavno ¢i dokonce nové definovanou skupinu RNA, a naopak lze
fici, Ze objev nékterych kratkych RNA piimo souvisel s definovanim centralniho dogmatu
molekularni biologie Francisem Crickem publikovanym v roce 1958 (Crick, 1958; Cobb,
2017). Takovymi molekulami jsou transferova a né€které ribozomalni RNA (tRNA, resp.
rRNA) (Hoagland et al., 1958). Na ptelomu 60. a 70. let 20. stoleti pak byly popsany rovnéz
malé jaderné RNA (snRNA; small nuclear RNA) hrajici dilezitou roli v sestfihu mRNA
a malé jadérkové RNA (snoRNA; small nucleolar RNA) zapojené v procesu modifikace
rRNA. Uvedené RNA tadime mezi tzv. ,housekeepingové™ neboli provozni molekuly
esencidlni pro udrzovani bazalnich funkci buniky bez ohledu na jeji specifickou roli v tkani
nebo organismu, pfiCemz exprese téchto molekul pifimo odpovidd metabolickym
pozadavkim burky.

V pozdéjsich letech pak byly diky technologickym pokrokiim v oblasti molekularni biologie
a biochemie objeveny dalsi sncRNA, jez vsoucasné dobé tadime do skupiny tzv.
regulacnich sncRNA, ackoliv by nékteré z nich mohly byt pro svoji funkci a vyznam fazeny
rovnéZz mezi ,housekeepingové®. Piikladem jsou kratké interagujici RNA asociované
s centromerovymi repetitivnimi oblastmi (crasiRNA; centromere repeat associated small
interacting RNAs), které se podileji na rekrutaci heterochromatinu a centromerickych
proteinli v procesu segregace chromozomi a zdaji se byt tedy dulezitym faktorem
v udrZzovani bunécné stability (Lindsay et al., 2012; Sana et al., 2012). Naopak jiz typickymi
zastupci skupiny regulacnich sncRNA jsou kratké RNA asociované s promotorovymi
oblastmi (PASR; promoter-associated small RNAs), RNA iniciujici transkripci (tiRNA,
transcription initiation RNAs) a kratké RNA specifické pro telomery (tel-sSRNA; telomere-
specific small RNAs) podilejici se pravdépodobné na epigenetickém umlcovani protein-
kédujicich gent (Sana ef al., 2012). Studium téchto molekul je ovSem do znacné miry
omezené a hlubsi znalosti o jejich biogenezi a mechanismech plisobeni na trovni buiiky stale
chybi, stejné tak jako neni doposud jednoznacné objasnén jejich vliv na mozné
patofyziologické stavy organismu.

V ramci skupiny regulac¢nich sncRNA se naopak znaénému zajmii odbornikl jak z fad
veédeckovyzkumnych pracovnikil, tak Iékari t&si kratké interferujici RNA (siRNA; small
interfering RNAs), mikroRNA (miRNA; microRNAs) a v poslednich n€¢kolika letech rovnéz
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PIWI-interagujici RNA (piRNA; PIWI-interacting RNAs). Za hlavni milniky, které
definitivné odstartovaly neustdle se zvySujici zdjem o regulacni sncRNA, lze bezpochyby
oznacCit prace Victora Ambrose a Garyho Ruvkuna zroku 1993 zabyvajici se post-
transkripcni regulaci protein-kddujiciho genu lin-14 prostfednictvim kratké RNA lin-4 (Lee
et al., 1993; Wightman et al., 1993) nasledované popisem mechanismu RNA interference

v roce 1998 Andrew Firem a Craigem Melloem (Fire et al., 1998).

Kratké interferujici RNA — siRNA

Proces RNA interference je Uzce spjat s piitomnosti siRNA. Tyto molekuly vznikaji
z dlouhych dvoufetézcovych RNA (dsRNA; double stranded) formujicich se ze dvou
alesponi Castecné vzdjemné komplementarnich jednotfetézcovych RNA (ssRNA; single
stranded). Pomoci endonukledzy Dicer dojde nasledné k sestiihu za vzniku 19-23 nt
dlouhych dsRNA, jejichz jedno vldkno (guide strand) je inkorporovnano do enzymatického
komplexu zvaného RISC (RNA-induced silencing complex), zatimco druhy fetézec
(passenger strand) je degradovan. Kratka ssRNA inkorporovana v RISC se pak v buiice
navdze na jinou komplementarni sekvenci, ¢imz dochdzi k zahdjeni procesti degradace
molekuly, ktera tuto sekvenci obsahovala (Leuschner et al., 2006; Dana et al., 2017). SIRNA
jsou predevsim exogenniho pivodu vznikajici v bufice v pfitomnosti parazitickych sekvenci
RNA, které tam byvaji nejcastéji vnaSeny viry. Tyto parazitické sekvence jsou pak za
pomoci procesu RNA interference degradovany. Analogicky kvySe popsanému
mechanismu pak redln¢€ cely proces probiha tak, Ze pokud se do buniky dostane RNA virus,
v urcitém okamziku vytvoii dsRNA, buiika ji rozpoznd a pouZzije k vyrobé€ siRNA. Ta se pak
specificky vaze na vSechny virové RNA molekuly s identickou sekvenci a cilené¢ dojde
k jejich degradaci (Carthew a Sontheimer, 2009; Sana et al., 2018).

Pro svoji funkci se v laboratofich siRNA vyuzivaji pfi experimentalnim cileném
transientnim umlCovani gent a ze stejného diivodu se zdaji byt slibnymi terapeutickymi cili
u mnoha onemocnéni véetné nadort. V roce 2008 byla zahajena prvni klinicka studie faze I
(NCT00689065) s ptipravkem CALAA-01 — cilenym terapeutikem ur¢enym k inhibici rastu
nadoru nebo ke zmenseni velikosti nadoru, kde aktivni slozkou je siRNA inhibujici bunéény
rist prostiednictvim cilené regulace podjednotky RRM2 (M2 ribonukleotid reduktazy).
Vysledky studie potvrdily, ze systémové podavani preparatu vedlo u pacientll s melanomem
k ptfedpoklddanému snizeni hladin RRM2 v nadorové tkani (Davis et al., 2010). Béhem

nasledujicich deseti let pak prob¢hlo vice nez 50 klinickych studiich preparatl, jejichz
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aktivni molekulou byla siRNA, pii¢emZ dva z nich jsou jiZ schvaleny americkym Ufadem
pro kontrolu potravin a 1é¢iv (FDA; Food and Drug Administration) i Evropskou lékovou
agenturou (EMA; European Medicines Agency) pro pouziti v klinické praxi. Prvni z nich
byl vroce 2018 ptipravek Onpattro, jehoz aktivni slozku tvofi patisiran — siRNA, ktera
specificky cili mRNA genu pro transthyretin (TTR) v hepatocytech. Cilovou skupinou jsou
pacienti s dédi¢nou transthyretinovou amyloidézou (hATTR; hereditary transthyretin-
mediated amyloidosis), u kterych 1écba vyznamné zmirfiuje polyneuropatii. Druhym
schvalenym preparatem je Givlaari s aktivni latkou givosiran — siRNA cilici mRNA genu
pro syntazu 1 kyseliny aminolevulinové (ALAS1; aminolevulinic acid synthase 1). Tento
enzym se podili na pocatecnim stupni produkce hemu v jatrech a givosiran tak brani
hromadéni neurotoxickych produktt kyseliny aminolevulinové (ALA; aminolevulinic acid)
a porfobilinogenu (PBG; porfobilinogen), coz jsou klicové faktory vzniku ataki pfi akutni
jaterni porfyrii (AHP; acute hepatic porphyria). V aktivnich fazich klinického hodnoceni je
v souCasné dob¢ dalSich 14 léCebnych preparat, ztoho 3 se testuji jako potencidlni
terapeutika u nadorovych onemocnéni. Jedna se o siRNA cilici mutovany gen KRAS G12D
u pacientl s karcinomem pankreatu, siRNA homologni k ¢asti mRNA receptoru EphA2
obecné u pacientll s pokro¢ilym solidnim nadorovym onemocnénim a siRNA specificky
umlcujici E3 ubikvitin-protein ligazu Cbl-b (Casitas B-lineage lymphoma proto-oncogene-
b) u pacienti skarcinomem pankreatu, kolorektdlnim karcinomem a dalSimi

metastazujicimi, recidivujicimi nebo neresekovatelnymi solidnimi tumory.

MikroRNA — miRNA

Dalsi tfidou sncRNA jsou miRNA, 18 az 25 nt dlouhé fetézce, které spolecné se siRNA patii
mezi tzv. ,,Dicer dependent” neboli na endonukledze Dicer zavislé RNA. Toto oznaceni
vychézi z biogeneze obou molekul, béhem niz je aktivita zmiflované endonukleazy klicova
pro sestith a vznik findlnich kratkych dsRNA. AvSak na rozdil od siRNA nevznika
prekurzorovd dsRNA ze dvou na sobé nezavislych RNA molekul, ale parovanim
komplementarnich sekvenci jedné molekuly RNA za vniku vlasenky se smyckou a je tedy
vzdy endogenniho pivodu.

V detailnéjsim pohledu na biogenezi miRNA jsou v prvnim kroku geny téchto molekul
pfepisovany z jejich vlastnich promotori pomoci RNA polymerazy II do primarnich
transkriptd, tzv. pri-miRNA. Tyto dlouhé molekuly jsou dale pomoci multiproteinového

komplexu s ribonukleazovou funkci sestfihovany na kratké, ptiblizné 70 nukleotidi dlouhé
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vlasenkové struktury, oznaCované jako pre-miRNA. Vlasenky jsou dale specificky za
pomoci GTP-dependentniho proteinu Exportin 5 transportovany z jadra do cytoplazmy, kde
jsou endonukledzou Dicer v komplexu s dSRNA vazebnym proteinem TRBP zpracovany do
podoby maturovanych dvoufetézcovych miRNA (Carthew a Sontheimer, 2009). Jeden
z fetézcli maturované miRNA oznacovany jako vedouci fetézec (guide strand) je
inkorporovan do multiproteinového komplexu miRISC (miRNA-induced silencing
complex) zatimco druhy doprovodny fetézec (passenger strand) je uvolnén a degradovan.
O osudu fetézcl rozhoduje stabilita parovani na 5’ konci, vedouci (,,guide®) fetézec je ten,
ktery je mén¢ stabilni na 5° konci duplexu miRNA/miRNA (Winter a Diederichs, 2011).
Zpracovani prekurzorovych struktur vSak neni vzdy totozné, coz miZze vést ke vzniku
izoforem miRNA s rozdilnymi zakon¢enimi a nésledné i s rozdilnym osudem jednotlivych
fetézct (Winter et al., 2009). Retézec miRNA, ktery je zadlenén v miRISC, realizuje ve
veétSing piipadl svou funkci vazbou na mista v ramci 3’ UTR cilovych mRNA (Krol et al.,
2010). Jak jiz bylo uvedeno, miRNA inhibuji expresi cilového genu post-transkripéné,
pficemz komplex miRISC je tvofen piedev§im proteiny Argonautové rodiny, proteiny
GEMIN3 a GEMIN4 a je analogicky komplexu RISC. Uplna komplementarita miRNA
s cilovou mRNA proto umoziuje jeji degradaci katalyzovanou proteinem AGO2, zatimco
neuplna komplementarita je spojena s inhibici translace (Carthew a Sontheimer, 2009). Text
pfevzat a upraven z Sana, 2015. Kanonicky model biogeneze miRNA je piehlednd
znazornén na Obrazku 1.

MiRNA jsou tedy nepochybné¢ vyznamné posttranskripéni regulatory genové exprese
zapojené do vétsiny jak fyziologickych, tak patologickych procesti na irovni buriky, a proto
byla témto molekuldm vénovana v poslednich dvou desetiletich nejvétsi pozornost ze vech
doposud znamych nekddujicich RNA. Dosavadni zavéry aplikovaného vyzkumu tedy
jednoznacéné potvrzuji, ze miRNA jsou velice slibné diagnostické biomarkery a potencidlni
terapeutické cile u mnoha onemocnéni véetné nadori. V soucasné dobé€ je pod klicovym
slovem ,,microRNA*“ registrovano vice nez 80 aktivnich klinickych studii, pfevazné
biomarkerové povahy. Tato skute¢nost odrazi krom jiného fakt, ze miRNA jsou vysoce
stabilni molekuly velmi €asto aktivné vyluc¢ované buitkami do télnich tekutin, kde se stavaji
snadngji dostupnymi a jejichz odbér v porovnani s tkanovymi biopsiemi vyznamné snizuje
rizika nezddoucich komplikaci a je pro pacienta bezesporu komfortnéjsi. Kromé
zminovanych diagnostickych studii probéhlo nebo stale probihd i n¢kolik klinickych
hodnoceni zaméfenych na vyuziti miRNA jako terapeutickych molekul (Tabulka 1).

V zavislosti na zplisobu deregulace téchto miRNA v patologicky pozménénych buitkach
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anebo s ohledem na jejich role v patofyziologickych procesech kauzalné souvisejicich
s danym onemocnénim je pristoupeno bud’ k cilené inhibici nebo naopak suplovani hladin

konkrétnich miRNA.

Obrazek 1 Kanonicky model biogeneze miRNA (pfevzato a upraveno ze Slaby, 2012)

Gen pro miRNA / intron
) Transkripcel RNA Pol Il
Pri-miRNA

T T

Stépeni l Drosha DGCRS8

= Pre-miRNA

5
T
- I 1
.Jadl'o .
Ytop'asn;; """"""""" Jaderny export.--l ..... Exportin-5 Ran ="
GTP
Pre-miRNA
5
T
Stépenil Dicer TRBP
DUPLEX miRNA:miRNA* —_— Degradace
5" 3
GEMIN3
miRISC Ago1-4
GEMIN4

Maturovana miRNA v komplexu RISC

GEMIN3
Ago1
GEMIN4

Vazba na cilovou mRNA l

GEMIN3
Ago1
GEMIN4

N

Stépeni cilové mRNA Tlumeni translace cilové mRNA

Inhibice byva zprosttedkovana tzv. anti-miRNA oligonukleotidy, umélé navrzené
a syntetizované¢ molekuly komplementarni k cilové miRNA, které v sob&é navic obsahuji
specifické chemické modifikace jednak branici anti-miRNA pied pGsobenim exonukledz
a soucasn¢ zvysujici jejich afinitu k cilové molekule. Takto upravenda anti-miRNA je
nasledné podana pacientovi bud'to volné rozpusténa ve fyziologickém roztoku (napf.
Miravirsen) nebo ve spojeni se specifickym doru¢ovacim systémem, ktery mtize jednak tuto

anti-miRNA jesté vice stabilizovat a poskytovat ji dal$i ochranu ptfed plisobeni okolniho
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prostfedi nevyjimaje enzymatickou degradaci a soucasné muize zvySovat afinitu celého
konstruktu ke konkrétnim bunécnym ¢i tkanovym strukturam. Nejcastéji pouzivané takové
systémy jsou modifikované liposomy, nanobunééné vektory derivované z bakteridlnich
struktur (EnGenelC Dream Vector, EDV) a organické (napt. cholesterol nebo N-acetyl-D-
galaktosamin) a anorganické nanocasticové konjugaty (napi. zlato, silikdty nebo oxidy
zeleza) (Fu et al., 2019; Lee et al., 2019; Bajan a Hutvagner, 2020). V experimentalnich
podminkach se lze rovnéz Casto setkat s vyuzitim virovych vektort (adenoviry, retroviry
a lentiviry) (Bajan a Hutvagner, 2020). Za uc¢elem navySovani hladin konkrétnich miRNA
v bunikach se pak vyuZzivaji bud’to pre-miRNA anebo c¢astéji tzv. miRNA mimic, coZ jsou
umeéle syntetizované a chemicky modifikované dvouretézcové molekuly RNA napodobujici

maturované duplexy miRNA (Jin et al., 2015).

Pfispévek k dané problematice

Vroce 2019 jsme pozidali Urad primyslového vlastnictvi o zapsani uZitného vzoru
s ndazvem ,, Diagnosticka sada pro neinvazivni diagnostiku mozkovych nadori“, ktery byl
nasledné zapsan pod spisovym cislem 33336. V ramci predkladaného technického reseni
byly identifikovany miRNA v mozkomisnim moku (CSF) asociované s pritomnosti vybranych
mozkovych nadori. Predkladané technické reseni tedy poskytuje diagnostickou sadu pro
detekci glioblastomu, meningeomu a/nebo mozkovych metastaz na zaklade kvantifikace let-
7i-5p, miR-151a-3p, miR-423-3p a alespon jedné miRNA vybrané z let-7b-5p, miR-140-5p
a miR-21-3p ve vzorku mozkomisniho moku metodou kvantitativni PCR v redalném case (RT-

qPCR) (Piiloha 1).
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Tabulka 1

Pfrehled ukon€enych a probihajicich klinickych hodnoceni mikroRNA jako terapeutickych molekul

ClinicalTrials.gov

Vyrobce Nazev léciva Ucinna latka Cilové onemocnéni Klinicka faze Status identifikator
Faze | dokonéeno  NCT01646489
Faze Il dokonéeno  NCT01200420
i iti Eetné 2 ihd NCT01872936
Santaris Miravirsen AntimiR-122 Hepatitida C (vCetné Faze ll probiha
Pharma/Roche chronickych infekci) ) NCT02031133
quhodobe ,  dokongeno  NCT02508090
P NCT02452814
Faze Il dokon¢eno  700281685*
RG-101 AntimiR-122 Chronicka hepatitida C Faze ll probiha 700262855*
Faze Il dokon¢eno  700252168*
. Nealkoholicka Faze | probiha 700263697*
RG-125 AntimiR-103/107 "
Regulus ! steatohepatitida Faze I/l dokongeno  700274303*
Therapeutics . , 700284590*
y F I dok &
Ner 2 AntimiR-21 Dédicna nefritida aze OKONCENO 700284665
Lademirsen
Faze Il probiha 700251608*
Autozomalné dominantni
RGLS4326 AntimiR-17 polycystické onemocnéni Faze | probiha NCT04536688
ledvin
R Faze | probiha NCT02580552
o ozni T-bunécény lymfom,
MRG-106 AntimiR-155 . . . o NCT03713320
mykoza fungoides
miRagen Yy 9 Faze Il probiha NCT03837457
Therapeutics MRG-110 AntimiR-92 Poranéni Faze | dokonteno  NCT03603431
Faze | dokonéeno  NCT02603224
MRG-201 iR-29 mimi Keloidni ji I
G-20 miR-29 mimic eloidni jizvy / Scleroderma Faze Il - NCT03601052
EnGenelC MesomiR-1 mMiR-16 mimic Maligni mezoteliom pleury; Faze | dokongeno  NCT02369198
nemalobunéény karcinom plic
Mirna MRX-34 miR-34 mimic R(zné solidni nadory Faze | ukongeno?  NCT01829971

Therapeutics Inc.

* Adis Insight Database (https://adisinsight.springer.com); # Pfed¢asn¢ ukonceno — pét pfipadl zavaznych nezadoucich imunitnich reakci



PIWI-interagujici RNA — piRNA

V poslednich deseti letech zacalo skokové pfibyvat praci zabyvajicich se piRNA. Dnes tak
jiz miZzeme evidovat t¢éméf 1 500 odbornych publikaci na toto téma, z toho témét 200
v souvislosti s nadorovymi onemocnénimi. Oproti predeslym dvéma sncRNA jsou piRNA
charakteristické nepatrné del§im fetézcem dosahujicim délky v rozmezi 24-32 nt s typickou
2-O-metylovou skupinou na 3’ konci, kterd je spolecné s ordinarnim O-monofosfatem na 5’
konci zodpovédna za stabilitu molekuly (Iwasaki et al., 2015; Romano et al., 2017). PIRNA
se vyznacuji zna¢nou sekvencni variabilitou a pivodné byly objeveny u mouchy Drosophila
melanogaster jako molekuly asociované s PIWI (P-element Induced Wimpy Testis) proteiny
(Romano et al., 2017) — podrodinou Argonautovych proteinii zodpovédnych za vazbu
siRNA a miRNA a tvorbu komplexti RISC, kde zprostiedkovavaji degradaci
komplementarnich transkripti a mohou se také podilet na epigenetickych regulacnich
procesech (Luteijn a Ketting, 2013). PIWI proteiny byly ptiivodné objeveny rovnéz u mouchy
Drosophila melanogaster, kde jsou zodpovédné za udrzovani stability a sebeobnovu
zarodecnych kmenovych bunék (Ross et al., 2014; Han et al., 2017). Az pozdéji byly jejich
homology identifikovany v dalSich organismech vcéetné ¢loveka, a to jak ve zminovanych
pluripotentnich kmenovych, tak v mensi mife i v pln¢ diferencovanych butikach (Ross et al.,
2014; Iwasaki et al., 2015). Ackoliv se objevuji prace popisujici dil¢i role PIWI proteinti
v somatickych buiikach, jsou stale spojovany predevsim s embryogenezi a jejich poskozeni
je asociovano s poruchami mit6zy a ndslednymi chromozomalnimi aberacemi (Ross et al.,
2014). U cloveka jsou popsany ctyfi homology PIWI proteint — HIWI (PIWIL1), HILI
(PIWIL2), HIWI2 (PIWIL3) a HIWI3 (PIWIL4), pticemz jejich exprese byla kromé
kmenovych bunék pozorovana i u riznych nddorovych onemocnéni.

Analogicky 1 piRNA byly nejprve spojovany se zarodecnymi buiikami a az posléze byly
objeveny ve vétSiné somatickych bunck clovéka vcetné nadoroveé transformovanych
(Rybecka et al.). Vyzkumy prokazaly, Ze cilené snizovani hladin piRNA vede v bunikach
k mobilizaci transponovatelnych elementl (TEs), poskozeni genomu, anomalnimu vyvoji
gondd a neplodnosti. Zda se tedy, ze piIRNA chrani genom pfed nezddoucim pisobenim
zminovanych parazitickych repetitivnich sekvenci a hraji tak dtileZitou roli v udrzovani jeho
stability (Toth et al, 2016). Vyznam téchto sncRNA jesté roste, uvédomime-li si, ze
sekvence pochazejici z TEs tvoii ptiblizné 45 % lidského genomu. ZvysSena aktivita TEs je

pak spojovana s nadorovymi onemocnénimi, s ¢imz pravdépodobné do zna¢né miry souvisi
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1 narlstajici nestabilita genomu v nadorovych buiikdch v procesu jejich maligni
transformace (Lander ef al., 2001; Moyano a Stefani, 2015).

PiRNA mohou byt déleny na zéklad¢ jejich lokalizace v genomu do tii skupin: piRNA
transkribované z oblasti bohatych na transpozony, které se typicky ptepisuji z obou fetézcli
DNA a produkuji jak ,sense“, tak ,antisense” piRNA; piRNA piepisované z protein-
kodujicich oblasti, které vzdy odpovidaji mRNA, ze které jsou odvozeny, a velmi cCasto
pochézeji z 3' UTR (untranslated region; nepiekladana oblast), kde 1ze nalézt pravé zbytky
TEs; a piRNA odvozené z dlouhych nekddujicich RNA, kde mohou byt umistény naptic
celym transkriptem (Assumpcao et al., 2015).

Nejlépe je v tuto chvili prostudovéana funkce piRNA z prvni zminované skupiny, jejichz
biogeneze probiha ve dvou vzijemné oddélenych drahéch — primérni a sekundarni (Romano
et al., 2017). Kromé¢ toho je biogeneze piRNA na rozdil od siRNA a miRNA nezavisla na
enzymu Dicer a na rozdil od prekurzori miRNA nedisponuji pre-piRNA zadnymi
vyznamnymi sekundarnimi strukturami (Wei et al., 2017). V primarni draze biogeneze
piRNA jsou tedy nejprve vice nez 100 kb dlouhé pre-piRNA trankripty transportovany
zjadra do cytoplazmy a St€peny enzymem Zucchini (Zuc) na kratké fetézce, které jsou
nasledné pomoci mediatorového komplexu Shu/Hsp93 navazany jednotlivé na proteiny
z rodiny PIWI. Poté je 5' konec takového fetézce odStépen a metylovan metyltransferazou
Henl, ¢imz je dokonceno formovani tzv. piRISC (Luteijn a Ketting, 2013; Ross et al., 2014).
Zraly piRISC muze v tuto chvili vstoupit do sekundarniho cyklu biogeneze nazyvaného
rovnéZ jako ,,ping-pong® cyklus, ktery je zodpovédny piedevsim za amplifikaci piRNA
a posttranskripéni uml¢ovani TEs (Han ef al., 2017). Cely cyklus za¢ina vazbou piRISC na
transpozon,  jeho  Stépeni a  vznikem  piRISC  podobného  komplexu
obsahujiciho komplementarni fetézec vlastni piRNA. Tento komplex se nasledné vaze na
RNA molekulu piepsanou z antisense vldkna jiz degradovaného transpozonu, dochézi
ke Stépeni tohoto fetézce a opétovnému vzniku piRISC, pficemz se cely cyklus miize
opakovat. Mechanismus ptsobeni a lokalizace PIWI/piRNA komplexu jsou pak do zna¢né
miry zavislé na konkrétni podskupiné proteini z rodiny PIWI, se kterou je piRNA v dané
chvili asociovana (Luteijn a Ketting, 2013). Timto procesem je tedy zajiSt€éno umlceni
nezddouci aktivity transpozond a soucasné jsou udrzovany hladiny piRNA v burnice. Obé
drahy biogeneze piRNA jsou zndzornény na Obrazku 2.

Spole¢né s nartstajicim poctem védeckych praci popisujicich vyznamnou roli PIWI/piRNA
regulaéniho mechanismu v procesu kancerogeneze vcetné asociovanych molekularnich

souvislosti pfibyva rovnéz studii aplikovaného a translacniho vyzkumu navrhujicich piRNA
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jako potencidlné vyuzitelné diagnostické nadorové biomarkery a slibné terapeutické cile,
ackoliv registrovana interven¢ni klinicka studie ovétujici tuto skutecnost u jakéhokoliv
nadorového onemocnéni nebyla doposud iniciovdna (Weng ef al., 2018). Na druhou stranu
nékterd védeckd pozorovani jsou natolik zasadni, Ze pfibyva mezinarodnich patentovych
ptihlaSek tematicky se zabyvajicich ochranou duSevniho vlastnictvi pravé v oblastech
vyuzitelnosti piRNA v lécebné-diagnostické praxi. Piikladem je evropsky patent
EP3431609A1 - Method of diagnosis of colorectal cancer zapsany tymem prof. Slabého,
ktery se tykd zpasobu diagnostiky a stanoveni prognozy kolorektalniho karcinomu

s vyuzitim mimo jiné¢ piRNA-5937.

Obrazek 2 Primarni a sekundarni draha biogeneze PIWI-interagujicich RNA (pfevzato

a upraveno z Luteijn a Ketting, 2013)
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Pfispévek k dané problematice

Nase prehledova prace z roku 2012 prinesla jako prvni uceleny prehled znamych, ale i nové
popisovanych trid nekodujicich RNA a jejich vyznamu u nddorovych onemocnéni.
K dnesnimu dni eviduje casopis Journal of Translational Medicine vice nez 17 tisic pristupi
k této praci a ta se nachazi na sedmém misté sledovanosti v ramci podobné starych clanku
publikovanych ve zmineném casopisu. Dle databdze Web of Science byl tento clanek jiz

160krat citovan (Sana et al., 2012; Piiloha 2).
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Nadory mozku

Nédory mozku Ize na zékladé jejich plivodu rozd¢lit na primdrni a sekundérni. Zatimco
primarni nadory se derivuji pfimo z intrakranialnich struktur, sekunddrni malignity vznikaji
inicidln€ v jinych ¢astech téla a do mozku nasledné metastazuji. Obé tyto skupiny postihuji
ro¢né celosvétové vice nez 40 pacienti na 100 tis. osob a toto ¢islo mezi jednotlivymi
dekadami neustéle roste (Fox et al., 2011; de Robles et al., 2015). U mladych dospélych
a dospélych pacientl jsou z primarnich nadorti mozku nejvice zastoupeny meningeomy.
Ackoliv se jedna vétSinou o benigni a chirurgicky dobfe léCitelnd onemocnéni, diky své
lokalizaci v omezeném prostoru lebky mohou i jinak tyto benigni nddory svym rlstem
a tlakem na okolni zdravou tkan piimo ohroZovat pacienty na zivotech. To plati i pro dalsi
v porovndni s ostatnimi intrakranidlnimi neoplédziemi relativné¢ casto diagnostikované
nadory selarni oblasti a mozkomiSnich nervii reprezentované predevS§im adenomem
hypofyzy, resp. schwannomy. Spole¢né s ostatnimi spiSe margindlné¢ se vyskytujicimi
neopléziemi pak tvoii benigni nadory pfiblizné dvé tfetiny vSech primarnich intrakranialnich
nadort. Nejveétsi podil malignit primarné vznikajicich v této anatomické oblasti reprezentuji
nadory derivované z neuroepitelidlni tkané¢ — pfedevSim nejvice agresivni glioblastom
(GBM), dale pak astrocytomy a vzacnéji se vyskytujici oligodendrogliomy. U pacientl
sttedniho a starSiho véku lze rovnéz pozorovat zvySujici se vyskyt primarnich
intrakranidlnich lymfomu s incidenci na Grovni difizniho a anaplastického astrocytomu.
Spole¢né s GBM jsou lymfomy nejagresivnéjsimi primarnimi malignitami centralni nervové
soustavy a jejich prognéza je zpravidla fatalni (Fadrus et al., 2010; Porter et al., 2010;
Ostrom et al., 2018; Brain a Other, 2019; Ostrom et al., 2019).

Druhou vyse zminovanou skupinu nadortt mozku tvoii sekundarni nadory, jejichZ primarni
lozisko je lokalizovéano v jiné ¢asti téla a do mozku nasledné metastazovaly. Jejich ptesnou
incidenci je obtizné urcit a tidaje se napfic¢ epidemiologickymi studiemi mnohdy vyznamné
1i$i. Nicméné se predpoklada, ze rocné dochazi ve vyspélych zemich k diseminaci n¢jakého
typu nadoru do mozku az u 15 pacientti na 100 tis. obyvatel, pficemz incidence spolecné
s prevalenci neustale rostou ruku v ruce s pokroky v oblastech jak diagnostickych metod,

tak onkologické 1écby (Fox et al., 2011).
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Gliomy

Gliomy jsou jedny z nejcastéji diagnostikovanych priméarnich nadord mozku u dospélé
populace. Jak néazev napovidd, jejich ptivod lze dohledat v neoplastické transformaci
gliovych bunék, které obklopuji neurony a podporuji jejich ¢innost. Podle konkrétniho typu
gliové bunky, ze které nddor vznikl, mizeme gliomy rozliSit na astrocytomy,
oligodendrogliomy a ependymomy. V Uplném vyctu jsou pak rovné€z popisovany tzv.
smiSené gliomy neboli oligoastrocytomy (Slaby et al., 2013). Nejcastéji se vyskytujici
a soucasné nejvice prostudovanou skupinou gliomi jsou nepochybné astrocytomy. Ty jsou
tradicné na zéklad¢ histopatologické klasifikace dale déleny na prognosticky ptiznivejsi
gliomy nizkého stupné malignity (low-grade gliomas; LGG) a gliomy vysokého stupné
malignity (high-grade gliomas; HGQG), které se obecné vyznacuji mnohem agresivnéjSim
biologickym chovanim. Hlavnimi hodnoticimi kritérii jsou bunécnost, jaderné atypie,
mitotickd aktivita, angioproliferace a pfitomnost nekréz. Podle aktudlné platné verze WHO
klasifikace nadori CNS z roku 2016, ve které je mimo jiné oproti pfedchozim vydanim
vyznamné akcentovana molekularné-geneticka charakteristika nadort, se mezi LGG tadi
pfevazné v détském veéku se vyskytujici pilocytarni a subependymalni obrovskobunééné
astrocytomy (WHO grade I) — od zdravé mozkové tkané relativné dobfe ohrani¢ené benigni
nadory pfestoze u druhého zmitovaného mohou byt v nékterych ptipadech pozorovany
vaskularni proliferace, nekrozy a mitotické figury (Zitterbart, 2014; Louis et al., 2016);
adale do této skupiny astrocytarnich tumorti spadaji diftzni astrocytom, IDH-
mutovany/IDH-wildtype a pleomorficky xanthoastrocytom (WHO grade II). Difuzni
astrocytom je stiedné¢ diferencovany nador infiltrujici Casto okolni tkan a neziidka
progredujici do HGG; nejcastéji byva diagnostikovan mezi 20. a 50. rokem zivota. Oproti
tomu pleomorficky xanthoastrocytom se vyskytuje spise u mladsich pacient —nejvice okolo
12. roku zivota. Obecné se tato skupina nadord vyznacuje malou bunécnosti a nizkou
mitotickou aktivitou (Louis et al., 2016; Wesseling a Capper, 2018). Naopak HGG jsou
vysoce invazivni malignity s cetnymi mitézami a silnou vaskularizaci, byvaji Spatné
ohrani¢eny a jsou nachylné k nekroze. V této skupiné jsou zatazeny jednak anaplasticky
pleomorfni xantoastrocytom a mnohem castéji se vyskytujici anaplasticky astrocytom, IDH-
mutovany/IDH-wildtype (WHO grade III), pro ktery jsou charakteristické jaderné atypie,
atypické a Cetné mitdzy a infiltrativni rast, a dale nejvice agresivni formy gliomtit (WHO
grade IV) zahrnujici difizni stiedodarovy gliom, H3 K27M-mutovany a GBM, IDH-

mutovany/IDH-wildtype, ktery je vibec nejcastéji diagnostikovanym intrakranidlnim
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nadorovym onemocnénim astrocytarniho ptivodu. Jak anaplasticky astrocytom, tak GBM
mohou vznikat bud’ de novo nebo progresi z plivodné diagnostikovaného gliomu s niz§im
stupném malignity. V takovychto ptipadech se pak hovoii o primérni (¢asto IDH-wildtype),
resp. sekundarni (¢asto IDH-mutované) formé¢ onemocnéni (Louis et al., 2007; Slaby et al.,

2013; Hendrych et al., 2020). Text pievzat a upraven z Sana, 2015.

Glioblastom

GBM reprezentuje nejagresivngjs$i formu gliom s infaustni prognézou, pricemz median
celkového prezivani takto postizenych pacientl se podle riznych zdrojii pohybuje v rozmezi
12 a 15 mésict od stanoveni diagndzy. Soucasny terapeuticky standard se skldda v prvni
fadé z maximaln¢ mozné chirurgické resekce, na kterou navazuje onkologicka 1écba — tzv.
Stupptv protokol. Ten se skldda z radioterapie v celkové davce 60 Gy a konkomitantné
podavané chemoterapie s temozolomidem (TMZ) v délce 42 dni. V ptipad¢€, Ze nador na
1écbu reaguje a pacientiv stav to umoznuje, je mozné po dokonceni této konkomitantni
chemoradioterapie podavat adjuvantni TMZ v monoterapii (Ohgaki et al., 2004; Stupp et
al., 2005; Stupp et al., 2009; Lakomy et al., 2011a). Nejvyznamnéji se na celkovém
pfezivani pacientt s GBM ovSem podili pfedev§im radikalita chirurgického vykonu
a radioterapeutickd intervence. Samotny TMZ pak prodluzuje prezivani bez progrese
onemocnéni podle dostupnych zdroji o 13 az 21 tydni (Wick et al., 2004; Lakomy et al.,
2011a). Pokud pacient 1é€bu nepodstoupi, odhaduje se jeho preziti na pouhych 3 az 6 mésicl
(Krex et al., 2007).

GBM predstavuje s incidenci 3 az 5 novych piipadi na 100 tisic obyvatel témét 60 % vSech
diagnostikovanych gliomt, pficemz necelych 95 % tvoii de novo vznikajici priméarni nadory
a zbylych asi 5 % jsou sekundarni formy onemocnéni vznikajici nejcastéji progresi
z anaplastického astrocytomu. Primarni GBM jsou velmi Casto popisovany u starSich
pacientil s nejvyssi incidenci okolo Sedesatého roku zivota. Naopak mladsi pacienti okolo
Ctyficeti let byvaji spiSe postizeni sekundarnim typem GBM (Watanabe ef al., 1996).
Symptomy typicky pozorované u GBM jsou asociovany, podobn¢ jako u vétSiny nadort
mozku, jednak se zvétSujici se velikosti priméarniho nadoru, a tedy zvySujicim se tlakem na
okolni struktury mozku, a jednak s infiltraci malignich bun¢k do zdravé tkan€ a jejim
poskozenim. Nejcastéjsi klinické ptiznaky GBM jsou tedy zvySeny nitrolebe¢ni tlak, bolest
hlavy, slabost, ztrata somatosenzorického a vizualniho vnimani, zvraceni a parcialni nebo

generalizované epileptické zadchvaty. U GBM neexistuje v souc¢asné dob¢ zadnéd moznost
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prevence, plosného skrininku ani ¢asné detekce, a stejné tak pro toto onemocnéni neexistuji
ani zadné specifické diagnostické biomarkery. Diagnodza je tak urovana na zéakladé
vySetieni pomoci magnetické rezonance a/nebo pocitacové tomografie indikované obvykle
z diivodu klinickych ptiznakl a nasledné verifikovana histologicky (Jenkinson ef al., 2007).
Z molekuldrné-genetického pohledu je GBM velice heterogenni onemocnéni vyznacujici se
Castymi chromozomalnimi aberacemi a zménami na Grovni funkéné vyznamnych mutaci
nadorovych supresort a onkogentl. Zjevné rozdily na této Grovni Ize pak sledovat predevsim
mezi primarnim a sekundarnim GBM. Tato skute¢nost je dana prave zpisobem vzniku obou
podtypti, kdy sekundarni GBM nese nutn¢ mutacni vzor gliomu nizsiho stupné, ze kterého
se vyvinul. Z tohoto pohledu je klicové vySetfeni mutacniho statusu gent pro IDH
(isocitratdehydrogenaza), konkrétné se pak jednd o nejcastéjsi mutace v kodonu R132 genu
sekundéarnich forem GBM (Louis et al., 2016). IDH hraje vyznamnou roli v Krebsove cyklu,
kde katalyzuje preménu isocitratu na alfa-ketoglutardt. Mutace IDH ma za nésledek
pfedev§im zménu findlntho produktu na onkometabolit 2-hydroxyglutarat, ktery
kompetitivné inhibuje aktivitu a-ketoglutarat dependentnich dioxygenédz, mezi které patii
1 histon demetylazy (Kramar et al., 2016). Mutovany gen pro IDH je tak nejen u gliomt
velmi ¢asto asociovan s rozsdhlymi metylacemi v promotorovych oblastech genti (cytosine-
phosphate-guanine (CpG) island methylator phenotype; G-CIMP) postihujicimi neziidka
i geny MGMT (O6-methylguanine-DNA methyltransferase); a dile RB1, CDKN2A-p14ARF
a CDKN2A-pl6™NK42 predstavujici krucialni regulatory bunééného cyklu (Hughes et al.,
2013; Crespo et al., 2015; Malta et al., 2018). Dal§im epigenetickym modulatorem, jehoz
mutantni forma je spojovana s postupnou malignizaci gliomi, je gen ATRX kodujici
chromatin-remodelujici protein. U sekundarnich GBM je oproti primarni formé mozno
Castéji pozorovat inaktivacni mutaci nddorové supresorového genu TP53 majici vliv na
apoptozu a stabilitu genomu. Ze strukturnich aberaci je pro sekundarni GBM dale typicka
ztrata dlouhych ramének na chromozomech 19 a 13 a dvakrat Castéji se u sekundarnich GBM
vyskytuje ztrata heterozygotnosti v oblasti dlouhého raménka chromozomu 22 (Huse et al.,
2011; Crespo et al., 2015). Mezi klasické znaky primarniho GBM patii predev§im
amplifikace anebo aktivaéni mutace EGFR, inaktivace nddorového supresoru PTEN nebo
delece genu CDKN2A koédujiciho nadorové supresory pl4ARF a pl6INK4a (Bleeker et al.,
2012). Rovnéz zde byly oproti sekundarni formé onemocnéni pozorovany Castéjsi vyskyt
mutace v genu TERT a ztrata heterozygotnosti v oblasti kratkého raménka chromozomu 10

(Crespo et al., 2015). U obou podtypt potom byly pozorovany zvysené hladiny VEGF
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a PDGFA, ptipadné jejich receptord, hrajicich vyznamnou ulohu v angiogenezi, nadorovém
ristu a metastazovani; mutace ¢i amplifikace protoonkogenu MDM2 (mouse double minute
2), jenz koduje negativni regulacni faktor proteinu p53; a Casté ztrata dlouhého raménka na
chromozomu 10 (Biernat et al., 1997, Stark et al., 2003; Karcher et al., 2006; Huse et al.,
2011; Popescu et al., 2016; Hou et al., 2019).

Obecné lze tedy u primarntho GBM pozorovat castéji aktivovanou signalni drédhu
EGFR/PI3K/PTEN/Akt, zatimco se sekundarnim GBM je typicky, nikoli v§ak bezvyhradné,
spojovéna signalni draha TP53/MDM2/CDKN2Ap14ARF (Ohgaki a Kleihues, 2007). Dale
lze u GBM casto pozorovat aktivované signalni drahy RAS/MAPK a RB/CDKN2A-
pl6INK4a (Mao et al., 2012; Slaby et al., 2013; Crespo et al., 2015).

Pfispévek k dané problematice

GBM je onemocneni s velice nizkou incidenci casto diagnostikované v pokrocilé formeé nebo
u pacienti, jejichz stav neumoziuje indikovat standardni lécebny protokol. Rovnéz
s ohledem na mnozstvi komplexnich onkologickych center v Ceské republice a velikosti
spadovych oblasti je pro jednoho pracovisté znacné problematické ziskat uniformni
a dostatecné rozsahly soubor pacientii s timto onemocnénim. Pravée to pak tvori jednu
z hlavnich prekazek translacniho vyzkumu. Nasemu tymu se podarilo vytvorit relativné
rozsahly kompletné histopatologicky a klinicky charakterizovany soubor pacientit s GBM,
kteri podstoupili jak dostatecné extenzivni chirurgicky zdkrok, tak intenzivni naslednou
onkologickou lécbu. Primarnim cilem po vytvoreni vlastniho souboru bylo predevsim
zhodnotit viiv klinickych faktorii a pouzité lecby ve vztahu k parametrim preZiti, jako jsou
cas do progrese onemocnéni (PFS) a celkove prezivani (OS). Ziskané vysledky potom
predstavovaly dulezité informace, které jsme pozdeéji vyuzili pri sestavovani souboru
pacientii pro sofistikovanejsi molekuldarni analyzy a byly u téchto praci také podkladem pro
vstupni parametry multivariacnich regresnich analyz.

Prvni prace na toto téma, publikovand vroce 2011, zahrnovala soubor Ccitajici 86
histopatologicky potvrzenych primarnich GBM s medianem veku v dobé diagnozy 56 let (24-
69), z toho 60 % zaujimali muzi. Median PFS byl 7 mésicu (2,0-5,5) a median OS byl 13
meésicii (2,5-70,0), pricemz signifikantné nejdelsiho prezivani dosahovali dle ocekavani
pacienti s pooperacnim stavem télesné vykonosti (performance status, PS; ECOG)
rovnajicim se nule. Stejné tak prognosticky vyrazné prizniveji se jevili pacienti, u kterych

bylo dosazeno makroskopicky totalniho odstranéni nadoru, a pacienti, kteri absolvovali
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konkomitantni chemoradioterapii bez vyraznéjsi redukce, tj. alespon 54 Gy z celkovych 60
Gy a 40 dni chemoterapie z planovanych 42 dni. Vek, pohlavi a lokalizace nadoru nedosahly
ve vztahu k prognoze signifikantni vyznamnosti (Lakomy et al., 2011a; Piiloha 3).

V recentni praci na podobné téma z roku 2020 pak bylo cilem poskytnout redlné vysledky
z lecby GBM a porovnat celkové preziti pacientii po lécbé Stuppovym rezZimem dnes a pred
deseti lety. Oproti predchozi studii bylo zarazeno celkem 155 novych pacientii, median véku
60,9 let, 61 % muzu, 58 pacientit (37 %) podstoupilo totalni chirurgickou resekci nadoru.
Stuppiv rezim byl indikovan u 90 pacientii (58 %), 65 pacientii (42 %) podstoupilo samotnou
radioterapii. Median PFS v kohorté pacientii, kteri podstoupili Stuppiiv rezim, byl 6,7
meésicii, median OS 16,0 mésicii a 2lety OS 30,7 %. OS byl delsi, pokud byli pacienti schopni
dokoncit alespon tri cykly adjuvantni chemoterapie (median 23,3 mésicii a 43,9 % pacienti
Zilo 2 roky po operaci). Rychla casna progrese pred radioterapii byla negativnim
prognostickym faktorem s pomérem rizik — HR 1,87 (p = 0,007). Interval mezi operaci
a zacatkem radioterapie (medidan 6,7 tydnii) nebyl prognosticky vyznamny. Median OS
v soucasné kohorte byl priblizné o 2 mésice delsi nez v historické kontrolni skupiné lécené
pred 10 lety (16 vs. 13,8 mésicu) s pouzitim stejného Stuppova rezimu. S prihlédnutim
k rozdilum v charakteristikach pacientit mezi soucasnymi a historickymi kohortami, vékem,
rozsahem resekce a vykonnostnim stavem pacienta podle ECOG byl HR (Stuppiiv rezim vs.
RT samotny) pro OS roven 0,45 (p = 0,002) (Lakomy et al., 2020a; Piiloha 4).

Treti velmi recentni prace se pak zabyvala retrospektivnim posouzenim incidence
a lokalizace nadoru a potencidalnich prediktorii casné progrese u nove diagnostikovanych
pacientii s GBM jeste pred zahdjenim radioterapie; a dale byly porovnany vysledky
dosahovanych preziti v kohortach pacientit s GBM vykazujicich ¢i nevykazujicich rychlou
progresi onemocnéni, pricemz data byla vztazena k pribéhu lécby. Celkem bylo
analyzovano 90 pacientii s predoperacni, pooperacni a planovaci MRI: median veku 59 let,
59 % muzu a 39 pacientii (43 %) podstoupilo celkovou chirurgickou resekci nadoru. Rezim
Stupp byl indikovan 64 pacientim (71 %); 26 pacientii (29 %) podstoupilo samotnou
radioterapii. Progrese jiz na planovaci MRI provedené kratce pred radioterapii byla zjistena
u 46 (51 %) pacienti. Hlavnim prediktorem této rychlé progrese onemocnéni byl chirurgicky
vykon s nedostatecnou radikalitou (p < 0,001). Pritomnost rychlé progrese byla potvrzena
Jako silny negativni prognosticky faktor, median OS u pacientii s rychlou progresi byl 10,7
vs. 18,7 mésicii a dvouleté preziti bylo pozorovano pouze u 15,6 % pacientit vs. 37,7 %
pacientii, u kterych rychla progrese nebyla prokdzana. Je zajimavé, Ze vliv rychlé progrese

na OS se vyznamneé lisil u mladsich (< 50 let) a starsich pacientii (> 50 let) (p = 0,047);
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v pripadeé PFS tento rozdil zaznamenan nebyl. Pacienti s rychlou progresi, kterym byla
indikovana lécba v rezimu Stuppova protokolu, méli delsi OS ve srovnani s pacienty, kteri
podstoupili pouze radioterapii (median OS 16,0 vs. 7,5; HR = 0,5, p = 0,022; dvouleté
preziti 22,3 % vs. 5,6 %). Interval mezi chirurgickym zdakrokem a zahdjenim radioterapie
nebyl prekvapive prognostickym znakem ani u celé zkoumané kohorty pacientu, ani

u pacientui s rychlou progresi (Lakomy et al., 2020b; Piiloha 5).

Glioblastomové kmenové buriky

Podle soucasnych studii stoji za Spatnou progné6zou GBM, podobné jako u jinych nadort,
mimo jiné i mald populace nadorovych bunék vyznacujici se unikatnimi vlastnostmi jako
jsou schopnost sebeobnovy, diferenciace a neomezené proliferace. Tyto bunky disponuji
rovnéz zvysenou rezistenci k poddvané 1é¢be a jsou tak pravdépodobné zodpovédné za vznik
casnych recidiv. Pro svoji podobnost se zdravymi kmenovymi buitkami byvaji oznaCovany
jako nadorové kmenové bunky (Cancer Stem Cells, CSC) nebo také tumor-iniciujici bunky
(Stopschinski et al., 2013). Teorie nadorovych kmenovych bunék piedpoklada, ze bunky
nadoru jsou stejn¢ jako v piipadé¢ normdlni zdravé tkané hierarchicky uspofadany a na
vrcholu pyramidy stoji pravé CSC.

Pritomnost CSCs do zna¢né miry vysvétluje nizkou efektivitu konvenéni terapie u nékterych
nadorovych onemocnéni véetné GBM. Tato terapie je totiz zamétena piedevsim na rychle
se d¢lici bunky nadoru. Avsak, jak jiz bylo zminéno, CSCs se vétSinu Casu vyskytuji v tzv.
klidovém stadiu buné¢ného cyklu a rychlost jejich proliferace neni tak rapidni. To poskytuje
bunice dostatecny ¢as, aby opravila poSkozenou DNA. V tom ji navic vyznamné pomahaji
zvySené hladiny DNA reparacnich enzyml a transportéri lékové rezistence (ABC
transportéry) (Pardal et al., 2003; Foreman et al., 2009). Dokonce bylo zjisténo, ze CSCs,
kterym se podatilo uniknout chemoterapii, byly vice rezistentni a tuto vlastnost nasledné
predavaly i svym dcefinym buitkdm. Tato skute¢nost koresponduje s faktem, Ze rekurentni
tumory byvaji asto k 1é¢bé méné citlivé nez primarni nador (Lou a Dean, 2007).
Glioblastomové kmenové burniky (GSCs) pochazeji pravdépodobné z neurdlnich kmenovych
buné¢k. Nasvédcuje tomu i fakt, Ze poprvé byly z GBM tkané vyizolovany na zdklad€ exprese
povrchového glykoproteinu CD133, jehoz pfitomnost je typickd pro normdélni neurdlni
kmenové buiiky (NSCs). GSCs stejné jako NSCs rostou v bezsérovém mediu jako suspenzni
sférické bunécéné kolonie neboli neurosféry a vyznacuji se expresi stejnych identifikujicich

markerd (Reynolds a Weiss, 1992; Singh et al., 2003; Singh et al., 2004). Historicky nejvice
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pouzivanym markerem GSCs je jiz zmifiovany CD133, ktery se vSak na zaklad¢ poslednich
studii jevi jako nepfili$ specificky (O'Brien et al., 2007; Wright et al., 2008). Mnohem vétsi
specificita je v soucasné dobé pfipisovana molekule CDI5 (Son et al, 2009)
a cytoskeletalnimu proteinu nestinu, jehoz exprese se mimo jiné u gliomt ukazala byt
negativnim prognostickym faktorem. Jiny zplsob identifikace GSCs je zaloZzen na
schopnosti buné€k aktivné se zbavovat Skodlivych latek. Jde o metodu izolace tzv. ,,side
population®, u které byla detekovana zvySena hladina ABC transportérii a jez rovnéz
disponuje kmenovymi vlastnostmi (Fukaya et al., 2010).

Pro GSCs je typicka perivaskularni lokalizace a jejich vyskyt byl také pozorovan v okoli
nekrotickych lozisek, coz doklada fakt, ze je ,,stem-like” fenotyp téchto bunc¢k znacnou
mirou zavisly na okolnim mikroprostiedi. Casto diskutovén je vliv hypoxie na chovani GSCs
(Heddleston et al., 2009). Hypoxie indukuje expresi HIF (hypoxia inducible factor), ktery
zvySuje schopnost sebeobnovy jak GSCs tak i non-GSCs. Zatimco HIF1a je exprimovan
i neuralnimi kmenovymi buitkami, HIF2a je typicky pouze pro GSCs, coz z n¢j v podstaté
¢ini idedlni terapeuticky cil (Heddleston et al., 2009). Text pievzat a upraven z Kleinova et

al., 2015.

Molekuldrné-genetické diagnostické, prognostické a prediktivni biomarkery u
pacientd s difuznimi gliomy
Stanoveni diagndzy a progndzy onemocnéni, piipadné predikce odpovédi na 1é¢bu GBM
vychdzi z integrované diagnostiky difuznich gliomt, v rdmci niz dle platnych doporuceni
WHO z roku 2016 nabyly na vyznamu pravé molekularné-genetické biomarkery. Tento stav
reflektuje poznatky dosavadniho vyzkumu a zac¢letiuje molekuldrni charakteristiku spolecné
s konven¢nimi histopatologickymi nalezy a imunofenotypem mezi zékladni diagnostické
ptistupy klasifikace difuznich gliomd. Dle aktudlnich doporuceni by tedy nové
diagnostikované diftizni astrocytarni a oligodendroglidlni gliomy mély byt testovany na
ptitomnost mutace IDH1 pomoci imunohistochemického vySettfeni a v ptipadé negativniho
vysledku by u nich méla byt provedena molekularni analyza verifikujici tento vysledek
a soucasn¢ schopna odhalit piipadnou pfitomnost vzacnéji se vyskytujicich mutaci v genech
IDH1/2. IDH mutované¢ nadory by mnasledn¢ mély byt vySetfeny na piitomnost
chromozomalni kodelece 1p/19q vznikajici nebalancovanou chromozomalni translokaci
t(1;19)(q10;p10) (Griffin et al., 2006). Tato kodelece se vyskytuje témét vyhradné

u oligodendroglialnich nadort, které zaroven vzdy vykazuji imunohistochemicky expresi
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ATRX. Naopak alterace genu ATRX je Casto pozorovatelna, nikoliv vSak nutné, u IDH-
mutovanych astrocytomtl, kde je dale obvykle provazena i mutacemi v genu TP53.

Mimo standardni klasifikaci jsou muta¢ni status gent IDH1/2 a integrita chromozomti 1 a 19
vyuzivany rovnéz jako prognostické biomarkery, kdy pfitomnost mutaci, resp. kodelece
1p/19q predikuje vyznamné leps$i prognézu u oligodendroglidlnich tumorti. Podobné
pfitomnost mutace v genu pro ATRX je pozitivnim prognostickym znakem u pacientl
S astrocytomy.

U pediatrickych pacientd je pak pfi podezieni na diftizni stfedoCarovy gliom doporuceno
molekularni vySetfeni dvacatého sedmého kodonu histonu H3, kde mlize vlivem mutace
dochazet k zaméné¢ aminokyseliny lysin na methionin — H3K27M. Pfitomnost této mutace
potvrzuje zminovany podtyp difizniho gliomu a soucasné predikuje velmi Spatnou progndzu
(Gojo et al, 2019). Na zékladé doporuceni mezindrodniho konsorcia neuropatologl
a klinickych neuroonkologi (The Consortium to Inform Molecular and Practical
Approaches to CNS Tumor Taxonomy — not official WHO; cIMPACT-NOW), které
prezentuje praktickd doporuceni pro tkdnovou diagnostiku mozkovych nadorti na zakladé
recentnich zjisténi, je vhodné doplnit molekularni vySetfeni difuznich a anaplastickych
astrocytomti IDH-wt rovnéZ o analyzu numerickych aberaci chromozomt 7 a 10, a dale
vySetieni amplifikace genu pro EGFR a muta¢niho statusu promotoru pro gen TERT,
pfi¢emz piipady s alesponi jednim alterovanym znakem klasifikovat jako difizni astrocytarni
gliomy, IDH-wt, s molekularnimi znaky GBM, WHO IV (Louis ef al., 2019; Hendrych et
al., 2020).

Pacienti s HGG by méli byt rovnéz testovani na metylacni status promotoru genu pro
MGMT. Metylace promotoru pro MGTM byla opakované asociovana nejen s prognozou,
ale pfedevsim s odpovédi na 1é¢bu alkylaénimi ¢inidly, mezi které patfi i TMZ. Metylace
promotoru MGMT vede na bunééné urovni ke snizené kapacité reparace DNA a s tim
souvisejici zvySené apoptoze, coz v disledku znamend lepsi odpovéd na lécbu TMZ
indukujici tato poskozeni (Criniere et al., 2007; Lakomy et al., 2011b; Sana et al., 2014;
Lakomy et al., 2020).

Pfispévek k dané problematice

Metylace promotoru genu pro MGMT je v soucasné dobé siroce vyuzivanym molekularnim
biomarkerem jak odpovedi na lécbu alkylacnim cinidlem TMZ, tak celkového prezivani

pacientii s GBM. Z tohoto ditvodu jsme v nasich studiich zamérenych na identifikaci novych
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prediktivnich a prognostickych biomarkerit u GBM metylacni status promotoru rovnez
analyzovali. Toto hodnoceni bylo provedeno pomoci analyzy teploty tani s vysokym
rozlisenim, které predchazela bisulfitova konverze DNA. Tato metoda je vysoce citliva
a vyrazné snizuje procento falesné pozitivnich vysledku, které byvaji pozorovany v pripade
vyuziti technologie metylacné specifické PCR. Na zdklade dostupné literatury a ziskanych
dat byla stanovena hranicni hodnota definujici metylovany promotor na alespon 25%
metylaci. Dle tohoto rozdeleni jsme v prvni studii zjistili 32 % metylovanych oproti 68 %
nemetylovanych vzorkii, ackoliv odborna literatura uvadi mnozstvi GBM s metylovanym
promotorem pro MGMT v rozmezi 35 % az 47 % (Lakomy et al., 2011b; Piiloha 6).
Diivodem tohoto nizsiho zastoupeni metylovanych vzorkii vSak mohlo byt jednak pouziti
technologie eliminujici falesnou pozitivitu, ale také nedostatecné rozsahly soubor pacientii
Citajici 38 pripadu. V nasi nasledné studii zaloZené na analyze 58 pacientii s primdrnim
GBM bylo procento pripadit s metylovanym promotorem MGMT 38 % (Sana et al., 2014;
Piiloha 7). V obou studiich jsme v souladu s literaturou potvrdili jak vyznamnou asociaci

metylacniho stavu promotoru pro MGMT s PFS, tak s OS u pacientii s GBM.

Meningeomy

Meningeomy jsou nejcastéj$imi intrakranidlnimi nadory tvoticimi dle riznych zdroji 20 az
30 % vsech primarnich neoplazii této anatomické oblasti. Vznikaji z arachnoidealnich bun¢k
mozkovych obalil a jednd se zpravidla o pomalu rostouci, Casto kalcifikované tumory
(Wiemels et al., 2010). Jejich incidence nartsta s vékem a maxima dosahuje kolem 50. roku
zivota, pficemz jsou na rozdil od gliomu cCastéji diagnostikovany u Zen. Se stoupajicim
vékem se obecné zhorSuje 1 progndza pacientl, ackoliv tato je primarné zavisld na stupni
malignity onemocnéni. Biologické chovani menigeomt je zna¢né variabilni a kolisa od
benignich (WHO stupenn malignity I; 94 % vsSech diagnostikovanych meningeomt) pies
skupinu nddord s rysy agresivniho chovani (WHO II; 5 %) aZ k meningeomiim vysoce
agresivnim, které maji tendenci infiltrovat okolni tkan (WHO III; 1 %) (Enam et al., 1996;
Kane et al., 2011; Krejci et al., 2013; Duba et al., 2015). Vyssi stupen je spojovan se
statisticky vy$§im rizikem recidivy, morbidity a mortality (Mawrin a Perry, 2010). Naptiklad
atypické meningeomy recidivuji osmkrat Castéji nez benigni, dobu pfeziti u atypickych
a malignich meningeomil udavaji n€které studie do dvou let (Mawrin a Perry, 2010; Krejci
et al., 2013). Za znamku agresivity je také povazovana invaze do mozku ¢i kosti, nebo

vyrazny perifokélni edém v okoli 1éze. Dal§im neptiznivym faktorem pro uspésnou 1écbu
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mize byt lokalizace meningeomd, jez je miZe Cinit obtizné dosazitelnymi k radikalni
chirurgické 1écbe (Krejci et al., 2012; Krejci et al., 2013).

Pravé chirurgicka intervence je zakladnim terapeutickym pfistupem uplatiujicim se
v managementu pacientll s meningeomem a jeji ispésnost pfimo souvisi s pravdépodobnosti
recidivy a prognézou pacienta. Radikalita chirurgického zékroku je bézné hodnocena na
zaklad¢ kritérii podle Simpsona a klasifikovana do péti odpovidajicich stupiii — prvnimi
dvéma se hodnoti radikalni vykon. Recidiva je tim pravdépodobnéjsi, ¢im vétsi stupen
radikality byl dosazen; u stupné I je to asi 10 %, u stupné II 19 %, u stupné III se udava 29
% a u stupné IV 40 % beéhem 10 let. Stupent V pak odpovida pouze biopsii tumoru a nelze
tedy hovotit o nasledné recidivé onemocnéni. Z nechirurgickych moznosti 1éCby je nutné
zminit radiochirurgii, ktera miZze byt zvazovana jako doplitkovy i alternativni pfistup (Duba
etal., 2015).

Klinicky obraz onemocnéni tedy reflektuje pfedevS§im stupenn malignity a dale zejména
u benignich forem velikost a lokalizaci tumoru, kdy 1ze pozorovat jak zcela asymptomatické
pfipady, tak pacienty s c¢asnou hemiparézou, epileptickymi zachvaty anebo fatickou
poruchou. Objemnéj$i nadory mohou zplsobovat nitrolebni hypertenzi projevujici se
bolestmi hlavy, nevolnosti ¢i zvracenim.

Etiologie meningeomil, podobné jako vétSiny intrakranidlnich nadorG u rané dospélych
a dospélych pacientli, neni jasnd. Nicméné dle nékterych studii v ni muaze hrat kromé
genetické predispozice roli radiace a pusobeni viri a zdivodu CcastéjSiho vyskytu
onemocnéni u Zen je rovnez zminovan hormonalni vliv (Dumanski et al., 1987; Seizinger et
al., 1987; Koehorst et al., 1993; Duba et al., 2015).

Revidovand WHO Kklasifikace nadortt CNS z roku 2016 kategorizuje meningeomy do 15
riznych variant (Obrazek 3), kdy kazdd z variant je diagnostikovana na zéklad¢ své
charakteristické histologické morfologie. Mnoho meningeomil vSak vykazuje smiSenou
histologii; v téchto ptipadech se tedy kategorie stanovi s pfihlédnutim k dominantnimu
histologickému typu. Atypické meningiomy (WHO II) jsou diagnostikovany bud’to na
zaklad¢ ptitomnosti 4 — 19 mitéz na 10 HPF (high-power fields) nebo vyskytem mozek
invadujicich struktur nebo pfitomnosti alespoil tii z péti dale uvedenych znakl: vysoka
bunécnost, malé bunky s nukleoplazmatickym pomérem posunutym ve prospéch jadra, tzv.
,sheeting,, — nepferusovany rust bez vzoru, prominentni jadérka a spontanni nekroza.
Anaplastické meningiomy (WHO III) jsou urceny bud’ vyrazn¢ zvySenou mitotickou
aktivitou (= 20 mit6z na 10 HPF), nebo zjevné maligni morfologii jako je karcinomatdzni,

sarkomatdzni a melanomatdzni cytologie (Lee a Lee, 2020).
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Obrazek 3 Pfehled klasifikatniho systému Svétové zdravotnické organizace z roku

2016 pro klasifikaci meningeom (pfevzato a upraveno z Lee a Lee, 2020)

| ] ]

f Meningotelialni 3 Atypicky ) Anaplasticky
Fibrozni - Chordoidni - Papilérni
Tranzitorni Svétlobunéény Rhabdoidni
Psamomatézni s s
Angiomatézni - : \ - — ~\
Mikrocysticky -4-19 mit6z/10 HPF - >=20 mitéz/10 HPF
Sekre&ni - pfitomnost mozek - zjevné maligni cytologie
Lymfoplazmaticky invadujicich struktur (sarkomatézni, karcino-
Metaplasticky - >= 3z 5 nasledujicich mato6zni, melanomatézni)
\. J charakteristik:
1) vysoka bunéénost |

2) malé buriky s nukleo-
plazmatickym pomé&rem
ve prospéch jadra

3),sheeting,

4) prominentni jadérka

\_ 5) spontanni nekréza ) L y)

HPF, ,high-power fields®; N / C, jaderné / cytoplazmatické

Ptestoze soucasny histologicky stupeit malignity do zna¢né miry odrazi agresivitu a pribch
onemocnéni a je tedy cennym prognostickym ukazatelem, stile existuje na urovni
biologického chovani meningeomu v ramci jednotlivych WHO skupin zna¢na variabilita,
coz ma nepochybny dopad na ptrezivani pacientll. Soucasny stav by mohla vyznamné zlepsit
integrace molekularnich charakteristik do stavajici diagnostiky, podobn¢ jako je tomu napf.
u glioml. V souvislosti s genezi a biologii meningeomi je pravdépodobné nejdéle
studovanym genem neurofibromin 2 (NF2), priivodce neurofibromatozy typu 2 a nadorovy
supresor lokalizovany na dlouhém raménku chromozomu 22 v pozici 12.2 (Bi et al., 2018).
NF2, téz nazyvany jako Merlin nebo Schwannomin, je membranovy protein vazajici vlakna
aktinu k bunééné membrané a ucastnici se tak tvorby cytoskeletu. Nachazi se ptrednostné
v nervové tkani, konkrétné pak v adherentnich mezibunécnych spojich, kde plisobi rovnéz
jako inhibitor buné¢ného ristu.

Kromé téchto genetickych zmén byla u meningeomt pozorovana celd fada dalSich bézné se
opakujicich alteraci na trovni jak gent (Tabulka 2), tak chromozomu (Obrazek 4), Casto
asociovanych pravé skonkrétnim stupném malignity. Jako nezavislé prognostické
biomarkery se ukazaly rovnéz mutace v genech TERT, BAP1, DMD a CDKN2A/B.
Nicméné s vyjimkou mutace TERT se jedna spiSe o vzacné se vyskytujici mutace a jejich

implementace do klinicko-diagnostické praxe neni v tuto chvili redlna.
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Tabulka 2 Hlavni molekularni alterace u meningeomu (pfevzato a upraveno z Birzu et
al., 2020)
Gen Lokus Frekvence Dominantni Dominanntni Bunécny proces
WHO skupina histologie yP
Fibréozné Hippo,
_ o,
NF2 22 12,3 tranzitorni PI3K/AKT/mTOR
TRAF7 16p13.3 1526 % 1523 Meningotelidln€ /o |RE NF-kB
sekrecni
KLF4 9p31 9-12 % Sekrecni PI3K/AKT/mTOR
AKT1 14932.33 7-12 % Meningotelidlni PI3K/AKT/mTOR
Meningotelidlné
PIK3CA 3426.32 4-7 % 1>2,3 enINBOLENaINE  pi31/AKT/mTOR
tranzitorni
POLR2A 17p13.1 6 % 1 Meningotelidlni Transkripce
PTEN 10923.31 NA 2,3 NA PI3K/AKT/mTOR
SMO 7p32.1 1-5% 1 Meningotelidlni SHH draha
SUFU 10924.32 1% NA NA SHH draha
9922.32 s .
PTCH1/2 1p34.1 Vyjimecné NA NA SHH draha
FAK 8q24.3 Ll NA NA Bunééna motilita
raritné
BAP1 3p21.1 <1% 2,3 Rhabdoidni, DNA reparace
Papilarni
Regul éénéh
CHEK?2 22q12.1  Vyjimegndé 1 NA egulace bunécného
cyklu
CDKN2A Regulace bunécného
0,
CDKN2B 9p21.3 <5% 2,3 NA oyklu
DMD Yp21.1 NA 2,3 NA Cytoskelet
TERTp 5p15.33 5-15% 1,2,3 NA Aktivita telomerazy
R I
SMARCBI ~ 22q11.23 5% 1<2,3 NA emodelace
chromatinu
R I
SMARCE1 17212 3-4% 2 Svétlobun&iny emodelace
chromatinu
. R I
ARIDIA 1p36.11 12 % 3 Anaplasticky emodelace
chromatinu
Papilarné Remodelace
0,
PBRM1 3p21.1 3% 3 rhabdoidni chromatinu
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Obrazek 4 Chromozomalni aberace Casto se vyskytujici se u meningeomu (pfevzato
zBietal., 2018)
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Piekvapivé udaje o epigenetické subklasifikaci meningeomi a klinickém vyvoji onemocnéni
poskytlo rovnéz studium metylomu. Vysledky netizené shlukové analyzy odhalily dvé
hlavni epigenetické skupiny, kdy prvni z nich obsahovala dalsi ¢tyfi (metylacni klastr (MC)
benigni 1, MC benigni 2, MC benigni 3 a MC stfedné rizikovy A) a druha dvé (MC stfedné
rizikovy B a MC maligni) podskupiny. Tumory v téchto podskupinach se vyznacovaly jak
odliSnym vyvojem a genetickymi zménami, tak riznou prognézou (Tabulka 3) (Sahm et al.,

2017; Birzu et al., 2020).
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Tabulka 3 Identifikované metylacni klastry meningeomu a jejich charakteristika
(pfevzato a upraveno z Birzu et al., 2020)
- . ., MC stfedné  MC stiedné .,
MC benigni | MC benigni ll MC benigni lll rizikowy A rizikowy B MC maligni
Fibrozni Sekrecni Angiomatozni Fibrézni .

. . . ‘ . a . ; . , Atypicky .0
Histologie Tranzitorni Tranzitorni Tranzitorni Tranzitorni Anaplasticky Anaplasticky
Atypicky Meningotelidlni Atypicky Atypicky P y

.y , , 224, 1,p, 10 22q, 1p ztrata
Cytogenetické , 22q ztrata 22q ztrata ztrata
22q ztrata . . CDKN2A
alterace 5 zisk 1p ztrata CDKN2A
delece (70 %)
delece
TRAF7 (49 %),
AKT1 (33 %), KLF4  PIK3CA (11 %), NF2, TERT, NF2, TERT,
0, 0,
Mutace  NF2(63%) 159 smo(7  Nr2(32%)  V23%) SURG(s%)  SUFU (6%)
%), NF2 (7 %)
Progndza Dobra Dobra Dobra Stredni Stredni Spatnd

Mozkové metastazy

Sekundarni mozkové nddory, mozkové metastazy, jsou nejcastéjSimi nitrolebnimi
malignitami vyskytujici se u 3040 % onkologickych pacientl s generalizovanym
nadorovym onemocnénim; v n€kterych materidlech se udava podil az 50 % (PospiSkova et
al., 2011; Kazda et al., 2019). Metastaticky rozsev probiha nejcastéji hematogenné, méné
Castéji pfimym prorustanim nebo podél spindlnich kotenti a likvorovymi cestami. Vys$si
tendence k metastazovani do mozku je pozorovana u melanomd, testikularnich nadort
a karcinomt plic. Z pohledu cetnosti jsou zastoupeny nejvice metastdzy s primarnim
tumorem v plicich, prsou, ledvinach, gastrointestindlnim traktu a jiz zminény melanom. U
pfiblizné 10 % mozkovych metastaz je pak origo neznamé. 80 % metastaz se nachazi
supratentoridlné. V 10 % se jedna o solitarni metastatické lozisko v celém organismu a az
85 % metastdz v mozku je mnohocetnych (Fadrus et al., 2010; Pospiskova et al., 2011). Lze
pfedpokladat, Ze incidence bude nadéale vzristat diky vétsi dostupnosti magnetické
rezonance, a predevsim diky rozsifujicim se indikacim moderni systémové terapie vedoucim
k obecné del§imu celkovému piezivani diseminovanych pacientd, u kterych stoupd riziko

dalsi diseminace pravé do intrakranialni oblasti. Jelikoz vS§ak moderni terapeutické agens
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vétSinou jen obtizn¢ pronikaji do centrdlniho nervového systému, progndza pacientl
s mozkovymi metastazami je i pfes vySe naznacené Uspéchy moderni onkologické 1éCby
nadale velice vazna s mediany celkového pfeziti udavanymi v fadu mésict. Existuji vSak
velké rozdily v prezivani jednotlivych pacientil, kdy lze v nékterych ptipadech dosdhnout
kombinovanou onkologickou 1é¢bou preziti az n€kolika let (Shen et al., 2016). Vzhledem
k popisovanym rozdilim v pfezivani je odhad prognézy u konkrétniho pacienta s nové
diagnostikovanou metastazou extrémné dilezity pii rozhodovani o nejvhodnéjsim
diagnosticko-terapeutickém postupu. V denni rutinni praxi jsou tak neocenitelnou
pomuckou nejriznéjsi prognostické skoérovaci systémy umoziujici u dané¢ho pacienta
validni odhad celkového pieziti (Kazda ef al., 2015). Nejznaméj$im takovym skorovacim
systémem je RPA (Recursive Partitioning Analysis), pomoci kterého lze zhodnocenim
celkového vykonnostniho stavu (Karnofsky index), véku, kontroly primarniho onemocnéni
a pritomnosti extrakranidlnich metastaz rozdélit pacienty do tfi skupin s predikovanym
medidnem preziti v rozmezi 2,3 az 7,1 mésict (Gaspar et al., 1997). Novéjsi skorovaci
systémy zohlediiuji 1 molekularné-genetické charakteristiky nadoru. Nicméné prave
molekularné-genetickd podstata onemocnéni, a¢ je sni nepochybné uzce spojena
budoucnost onkologické 1écby, je v pfipadé mozkovych metastaz jen velmi tézko
uchopitelnd a obtizné interpretovatelna tak, aby mohla slouzit jako samostatny diagnosticky
anebo prognosticky néstroj. Divodem je nesmirnd molekularni heterogenita onemocnéni
logicky vyplyvajici jednak zrtzného plivodu metastdz a dale z nutnosti pfizplsobit se
z pohledu metastazujici builky mnohdy extrémnimu prostfedi. Text pfevzat a upraven
z Kazda et al., 2019.

Slozitost a molekularni komplexnost celého procesu lze demonstrovat na metastatické
kaskade¢, kterd je iniciovana invazi bazalni membrany a blizké tkan€ nadorovymi buiikami
a jejich intravazaci do krevniho fecisté¢ nebo infiltraci lymfatickych drah. Poté nasleduje
aktivace mechanismi umoziujicich pteziti nddorovych bunc¢k ve stavu anoikis a jejich
extravazace do vhodné tkané organismu, kde mohou byt schopné proliferace. Tento
patogenni proces tedy vyzaduje pfesnou koordinaci riznych signalnich drah, které mohou
byt aktivovany a fizeny v zavislosti na bunikou ziskanych genetickych alteracich vicero
mechanismy (Hernandez-Caballero, 2013). Nejznaméjsi geny zapojené do jednotlivych
krokl metastatického procesu jsou uvedeny v Tabulce 4. Kromé toho bylo popsano vicero
genl, které podporuji nebo naopak potlacuji schopnost invazivity a metastazovani

u konkrétnich primarnich nadorti (Tabulka 5) (Rahmathulla et al., 2012).
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Tabulka 4 Pfehled genu asociovanych se zvySenym metastatickym potencialem

(pfevzato a upraveno z Rahmathulla et al., 2012)

Gen Lokus Vyznam

Remodelace cytoskeletu béhem morfogeneze a v procesech souvisejicich motilitou;

G LB dulezita role v bunécéné invazivité

5qg23.1- Pozitivni regulace invazivniho potencialu nadorovych bunék v hypoxickych
LOX ;s
g23.2 podminkach
Angiogenni ristovy faktor
VEGF 6p21.1 Inhibuje tvorbu mozkovych metastaz; reguluje angiogenezi a proliferaci bunék;
zvySuje apoptozu
CSF1 1p13.3 Stimulujte proliferaci makrofagl a nasledné uvolnovani ristovych faktort
ID1 20q11.21 Podili se na remodelaci matrix a angiogenezi

ZpUsobuje ztratu bunécéné adheze zprostredkovanou E-kadherinem a podporuje

TWISTI  7p21.1 "y . Sy - .
bunécnou motilitu skrze regulaci epitelidlné-mezenchymalni tranzice

MET 7q931.2 Ovliviuje Sirokou skalu bunécénych procesl
MMP-9  20q13.12 Degradace extracelularni matrix, remodelace tkané
NEDD9  6p24.2 Pozitivni regulace metastatického potencialu

Transkripéni efektor - draha WNT; sklon k mozkovym metastdazam
LEF1 4q25 Knockdown genu vede k vyznamnému sniZzeni po¢tu mozkovych metastdaz, snizuje
tvorbu kolonii a invazivitu

Patfi do rodiny homeoboxovych gen(; klicova role v embryondlni segmentaci a
vzorovani

Knockdown genu vede u bunék ke sniZeni jejich invazivity, schopnosti tvofit kolonie a
schopnosti iniciovat mozkové metastazy

HOXB9  17q21.32

BMP4 14g22.2 Klicova role v embryonalnim vyvoji a epitelidiné-mezenchymalni tranzici

Transkripcni faktor
STAT3 17921.2 Snizeni vede k potlaceni ristu mozkovych metastaz; snizuje angiogenezi a bunécnou
invazivitu
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Tabulka 5

(pfevzato a upraveno z Rahmathulla et al., 2012)

Pfehled genu podporujicich a tlumicich metastazovani a invazivitu nadoru

Geny potlacujici tvorbu metastaz

Gen

NM23

MKK4

BRMS1

KiSS1

KAI1 (CD82)

CD44

CRSP3

RHOGDI2

VDUP1

PTEN/MMACI

VHL
TIMP2

SMAD4
RRM1
PTPN11

CDH1
CASP8

Lokus

17921.3

17p11.2

11913.1-q13.2

1932

11p11.2

11p13

6g23.2

11p11.2

1921

10g23.31

3p25.3
17G25.3

18921.2
11p15.4
12q24.1

16G22.1
2933

Geny podporujici tvorbu metastaz

Primarni nador Gen Lokus
Karcinom prsu,

kolorektalni karcinom, ERBB2 17q921.1
melanom (HER2)

Karcinom prsu, ovaria,

prostaty TIAM1 21g22.1
Karcinom prsu, melanom SRC 20912-q13
Karcinom prsu, melanom S100A4 1g21
Karcinom mocového

méchyfe, prsu, plic, MTA1 14932.3
slinivky, prostaty

Kolorektalni karcinom,

karcinom prsu, plic, KRAS 12p12.1
prostaty, melanom

Melanom HRAS 11p15.5

Karcinom mocového
méchyfre, prsu, ledvin, plic,
prostaty, kolorektalni
karcinom, hepatocelularni
karcinom

Melanom

Karcinom prsu,
endometria, ledvin, plic,
stitné Zlazy, kolorektalni
karcinom

Karcinom ledvin
Melanom

Karcinom slinivky,
prostaty, kolorektalni
karcinom

Karcinom plic

Karcinom plic, stitné Zlazy,
kolorektalni karcinom,
melanom

Karcinom prsu, Zaludku

Karcinom prsu, Zaludku,
plic

Primarni nador

Karcinom prsu

Karcinom ledvin, prostaty, prsu,
kolorektalni karcinom

Karcinom prsu, plic,
kolorektalni karcinom,
melanom

Karcinom prsu, Zaludku,

kolorektalni karcinom

Karcinom prsu, vajecniku, plic,
kolorektalni karcinom

Karcinom slinivky, plic,
kolorektalni karcinom

Karcinom mocového méchyre,
ledvin, stitné Zlazy
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Pfispévek k dané problematice

Vroce 2019 jsme publikovali prehledovou praci s nazvem ,,Diagnostika, operacni
a systéemova terapie metastaz solidnich nadoru®, jejimz cilem bylo poskytnout zakladni
a zaroven aktualni informace o soucasnych diagnostickych a lécebnych mozZnostech
pacientii s mozkovymi metastazami vcetné chirurgické lecby a radioterapie. Poznatky
vychazely zejména z nékolika velkych randomizovanych studii potencidlné ovliviujicich
denni praxi v lécbé pacientii s mozkovymi metastazami, které byly publikovany v posledni

dobe (Kazda et al., 2019b; Piiloha 8).
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Kratké nekddujici RNA u nadord mozku

Jak jiz bylo zminéno v ivodni kapitole této prace, nejznaméjSimi a doposud nejvice
prostudovanymi tfidami regulacnich sncRNA jsou siRNA, miRNA a piRNA. Z hlediska
mozné diagnostiky nddorovych onemocnéni, vcetné predikce progndzy a odpovédi na 1écbu
onkologickych pacientd, jsou relevantni pouze miRNA a piRNA, jelikoz pravé tyto RNA
jsou kodovany v DNA samotné buiiky. Na rozdil od toho siRNA se v bufice vétSinou
pfirozené¢ nevyskytuji a objevuji se v ni pfevazné az v piitomnosti parazitickych RNA
sekvenci, které tam byvaji nejcastéji vnaSeny viry. Divodem, pro¢ je tedy tato tiida
nekodujicich RNA casto zmiflovdna v souvislosti s nddory, je jejich schopnost cilené
regulovat mRNA prostfednictvim mechanismu RNA interference, a tedy jejich terapeuticky
potencial. V souvislosti s l1écbou nadortt mozku vSak doposud nebyl schvalen zadny
terapeuticky prostiedek vyuzivajici siRNA. Z tohoto diivodu bude nasledujici text zaméten
pouze na vyznam miRNA a piRNA u vybranych onkologickych onemocnéni mozku, které
se zde jevi byt jak slibné terapeutické cile, tak predevSim jiz zminované diagnostické,

prognostické a prediktivni biomarkery.

Kratké nekodujici RNA u gliomd

Gliomy jsou heterogenni skupinou onemocnéni s velmi variabilnim biologickym chovanim,
které izce souvisi s progndzou a piipadné odpoveédi na 1écbu, nejen mezi histopatologicky
klasifikovanymi podskupinami, ale i v rdmci nich. Divodem je variabilita téchto nadort na
molekularni Girovni, kterou nelze reflektovat standardnimi histopatologickymi vysetfenimi.
Hlubsiho poznani molekularni patogeneze glioml bylo dosazeno az s vyvojem novych
sofistikovanych technologii umoziujicich vysokokapacitni a velmi pfesné molekularni
analyzy nadorti pfedev§$im na urovni jejich genomu a transkriptomti. Kromé studia
chromozomovych aberaci a variant v kodujicich genech se stale vice odbornych praci
zaméiuje na studium nekddujicich RNA véetné miRNA a piRNA, které jiz byly mnohokrat

asociovany s patologii gliomu a hraji v jejich chovani klicovou roli.

Pfispévek k dané problematice

Vroce 2011 jsme uverejnili jednu z prvnich prehledovych praci na téma vyznamu miRNA
v biologii GBM, kde jsme sumarizovali tehdejsi poznatky k dané problematice, véetné ucasti
miRNA v regulaci duleZitych signalnich drah GBM hrajicich roli v esencialnich procesech

jako jsou proliferace, apoptoza, regulace bunécného cyklu, invazivita a angiogeneze.
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Rovneéz zde byla vyzdvizena potencialni role miRNA jako diagnostickych, prognostickych
a prediktivnich biomarkerii u pacientit s GBM, coz s ohledem na soucasné znalosti jiz

miizeme povazovat za pravdivd tvrzeni (Sana et al., 2011; Priloha 9).

MikroRNA jako diagnostické biomarkery u gliom(

Studium expresnich profild miRNA asociovanych s gliomy o rtizném stupni malignity
a nenddorovou mozkovou tkani neni pouze prvnim krokem vedoucim k odhaleni miRNA
zapojenych do iniciace a nasledné progrese tohoto onemocnéni, ale je také klicové pro rozvoj
nové molekuldrni taxonomie gliomu, jejimz cilem je pfesnéji odhadnout biologickou povahu
onemocnéni doposud predikovanou pouze na zdkladé konvenéniho histopatologického
vySetieni. Odhaleni expresnich profili miRNA charakteristickych pro jednotlivé skupiny
gliomii by rovnéz mohlo vést k vytvorfeni efektivniho diagnostického néstroje schopného
reflektovat heterogenni povahu gliomt, kterd v nékterych pfipadech muize vést
k podhodnoceni skutecného rizika a nasledné k indikaci neodpovidajici 1éCby.

Prvni praci, ve které byly analyzovany expresni profily miRNA u GBM, publikoval v roce
2005 se svymi kolegy Ciafré. Tento autorsky kolektiv analyzoval konkrétné 254 miRNA
u deviti parovych vzorki GBM a nenddorovych mozkovych tkéni. Z vysledkd prace
vyplyva, ze devét miRNA (miR-10b, miR-130a, miR-221, miR-125b-1, miR-125b-2, miR-
9-2, miR-21, miR-25 a miR-123) vykazovalo zvySenou expresi a ¢tyfi miRNA (miR-128a
and miR-181a/b/c) naopak sniZzenou expresi v nadorové tkani. Vibec nejvétsi rozdily
v expresi mezi porovnavanymi vzorky pak autofi pozorovali u miR-221, miR-128a a miR-
181a/b/c (Ciafre et al., 2005). Velmi podobnou analyzu provedli pozdéji Chan a kol., ktefi
timto zptisobem porovnali tfi vzorky primarnich gliomi s vysokym stupném malignity
a celkem osm vzork jak fetalni, tak adultni mozkové tkané. Vysledkem bylo odhaleni péti
miRNA (miR-21, miR-138, miR-347, miR-135 a miR-291-5) s vyznamné zvySenou
hladinou a tfi miRNA (miR-198, miR-188 a miR-202) se sniZzenou hladinou v nadorové
tkani. Je vhodné rovnéz zminit, Ze primérna hodnota exprese miR-21 ve sledovanych
gliomech dosahovala téméf devitinasobku exprese pozorované v kontrolni zdravé mozkové
tkani (Chan ef al., 2005). Jina studie pod vedenim dr. Silbera analyzovala expresni hladiny
192 maturovanych miRNA u ¢tyf rGznych vzorkid anaplastickych astrocytomtl, ¢tyi GBM
a rovnéz Ctyt vzorkll nenadorové tkdné ziskané ze spankovych lalokli v rdmci chirurgicko-
lécebného vykonu u pacientli s epilepsii. Statistickd analyza dosazenych dat nasledné

odhalila tfindct miRNA s deregulovanou expresi mezi GBM a nenddorovymi vzorky a Sest
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miRNA s vyznamné odliSnymi expresnimi hladinami mezi vzorky anaplastickych
astrocytomii a GBM (Silber ef al., 2008). Podobna studie porovnavajici tfinact primarnich
a tfinact sekundarnich GBM se stejnym poctem anaplastickych astrocytomti a sedmi
mozkovymi tkdnémi bez histopatologicky prokdzané neoplastické transformace popisuje 55
miRNA se zvySenou expresi a 29 miRNA se snizenou expresi v glidlnich tkanich. Soucasné
tato prace identifikovala 67 rozdilné exprimovanych miRNA mezi gliomy WHO III a IV.
Porovnani primdrnich a sekundarnich GBM pak odhalilo sedm miRNA se statisticky
vyznamnou zmeénou v expresi mezi témito skupinami. Dvacet jedna miRNA bylo téz
rozdiln¢ exprimovanych mezi postupné progredujicimi gliomy (anaplasticky astrocytom
a sekundarni GBM) a de novo vzniklymi GBM, 76 miRNA vykazovalo statisticky
vyznamny rozdil v expresi mezi anaplastickym astrocytomem a primarnim GBM a nakonec
68 miRNA bylo odli$né exprimovéano anaplastickym astrocytomem a sekundarnim GBM
(Rao et al., 2010). Podobné¢ D Urso a kol. nalezli soubor deseti miRNA schopnych na
zaklad¢ své exprese spravné klasifikovat primarni a sekundarni GBM (D'Urso et al., 2012).
Skalsky a Cullen studovali miRNA profily u Sesti GBM a tfech nenadorovych vzorkt
mozkové tkané pomoci vysokokapacitniho sekvenovani nové generace. Tato technologie
umoznila mezi témito dvéma skupinami odhalit devét rozdilné exprimovanych miRNA
(miR-124, miR-10b*, miR-139-5p, miR-7, miR-10b, miR-132, miR-95, miR-543 a miR-7d)
(Skalsky a Cullen, 2011). Sasayama a kol. analyzovali tfi parové vzorky GBM a nenadorové
mozkové tkan¢€ a odhalili tak pét miRNA (miR-10b, miR-21, miR-183, miR-92b a miR-
106b) s vyznamné vyssi expresi a pét miRNA (miR-302¢*, miR-379, miR-329, miR-134
a miR-369-3p) s nizsi expresi ve vzorcich GBM (Sasayama et al., 2009). Wang a kol. rovnéz
analyzovali expresni profily miRNA u parovych vzorki GBM a nenadorové tkané
a identifikovali 91 miRNA, jejichz exprese byla pfinejmensim dvojnasobné rozdilnéd mezi
skupinami. Za zminku stoji, Ze miR-483-5p byla témé&f stondsobné snizena v nadorové tkani
(Wang et al., 2012a). Dalsi studie validujici expresi osmi vybranych miRNA u deseti GBM
a Ctyf nenddorovych vzorki mozku popsala miR-21 a miR-221 jako statisticky vyznamné
zvysen¢ a naopak miR-181b jako snizenou pravé v GBM (Conti et al., 2009). V neposledni
fad¢ je nutno zminit i nase studie, kde jsme v prvnim piipadé porovnavali expresi osmi
vybranych miRNA u GBM a nenadorovych vzorkl ziskanych chirurgickym odstranénim
arterioven6znich malformaci. Vysledky ukazaly, ze zatimco miR-21 a miR-125b byly
zvyseny v nadorové tkani, miR-128a, miR-181a/b/c a miR-221/222 vykazovaly opacny stav
(Slaby et al., 2010). Ve druhém piipadé jsme analyzovali pomoci vysokokapacitni

technologie zalozené na platformé PCR globalni expresni profil u 58 vzorkii GBM a deseti
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mozkovych tkani odebranych stejné jako v ptipad¢ studie dr. Silbera ze spankovych lalokt
od pacientli s diagnostikovanou epilepsii. Vysledky odhalily 28 miRNA s vyznamné
pozménénou expresi v GBM tkani, které byly nésledné schopny ptesné klasifikovat v§echny
studované vzorky (Sana et al., 2014). Dalsi mensi studie porovnavajici pouze jednotlivé
miRNA mezi nddorovymi a nenddorovymi vzorky potom popisuji sniZenou hladinu miR-
31, miR-205, miR-124a a miR-34a v GBM tkani (Fowler et al., 2011; Li et al., 2011; Hua
etal.,2012; Yue et al., 2012).

Tabulka 6 MikroRNA vyznamné deregulované ve tkani gliomu, které byly pozorovany

alespon ve dvou na sobé nezavislych studiich (pfevzato z Sana et al., 2018)

miRNA |
studie

Chan
Sasayama
Conti
Wang
Ciafreé
Slaby
Silber
Rao
Sana

—

miR-17

miR-19a

miR-19b

miR-21 T T T T T T
miR-25 1

miR-92b )

miR-106b 7

miR-125b ) 1
miR-130a 1

miR-155 0
miR-182 0

miR-335 1 0
miR-10b ) !
miR-34a

miR-138 ) !
miR-221 ) 1 !

miR-483-5p ! !
miR-128a ! ! !
miR-132 ! !
miR-181a

miR-181b !
miR-181¢

miR-198 !

miR-219-5p !
miR-329 !

miR-338-3p !

— — — | Ostatni

—_— - — —
—

—_ — —
—

2x|

-

— — —
— — —

— o —
H

1 zvySena exprese u gliom(, | sniZzena exprese u gliomu
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Malzkron a kol. analyzovali expresni profily miRNA mezi gliomy s rozdilnymi stupni
malignity. Autofi tak konkrétn¢ studovali expresni profily 157 miRNA u pacientl
postizenych low-grade astrocytomy (WHO 1I), které postupné progredovaly do
sekundarnich GBM. Naslednym porovnanim bylo nalezeno dvanact miRNA (miR-9, miR-
15a, miR-16, miR-17, miR-19a, miR-20a, miR-21, miR-25, miR-28, miR-130b, miR-140
amiR-210), které byly zvySeny, a dvé miRNA (miR-184 a miR-328), jejichz exprese
korelovala se zvysujici se malignitou glioma (Malzkorn et al., 2010). MiRNA, které byly
pozorovany jako vyznamné deregulované ve tkdni glioml alespoii ve dvou na sobé

nezavislych studiich, jsou uvedeny v Tabulce 6. Text pievzat a upraven z Séna et al., 2018.

Pfispévek k dané problematice

Expresni profily miRNA u GBM jsme studovali a nasledné publikovali ve dvou originadlnich
sdelenich. V prvni publikaci jsme prezentovali vysledky nasi pilotni studie, ve které jsme se
zamerili na analyzu exprese 8 miRNA (miR-21, miR-128a, miR-181c, miR-195, miR-196a,
miR-196b, miR-221 a miR-222) vybranych na zaklade dostupné literatury jako asociovanych
s molekularni patologii GBM. Hladiny exprese téchto miRNA ve tkani primdrnich GBM jsme
porovnavali s jejich hladinami ve vzorcich odebranych z okoli arteriovenoznich malformaci
(AVM) jako nendadorovou kontrolou mozkové tkane. Ve vsech pripadech jsme pozorovali
signifikantni zmeny v hladindach exprese mezi porovnavanymi vzorky, pricemz miR-21 a miR-
196a/b vykazovaly zvysenou hladinu, zatimco miR-181c, miR-221, miR-222, miR-195 a miR-
128a snizenou hladinu v tkani GBM. Nejvice vyznamny rozdil byl pozorovan v pripadé miR-
128a s hladinami 0,01krat nizsimi v nadorové tkani. Rozdily v expresi pozorované u miR-
21, miR-196a/b a miR-181c byly ve shodé s drive publikovanymi studiemi, avsak v pripadeé
hladinach u nadorové a nenadorové tkané. Ditvodem vsak mohl byt charakter nendadorové
kontrolni tkané pouzité v nasi studii, ktera obsahuje vysoké mmnoZstvi arterialnich
endotelialnich bunék charakteristickych prave vysokou expresi miR-221/222 (Lakomy et al.,
2011b; Priloha 6). Z techto ditvodii jsme pro nasi druhou studii jako kontrolni tkan pouzili
mozkovou tkan z tempordlnich lalokii resekovanych v ramci terapeutického chirurgického
vykonu u pacientu s farmakorezistentni epilepsii. V této studii jsme na rozsahlejsim souboru
vzorkit GBM (n = 58) a jiz zminénych nenadorovych tkanich (n = 10) analyzovali expresi
miRNA pomoci technologie TagMan LowDensity Array, kterd je zalozena na principu real-

time PCR a u kazdého vzorku detekuje paralelné hladinu exprese 754 miRNA. Ndasledna
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analyza odhalila 108 miRNA se signifikantné zvysenou a 108 miRNA se snizenou hladinou
v tkani GBM. Mezi nimi 28 miRNA vykazovalo hodnotu P nizsi nez 107 a tyto byly schopny
rozlisit nadorovou a nendadorovou tkan se 100% senzitivitou a specificitou. Nejvice zvySené
hladiny byly pozorovany u miR-21* a miR-155, zatimco miR-220 a miR-1247 byly nejvice
snizené v nadorové tkani. Deveét z identifikovanych miRNA byly jiz diive u GBM popsany
jako deregulované. Kromé nejznaméjsi a nejvice prostudované onkogenni miR-21 to byly
jeste miR-10b*, 128a, miR-133b, miR-139-3p, miR-139-5p, miR-155, 196b a miR-328 (Sana
etal., 2014b; Piiloha 7).

Krome tkanovych miRNA se zdaji byt vyznamnymi diagnostickymi biomarkery rovnez
cirkulujici miRNA v télnich tekutinach. V pripade mozkovych nadoru se jevi byt jako vhodny
materidl k detekci cirkulujicich miRNA mozkomisni mok (cerebrospinal fluid, CSF), ktery
prirozené prichazi do primého kontaktu s centralni nervovou soustavou, a tedy i s pripadnou
patologickou tkani. V roce 2018 jsme proto publikovali praci, ve které jsme shrnuli soucasné
poznatky o potencionalnim vyuziti miRNA v CSF, jako diagnostickych, prognostickych
a prediktivnich molekul u nadori mozku, vcetné gliomu. Soucasti prace byla i rozsahla
reserse a zamysleni nad metodickymi pristupy, které se vyuzivaji k analyze miRNA v CSF
(Kopkova et al., 2018a; Piiloha 10). Jelikoz se tyto metodické postupy mezi jednotlivymi
pracemi znacné lisily, vcetné zpiisobu izolace RNA a ndsledné kvantifikace miRNA, provedli
Jjsme optimalizacni studii, jejiz vysledky jsme opublikovali v praci ,, MicroRNA isolation and
quantification in cerebrospinal fluid: A comparative methodical study‘ v casopisu PLoS
ONE (Kopkova et al., 2018b; Priloha 11). Ziskané poznatky jsme nasledne aplikovali
v praci, kde jsme porovnavali profily miRNA ve vzorcich CSF odebranych od pacienti
s GBM, nizkostuprniovymi gliomy (LGG), meningeomem a mozkovymi metastazami a jako
kontrolni skupina byli vyuZiti pacienti s normotenznim hydrocefalem. Vysokokapacitni
analyza hladin miRNA pomoci sekvenovani nové generace odhalila celkem 25 miRNA
vyznamné deregulovanych mezi GBM a kontrolni skupinou a dale 14 miRNA
deregulovanych mezi LGG a kontrolni skupinou. Nasledna validace potvrdila rozdilné
hladiny mezi vzorky obou typii gliomii a kontrolni skupinou v pripadé let-7b, let-7c, miR-
10a, miR-10b, miR-140 a miR-196b, mezi GBM a kontrolnimi vzorky byly navic pozorovany
signifikantné ruzné hladiny u miR-30e a miR-196a. Zajimaveé bylo, zZe hladiny let-7¢ a miR-
196a se lisily i mezi GBM a LGG. Toto zjisteni tedy z obou miRNA déla nadéjné diagnostické
biomarkery, jez by bylo mozné vyuzit k detekci skrytych loZisek vysokostupriovych gliomi
u LGG, coz by umoznilo véas indikovat vhodny terapeuticky pristup (Kopkova et al., Piiloha
12).
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MikroRNA jako prognostické a prediktivni biomarkery gliomd

Jednim z hlavnich cild vyzkumu gliomi je objevit vysoce senzitivni prognostické
a prediktivni markery umoziujici stratifikovat pacienty podle rizika progrese a predikovat
odpovéd’ na indikovanou 1écbu. Vyznam této vyzvy pak jesté vice zvySuje pfichod novych
terapeutickych moznosti v 1¢¢bé gliom.

Vyzkumny tym okolo Srinivasana analyzoval deset vybranych miRNA u 222 pacientl
s histopatologicky potvrzenym GBM, pfi¢emz cilem studie bylo najit rozdiln¢ exprimované
miRNA mezi kratce a déle pfezivajicimi pacienty. Zavere¢né statistické zhodnoceni
ziskanych expresnich dat odhalilo tfi miRNA (miR-20a, miR-106a a miR-17-5p) s nadorové
protektivnimi vlastnostmi, které byly vysoce exprimovany pravé u déle piezivajici skupiny
pacientii. Naopak sedm miRNA (miR-31, miR-221, miR-222, miR-148a, miR-146b, miR-
200b a miR-193a) bylo vysoce exprimovanych u pacientd s kratSim celkovym pfezivanim
a lze tedy usuzovat na jejich spiSe onkogenni charakter (Srinivasan et al., 2011). Jina studie
pod vedenim Niyazi jiz vyuzila vice sofistikovany pfistup analyzy exprese miRNA
a studovala soucasné hladiny 1100 téchto molekul u souboru 35 vzorkti nadorovych tkani
odebranych od pacientii s diagnostikovanym GBM, kteii shodné podstoupili adjuvantni
konkomitantni chemoradioterapii s TMZ. Vysledky tohoto vyzkumného kolektivu odhalily
tiicet nejvice rozdilné exprimovanych miRNA mezi pacienty s lepsi a hor$i prognozou,
ackoliv pouze pét z téchto nekodujicich RNA dosahovalo pfi tomto porovnani statistické
vyznamnosti (miR-3163, nasobnd zména (FC) =2,0, p =0,05; miR-539, FC=0,5, p=0,001;
miR-1305, FC = 0,5, p = 0,05; miR-1260, FC = 0,5, p = 0,03; let-7a, FC = 0,3, p = 0,02).
Nicméné charakterizace studovanych vzorkli na zékladé expresnich profili vSech vyse
zminovanych tficeti miRNA umoznila tyto vzorky spravné klasifikovat podle doby
celkového piezivani pacientil, pficemz se tento test ukdzal jako nezéavisly na metylaénim
stavu promotoru pro MGMT, v soucasné dob¢€ jedinym rutinné uzivanym molekularnim
markerem odpovédi na 1é€bu TMZ. Nutno vSak uvést, ze pokud byla zminénd sada miRNA
testovana pomoci multivariani Coxovy regresni analyzy spolecné s metylacnim statusem
MGMT, informaci o aplikaci adjuvantniho TMZ v monoterapii, vékem a RPA (recursive
partitioning analysis), pouze aplikace adjuvantniho TMZ v monoterapii zistala jedinym
vyznamnym prognostickym faktorem (p = 0,01). Jak sada miRNA, tak MGMT status zde
svoji vyznamnost ztratily (p = 0,22, resp. p = 0,17) (Niyazi et al., 2011).

Z praci nasi vyzkumné skupiny bych chronologicky uvedl nejprve studii z roku 2010, ve

které Slaby a kol. pozorovali negativni vliv zvySenych hladin miR-181c a miR-181b na
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lécebnou odpovéd’ u pacientt, kteti po chirurgickém odstranéni nddoru podstoupili klasicky
Stupptv protokol (Slaby et al., 2010). Ve druhé préci jsme pak u pacientli s primarnim GBM
analyzovali expresi osmi vybranych miRNA (miR-21, miR-128a, miR-181¢, miR-195, miR-
196a, miR-196b, miR-221 a miR-222), pficemz z dosazenych vysledkl jasné vyplyva, Ze
miR-195 a miR-196b maji pozitivni vliv na OS pacienti (p = 0,0124, resp. p = 0,0492)
a kombinace expresnich profild miR-181c a miR-21 umoznila identifikovat pacienty
progredujici do Sesti mésicli od stanoveni diagndzy (senzitivita 92 %, specificita 81 %,
p <0,0001) (Lakomy et al., 2011b). V poslednim piipadé jsme k analyze miRNA vyuzili
vysokokapacitni technologii TagMan Low Density Array od spole¢nosti ThermoFisher
Scientific zaloZenou na platformé real-time PCR. Tato technologie je schopna analyzovat ve
dvou reakénich bézich vice nez 700 miRNA. Analyzu jsme provedli u 58 vzorktl primarnich
GBM. Nasledna korelace s klinickymi daty vedla k identifikaci Sesti miRNA (miR-31, miR-
224, miR-432*, miR-454, miR-672 a miR-885-5p), jejichz expresni vzor byl vyznamné
asociovan jak s ¢asem do progrese onemocnéni (pomér rizik (HR) 1,98, 95% konfidencni
interval (CI) 1,33-2,94, p <0,001), tak celkovym piezivanim (HR 2,86, 95% CI 1,91-4,29,
p < 0,001). Rizikové skdre vypoctené na zakladé vysSe uvedenych Sesti miRNA bylo navic
zcela nezavislé na metyla¢nim stavu promotoru pro MGMT a na dalSich parametrech véetné
véku, pohlavi, KPS a adjuvantniho poddni TMZ v monoterapii (Sana ef al., 2014).
Vysledky Lakomého a kol. jsou vSak v ¢astecném rozporu s publikovanym pozorovanim
Ujifukua a kol. Tito autofi identifikovali miR-195 jako jednu ze tifi nejvice zvySenych
miRNA u TMZ rezistentnich bunék, pti¢emz dal§imi dvéma byly miR-455-3p a miR-10a*.
Navic prokazali, Ze cilenym umlcenim miR-195 doslo u zkoumanych bunéénych linii k
navysSeni jejich senzitivity k TMZ (Ujifuku et al., 2010). Podobné Guan a kol. popsali
vyznamnou korelaci mezi vysokou expresi miR-196a/b a hor$i prognézou jak u pacientt
s GBM, tak s anaplastickym astrocytomem (Guan et al., 2010). Nicmén¢ je zajimavé, ze
v pfipadé¢ miR-195 a miR-196b byl pozorovan jejich totozny vztah s prognoézou, ktery
popisoval pravé Lakomy u GBM, také u kolorektalniho, hepatocelularniho
a adrenokortikélniho karcinomu (Soon et al., 2009; Xu et al., 2009; Liu et al., 2010; Wang
et al., 2012c). Bude tedy nutné pockat na dalsi prace, které se hloubé&ji zaméti praveé na tyto
diskutabilni miRNA a verifikuji jejich biologicky vyznam, vztah k prognoze a piipadné
jejich schopnost predikovat odpoveéd na 1é€bu u pacienti s GBM.

Ve zcela jiné praci hodnotili Wang a kol. schopnost miR-214 predikovat celkové prezivani
u 108 pacientt s diagnostikovym gliomem (WHO I — 18, WHO II — 12, WHO III — 32
a WHO IV — 46). Z vysledkl nasledné vyplynulo, Ze celkové piezivani pacientd, jejichz
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nadory disponovaly niz§i hladinou miR-214, bylo vyznamné krat$i nez u pacientti, u kterych
byla zjisténa vysokd hladina této miRNA (p < 0,001). Navic byla miR-214 vyznamné
snizend v nadorové tkani oproti nenadorovym vzorkiim mozkové tkané (p = 0,001) (Wang
etal.,2014). Podobn¢ jiné studie prokazaly, ze miR-34a, miR-203, miR-326 a miR-375 byly
redukovany v gliomech a jejich nizsi exprese byla vyznamné asociovana jak s krat§im casem
do progrese onemocnéni, tak s krat§im celkovym ptezivanim pacienti (Chang ef al., 2012;
Gao et al., 2013; He et al., 2013; Wang et al., 2013).

Naopak zvySena exprese v tkanich gliomd (WHO I — 18, WHO II — 14, WHO III — 38
a WHO IV — 58) byla pozorovéana v pfipadé miR-9 a miR-128, pficemz vyssi exprese miR-
9 byla castéji pozorovana u gliomll s vy$Sim stupném malignity (p = 0,001), u pacientl
s nizkym KPS (Karnofsky performance status; p = 0,008) a u pacientii s krat$im celkovym
prezivanim (p < 0,001). Multivariaéni Coxova regresni analyza nasledné prokazala, Ze
hladina miR-9 je u pacientl s gliomy zcela nezavislym prognostickym znakem (p = 0,01).
Je ovSem nutné zminit, Ze vliv na celkové prezivani byl prokdzén pouze ve skupiné gliomt
s vysokym stupném malignity. U gliomid s nizkym stupném malignity byl tento efekt
nevyznamny (Wu et al., 2013). Jina studie sledovala zvySenou expresi v gliomech (WHO I
—35, WHO I - 40, WHO III — 41 a WHO 1V - 52) v porovnani se zdravou mozkovou tkéni
u miR-650 a miR-168, pticemz miR-650 byla podobn¢ jako miR-9 asociovéana se stupném
malignity a KPS. U pacienti s vysokou expresi miR-650 byla rovnéZ pozorovana vyznamné
horsi prognéza (Sun et al., 2013).

MiR-21 je nejcastéji popisovanou a studovanou onkogenni miRNA u vétSiny nddorovych
onemocnéni. K hlub§imu pochopenti jeji role pravé v biologii gliomt byla pomoci in situ
hybridizace analyzovana jeji exprese u 193 FFPE (formalin-fixed paraffin-embedded)
nadorovych vzorkl odebranych od pacientii s gliomy o rizném stupni malignity. Vysledky
nasledné ukazaly, Ze miR-21 je lokalizovdna v nddorovych bunkach a s nadorem
asociovanych cévach, zatimco jeji exprese nebyla pozorovéna ve zdravém mozkovém
parenchymu. Soucasné byla exprese miR-21 v nadorovych buiikdch asociovana s horsi
prognézou (Hermansen ef al., 2013). Podobné¢ jako v pfipadé€ pravé zminované miR-21 byla
1 hladina miR-335 vyznamné vy$si v nddorovych vzorcich oproti nenadorovym (p < 0,001)
a jeji vysoka hladina piimo koreluje s kratSim celkovym pfezivanim pacientt (p = 0,01),
pfi¢emz multivaria¢ni analyza navic prokazala, Ze se jednd o nezavisly prognosticky faktor
(p=0,02) (Jiang et al., 2012). V kone¢ném vyctu byly jako onkogenni, s negativnim vlivem
na progndzu pacientd, popsany u gliomi rovnéz miR-17, miR-224 a miR-372 (Lu et al.,

2012; Li et al., 2013; Lu et al., 2013). Text pievzat a upraven z Sana et al., 2018.
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Pfispévek k dané problematice

Najit nové a silné prognostické a prediktivni biomarkery casné progrese nadoru u pacientii
s GBM bylo nasim hlavnim cilem v obou jiz zminiovanych studiich zabyvajicich se miRNA
u tohoto onemocneni. V nasi prvni praci jsme pomoci Kaplan-Meierovy analyzy nalezli
vyznamnou asociaci hladin miR-195 a miR-196b s celkovym prezZivanim pacientii, pricemz
obé miRNA mely snizené hladiny u pacientii s horsi prognozou. Naopak hladiny miR-181c
a miR-21 byly u pacientit s nejhorsi prognozou zvysené. Spolecna exprese techto dvou
miRNA pak byla schopna identifikovat pacienty s kratsim nez Sestimésicnim casem do
progrese s 92% senzitivitou a 81% specificitou, a to na hladiné vyznamnosti p < 0,0001.
Nezavislost vsech studovanych miRNA pak potvrdila analyza, ktera nenalezla asociaci jejich
exprese s metylacnim stavem promotoru pro MGMT (Lakomy et al., 2011b; Priloha 6).

V' nasi posledni studii jsme provedli vysokokapacitni analyzy exprese miRNA u 58
histologicky potvrzenych primarnich GBM a ziskand data statisticky korelovala s klinickymi
parametry pacientu. Vysledkem byla sada Sesti prognostickych miRNA (miR-224, miR-432%*
miR-672, miR-31, miR-885-5p a miR-454), na zdklade kterych lze stanovit individualni
rizikové skore (RS), umoznujici predikovat jak celkové prezivani, tak cas do progrese
onemocnéni. Pacienti rozdéleni do skupin dle RS vykazovali mnohem vyznamnéjsi rozdily
jak v celkovéem prezivani, tak v case do progrese onemocnéni, nez tomu bylo u skupin
pacientii rozdelenych pomoci metylacniho stavu promotoru pro MGMT. Multivariacni
Coxova regresni analyza soucasné odhalila, Ze nami vytvorené RS je nezavislé na ostatnich
sledovanych faktorech, vcetné zminovaného metylacniho stavu promotoru pro MGMT,
podani adjuvantniho TMZ v monoterapii, performance statusu a rozsahu resekce. Pro
nezavislou validaci ziskanych vysledki jsme vyuZili data z databaze TCGA (The Cancer
Genome Atlas), ktera vsak obsahovala pouze ctyri z nasich Sesti objevenych prognostickych
miRNA (miR-31, miR-224, miR-432* a miR-454-3p). RS sestavené pouze na zaklade téchto
¢ty miRNA i presto umoznilo signifikantné odlisit pacienty dle délky prezivani. Toto
statistickeé hodnoceni bylo provedeno Kaplan-Meierovou analyzou expresnich dat u souboru

485 primarnich GBM deponovanych v TCGA (Sana et al., 2014b; Piiloha 7).
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Diagnosticky a prognosticky vyznam piRNA u gliom

Zatimco zajem o studium miRNA ve vztahu k nadorovym onemocnénim v poslednich letech
exponencialn¢ stoupal a v mnoha piipadech jsou jiz detailné¢ charakterizovany jejich
expresni vzorce nejen u konkrétnich typt nadort, ale i u jejich rizné malignich podskupin,
expresni profily piRNA nejsou ve vétsin€ ptipadi stale zndmé, natoz ovétené nezavislymi
studiemi. Nicméné se zvySujicim se povédomim o biologickém vyznamu piRNA zijem
o tyto molekuly mezi odborniky na nadorova onemocnéni postupné nartsta.

Deregulované hladiny piRNA u nddorovych onemocnéni a jejich mozny vztah k prognoze
¢i schopnost predikovat odpovéd’ na 1écbu byly doposud publikovany pouze v omezeném
mnozstvi praci. A ackoliv se ve vétsiné piipadl nejednalo o glidlni nadory, je zde vhodné
nékteré z téchto studii zminit. Jednou z nejvice prostudovanych piRNA u pacientt s nadory
je piR-823. Snizend hladina této piRNA byla pozorovana u nadorti zaludku a u renalniho
karcinomu, pfi¢emz jeji nadorové supresorovy efekt byl v prvné jmenovaném piipadé
potvrzen jak na Grovni in vitro, tak in vivo (Cheng et al., 2012; Iliev et al., 2016). Ke zcela
opacnému vysledku ovSem dospéla studie zabyvajici se expresi piR-823 u mnohocetného
myelomu. V tomto ptipadé byla exprese piR-823 zvysenad jak u pacientil postizenych timto
onemocnénim, tak ve stabilnich bunéénych liniich odvozenych od tohoto typu nédoru.
Zvysené hladiny zaroven pozitivné korelovaly s klinickym stddiem onemocnéni. Umlceni
piR-823 pomoci syntetickych oligonukleotidli vedlo k zastavé bunécného cyklu a k expresi
proteint indukujicich apoptézu (Yan et al., 2015; Li et al., 2019). Je velmi zajimavé, ze
jednou z hlavnich pfi€in rozvoje mnohocetného myelomu je hypermetylace DNA vedouci
k potlaceni transkripce nddorové supresorovych genil. Vyznam metylace DNA je popisovan
iu GBM, a to v souvislosti s promotorem pro MGMT. Onkogenni charakter pak vykazovala
piR-823 jeste u karcinomu jicnu (Su et al., 2020).

Co se tyce vyzkumu piRNA piimo u gliomt, prvni piRNA popsand v GBM byla piR-8041.
Jeji hladiny v nddorové tkani jsou oproti kontrole snizeny a in vitro studie naznacily, Ze ma
silny antiproliferativni ucinek a je zodpovédna za zastavu bunééného cyklu v kontrolnim
bod¢ G1/S. Jejimi cili jsou ERK1/2, jejichz aktivace je nutnym krokem pro postup bunky
z G1 do S faze bunécéného cyklu (Jacobs ef al., 2018). Nizsi expresi oproti nenadorové tkani
vykazuje u gliomti rovnéZ piR-30188. Uméle navysSené hladiny této piRNA spolecné s vyssi
expresi proteinu PIWIL3, miR-367-3p a snizenou hladinou IncRNA OIP5-AS1 vede
u gliomovych bunék k inhibici jejich ristu (Liu ef al., 2018). Z pohledu mozkovych nadort

obecné muize byt zajimava rovnéz piR-DQ590027, jelikoz jeji nadmérné exprese ovliviiuje
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expresi ZO-1, okludinu a claudinu-5, coz dale vede k vyssi propustnosti hematoencefalické
bariéry (Leng et al., 2018).

Nakonec v roce 2016 Jacobs a kol. provedli metaanalyzu na souboru dat ziskanych z dbGaP
(Database of Genotypes and Phenotypes), ktery po procisténi od duplikovanych dat
obsahoval celkem 2401 kontrolnich vzorkt a 1840 pacientl s gliomy. Z téchto pacientl bylo
asi 67 % s diagnostikovanym high-grade gliomem, pficemz 82 % z nich tvofily GBM.
Nejednalo se ovSem o analyzu exprese, nybrz o identifikaci variant piRNA odlisujicich se
vzéjemné na urovni DNA pfitomnosti riznych jednonukleotidovych polymorfizmi (single-
nucleotide polymorphisms; SNPs), které by mohly byt asociovany s rozvojem gliomu
u dospé€lych pacientd. Statisticka analyza odhalila vyznamny vztah mezi rizikem vzniku
gliomu a vzacnou variantou rs149336947 lokalizovanou v blizkosti 3’konce genu pro piR-
2799 na chromozomu 2q33.1. PiR-2799 je 30 nukleotidii dlouhd molekula mapovana
v intronové oblasti apoptotického inhibitoru CFLAR, ktery je zna¢n¢ exprimovan v lidském
téle vCetné mozku. Dale byly nalezeny o néco méné vyznamné asociace s rizikem vzniku
gliomt v ptipadé rs62435800 v oblasti pro piR-18913 na chromozomu 6q27, rs147061479
u piR-598 na chromozomu 8q13.1, rs142742690 u piR-11714 na chromozomu 9q22.1
ars35712968 u piR-3266 na chromozomu 10g24.2. PiR-18913, piR-598, piR-11714, a piR-
3266 byly nasledné pozorovany v transkribované podobé u gliomovych bunéénych linii
US87,A172,aNHA. Avsak exprese piR-2799 nebyla v téchto bunkach ptekvapiveé potvrzena.
Finalni funk¢ni analyza jedné ze ¢tyf vySe zminénych v bunikach exprimovanych piRNA,
piR-598, odhalila, ze transfekce divokého typu této piRNA ovlivnila v bunéénych liniich
expresi genll zapojenych do apoptézy a redukovala jak viabilitu bunék, tak formovani
kolonii v in vitro podminkach. AvSak po doruceni piR-598 s alelovou variantou obsahujici
15147061479 proliferace testovanych linii vyrazné vzrostla (Jacobs et al., 2016).

Studiem piRNA se zabyvame rovnéz v nasi vyzkumné skupiné. S cilem identifikovat
piRNA asociované s GBM jsme provedli globélni expresni profilovani kratkych RNA s
vyuzitim sekvenovani nové generace, a to celkem u 19 zamrazenych vzorkit GBM a 11
nenadorovych vzorki mozku ziskanych od pacientd s farmakorezistetni epilepsii.
Bioinformaticka analyza odhalila celkem 38 riznych piRNA s vice nez 50 ¢tenimi u alespon
50 % zatazenych vzorkl, které byly mezi obéma sledovanymi skupinami vzorki
signifikantné rozdiln¢ exprimovany — 15 piRNA vykazovalo sniZzenou expresi, zatimco 23
piRNA bylo vice exprimovano u GBM. Hladin vyznamnosti nizSich nez 0,0001 pak
dosahovalo 17 piRNA. Vybrané piRNA pak byly pomoci TagMan RT-qPCR validovany na

nezavislém souboru vzorkl ziskanych od 77 pacientli s GBM a 23 darct bez potvrzeného
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nadorového onemocnéni, pricemz vysledky byly uspésné potvrzeny u piR-1849, piR-9491,
piR-12487 a piR-12488 (p <0,0001). Kromé& toho byla piR-23231 vyznamné asociovana s
OS pacienti s GBM léCenych v rezimu Stuppa (p = 0,007) (Bartos et al., 2020, prace
odeslana k recenznimu fizeni). Vyse uvedend pozorovéani tedy spoleéné¢ podporuji
predpoklad, ze piRNA hraji dulezitou roli v molekularnich procesech vedoucich ke vzniku

a nasledné progresi gliomil. Text pfevzat a doplnén z Sana et al., 2018.
Vyznam mikroRNA v chemoradiorezistenci gliomd

Poskozeni DNA zpiisobené ionizujicim zafenim aktivuje signdlni drahy spojené s reparaci
DNA, jejichz hlavnim tkolem je nejprve pozastavit bunécny cyklus, a tak poskytnout butice
dostatek casu k opravé poskozené genetické informace. Timto se buitka mlze uspésné
vyhnout apoptdze, kterou by musela nepochybné podstoupit, pokud by nedoslo k témto
opravam. Jako molekularni odpoveéd’ bun¢k na ionizujici zafeni, a tedy i radioterapii, jsou
nejCastéji popisovany signalni drahy PI3K/AKT (Lee et al., 2011) a ATM (ataxia
telangiectasia mutated)/Chk2 (checkpoint kinase 2)/p53 (Squatrito et al., 2010).

Kromeé radioterapie je dllezitou soucasti onkologické 1é€by rovnéz chemoterapie. V piipadé
1¢cby GBM je nejcastéji pouzivanym cytostatikem alkylacni ¢inidlo TMZ. Nicmén¢ bunky
GBM velmi ¢asto disponuji mechanismy, které tento efekt inhibuji. V souvislosti s reparaci
poskozeni DNA zptisobenych TMZ je u GBM nejcastéji diskutovan enzym MGMT. Jinym
mechanizmem chranicim buniky pfed pasobenim cytostatik je jejich vylucovani
z intracelularniho prostoru pomoci ATPazovych pump, které jsou zodpovédné za tzv.
mnohocetnou 1ékovou rezistenci. Mnoho experimentalnich praci ukazalo, Ze do regulace
vSech téchto procestt jsou zapojené i miRNA, které tak hraji vyznamnou roli

v chemoradiorezistenci GBM (Besse et al., 2013).

Pfispévek k dané problematice

Vliiv. miRNA na chemoradiorezistenci gliomii jsme prehledné zpracovali v publikaci
., MicroRNAs involved in chemo- and radioresistance of high-grade gliomas“ uverejnéné
vroce 2013 v casopise Tumor Biology (Besse et al., 2013; Piiloha 13). S pripravou této
publikace byla v nasi laboratori soucasné zahdjena studie, jejimz cilem bylo odhalit nove,
doposud neopublikované miRNA zapojené v regulaci radiorezistence GBM a prispét tak

k hlubsim poznanim této, v leche GBM zcela klicové problematiky. Vysledkem pak byly dvé
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puvodni prace opublikované v zahranicnich casopisem s impakt faktorem zabyvajici se
vlivem miRNA na radiorezistenci GBM bunék. Obé prdace jsou uvedeny v nasledujici

podkapitole.

MikroRNA jsou zapojené do radiorezistence glioblastomu

Signalni draha PI3K/AKT hraje velmi vyznamnou roli v bunééné rezistenci k ionizujicimu
zafeni a byva velmi Casto deregulovana u GBM. Inaktivace této drdhy citelné naruSuje
mechanismus opravy DNA, coz mize v koneéném disledku vést ke zvySené citlivosti
k radioterapii. Né¢kolikrat jiz bylo demonstrovano, ze miR-21 aktivuje tuto signalizaci
prostiednictvim piimé suprese PI3K/AKT inhibitoru PTEN (Chakravarti et al., 2004; Kao
et al., 2007; Gwak et al., 2012). Snizeni intracelularni hladiny miR-21 se manifestuje
zvySenou expresi PTEN, aktivaci signalni drahy PI3K/AKT a v kone¢ném dusledku blokaci
v-H2AX (H2A histone family, member X, gamma), ktery rozpozndva dvoutetézcové zlomy
na DNA a aktivuje jejich reparaci. Zda se tedy, ze miR-21, kterd stoji na samém zacatku
signalni drahy a jejiz snizeni vede ke zvysené citlivosti k ionizujicimu zafeni, je také slibnym
terapeutickym cilem k ptekondni radiorezistence GBM (Gwak et al., 2012). Dalsi v tomto
ohledu terapeuticky vyznamnou molekulou je miR-7. Podobné jako miR-21 je i miR-7
zapojena do regulace signalni drahy PI3K/AKT, avSak jeji ucinek je naopak nadorové
supresivni. ZvySené¢ hladiny miR-7 u bunéénych linii U251 a US7MG vedly v obou
ptipadech ke zvySené citlivosti k radiaci, a to pravdépodobné skrze sniZzenou aktivitu EGFR,
a tedy i1 AKT (Kefas et al., 2008; Lee et al., 2011). Dalsi miRNA popisovana v souvislosti
s radioterapii GBM je miR-181. Hladina miR-181 byva imérné asociovdna s obdrZzenou
davkou radiace, pficemz jeji vysoka exprese vede, podobné jako u miR-7, ke zvysSené
citlivosti k radiaci. Jako pfi¢ina tohoto efektu se zda byt ptimy regulacni vztah mezi miR-7
a anti-apoptotickym genem BCL-2 (Chen et al., 2010).

Signalni draha ATM/Chk2/p53 je uzce spjata s bunécnymi procesy jako jsou apoptdza
a bunécny cyklus (Cao et al., 2006). Vyznam ATM v radiorezistenci byl demonstrovan na
dvou bunécnych liniich GBM, které¢ se lisi v jeho expresi. Bylo zjisténo, Zze miR-100 je
odli$né¢ exprimovana obéma zminénymi liniemi, coZ naznacuje jeji vztah s expresi ATM.
Pocitacové modelovani navic predikuje miR-100 jako pfimy reguldtor ATM (Ng et al.,
2010). Po ozareni bunécné linie s nizsi hladinou ATM dochazi k indukci miR-15a, miR-16,
miR-21, miR-143 a miR-155, coz naznacuje jejich zapojeni do procesu bunééné odpovedi

na ionizujici zafeni (Chaudhry ef al., 2010b). Toto zapojeni pak ve svych pracich na jinych
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typech nadorovych onemocnéni potvrdily i dalsi autofi (Chaudhry et al., 2010a; Babar et al.,
2011; Lin et al., 2011). Geny ATM a DNA-PK byly rovnéz potvrzeny jako piimy cil miR-
101. Tato miRNA senzitizuje builkky U87MG k radiaci, coz bylo potvrzeno jak

v podminkach in vitro, tak i na zvitecim modelu (Yan et al., 2010).

Pfispévek k dané problematice

Na zdkladé porovnani tkané GBM a tkané temporalnich lalokii resekovanych u pacientii
s epilepsii, které nevykazovaly zadné znamky dysplastickych zmen, jsme odhalili
signifikantni snizeni exprese jak miR-338-5p, tak jejiho vidsenkového partnera miR-338-3p
v tkani GBM. Tato skutecnost naznacovala, Ze by obé tyto miRNA, jez podléhaji stejné
regulaci transkripce pri-miRNA, mohly hrat roli v biologii GBM. Navic miR-338-3p byla jiz
drive popsana jako miRNA specificky se exprimujici v mozkové tkani zapojend do procesii
proliferace a diferenciace. Z téchto ditvodii jsme se rozhodli provést v pripade obou molekul
in vitro navySeni jejich exprese a sledovat dopad této zmeny na jejich biologické a funkcni
vlastnosti. Zatimco navySeni hladin miR-338-3p se neprojevilo zZadnym efektem, v pripade
miR-338-5p doslo k vyraznému sniZeni proliferace u vsech studovanych bunécnych linii, tj.
Al72, T98G a US7MG. Dalsi in vitro analyzy naznacily, Ze snizeni proliferace je
pravdeépodobné zpiisobeno zastavou bunécného cyklu. Soucasné nebyl pozorovan zZadny
efekt na apoptozu. Jelikoz jedna z nejvice ucinnych lecebnych modalit GBM je radioterapie,
rozhodli jsme se bunky jak s uméle navysenou, tak endogenni hladinou miR-338-5p vystavit
prave ionizujicimu zareni. Po tomto ovlivneéni jsme rovnéz pozorovali rozdily v proliferaci
a zastavu bunécného cyklu u vsech tiech sledovanych linii s navysenymi hladinami miR-338-
5p, avsak zmeéna v téchto sledovanych parametrech byla mnohem vyznamnéjsi nez v pripade
neozarenych bunék. Navic jsme u vSech trech ozarenych a soucasné miR-338-5p
transfekovanych linii pozorovali signifikantni zvySeni poctu apoptotickych bunék. Na zaver
studie bylo pomoci celogenomového expresniho profilovani provedeno porovnani
transkriptomu bunék s navysenou a nenavysenou hladinou miR-338-5p s cilem identifikovat
mRNA regulované touto miRNA. Analyza transkriptomii ziskanych ze vsech t¥i studovanych
bunecnych linii umoznila identifikovat deset genii s vysoce signifikantnim rozdilem v expresi
mezi skupinami. T7i z techto genu, NDFIPI, RHEB a PPP2R5a, jsou uzce spojeny
s genomovou nestabilitou a odpovedi burnky na poskozeni DNA. Pomoci téchto genii by viiv
miR-338-5p na radiorezistenci GBM mohl byt modulovan skrze PTEN, ktery je zndmym
inhibitorem drahy PI3K/AKT, ale je zapojen také do transkripce genii E2F1 a RAD51. MiR-
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338-5p se proto jevi jako slibny terapeuticky cil umoznujici zvysit senzitivitu k radiaci a tak
zlepsit celkovou prognozu pacientii s GBM (Besse et al., 2016; Piiloha 14).

V roce 2017 jsme pak uverejnili vysledky druhé casti studie, v ramci které jsme dlouhodobou
expozici ionizujicimu zareni pripravili radiorezistentni GBM bunécné linie T98G-R,
US7MG-R a U251-R. Jak v radiorezistentnich, tak v rodicovskych bunécnych liniich jsme
provedli globalni profilovani exprese miRNA a identifikovaly tak 113 miRNA s vyznamné
odlisnou expresi mezi obéma skupinami, z toho 73 miRNA bylo zvyseno a 40 miRNA naopak
snizeno v radiorezistetnich liniich. Spravnost naseho pozorovani podporila skutecnost, ze
nekteré z téchto miRNA byly jiz diive popsany ve vztahu pravé k ionizujicimu zdaren. Veérime,
Ze tyto miRNA predstavuji potencialné prediktivni biomarkery nebo terapeuticke cile v GBM
(Ondracek et al. 2017; Piiloha 15).

MikroRNA jsou zapojené do chemorezistence glioblastomu

TMZ je cytotoxické pro-1é€ivo, které se hydrolyzou stdva u¢innym metyla¢nim ¢inidlem
vedoucim k inhibici replikace DNA. Nicméné po dlouhodobé&j$im pisobeni TMZ dochézi
u GBM ke vzniku rezistence. Jednim z velmi diskutovanych mechanismii, pomoci kterého
ziskava GBM rezistenci k TMZ, je zvySena hladina repara¢niho proteinu MGMT. MGMT
je DNA alkyltransferaza schopna opravovat mutagenni poSkozeni na DNA zptusobené TMZ
metylujicim guanin na pozici O6. Tato poskozeni za normalnich okolnosti zapfi¢inuji Spatné
parovani guaninu s thyminem, a tedy zménu genetické informace, destabilizaci genomu
a apoptozu. Nicméné vysoké hladiny MGMT vedou k demetylaci guaninu, a tak umoznuji
buiice vyhnout se apoptdze (Sharma et al., 2009; Carmo et al., 2011; Besse et al., 2013).
MiRNA maji schopnost regulovat MGMT, ale také naptiklad anti-apoptoticky protein BCL-
2.V ptipadé¢ obou téchto proteinti byla pozorovana negativni korelace jejich hladin s expresi
miRNA rodiny miR-181. Navic in vitro umlCeni této rodiny vedlo k signifikantnimu
navyseni expresni hladiny MGMT. Tato skute¢nost naznacuje, Ze by rodina miR-181 mohla
byt jak prediktivnim biomarkerem odpovédi na 1é¢bu TMZ, tak potencialnim terapeutickym
cilem zvysujicim t¢innost TMZ (Chen et al., 2010; Zhang et al., 2012).

Opakované byl prokazan vztah mezi rezistenci k TMZ a signdlnimi drahami PI3K/AKT
a RAS/MAPK. Tato pozorovani byla provedena naptiklad na bunécné linii U118 derivované
z tkang gliomu. Zminéna bunécna linie disponuje znacnou rezistenci k TMZ, nicméné po
inhibici vySe uvedenych signdlnich drah doslo k vyznamnému poklesu rezistence (Carmo et

al., 2011). Podobn¢ jako v ptipad¢ radiorezistence, i rezistence GBM bunck k TMZ muze
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byt ¢asteCné zprostfedkovana skrze piimou inhibici PTEN pomoci miR-21 a tedy aktivaci
signalni drahy PI3K/AKT. Um¢l¢ snizeni hladiny miR-21 se projevilo inhibici proliferace,
zvysenou apoptézou a zdstavou bunécného cyklu, coz bylo zpisobeno snizenim BAX
(BCL2-associated X protein) / BCL-2 poméru a snizenim aktivity kaspazy 3 (Ren et al.,
2010a; Shi et al., 2010). Vyznam miR-21 byl rovnéz zkoumam u bunék vystavenych
plsobeni cytostatika S-fluorouracilu, u kterych tato miRNA potencovala apoptdzu
a snizovala migracni potencial (Ren et al., 2010).

Mezi miRNA regulujici apoptotické faktory jako jsou BAX, cytochrom c a kaspéza 3 patii
také miR-221/222. Jejich sniZeni zvySovalo nezavisle na proteinu p53 senzitivitu k TMZ
(Chen et al., 2012). V jiné studii zase bylo zjisténo, ze miR-195, miR-455-3p a miR-10a*
vykazuji shodné zvysSenou hladinu u bunék rezistentnich k TMZ. ZvySena hladina miR-195
v kombinaci s TMZ navic siln€ potencovala indukci apoptézy (Ujifuku et al., 2010).

Za chemorezistenci neni ovSem zodpovédna pouze signalizace PI3K/AKT, ale velice
dilezité jsou v tomto sméru rovnéz proteiny patfici do rodiny ABC transportért, které
pfispivaji k mnohocetné 1ékové rezistenci. Jedna z mnoha praci zabyvajicich se moznostmi
preklenuti této rezistence ukéazala, Ze zvySend hladina miR-328 vede ke snizené expresi
ABCG2 a muze byt tedy, jak se zda, rovnéz zapojend v chemorezistenci GBM (Li ef al.,

2010b).

Vyznam mikroRNA u glioblastomovych kmenovych bunék

Regulacni efekt miRNA se uplatituje ve vétsing dalezitych bunéénych procesech jako je
proliferace, diferenciace, apoptoza, bunécny cyklus a stejné tak udrzovani kmenovych
vlastnosti bun¢k (Jansson a Lund, 2012). Tyto molekuly jsou tedy zapojeny i do biologie
GSCs, coz znich ¢ini ohnisko z4jmu mnoha vyzkumnych kolektivl. Cilena regulace
miRNA, které jsou zapojeny do fizeni kmenovych vlastnosti GSCs, by totiz mohla byt
vyuzita jako novy efektni pristup 1é¢by nddorovych chorob, véetné GBM (Liu a Tang, 2011).
Tato strategie vSak v sobé skryvd mnohd uskali. GSCs jsou velmi blizké normalnim
neurdlnim kmenovym buitkam (NSCs) a mechanismy, udrzujici jejich kmenovost, jsou Casto
stejné ¢i podobné u obou téchto bunéénych populaci. Dilezité tedy je, aby 1é¢ba zaméiujici
se na GSCs cilila opravdu jenom tyto buiiky. Lang a kol. proto za pouziti metody hlubokého
sekvenovani identifikovali miRNA, které jsou rozdiln¢ exprimované mezi témito
bunéénymi populacemi, a tim ziskali set potencidlnich terapeutickych cilii pro bezpecnou

cilenou lécbu, kterd by mifila pouze na GSCs a nikoli na NSCs. Signifikantné zvysSenou
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hladinu v GSCs vykazovaly miR-10a, miR-10b a miR-140-5p. Naopak sniZzena exprese byla
detekovana u miR-874 a miR-124. Jako pfimy cil miR-10a a miR-10b byl identifikovan
nadorovy supresor CSMD1 (CUB and SUSHI multiple domain protein 1), jehoZ ztrata nebo
snizena hladina byla zaznamenana i u jinych typti nddort (Kamal ef al., 2010; Lang et al.,
2012). Tento transmembranovy protein je podle nekterych studii zapojen do signalizace
TGF-B, jez patii mezi hlavni regulatory kmenovosti a rovnéz se podili na mechanismech
bunécného ristu a apoptozy (Tang et al., 2012; Sakaki-Yumoto et al., 2013). Regulaéni vliv
této miRNA byl objeven i v pfipadé¢ dalSich genli zapojenych v nddorové transformaci jako
je PTEN, STAT3, SDC-1, TIAMI, NF-1. Inhibice miR-10b v GSC a GBM buikéch m¢la
za nasledek vyrazné snizeni proliferace, migrace, invazivity a bunééného ristu, a to zejména
v ptipadé GSC (Guessous et al., 2013).

Mezi ptimé cile nddorové supresorové miR-124 pak patii jednak znamy onkogen NRAS,
jenz je zapojen do procesu proliferace, diferenciace a celkového ptezivani bunck, a dale
serin/treonin kindza PIM3 modulujici bunéény cyklus (Lang et al., 2012). MiR-124 byla
rovnéz identifikovana jako cil transkripcniho faktoru REST, jednoho z hlavnich represort
neuralni diferenciace. Mezi jeji dalsi cilové molekuly totiz patii fosfataza SCP-1, ktera
vyrazné potlacuje neurdlni diferenciaci (Visvanathan et al., 2007; Conti et al., 2012). Silber
a kol. rovnéz potvrdili zapojeni miR-124 spolu s miR-137 do procesu diferenciace, a to jak
v NSCs, tak i v mozkovych nadorovych kmenovych buitkédch. Ob¢ tyto miRNA ovliviiuji
proliferaci GBM bunéénych linii prostiednictvim pfimé inhibice cyklin dependentni kindzy
6 (CDKO6), ktera se skrze fosforylaci proteinu Rb podili na fizeni bunééného cyklu (Silber et
al., 2008). Bylo rovnéz zjisténo, ze supresorovd miR-137 vykazuje v GBM z divodu
hypermetylace svého promotoru snizenou hladinu exprese. Exprese této molekuly nartsta
spolu s mirou diferenciace NSCs i GSCs. Po transfekci pre-miR-137 do GSCs klesa
schopnost sebeobnovy, tvofeni neurosfér a rovnéz exprese markerti kmenovych bunék Oct4,
Nanog, Sox2 a Shh. MiR-137 reguluje kmenové vlastnosti GSCs skrze sviij ptimy cil RTVP-
1, jehoz exprese ptimo koreluje se stupném malignity astrocytomti. RTVP-1 zvySuje expresi
CXCR-4, ktery je zapojen v signalizaci SHH-GLI-Nanog, a tim pfispiva ke zvySeni
schopnosti sebeobnovy buné¢k (Bier et al., 2013). Tumorigenni a invazivni marker CXCR-4
je pfimym cilem klastru miR-302-367, proto se i tato skupina miRNA podili na inhibici
sebeobnovy, invazivity a infiltrace glioblastom iniciujicich bun€k, a to rovnéz pies
signalizaci SHH-GLI-Nanog, ve které, jak uz bylo uvedeno, je CXCR-4 zapojen. Po zvySeni
hladiny miR-302-367 v GSCs, doslo k poklesu schopnosti tvofit neurosféry a naopak ke

zvySeni exprese astrocytarniho markeru GFAP, coz doklad4 zapojeni tohoto klastru i do
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procesu diferenciace (Fareh et al., 2012). Dalsi miRNA zapojena do procesu diferenciace je
miR-128. Po jejim zvySeni dochazi k indukci diferenciace, a tudiz poklesu markert
kmenovosti jako je Nestin nebo Sox2. Jejimi pfimymi cili jsou zndmé mitogenni
tyrozinkinazy EGFR a PDGFRa, u nichZ byl uz v predeslych studiich prokazan inhibic¢ni
vliv na neuralni diferenciaci (Boockvar et al, 2003; Jackson et al, 2006;
Papagiannakopoulos ef al., 2012). Vyzkumny tym Aldaz a kol. se zamé&fil na identifikaci
molekul miRNA, jejichz exprese se bchem diferenciace GSCs méni, tudiz se da
predpokladat jejich ptimé zapojeni do tohoto procesu. Mira exprese miR-93 a miR-106 se
behem diferenciace snizovala, naopak u miR-21, miR-29a, miR-29b, miR-221 a miR-222 se
zvySovala. Inhibice miR-221/222 v diferencujicich GSCs méla za nasledek nartst exprese
nestinu, ale pokles astrocytarnich (GFAP) a neuralnich markerii (TUJ1). Tento trend nebyl
pozorovan v ptipadé miR-29a/b. Jejich zvyseni v GSCs nevyvolalo zadné zmény v expresi
markeri kmenovosti ani v diferenciaci, ale vedlo k prokazatelnému sniZeni viability
a zvySeni apoptdzy. MiR-29a/b jsou do procesu apoptdzy zapojeny skrze svij pfimy cil,
anti-apoptoticky protein MCLI1, patfici do rodiny apoptotickych regulatori BCL2.
Piekvapenim studie bylo zjiSténi vyrazné prodiferenciacni role miR-21, mnohymi studiemi
postulovanou jako miRNA se siln¢ onkogennimi vlastnostmi. Po zvySeni této miRNA
v GSCs opét doslo ke snizeni exprese nestinu a ndrustu TUJ1 a GFAP. Jejim piimym cilem
byl ur¢en SPRY 1, ktery byl jiz dfive popsany jako inhibitor neurdlni diferenciace v mysich
embryonalnich kmenovych bunkach. (Aldaz et al., 2013). MiR-221/222 i miR-21 jsou
vSeobecné znamé pro své onkogenni vlastnosti (Schramedei et al., 2011; Liet al., 2014). Ve
vySe popsané studii v§ak autofi polemizuji, ze pokud by 1écba cilila na tyto miRNA, neméla
by pozadovany efekt zabranujici vzniku recidiv pravé kvuli zapojeni téchto miRNA do
procesu diferenciace (Aldaz et al., 2013). Schraivogel a kol. se zaméfili na rozdily
v expresnim profilu miRNA mezi CD133 pozitivnimi a negativnimi butikami. CD133, jak
jiz bylo uvedeno, je jednim z nejpouzivanéjSich markert pro identifikaci a izolaci GSCs.
MiR-9/9* miR-15b, miR-17-5p, miR-106 vykazovaly nejvyssi expresi u CD133 pozitivnich
bunck, miR-221/222, miR-27, miR-21 zase u CD133 negativnich bun¢k. Cilena inhibice
miR-9/9* a miR-17-5p vedla k redukci CD133 pozitivnich bunék a jejich schopnosti tvofit
neurosféry. Jako mozny cil téchto dvou miRNA byl identifikovan transkripéni faktor
CAMTAL, ktery indukuje expresi kratkého secernovaného proteinu NPPA a jeho receptoru,
jez se podileji na inhibici proliferace (Schraivogel et al., 2011). Jin4 vyzkumna skupina zase
uvedla, Ze k nejvice snizenym miRNA v CD133 pozitivnich oproti CD133 negativnim

bunkdm patii miR-125b, jez je zapojena do fizeni proliferace. Jejim pfimym cilem je totiz
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¢len rodiny E2F, coz jsou vyznamni regulatoii bunééného cyklu. Po zvySeni jeji hladiny
v CD133 pozitivnich bunikdch doslo k represi exprese Nestinu a CD133 a schopnosti téchto
bungk tvoftit neurosféry (Wu et al., 2012). Exprese miR-17-92 se béhem diferenciace snizuje,
coz doklada jejich vyznam v udrzovani kmenovych vlastnosti GSCs. Tento klastr je zapojen
v fizeni proliferace a apoptdzy skrze své cile CDKN1A, E2F1 a PTEN. Jako pfimy cil této
molekuly byl rovnéz uréen ristovy faktor pojivové tkané (CTFG), ktery vaze VEGFA
(vaskularni endotelialni rGstovy faktor) a tim pfispiva k inhibici nddorové angiogeneze
(Ernst et al., 2010). Zapojeni miRNA v regulaci biologickych vlastnosti u GSCs je shrnuto

na Obrazku 5. Text pfevzat a upraven z Kleinova et al., 2015.

Pfispévek k dané problematice

Problematiku vyznamu miRNA u GSC jsme v roce 2015 shrnuli v prehledovéem clanku
v Ceskem recenzovaném casopise, kde jsme soucasné postulovali, Ze na zaklade dostupnych
poznatku se GSC zdaji byt skutecné jednou z pricin biologicky nepriznivého chovani tumoru
a jsou tedy nadejnym terapeutickym cilem. Jejich cilené ovlivneéni prostiednictvim miRNA,
prirozenych reguldtorii genové exprese, by pak mohlo veést ke zvyseni senzitivity GBM
k adjuvantni terapii, vyznamnému prodlouzeni casu do progrese onemocnéni, a tedy
i zlepseni celkové prognozy pacientii (Kleinova et al., 2015; Piiloha 16).

Vroce 2018 jsme pak uverejnili vysledky studie, ktera méla za cil predevsim odhalit panel
miRNA specificky deregulovanych prave u GSC. Pomoci globdlni analyzy exprese miRNA
u deseti parovanych in vitro i in vivo charakterizovanych primarnich kultur GSC a GBM
bunek postradajicich kmenové viastnosti (non-GSC) jsme identifikovali miRNA spojené
s kmenovym fenotypem. 51 nejvice deregulovanych miRNA bylo schopno klasifikovat
bunecné kultury do dvou hlavnich klastrii — GSC a non-GSC a zaroven identifikovalo
podskupinu GSC kultur s vyraznejsimi charakteristikami kmenovych bunék. Rizikové skore
zalozené na expresi 7 vybranych v GSC zvysenych miRNA pak bylo schopno predikovat OS
u pacientii s GBM z databaze TCGA, a to nezavisle na mutacnim statusu genu IDHI. Tato
prdce tak potvrdila vyznamnou ulohu miRNA v biologii GSC a vybrané miRNA mohou
predstavovat uZitecné prognostické markery a potencidlni terapeutické cile (Sana et al.,

2018; Priloha 17).
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Obrazek 5  Zapojeni mikroRNA v regulaci biologickych vlastnosti glioblastomovych

kmenovych bunék (pfevzato z Kleinova et al., 2015)
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MikroRNA u meningeomu

V porovnani s gliomy neni vyznam miRNA u meningeomil zdaleka prozkouman. Piesto se
vSak v poslednich letech ruku v ruce s masivnim rozsifenim pokrocilych vysokokapacitnich
technologii pro studium transkriptomu objevilo né€kolik praci zabyvajicich se studiem
globalnich expresnich profili miRNA pravé u tohoto onemocnéni. Zminéné studie ptinesly
pfedevsim fadu dilezitych poznatkii o zapojeni miRNA v biologii nadorii a jejich
potencialni vyuziti v diagnostické praxi, piipadné jako terapeutickych cild (Wang et al.,
2020). Prave identifikace rozdilné exprese miRNA mezi nadorovymi vzorky a normalni
kontrolni tkéni je béznym ptistupem ke studiu mechanisma tumorigeneze. EI-Gewely a kol.
identifikovali 6 rozdiln¢ exprimovanych miRNA mezi meningeomy stupné malignity WHO
I aIT a durdlni kontrolou z nichz miR-218 a miR-24a vykazovaly zvySenou expresi, zatimco
miR-143, miR-193b, miR-451 a miR-21 byly sniZeny ve tkani nadoru (El-Gewely et al.,

2016). Porovnanim exprese miRNA u meningeomu s rozdilnymi stupni malignity byla
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odhalena sada 4 miRNA (miR-222, miR-34a-3p, miR-136 a miR-497) vzajemné odlisujici
stupné WHO I a WHO II (Ludwig ef al., 2015). Tyto rozdiln€ exprimované miRNA byly jiz
diive spojeny s proliferaci a pfezivanim u mnoha riznych nadord, coz naznacuje, ze by
mohly byt slibnymi biomarkery procest vzniku a progrese meningeomd.

Zhi a kol. naznacili, ze efektivnimi a souCasné¢ lehce dostupnymi molekulami pro
diagnostiku a monitorovani meningeomi by mohly byt podobné jako u jinych nadorovych
onemocnéni cirkulujici miRNA v krevnim séru nebo plazmé pacientti. Tito autofi konkrétné
analyzovali miRNA v krevnim séru 210 pacientli s meningeomem a soucasné¢ 210 zdravych
darcti bez histopatologicky potvrzen¢ho jakéhokoliv nadorového onemocnéni a odhalili
panel 6 miRNA, ve kterém 219-5p, miR-409-3p, miR-106a-5p a miR-409-3p byly
signifikantné zvySené u pacienti s meningeomem, zatimco miR-224 a miR-197 vykazovaly
vys$$i hladiny u zdravych darcid. Stoji za zminku, Ze Ctyfi u pacientli s meningeomem
zvySené miRNA byly vyznamné sniZeny, zatimco zbyvajici dvé miRNA byly vyznamné
zvySeny po chirurgickém odstranéni nadoru (Zhi et al., 2016).

V procesech vzniku a postupného vyvoje meningeomid bylo popsano nekolik
deregulovanych miRNA jak onkogenniho, tak nadorové supresorového charakteru. Viibec
nejznaméjsi onkogenni miRNA napfi¢ nddory je miR-21, kterd inhibuje expresi mnoha
nadorovych supresort. Jeji vyznam v biologii meningeomu naznacilo i n¢kolik praci, ve
kterych figurovala jako nejcastéji deregulovand miRNA jednak mezi tkdni nadoru
a normalni tkani a soucasné mezi meningeomy s riznymi stupni malignity (Galani et al.,
2015; Ludwig et al., 2015; El-Gewely et al., 2016; Katar et al., 2017). MiR-21 je
exprimovana v nizkych hladindch u meningeomti WHO I, a naopak jsou jeji hladiny
signifikantn¢ zvySeny u meningeomtt WHO II a III stejné jako napf. u glioblastomu (Wang
et al., 2012b; Galani et al., 2015; Ludwig et al., 2015; Katar et al., 2017). Navic jiz bylo
u riznych nadord potvrzeno mnoho ptfimych cilid miR-21 zapojenych zna¢nou mérou do
onkogenezee a vyvoje malignich forem onemocnéni, a to véetné PDCD4 (programmed cell
death factor 4), PTEN (phosphatase and tensin homolog) a BTG2 (B-cell translocation gene
2) (Murugaiyan et al., 2015). Ve vztahu k meningeomu bylo prokdzano, ze miR-21
podporovala jeho rist represi aktivacnich inhibitorit AKT vcetné BTG2 (B-cell translocation
gene 2) a PTEN (Wang et al., 2020). PTEN je nadorovy supresor, ktery inhibuje signalni
drahu AKT prostfednictvim antagonizace PI3K redukci PIP3 na PIP2 (Jiang a Liu, 2008).
Exprese jak miR-21, tak jeho pifimého cile PTEN byla vyznamné rozdilnd mezi benignimi
a malignimi meningeomy; vysoka exprese miR-21 negativné korelovala s hladinou PTEN,

coz se projevilo ve stimulaci proliferace (Zhi et al., 2013; Galani et al., 2017).
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Dalsi onkogenni miRNA hrajici vyznamnou roli u meningeomu je miR-224, pficemz vyssi
exprese miR-224 byla pozorovana jak v nddorové tkani oproti normalnim vzorkiim mozku,
tak u malignich meningeomtt WHO III v porovnani se stupném malignity WHO I (Ludwig
et al., 2015; Wang et al., 2015). Funkéni studie soucasné popsaly pozitivni korelaci mezi
nizkou expresi miR-224 a pomalou bunécnou proliferaci, a naopak zvysenou apoptotickou
aktivitou (Wang et al.,, 2015). Navic meningeomy s nizkou expresi miR-224 byly
asociovany se signifikantné lepSi prognézou a pacienti vykazovali jak delsi celkové
prezivani, tak delsi ¢as bez rekurence tumoru po chirurgické intervenci (Wang et al., 2015).
Stoji rovnéz za zminku, Zze hladiny miR-224 v krevnim séru vykazuji zcela opacny trend
v porovndni s expresi miR-224 v nadorové tkani; u pacientli s meningeomy byly pozorovany
nizs§i hladiny miR-224 a po odstranéni nadoru jejich hladiny v krevnim séru vyznamné
vzrostly (Zhi et al., 2016). ZvySena exprese ve tkani meningeomu vSech stupiii malignity
byla pozorovéna jesté v ptipadé miR-335 a jeji vysoka exprese vedla ke zvySeni bunécné
proliferace a inhibici GO kontrolniho bodu bunééného cyklu skrze ptimou inaktivaci signdlni
drahy Rbl (Shi et al., 2012).

Oproti zmiflovanym onkogennim miRNA byly miR-34a a miR-218, u jinych nadorti znamé
nadorové supresorové miRNA, signifikantné zvySené v meningeomech WHO I a II a naopak
snizené v meningeomech WHO III v porovnani s normalni durdlni tkani (Zhi et al., 2013;
Ludwig et al., 2015). ZvySend exprese miR-34a-3p vedla v podminkach in vitro u bun¢k
derivovanych z meningeomu k inhibici bunééné proliferace a indukci apopt6zy skrze snizeni
proteint SMAD4, FRATI1 a BCL2 (Hu et al., 2019; Wang et al., 2020). Podobn¢ zvySena
exprese miR-218 vedla ke zpomaleni bunécné proliferace, invazivity, schopnosti tvofit
kolonie a formovat nadorové sféry skrze ptimé cileni transkriptu receptoru pro IL-6 a JAK3
(Yang et al., 2017). Nékteti autofi proto naznacuji, ze miR-218 mulize hrat dilezitou roli ve
zvratu benigniho meningeomu na maligni formu (El-Gewely et al., 2016).

Jina studie dale prokazala, ze miR-200a, ¢len rodiny miR-200 a zndmy regulator EMT,
inhibuje rist bunék meningeomu skrze cilenou regulaci mRNA transkriptu pro B-katenin
a blokuje tak Wnt/B-kateninovou signalizaci (Saydam et al., 2009). Navic zvySena exprese
miR-200a vedla k inhibici invazivity malignich bun€k meningeomu cilenym uml¢ovanim
transkriptu NMMHC-B (non-muscle myosin heavy chain IIb) (Senol et al., 2015). Posledni
miRNA s nadorové supresorovou funkcei popsana doposud u meningeomu je miR-145, jejiz
nizkd exprese je popsdna i mnoha dalSich nadorti. U meningeoml je jeji exprese
signifikantn¢ snizend u malignich forem onemocnéni WHOII/III a jeji umélé navyseni v in

vitro podminkéch vede k redukci bunécné proliferace a migrace (Kliese et al., 2013).
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Pfispévek k dané problematice

V praci ,, Cerebrospinal Fluid MicroRNA Signatures as Diagnostic Biomarkers in Brain
Tumors “ publikované v roce 2019 v casopise Cancers jsme mimo jiné analyzovali hladiny
miRNA v CSF odebraného od pacientii s meningeomem a dale od pacientit s gliomy,
mozkovymi metastiazami a kontrolnimi vzorky CSF ziskanymi v ramci standardni
terapeuticke péce od pacientii s normotenznim hydrocefalem bez potvrzeného onkologického
onemocnéni. Globalni kvantifikace miRNA pomoci technologie sekvenovani nové generace
u vzorkiit CSF od pacientii s meningeomem (n = 11) a kontrolnich vzorkii (n = 19) odhalila
celkem 12 miRNA s odlisnymi hladinami (miR-196a-5p, miR-10a-5p, miR-549a, miR-196b-
Sp, miR-199b-3p, miR-101-3p, miR-152-3p, miR-10a-3p, miR-148a-3p, miR-140-5p, miR-
1247-5p a miR-205-5p; pasj < 0,01). Nasledna validace na nezavislém souboru CSF vzorkii
od pacientii s meningeomem (n = 44) a kontrolnich vzorki (n = 21) potvrdila predeslé
vysledky pouze u miR-140-5p a miR-196b-5p. Porovnani s ostatnimi nadory navic ukazalo,
Ze let-7b, miR-10a-5p a miR-10b-5p jsou rozdilné exprimoviany v CSF mezi skupinou
meningeomii a GBM a LGG, ale nelisi se od mozkovych metastdz. Na druhou stranu rozdily
hladin mezi meningeomy a mozkovymi metastazami byly pozorovany u miR-21-3p a miR-
196b. Vysledky tedy jasné naznacuji, ze cirkulujici miRNA v CSF jsou nadéjnymi biomarkery
pro diagnostiku meningeomii (Kopkova et al., 2019; Piiloha 12).

MikroRNA u mozkovych metastaz

Vyznam sncRNA u mozkovych metastdz je obecné studovan ze dvou zakladnich thla
pohledu. Prvnim znich je role téchto molekul ve vicestupfiovém procesu diseminace
primarniho nadoru do mozku a druhym je pak jejich pfitomnost a tloha v biologii vlastni
metastazy. Zamétime-li se nyni na proces metastazovani, vyznamnou roli zde bezesporu
hraje epitelo-mezenchymalni tranzice (EMT). Tento bunéény program vede ke zméné
epitelidlniho fenotypu buniky v mezenchymalni typ. Nadorové buiiky tak ziskavaji vétsi
mechanickou odolnost, nezdvislost na bazalni membrané, motilitu a v neposledni fadé¢
i odolnost k protinddorové 1écbé. Takto pozménéné buiky aktivné vycestovavaji do
krevniho ob¢hu, kterym jsou pak bez nebezpeci mechanického poskozeni unasSeny do mista
nidace. Nésledné se mechanizmem opacnym, zvanym mezenchymo-epitelidlni tranzice
(MET), vraceji ke svému pivodnimu epitelidlnimu fenotypu a zakladaji dcefina loziska,

mikrometastazy, z nichz se pfi pfiznivych podminkdch miize vyvinout plnohodnotné
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metastatické lozisko (Matejka et al., 2017). Ackoliv se EMT miize na molekularni trovni
u jednotlivych typti nddort ¢astecné lisit, obecné se jednd o vysoce konzervovany proces
s dobfe popsanymi mechanismy. Jsou napiiklad zndmy transkripéni faktory TWISTI,
SNAIL1 a SLUG, které vyznamné zvysuji metastaticky potencial a jsou spojeny se Spatnou
prognozou (Alsidawi et al., 2014; Imani et al., 2016; Kanchan et al., 2020). Bylo potvrzeno,
ze TWIST1 muze indukovat disintegrin a metaloproteinazu ADAMI12, coz vede k podpote
invazivity skrze regulaci tvorby invadopodii a fokalnich adhezi (Eckert et al., 2017; Kanchan
et al., 2020). Jako supresorova molekula se zde vyznamné uplatiiuje miR-34a, ktera
potlacuje vznik metastaz regulaci jak transkripcnich faktort TWIST1 a SLUG, tak obecné
signalni drahy NOTCH1 (Imani et al., 2016). Mimo to je ADAM12 piimym cilem miRNA
rodin miR-29 a miR-200, které se tak rovnéz podileji na regulaci metastazovani (Duhachek-
Muggy a Zolkiewska, 2015). MiRNA ztéchto dvou rodin mohou navic ovliviiovat
preskupovani cytoskeletu cilenim klicovych molekul zapojenych do regulace bunécné
adheze. Déle byly u karcinomu prsu popsdny miR-8084, miR-708-3p, klastr miR-96-182-
183, miR-484, miR-210 a miR-142-3p, kter¢ modulovaly invazivitu nadorovych bunck
skrze regulaci EMT; a miR-124, miR-199a/214, miR-3178, miR-30a, miR-508-3p a miR-
212-5p, které ovliviiuji hladinu EMT markeri a transkripénich faktort regulujicich expresi
E-cadherinu u triple negativniho karcinomu prsu, bézn¢ metastazujiciho do mozku (Kanchan
et al., 2020).

Jakmile buiiky primarniho nddoru zméni svijj fenotyp prostiednictvim mechanismu EMT,
zahdji proces intravazace do blizkych kapilar, ve kterych za¢nou prostiednictvim adheznich
molekul a proteinovych receptorti kontaktovat endotelové buiiky s cilem pfichytit se ke st€né
kapilar a extravazovat zpét do vhodné tkdn€ ve vzdalenych mistech organismu (Dua et al.,
2005). Bylo prokazano, ze nckteré extracelularni miRNA mohou regulovat integritu
endotelu a tim i procesy intravazace, pfipadné extravazace. Napiiklad miR-105, ktera je
vylu¢ovana nadorovymi buiikami, naruSuje endotel cilenim proteinu tésné¢ho spoje ZO-1
(Zonula occludens protein-1) (Zhou et al., 2014). RovnéZ angiogenni a riistové faktory
uvoliiované nadorovymi nebo stromdlnimi bunikami pfispivaji k intravazaci (Dua et al.,
2005). Nedavna studie objevila novou roli TGF-f produkovaného fibroblasty asociovanymi
s nadorem v organizaci kapilar, kdy pfitomnost fibroblast vedla ke zvySeni poctu pericyti
na povrchu cév (Zonneville et al., 2018). Hlubsi analyza naznacila, Ze zvySena exprese miR-
520/373 u metastatickych bunck karcinomu prsu vedla k vyznamnému potlaceni signalizace
fizené pravé molekulou TGF-p, coz dale vedlo ke snizeni hladin angiogennich faktort PAI-

1 (plasminogen activator inhibitor-1), PTHrP (parathyroid hormone-related protein)
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a ANGPTL4 (angiopoietin-like 4), a tedy v kone¢ném diisledku u zkoumanych bunék ke
snizené schopnosti metastazovat (Keklikoglou et al, 2012). V jiné studii bylo dale
prokézano, ze miR-204 potlacuje vaskularizaci a angiogenezi inhibici pro-angiogennich
molekul ANGPT1 a TGFBR2 (Flores-Perez et al., 2016). Rodina miR-200 by také mohla
hrat roli v regulaci angiogeneze pifimym cilenim pro-angiogennich cytokint IL-8 a CXCL1
v endotelialnich bunkach (Pecot et al., 2013).

Aby nadorové bunky cirkulujici v krevnim ob¢&hu ptezily, museji piekonat jednak anoikis
a soucasn¢ se vyhnout nastrojiim imunitniho dohledu, pfi¢emz vétSina takovychto bunék je
fagocytovana nebo podstoupi apoptdzu. Jednim z nastroji vyuZzivanych cirkulujicimi
nadorovymi bunikami po vstupu do krevniho obéhu je aktivace krevnich desticek, kdy
indukci agregace krevnich desticek jsou tyto buiikky chranény ptfed imunitnim dozorem.
Soucasné pak u téchto bunck dojde k doCasné zastavé bunécného cyklu, ¢imz vyznamné
zvysi pravdépodobnost preziti ve vaskulatufe (Strilic a Offermanns, 2017; Ponert ef al.,
2018). Debeb a kol. prokézali, ze nadmérna exprese miR-141 zvysuje u nadorovych bunék
mozkovy tropismus a soucasn¢ snizené hladiny miR-141 inhibuji schopnost téchto bun¢k
metastazovat do mozku, coz naznaCuje, Ze miR-141 chrani bunky v krevnim ob&hu
a poméahda pii kolonizaci v mozku (Debeb et al., 2016). Krevni desticky agregované na
povrchu cirkulyjicich nddorovych bunék rovnéz secernuji TGF a PDGF (platelet-derived
growth factor), které inhibuji aktivitu NK (natural killer) bunék, a tim pfispivaji
k imunitnimu uniku anoikis (Gersuk et al., 1991). Mikrocastice derivované z krevnich
desti¢ek jsou vyznamnymi rezervoary miRNA, které krevni desticky mohou transportovat
a modulovat jimi genovou expresi v cirkulujicich nddorovych bunikach. Bylo prokézano, ze
miR-183 enkapsulovana pravé v mikrocasticich derivovanych z krevnich desticek potlacuje
signifikantnim zptsobem aktivitu NK bun¢k, a to skrze cilené umlc¢eni DAP12, proteinu
klicového pro stabilizaci povrchovych NK receptori, a naslednou transdukci signalu
(Donatelli et al., 2014).

Jakmile jsou nddorové buiiky schopné prezivat v krevnim obé&hu, pfichyti se na stény kapilar
a zah4ji proces extravazace, ktery je koordinovan mnoha selektiny, integriny, kadheriny,
CD44 a imunoglobulinovymi receptory. Extravazace zna¢né¢ zpomaluje cely proces
metastazovani, jelikoz nadorové bunky musi pfekonat obranné mechanismy jednak
astrocytll, ale i dal§ich ochrannych mechanismi stimulovanych mikroprostfedim mozku
(Wasilewski et al., 2017). Pravé astrocyty jsou mobilizovany po invazi cizich bun¢k do
mozku jedny z prvnich a indukuji u téchto bun¢k vné&jsi apoptotickou drahu skrze povrchovy

receptor Fas (Valiente ef al., 2014), pficemZ nedavné studie prokazaly, Ze nckteré miRNA

64



véetné miR-7, miR-21 a let-7c reguluji expresi ligandu FasL a jind soucasné jind miRNA —
miR-200c cili mRNA trakript genu FAP-1, ¢imZ reguluje vngjs$i apoptotickou drdhu
spousténou skrze CD95 (Sayed et al, 2010; Schickel et al., 2010). Ve snaze potlacit
apoptotické ucinky astrocytii, uvoliiuji nadorové buiiky protedzové inhibitory zndmé jako
serpiny, pficemz bylo popsano, ze napt. miR-21 inhibuje Serpinl a mize tak hrat dilezitou
roli v procesu metastazovani (Yamanaka et al., 2012). Pokud se metastatické buniky vyhnou
témto signdlim bunécné smrti, vyzaduji pro svoji nidaci aktivni podporu opét astrocyti,
které stabilizuji mezerovita spojeni konexint, a umozni tak vznik mikrometastazy (Chen et
al.,2016). V tomto ohledu bylo popsano pozorovani, kdy exprese miR-206 nepiimo koreluje
s expresi konexinového genu Cx43 a je na Grovni fenotypu bunék asociovdna se sniZzenou
proliferaci a migraci (Kanchan et al., 2020). Ke stabilizaci mezerovitych spojeni mezi
astrocyty a nadorovymi bunkami je dale nutnd exprese interleukind IL-6 a IL-8, které
ovliviiuji oba bunécné typy — indukuji expresi endoteliového ligandu ET-1 na astrocytech
a endoteliovych receptori ETAR a ETBR na nadorovych buinikach (Kim et al., 2014;
Wasilewski et al., 2017), pficemz exprese ET-1 je posttranskripéné regulovana pomoci
miR125a/b-5p (Li et al., 2010a). Je nepochybné, ze v procesu extravazace hraji dulezitou
roli rovnéz molekuly bunééné adheze (CAM) a jejich receptory, které jsou rovnéz
posttranskripéné regulovany pomoci miRNA. Konkrétné¢ pak bylo ovéfeno, ze miR-17
reguluje ICAM-1 a E-selektin (Suarez et al., 2010); miR-126 a miR-1185 reguluje
endotelidlni expresi VCAMI (Harris ef al., 2008; Deng et al., 2017); a miR-483-5p piimo
cili transkript genu ALCAM (Lu et al., 2017).

Kromé vySe uvedeného pfispivaji reaktivni astrocyty sekreci vybranych molekul také
k tvorb¢€ protumorigenniho ,,niche. U mysi byla v tomto ohledu identifikovana skupina 17
gend, jejichz exprese specificky korelovala s geny jiz diive popsanymi ve spojitosti
s metastdzami karcinomu prsu. Mezi témito 17 geny pak byly identifikovany ¢tyfi konkrétni
(COX2, EGFR ligand HBEGF, ANGPTLA4 a 2,6-sialyltransferase STOGALNACS), které
jsou zodpovédné za nasmérovani bunck karcinomu prsu do mozku (Bos et al., 2009).
Z téchto genii se COX2 aktivni podili na regulaci exprese MMP-1 a jeho exprese je
asociovana s propustnosti hematoencefalické bariéry. COX2 rovnéz v bunikach indukuje
fenotyp kmenovych bunék, a to zvySenim exprese miR-655 a miR-526b, diky ¢emuz
nabyvaji tyto buiiky na schopnosti metastazovat (Majumder et al., 2015; Majumder et al.,
2018). MiR-212 pak pfimo cili molekulu HBEGF a suprimuje bunécny rlst, migraci
a invazivitu (Wei et al., 2014). Transkript STOGALNACS, specificky mediator mozkovych

metastdz karcinomu prsu, je pfimych cilem miR-200c a miR-200b a miize také regulovat

65



EMT (Bos et al., 2009; Kurcon et al., 2015). MikroRNA zapojené v regulaci jednotlivych

krokt procesu metastazovani jsou prehledné uvedeny v Tabulce 7.

Pfispévek k dané problematice

Pomoci globalni analyzy hladin miRNA v CSF odebraného od pacientii s mozkovymi
metastazami (n = 13) a od pacientii s normotenznim hydrocefalem bez potvrzeného
onkologického onemocnéni (n = 19) jako kontrolnich vzorkii jsme identifikovali 14 miRNA
s rozdilnymi hladinami (miR-5100, miR-92a-3p, miR-143-3p, miR-196a-5p, miR-196b-5p,
miR-490-3p, miR-1247-5p, miR-199b-3p, miR-21-3p, miR-3607-3p, miR-205-5p, miR-532-
5p, miR-381-3p a miR-10a-5p; paqj < 0,001). Nasledna validace na nezavisléem souboru CSF
vzorkii od pacientii s mozkovymi metastazami (n = 12) a kontrolnich vzorku (n = 21)
potvrdila predeslé vysledky pouze u miR-21-3p. Porovnani s ostatnimi nddory navic
ukadzalo, ze miR-10a-5p je signifikantne snizena v CSF u pacientit s mozkovymi metastazami
v porovnani s jak GBM, tak LGG, ale nelisi se od meningeomu ani od kontrolnich vzorkii.
V pripadé miR-196b-5p pak vzorky CSF od pacientit s mozkovymi metastazami vykazovaly
3p dosahovala naopak nejvyssich hladin u pacientii s mozkovymi metastazami v porovndni
se vSemi ostatnimi zkoumanymi vzorky. Nakonec miR-10b-5p a miR-30e-5p byly vyznamné
zvySené v CSF u LGG v porovnani s mozkovymi metastdzami, ackoliv tento trend nebyl
pozorovan u GBM. Vysledky tedy jasné naznacuji, Ze cirkulujici miRNA v CSF jsou
nadejnymi biomarkery pro diagnostiku pacientii s mozkovymi metastazami (Kopkova et al.,

2019; P¥iloha 12).
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Tabulka 7 MikroRNA zapojené v regulaci procesu metastazovani (pfevzato a upraveno
z Kanchan et al., 2020)
mikroRNA molekularni cil mikroRNA molekularni cil
EMT Prostupnost hematoencefalickou bariérou
miR-8084 ING2, p53-BAX miR-181c PDPK1
miR-484 PAX-5 miR-143 PUMA
miR-708-3p ZEB1, CDH2 a vimentin miR-125a-5p ICAM-1
miR-210 E-cadherin (ORF), PAX-5 miR-1258 HPSE
. Bach-1, CXCR4, MMP9 a . . .
miR-142-3p VEGER miR-210 Occludin, B-catenin
miR-199a/214 Slug Mezibunécna komunikace a formovani "niche"
miR-3178 Notchl . PTEN
) miR-26a
miR-212-5p Prrx2 ATM
miR-29,miR-30 miR-19a PTEN
, , ADAM12-L :
miR-200 family miR-345 KISS1
miR-124, miR-155, Souvisi s fenotypem M1
Intravazace . . .
miR-689 mikroglii
miR-126 VEGF/PI3K/AKT axis, MAPK miR-711 and miR-145 S0UVisi s fenotypem M2
mikroglii
miR-520/373 ANGPTL4, PTHrP, PAI-1 L1ICAM
miR-204 ANGPT1 a TGFBR2 miR-503 Spousti M1 — M2
miR-200 family IL-8 a CXCL1 polarizaci mikroglif
miR-105 Z0-1 Reprogramovani metabolismu
Intravaskularni mikroprostiedi miR-122 PKM2, GLUT-1
miR-141 Ochrana v krevnim obéhu miR-155 PIK3R1—EDK/AKT—FOX03a-
cMYC axis
miR-183 DAP12/NK cells miR-7 RelA
Extravazace a mikrokprostiedi mozku Kolonizace
miR-200 family (miR-
miR-7, let-7c, miR-21  FasL, SERPIN1 zqoa’ZOOb' 200c, ZEB1 a ZEB2
miR-141, and miR-
429)
miR-200c FAP-1 miR-147 ZEB1
miR-206 Cx43 miR-126 IGFBP2, PITPNC1 a MERTK
miR-19a, miR-32,miR-
1243, miR-130b, miR- PCDH7
148a, and miR-583
miR-125a/b-5p ET-1
miR-1266, miR-185
and miR-30c BCL2LL
miR-151-3p TWIST1
miR-17 ICAM-1and E-Selectin
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miR-126 and miR-
1185

miR-483-5p
miR-21-3p
miR-212
miR-655
miR-200b, 200c

VCAM1

ALCAM
L1CAM
HBEGF

COX2
ST6GALNACS
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Zaverecny komentar

Prestoze soucasna WHO klasifikace nékterych nadortt mozku, zejména pak gliomd, jiz bere
v uvahu kromé histopatologickych znakl ¢astecné i jejich molekularni charakteristiky, stale
neumoziuje dostate¢né citlive stanovit prognézu onemocnéni, ptipadné predikovat 1écebnou
odpovéd na konvencni terapii. Navic u dalSich diagndéz vcetné meningeomu nejsou
molekularni znaky doposud reflektovany vibec, ackoliv tfeba pravé meningeomy stupné
malignity WHO II vykazuji velmi nejisté biologické chovani, které na zakladé standardni
histopatologie nelze odhadnout. V kontextu soucasného trendu personalizované ¢i precizni
mediciny je v porovnani sjinymi diagndézami pravé nedostatek dostatecné citlivych
a zérovein robustnich prognostickych a prediktivnich biomarkeri odpovédi na 1é€bu mozna
jeden zdivodi pomalého zafazovani cilenych 1é¢iv do terapeutickych standarda
mozkovych malignit. Navic s ohledem na heterogenitu n¢kterych typt mozkovych nadort
a jejich lokalizaci je mnohdy limitovano i samotné stanoveni spravné diagnézy. Zde by
mohly byt uzite¢nymi nastroji diagnostiky biomarkery cirkulujici v periferni krvi nebo
s ohledem na pfitomnost hematoencefalické bariéry Iépe v mozkomi$nim moku. Ten se jako
tekutina omyvajici vSechny struktury centralni nervové soustavy a rezervodar jak odpadnich
produktt, tak molekul zprostiedkovavajicich mezibunéénou komunikaci jevi byt v piipade
nadort mozku vhodnym zdrojem biomarker vcetné kratkych nekddujicich RNA. Pravé
kratké nekddujici RNA disponuji vSemi vlastnostmi, aby mohly byt vtomto ohledu
povazovany za vhodné kandidatni molekuly. Nejenze jsou zapojeny do fizeni vSech
klicovych bunécnych procesti a jejich specifické expresni profily jiz byly asociovany
s vétSinou nadorovych onemocnéni, jsou rovnéz vysoce stabilnimi molekulami at’ uz
v télnich tekutindch nebo v béznych laboratornich podminkach. Kromé toho jsou tyto
molekuly v nadoru relativné snadno regulovatelné a predstavuji tak nadéjné terapeutické
cile. Mnoh¢ z uvedenych skutec¢nosti jsme u nadorti mozki, zejména pak u glioblastomu,
v poslednich deseti letech nékolikrat sami potvrdili a pozorované vysledky prezentovali
v fad¢ odbornych publikacich, které jsou komentované v této habilitacni praci. Deset let
vyzkumu v tomto oboru zaroven predstavuje obdobi, béhem kterého znalosti a poznatky o
vyznamu kratkych nekddujicich RNA u nddorovych onemocnéni obecné piibyvaly
exponencialnim tempem a dosahly trovné, kdy snaha o zavedeni téchto molekul do rutinni
diagnostické a onkologické praxe je dal§im logickym krokem, ktery by mohl zefektivnit

management a prodlouzit celkové pfezivani pacientli nejen s nadory mozku.
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Commentary

Although the current WHO classification of some brain tumors, especially gliomas, already
considers not only histopathological features but also their molecular characteristics, it still
does not allow sufficient sensitivity for determining the prognosis of the disease or
prediction of therapeutic response to conventional therapy. In other diagnoses, molecular
features have not yet been reflected at all. Although meningiomas WHO II, for example,
show very uncertain biological behavior, which cannot be estimated based on standard
histopathology. In the context of the current trend of personalized and precision medicine,
the lack of sufficiently sensitive and at the same time robust prognostic and predictive
biomarkers is one of the reasons for the slow inclusion of targeted drugs in the therapeutic
standards for brain malignancies.

In addition, due to the heterogeneity of some brain tumors and their location, the correct
diagnosis determination is often limited. Biomarkers circulating in the peripheral blood or,
better yet, in the cerebrospinal fluid because of the blood-brain barrier, could be useful
diagnostic tools. Cerebrospinal fluid is a body fluid that washes all the structures of the
central nervous system and is a reservoir of both waste products and molecules mediating
intercellular communication; therefore, it appears to be a suitable source of brain tumors
biomarkers, including small non-coding RNAs. Small non-coding RNAs have all the
properties to be considered as suitable candidate molecules in this regard. They are not only
involved in the control of key cellular processes, and their specific expression profiles have
already been associated with most cancers, but they are also highly stable molecules both in
body fluids and under normal laboratory conditions. Besides, these molecules are relatively
easily regulatable in the tumor and, thus, represent promising therapeutic targets. We have
confirmed many of these facts in glioblastoma and other brain tumors, and presented the
observed results in many scholarly publications in the last ten years; these works are
commented in this habilitation thesis. Ten years of research in this field also represents a
period during which the knowledge about the importance of small non-coding RNAs in
cancer in general has increased exponentially. It has reached a level where efforts to
introduce these molecules into routine diagnostic and oncological practice are the next
logical step to make the disease management more effective and to prolong the overall

survival of cancer patients.
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EDV
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EMT

FC

FDA

FFPE

G-CIMP

Acute hepatic porphyria
(Akutni jaterni porfyrie)

The Consortium to Inform Molecular and Practical Approaches
to CNS Tumor Taxonomy — not official WHO
(Mezinarodni konsorcium neuropatologti a klinickych neuroonkologit)

Central nervous system
(Centralni nervova soustava)

Cytosine-phosphate-guanine
(Cytosin-fosfat-guanin)

Centromere repeat associated small interacting ribonucleic acid
(Kratka interagujici ribonukleova kyselina asociovana
s centromerovymi repetitivnimi oblastmi )

Cancer stem cells
(Nadorové kmenové bunky )

Cerebrospinal fluid
(Mozkomi$ni mok )

Database of Genotypes and Phenotypes
(Databéaze genotypt a fenotypt)

Deoxyribonucleic acid
(Deoxyribonukleova kyselina)

Double stranded ribonucleic acid
(Dvoufetézcova ribonukleova kyselina)

Eastern cooperative oncology group
(Veftejné financovand odborna skupina zabyvajici se multicentrickymi
klinickymi studiemi v oblasti vyzkumu nadorovych onemocnéni)

EnGenelC Dream Vector
(vektor derivovany z bakterialnich struktur )

European Medicines Agency
(Evropska lékova agentura)

Epithelial-mesenchymal transition
(Epitelo-mezenchymalni tranzice)

Fold change
(Nasobna zména)

Food and Drug Administration
(Utad pro kontrolu potravin a 1é¢iv v USA)

Formalin-fixed paraffin-embedded
(Fixovany ve formalinu a zality v parafinu)

Cytosine-phosphate-guanine (CpG) island methylator phenotype
(Fenotyp ovlivnény rozsdhlymi metylacemi cytisin-fosfat-guaninovych
(CpG) oblasti )
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GBM

GSCs

GTP

hATTR

HGG

HPF

HR

LGG

MC

MET

miRISC

miRNA

MRI

mRNA

NA

NK

NSCs

nt

OS

Glioblastoma
(Glioblastom)

Glioblastoma stem cells
(Glioblastomové kmenové buriky)

Guanosine triphosphate
(Guanosin trifosfat)

Hereditary transthyretin-mediated amyloidosis

(Dédicna transthyretinova amyloid6za)

High-grade gliomas

(Gliomy vysokého stupné malignity)

High-power fields

(V mikroskopii zorné pole pod maximalnim zvétSenim pouzitého
objektivu — casto 400nasobné zvétseni)

Hazard ratio

(Pomgr rizik )

Karnofsky Performance Status

(Celkovy stav pacienta hodnoceny dle stupnice D.A. Karnofského)
Low-grade gliomas

(Gliomy nizkého stupné malignity)

Methylation cluster

(Metylacni klastr)

Mesenchymal—epithelial transition
(Mezenchymo-epitelialni tranzice)

MiRNA-induced silencing complex
(Umlcovaci komplex indukovany mikroRNA)

MicroRNA - micro ribonucleic acid
(mikroRNA - mikro ribonukleova kyselina)

Magnetic resonance imaging
(Magneticka rezonance)

Messenger ribonucleic acid(
Protein-kddujici ribonukleova kyselina)

Not available

(Udaje nejsou dostupné)
Natural killer

(Ptirozeni zabijeci)

Neural stem cells
(Neuralni kmenové bunky)

Nucleotide
(Nukleotid)

Overall survival
(Celkové piezivani )
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PASR

PCR

PFS

PIP

piRNA

pre-miRNA

pri-miRNA

RISC

RNA

RPA

rRNA

RS

RT

RT-qPCR

siRNA

sncRNA

snoRNA

SNPs

snRNA

Promoter-associated small ribonucleic acid

(Kratka ribonukleové kyselina asociovana s promotorovymi oblastmi)

Polymerase chain reaction
(Polymerazova fetézova reakce)

Progression-free survival
(Cas do progrese onemocnéni )

Phosphatidylinositol (3,4,5)-trisphosphate
(Fosfatidylinositol (3,4,5)-trifosfat)

PIWI-interacting ribonucleic acid
(PIWI-interagujici ribonukleova kyselina)

Precursor of microRNA
(Prekurzor mikroRNA)

Primary transcript of microRNA
(Primérni transkript mikroRNA)

RNA-induced silencing complex
(Multiproteinovy uml¢ovaci komplex)

Ribonucleic acid
(Ribonuklova kyselina)

Recursive Partitioning Analysis
(Analyza umoziujici predikci prognoézy u pacientii s mozkovymi
metastdzami)

Ribosomal ribonucleic acid
(Ribozomalni ribonukleova kyselina)

Risk Score
(Rizikové skore)
Radiotherapy
(Radioterapie)

Quantitative reverse transcription polymerase chain reaction
(Kvantitativni polymerazova fetézova reakce, které predchazi
reverzni transkripce)

Small interfering ribonucleic acid
(Kratka interferujici ribonukleova kyselina )

Small non-coding ribonucleic acid
(Kratka nekddujici ribonukleova kyselina)
Small nucleolar ribonucleic acid

(Mala jadérkova ribonukleova kyselina)
Single-nucleotide polymorphisms
(Jednonukleotidové polymorfizmy)

Small nuclear ribonucleic acid
(Mala jaderna ribonukleova kyselina)
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ssRNA

TCGA

tel-sRNA

TEs

tiRNA

T™Z

tRNA

UTR

WHO

Single stranded ribonucleic acid
(Jednofetézcova ribonukleova kyselina)

The Cancer Genome Atlas
(Databaze nadorovych genomt)

Telomere-specific small ribonucleic acid
(Kratka ribonukleova kyselina specificka pro oblasti telomer)

Transposable elements
(Transponovatelné elementy)

Transcription initiation ribonucleic acid
(Ribonukleova kyselina iniciujici transkripci )
Temozolomide

(Temozolomid)

Transfer ribonucleic acid
(Transferova ribonukleova kyselina)

Untranslated region
(Nekddujici oblast)

World health organization
(Svétova zdravotnicka organizace)

Seznam uvedenych gend

ABCQG2
ADAMI12
AGO
AKT
ALA
ALASI1
ALCAM
ANGPT1
ANGPTLA4
ARIDIA
ATM
ATRX
BACHI
BAPI1
BAX

ATP binding cassette subfamily G member 2
ADAM metallopeptidase domain 12
Argonaute

AKT serine/threonine kinase 1
Aminolevulinic acid

Aminolevulinic acid synthase 1

Activated leukocyte cell adhesion molecule
Angiopoietin 1

Angiopoietin-like 4

AT-rich interaction domain 1A

Ataxia telangiectasia mutated

ATRX chromatin remodeler

BTB domain and CNC homolog 1

BRCA1 associated protein 1
BCL2-associated X protein
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BCL-2
BMP4
BRMSI1
BTG2
CAM
CAMTALI
CASP8
Cbl-b
CDH
CDKN2A
pl4ARF
pl6INK4a
CFLAR
CHEK2
COX2
CRSP3
CSF1
CSMD1
CTFG
Cx43
CXCL1
CXCR4
DAPI12
DMD
DNA-PK
E2F1
EGFR
EphA2
ERBB2
ERK
ET-1
ETAR
ETBR
FAK
FAP-1

BCL2 apoptosis regulator

Bone morphogenetic protein 4

BRMSI transcriptional repressor and anoikis regulator
B-cell translocation gene 2

Calmodulin

Calmodulin binding transcription activator 1

Caspase 8

Casitas B-lineage lymphoma proto-oncogene-b
Cadherin

Cyclin dependent kinase inhibitor 2A

Alternate reading frame protein product of the CDKN2A
Alternate reading frame protein product of the CDKN2A

CASPS8 and FADD like apoptosis regulator
Checkpoint kinase 2

Cytochrome ¢ oxidase subunit I

Mediator complex subunit 23

Colony stimulating factor 1

CUB and SUSHI multiple domain protein 1
Cellular communication network factor 2
Connexin 43

C-X-C motif chemokine ligand 1

C-X-C motif chemokine receptor 4
Transmembrane immune signaling adaptor TYROBP
Dystrophin

Protein kinase, DNA-activated, catalytic subunit
E2F transcription factor 1

Epidermal growth factor receptor

EPH receptor A2

Erb-b2 receptor tyrosine kinase 2
Extracellular signal-regulated kinase
Endothelin 1

Endothelin receptor type A

Endothelin receptor type B

Protein tyrosine kinase 2

Protein tyrosine phosphatase non-receptor type 13
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FasL
GEMIN
GFAP
GLUT-1
HBEGF
Henl
HER2
HIF
HOXB9
HPSE
HRAS
ICAM-1
ID1
IDH
IGFBP2
IL

ING2
KAIl
KISS1
KLF4
KRAS
LICAM
LEF1
lin-14
lin-4
LOX
MAPK
MCL1
MDM?2
MERTK
MET
MGMT
MKK4
MMACI
MMP-9

Fas ligand (TNF superfamily, member 6)
Gem nuclear organelle associated protein
Glial fibrillary acidic protein

Glucose transporter 1

Heparin binding EGF like growth factor
Henl methyltransferase

Erb-b2 receptor tyrosine kinase 2

Hypoxia inducible factor

Homeobox B9

Heparanase

HRas proto-oncogene, GTPase
Intercellular adhesion molecule 1

Inhibitor of DNA binding 1, HLH protein
Isocitrate dehydrogenase

Insulin like growth factor binding protein 2
Interleukin

Inhibitor of growth family member 2
CD82 molecule

KiSS-1 metastasis suppressor

Kruppel like factor 4

KRAS proto-oncogene, GTPase

L1 cell adhesion molecule

Lymphoid enhancer binding factor 1
Protein lin-14

Non-coding ribonucleic acid lin-4

Lysyl oxidase

Mitogen activated kinase-like protein
MCL1 apoptosis regulator, BCL2 family member
Mouse double minute 2

MER proto-oncogene, tyrosine kinase
MET proto-oncogene, receptor tyrosine kinase
O6-methylguanine-DNA methyltransferase
Mitogen-activated protein kinase kinase 4
Phosphatase and tensin homolog

Matrix metallopeptidase 9
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MTA1
mTOR
Nanog
NDFIP1
NEDD9
NF
NM23
NMMHC-B
NOTCH
NPPA
NRAS
PAI-1
PAX-5
PBG
PBRMI1
PCDH?7
PDCD4
PDGFA
PDGFRa
PDPK1
PI3K
PIM3
PITPNC1
PIWI
PKM?2
POLR2A
PPP2R5a
Prrx2
PTCH1/2
PTEN
PTHrP
PTPNI11
PUMA
RADSI
RBI1

Metastasis associated 1

Mechanistic target of rapamycin kinase

Nanog homeobox

Nedd4 family interacting protein 1

Neural precursor cell expressed, developmentally down-regulated 9
Neurofibromin

NME/NM23 nucleoside diphosphate kinase 1
Non-muscle myosin heavy chain lib

Notch receptor

Natriuretic peptide A

RAS proto-oncogene, GTPase

Plasminogen activator inhibitor-1

Paired box 5

Porfobilinogen

Polybromo 1

Protocadherin 7

Programmed cell death factor 4

Platelet derived growth factor subunit A

Platelet derived growth factor receptor alpha
3-phosphoinositide dependent protein kinase 1
Phosphatidylinositol 3-kinase

Pim-3 proto-oncogene, serine/threonine kinase
Phosphatidylinositol transfer protein cytoplasmic 1
P-element Induced Wimpy Testis

Pyruvate kinase M 2

RNA polymerase II subunit A

Protein phosphatase 2 regulatory subunit B'alpha
Paired related homeobox 2

Patched 1/2

Phosphatase and tensin homolog

Parathyroid hormone-related protein

Protein tyrosine phosphatase non-receptor type 11
p53 upregulated modulator of apoptosis

RADS51 recombinase

RB transcriptional corepressor 1
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RelA
REST
RHEB
RHoC
RHOGDI2
RRM1/2
RTVP-1
S100A4
SCP-1
SERPINI
Shh
Shu/Hsp93
SLUG
SMAD4
SMARCBI

SMARCEI1

SMO
SNAILI
Sox2
SPRY1
SRC

ST6GALNACS

STAT3
SUFU
TERT
TGF-B
TGFBR2
TIAMI
TIMP2
TP53
TRAF7
TRBP
TTR
TUJ1

RELA proto-oncogene, NF-kB subunit
REI silencing transcription factor

Ras homolog, mTORC1 binding

Ras homolog family member C

Rho GDP dissociation inhibitor beta
Ribonucleotide reductase catalytic subunit M1/2
GLI pathogenesis related 1

S100 calcium binding protein A4
Synaptonemal complex protein 1
Serine protease inhibitor 1

Sonic hedgehog signaling molecule
Shutdown protein/Hsp93 chaperone
Snail family transcriptional repressor 2
SMAD family member 4

SWI/SNF related, matrix associated, actin dependent regulator
of chromatin, subfamily b, member 1

SWI/SNF related, matrix associated, actin dependent regulator
of chromatin, subfamily e, member 1

Smoothened, frizzled class receptor

Snail family transcriptional repressor 1

SRY-box transcription factor 2

Sprouty RTK signaling antagonist 1

SRC proto-oncogene, non-receptor tyrosine kinase
ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 5
Signal transducer and activator of transcription 3
SUFU negative regulator of hedgehog signaling
Telomerase reverse transcriptase

Transforming growth factor beta

Transforming growth factor beta receptor 2

TIAM Racl associated GEF 1

TIMP metallopeptidase inhibitor 2

Tumor protein p53

TNF receptor associated factor 7

TARBP2 subunit of RISC loading complex
Transthyretin

Neuron-specific class III beta-tubulin
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TWIST1
VCAMI
Vdupl

VEGF
VHL
Wnt
ZEBI
Z0-1
Zuc
v-H2AX

Twist family bHLH transcription factor 1
Vascular cell adhesion molecule 1

Vitamin D[[3]] up-regulated protein 1/TXNIP thioredoxin
interacting protei

Vascular endothelial growth factor

von Hippel-Lindau tumor suppressor
Wingless-type MMTYV integration site family
Zinc finger E-box binding homeobox 1

TJP1 tight junction protein 1

Zucchini

H2A histone family, member X, gamma
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Diagnosticka sada pro neinvazivni diagnostiku mozkovych nadori

Oblast techniky

Predklddané technické feSeni se tyka diagnostické sady pro neinvazivni diagnostiku mozkovych
nadoru. Sada je urCena pro stanoveni mikroRNA v mozkomi$nim moku umoziujici detekci
ruznych typi mozkovych nadoru.

Dosavadni stav techniky

Primérni naddory mozku a mozkové metastazy postihnou rocné v celosvétovém méfitku téméf
40 pacientii na 100 tisic obyvatel a jejich incidence neustéle stoupa. Piiblizné€ 33 % primérnich
nadord mozku pak tvoifi maligni formy s pétiletym pieZivanim v priméru u 34,4 % pacientq,
pfiemz prognéza Uzce souvisi s konkrétnim typem nadoru. Nejlep§i prognoézu maji
nizkostupfiové gliomy spoleéné s meningeomy, naopak nejkrat§i pifezivani je asociovano
s multiformnim glioblastomem (GBM). Velmi S$patnd progndéza byvad rovnéz spojovéana
s mozkovymi metastdzami, které se vyskytuji u 20 % az 40 % dospé€lych pacientli s nddorovym
onemocnénim. Urceni spravné diagndzy hraje rozhodujici roli i pfi vybéru nejvhodnéjsi terapie.
Navzdory vyznamnym pokrokim v diagnostice naddori mozku jako jsou rizné modifikace
zobrazovacich metod a nasledné histopatologické vySetfeni tkané, je diagnostika stile omezena
lokalizaci nadoru acasto jeho znaCnou heterogenitou. Zavedeni dostateéné senzitivnich
a specifickych metod pro detekci a stanoveni diagnézy u pacientli s mozkovymi nadory je proto
velice zadouci. Vhodnym diagnostickym néstrojem u mozkovych nadori je analyza mikroRNA,
kratkych nekodujicich RNA, v mozkomi$nim moku (cerebrospinal fluid; CSF), ktery omyva
centralni nervovou soustavu a je tak v pfimém kontaktu s piipadnou patologickou tkéni.

Podstata technického feSeni

V ramci predklddaného technického feSeni byly identifikovdny mikroRNA v mozkomi$nim
moku asociované s piitomnosti vybranych mozkovych nadord. Pfedkladané technické feSeni tedy
poskytuje diagnostickou sadu pro detekci multiformniho glioblastomu (GBM), meningeomu
a/nebo mozkovych metastdz na zakladé kvantifikace let-7i-5p, miR-151a-3p, miR-423-3p,
a alesponl jedné miRNA vybrané z let-7b-5p, miR-140-5p, miR-21-3p, ve vzorku CSF metodou
kvantitativni PCR v realném case (QRT-PCR).

Nukleotidové sekvence predmétnych mikroRNA jsou nésledujici:

let-7b-5p: 5' UGAGGUAGUAGGUUGUGUGGUU 3'
miR-140-5p: 5' CAGUGGUUUUACCCUAUGGUAG 3'
miR-21-3p: 5' CAACACCAGUCGAUGGGCUGU 3'
let-7i-5p: 5' UGAGGUAGUAGUUUGUGCUGUU 3'
miR-151a-3p: 5' CUAGACUGAAGCUCCUUGAGG 3'
miR-423-3p: 5' AGCUCGGUCUGAGGCCCCUCAGU 3'

Uvedené sady diagnostického setu maji nasledujici slozeni:

- stanoveni hladiny exprese let-7b-5p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescencné znacenou sondu pro qPCR sestavajici ze sekvenci:

stem-loop primer:
5 GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC AACCAC - 3
univerzélni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'
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forward primer: 5' - GGGTGAGGTAGTAGGTTGT - 3'
TaqMan sonda: 5' - AGCCAACAACCACACAACC - 3'

- stanoveni hladiny exprese miR-140-5p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescencné znacenou sondu pro qPCR sestavajici ze sekvenci:

stem-loop primer:

5'- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC CTACCA - 3'
univerzalni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GGGCAGTGGTTTTACCCTA - 3'

TaqMan sonda: 5' - AGCCAACCTACCATAGGGT - 3'

- stanoveni hladiny exprese miR-21-3p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescencné znacenou sondu pro qPCR sestavajici ze sekvenci:

stem-loop primer:

5'- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC ACAGCC - 3'
univerzalni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GTTGCAACACCAGTCGATG - 3'

TaqMan sonda: 5' - AGCCAACACAGCCCATCGA - 3'

- stanoveni hladiny exprese let-7i-5p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescen¢né zna¢enou sondu pro qPCR sestavajici ze sekvenci:

stem-loop primer:

5- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC AACAGC - 3'
univerzélni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GTTTGGTGAGGTAGTAGTTTGT - 3'

TagMan sonda: 5' - AGCCAACAACAGCACAAAC - 3'

- stanoveni hladiny exprese miR-151a-3p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescencné znacenou sondu pro qPCR sestavajici ze sekvenci:

stem-loop primer:

5- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC CCTCAA -3'
univerzélni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GTTGCTAGACTGAAGCTCC - 3'

TagMan sonda: 5' - AGCCAACCCTCAAGGAGCT - 3'

- stanoveni hladiny exprese miR-423-3p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescencné znacenou sondu pro qPCR sestavajici ze sekvenci:

stem-loop primer:

5- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC ACTGAG - 3'
univerzélni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - TTGAGCTCGGTCTGAGGC - 3'

TagMan sonda: 5' - AGCCAACACTGAGGGGCCT - 3'

Sada mize také s vyhodou obsahovat deionizovanou vodu slouzici jako negativni kontrola
a qRT-PCR standard odpovidajici expresi let-7b-5p ve vzorku pacienta s GBM, expresi miR-140-
S5p ve vzorku pacienta s meningeomem, expresi miR-21-3p ve vzorku pacienta s mozkovymi
metastdzami a expresi let-7i-5p, miR-151a-3p amiR-423-3p ve vzorcich pacienti
s glioblastomem, meningeomem a mozkovymi metastizami a jedinci bez jakéhokoliv
prokazaného nadorového onemocnéni.
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Diagnostika multiformniho glioblastomu

Kvantitativni analyza hladiny let-7b-5p normalizované na prumér hladin let-7i-5p, miR-151a-3p
amiR-423-3p, jejichz nukleotidové sekvence jsou specifikovany vySe, pomoci gqRT-PCR
umoziiuje s dostateCnou  specificitou  a senzitivitou odli§it pacienty s multiformnim
glioblastomem (GBM) od jedincti bez jakéhokoliv histopatologicky prokazaného nadorového
onemocnéni. Hladiny let-7b-5p, let-7i-5p, miR-151a-3p a miR-423-3p se s pomoci pfedmétné
sady stanovuji v RNA izolované ze supernatantu CSF.

Bylo zjiSténo, Ze normalizovand hladina let-7b-5p v supernatantu CSF je vyznamné zménéna
(zvySena) u pacienti s GBM ve srovnéni s dérci bez jakéhokoliv prokazaného nadorového
onemocnéni.

Diagnostika meningeomu

Kvantitativni analyza hladiny miR-140-5p normalizované na priamér hladin let-7i-5p,
miR-151a-3p a miR-423-3p, jejichz nukleotidové sekvence jsou specifikovany vySe, pomoci
qRT-PCR umoziiuje s dostatecnou specificitou a senzitivitou odliSit pacienty s meningeomem od
jedincti bez jakéhokoliv histopatologicky prokédzaného nadorového onemocnéni. Hladiny
miR-140-5p, let-7i-5p, miR-151a-3p a miR-423-3p se s pomoci pfedmétné sady stanovuji v RNA
vyizolované ze supernatantu CSF.

Bylo zjisténo, Ze normalizovana hladina miR-140-5p v supernatantu CSF je vyznamné zménéna
(zvySena) u pacienti s meningeomem ve srovnani sdarci bez jakéhokoliv prokézaného
nadorového onemocnéni.

Diagnostika mozkovych metastaz

Kvantitativni analyza hladiny miR-21-3p normalizované na primér hladin let-7i-5p,
miR-151a-3p a miR-423-3p, jejichz nukleotidové sekvence jsou specifikovany vysSe, pomoci
gRT-PCR umoziiuje s dostateCnou specificitou a senzitivitou odliSit pacienty s mozkovymi
metastdzami od jedincl bez jakéhokoliv histopatologicky prokazaného nadorového onemocnéni.
Hladiny miR-21-3p, let-7i-5p, miR-151a-3p a miR-423-3p se s pomoci pfedmétné sady stanovuji
v RNA vyizolované ze supernatantu CSF.

Bylo zjisténo, Ze normalizovana hladina miR-21-3p v supernatantu CSF je vyznamné zménéna

(zvysena) u pacientli s mozkovymi metastdzami ve srovnani s dérci bez jakéhokoliv prokazaného
nadorového onemocnéni.

Objasnéni vykrest

Obrazek 1 zobrazuje rozdil v normalizovanych hladinach let-7b-5p v mozkomi$nim moku mezi
pacienty s multiformnim glioblastomem (GBM) ajedinci bez jakéhokoliv prokazaného
nadorového onemocnéni pro (p<0,0001). Rozdil exprese byl analyzovdn pomoci
Mann-Whitneyho testu.

Obrazek 2 zobrazuje ROC kiivku, ktera udava, s jakou senzitivitou a specificitou je mozkomisni
let-7b-5p schopna rozlisit pacienty s GBM a jedince bez jakéhokoliv prokdzaného nadorového
onemocnéni (AUC 0,9091; specificita 81 %; senzitivita 83 %).

Obrazek 3 zobrazuje rozdil v normalizovanych hladinach miR-140-5p v mozkomi$nim moku
mezi pacienty s meningeomem a jedinci bez jakéhokoliv prokdzaného nadorového onemocnéni
pro (p <0,001). Rozdil exprese byl analyzovan pomoci Mann-Whitneyho testu.
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Obrazek 4 zobrazuje ROC kiivku, ktera udava, s jakou senzitivitou a specificitou je mozkomiSni
cirkulujici miR-140-5p schopna rozli§it pacienty s meningeomem a jedince bez jakéhokoliv
prokazaného naddorového onemocnéni (AUC 0,8073; specificita 83 %; senzitivita 75 %).

Obrazek 5 zobrazuje rozdil v normalizovanych hladindch miR-21-3p v mozkomi$nim moku mezi
pacienty s mozkovymi metastdzami a jedinci bez jakéhokoliv prokédzaného néadorového
onemocnéni pro (p < 0,01). Rozdil exprese byl analyzovan pomoci Mann-Whitneyho testu.

Obrazek 6 zobrazuje ROC kiivku, ktera udava, s jakou senzitivitou a specificitou je mozkomisni
cirkulujici miR-21-3p schopna rozli§it pacienty s mozkovymi metastizami a jedince bez
jakéhokoliv prokdzaného nadorového onemocnéni (AUC 0,7969; specificita 75 %; senzitivita
100 %).

Priklad uskute¢néni technického feSeni

Pro testovani diagnostické schopnosti miRNA podle piedkladaného technického feSeni byly
piipraveny qRT-PCR sety o nésledujicim sloZeni:

Komponenta MnoZstvi Ucel

Mix RT — reverzni transkripce | 1x 4,67 pl (1 rxn) Prepis miRNA do cDNA

1

Mix PCR 2 1x17,4 ul(1rxn) Amplifikace miRNA

Detek¢ni sada pro miR-140- | 2 pl; 1 pl (1 rxn) Reverzni transkripce a

5p (RT primer; qPCR primery; amplifikace miR-140-5p

TagMan sonda)

Detekc¢ni sada pro miR-21-3p | 2 pl; 1 pl (1 rxn) Reverzni transkripce a

(RT primer; gPCR primery; amplifikace miR-21-3p

TagMan sonda)

Detekcni sada pro let-7i-5p | 2 pl; 1 pl (1 rxn) Reverzni  transkripce a

(RT primer; gPCR primery; amplifikace let-7i-5p

TagMan sonda)

Detekc¢ni sada pro miR-151a- | 2 pl; 1 pl (1 rxn) Reverzni transkripce a

3p (RT primer; gPCR primery; amplifikace miR-151a-3p

TagMan sonda)

Detek¢ni sada pro miR-423- | 2 pl; 1 pl (1 rxn) Reverzni transkripce a

3p (RT primer; gPCR primery; amplifikace miR-423-3p

TagMan sonda)

Deionizovana voda RT, qPCR | 3,33 ul; 1,6 pl (1 rxn) Negativni kontrola

Pozitivni kontrola RT, qPCR 3,33 ul; 1,6 pl (1 rxn) Pozitivni kontrola pro let-7b-
5p, miR-140-5p, miR-21-3p,
let-7i-5p, miR-151a-3p a miR-
423-3p

Pozn. 'Mix RT obsahuje 10X RT pufr, dNTP mix w/dTTp (100M total), inhibitor RNaz
(20U/uL), and MultiScribe™ RT enzym (50U/puL). Mix PCR obsahuje AmpliTaq Gold® DNA
Polymerase, dNTPs s dUTPATTP smési, ROX Passive Reference a optimalizovany puft.
Uvedené objemy komponent plati pro jednu miRNA v ramci RT reakce v objemu 10 pul a gPCR
reakce v objemu 20 pl. Pozitivni kontrola obsahuje qRT-PCR standard odpovidajici hladinam
let-7b-5p ve vzorku pacienta s multiformnim glioblastomem, hladindm miR-140-5p ve vzorku
pacienta s meningeomem, hladindm miR-21-3p ve vzorku pacienta s mozkovymi metastazami
a hladindam let-7i-5p, miR-151a-3p a miR-423-3p ve vzorcich pacienti s glioblastomem,
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meningeomem a mozkovymi metastdzami a jedinci bez jakéhokoliv prokézaného nadorového
onemocnéni.

Set podle predkladaného technického feSeni miiZze obsahovat vSech Sest sad pro stanoveni hladin
vSech Sest miRNA, mize vSak také obsahovat detekéni sady pro let-7i-5p, miR-151a-3p a miR-
423-3p, a déle jednu nebo dvé sady vybrané z detekénich sad pro let-7b-5p, miR-140-5p, miR-
21-3p.

Stem-loop primer (RT primer), qPCR primery (forward, reverse), a TagMan sonda mély
sekvence uvedené v naroku 1.

K izolaci RNA byl pouzit CSF pacienti odebrany pomoci lumbalni punkce v objemu 3 az 5 ml
do sterilni zkumavky. Poté byl CSF centrifugovan 10 minut pfi RCF 500 g a 4 °C s néslednym
oddélenim a uschovanim supernatantu. Celkova RNA obohacena o frakci kratkych RNA byla
izolovéna z 1 ml CSF supernatantu za pouziti kitu Urine microRNA Purification Kit od Norgen
Biotek.

K detekci hladin let-7b-5p, miR-140-5p, miR-21-3p, let-7i-5p, miR-151a-3p a miR-423-3p byly
pouzity vySe uvedené sady obsahujici jak specifické stem-loop primery pro reverzni transkripci
(RT), pomoci niZ je RNA piepsana do cDNA, tak primery a fluorescentné¢ znacené sondy pro
gqPCR. Findlni amplifikace a kvantifikace konkrétnich miRNA byla provedena za pouziti
pfistroje QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher Scientific). Kvantita
stanovovanych miRNA je vyjadiena tzv. Cq (quantitation cycle), tedy ¢islem cyklu, pii kterém
fluorescencni signal dosahl nastavené prahové hodnoty. Detekované hladiny let-7b-5p, miR-140-
5p amiR-21-3p byly normalizovany na primér hladin referen¢nich let-7i-5p, miR-151a-3p
amiR-423-3p.

Relativni exprese let-7b-5p, miR-140-5p a miR-21-3p byly stanoveny metodou 2“9, kde hodnota

dCq predstavuje rozdil mezi Cq jednotlivych stanovovanych miRNA a primérem hladin tf
referenénich miRNA.

VSichni pacienti, jejichz RNA byla pouzita k analyze, byli pfedem diagnostikovani pomoci
histologického vySetfeni odebrané tkdné. Do studie byli zafazeni pouze pacienti, u nichz byl
histopatologicky potvrzen GBM, meningiom nebo mozkové metastazy. Kontrolni skupinu tvofili
jedinci bez jakéhokoliv prokazaného nddorového onemocnéni.

U pacienti s GBM byla v CSF detekovana vyznamné zvySena hladina let-7b-5p ve srovnéani
s jedinci bez jakéhokoliv histopatologicky prokédzaného nadorového onemocnéni (p <0,0001)
(Obrazek 1). Rozdil hladin mezi sledovanymi skupinami byl testovan pomoci Mann-Whitneyho
testu.

Pomoci ROC (receiver operating characteristic) analyzy byla ziskédna hodnotici, prahovéa hodnota
normalizované exprese let-7b-5p v CSF (cut-off =0,6418), podle které lze rozlisit pacienty
s GBM od jedincu bez jakéhokoliv prokdzaného nddorového onemocnéni se specificitou 81 %
a senzitivitou 83 % (AUC [area under curve] = 0,9091) (Obrazek 2).

Vzorky s vys§i normalizovanou hladinou let-7b-5p, neZ je prahova hodnota, jsou povaZzovany za
vzorky pacienti s GBM, naopak vzorky sniZ§i normalizovanou hladinou let-7b-5p, nez je
prahova hodnota, jsou povazovany za vzorky jedinct bez jakéhokoliv prokédzaného nadorového
onemocnéni.

U pacientd s meningeomem byla v CSF detekovana vyznamné zvySena hladina miR-140-5p ve
srovnani s jedinci bez jakéhokoliv prokdzaného nadorového onemocnéni (p <0,001)
(Obrazek 3). Rozdil hladin mezi sledovanymi skupinami byl testovan pomoci Mann-Whitneyho
testu.
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Pomoci ROC (receiver operating characteristic) analyzy byla ziskdna hodnotici, prahova hodnota
normalizované exprese miR-140-5p v CSF (cut-off = 0,2248), podle které lze rozliit pacienty
s meningeomem od jedinct bez jakéhokoliv prokédzaného nadorového onemocnéni se specificitou
83 % a senzitivitou 75 % (AUC [area under curve] = 0,8073) (Obréazek 4).

Vzorky s vy§§i normalizovanou hladinou miR-140-5p, nez je prahova hodnota, jsou povazovany
za vzorky pacientil s meningeomem, naopak vzorky s niZ§i normalizovanou hladinou miR-140-
5p, nez je prahova hodnota, jsou povazovany za vzorky jedincl bez jakéhokoliv prokazaného
nadorového onemocnéni.

U pacienti s mozkovymi metastdzami byla v CSF detekovdna vyznamné zvySena hladina miR-
21-3p ve srovnani sjedinci bez jakéhokoliv histopatologicky prokédzaného nadorového
onemocnéni (p <0,01). Rozdil hladin mezi sledovanymi skupinami byl testovan pomoci Mann-
Whitneyho testu.

Pomoci ROC (receiver operating characteristic) analyzy byla ziskdna hodnotici, prahova hodnota
normalizované exprese miR-21-3p v CSF (cut-off =0,0661), podle které lze rozliSit pacienty
s mozkovymi metastdzami od jedinct bez jakéhokoliv prokézané¢ho nadorového onemocnéni se
specificitou 75 % a senzitivitou 100 % (AUC [area under curve] = 0,7969) (Obréazek 6).

Vzorky s vy$§i normalizovanou hladinou miR-21-3p, nezZ je prahova hodnota, jsou povazovany
za vzorky pacientil s mozkovymi metastdzami, naopak vzorky s niz$i normalizovanou hladinou
miR-21-3p, nez je prahovd hodnota, jsou povaZovany za vzorky jedinci bez jakéhokoliv
prokézaného nadorového onemocnéni.

NAROKY NA OCHRANU

1. Diagnosticky set pro detekci multiformniho glioblastomu, meningeomu a/nebo mozkovych
metastaz ze vzorku mozkomis$niho moku metodou kvantitativni PCR v redlném case, vyznaéeny
tim, Ze obsahuje sady pro stanoveni hladin nasledujicich mikroRNA: let-7i-5p, miR-151a-3p,
miR-423-3p a alespoii jedné mikroRNA vybrané z let-7b-5p, miR-140-5p a miR-21-3p, pficemz
uvedené sady jsou:

- sada pro stanoveni hladiny let-7b-5p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescen¢né znacenou sondu typu TagMan sestavajici ze sekvenci:

stem-loop primer:

5'- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC AACCAC - 3'
univerzalni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GGGTGAGGTAGTAGGTTGT - 3'

TagMan sonda: 5' - AGCCAACAACCACACAACC-3'

- sada pro stanoveni hladiny miR-140-5p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescen¢né znacenou sondu typu TagMan sestavajici ze sekvenci:

stem-loop primer:

5'- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACCTACCA - 3'
univerzélni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GGGCAGTGGTTTTACCCTA - 3'

TagMan sonda: 5' - AGCCAACCTACCATAGGGT - 3'
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- sada pro stanoveni hladiny miR-21-3p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescen¢né znacenou sondu typu TagMan sestavajici ze sekvenci:

stem-loop primer:

5'- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACACAGCC - 3'
univerzalni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GTTGCAACACCAGTCGATG - 3'

TagMan sonda: 5' - AGCCAACACAGCCCATCGA - 3'

- sada pro stanoveni hladiny let-7i-5p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescen¢né znacenou sondu typu TagMan sestavajici ze sekvenci:

stem-loop primer:

5'- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC AACAGC - 3'
univerzalni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GTTTGGTGAGGTAGTAGTTTGT - 3'

TaqMan sonda: 5' - AGCCAACAACAGCACAAAC - 3'

- sada pro stanoveni hladiny miR-151a-3p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescen¢né znacenou sondu typu TagMan sestavajici ze sekvenci:

stem-loop primer:

5'- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACCCTCAA - 3'
univerzélni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - GTTGCTAGACTGAAGCTCC - 3'

TagMan sonda: 5' - AGCCAACCCTCAAGGAGCT - 3'

- sada pro stanoveni hladiny miR-423-3p, obsahujici stem-loop primer pro reverzni transkripci
a primery a fluorescen¢né znacenou sondu typu TagMan sestavajici ze sekvenci:

stem-loop primer:

5'- GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAAC ACTGAG - 3'
univerzalni reverse primer: 5' - GTGCAGGGTCCGAGGT - 3'

forward primer: 5' - TTGAGCTCGGTCTGAGGC - 3'

TaqMan sonda: 5' - AGCCAACACTGAGGGGCCT - 3'

2. Diagnosticky set pro detekci multiformniho glioblastomu podle naroku 1, vyznaceny tim,
ze obsahuje sady stem-loop primert pro reverzni transkripci, primert a fluorescen¢né znacenych
sond pro stanoveni hladin mikroRNA let-7b-5p, let-7i-5p, miR-151a-3p a miR-423-3p.

3. Diagnosticky set pro detekci meningeomu podle naroku 1, vyznaéeny tim, Ze obsahuje sady
stem-loop primert pro reverzni transkripci, primerd a fluorescenéné znacenych sond pro
stanoveni hladin mikroRNA miR-140-5p, let-7i-5p, miR-151a-3p a miR-423-3p.

4. Diagnosticky set pro detekci mozkovych metastaz podle naroku 1, vyznaceny tim, Ze
obsahuje sady stem-loop primert pro reverzni transkripci, primeri a fluorescenéné zna¢enych
sond pro stanoveni hladin mikroRNA miR-21-3p, let-7i-5p, miR-151a-3p a miR-423-3p.

5. Diagnosticky set podle kteréhokoliv z pfedchazejicich narokii, vyznaceny tim, Ze dale
obsahuje deionizovanou vodu jako negativni kontrolu.

6. Diagnosticky set podle kteréhokoliv z pfedchazejicich narokii, vyznaceny tim, Ze dale
obsahuje smésny qQRT-PCR standard odpovidajici hladindm let-7b-5p ve vzorku pacienta

s multiformnim glioblastomem, hladindm miR-140-5p ve vzorku pacienta s meningeomem,
a/nebo hladinam miR-21-3p ve vzorku pacienta s mozkovymi metastazami; a smésny qRT-PCR
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standard odpovidajici hladinam let-7i-5p, miR-151a-3p a miR-423-3p ve vzorcich pacientti

s glioblastomem, meningeomem a/nebo mozkovymi metastdzami; a smésny qRT-PCR standard
odpovidajici hladindm uvedenych miRNA u jedincii bez jakéhokoliv prokdzaného nadorového
onemocnéni.

6 vykrest
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Abstract

For the many years, the central dogma of molecular biology has been that RNA functions mainly as an
informational intermediate between a DNA sequence and its encoded protein. But one of the great surprises of
modern biology was the discovery that protein-coding genes represent less than 2% of the total genome
sequence, and subsequently the fact that at least 90% of the human genome is actively transcribed. Thus, the
human transcriptome was found to be more complex than a collection of protein-coding genes and their splice
variants. Although initially argued to be spurious transcriptional noise or accumulated evolutionary debris arising
from the early assembly of genes and/or the insertion of mobile genetic elements, recent evidence suggests that
the non-coding RNAs (ncRNAs) may play major biological roles in cellular development, physiology and
pathologies. NcRNAs could be grouped into two major classes based on the transcript size; small ncRNAs and long
ncRNAs. Each of these classes can be further divided, whereas novel subclasses are still being discovered and
characterized. Although, in the last years, small ncRNAs called microRNAs were studied most frequently with more
than ten thousand hits at PubMed database, recently, evidence has begun to accumulate describing the molecular
mechanisms by which a wide range of novel RNA species function, providing insight into their functional roles in

cellular biology and in human disease. In this review, we summarize newly discovered classes of ncRNAs, and
highlight their functioning in cancer biology and potential usage as biomarkers or therapeutic targets.

Keywords: Non-coding RNAs, microRNAs, siRNAs, piRNAs, IncRNAs, Cancer

Introduction

The abundance of non-translated functional RNAs in
the cell has been a textbook truth for decades. Most of
these non-coding RNAs (ncRNAs) fulfil essential func-
tions, such as ribosomal RNAs (rRNAs) and transfer
RNAs (tRNAs) involved in mRNA translation, small nu-
clear RNAs (snRNAs) involved in splicing and small nu-
cleolar RNAs (snoRNAs) involved in the modification of
rRNAs. The central dogma of molecular biology, devel-
oped from the study of simple organisms like Escheri-
chia coli, has been that RNA functions mainly as an
informational intermediate between a DNA sequence
(‘gene’) and its encoded protein. The presumption was
that most genetic information that specifies biological
form and phenotype is expressed as proteins, which have
not only diverse catalytic and structural functions, but
also regulate the activity of the system in various ways.
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This is largely true in prokaryotes and presumed also to
be true in eukaryotes [1]. But one of the great surprises
of modern biology was definitely the discovery that the
human genome encodes only ~20,000 protein-coding
genes, representing less than 2% of the total genome se-
quence (see Figure 1). Subsequently, with the advent of
tiling resolution genomic microarrays and whole genome
and transcriptome sequencing technologies (ENCODE
project) it was determined that at least 90% of the gen-
ome is actively transcribed. The human transcriptome
was found to be more complex than a collection of
protein-coding genes and their splice variants; showing
extensive antisense, overlapping and ncRNA expression
[1,2]. Although initially argued to be spurious transcrip-
tional noise or accumulated evolutionary debris arising
from the early assembly of genes and/or the insertion of
mobile genetic elements, recent evidence suggests that
the proverbial “dark matter” of the genome may play a
major biological role in cellular development, physiology
and pathologies. In general, the more complex an organ-
ism, the greater is its number of ncRNAs. The enticing
possibility that although the number of protein-coding

© 2012 Sana et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Drosophila melanogaster
Caenorhabditis elegans
Arabidopsis thaliana
Saccharomyces cerevisiae
Escherichia coli
Mycobacterium tuberculosis

Archaeoglobus fulgidus

Figure 1 The percentage of protein-coding genes sequences in several eukaryotic and bacterial genomes.
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transcripts between organisms is similar, the ultimate
control of cellular function may be through interactions
between proteins and ncRNA, is corroborated by the
fact that the majority of chromatin-modifying complexes
do not have DNA binding capacity and therefore, must
utilize a third party in binding to DNA. It has been
largely demonstrated that this third party may be repre-
sented by transcription factors as well as by ncRNAs
[2,3].

The beginnings of the present-day understanding on
regulatory non-coding RNAs were inspired mainly by
the pioneering ideas of John S. Mattick, who has long
argued that proteins comprise only a minority of the
eukaryotic genome’s information output. Considering
unique ability of RNA to both fold in three-dimensional
space and hybridize in a sequence-specific manner to
other nucleic acids, ncRNAs are proposed to behave as a
digital-to-analogue processing network, allowing the ex-
pansion of complexity in biological systems, well beyond
purely protein-based regulatory networks [4].

Non-coding RNAs are grouped into two major classes
based on transcript size; small ncRNAs and long
ncRNAs (IncRNAs) (classification of recently discovered
non-coding RNAs is summarized in Table 1). Small
ncRNAs are represented by a broad range of known and
newly discovered RNA species, with many being asso-
ciated with 5" or 3" regions of protein-coding genes.
This class includes the well-documented miRNAs, siRNAs,
piRNAs, etc. Most of them significantly extended our
view of molecular carcinogenesis, and at present they
are subject of intensive translational research in this
field. In contrast to miRNAs, IncRNAs are mRNA-like
transcripts ranging in length from 200 nt to ~100 kilo-
bases (kb) and lacking significant open reading frames.
LncRNAs’ expression levels appear to be lower than
protein-coding genes, and some IncRNAs are preferen-
tially expressed in specific tissues. The small number of

characterized human IncRNAs have been associated with
a spectrum of biological processes including alternative
splicing or nuclear import. Moreover they can serve as
structural components, precursors to small RNAs and
even as regulators of mRNA decay. Furthermore, accu-
mulating reports of misregulated IncRNA (HOTAIR,
MALAT1, HULC, T-UCRs, etc.) expressions across nu-
merous cancer types suggest that aberrant IncRNA expres-
sion may be an important contributor to tumorigenesis. In
this review, we summarize recent knowledge of novel
classes of ncRNAs, their biology and function, with special
focus on their significance in cancer biology and oncology
translational research, which is the field where the number
of publications focusing this topic is rapidly growing [5-7].

Small non-coding RNAs

Post-transcriptional RNA silencing or RNA interference
(RNAI) is a naturally conserved mechanism of regulation
of gene expression described in almost all eukaryotic
species including humans [8,9]. It is mostly triggered by
dsRNA precursors that vary in length and origin. These
dsRNAs are rapidly processed into short RNA duplexes
subsequently generating small ncRNAs (small ncRNAs),
which are associated with Argonaute family proteins and
guide the recognition and ultimately the cleavage or
translational repression of complementary single-
stranded RNAs, such as messenger RNAs or viral gen-
omic/antigenomic RNAs. Moreover, the small ncRNAs
have also been implicated in guiding chromatin modifi-
cations [9,10]. Since the discovery of the first small
ncRNA, various classes of small ncRNAs have been
identified. Based on whether their biogenesis is
dependent on Dicer, the dsRNA specific RNA III ribo-
nuclease, all the known eukaryotic small ncRNAs can be
classified into two goups: Dicer-dependent, such as
microRNAs (miRNAs), small interfering RNAs (siRNAs),
and in some cases small nucleolar RNAs (snoRNAs); and
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Table 1 Types of recently discovered human non-coding RNAs
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Class Symbol Characteristic Disease / biological function associations
Small MicroRNAs miRNAs  18-25 nt; account 1-2% of the human genome; initiation of various disorders including many,
non-coding control the 50% of protein-coding genes; guide if not all, cancers / regulation of proliferation,
RNAs suppression of translation; Drosha and Dicer differentiation, and apoptosis involved in human
dependent small ncRNAs development

Small interfering siRNAs 19-23 nt; made by Dicer processing; guide great potential in diseases treatment /

RNAs sequence specific degradation of target mRNA posttranscriptional gene silencing mainly
through RISC degradation mechanism; defence
against pathogenic nucleic acids

Piwi-interacting piRNAs  26-30 nt; bind Piwi proteins; Dicer independent;  relationship between piRNAs and diseases has

RNAs exist in genome clusters; principally restricted to  not yet been discovered / involved in germ cell

the germline and somatic cells bordering the development, stem self-renewal, and
germline retrotransposon silencing

Small nucleolar snoRNAs  60-300 nt; enriched in the nucleolus; in association with development of some cancers /

RNAs vertebrate are excised from pre-mRNA introns; important function in the maturation of other

bind snoRNP proteins non-coding RNAs, above all, rRNAs and snRNAs;
miRNA-like snoRNAs regulate mRNAs

Promoter- PASRs 20-200 nt; modified 5’ (capped) ends; coincide

associated small with the transcriptional start sites of protein- and

RNAs non-coding genes; n_wade from transcription of relationship with diseases has not yet been

short capped transcripts discovered / involved in the regulation of the

Transcription tiRNAs  ~ 18 nt; have the highest density just transcription of protein-coding genes by

initiation RNAs downstream of transcriptional start sites; show targeting epigenetic silencing complexes

patterns of positional conservation; preferentially
located in GC-rich promoters

Centromere repeat crasiRNAs 34-42 nt; processed from long dsRNAs relationship between crasiRNAs and diseases has

associated small not yet been discovered / involved in the

interacting RNAs recruitment of heterochromatin and/or
centromeric proteins

Telomere-specific  tel-sRNAs ~ 24 nt; Dicer independent; 2-O-methylated at relationship between tel-sRNAs and diseases has

small RNAs the 3" terminus; evolutionarily conserved from not yet been discovered / epigenetic regulation

protozoa to mammals; have not been described
in human up to now
Pyknons subset of patterns of variable length; form expected association with cancer biology /
mosaics in untranslated and protein-coding possible link with posttranscriptional silencing
regions; more frequently in 3" UTR of genes, mainly involved in cell communication,
regulation of transcription, signaling, transport,
etc.
Long Long intergenic lincRNAs  ranging from several hundreds to tens of involved in tumorigenesis and cancer metastasis
non-coding non-coding RNAs thousands nts; lie within the genomic intervals / involved in diverse biological processes such as
RNAs between two genes; transcriptional cis-regulation  dosage compensation and/or imprinting

Long intronic non-
coding RNAs

Telomere-associated TERRAs

ncRNAs

Long non-coding
RNAs with dual
functions

Pseudogene RNAs

Transcribed-
ultraconserved
regions

T-UCRs

of neighbouring genes

lie within the introns; evolutionary conserved;
tissue and subcellular expression specified

100 bp - >9 kb; conserved among eukaryotes;
synthesized from C-rich strand; polyadenylated;
form inter-molecular G-quadruplex structure with
single-stranded telomeric DNA

both protein-coding and functionally regulatory
RNA capacity

gene copies that have lost the ability to code for
a protein; potential to regulate their protein-
coding cousin; made through retrotrans-position;
tissue specific

longer than 200 bp; absolutely conserved
between orthologous regions of human, rat, and
mouse; located in both intra- and intergenic
regions

aberrantly expressed in human cancers / possible
link with posttranscriptional gene silencing

possible impact on telomere-associated diseases
including many cancers / negative regulation of
telomere length and activity through inhibition
of telomerase

deregulation has been described in breast and
ovarian tumors / modulate gene expression
through diverse mechanisms

often deregulated during tumorigenesis and
cancer progression / regulation of tumor
suppressors and oncogenes by acting as
microRNA decoys

expression is often altered in some cancers;
possible involvement in tumorigenesis /
antisense inhibitors for protein-coding genes
or other ncRNAs
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Dicer-independent small ncRNAs, such as PIWI-
interacting RNAs (piRNAs) [11] (Figure 2). Moreover,
phylogenetic analysis indicates that known Argonaute
family proteins can be divided into two subgroups namely
AGO based on AGO1 and PIWI based on PIWI. Interest-
ingly, Ago proteins interact with miRNAs and siRNAs
while Piwi subgroup is characterized by interaction with
piRNAs [12]. Biogenesis of other small non-coding RNAs
is less or completely undescribed yet. These RNAs are
generally classified according to their genome and func-
tion localization. Among them belong promoter-
associated small RNAs (PASRs), transcription initiation
RNAs (tiRNAs), centromere repeat associated small inter-
acting RNAs (crasiRNAs), and telomere-specific small
RNAs (tel-sRNAs). To the class of small non-coding
RNAs also belong the recently discovered pyknons that, as
suggested by current findings, are involved in many bio-
logical functions. It was many times described that some
of above mentioned small non-coding RNAs play import-
ant roles in pathogenesis of various diseases including
tumors. In this respect, the most studied ncRNAs are
miRNAs, which have been described in many, if not all,
cancers [13-16].

MicroRNAs

The most frequently studied subclass of small ncRNAs
are microRNAs (miRNAs), originally discovered by Vic-
tor Ambros in Caenorhabditis elegans. They are 18-25
nucleotides long, evolutionary conserved, single-stranded
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RNA molecules involved in specific regulation of gene ex-
pression in eukaryotes [17]. It is predicted that miRNA
genes account for 1-2% of the human genome and con-
trol the activity of ~50% of all protein-coding genes
[18,19]. Early annotation for the genomic position of miR-
NAs indicated that most miRNAs are located in intergenic
regions (>1 kb away from annotated or predicted genes),
although a sizeable minority was found in the intronic
regions of known genes in the sense or antisense orienta-
tion. This led to the postulation that most miRNA genes
are transcribed as autonomous transcription units [19]. A
detailed analysis of miRNA gene expression showed that
miRNA genes can be transcribed from their own promo-
ters and that miRNAs are generated by RNA polymerase
II (RNAPII) as primary transcripts (pri-miRNAs). These
are processed to short 70-nucleotide stem—loop structures
known as pre-miRNAs by the ribonuclease called Drosha
and the double-stranded-RNA-binding protein known as
Pasha (or DGCR8 — DiGeorge critical region 8), which
together compose a multiprotein complex termed a
microprocessor. The pre-miRNAs are transported to
cytoplasm by the RAN GTP-dependent transporter
exportin 5 (XPOS5). In the cytoplasm, the pre-miRNAs
are processed to mature miRNA duplexes by their inter-
action with the endonuclease enzyme Dicer in complex
with dsRNA binding protein TRBP [19,20]. One strand
(“guide strand”) of the resulting 18-25-nucleotide ma-
ture miRNA duplex ultimately gets integrated into the
miRNA-induced silencing complex (miRISC) with the
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central part formed by proteins of the Argonaute family,
whereas the other strand (passenger or miRNA*) is
released and degraded. The retained (“guide”) strand is
the one that has the less stably base-paired 5" end in the
miRNA/miRNA* duplex. Generally, most miRNA genes
produce one dominant miRNA species. However, the
ratio of miRNA to miRNA* can vary in different tissues
or developmental stages, which probably depends on
specific properties of the pre-miRNA or miRNA duplex,
or on the activity of different accessory processing fac-
tors [19]. Moreover, the ratio might be modulated by
the availability of mRNA targets as a result of enhanced
destabilization of either miRNA or miRNA* occurring
in the absence of respective complementary mRNAs
[20]. Mature miRNAs in miRISC exert their regulatory
effects by binding to imperfect complementary sites. MiR-
NAs repress target-gene expression post-transcriptionally,
apparently at the level of translation, through a miRISC
complex that is similar to, or possibly identical with, that
used for the RNAi pathway discussed later. Perfect com-
plementarity of mRNA-miRNA allows Ago-catalyzed
cleavage of the mRNA strand, whereas central mis-
matches exclude cleavage and promote repression of
mRNA translation. Consistent with translational con-
trol, miRNAs that use this mechanism reduce the pro-
tein levels of their target genes, but the mRNA levels of
these genes are barely affected [21-23]. Current studies
indicate that miRNA targeting in mammalian cells
occurs predominantly through binding to sequences
within 3"UTRs [24,25], however inhibition of gene ex-
pression through targeting the 5'UTR has been also
demonstrated [26]. Nevertheless, statistical analyses of
conserved miRNA target sequences proved that mam-
malian miRNA target sites rarely occur within 5"UTRs
[24,25,27]. Moreover, it was found out that miR-10a
induces, rather than inhibits, protein expression
through binding to 5'UTRs of cellular transcripts [23].
It is therefore supposed that binding to 5'UTR results
in mechanistic effects divergent from 3 "UTR binding.

Most of the miRNAs described to date regulate crucial
cell processes such as proliferation, differentiation, and
apoptosis. Therefore, these RNAs are involved in human
development as well as in initiation of various disorders
including many, if not all, cancers where miRNAs have
been found to be also significant prognostic and predict-
ive markers [13,28-35]. Examples of miRNAs with sig-
nificant functional effects in cancer are mentioned
below.

Bloomston et al. [36] identified 6 miRNAs linked to
long-term survival in pancreatic adenocarcinoma.
They found also that expression level of miR-196a-2
was able to predict patients’ survival, since higher
miRNA levels marked the poor survivors group. In
HCC, up-regulation of miR-221 and down-regulation of
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miR-122 were associated with shorter time to recur-
rence [37,38]. MiR-21 is up-regulated in many solid
tumors, including CRC. Slaby et al. [39] proved that
miR-21 over-expression shows a strong correlation with
the established prognostic factors as nodal stage, meta-
static disease and UICC stage. Moreover, Kulda et al.
[40] correlated miR-21 expression to disease-free inter-
val (DFI). There was shorter DFI in patients with a
higher expression of miR-21. Several studies proved that
down-regulated expression of miR-221, miR-137, miR-
372, miR-182% let-7 and miR-34a is associated with
shorter survival in patients with lung cancer [41-43].
Breast cancer metastatic process has been connected
with up-regulation of miR-10b [44] and with loss of ex-
pression of miR-126 and miR-335 [45]. Finally, higher
levels of miR-15b were associated with poor survival
and recurrence in melanoma [46]. Another important
question for management of cancer patients is the pos-
sibility of predicting therapy response. Nakajima et al.
[47] identified let-7g and miR-181b as significant indica-
tors for chemoresponse to S-1-based chemotherapy.
The same year, Markou et al. [48] demonstrated that in-
hibition of miR-21 and miR-200b increases the sensitiv-
ity of cholangiocarcinoma cells to gemcitabine. Yang et
al. [49] identified miR-214, a miRNA up-regulated in
ovarian cancer, as responsible of cisplatin resistance
through its action on PTEN/AKT pathway. Subse-
quently, there is a large number of publications which
confirmed many 3'UTRs of oncogenes an tumor sup-
pressor genes to be direct targets of selected miRNAs.
According to a recent study by Nagel et al. [50],
miR-135a and miR-135b decrease translation of the
APC transcript in vitro. Concerning CRC, KRAS
oncogene has been reported to be a direct target of
the let-7 miRNA [51]. Another miRNA associated
with KRAS regulation is miR-143 [52]. MiRNAs
arrays-based studies revealed the p85p regulatory sub-
unit of PI3K as a direct target of miR-126 [53]. More-
over, another important regulatory component of
PI3K pathway, the tumor suppressor gene PTEN, is
strongly repressed by miR-21 in hepatocellular carcin-
oma [54]. MiR-17-5p belongs to a highly conserved,
polycistronic miRNA cluster miR-17-92. Yu et al. [55]
described the function of this cluster as a negative
regulator of cell cycle and proliferation of human
breast cancer cells, which directly regulates cyclin D1
(CCND1). The same cluster is also involved in malig-
nancies of B cell origin [56] and a direct regulation by c-
MYC has been reported [57,58]. Some of the most often
deregulated miRNAs with their experimentally proved
mRNA targets are summarized in the Table 2, however,
the number of described miRNAs and putative targets is
much more higher and it is not possible to mention all
of them.
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Table 2 Gene targets of the most common described
human cancer-associated miRNAs

MiIiRNA  Associated cancers In vitro confirmed gene

targets

MiR-21  CRC, PC, RCC, GBM, BrC,
NSCLC, BCL, PTC, HCC,
HNSCC, ESCC, GC, CML,

CCC, MM, OC, M, LC, PDA

PDCD4, TIMP3, RhoB, Spry1,
PTEN, TM1, CDK2AP1,
ANP32A, SMARCA4,
ANKRD46, THRB, Cdc25A,
BMPRRII, LRRFIP1, BTG2,
MARCKS, TPM1

FOXO3A, SOX6, SATBI1, SK,
Weel, SOCS1, SHIP1, S/EBPB,
IFN-yRa, AGTR1, FGF7,
ZNF537, ZIC3, IKBKE, RhoA,
BACH1, ZIC3, HIVEP2, CEBPB,
ZNF652, ARID2, SMADS,
TP53INP1

c-Myc, ERKS, FSCN1, SMAD2/3,
IGF-1R, FLI1, DFF45, mucin 1,
MYO6, CBFB, PPP3CA, CLINT1,
ICP4, RTKN

DVL2, KIT, CDKN18B, Bmf, p27,
HOXBS, COKN1C/p57,
CDKN1B/p27, MMP1, SOD2,
TIMP3, Dicer1, ERa, ARHI,
PUMA, p27Kip1, p57

MiR-155 NSCLC, SCLC, HCC, BrC,
M, CCC, HL, PDA, RCC,
GBM, PTC, CML, CRC,
SPA, AML, NPC, CLL

MiR-145 BrC, CRC, ESCC, NSCLC, PC,
BCL, OC, GC, BIC, NPC, HCC

MiR-221 BrC, PC, CRC, M, GBM, ALL,
HCC, PTC, PDA, GC, CML,

MiR-222 \oc( ¢, AML, OC

Let-7a M, HL, nHL, CRC, SLC, NSCLC, PRDM-1, STAT3, Caspase-3,
GC, HNSCC, ESCC, OC, CLL, Integrin #3, PRDM1/blimp-1
HCC

MiR-16 LC, OC, NPC, GC, PC, BrC, VEGFR2, FGFR1, Zyxin, Cyclin

HCC, MM, CLL, HL

MiR-200 BrC, PDA, GC, HNSCC, M,
OC, PC

E1, Bmi-1, BRCA-1, BCL2

FNT, MSN, NTRK2, LEPR,
ARHGAP19, ZEB1/2, Flt1/
VEGFR1, FAP-1, FOG2, ERRFI-1

Runx2, E2F1, ErbB3, Zeb1

LATS2, WAVE3, SATB2, ITGAS,
RDX, RhoA, FIH

SLC7AS5, SOX2, PLACT, VEGFA,
PIK3R2, Crk, EGFL7, p85beta

FGFRL1, SDHD, MNT

MiR-205 M, BrC, PC, ESCC, HNSCC
MiR-31  PTC, CRC, BrC, LC, GC, HCC

MiR-126 CRC, GC, BrC, SCLC, AML,
NSCLC, HCC

MiR-210 PDA, RCC, BrC, PC, GBM,
NSCLC, OC, GC, HNSCC

MiR-9  GBM, PC, nHL, EC, OC CAMTA1, PDGFR-B, CDX2,
PRDM-1, E-cadherin, NF-
kappaB1

MiR-141 PC, EC, CRC, HNSCC, LC, SIP1, YAP1

BrC, ESCC, OC, RCC
MiR-122 HCC, RCC Bcl-w, ADAM17

CRC colorectal cancer, PC prostate cancer, RCC renal cell carcinoma, GBM
glioblastoma multiforme, BrC breast cancer, LC lung cancer, NSCLC non-small
cell lung cancer, SCLC small cell lung cancer, BCL B-cell lymphoma, PTC
papillary thyroid carcinoma, HCC hepatocellular carcinoma, HNSCC head and
neck squamous cell carcinoma, ESCC esophagus squamous cell carcinoma, GC
gastric cancer, CLL chronic lymphocytic leukemia, CML chronic myelogenous
leukemia, ALL acute lymphocytic leukemia, AML acute myeloid leukemia, CCC
cervical cell carcinoma, MM multiple myeloma, OC ovarian cancer, M
melanoma, LC laryngeal carcinoma, PDA pancreatic ductal adenocarcinoma,
HL Hodgkin lymphoma, nHL Non-Hodgkin lymphoma, SPA sporadic pituitary
adenomas, NPC nasopharyngeal carcinoma, BIC bladder cancer, EC
endometrial cancer.
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Small interfering RNAs

Another class of small ncRNAs involved in post-
transcriptional RNA silencing are so-called small inter-
fering RNAs (siRNAs). They are produced from long
dsRNAs of exogenous or endogenous origin [59]. These
short helical RNA molecules are formed by two at least
partially complementary RNA single strands, namely the
passenger strand and the guide strand. Typical strand
lengths of these dsRNAs are 19-23 nucleotides and they
are made by Dicer processing as miRNAs [60]. One of
the arisen single strands is subsequently incorporated
into RISC (RNA-induced silencing complex) where
guides sequence-specific degradation of complementary
target mRNAs unlike miRNA that rather suppresses
translation and does not lead to degradation of the
mRNA target [9,61,62]. SiRNAs are worldwide used in
gene silencing experiments and have become a specific
and powerful tool to turn off the expression of target
genes, and also turned into a promising experimental
tool in molecular oncology. SiRNAs could be used in
cancer therapy by several strategies. These include the
suppression of overexpressed oncogenes, retarding cell
division by interfering with cyclins and related genes or
enhancing apoptosis by inhibiting anti-apoptotic genes.
For example, Vassilev et al. [63] developed new siRNA-
based inhibitors of the p53-MDM2 protein interaction.
A year later, Wu et al. [30] demonstrated that down-
regulation of RPL6 (ribosomal protein L6) in gastric can-
cer SGC7901 and AGS cell lines by siRNA reduced col-
ony forming ability and cell growth. Moreover, the cell
cycle of these cells was suppressed in G1 phase. Simi-
larly, CDK8 specific siRNA transfection down-regulated
the expression of CDK8 in colon cancer cells, which was
also associated with a decrease in the expression of B-
catenin, inhibition of proliferation, increased apoptosis
and GO/G1 cell cycle arrest [64]. Dufort et al. [65]
described that cell transfection of IGF-IR siRNAs
decreased proliferation, diminished phosphorylation of
downstream signaling pathway proteins, AKT and ERK,
and caused a GO/G1 cell cycle block in two murine
breast cancer cell lines, EMT6 and C4HD. The IGF-IR
silencing also induced secretion of two proinflammatory
cytokines, TNF-a and IFN-y. Another study showed that
mTOR-siRNA transfection significantly inhibits cell pro-
liferation, increases the level of apoptosis and decreases
migration of NSCLC cells, and could be used as an alter-
native therapy targeting mTOR with fewer side effects
[66]. RNAi against multidrug resistance genes or che-
moradioresistance and angiogenesis targets may also
provide beneficial cancer treatments. He et al. [67]
proved that silencing of MDR1 by siRNA led to
decreased P-glycoprotein activity and lower drug resist-
ance of L2-RAC cells, which could be used as a novel
approach of combined gene and chemotherapy for yolk
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sac carcinoma. Another study showed that combination
of proteasome inhibitors with Mcl-1 siRNA enhances
the ultimate anticancer effect in DLD-1, LOVO, SW620,
HCT-116, SKOV3 and H1299 cell lines [68]. Bansal et
al. [69] states that selective siRNA depletion of CDK1
increases sensitivity of patients with ovarian cancer to
cisplatin-induced apoptosis. The number of publications
dealing with siRNAs is rapidly growing and successful
cancer therapy by siRNA in vitro and in vivo provides
the enthusiasm for potential therapeutic applications of
this technique [70]. Some examples of siRNA cancer
therapies in clinical trials are summarized in Table 3.

Piwi proteins associated RNAs

Extensive research in the past few years has revealed that
members of the Argonaute protein family are key players
in gene-silencing pathways guided by small RNAs. This
family is further divided into AGO and PIWI subfamilies
[72]. 1t was proved that the AGO proteins are present in
diverse tissues and bind to miRNAs and siRNAs,
whereas PIWI proteins are especially present in germ-
line, and associate with a new class of small ncRNAs
termed PIWI-interaction RNAs (piRNAs). PiRNAs are
typically 24-32 nucleotides long RNAs that are gener-
ated by a Dicer-independent mechanism. It was thought
that they are derived only from transposons and other
repeated sequence elements [73] and therefore, they
were alternatively designated as repeat-associated small
interfering RNAs (rasiRNAs) [74]. But it is now clear
that piRNAs can be also derived from complex DNA

Table 3 Small RNA-based therapeutics in clinical trials
(adapted from [71])

Gene target Drug type Drug name Clinical Notes
phase
Bcl-2 LNA-oligo  SPC2996 I/ CLL
Immunoproteasome  siRNA Proteasome | Metastatic
B-subunits LMP2, SiRNA lymphoma
LMP7 and MECL1
PLK1 siRNA PLK SNALP  pre-
clinical
M2 subunit of SIRNA CALAA-01 | Solid tumors
ribonucleotide
reductase
PKN3 SiRNA Atu027 | Solid tumors
KSP and VEGF SiRNA ALN-VSP | Solid tumors
Survivin LNA-oligo  EZN3042 I Solid tumors
HIF-1a LNA-oligo  EZN2968 I Solid tumors
Furin shRNA FANG | Solid tumors
vaccine
eif-4E LNA-oligo elF4E ASO | Solid tumors
Survivin LNA-oligo  Survivin Il Solid tumors
ASO
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sequence elements [75] and that rasiRNAs are a subset
of piRNAs.

The precise mechanism of piRNAs biogenesis is not
clear, but in 2007 Brennecke et al. [73] described a new
mechanism similar to secondary siRNA generation,
called as ping-pong model. He observed that antisense
piRNAs associate with PIWI/AUB complex while sense
piRNAs associate with AGO3 protein. This information
led to the suggestion that PIWI and AUB proteins bind
to maternally deposited piRNAs (primary piRNA) and
this complex is subsequently bound to the transcripts
produced by retrotransposons and cleaves a transcript
generating a sense piRNAs (secondary piRNAs) that
bind to AGO3. Finally, piRNA-AGO3 complex binds to
the retrotransposon transcript, creating another set of
anti-sense piRNAs. However, the model of piRNAs bio-
genesis is still incomplete and precise mechanisms of
action remain poorly characterized (for a review, see
[76-78]).

The PIWI subfamily as well as piRNAs have been
implicated in germ cell development, stem cell self-
renewal, and retrotransposon silencing. Recently, several
studies were published describing the association be-
tween HIWI (the human ortholog of PIWI) expression
and diverse group of cancers including pancreatic [79]
and gastric [80] adenocarcinomas, sarcomas [81], hepa-
tocellular carcinomas [82], colorectal cancer [83], gli-
omas [84] and esophageal squamous cell carcinomas
[85]. It was proved that higher levels of HIWI mRNA
are connected with worse clinical outcome. Moreover,
the expression patern of HIWI in gastric cancer tissues
was similar to that of Ki67 and suppression of HIWI
induced cell cycle arrest in G2/M phase [80]. Lee et al.
[86] described that PIWIL2 (PIWI-like 2) protein is
widely expressed in tumors and inhibits apoptosis
through activation of STAT3/BCL-X(L) signalling path-
way. Similarly, the newest study of Lu et al. [87] shows
that this protein forms a PIWIL2/STAT3/c-Src complex,
where STAT3 is phosphorylated by c-Src and translo-
cated to nucleus. Subsequently, STAT3 binds to P53
promoter and represses its transcription. These findings
indicate that PIWI proteins may be involved in the de-
velopment of different types of cancer and could be a
potential target for cancer therapy. Recently, it was also
proved, that not only PIWI proteins, but also piRNAs
can play an important role in carcinogenesis. It was dis-
covered that expression of piR-823 in gastric cancer tis-
sues was significantly lower than in non-cancerous
tissues. Artificial increase of the piR-823 levels in gastric
cancer cells inhibited their growth. Moreover, the obser-
vations from the xenograft nude mice model confirmed
its tumor suppressive properties [88]. On the contrary,
levels of the piR-651 were upregulated in gastric, colon,
lung, and breast cancer tissues compared to the paired
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non-cancerous tissues. The growth of gastric cancer cells
was efficiently inhibited by a piR-651 inhibitor and the
cells were arrested at the G2/M phase [89]. Interestingly,
the peripheral blood levels of piR-651 and piR-823 in the
patients with gastric cancer were significantly lower than
those from controls. Thus, piRNAs may be valuable bio-
markers for detecting circulating gastric cancer cells
[90]. Resolving the function of PIWI proteins and piR-
NAs has broad implications not only in understanding
their essential role in fertility, germline, stem cell devel-
opment, and basic control and evolution of animal gen-
omes, but also in the biology of cancers [12].

Small nucleolar RNAs

Small nucleolar RNAs (snoRNAs), 60 — 300 nucleotides
long, represent one of the abundant groups of small
ncRNAs characterized in eukaryotes. SnoRNAs are
enriched in the nucleolus, which is the most prominent
organelle in the interphase nucleus providing the cellular
locale for the synthesis and processing of cytoplasmic
ribosomal RNAs (rRNAs) [91]. Most of the snoRNAs
are located within introns of protein-coding genes and
are transcribed by RNA polymerase II, however, they
can also be processed from introns of longer ncRNA
precursors [92]. Nevertheless, while vertebrate snoRNAs
are prevalently excised from pre-mRNA introns, in plant
and yeast these RNAs are mainly generated from inde-
pendent transcription units, as either monocistronic or
(especially in plants) polycistronic snoRNA transcripts
[93].

All snoRNAs fall into two major classes based on the
presence of short consensus sequence motifs. First group
contains the box C (RUGAUGA) and D (CUGA) motifs,
whereas members of the second group are characterized
by the box H (ANANNA) and ACA elements [94]. In
both classes of snoRNAs, short stems bring the con-
served boxes close to one another to constitute the
structural core motifs of the snoRNAs, which coordinate
the binding of specific proteins to form small nucleolar
RNPs (snoRNPs) distinct for both groups [91,95]. SnoR-
NAs have important functions in the maturation of
other non-coding RNAs. Above all, they manage post-
transcriptional modification of rRNA and snRNA by 2'-
O-methylation and pseudouridylation (for a review, see
[91]). Interestingly, it was identified number of human
snoRNAs with miRNA-like function. These snoRNAs
are processed to small 20-25 nucleotides long RNAs
that stably associate with Ago proteins. Processing is in-
dependent of the Drosha, but requires Dicer. Moreover,
cellular target mRNA, whose activity is regulated by
snoRNA, was identified [96].

Several studies have indicated that alterations of snoR-
NAs play important functions in cancer development
and progression. The first report linking snoRNAs to
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cancer was published in 2002 by Chang et al. [97]. He
proved that h5sn2, a box H/ACA snoRNA, was signifi-
cantly downregulated in human meningiomas compared
with normal brain tissues. Subsequently, Dong et al.
[98] identified snoRNA U50 as a reasonable candidate
for the 6q tumor-suppressor gene in prostate cancer
and this statement was confirmed in another study de-
scribing involvement of snoRNAs U50 in the develop-
ment and/or progression of breast cancer [99].
Interestingly, chromosome 6q14-15 is a breakpoint of
chromosomal translocation t(3;6)(q27;q15) for human
B-cell lymphoma [100]. The same year, the GAS5
(growth arrest-specific transcript 5) was identified to
control mammalian apoptosis and cell growth. GAS5
transcript levels were found to be significantly lower in
breast cancer samples relative to adjacent unaffected
normal breast epithelial tissues and despite the fact that
this gene has no significant protein-coding potential, it
was proved that several snoRNAs are encoded in its
introns [101]. By profiling ncRNAs signatures in
NSCLC tissues and matched noncancerous lung tissues,
four snoRNAs (snoRD33, snoRD66, snoRD76 [102] and
snoRA42 [103]) were found to be overexpressed in lung
tumor tissues and it is supposed that they could be used
as potential markers for early detection of non-smal cell
lung cancer [102]. Moreover, snoRD33 is located at
chromosome 19q13.3 that contains oncogenes involved
in different malignances including lung cancer, whereas
snoRD66 and snoRD76 are located at chromosomal
regions 3q27.1 and 1q25.1, respectively. These two
chromosomal segments are the most frequently ampli-
fied in human solid tumors [28,104,105]. Recently, low
levels of four snoRNAs (RNU44, RNU48, RNU43,
RNU6B), commonly used for normalization of miRNA
expression, were associated with a poor prognosis of
the cancer patients [106]. Martens-Uzunova et al. [107]
analyzed the composition of the entire small transcrip-
tome by Illumina/Solexa deep sequencing and he
revealed several snoRNAs with deregulated expression
in samples of patients with prostate cancer. The newest
publication concerning snoRNAs proved that snoRD112-
114 located at the DLK1-DIO3 locus are ectopically
expressed in acute promyelotic leukemia (APL), which
shows that a relationship exists between a chromosomal
translocation and expression of snoRNA loci. Moreover,
in vitro experiments revealed that the snoRD114-1 [14q
(II-1)] variant promotes cell growth through G0/G1 to
S phase transition mediated by the Rb/pl6 pathways
[108]. Finally, it was also published that snoRNAs are
present in stable form in plasma and serum samples
[102,106] and therefore could be used as fluid-based bio-
markers for cancers. These facts indicate that snoRNAs
are critically associated with the development and pro-
gression of cancer, however further research for
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comprehensive understanding their role in carcinogen-
esis is required.

Promoter-associated RNAs

Recently, a new class of ncRNAs known as promoter-
associated RNAs (paRNAs) (sometimes termed as
promoter-upstream transcripts — PROMPTs [109], tran-
scription start site-associated RNAs [110] or promoter-
proximal transcription start site RNAs [111]), were discov-
ered. These ncRNAs are derived from eukaryotic promo-
ters and have the potential to regulate the transcription of
protein-coding genes by targeting epigenetic silencing
complexes [71,112,113]. Their size ranged from 18 to 200
nucleotides and they include long, small and tiny RNAs.

The short paRNAs (PASRs) were identified in 2007
[114] using RNA maps. They are located near the pro-
moter or transcription start site (TSS), but they are not
associated with a known protein-coding genes. These
transcripts are 20-90 nt long and it was proved that
they are not Dicer product [110]. Human PASRs are
expressed at low levels and their number per gene is
positively correlated with promoter activity and mRNA
level [109]. The tiny paRNAs or transcription iniciation
RNAs (tiRNAs) are shorter than 23 nt and they are
transcribed in both sense and antisense directions
around the promoter [115]. Furthermore, they are
closely associated with highly expressed promoters and
are preferentially located in GC-rich promoters [71,115].
It is still unclear how these two classes of small RNAs are
related to one another, or if they share common biogen-
esis pathways [115]. Recently, a long paRNAs (PALRs,
100-200 nt) has been identified at a single-gene level and
they were associated with regulatory functions (for a re-
view, see [112,113,116,117]), especially with modification
of DNA methylation [118].

It is supposed, that because of potential of paRNAs to
regulate transcription, their deregulation could be asso-
ciated with different types of diseases, including cancer.
It was proved, that transfection of mimetic paRNAs into
HeLa and HepG2 cells resulted in the transcriptional re-
pression of human C-MYC and connective tissue growth
factor (CTGF) [119]. Hawkins et al. [120] described that
targeting of the human ubiquitin C gene (UbC) with a
small paRNA led to long-term silencing which corre-
lated with an early increase in histone methylation and a
later increase in DNA methylation at the targeted locus.
Furthermore, it was shown that PASRs play an import-
ant role in maintaining accessible chromatin architecture
for transcription and releasing negative supercoils during
transcription [110]. Concerning tiRNAs, they may have
similar functions like PASRs, moreover they are usually
found at CTCF-binding sites. Taft et al. [121] proved,
that overexpression of tiRNAs decreased CTCF binding
and associated gene expression, whereas inhibition of
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tiRNAs resulted in increased CTCF localization and
associated gene expression. Wang et al. [122] described,
that an RNA-binding protein TLS (for translocated in
liposarcoma) can specifically bind to CREB-binding pro-
tein (CBP) and p300 histone acetyltransferase depending
on its allosteric modulation by PALRs, and so repress
gene target CCNDI1 in human cell lines. Finally, it was
shown that paRNAs have the potential to form double-
stranded RNAs and to be processed into endogenous
siRNAs [123]. These facts indicate, that this novel class
of ncRNAs has a great potential to regulate expression
of various tumor suppressors and oncogenes on tran-
scriptional level and therefore be involved in human
cancerogenesis.

Centromere repeat associated small interacting RNAs

Cell stresses can induce incorrect centromere function
manifesting in loss of sister chromatid cohesion, abnor-
mal chromosome segregation, and aneuploidy, which
have been observed in many human diseases including
cancers [124]. These defects are often correlated with
the aberrant accumulation of centromere satellite tran-
scripts [125]. Morover, it was observed that human cells
under stress accumulate large transcripts of Satlll satel-
lites [126]. The accumulation of similar transcripts in
vertebrate cells is thought to result from defective RNA
processing of larger transcripts that leads to a reduction
of the small RNAs that participate in the recruitment
of specific histones critical for centromere function
[125,127]. The research on mammalian model uncov-
ered the strong bidirectional promoter capability of the
kangaroo endogenous retrovirus (KERV-1) LTR to pro-
duce long double-stranded RNAs for both KERV-1 and
surrounding sequences, including sat23. These long
dsRNAs are then processed into centromere repeat
associated small interacting RNAs (crasiRNAs), 34 - 42
nucleotides in length. Unfortunately, the mechanism by
which full-length KERV-1 and sat23 transcripts are pro-
cessed into crasiRNAs remains unknown. The crasiRNAs
are involved in the recruitment of heterochromatin and/
or centromeric proteins. These findings have profound
implications for understanding of centromere function
and epigenetic identity by suggesting that a retrovirus,
KERV-1, may participate in the organization of centro-
mere chromatin structures indispensable to chromosome
segregation in vertebrates [124]. These small centromere-
associated ncRNAs occur conserved among eukaryotes
suggesting their impact also in human.

Telomere-specific small RNAs

Another group of recently described short ncRNAs are
telomere-specific small RNAs (tel-sRNAs). Tel-sRNAs
are ~ 24 nt long, Dicer-independent, and 2'-O-methylated
at the 3’ terminus. They are asymmetric with specificity
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toward telomere G-rich strand, and evolutionarily con-
served from protozoan to mammalian cells. Interestingly,
tel-sRNAs are up-regulated in cells that carry null muta-
tion of H3K4 methyltransferase MLL and down-regulated
in cells that carry null mutations of histone H3K9 methyl-
transferase SUV39H, suggesting that they are subject to
epigenetic regulation. These results support that tel-
sRNAs are heterochromatin associated pi-like small RNAs
[128]. Recently, it was also reported that an 18-mer RNA
oligo of (UUAGGG); has potential to inhibit telomerase
TERT activity in vitro by RNA duplex formation in the
template region of the telomerase RNA component [129].
Therefore, it is supposed that tel-sRNAs containing
UUAGGG repeats could act as sensors of chromatin sta-
tus and create a feedback loop between the telomeric het-
erochromatic regulation and telomere length control
Although tel-sRNAs have not been described in human
until to date, they could play an important role in carcino-
genesis and contribute to unlimited replicative potencial
of cancer cells.

Pyknons

Pyknons are a subset of 127998 patterns of variable
length, which form mosaics in untranslated as well as
protein-coding regions of human genes. Nevertheless,
they are found more frequently in the 3'UTR of genes
than in other regions of the human genome [130,131].
Pyknons are present in statistically significant manner in
genes that are involved in specific processes such as cell
communication, transcription, regulation of transcrip-
tion, signaling, transport, etc. Pyknons involve ~40% of
the known miRNA sequences, thus suggesting possible
link with posttranscriptional gene silencing and RNA
interference [131]. Different sets of pyknons are con-
nected to allele-specific sequence variations of disease-
associated SNPs and miRNAs, suggesting that increased
susceptibility to multiple common human disorders is
associated with global alterations in genome-wide regu-
latory templates affecting the biogenesis and functions of
non-coding RNAs [132].

In the time since their discovery, evidence has been
slowly accumulating that these pyknon motifs mark
transcribed, non-coding RNA sequences with potential
functional relevance in human disease. Tsirigos et al.
[133] described two GO terms (GO:0006281/DNA re-
pair, GO:0006298/mismatch repair) that were signifi-
cantly enriched in pyknons-containing regions of the
human introns. He pointed out that these two terms are
uniquely associated with pyknons and a search of the
ENSEMBL database [134] for human genes labeled with
these two GO terms identified a MLHI gene, that has
been associated with hereditary non-polyposis colorectal
cancer and other types of carcinomas and microsatellite
instabilities. The human MLH1 transcript has 17 introns
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and the authors proved that these introns contain more
than 10 different pyknons. Nevertheless, further research
for comprehensive understanding their role in carcino-
genesis is necessary.

Long non-coding RNAs

Long non-coding RNAs (IncRNAs) are the broadest class
encompassed all non-protein-coding RNA species with
length more than 200 nucleotides, however, frequently
ranging up to 100 kb. Many identified IncRNA are tran-
scribed by RNA polymerase II (RNAPII), spliced, and
usually contain canonical polyadenylation signals, but
this is not a fast rule [2]. On the other hand, Pagano et
al. [135] found out that some of these IncRNAs are due
to their promoter structure likely to be transcribed by
polymerase III (RNAPIII) and he marked them as
cogenes since they could specifically coact with a
protein-coding pol II gene. There is substantial evidence
to suggest that IncRNAs mirror protein coding genes.
Additionally, IncRNAs’ promoters are bound and regu-
lated by transcriptional factors and epigenetically marked
with specific histone modifications [136]. LncRNAs are
developmentally and tissue specific, and have been asso-
ciated with a spectrum of biological processes, for ex-
ample, alternative splicing, modulation of protein
activity, alternation of protein localization, and epigenetic
regulation. LncRNAs can be also precursors of small
RNAs and even tools for miRNAs silencing [71,137-141].
However, one of their primary tasks appears to be regula-
tors of protein-coding gene expression (Figure 3) [142].
Recently, Wang et al. [143] described four different
mechanisms of IncRNAs action. He supposes that these
molecules can function as signals, decoys, guides or as
scaffolds (Figure 4). It is not surprising, then, that dysre-
gulation of IncRNAs seems to be an important feature
of many complex human diseases, including cancer
(Table 4), ischaemic heart disease [144] and Alzheimer’s
disease [145]. Also dysregulation of IncRNAs that func-
tion as regulators of the expression of tumor suppres-
sors or oncogenes, and not the protein-coding sequence
itself, may be one of the ‘hits’ that leads to oncogenesis
[2]. That is why they might be suitable as potential bio-
markers and targets for novel therapeutic approaches in
the future.

Long intergenic non-coding RNAs

Long intergenic non-coding RNAs (lincRNAs) are newly
discovered ncRNAs belonging to IncRNAs. RNAs of this
subclass ranging in length from several hundred to tens
of thousands of bases and they lie within the genomic
intervals between two genes. More than 3000 human
lincRNAs have been identified, but less than 1% has
been characterized [136,186]. It was shown that distinct
lincRNAs are involved in diverse biological processes
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Figure 3 Schematic illustration of IncRNAs functioning. LncRNA transcribed from an upstream non-coding promoter can negatively (1) or
positively (2) affect expression of the downstream gene by inhibiting RNA polymerase Il recruitment and/or inducing chromatin remodeling,
respectively. LncRNA is able to hybridize to the pre-mRNA and block recognition of the splice sites by the spliceosome, thus resulting in an
alternatively spliced transcript (3). Alternatively, hybridization of the sense and antisense transcripts can allow Dicer to generate endogenous
siRNAs (4). The binding of IncRNA to the miRNA results in the miRNA function silencing (5). The complex of IncRNA and specific protein partners
can modulate the activity of the protein (6), is involved in structural and organization roles of the cell (7), alters the protein localizes in the cell
(8), and affects epigenetic processes (9). Finally, long ncRNAs can be processed to the small RNAs (10)

such as imprinting or cancer metastasis [7,140,186].
Moreover, recent studies proved that lincRNAs are ex-
quisitely regulated during development and in response
to diverse signaling cues, and exhibit distinct gene ex-
pression patterns in primary tumors and metastases
[136]. Therefore, these IncRNAs could be utilized for
cancer diagnosis, prognosis, and serve as potential thera-
peutic targets.

Recently it has been demonstrated that IncRNAs can
act as natural ‘miRNA sponges’ to reduce miRNA levels
[155]. The most highly upregulated transcript found in a
microarray-based study of gene expression in hepatocel-
lular carcinoma was determined to be the ncRNA
HULC, or Highly Upregulated in Liver Cancer. Tran-
scribed from chromosome 6p24.3, this IncRNA demon-
strates the hallmarks of a typical mRNA molecule,
including a single spliced GT-AG intron, canonical poly-
adenylation signals upstream of the poly(A) tail and nu-
clear export demonstrating strong localization to the
cytoplasm. Although HULC was found to co-purify with
ribosomes, no translation product for this IncRNA has
been detected, supporting its classification as a non-
coding transcript [156]. In addition to liver cancer,
HULC was found to be highly upregulated in hepatic
colorectal cancer metastasis and in hepatocellular car-
cinoma cell lines (HCC) producing hepatitis B virus
(HBV) [157]. HULC exists as part of an intricate auto-
regulatory network, which when perturbed, resulted in
increased HULC expression (Figure 5a). The HULC

RNA appeared to function as a ‘molecular decoy’ or
‘miRNA sponge’ sequestering miR-372, of which one
function is the translational repression of PRKACB, a
kinase targeting cAMP response element binding protein
(CREB). Once activated, the CREB protein was able to
promote HULC transcription by maintaining an open
chromatin structure at the HULC promoter resulting in
increased HULC transcription [158].

Another well known RNA that belongs to IncRNA
subclass described in previous paragraph is HOX anti-
sense intergenic RNA (HOTAIR) (see Figure 5b).
HOTAIR is 2.2 kb gene localized within the human
HOXC gene cluster on the long arm of chromosome 2.
It has been shown that this lincRNA has a potential to
regulate HOXD genes in trans via the recruitment of
polycomb repressive complex 2 (PRC2), followed by the
trimethylation of lysine 27 of histone H3 [7]. In general,
the 5’ region of the RNA binds the PRC2 complex re-
sponsible for H3K27 methylation, while the 3" region of
HOTAIR binds LSD1 (flavin-dependent monoamine oxi-
dase), a histone lysine demethylase that mediates enzym-
atic demethylation of H3K4Me2. HOTAIR exists in
mammals, has poorly conserved sequences and consid-
erably conserved structures, and has evolved faster than
nearby HOXC genes [187]. HOTAIR was one of the first
metastasis-associated IncRNAs, described to have a fun-
damental role in cancer. This IncRNA was found to be
highly upregulated in both primary and metastatic breast
tumors, showing up to 2000-fold increased transcription
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Figure 4 Schematic diagram of the four mechanisms of
IncRNAs functioning. A, IncRNAs can function as signals and
regulate gene expression. B, INcRNAs can titrate transcription factors
and other proteins away from chromatin or they can function as
decoy for miRNA target sites. C, IncRNAs can recruit chromatin-
modifying enzymes to target genes and therefore function as
guides. D, IncRNAs can bring together multiple proteins to form

L ribonucleoprotein complexes (modified according to [143])

over normal breast tissue. This phenotype seems to be
closely linked with PRC2-dependent gene repression
induced by HOTAIR. High levels of HOTAIR expression
correlate with both metastasis and poor survival rate,
connecting IncRNAs with tumor invasiveness and pa-
tient prognosis [140]. In addition, it was observed that
the high expression level of HOTAIR in hepatocellular
carcinoma could be a candidate biomarker for predicting
tumor recurrence in hepatocellular carcinoma patients
who have undergone liver transplant therapy and might
be a potential therapeutic target [188]. Huarte et al.
[189] identified several lincRNAs that are regulated by
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p53. Furthermore, he proved that lincRNAs-p21 serves
as a vrepressor in p53-dependent transcriptional
responses, since inhibition of this lincRNA affected the
expression of hundreds of gene targets enriched for
genes normally repressed by p53.

While targeting cancer-specific miRNAs has proven to
be successful, it will be necessary to design molecules with
potential to inhibit lincRNAs. Gupta et al. [140] proved
that these molecules can be depleted by siRNAs, but this
possibility is quite complicated because of extensive sec-
ondary structures in lincRNAs [187]. Nevertheless, it is
evident that cancer-associated lincRNAs may provide new
approaches to the diagnosis and treatment of cancer.

Long intronic non-coding RNAs

The biogenesis of long intronic ncRNAs is poorly under-
stood at this time. Nevertheless, there are some indirect
evidences that indicate an involvement of RNA polymer-
ase II (RNAPII). Among such evidences belong a con-
cordant and co-regulated expression profiles of many
intronic ncRNAs and their corresponding protein-
coding genes, the broad contribution of RNAPII asso-
ciated transcription factors and physiological stimuli in
the transcription of intronic ncRNAs as well the pres-
ence of poly(A+) tail [190-194]. Nonetheless, it is
described that over 10% of long intronic poly(A+)
ncRNAs are up-regulatated compared to only 4% of
protein-coding transcripts after treatment with the
RNAPII specific inhibitor a-amanitin [190,193,195].
These findings suggest that some intronic ncRNA and
peculiar protein-coding RNAs could be transcribed by
another RNA polymerase such as the recently described
spRNAP-IV, whose transcriptional output seems to be
enhanced by a-amanitin, or also could be transcribed by
RNAP III [190,195-199].

Similarly to lincRNAs, there are also described evolu-
tionary conserved long intronic ncRNAs sequences from
mouse and human [200,201]. When the introns of a lar-
ger selection of vertebrates were aligned, the length of
the conserved region became only 100 bp, while in the
alignment of a smaller group of closely related species
(human-mouse—cow—dog) the evolutionary conserva-
tion of the region extended to as much as 750 bp [201].

The widespread occurrence, tissue and subcellular ex-
pression specificity, evolutionary conservation, environ-
ment alteration responsiveness and aberrant expression in
human cancers are features that accredit intronic ncRNAs
to be mediators of gene expression regulation. A few sets
of intronic ncRNAs have the same tissue expression pat-
tern as the corresponding protein-coding genes, whereas
others are inversely correlated. These findings point to
complex regulatory relationships between intronic ncRNAs
and their host loci [190,193,202,203]. Some small ncRNAs
are encoded within intronic regions; moreover, intronic
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Table 4 Human cancer associated IncRNAs (adapted from [4])
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LncRNA Size Cytoband Cancer types References
HOTAIR 2158 nt 12913.13 breast [7,140]
MALAT1/a/NEAT2 75 kb 11g13.1 breast, lung, uterus, pancreas, colon, prostate, [146-151]
liver, osteosarcoma, neuroblastoma, cervix
HULC 500 nt 6p24.3 liver [152,153]
BC200 200 nt 2p21 breast, cervix, esophagus, lung, ovary, parotid, tongue [154,155]
H19 23 kb 11p155 bladder, lung, liver, breast, endometrial, cervix esophagus, [156-159]
ovary, prostate, colorectal
BIC/MIRHG155/MIRHG2 16 kb 21g11.2 B-cell lymphoma [160]
PRNCR1 13 kb 8q24.2 prostate [161]
LOC285194 2105 nt 3g13.31 osteosarcoma [162]
PCGEM1 1643 nt 29322 prostate [163-165]
UCA1/CUDR 14-27 kb 19p13.12 bladder, colon, cervix, lung, thyroid, liver, [166]
breast, esophagus, stomach
DD3/PCA3 06-4 kb 9g21.22 prostate [167,168]
anti-NOS2A 19 kb 179232 brain [169]
uc.73A 201 nt 20223 colon [170]
uc.338 590 nt 12g13.13 liver [171]
ANRIL/p15AS/CDK2BAS 348 kb 90213 prostate, leukemia [172-175]
MEG3 16 kb 14g32.2 brain [176-178]
GAS5/SNHG2 isoforms 1g25.1 breast [101]
SRA-1/SRA 1965 nt 59313 breast, uterus, ovary [179,180]
PTENP1 39 kb 9p133 prostate [181,182]
ncRAN 2186 nt 2087 nt 17925.1 bladder, neuroblastoma [183,184]
LSINCT5 26 kb 5p1533 breast, ovary [185]

miRNAs tend to be present in large introns with 5’-biased
position distribution, what correlates with the previous ob-
servation that most long intronic transcripts are expressed
within first introns of the host genes. Thus, it is expected
that a number of long intronic ncRNAs are processed into
smaller ncRNAs [68,190,204,205]. Similar to lincRNAs
HOTAIR, Heo et al. [206] described a long intronic non-
coding RNA termed as cold assisted intronic non-coding
RNA — COLDAIR, which is required for the vernalization-
mediated epigenetic repression of FLC mediated by PRC2.
Interestingly, the newest study of Tahira et al. [207] shows
that long intronic non-coding RNAs are differentially
expressed in primary and metastatic pancreatic cancer.
Moreover, loci harbouring intronic IncRNAs differentially
expressed in pancreatic ductal carcinoma metastases were
enriched in genes associated to the MAPK pathway. These
findings indicate potential relevance of this class of tran-
scripts in biological processes related to malignant trans-
formation and metastasis.

Telomere-associated ncRNAs
Telomeres protect linear chromosome ends from being
recognized and processed as double-strand breaks by

DNA repair activities. This protective function of telo-
meres is essential for chromosome stability. Until re-
cently, the heavily methylated state of subtelomeric
regions, the gene-less nature of telomeres, and the
observed telomere position effect led to the notion that
telomeres are transcriptionally silent [208]. This hypoth-
esis was recently challenged when several groups inde-
pendently demonstrated that subtelomeric and telomeric
regions, although devoid of genes, have the potential to
be transcribed into telomeric UUAGGG-repeat contain-
ing ncRNAs (TERRA) [209-211]. TERRA molecules are
conserved among eukaryotes and have been identified
also in human. TERRA transcripts are synthesized from
the C-rich strand and polyadenylated, and their synthesis
is a-amanitin-sensitive, suggesting that they are tran-
scripts of RNAPII [208,212]. TERRA molecules range
between 100 bp and >9 kb in length and were reported
to form intermolecular G-quadruplex structure with
single-stranded telomeric DNA, but can also fold into a
compact repeated structure containing G-quartets [211].
TERRA transcripts can be found throughout the differ-
ent stages of the cell cycle, and their levels are affected
by several factors that include telomere length, tumor
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stage, cellular stress, developmental stage, and telomeric
chromatin structure [208].

TERRA most likely negatively regulates telomere length
[211]. Increased TERRA levels by interfering with TERRA
decay, such as the impairment of non-sense-mediated
RNA decay in human cells or by deletion of the 5'-3"exo-
nuclease Ratlp in Saccharomyces cerevisiae, are associated
with a loss of telomere reserve [209,212]. Current models
propose a role for TERRA in controlling telomerase activ-
ity. In yeast, the formation of a DNA/RNA hybrid between
TERRA and telomeres is thought to inhibit elongation by
telomerase, whereas in mammals, TERRA was shown to
efficiently inhibit telomerase activity in vitro, presumably
by base pairing with the template region of the RNA com-
ponent of telomerase [208,210,212]. Caslini et al. [213]
described that telomere uncapping through either TRF2
shelterin protein knockdown or exposure to telomere G-
strand DNA oligonucleotides significantly increases the
transcription of TERRA, an effect mediated by the func-
tional cooperation between transcriptional regulator MLL
and the tumor suppressor p53. Sampl et al. [214] found
out that the expression of TERRA in patients with glio-
blastoma multiforme negatively correlates with the grade.
Moreover, this finding of a diagnostic value of TERRA
levels in astrocytoma WHO grade 2 to 4 corresponded
with preliminary data in advances stages of human tumors
of larynx, colon, and lymph node [210]. Unfortunately, it
is largely unclear how the expression of TERRA and the
amount of TERRA transcripts are regulated in the cell
[208]. Nevertheless, TERRA opens new avenues for telo-
mere research that will impact on telomere-associated dis-
eases including many cancers [215].

Long ncRNAs with dual functions
Until not long ago, ncRNAs were strictly considered as
RNA molecules with regulatory functions but not

associated with the protein coding capacity typical of
messenger RNAs. However, the recent identification and
characterization of bifunctional RNAs, ie. RNAs for
which coding capacity and activity as functional regula-
tory RNAs have been reported, suggests that a definite
categorization of some RNA molecules is far from being
straightforward [216]. The steroid receptor RNA activa-
tor (SRA) is a unique co-regulator that functions as a
non-coding RNA, although incorporation of an additional
5" region can result in translation of an SRA protein
(SRAP) that also has co-activator activity [180,217,218].
SRA was initially shown to enhance gene expression
through a ribonucleoprotein complex with steroid recep-
tors and SRC-1 [217]. Currently, SRA is known as an
RNA co-activator for many other nuclear receptors. In
addition, SRA may act as an RNA scaffold for co-
repressor complexes [216,219]. SRA transcripts have been
identified in normal human tissues, with a higher expres-
sion in liver, skeletal muscle, adrenal and pituitary glands,
whereas intermediate expression levels were observed in
the placenta, lung, kidney and pancreas [217]. In some
pathological cases, increased RNA levels of SRA were
reported like in breast and ovarian tumors [179,220,221].
Interestingly, levels of SRA expression could be character-
istic of tumor grade or particular subtypes of lesions
among different tumors. Indeed, serous ovarian tumors
showed higher levels of SRA than granulosa tumor cells
[216,220].

Pseudogene RNAs

Pseudogenes are gene copies that have lost the ability
to code for a protein; they are typically identified
through annotation of disabled, decayed or incomplete
protein-coding sequences. These molecules have long
been labeled as “junk” DNA, failed copies of genes
that arise during the evolution of genomes. However,
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recent results showed that some pseudogenes appear to
harbor the potential to regulate their protein-coding cou-
sins [222,223]. Processed pseudogenes are made through
retrotransposition of mRNAs, especially as a possible by-
product of LINE-1 (Long INterspersed Elements) retro-
transposition. Thus, these mRNAs are reverse tran-
scribed and re-integrated into the genomic DNA
[224,225]. The parent gene of the mRNA need not to be
on the same chromosome as the retrotransposed copy.
Retrotransposed mRNAs have three possible fates in the
genome: formation of processed genes, formation of
non-transcribed pseudogenes, or formation of pseudo-
genes transcribed into RNAs [222]. Interestingly, some
of these RNAs exhibit a tissue-specific pattern of acti-
vation. Pseudogene transcripts can be processed into
short interfering RNAs that regulate coding genes
through the RNAi pathway. In another remarkable dis-
covery, it has been shown that pseudogene RNAs are
capable of regulating tumor suppressors and oncogenes
by acting as microRNA decoys [223,225]. Moreover,
Devor et al. [226] found out that primate-specific miR-
NAs, miR-220 and miR-492, each lie within a pro-
cessed pseudogene. Several studies also show
deregulated expression of these molecules during can-
cer progression, which provides evidence for the func-
tional involvement of pseudogene RNAs in
carcinogenesis and suggests these molecules as a po-
tential novel diagnostic or therapeutic target in human
cancers. One of these pseudogenes is myosin light
chain kinase pseudogene (MYLK). MYLKP1 is partially
duplicated from the original MYLK gene that encodes
nonmuscle and smooth muscle myosin light chain kin-
ase (smMLCK) isoforms and regulates cell contractility
and cytokinesis. Despite strong homology with the
smMLCK promoter (~ 90%), the MYLKP1 promoter is
minimally active in normal bronchial epithelial cells,
but highly active in lung adenocarcinoma cells. More-
over, MYLKP1 and smMLCK exhibit negatively corre-
lated transcriptional patterns in normal and cancer
cells with MYLKP1 strongly expressed in cancer cells
and smMLCK highly expressed in non-neoplastic
cells. For instance, expression of smMLCK decreased
in colon carcinoma tissues compared to normal colon
tissues. Mechanistically, MYLKP1 overexpression inhi-
bits smMLCK expression in cancer cells by decreasing
RNA stability, leading to increased cell proliferation.
These findings provide strong evidence for the func-
tional involvement of pseudogenes in carcinogenesis
and suggest MYLKP1 as a potential novel diagnostic
or therapeutic target in human cancers [227]. Using
massively parallel signature sequencing (MPSS) tech-
nology, RT-PCR, and 5" rapid amplification of cDNA
ends (RACE) a novel androgen regulated and tran-
scribed pseudogene of kallikreins termed as KLK31P
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was discovered. It was further proved that this
pseudogene may play an important role in prostate
carcinogenesis [228]. He et al. [229] found out that
pseudogene RNAs are also able to regulate a dosage
of PTEN tumor suppressor during tumor develop-
ment. Pseudogene RNAs however, warrant further in-
vestigation into the true extent of their function
[223,227].

Transcribed-ultraconserved regions

Ultraconcerved regions (UCRs) are a subset of con-
served sequences that are located in both intra- and
intergenic regions. They are 481 sequences, longer than
200 bp that are absolutely conserved between ortholo-
gous regions of human, rat, and mouse genomes [230].
Calin et al. [170] have proved in cancer systems that dif-
ferentially expressed UCR could alter the functional
characteristics of malignant cells. The link between gen-
omic location of UCRs and analyzed cancer-related gen-
omic elements is highly statistically significant and
comparable to that reported for miRNAs. UCRs are fre-
quently located at fragile sites and genomic regions
involved in cancers. Using northern blot, qRT-PCR and
microarray analysis, it was revealed that UCRs have dis-
tinct signatures in human leukemias and carcinomas
[170].

Majority of UCRs are transcribed (T-UCRs) in normal
human tissues, both ubiquitously and tissue specifically.
From the molecular point of view, untranscribed UCRs
might have regulatory functions as enhancers [231],
while many functions can be assigned for T-UCRs, such
as antisense inhibitors for protein-coding genes or other
ncRNAs, including miRNAs. On the other hand, instead
of T-UCRs interacting with protein-coding genes and
miRNAs, it is possible that miRNAs control T-UCRs.
Evidence supporting this predication is that many T-
UCRs have significant antisense complementarity with
particular miRNAs and negative correlation between ex-
pression of specific T-UCRs and predicted interactor
miRNAs [170,232].

The expression of many T-UCRs is significantly altered
in cancer, especially in adult chronic lymphocytic leuke-
mias, colorectal and hepatocellular carcinomas and neu-
roblastomas [170]. Their aberrant transcription profiles
can be used to distinguish types of human cancers and
have been linked to patient outcome [233]. Especially in
neuroblastoma, functional T-UCR annotations, inferred
through a functional genomics approach and validated
using cellular models, reveal associations with several
cancer-related cellular processes such as apoptosis and
differentiation [234]. Further, DNA hypomethylation
induces release of T-UCR silencing in cancer cells. Stud-
ies of primary human tumors have shown that hyper-
methylation of T-UCR CpG islands is common event



Sana et al. Journal of Translational Medicine 2012, 10:103
http://www.translational-medicine.com/content/10/1/103

among the various tumor types. Thus in addition to
miRNAs, another class of ncRNAs (T-UCRs) undergoes
DNA methylation-associated inactivation in transformed
cells, and so supports model that both epigenetic and
genetic alterations in coding and noncoding sequences
cooperate in human tumorigenesis. Most importantly,
restoration of T-UCR expression was observed upon
treatment with the DNA-demethylating agent [232]. An-
other study proved, that SNPs (single nucleotide poly-
morphisms) rs9572903 and rs2056116 in ultraconserved
regions were associated with increased familial breast
cancer risk [235]. Because of increasing number of stud-
ies concerning T-UCRs is published, it is supposed that
the more specific roles of these molecules in cancer will
be known in a short time.

Conclusions and future perspectives

For a long time, the central dogma of molecular biology
proposed RNA molecules primarily to be informational
“messenger” between DNA and protein. But, surprisingly,
only 2% of the human genome sequence encodes proteins,
while a large part of it is devoted to the expression of
ncRNAs, which are divided into two main groups accord-
ing to their nucleotide length — small and long ncRNAs.
These molecules are suggested to be important regulators
of gene expression. Nevertheless, the two groups of
ncRNAs are distinct in their biological functions and
mechanisms of gene regulations. Small ncRNAs are
involved mainly in the post-transcriptional gene regulation
using translational repression or RNAi pathway, while
long ncRNAs are much more involved in epigenetic regu-
lation. In many cases, differential expression of ncRNAs is
becoming recognized as a one of the hallmarks of cancer
cell, indicating their potential usage as the novel diagnos-
tic, prognostic, or predictive biomarkers. Growing evi-
dence also suggests that ncRNAs have the promising
potential in targeted regulation of gene expression and,
therefore, in cancer targeted therapy. However, the func-
tion of many ncRNAs remains unknown and it will be ne-
cessary to discover the precise mechanisms by which are
these molecules involved in carcinogenesis.
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Souhrn

Vychodiska: Glioblastoma multiforme patfi k nejcastéjsim primamim nadortim mozku u dospélych.
Standardnilécba spociva v maximalni resekci nddoru, adjuvantni konkomitantni chemoradioterapii
a nasledné chemoterapii s temozolomidem. Tento postup zlepsuje median celkového preziti ve
srovnani se samotnou radioterapii. Soubor pacienti a metody: Retrospektivné jsme vyhodnotili
konsekutivni soubor pacient( s histologicky potvrzenym glioblastomem, ktefi v obdobi od ledna
2003 do prosince 2009 podstoupili po primarnim chirurgickém zakroku konkomitantni radiotera-
pii (1,8-2,0 Gy/den, planovano celkem 60 Gy) s chemoterapii (temozolomid 75 mg/m?/den) s na-
slednym zamérem podéni 6 cykll adjuvantni chemoterapie (temozolomid 150-200mg/m? D1-5,
interval 28 dni). Primarnim cilem bylo zhodnotit vliv klinickych faktor( a pouzité lécby na zakladni
parametry preziti, jako je ¢as bez progrese onemocnéni (PFS) a celkové prefziti (OS). Déle jsme se
zameéfili na toxicitu lé¢by a vyhodnoceni jeji bezpecnosti. Viysledky: Do souboru bylo zafazeno cel-
kem 86 pacienttl. Median véku byl 56 let (rozmezi 24-69), prevazovali muzi (60 %). Vétsina pacient(
byla v dobé zahajeni chemoradioterapie v dobrém fyzickém stavu, u vice nez 80 % byl performance
status (PS) 0-1. U 20% pacient( byla inicidlné provedena makroskopicky totélni resekce nadoru,
Vv 65 % subtotalni resekce, v 9% parcialni resekce a v 6 % se jednalo pouze o biopsii. Median PFS byl
7,0 mésicu (2,0-35,5), median OS byl 13,0 mésicti (2,5-70,0). Pooperacni PS, rozsah resekce a absol-
vovani planované konkomitantni lé¢by bez nutnosti jeji redukce mély statisticky signifikantnivlivna
PFSi0S. Median PFS a OS byl u pacientis PS0,1a222,0,7,0a 6,0 mésicd v pfipadé PFS (p=0,0018)
a 32,0, 13,0 a 9,0 mésictl v pripadé OS (p = 0,0023). Pacienti, u kterych bylo dosazeno totalniho od-
stranéni tumoru, méli delsi PFS (14,0 vs 6,0 mésicl, HR = 0,5688, p = 0,0301) i OS (23,0 vs 12,0 mé-
sicd, HR 0,4977, p = 0,0093), stejné jako pacienti, ktefi absolvovali konkomitantni chemoradioterapii
bez vyraznéjsi redukce. Pokud celkova davka radioterapie pfeséhla 54 Gy, byl PFS 8,0 vs 3,0 mésice
(HR =0,3313, p =0,0001) a OS 15,0 vs 5,0 mésice (HR = 0,1730, p < 0,0001). Podobné pokud pocet
dnti chemoterapie preséhl 40, byl PFS 8,0 vs 5,0 mésici (HR=0,5300, p=0,0023) a0S 17,0 vs 9,5 mé-
sicdl (HR = 0,5943, p = 0,0175). Vék, pohlavi a lokalizace nddoru nedosahly statistické vyznamnosti.
U hematologickeé toxicity hodnocené 3. nebo 4. stupném zdvaznosti (grade 3 nebo 4) byla relativné
casto zaznamenana trombocytopenie (9%), leukopenie (6 %), neutropenie (6%) a selektivni lym-
fopenie (25%). U nehematologické toxicity jednoznacné dominovaly tromboembolické piihody
onemocnéni prinasel pacientovi benefit zejména neurochirurgicky vykon (OS 24,0 vs 12,5 mésice,
HR = 0,5325, p = 0,0111). Zdvér: Performance status, rozsah resekce, uspésné podani vétsiny plano-
vané davky konkomitantni chemoradioterapie a moznost chirurgického feseni pripadné recidivy/
progrese onemocnéni vyznamné ovlivnily prognézu nasich pacientd s glioblastomy. Dle nasich
zkusenosti ma byt hlavnim faktorem pro rozhodovani o typu pouzité lécby predevsim celkovy stav
nemocného. Lé¢ba malignich gliomi vyzaduje multidisciplinarni pfistup.
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VYSLEDKY MULTIMODALNI LECBY GLIOBLASTOMA MULTIFORME

Summary

Backgrounds: Glioblastoma multiforme is the most common malignant primary tumor of the brain in adults. Standard therapy consists in maxi-
mal surgical resection and adjuvant concurrent chemoradiotherapy and adjuvant therapy with temozolomid. This approach improves survival
in comparison with postsurgical radiotherapy alone. Patients and Methods: Consecutive patients with histologically confirmed glioblastoma
multiforme in the period from January 2003 to December 2009 underwent postoperative radiotherapy (1.8-2.0 Gy/d, total of 60 Gy) plus concur-
rent daily chemotherapy (temozolomide 75 mg/m?/d), followed by 6 cycles of temozolomide (150 to 200 mg/m?for 5 days, every 28 days) and
were analyzed retrospectively. The primary end point was to describe the correlation between known clinical factors, treatment and progression
free survival (PFS) and overall survival (OS). We assessed the toxicity and safety of the chemoradiotherapy. Results: Eighty-six patients (median
age, 56 years; 60% male) were included. Most of them (> 80%) were of performance status (PS) 0-1 at the beginning of chemoradiotherapy. Total
macroscopic resection was performed in 20% of the patients, subtotal in 65%, partial in 9%, and just biopsy in 6%. Median PFS was 7.0 months
(2.0-35.5), median OS was 13.0 months (2.5-70). Postoperative performance status (PS), the extent of resection, and administration of planned
treatment without reduction had statistically significant influences on PFS and OS. Median PFS and OS were 22.0, 7.0 and 6.0 months for PFS
(p = 0.0018) in patients with PS 0, 1 and 2 respectively and 32.0, 13.0 and 9.0 months for OS (p = 0.0023). Patients with total removal of tumor had
longer PFS (14.0 vs 6.0 months, HR = 0.5688; p = 0.0301) and OS (23.0 vs 12.0 months, HR 0.4977; p = 0.0093), as did patients without dose reduc-
tion of radiotherapy and/or chemotherapy. Patients with radiotherapy dose of over 54 Gy had PFS 8.0 vs 3.0 months (HR = 0.3313; p=0.0001) and
0S 15.0 vs 5.0 months (HR = 0.1730; p < 0.0001). Similarly, treatment with concurrent chemotherapy for more than 40 days was also important:
PFS 8.0 vs 5.0 months (HR = 0.5300; p = 0.0023) and OS 17.0 vs 9.5 months (HR = 0.5943; p = 0.0175). Age, gender and position of tumor had
no significant influence. Treatment-related hematology toxicity grades 3 and 4 occurred relatively often: thrombocytopenia (9%), leukopenia
(6%), neutropenia (6%) and lymphopenia (25%). Thrombo-embolic events were dominant in non-hematology toxicity. Serious toxicity occurred
mainly in the subgroup of patients with PS 2. Treatment of progression was useful in selected patients. Second surgery was of the most benefit
(OS 24.0 vs 12.5 months, HR = 0.5325; p = 0.0111). Conclusion: Postoperative performance status, extent of resection, successful administration
of the majority of planned concurrent chemoradiotherapy and possibility of surgical treatment at the time of recurrence correlate with better
prognosis for our patients with glioblastoma. Our experience indicates that performance status should be the main factor in decisions about

treatment intensity. Treatment of malignant glioma requires a multidisciplinary team.

Key words

glioblastoma multiforme — chemotherapy - radiotherapy - survival - toxicity

Vychodiska

Glioblastoma multiforme patfi k nejcas-
t&jSim primarnim nadoriim mozku u do-
spélych. Incidence se pohybuje mezi
3 a 4 pripady na 100 000 obyvatel za
rok. Postihuje pfevainé dospélé mezi
45 a 75 lety, vice nez 80% pacientd je
v dobé diagndzy starsi 50 let. Radika-
lita operacniho vykonu je dilezitym pro-
gnostickym faktorem [1,2]. Maximalnire-
sekéni vykon a pooperacni radioterapie
byla po léta |é¢ebnym standardem. Indi-
kace pooperaéni chemoterapie nejcas-
téji s derivaty nitrosourey byla sporna,
jeji vliv na prodlouzeni preziti nebyl vy-
znamny, |écba byla navic zatizena vyssi
toxicitou [3-6].

V roce 2005 byly publikovany vy-
sledky Stuppovy studie faze lll, kde
byla jasné potvrzena tcinnost chemo-
terapie (temozolomid) v konkomitant-
nim podani s frakcionovanou radiotera-
pii a s jeji naslednou adjuvantni aplikaci
[7]. Pooperacni chemoradioterapie s te-
mozolomidem v této studii prodlouzila
median celkového preziti z 12,1 mésice
na 14,6 mésice a dle posledni aktualizace
dat sledovanych pacientl zvysuje i prav-

dépodobnost pétiletého preZiti, a to bez
ohledu na vék ¢i rozsah vykonu [7,8]. Dle
retrospektivniho hodnoceni této prilo-
mové studie maji nejvétsi benefit z 1é¢by
pacienti po makroskopicky totalni resekci,
mladsi 50 let, s performance statusem (PS)
0-1 a pfitomnosti metylace promotoru
genu reparacniho enzymu O5-Methylgua-
nin-DNA-methyltransferazy (MGMT) [9].

Lécba primarnich nadorld mozku ma
v Masarykové onkologickém ustavu
(MOU) dlouholetou tradici. Dalezitym
faktorem je zka spoluprace s Neurochi-
rurgickou klinikou Fakultni nemocnice
Brno (FN Brno) a dal3imi pracovisti. Za
zasadni povazujeme komisiondlni feseni
kazdého pacienta.

V nasledujici retrospektivni analyze
bude vyhodnocen soubor pacienti
s glioblastomy, ktefi byli diagnostikovani
a léceni nasim multioborovym tymem
v letech 2003-2009.

Soubor pacientii a metody

Do retrospektivniho hodnoceni byli za-
fazeni vsichni pacienti starsi 18 let s his-
tologicky potvrzenym glioblastomem,
ktefi v obdobi od ledna 2003 do pro-

since 2009 zahdjili po chirurgickém za-
kroku konkomitantni chemoradioterapii
s temozolomidem s naslednym zamé-
rem podani 6 cykld adjuvantni chemo-
terapie. Vice nez 95% pacienti bylo
priméarné operovano na Neurochirur-
gické klinice FN Brno, nasledna lécba
probihala v Masarykové onkologickém
Ustavu. Resekce primarniho nadoru
byla povazovana za makroskopicky to-
talni (bez pfitomnosti evidentniho rezi-
dua), pokud bylo dosazeno shody neu-
rochirurga i pooperacni zobrazovaci
metody. V ostatnich pfipadech byla re-
sekce vyhodnocena bud jako subtotalni
(reziduum do 20 %), nebo parcialni (rezi-
duum nad 20%).

Schéma konkomitantni
chemoradioterapie a adjuvantni
chemoterapie
Temozolomid byl podavan v davce
75mg/m?, den 1.-42., p.o., po celou
dobu radioterapie, véetné vikendu.
Konformniradioterapie byla provadéna
standardni frakcionaci (5 x 1,8-2,0 Gy/
/tyden, celkova déavka 60 Gy za 6 tydn).
Nejcastéji byla pouzita technika dvou la-
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terolateralnich nebo konvergentnich
poli brzdného zareni linedrniho urych-
lovace o energii 6 MV a 18 MV. Plano-
vaci cilovy objem (PTV 1) zahrnoval lGzko
nadoru a reziduum (GTV) s bezpecnost-
nim lemem 2-3cm. Po 4 tydnech lécby
(aplikovana davka 20 x 1,8-2,0 Gy) byl
bezpecnostni lem zmensen na 1-2cm
(PTV 2) a bylo pokrac¢ovano v radioterapii
(10 x 1,8-2,0 Gy) do celkové davky 60 Gy.
Adjuvantni [é¢ba temozolomidem v mo-
noterapii byla indikovana po ukonceni
konkomitantni chemoradioterapie (ve
4. tydnu po ukonceni ozarovani) v davce
150-200 mg/m?, p.o., den 1.-5,, interval
28 dni, celkem 6 cykl( nebo do progrese
onemocnéni. Toto IéCebné schéma bylo
totozné s postupem, ktery ve své studii
uplatnili Stupp et al [7].

Schéma sledovani pacientti

v prubéhu lécby a po jejim ukonéeni
K hodnoceni velikosti pooperac¢niho re-
zidua bylo provddéno casné CT nebo
MRI vysetfeni (do 72 hod po vykonu).
Dal3i CT nebo MRI vysetfeni k hodno-
ceni efektu probéhlé konkomitantni
chemoradioterapie bylo standardné in-
dikovéno za 4 tydny po jejim ukonceni.
V pribéhu adjuvantni chemoterapie
s temozolomidem a/nebo nasledného
sledovani bylo CT nebo MRI provadéno
kazdé 3 mésice, pokud aktualni stav pa-
cienta nevyzadoval kontrolu dfive. Ze
zobrazovacich metod bylo vzdy jedno-
znacné preferovano MRI vysetieni, CT
bylo pouzito v pfipadech, kdy nebylo
MRI dostupné nebo nebylo z medicin-
skych divoda mozné. Odborné neuro-
logické vysetieni atestovanym neurolo-
gem bylo standardné provadéno pred
zahdjenim konkomitantni chemoradio-
terapie, dale za 4 tydny po jejim ukon-
ceni a poté kazdé 3 mésice. V pfipadé kli-
nickych potizi byl neurolog konzultovan
kdykoliv mimo plvodni plan.

V pfipadé progrese onemocnéni (pro-
grese tumoru o 25% a vice, nové sate-
litni |éze, klinické zhorseni s nutnosti na-
vyseni kortikosteroid() byl dalsi postup
posouzen multidisciplindrni komisi pro
mozkové nadory. Zde byly zvazeny alter-
nativy nasledné Iécby: operace, reiradia-
ce (v€etné stereotaktické radioterapie
a radiochirurgie), paliativni chemotera-
pie, symptomaticka lécba.

Tab. 1. Charakteristika souboru a orientaéni srovnani se Stuppovym souborem.

Sledované parametry CHT/RT CHT/RT(Stupp)
n=86 n =287

vék (roky) <50 27 (31 %) 90 (31 %)
n (%) > 50 59 (69 %) 197 (69 %)

50-60 37 (43 %)

> 60 22 (26 %)
vék - median (roky) 56 (24-69) 56

m 56 (28-68)
251 (24-69)

pohlavi muzi 51 (60 %) 185 (64 %)
n (%) Zeny 35 (40 %) 102 (36 %)
performance status (PS) PSO0 11 (13 %) 113 (39 %)
dle WHO a Karnofsky (K1 100%)
index (KI) PS1 64 (74 %) 136 (47 %)
n (%) (KI 90 %) 27 (31 %)

(KI 80 %) 37 (43 %)

PS2 11 (13 %) 38 (13 %)

(KI' 70 %) 11 (13 %)

(K1 60 %) 0
rozsah resekéniho totalni resekce 17 (20 %) 113 (39 %)
vykonu
n (%)

subtotalni a parcialni 56 (65 %) 126 (44 %)

resekce 8(9%)

biopsie 5 (6 %) 48 (17 %)
adjuvantni CHT n (%) 34/86 (40 %) 223/287 (78 %)
median cykla 4(1-7) 3(0-7)
adjuvantni CHT
ukonéeno 6 cykli CHT 32%(11/34) 47 %

CHT/RT - chemoradioterapie, CHT - chemoterapie, n - pocet

Primarnim cilem studie bylo zhodno-
tit vliv klinickych faktort (rozsah resekce,
celkovy stav pacienta, vék, pohlavi, loka-
lizace nadoru) a pouzité primarni a na-
sledné |écby na zakladni parametry
preziti, jako je ¢as bez progrese onemoc-
néni (PFS), celkové preziti (OS) a Cas pre-
Ziti od zjisténi recidivy/progrese (EFS).
Parametr PFS je definovan jako doba od
operace do recidivy/progrese nadoru
nebo umrti. Parametr OS je definovédn
jako doba od operace do imrti pacienta.
Parametr EFS je definovan jako doba od
recidivy/progrese do umrti.

Druhotnym cilem bylo vyhodnoceni
bezpecnosti/toxicity Ié¢by. Toxicita lécby
byla stanovena na zakladé klasifikace dle
National Cancer Institute Common Toxi-
city Criteria (NCI-CTC) version 3.0.

K zakladni charakteristice dat byly po-
uzity bézné statistické funkce (napt. me-
dian, procentualni vyjadreni vysledku).

V analyzéch preziti byl pfi porovnani pre-
zivani jednotlivych skupin pacientl vy-
uzit Gehanav-Wilcoxon(v test, pfipadné
Ln-poradovy test. Kfivky preziti byly se-
strojeny klasickou Kaplan-Meierovou
metodou. Za statisticky signifikantni
byly povazovany hodnoty p < 0,05. Sta-
tistické vyhodnoceni dat bylo prove-
deno pomoci programu MedCalc, verze
9.3.9.0. Prace byla zpracovana progra-
movymi produkty spole¢nosti Microsoft
(Microsoft Word, Microsoft Excel).

Charakteristiku souboru pacientt
a jeho srovnani se souborem Stuppovy
studie uvadi tab. 1.

Vysledky

Vysledky lééby

V dobé od ledna 2003 do prosince
2009 bylo ke konkomitantni chemo-
radioterapii s temozolomidem a na-
sledné adjuvantni lé¢bé indikovéano
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Tab. 2. Celkové preziti (OS) a ¢as bez progrese (PFS), orientaéni srovnani se

Stuppovym souborem.

CHT/RT (MOU) CHT/RT (Stupp)
n=86 n=287

median OS (mésice) 13,0 14,6
overall survival v (%)
6 mésicich 84,0 86,3
12 mésicich 57,0 61,1
18 mésicich 39,0 394
24 mésicich 26,0 27,2
3 letech 7,0 16,0
4 letech 3,0 12,1
5 letech 3,0 9,8
median PFS (mésice) 7,0 6,9
progression-free
survival v (%)
6 mésicich 62,0 53,9
12 mésicich 29,0 26,9
18 mésicich 15,0 184
24 mésicich 8,0 10,7

CHT/RT - chemoradioterapie, n - pocet

celkem 86 pacientt s nové diagnosti-
kovanym glioblastoma multiforme. Me-
dian véku pacientl byl 56 let, pfevazo-
vali muzi (60 %). Vétsina pacientt byla
v dobé zahajeni chemoradioterapie
v dobrém fyzickém stavu, vice nez 80 %
mélo PS 0-1. U 20 % pacient( byla inici-
alné provedena makroskopicky totalni
resekce nadoru, v 65% subtotalni re-
sekce, v 9% parcialni resekce a v 6% se
jednalo pouze o biopsii (tab. 1). Median
PFS v nasem souboru byl 7,0 mésica

(2,0-35,5) a median OS byl 13,0 mésica
(2,5-70,0), viz krivky preziti (graf 1 a 2).
V prvnim a druhém roce od diagnézy
choroby prezivalo 57 % a 26 % pacientd,
ve stejném obdobi bylo bez progrese
onemocnéni 29% a 8% pacientl (po-
drobné viz tab. 2).

Data preziti byla podrobena analyze
z pohledu PS (stavu fyzické vykonnosti),
véku a pohlavi pacienta, lokalizace na-
doru, radikality neurochirurgického vy-
konu, aplikované davky radioterapie

a chemoterapie. Dle ocekavani poope-
racni PS, rozsah resekce a absolvovéni
planované konkomitantni |é¢by bez nut-
nosti jeji redukce mély statisticky sig-
nifikantni vliv na PFS i OS. Mediadn PFS
a OS byl u pacientii sPS0,1a2220,7,0
a 6,0 mésich v pfipadé PFS (p = 0,0018)
a 32,0, 13,0 a 9,0 mésicd v pfipadé OS
(p = 0,0023), viz graf 3. Pacienti, u kte-
rych bylo dosazeno makroskopicky total-
niho odstranéni tumoru, méli ve srovnani
s pacienty s jakymkoliv pooperacnim re-
ziduem delsi PFS (14,0 vs 6,0 mésicq,
HR = 0,5688, p = 0,0301) i OS (23,0 vs
12,0 mésicQ, HR 0,4977, p = 0,0093), viz
graf 4.V pripadé hodnoceni vlivu davek
konkomitantné aplikované radiotera-
pie a chemoterapie jsme zjistili, Zze lepsi
vysledky |écby zaznamenali pacienti,
u nichz celkova davka radioterapie pre-
sahla 54 Gy a pocet dnli chemoterapie
presahl 40. V prvnim pripadé byl PFS 8,0
vs 3,0 mésice (HR = 0,3313, p = 0,0001)
a 0S 15,0 vs 5,0 mésica (HR = 0,1730,
p < 0,0001), ve druhém pripadé byl PFS
8,0 vs 5,0 mésicti (HR =0,5359, p =0,0023)
a 0S 17,0 vs 9,5 mésice (HR = 0,5943,
p = 0,0175), viz tab. 3. Naopak vék (tab. 3,
graf 5) a pohlavi pacienta nebo lokalizace
tumoru nemély v nasi studii signifikantni
vliv ani na PFS, ani na OS.

Podobné jako v pfipadé primarni
Iécby i moznost pokracovat v adjuvant-
nim podavani temozolomidu méla vliv
na preziti pacientl. Dle statistického
hodnoceni byl PFS u pacientd, ktefi po-
krac¢ovali v adjuvantnim temozolo-
midu, signifikantné delsi (10,0 vs 5,0 mé-
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Graf 1. Kaplan-Meierova analyza - preziti bez progrese onemoc-

néni (PFS).
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Graf 2. Kaplan-Meierova analyza - celkové preziti (OS).
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Tab. 3. Parametry preziti (median OS a median PFS) ve vztahu k véku, rozsahu resekce, stavu vykonnosti po operaci (PS), dévce
podané radioterapie a poctu dni chemoterapie pfi konkomitantni fazi lécby.

Performance status

Vék (roky) Rozsah resekce PS)

<50 >50 radikdlni  neradikalni 0 1 2
2 16,0 11,0 23,0 12,0 32,0 13,0 9,0
(mésice)
p p=0,6159 p =0,0093 p =0,0023
HR 0,8933 0,4977 -
PFS . 8,0 6,0 14,0 6,0 22,0 7,0 6,0
(mésice)
p p=0,5217 p =0,0301 p=0,0018
HR 0,8674 0,5688 -

sicti, HR = 0,6480, p = 0,0393) nez ve
skupiné, kterd adjuvantni lécbu z riz-
nych dtvodd neabsolvovala. V pripadé
OS byl sice rovnéz patrny rozdil mezi
obéma skupinami, nicméné nebyl sta-
tisticky signifikantni (18,0 vs 11,0 mé-
sictl, HR = 0,6874, p = 0,0896). Vysledky
v3ak mohou byt ovlivnény relativné niz-
kym poctem pacient(, ktefi pokracovali
v adjuvantnim temozolomidu (40 %).
po konkomitantni ¢asti patfila progrese
onemocnéni a predevsim toxicita |écby,
ktera byla vyssi nez ve Stuppové studii.
K adjuvantnimu temozolomidu byli in-
dikovani jen pacienti, ktefi absolvovali
konkomitantni chemoradioterapii bez
zavaznéjsi G3/4 toxicity, bez jasné pro-
grese nadoru na kontrolnim CT nebo
MRI vy3etfeni a bez vyznamného zhor-
$eni stavu fyzické vykonnosti.

Chemoterapie

Radioterapie (Gy) (pocet dni)
<54 >54 <40 >40
5,0 15,0 9,5 17,0
p <0,0001 p=0,0175
0,1730 0,5943
3,0 8,0 50 8,0
p = 0,0001 p =0,0023
0,3313 0,5300

Tab. 4. Lécba recidivy/progrese po chemoradioterapii a adjuvantni chemoterapii.

Lécebna metoda MOU - n (%) Stupp - n (%)
operace 21/86 (24 %) 64/272 (24 %)
reiradiace 8/86 (9 %) 13/272 (5 %)
paliativni chemoterapie 39/86 (45 %) 148/272 (54 %)
n - pocet

Na podskupiné 67 pacient(, u kterych
byla zobrazovacimi metodami (CT nebo
MRI) potvrzena recidiva nebo progrese
onemocnéni, jsme hodnotili vliv dalsiho
postupu na celkové preziti a na ¢as pre-
Ziti od zjisténi recidivy/progrese (EFS).
V nasem souboru byla reoperace prove-
dena u 24 % pacientd, v ostatnich pfipa-
dech pacienti podstoupili bud’ paliativni
chemoterapii, radioterapii, nebo sym-
ptomatickou Ié¢bu. Vyuziti jednotlivych
modalit ukazuje tab. 4. PfestozZe je hod-

noceni vysledkd lé¢by recidivy/progrese
znacné problematické, nebot charakter
progrese vyznamné ovliviiuje celkovy
stav pacienta a moznost pouzit proti-
nadorovou lécbu, nase vysledky potvr-
zuji jeji pozitivni vliv na dalsi vyvoj ne-
moci. Skupina lécenych pacient(, bez
ohledu na pouzitou modalitu lé¢by, za-
znamenala signifikantné delsi preziti
od recidivy/progrese nez pacienti na
symptomatické terapii (7,0 vs 3,0 mé-
sice, HR = 0,5675, p = 0,0187), viz graf 6.
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Graf 3. Kaplan-Meierova analyza - celkové preziti (OS) v zavis-

losti na celkovém stavu vykonnosti (PS).
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Graf 4. Kaplan-Meierova analyza - celkové preziti (OS) v zévis-

losti na pfitomnosti pooperaéniho rezidua tumoru.
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Graf 5. Kaplan-Meierova analyza - celkové preziti (OS) v zavis-

losti na véku.
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Graf 6. Kaplan-Meierova analyza - ¢as preziti od recidivy/pro-

grese (EFS) v zavislosti na lécbé.

Tab. 5. Pouzita lécba v dobé recidivy/progrese a ovlivnéni délky Zivota (EFS).

Lécba relapsu/
progrese Reoperace
ano ne ano
n 46 21 21
preziti od
rogrese
ZOOEmrﬂ &l =0 90
(mésice)
p p=0,0187 p =0,0247
HR 0,5675 0,5855
n - pocet

Z pohledu vyznamnosti pouzité metody
mél nejvétsi benefit operacni vykon. Pa-
cienti, ktefi podstoupili reoperaci, méli
ve srovnani s ostatnimi pacienty EFS 9,0
vs 4,0 mésice (HR = 0,5855, p = 0,0247)

8

& & 8

pravdépodobnost preZiti (%)
S
L

s Paliativni
Reiradiace .
chemoterapie
ano ne ano ne
8 59 39 28

11,0 50 6,0 4,5

p=0,1207
0,5883

p =0,4008
0,8286

a 0S 24,0 vs 12,5 mésice (HR = 0,5325,
p=0,0111), vizgraf 7 a 8. Samostatny vliv
paliativni chemoterapie nebo reiradiace
na prodlouzeni délky Zivota od progrese
nedosahl statistické vyznamnosti (tab. 5).

0 o
0 10
¢as (mésice)

Toxicita lécby

Kromé vysledk( lécby jsme se rovnéz za-
jimali o jeji toxicitu. Vyskyt zadvazné he-
matologické a nehematologické toxicity,
hodnocené stupném 3 a 4 (G3/4), je uve-
den v tab. 6. U hematologické toxicity
byla ve srovnani se Stuppovym soubo-
rem Castéji zaznamenana trombocyto-
penie (celkem 8 pacientd, 9 %), ve tiech
pfipadech s krvacivymi projevy s nut-
nosti aplikaci trombonéplav(. Leukope-
nie a neutropenie G3/4 byla také castéjsi
(celkem 5 pacienttl, 6 %), ve dvou pfipa-
dech kvili probihajicimu infektu s nut-
nou podporou myelopoézy (G-CSF).
Dulezité je také poukdzat na casto pod-
cenovanou G3/4 lymfopenii. V naSem
souboru se vyskytla u celkem 22 pa-
cientd (25 %), ve 4 ptipadech mohla
mit podil na rozvoiji infekce (bez dopro-
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Graf 7. Kaplan-Meierova analyza - ¢as preziti od recidivy/pro-

grese (EFS) v zavislosti na operabilité.
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Graf 8. Kaplan-Meierova analyza - celkové preziti (OS) v zévis-

losti na moznosti chirurgické l1é¢by progrese nemoci.
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Tab. 6. Zavazna toxicita (G3/4) dle NCI-CTC version 3.0 a komplikace konkomitantni chemoradioterapie (v pribéhu a do

1 mésice od ukonéeni).

Toxicita G3
Hematologicka
anémie 1
leukopenie 1
neutropenie 1
lymfopenie 16
trombocytopenie 4
Nehematologicka
hepatopatie 3
pneumonie
plicni embolizace +
flebotromb6zy DKK
amrti

vodné G3/4 neutropenie) i pres profylaxi
sumetrolimem u vétsiny pacient(. U ne-
hematologické toxicity jednoznaéné do-
minovaly tromboembolické pfihody,
z nichz jedna byla fatalni. Zanedbatelna
nejsou ani dvé umrti na pneumocysto-
vou pneumonii, z nichz jedna vznikla
v terénu lymfopenie G4. Tento relativné
vysoky vyskyt toxicity mél zcela jisté vliv
na indikaci adjuvantni lé¢by a tim prav-
dépodobné ovlivnil i median PFS a OS
a zfejmé i snizil procento pacientl Zi-
jicich déle nez 2 roky. Na zakladé zna-
mych vstupnich klinickych faktord jsme
se proto snaZzili blize popsat skupinu pa-
cientd, ktera je vystavena vyssimu riziku
vaznych nezadoucich ucinkt lécby. Dle
nasich zkusenosti je evidentni, Ze pre-
devsim pacienti s PS 2 maji vyssi riziko
komplikaci pfi probihajici chemoradio-
terapii a tim i vyssi pravdépodobnost je-
jiho predcasného ukonceni.

Opacna situace nastala v pfipadé ad-
juvantni l1écby temozolomidem, tj. po
ukonceni chemoradioterapie, kde jsme
zévaznou toxicitu (G3/4) nepozorovali.
Dlvodem byla jisté selekce pacientl pro
pokracovani v adjuvantni |écbé.

Diskuze

| v pfipadé protinadorové Iécby glio-
blastom( doslo v pribéhu poslednich
20 let k postupnému vyvoji v otazce za-
fazeni chemoterapie a typu cytostatik.
Na pocatku byly klinické studie zamé-

* 1x plicni embolizace

feny zejména na hodnoceni vyznamu
chemoterapie na bazi derivatd nit-
rosourey aplikovanych po chirurgic-
kém zakroku a radioterapii u pacientt
s high-grade gliomy. Dle metaanalyzy
12 klinickych studii (GMT Group, 2002)
zahrnujicich pfes 3 000 pacientt léce-
nych poopera¢né samotnou radiotera-
pii nebo sou¢asnym podanim radiotera-
pie a chemoterapie bylo zjisténo, Ze diky
chemoterapii dochazi k absolutnimu na-
vyseni jednoletého preziti ze 40% na
46 % a hrani¢nimu prodlouzeni medianu
preziti o 2 mésice [6].

Od konce 90. let se zacaly objevo-
vat vysledky ze studii faze Il s konko-
mitantni chemoradioterapii s temozo-
lomidem. V roce 2005 byly Stuppem
publikovény vysledky prilomové stu-
die faze lll, které potvrdily signifikantni
vliv konkomitantni chemoradioterapie
a nasledné adjuvantni chemoterapie
s temozolomidem na prodlouzeni ¢asu
bez progrese i medianu celkového pre-
Ziti ve srovnani s pacienty |écenymi jen
operaci a radioterapii [7]. Rezim pouzity
v této studii se stal novym standardem
lécby pacientl s glioblastomy a je i za-
kladnim srovnavacim rezimem v klinic-
kych studiich s novymi léky, predevsim
z oblasti cilené |écby. Diskuze, ktera stale
probiha, se tyka zejména poctu cykld
adjuvantni chemoterapie po ukonceni
konkomitantni lécby a také davkového
schématu temozolomidu. Inicialni Stup-

G4 G3+4 (MOU) G3+4 (Stupp)
0 1/86 (1 %) 1(<1%)
4 5/86 (6 %) 7/284 (2 %)
4 5/86 (6 %) 12/284 (4 %)
6 22/86 (25 %) neuvedeno
4 8/86 (9 %) 9/284 (3 %)
0 3/86 (3 %) neuvedeno
6/86 (7 %), 4x nekomplikovand, 2x atypicka 3/284 (1 %)
4/86 (5 %)
6/86 (7 %) 12/284 (4 %)
3/86 (3 %)
* 2% atypicka pneumonie (Pneumocystis carinii) % krvﬁf:ze?:: ¢(1109:1)ozku

pova studie byla opakované podro-
bena retrospektivnim analyzdm, jejichz
cilem bylo popsat jednotlivé podsku-
piny pacientl a nalézt zasadni prognos-
tické a prediktivni faktory. Posledni hod-
noceni s vysledky pétiletého sledovani
bylo publikovéno v bfeznu roku 2009
[8]. Signifikantni vliv chemoradiotera-
pie na délku preziti byl zaznamenan ve
vsech analyzovanych podskupinach, bez
ohledu na vék ¢i rozsah vykonu. Nejvétsi
benefit z 1é¢by z pohledu klinickych fak-
torl méli pacienti po makroskopicky to-
talniresekci, mladsi 50 let, s performance
statusem (PS) 0-1.V pfipadé resekéniho
vykonu a nasledné kombinované che-
moradioterapie se 5 let dozivalo cca
10% pacientl versus 1-2% pacientq,
u kterych byla poopera¢né aplikovéna
pouze samotna radioterapie. Pokud pa-
cient podstoupil pouze biopsii, byly jeho
Sance na pétileté preziti pfi pouziti kon-
komitantni chemoradioterapie cca 5%,
kdezto s pouhou radioterapii téméf nu-
lové [8].

V nasem souboru jsme rovnéz zazna-
menali signifikantni vliv radikality re-
sekce a PS na celkové preziti. Vék byl jako
prognosticky faktor nesignifikantni, coz
mohlo byt ovlivnéno skladbou pacientd,
kdy v souboru vyrazné prevazovali pa-
cienti s PS 1 (74 %). PFi srovnavani s vy-
sledky Stuppova souboru jsme u nasich
pacient dosahli podobného dvoule-
tého preziti, nicméné v pétiletém preziti
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Graf 9. Krivky celkového preziti a orientaéni srovnani se Stuppovou studii.

jsou nase vysledky hor3i (podrobné viz
tab. 2 a graf 9). Pficinou mize byt mensi
podil pacientl po totalnich resekcich
(20% vs 39 %) a nizsi procento pacient
adjuvantné léc¢enych temozolomidem
po ukoncené konkomitantni chemora-
dioterapii (40 % vs 78 %, viz tab. 1).

Nase studie ma rovnéz urcité limity
v moznosti presného hodnoceni |é-
¢ebné odpovédi bezprostfedné po pri-
marni chirurgické lé¢bé a po chemora-
dioterapii. V obdobi od ledna 2003 az
¢ervna 2005 nebylo vzdy mozné pro-
vadét pooperacni MRI vysetfeni k po-
souzeni rezidua nadoru (bylo pouze CT
vysetieni) a u ¢asti téchto pacientl ne-
bylo k dispozici ani MRI za mésic po
ukon¢eni konkomitantni chemoradio-
terapie. K hodnoceni lécebné odpovédi
bylo proto nejcastéji pouzivano CT vy-
Setfeni s i.v. kontrastem, u nékterych ne-
jasnych nalezi v kombinaci s PET vyset-
fenim, coz nelze pokladat za optimalni
algoritmus polécebného sledovani. Dle
dnednich doporuceni ma byt poope-
ra¢ni MRI vy3etfeni provedeno do 24-72
hod po vykonu, dalsi MRI vysetieni s od-
stupem 2-6 tydnt po ukonceni konko-
mitantni chemoradioterapie a nasledné
MRI kontroly v intervalu 2-4 mésicQ

v pribéhu adjuvantniho temozolomidu
a sledovani.

Zajimavé bylo i srovnani vyskytu za-
vazné hematologické a nehematolo-
gickeé toxicity. V priibéhu konkomitantni
chemoradioterapie byla zaznamenana
Castéjsi hematologicka toxicita stupné
G3/4, a to predevsim trombocytope-
nie (9% vs 3%) a lymfopenie (25 %), coz
opodstatriuje doporuceni profylaktic-
kého podavani sumetrolimu. U nehe-
matologické toxicity dominovaly trom-
boembolické pfihody, viz tab. 6. Pacienti
s PS 2 castéji konkomitantni |é¢bu ne-
dokoncili a jejich preziti bylo v fadé pfi-
pad( krat$i nez u podobnych pacientt
indikovanych k samotné radioterapii.
Z toho vyplyva, ze indikace konkomi-
tantni chemoradioterapie u pacient(,
ktefi jsou po operaci v celkové horsim
klinickém stavu, musi byt dobfe zva-
Zena. V pripadé, ze kromé PS 2 jsou pfi-
tomny dalsi negativni prognostické fak-
tory, napr. ¢etné a zavazné interkurence
nebo inoperabilni nador, je vhodnéjsi
volit pouze samotnou radioterapii.

Kromé klasickych klinickych prognos-
tickych faktor( je v soucasnosti diskuto-
van i vyznam molekularnich prognostic-
kych a prediktivnich faktort. Za nadéjny

prediktivni molekularni faktor se pova-
Zuje stav metylace promotoru genu re-
para¢niho enzymu OS-Methylguanin-
-DNA-methyltransferazy (MGMT) [9-12].
Bohuzel problémy se standardizaci vy-
Setfovaci metody komplikuji zavedeni
vysetiovani tohoto faktoru do rutinni kli-
nické praxe. Stav metylace MGMT u asti
nasich pacientd je pravé testovan a vy-
sledky budou publikovany pozdéji.
Dalsi velmi vyznamnou problemati-
kou v této oblasti je Iécba recidivy/pro-
grese glioblastomu po predchozi pri-
marni lé¢bé. Pro urcité pacienty muze
byt metodou volby dalsi neurochirur-
gicky vykon, reiradiace nebo chemote-
rapie. Vysledky paliativni chemotera-
pie zalozené na derivatech nitrosourey
v naSem souboru nebyly nijak presvéd-
¢ivé. Cetnost lé¢ebnych odpovédi se
pohybovala do 10%, trvani bylo krat-
kodobé, median ¢asu do progrese se
pohyboval kolem 3 mésicG. Podobné
vysledky byly dosazeny i v pfipadé opa-
kovani radioterapie, jejiz aplikace je
omezena predchozim ozarovanim. Na-
opak i nase zkusenosti jednoznacné po-
tvrzuji, Ze u vybranych pacientd mize
byt vyznamnym pfinosem reoperace.
Urcité zlepseni |écebnych vysledk
u rekurentnich glioblastomd by mohly
pfinést dose-dense a metronomické re-
Zzimy s temozolomidem [13,14]. Jejich
potencidlni G¢innost i po selhani rezima
se standardné davkovanym temozolo-
midem je vysvétlovana odliSnym pato-
fyziologickym mechanizmem pusobeni
metronomické protinadorové lécby. Me-
tronomické rezimy prevysuji davkovou
intenzitou standardni rezimy, mohou
pusobit antiangiogenné a diky konti-
nualnimu podavani mohou zplsobovat
chronickou depleci repara¢niho enzymu
MGMT. K dnesnimu datu vSak nepro-
béhla zadna klinicka studie faze lll, ktera
by tyto hypotézy potvrdila. V soucasné
dobé probiha fada klinickych studii s ci-
lenou lécbou a v této souvislosti jsou
i hledany nové molekularni prognostické
faktory [15]. Nejcastéji se jedna o léciva
cilena proti mechanizmim angiogeneze
[16,17], signadlnim draham receptort pro
rlstové faktory [18-20], m-TOR [21], in-
tegrinlim [22]. V tomto sméru nejnadéj-
néjsich vysledkl dosahl bevacizumab
[23,24], ktery je v USA jiz doporucen
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k lé¢bé rekurentnich high-grade gliom
jak v monoterapii, tak v kombinaci s che-
moterapii. Zaclenéni bevacizumabu do
prvni linie 1é¢by ke konkomitantni che-
moradioterapii s temozolomidem je
nyni predmétem probihajicich klinickych
studii faze Ill (AVAglio, RTOG 0825) [25].
Z dalsich testovanych Ié¢iv mél nadéjné
vysledky ve studiich faze Il oralni inhibi-
tor receptort pro VEGF - cediranib [26].
Bohuzel studie faze Il tato oc¢ekavani ne-
potvrdila [27]. Dalsi studie faze lll probiha
také s inhibitorem integrinti - cilengiti-
dem. Tento preparat je zkousen v ramci
prvni linie 1é¢by se Stuppovym rezimem
u pacient( s pfitomnou metylaci promo-
toru genu pro MGMT.

Zaveér

K dosazeni optimalnich vysledku l1é¢by
pacientt s glioblastoma multiforme je
nutné, aby lécebna strategie byla ve-
dena multidisciplindrnim tymem. Stan-
dardni komplexni lé¢ba je v soucas-
nosti zaloZzena na chirurgickém vykonu
s maximalni radikalitou pfi sou¢asném
zachovani kvality Zivota, néasledova-
ném konkomitantni aplikaci radiotera-
pie a chemoterapie s temozolomidem,
ktery dale pokracuje i v adjuvantnilécbé.
Vétsi benefit z uvedené lécby Ize oceka-
vat u pacientt po makroskopicky totalni
resekci, mladsich 50 let, s performance
statusem 0-1 a pfitomnosti metylace
promotoru genu reparaé¢niho enzymu
MGMT. Dilezitym faktorem pro rozho-
dovani o indikaci konkomitantni che-
moradioterapie je i potencialni toxicita
1é¢by vedouci k jejimu pred¢asnému
ukonceni a v kone¢ném dusledku krat-
simu preziti nez priradioterapii samotné.
Proto je nezbytné kazdého pacienta po-
suzovat individualné. Dle naSich zkuse-
nosti musime byt zvlasté opatrni s in-
dikaci chemoradioterapie u pacientl
s PS 2. Dalsim dulezitym faktorem je
také lécba recidivy/progrese onemoc-
néni po predchozi primarni lé¢bé. Na za-

kladé nasich vysledku je evidentni, ze
u vybranych pacientt muze byt vyznam-
nym prinosem reoperace. Ve snaze zlep-
Sit IéCebné vysledky probéhla a probiha
v poslednich letech fada klinickych stu-
dii s cilenou Ié¢bou. Nejdale je vyzkum
v oblasti inhibice angiogeneze, prede-
vsim s bevacizumabem. Vysledky téchto
studii mohou zlepsit obecné Spatnou
progndzu pacientt s glioblastomy.
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The aim of this retrospective study is to provide real-world evidence in glioblastoma
treatment and to compare overall survival after Stupp’s regimen treatment today and
a decade ago. A current consecutive cohort of histologically confirmed glioblastoma
irradiated from 1/2014 to 12/2017 in our cancer center was compared with an already
published historical control of patients treated in 1/2003-12/2009. A total of new 155
patients was analyzed, median age 60.9 years, 61% men, 58 patients (37 %) underwent
gross total tumor resection. Stupp’s regimen was indicated in 90 patients (58%), 65
patients (42%) underwent radiotherapy alone. Median progression-free survival in Stupp’s
regimen cohort was 6.7 months, median OS 16.0 months, and 2-year OS 30.7%. OS
was longer if patients were able to finish at least three cycles of adjuvant chemotherapy
(median 23.3 months and 43.9% of patients lived at 2 years after surgery). Rapid
early progression prior to radiotherapy was a negative prognostic factor with HR 1.87
(p = 0.007). The interval between surgery and the start of radiotherapy (median 6.7
weeks) was not prognostically significant (p = 0.825). The median OS in the current
cohort was about 2 months longer than in the historical control group treated 10
years ago (16 vs. 13.8 months) using the same Stupp’s regimen. Taking into account
differences in patient’s characteristics between current and historical cohorts, age, extent
of resection, and ECOG patient performance status adjusted HR (Stupp’s regimen vs.
RT alone) for OS was determined as 0.45 (p = 0.002).

Keywords: glioblastoma, chemotherapy, radiotherapy, rapid early progression, overall survival, real-world
evidence
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Real-World Evidence in Glioblastoma

INTRODUCTION

Despite intensive multimodal treatment of glioblastoma
consisting of maximal safe resection followed by combined
chemoradiotherapy (well-known Stupp’s regimen), ultimately
all patients develop tumor recurrence and subsequently die for
further glioblastoma progression (1, 2). The greatest benefit
from multimodal treatment has been demonstrated in patients
after macroscopic gross total resection (GTR), those under
50 years of age, with ECOG (Eastern Cooperative Oncology
Group) performance status of 0-1 and the presence of promoter
methylation of O6-methylguanine-DNA-methyltransferase
(MGMT) gene (3-5). Currently, more approaches are considered
standard of care in older people who are less tolerant to the
standard Stupp’s regimen and are treated by Perry’s modification
(3 weeks chemoradiotherapy) of by chemotherapy alone, for
example (6-8).

Real-world evidence data are an increasingly important
supplement to clinical and translational research. These analyses
of current real-world patients treated outside controlled clinical
trials may identify hidden needs as well as provide survival data
for proper powering in future clinical trials. This is especially
relevant in glioblastoma where no positive practice changing
trial, focused on the treatment of the best prognostic glioblastoma
subcohort, was published during the last 15 years despite huge
advances in the understanding of glioblastoma in general (9, 10).

This single institutional retrospective study unbiased by inter-
center variability aims to analyze the outcomes of consecutive
glioblastoma patients irradiated in our cancer center from 1/2014
to 12/2017 and to compare their outcomes with a historical
control of patients treated in 1/2003-12/2009. This control
cohort with a median survival of 13 months (2-year overall
survival 26%) was published in 2011 and was treated by the
same Stupp’s regimen as most patients from the present cohort
(11, 12). Comparison of survival data in respective control arms
in recently published global clinical trials (Stupp’s regimen used
as the standard of care in control arm) with those published in
original trial by Stupp et al. (patients enrollment from 8/2000
to 3/2002) reveals remarkable improvement in survival around
5 months after the same treatment regimen (1, 10, 13, 14). We
aim to describe this possible improvement also in patients treated
in real-world care outside of clinical trials in single institutional
report unbiased by variability associated with the inclusion of
patients in many countries and institutions.

MATERIALS AND METHODS

Consecutive patients over 18 years of age with histologically
proven newly diagnosed glioblastoma irradiated from 1/2014
to 12/2017 in our cancer center were eligible for this analysis
approved by our institutional review board. All patients signed
informed consent with the usage of their data for research
purposes. All patients after glioma surgery were discussed in the
multidisciplinary neurooncology tumor board and those eligible
for postsurgery oncology treatment were referred to radiotherapy
consultation. A subgroup of patients indicated to concurrent

chemoradiation with subsequent adjuvant chemotherapy was
further analyzed in detail.

Radiotherapy (RT) was performed in all patients within
study cohorts. A planning CT scan for 3-dimensional RT dose
calculation was utilized in all patients. Some of them underwent
also planning MRI (including postcontrast T1 weighted scan
with submillimeter slices) which was rigidly registered to CT
scan for proper RT target definition. Individual prescription
of RT dose and scheduling was guided mainly by patient’s
performance status and by volume, size, shape, and location
of the target volume. Both standards of care approaches in
target volume definitions were employed in patients eligible for
treatment by Stupp’s regimen—the Radiation Therapy Oncology
Group (RTOG contouring approach) that defines two clinical
target volumes accommodating hyperintensity at T2/FLAIR
MRI in addition to T1 contrast-enhanced MRI (15) and the
European Organization for Research and Treatment of Cancer
(EORTC single-phase contouring approach) that defines one
target utilizing mainly T1 postcontrast MRI (16). The total
dose of normofractionated 60 Gy was prescribed irrespective of
the used target volumes definition approach. RT was prepared
employing planning system Eclipse™ (Varian medical systems,
Palo Alto, CA, USA) and performed on linear accelerator Varian
Clinac iX or TrueBeam (Varian medical systems, Palo Alto,
CA, USA).

Concurrent chemoradiotherapy and adjuvant chemotherapy
were prescribed according to the original Stupp et al. (1) protocol.
Temozolomide (75 mg/mz) was administered on days 1 through
42 with concomitant RT (60 Gy). After 4 weeks, treatment follows
by the administration of temozolomide alone (150-200 mg/m?)
on days 1-5 in six consecutive 4-week cycles or to progression.
The prophylaxis against Pneumocystis jirovecii pneumonia was at
the discretion of the treating physician.

Response to treatment was evaluated based on regular
follow up MRI scanning. Progression presented already on
planning MRI was considered only in patients who had
available early postsurgery (within 72h) control MRI enabling
a clear definition of eventual postsurgery residuum. The
first post (chemo)radiotherapy MRI was usually ordered 4-
6 weeks after the last RT session, followed by regular
MRI every 3 months unless clinically indicated for earlier
examination. No routine RANO criteria (17) usage in daily
clinical practice was employed and MRI were visually evaluated
by servicing radiologist. Unclear findings were reviewed by
a multidisciplinary neurooncology tumor board, mostly with
a recommendation for an earlier control exam. Treatment
at progression was highly individualized with options for
resurgery, reirradiation, temozolomide rechallenge, palliative
chemotherapy (mostly lomustine), or symptomatic treatment.

The primary objective is to evaluate the impact of clinical and
laboratory factors (gender, age, extent of resection, ECOG patient
status, tumor location, early tumor progression on planning MRI,
MGMT methylation) and used treatment on survival parameters
such as progression-free survival (PFS) and overall survival (OS).
PFS was defined as the time from the date of initiation of RT
to the date of relapse. Considering retrospective nature of this
analysis, no strong measures according to differential diagnosis

Frontiers in Oncology | www.frontiersin.org

July 2020 | Volume 10 | Article 840



Lakomy et al.

Real-World Evidence in Glioblastoma

TABLE 1 | Basic patients' characteristics of current cohort (GBM 2014-2017) and historical group (GBM 2003-2009).

Study cohort GBM 2014-2017 GBM 2003-2009 Current vs.
(n = 155) (n = 145) historical group
Stupp’s regimen RT alone Stupp’s regimen RT alone Stupp’s regimen
n=90 n=65 n=86 n=59 p-value*
Age (years)
Median (IQR) 56 (30-76) 66 (20-86) 56 (24-69) 67 (41-82) 0.034
<50 22 (24%) 10 (15%) 30 (35%) 5 (8%) 0.140
Mens 61 (68%) 34 (52%) 51 (59%) 33 (56%) 0.274
Performance status (ECOG) 0.450
and Karmofsky index (KI)
ECOG 0 45 (50%) 11 (17%) 38 (44%) 6 (10%)
(KI 90-100%)
ECOG 1 44 (49%) 38 (58%) 48 (56%) 35 (59%)
(KI 70-80%)
ECOG 2 1(1%) 16 (25%) 0 (0%) 18 (31%)
(KI 50-60%)
Tumor location
Deep brain location 23 (26%) 26 (40%) NA NA
Extent of resection <0.001
GTR 44 (49%) 14 (22%) 17 (20%) 8 (13%)
STR 36 (40%) 24 (37%) 56 (65%) 21 (36%)
Partial resection 10 (11%) 27 (41%) 13 (15%) 30 (51%)
or biopsy
IDH status
Mutated/evaluated 5/57 (9%) 1/22 (5%) NA NA
MGMT status
Metylated/evaluated 11/48 (23%) 8/25 (32%) 12/38 (32%) NA

GBM, glioblastoma; CHT/RT, chemoradiotherapy; CHT, chemotherapy; RT, radiotherapy; NA, Not Available; ECOG, Eastern Cooperative Oncology Group; GTR, gross total resection;
STR, subtotal resection; IDH, Isocitrate dehydrogenase; MGMT, O6-methylguanine-DNA-methyitransferase. *p-values <0.05 are marked in bold.

of pseudoprogression were possible to be utilized. In the cases,
where progression was described by the radiologist and there was
subsequent change in the treatment, we recorded date of that
MRI as a date of progression. On the other hand, in the cases
where there was no change in the treatment after radiologist call
of possible progression and subsequent MRI did not confirm
progression, we did not record the previous MRI as that with
progression and the subsequent MRI were evaluated in PFS
analysis. OS was defined as the time from the date of diagnosis
to the date of death (from tumor cause). The last control date was
considered when relapse/death was not presented. The secondary
goal is to compare the current treatment results using the Stupp’s
regimen with the results of patients treated 10 years ago adjusted
for age, extent of resection, and ECOG patient status.

Patients” characteristics of both current and historical cohorts
were described using standard summary statistics i.e., median
and interquartile range (IQR) for continuous variables and
frequency distributions for categorical variables. The following
comparison of both groups was examined with Fisher’s exact test,
chi-squared test, or Mann-Whitney test, as appropriate. Survival
probabilities were estimated using the Kaplan-Meier method.
The log-rank test was performed to compare OS and PFS between
the groups. Characteristics associated with the time-to-event
outcomes were evaluated using Cox models where hazard ratios

(HR) and their 95% confidence interval (CI) were calculated.
The proportional hazard assumption was verified based on
scaled Schoenfeld residuals. The multivariable model was fitted
using stepwise backward selection. All statistical analyses were
performed employing R version 3.6.2 (18) and the significance
level of 0.05 was considered.

RESULTS

A total of 155 patients was indicated to postsurgery RT.
The median age was 61 years, 21% were younger 50 years,
slightly higher number of men (61%). Gross total resection was
achieved in 58 (37%) patients and more than 80% were in
good general condition (ECOG 0-1). The other basic patients
and tumor characteristics are summarized in Table 1 including
corresponding data from the historical cohort (11, 12). Patients
treated with the Stupp’s regimen in 2014-2017 were older
than the historical cohort (p = 0.034) but underwent more
often radical resection (p < 0.001). Postsurgery MRI exam was
performed in 97 (63%) patients and was more common in
patients after GTR or subtotal resection (STR).

The median time to first RT session was 6.7 weeks (range
2.1-11.7 weeks). The majority of patients (91%) were irradiated
by intensity-modulated radiotherapy technique (including arc
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TABLE 2 | Patients’ treatment.

Study cohort GBM 2014-2017 GBM 2003-2009 Current vs.
(n = 155) (n = 145) historical group
Stupp’s regimen RT alone Stupp’s regimen RT alone Stupp’s regimen
n=90 n=65 n =86 n =59 p-value*
Time to RT initiation
Median (weeks) 6.7 6.9 5.1 5.3 <0.001
>6 weeks 57 (63%) 43 (66%) 27 (31%) 22 (39%) <0.001
Radiotherapy
Median dose 60 40 60 50 0.430
Abbreviated RT 15 x 2.67 Gy 0 11/65 0 0
(17%)
Abbreviated RT 20 x 2.5Gy 0 17/65 0 9/59 (15%)
(26%)
Contouring approach EORTC 32 (36%) 53 (82%) NA NA
Contouring approach RTOG 58 (64%) 5 (8%) NA NA
Chemoradiotherapy
Duration (days; IQR) 42 (37-44) 0 42 0
Corticosteroids use 53/86 (62%) 57/62 NA NA
(92%)
Adjuvant chemotherapy
No. of patients 65/90 (72%) 0 34/86 (40%) 0 <0.001
No. of cycles: median (range) 4 (1-15) 0 4(1-12) 0
No. of cycles: =3 47/90 (52%) 26/86 (30%) 0
No. of cycles: =6 31/90 (34%) 0 11/86 (13%) 0
Treatment after progression
No. of patients 47/79 (59%) 9/32 (28%) 46/67 (69%) NA
Surgery 20/47 (43%) 1/9 (11%) 21/46 (46%) NA
Chemotherapy 33/47 (70%) 8/9 (89%) 39/46 (85%) NA
Reirradiation 20/47 (43%) 1/9 (11%) 8/46 (17%) NA

GBM, glioblastoma; CHT/RT, chemoradiotherapy; CHT, chemotherapy; RT, radiotherapy; NA, Not Available. *p-values < 0.05 are marked in bold.

therapy—volumetric modulated RT). Among patients who were
not indicated to Stupp’s regimen, the most common abbreviated
schedule was 15 x 2.67 Gy (11/65; 17%) and 20 x 2.5 Gy (17/65;
26%). Stupp’s regimen was indicated in 90/155 patients (58%).
Only 31/90 (34%) patients finished the whole Stupp’s protocol
with all six cycles of adjuvant chemotherapy, 47/90 (52%) finished
at least three cycles. More details about patients’ treatment are
summarized in Table 2.

With a median follow up of 34.8 months, the median PFS
for the whole study cohort was 4.2 months and 2-year PES
10%. Corresponding values for OS were 11.6 months and 19.8%.
Treatment with Stupp’s regimen was a strong positive prognostic
factor with HR 0.31 (p < 0.001, median 16.0 vs. 7.1 months)
and HR 0.48 (p < 0.001, median 6.7 vs. 3.1 months) for OS and
PES, respectively (Figure 1). Univariable analysis of prognostic
factors for OS and PES in the whole study cohort, Stupp’s
regimen cohort, and radiotherapy alone cohort is summarized
in Figure 2 and Table 3. In the whole cohort, the median OS
of patients over 50 years was significantly shorter than that of
younger patients (10.7 vs. 20.2 months; HR 2.31; p < 0.001).
Better OS was observed in patients after GTR (median 15.4 vs.
11.8 months; HR 0.54; p = 0.003), those with better ECOG

score (median 13.6 vs. 10.3 vs. 5.8 months for EOCG 0, 1,
2 respectively; p < 0.001), patients with contouring based on
RTOG approach (median 14.0 vs. 10.7 months; HR 0.60; p =
0.005) and patients without corticosteroids, as well as without
deep brain tumor location (related to possibility to achieve GTR).
No difference in OS and PFS was observed in our considered
cohorts with respect to MGMT methylation status. The interval
between surgery and the start of radiotherapy (median 6.7 weeks)
was not prognostically significant (p = 0.825 and 0.603 for
OS and PFS, respectively). On the other hand, the presence
of rapid early progression on planning MRI (in 46 patients
out of 90 evaluable patients who had postsurgery MRI) was
associated with significantly worse survival (median 10.7 vs.
18.7 months; HR 1.87; p = 0.007, 2-year OS 15.6 vs. 37.7%),
Figure 3.

The best outcomes had patients, who were able to continue
in adjuvant chemotherapy after chemoradiotherapy (median OS
23.3 months and 2-year survival of 43.9% in those who finished at
least three cycles of adjuvant chemotherapy), Figure 4. Survival
outcome was associated with adjuvant chemotherapy also after
adjusting for age, extent of resection, and ECOG patient status
(Figure 5).
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FIGURE 1 | OS and PFS according to Stupp's regimen indication.

In the subgroup of patients treated by Stupp’s protocol,
the age, deep brain tumor location, contouring approach,
corticosteroids, and adjuvant chemotherapy were independently
associated with OS and age, deep brain tumor location, and
adjuvant chemotherapy were independently associated with PES
(Figure 6).

In comparison with 86 patients from historical control
treated by “the same” Stupp’s regimen, the positive trend in the
increase of overall survival was observed (median OS 13.8 vs.
16.0 months), Table 4 (11). The hazard ratios (Stupp’s regimen
vs. RT alone) were adjusted for age, extent of resection, and
ECOG patient status due to comparability with historical results
(historical cohort and original Stupp’s trial) (1, 11). Adjusted HRs
in current cohort were 0.45 (95% CI: 0.27-0.75, p = 0.002) and
0.55 (95% CI: 0.32-0.93, p = 0. 025) for OS and PFS, respectively.

DISCUSSION

Remarkable improvement in overall survival after Stupp’s
regimen treatment was observed in recent years in comparison
to the historical cohort treated a decade ago in our cancer center.
Using the same treatment protocol in daily real-world practice,
we observed improvement in median OS more than 2 months,
with similar median PFS. Absence in PFS improvement may
probably be due to the frequent unavailability of postoperative
MRI examination 10 years ago. In the cohort of subsequently
treated patients according to Stupp’s regimen, postoperative
MRI was performed in only 20% (17/86) of patients. The
evaluation of the finding on the first MRI examination after
completed radiotherapy was then very problematic. Progression
was often closed according to the second MRI examination.
Similar improvement in OS through decade was also observed

in reports from recent prospective randomized clinical trials
where treatment in control study arm usually consisted of
Stupp’s regimen. However, care must be taken in comparison
of survival data with respect to time of randomization (some
of the recent clinical trials randomized patients after the end
of chemoradiotherapy phase) (10, 13, 14). In the ACT IV
study with rindpopepimut, the median OS with Stupp’s regimen
alone (control arm) was 20.2 months (median 2.8 months
from diagnosis to randomization + median 17.4 months from
randomization to death) and in EF-14 with Optune median OS
19.8 months as discussed below (13, 14). Randomization in the
EF-14 study (Stupp’s regimen + Optune vs. Stupp’s regimen
alone) occurred after chemoradiotherapy was finished and only
patients without progression of the disease were enrolled (92%),
the remaining 8% of patients were excluded. Hypothetically, if the
same proportion of patients with the worst prognosis (8%) were
excluded from the Stupp’s study EORTC 26981-22981/NCIC
CE3, then the median OS of patients treated with Stupp’s regimen
would increase to around 16.5 months from randomization and
to around 17.7 months from diagnosis. The difference in overall
survival of 2-3 months is probably due to advances in diagnostic
and treatment methods (20.2 months in ACT IV and 19.8 months
in EF-14 vs. hypothetical 17.7 months in the Stupp’s study)
(10, 13, 14). The same improvement was also observed in our
real-world cohort of patients treated outside of clinical trials.
The original Stupp’s regimen (EORTC 26981-22981/NCIC
CE3) was published already in 2005 and represents one of
the most influencing prospective clinical trial in general (1).
Indeed, the referred paper is unequivocally the most cited
one (Publication Year 2005) in premium the New England
Journal of Medicine journal. Only a few subsequent reports
indicate so far possible improvements, mainly based on
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FIGURE 2 | Univariable analysis for OS and PFS in whole, Stupp’s regimen cohort, and RT only cohorts. p-values < 0.05 are marked in bold.

trials focused on alternative temozolomide scheduling, as is
prolonged administration to 12 or even more months (19).
However, based on a meta-analysis of 4 randomized clinical
trials comparing outcomes after six vs. more cycles adjuvant
chemotherapy, no difference in OS was observed next to
only slight improvement in PFS (19). Moreover, not every
patient is actually able to finish in daily clinical practice the
predefined 6 months of adjuvant treatment due to worsening
clinical status or already progressing tumor. In our recent
cohort, 52% (47/90) of patients were able to finish three and
more cycles, and only 34% (31/90) completed six cycles of
temozolomide (in original Stupp’s cohort 47% of patients finished
six cycles).

Neither other modern targeted therapies (bevacizumab, anti-
EGEFR inhibitors and antibodies, integrin inhibitors, anti-EGFR
antibody conjugate, and depatuxizumab mafodotin cytostatics)
have been able to improve the Stupp regimen (20-26).
Similarly, immunotherapy with rindopepimut or the anti-PD-
1 antibody nivolumab, which has been currently successful
in a number of poorly treatable diagnoses, has not been
successful (13).

The only positive phase 3 clinical trial since 2005 that
partially changed the glimpse of the treatment standard of newly
diagnosed glioblastomas is the EF-14 study with Optune. The
principle of treatment is based on the application of alternating
current via Tumor Treating Fields to the tumor by means of
electrodes adhered to the scalp, which prevent tumor cell mitosis
(14, 27). Since treatment with TTF is not appropriate/accepted
by and also available to every patient with glioblastoma, the
Stupp’s regimen should still be considered the gold standard
(28). Similarly, intensification of chemotherapy in patients with
MGMT methylation (lomustine + temozolomide combination)
will probably not be a major breakthrough. The scheme is
accepted with embarrassment, mainly because of concerns about
a potential increase in toxicity (29).

The essential prerequisite for further optimization of
treatment in daily clinical practice is the auto evaluation of own
cohorts with comparison to published guidelines defining clinical
trials. We performed the first major analysis of glioblastoma
patients treated by the Stupp’s regimen in 2011. At that time,
patients treated in our cancer center achieved a similar median
overall survival (13.8 vs. 14.6 months), the same 2-year survival
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TABLE 3 | Univariable analysis for OS and PFS in whole, Stupp's regimen, and RT only cohorts.

0s
All Stupp’s regimen RT alone

Variable Group HR (95% Cl) P-value* HR (95% CI) P-value* HR (95% Cl) P-value*
Sex Female/male 1.11 (0.78-1.57) 0.558 0.85 (0.51-1.40) 0.514 1.19 (0.72-1.97) 0.495
Age 10 years 1.51(1.28-1.76) <0.001 1.57 (1.25-1.97) <0.001 1.05 (0.84-1.31) 0.658

=>50/<50 2.31 (1.44-3.69) <0.001 2.87 (1.50-5.48) <0.001 1.22 (0.61-2.42) 0.571
ECOG 1/0 1.51 (1.04-2.19) 0.032 1.32 (0.82-2.11) 0.251 0.84 (0.42-1.66) 0.609

2/0 4.02 (2.27-7.14) <0.001 NA NA 1.26 (0.58-2.73) 0.554
Deep brain loc Yes/no 2.15 (1.49-3.08) <0.001 1.88 (1.12-3.15) 0.016 2.85(1.65-4.92) <0.001
Resection Non-GTR/GTR 1.84 (1.22-2.77) 0.003 1.46 (0.87-2.45) 0.145 266 (1.24-5.72) 0.009
MGMT Pos/neg 0.96 (0.55-1.70) 0.898 0.74 (0.34-1.63) 0.459 1.38 (0.58-3.30) 0.470
Time to RT Weeks 1.02 (0.92-1.14) 0.696 1.02 (0.87-1.20) 0.763 0.92 (0.79-1.07) 0.267

<6/<6 weeks 0.96 (0.67-1.37) 0.825 0.87 (0.54-1.41) 0.578 0.98 (0.57-1.70) 0.953
Contouring RTOG/EORTC 0.60 (0.42-0.86) 0.005 1.18 (0.72-1.93) 0.511 0.29 (0.09-0.95) 0.031
Corticosteroids Yes/no 2.60 (1.67-4.05) <0.001 2.26 (1.33-3.89) 0.002 1.08 (0.43-2.71) 0.872

PFS

Sex Female/male 1.09 (0.77-1.55) 0.613 0.99 (0.61-1.59) 0.953 1.04 (0.62-1.76) 0.869
Age 10 years 1.33(1.14-1.55) <0.001 1.50 (1.19-1.88) <0.001 0.95 (0.76-1.19) 0.679

>50/<50 1.79 (1.15-2.79) 0.009 2.36 (1.33-4.20) 0.003 0.72 (0.36-1.43) 0.347
ECOG 1/0 1.10 (0.76-1.58) 0.618 1.11(0.71-1.74) 0.657 0.41 (0.20-0.83) 0.014

2/0 2.02 (1.14-3.57) 0.016 NA NA 0.53 (0.24-1.18) 0.122
Deep brain loc Yes/no 1.96 (1.35-2.83) <0.001 1.80 (1.07-3.01) 0.024 1.77 (1.02-3.08) 0.040
Resection Non-GTR/GTR 1.49 (1.00-2.22) 0.049 1.32(0.82-2.14) 0.256 1.56 (0.74-3.25) 0.237
MGMT Pos/neg 0.82 (0.45-1.49) 0.516 0.91 (0.43-1.91) 0.802 0.56 (0.20-1.55) 0.261
Time to RT Weeks 1.04 (0.92-1.17) 0.527 0.98 (0.84-1.15) 0.832 1.06 (0.89-1.26) 0.492

<6/<6 weeks 0.91 (0.64-1.30) 0.603 0.88 (0.56-1.41) 0.605 0.86 (0.49-1.51) 0.597
Contouring RTOG/EORTC 0.63 (0.44-0.90) 0.011 0.92 (0.57-1.47) 0.720 0.45 (0.16-1.27) 0.121
Corticosteroids Yes/no 1.93 (1.28-2.92) 0.002 1.66 (1.02-2.68) 0.039 1.45 (0.52-4.05) 0.475

OS, overall survival; PFS, progression free survival; RT, radiotherapy; NA, Not applicable; ECOG, Eastern Cooperative Oncology Group; GTR, gross total resection; MGMT, O6-

methylguanine-DNA-methyitransferase. *p-values < 0.05 are marked in bold.
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FIGURE 3 | OS and PFS in the context of a presence of rapid early progression on planning MRI.
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FIGURE 5 | Age, extent of resection, and ECOG patient status adjusted hazard ratios for patients, who were able to continue in adjuvant chemotherapy.

after surgery (28 vs. 27%), but lower 5-year survival (2 vs. 10%)
compared to outcomes from original Stupp et al. trial (Table 4)
(1, 11). In the recent evaluation of patients treated in 2014-2017,
we confirmed the importance of known prognostic factors
(except for MGMT methylation) and compared the overall
survival to patients treated previously in 2003-2009 (86 patients).
Similar to improvements observed in mentioned clinical trials,
we also described increased survival in our cohort of patients
treated outside of clinical trials (median overall survival
increased from 13.8 to 16.0 months, the 2-year survival rate
increased from 28 to 31% and 4-year survival increased from 2 to
10%), Table 4. This improvement in OS is also reflected by better

adjusted HR for treatment by Stupp regimen HR 0.45 (95% CI:
0.27-0.75, p = 0.002) in comparison to that reported in original
Stupp paper [HR 0.63 (95% CI: 0.52-0.75) p < 0.001]. However,
it should be acknowledged that the proportion of patients treated
with adjuvant temozolomide increased significantly, mainly
thanks to better toxicity management and improvements in
general comprehensive cancer care. In the historical cohort,
adjuvant chemotherapy after chemoradiotherapy was indicated
in only 40% of patients, whereas in the current cohort it was
already 72% (65/90), which is close to that in the Stupp and
colleagues trial (78%) (1, 11). In addition, a subanalysis of
47 patients who underwent three or more cycles of adjuvant
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0os PFS PFS
Variable Group HR (95% Cl)  P-value HR (95% Cl)  P-value
Age 10years - 1.67 (1.28-2.18) <0.001 - 1.54 (1.20-1.97) <0.001
deep brain loc yes/no - 2.51(1.37-4.62) 0.003 - 1.96 (1.16-3.30) 0.011
Contouring RTOG/EORTC - 1.99 (1.13-3.47) 0.016
Corticosteroids yes/no - 1.81(1.05-3.14) 0.034
Adjuvant chemotherapy yes/no - 0.53 (0.31-0.91) 0.022 - 0.46 (0.28-0.75) 0.002

050 10 20 40 025 050 10 20
Hazard ratio Hazard ratio
FIGURE 6 | Multivariable analysis for OS and PFS in Stupp’s regimen cohort.

TABLE 4 | Survival outcomes (months) in comparison with previous cohorts.

CHT/RT CHT/RT CHT/RT
(MMCI 2014-2017) (MMCI 2003-2009) [Stupp trial (1)]
n=90 n =286 n =287
Median follow 34.8 NA 28
up (months)
Overall survival
Median 16.0 13.8 14.6
1-year 65% 58% 61%
2-year 31% 28% 27%
3-year 21% 7% 16%
4-year 10% 2% 12%
5-year NA 2% 10%
Progression free survival
Median 6.7 7.8 6.9
1-year 28% 32% 27%
2-year 14% 9% 1%

OS, overall survival; PFS, progression free survival; CHT/RT, chemoradiotherapy; MMCI,
Masaryk Memonial Cancer Institute; NA, Not Available.

temozolomide revealed a significant increase in overall survival
to 23.3 months and nearly 44% of patients achieved 2-year
OS. From these results, it is evident that the continuation of
adjuvant temozolomide is crucial. Premature discontinuation of
chemotherapy should be avoided due to unclear findings at the
first MRI follow-up after chemoradiotherapy (30-34). Attention
should be paid to the differential diagnosis of pseudoprogression,
with cooperation of radiation oncologist and neuroradiologist
(35) as well as with employment of advanced imaging methods.
Definitely, some patients (including those in original Stupp
and colleagues trial) developed pseudoprogression, and wrong
discontinuation of chemotherapy affected their survival. We
can only assume the same bias rate in both historical and
current cohort and thus relatively low influence on the overall
survival analysis.

In the current analysis, we also addressed the issue of rapid
early recurrence at planning MRI and its effect on overall survival
(evaluated strictly only in patients who underwent postoperative
MRI). The incidence of rapid early progression was 51% high,
what incidence is in accordance with recent publications (36—
39). We confirmed its significant negative prognostic effect on
overall survival and progression-free survival (Figure 3). More
aggressive treatment of this especially risky group of patients
warrants further interest in future clinical trials.

The inherent limitation of this study is its retrospective nature.
On the other hand, the methodology to obtain data describing
the truly real clinical experience must be retrospective in nature.
Thus, this represents both the strength as well as the limitation of
this single institution study unbiased by inter-center variability.
Definitely, there are enormous unmeasurable biases in the way
the patients were treated during a decade (extent of surgery,
demographic features, etc.) and these are likely different in the
two time cohorts. Even more biases would be in the case we
would aim to compare results with original trial by Stupp et al. (1)
(patients enrollment between 2000 and 2002; patients enrolled
in many institutions in many countries; ability to recover after
brain surgery and ability to achieve better performance status
also thanks to safer neurosurgery). For these reasons, we focused
mainly on a comparison of our own two cohorts, and mentioned
differences were acknowledged in statistical methodology. Some
results (for example effect of RT target volumes contouring
strategy on OS and observation of association between OS and
number of temozolomide cycles in the adjuvant phase) warrant
further detailed evaluation.

CONCLUSIONS

Age, performance status, extent of resection, the presence of rapid
early recurrence before radiotherapy, MGMT gene promoter
methylation, ability to finish concomitant chemoradiotherapy,
and adjuvant chemotherapy significantly influence the prognosis
of glioblastoma patients. According to an analysis of a recent
group of patients treated outside of clinical trials with the Stupp’s
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regimen, we have shown a clear trend in extending overall
survival over the last decade, despite the absence of a new
treatment method. An important factor is the completion of the
full Stupp’s regimen. The most important is multidisciplinary
cooperation and medical progress in both the area of diagnostics
and individual treatment methods.
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Abstract: Background: The aim of this retrospective study is to assess the incidence, localization,
and potential predictors of rapid early progression (REP) prior to initiation of radiotherapy in newly
diagnosed glioblastoma patients and to compare survival outcomes in cohorts with or without
REP in relation to the treatment. Methods: We assessed a consecutive cohort of 155 patients with
histologically confirmed irradiated glioblastoma from 1/2014 to 12/2017. A total of 90 patients
with preoperative, postoperative, and planning MRI were analyzed. Results: Median age 59 years,
59% men, and 39 patients (43%) underwent gross total tumor resection. The Stupp regimen was
indicated to 64 patients (71%); 26 patients (29%) underwent radiotherapy alone. REP on planning
MRI performed shortly prior to radiotherapy was found in 46 (51%) patients, most often within the

Diagnostics 2020, 10, 676; doi:10.3390/diagnostics10090676 www.mdpi.com/journal/diagnostics
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surgical cavity wall, and the main predictor for REP was non-radical surgery (p < 0.001). The presence
of REP was confirmed as a strong negative prognostic factor; median overall survival (OS) in patients
with REP was 10.7 vs. 18.7 months and 2-year survival was 15.6% vs. 37.7% (hazard ratio HR 0.53
for those without REP; p = 0.007). Interestingly, the REP occurrence effect on survival outcome was
significantly different in younger patients (< 50 years) and older patients (> 50 years) for OS (p = 0.047)
and non-significantly for PFS (p = 0.341). In younger patients, REP was a stronger negative prognostic
factor, probably due to more aggressive behavior. Patients with REP who were indicated for the
Stupp regimen had longer OS compared to radiotherapy alone (median OS 16.0 vs 7.5; HR = 0.5, p =
0.022; 2-year survival 22.3% vs. 5.6%). The interval between surgery and the initiation of radiotherapy
were not prognostic in either the entire cohort or in patients with REP. Conclusion: Especially in the
subgroup of patients without radical resection, one may recommend as early initiation of radiotherapy
as possible. The phenomenon of REP should be recognized as an integral part of stratification factors
in future prospective clinical trials enrolling patients before initiation of radiotherapy.

Keywords: glioblastoma; chemotherapy; radiotherapy; rapid early progression; overall survival

1. Introduction

The Stupp regimen is still the standard of care for patients with newly diagnosed glioblastoma,
with only a few reports indicating possible improvement in the past decade [1,2]. Apart from the
possible role of tumor treating fields [3], the update in treatment guidelines was mainly related
to modifications of already known procedures (abbreviated chemoradiotherapy, or combination of
temozolomide and lomustine) [4,5]. Prognostic and predictive biomarkers guide the indication for
optimal treatment. Besides classical clinical prognosticators, biomarkers such as promoter methylation
of the O6-methylguanine-DNA-methyltransferase (MGMT) gene or isocitrate dehydrogenase (IDH)
1 and 2 mutations moved into daily practice and became an integral part of diagnosis [6-9]. With
the long-lasting lack of new effective therapeutics, further biomarkers for a suitable indication of the
currently used modifications of temozolomide-based chemoradiotherapy are one way to improve the
care of these patients.

The phenomenon of postoperative rapid early progression (REP) has only recently been
explored with increasingly available magnetic resonance imaging (MRI) for both postsurgery and
pre-radiotherapy (pre-RT) indication and is currently of high interest. REP diagnosis is based on a
comparison of early postoperative MRI findings (up to 72 h postoperatively) and planning pre-RT MRI.
Only a few studies retrospectively evaluated REP and indicated almost up to 50% risk of development
of REP, regardless of the waiting time until the start of radiotherapy (RT) [10-12]. Clearly, these patients
biased previous clinical trials, where no routine pre-RT MRI examination was performed. Currently,
the treatment of these patients is not different from patients without REP, and if so, it is a purely
individual approach.

The aim of this retrospective study is to evaluate the incidence and localization of REP in a
consecutive cohort of patients treated, out of the frame of clinical trials (real-world evidence data).
The aim is also to describe clinical factors associated with REP in glioblastoma and to describe the
effect of REP and treatment on survival.

2. Materials and Methods

2.1. Patients and Treatment

A consecutive cohort of 155 histologically confirmed glioblastoma patients, who were indicated
via a multidisciplinary neuro-oncology board to adjuvant or palliative radiotherapy between 01/2014
and 12/2017, were screened for eligibility to this retrospective study (Figure 1). All patients were
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treated outside of clinical trials. Those with available early postoperative MRI (up to 72 h) evaluating
the extent of surgery and those who had also performed pre-RT MRI were eligible for assessment of
REP. The subgroup of patients who were indicated for the treatment according to the Stupp regimen
was further analyzed in more detail. All patients signed standard informed consent to treatment
and consent to processing their data for scientific purposes in a pseudonymized form. The study
was approved by Institutional Review Board No. 2020/1206/MOU, JID: 315 453, approved on day
month year. Institutional Review Board No. 2020/1206/MOU, JID: 315 453, approved on 18 June 2019.

S Start: January 2014 >  Stop: December 2017

Operated
glioblastoma
(N = 155)
No postsurgery MRI
(N=60)
No preRT MRI
(N=5)

Stop: August 2019
Study group

(N =90)

nonREP
(N=44)

Lo

Figure 1. Design of study (flow chart). Grey dot line: time to study enrolment and follow up,

Stupp regimen RT Stupp regimen
(N=28) (N=18) (N=36)

respectively. Black line arrows: division into parts. Grey dot line box: cohort analyzed in more detailes.

Clinical and imaging data were retrieved from electronic medical records for further statistical
analysis. Radiotherapy was performed in all patients. Planning pre-RT MRI (including postcontrast T1
weighted scan with submillimeter slices) was rigidly registered to planning CT scan for proper RT target
and organs-at-risk definition. Individual prescription of RT dose and scheduling was guided mainly
by the patient’s performance status and by volume, size, shape, and location of the target volume.
Both standard of care approaches in target volume definitions were employed in patients eligible
for treatment by the Stupp regimen (60 Gy in 30 fractions), the Radiation Therapy Oncology Group
(RTOG contouring approach) that defines two clinical target volumes accommodating hyperintensity
at T2/FLAIR MRI in addition to T1 contrast-enhanced MRI [13], and the European Organization for
Research and Treatment of Cancer (EORTC single-phase contouring approach) that defines one target
utilizing mainly T1 post-contrast MRI [14]. In patients with REP, the single target EORTC approach was
preferably performed. The RT plan was prepared employing the treatment planning system EclipseTM
(Varian medical systems, Palo Alto, CA, USA) and delivered on linear accelerators Varian Clinac iX
or TrueBeam (Varian medical systems, Palo Alto, CA, USA). Abbreviated RT courses (for example,
15 x 2.7 or 10 X 3.4 Gy) were indicated according to the treating physician, reflecting the individual
patient’s performance status and disease.

Concurrent chemoradiotherapy and adjuvant chemotherapy were prescribed according to the
original Stupp protocol [1]. Temozolomide (75 mg/m?2) was administered on days 1 through 42 with
concurrent RT (60 Gy). After 4 weeks, treatment was followed by the administration of temozolomide
alone (150 to 200 mg/m2) on days 1-5 in six consecutive 4-week cycles or to progression. The prophylaxis
against Pneumocystis jirovecii pneumonia was at the discretion of the treating physician. In patients with
an abbreviated course of RT, concurrent chemotherapy was usually not indicated and was initiated
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after the end of RT based on the patient’s actual performance status. Treatment at progression was
very individualized, with options for resurgery, reirradiation, temozolomide rechallenge, palliative
chemotherapy (mostly lomustine), or symptomatic treatment.

2.2. Imaging Evaluation

All diagnostic MRIs were evaluated by two independent radiologists as part of the standard
of care in our institution. In the case of discordance, patients were referred to the discussion on the
neuro-oncology tumor board as well. Response to treatment was evaluated based on regular follow
up MRI scanning. The first post (chemo) radiotherapy MRI was usually performed 4-6 weeks after
the last RT session, followed by regular MRI every 3 months unless clinically indicated for earlier
examination. No routine RANO criteria [15] were employed and MRI was visually evaluated by the
servicing radiologist. Unclear findings (as was suspected pseudoprogression) were reviewed by a
multidisciplinary neuro-oncology board, mostly with recommendations for earlier control exams with
or without the change of treatment or with suggestions for advanced MRI methods [16].

The pre-RT MRI was retrospectively evaluated by an experienced radiation oncologist (TK) and
doublechecked by a neuroradiologist (RB). Progression already presented on planning MRI was
considered only in patients who had available early postsurgery (within 72 h) control MRI enabling a
clear definition of eventual postsurgery residual disease. Criteria for REP were as follows: (1) increase
in postsurgery residual disease (T1 weighted post contrast MRI) for >25% in any dimension; (2)
occurrence of a new enhancing lesion; (3) unambiguous progression of enhancing lesion (in multifocal
glioblastomas where only some nodules were amenable to surgery). The localization of REP was
categorized as follows: (1) progression of postsurgery residuum; (2) new enhancing satellite; (3) new
enhancement in the wall of resection cavity; or (4) progression of tumor which was not operated on in
patients with multicentric tumors.

2.3. Statistical Analysis

Patient and treatment characteristics were described using standard summary statistics, i.e., median
and interquartile range (IQR) for continuous variables and frequency distributions for categorical
variables. The comparison of these characteristics in patients with and without the occurrence of REP
was performed using Fisher’s exact test, a chi-squared test, or a Mann-Whitney test, as appropriate.
Overall survival (OS) and progression-free survival (PFS) were considered as survival outcome. OS
was defined as the time from the date of neurosurgery resection to the date of death from tumor
cause. PFS was defined as the time from the date of initiation of RT until progression or death from
tumor cause. Survival probabilities were calculated by the Kaplan-Meier method. Survival curves
were compared using the log-rank test. The Cox proportional hazard model was used to perform the
univariable and multivariable analysis. The proportional hazard assumption was verified based on
scaled Schoenfeld residuals. Stepwise backward selection was performed to obtain characteristics
independently associated with OS and PFS. Stratified models were used for the assessment of the effect
of treatment or age in patients with and without the occurrence of REP. All statistical analyses were
performed employing R version 4.0.0 [17], and the significance level of 0.05 was considered.

3. Results

3.1. Patients Characteristics

A total of 155 patients who were indicated for postoperative oncology treatment were screened
for eligibility, and 90/155 (58%) met the inclusion criteria and had undergone both postsurgery as
well as pre-RT MRI (Figure 1). The median age was 59 years, with 23% of patients being younger
than 50 years. Gross total resection (GTR) was achieved in 39/90 (43%) patients, and 34/90 (38%) were
in excellent overall performance status with Eastern Cooperative Oncology Group (ECOG) status 0.
MGMT methylation was present in 26% and IDH mutation in 8% of patients (total of 53 evaluated
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patients). The subgroup of 64 patients (64/90; 71%) was indicated for concurrent chemoradiotherapy
and was further analyzed in detail. The other patients” diagnostic and treatment characteristics are
summarized in Table 1; Table 2.

Table 1. Basic patients’ characteristics of cohort with REP and non-REP.

Study Cohort All REP Non-REP p-Value
(n=90)
No. of patients 90 (100%) 46 (51%) 44 (49%)
Age (years)
. 59.3 60.0 57.1
median (IQR) (51.1, 65.2) (52.2, 67.8) (50.6, 63.5) p=0.180
<50 21 (23%) 10 (22%) 11 (25%) p = 0.805
Men 53 (59%) 27 (59%) 26 (59)% p>0.999
Performance status (ECOG)
and Karnofsky index
ECOG 0 (KI 90-100%) 34 (38%) 17 (37%) 17 (39%) p = 0.868
ECOG 1 (KI 70-80%) 49 (54%) 26 (57%) 23 (52%)
ECOG 2 (KI 50-60%) 7 (8%) 3 (7%) 4 (9%)
Tumor location
deep brain location 21 (23%) 14 (30%) 7 (16%) p=0.136
Extent of resection
GTR 39 (43%) 10 (22%) 29 (66%) p < 0.001
STR 44 (49%) 31 (67%) 13 (30%)
Partial resection or biopsy 7 (8%) 5 (11%) 2 (5%)
Extent of resection
GTR 39 (43%) 10 (22%) 29 (66%) p < 0.001
Non-GTR 51 (57%) 36 (78%) 15 (34%)
IDH status
Mutated/evaluated 4/53 (8%) 1/24 (4%) 3/29 (10%)
MGMT status
Methylated/evaluated 14/53 (26%) 6/23 (26%) 8/30 (27%) p > 0.999
Localization of REP
Postsurgery residuum 31/46 (67%)
New enhancing satellite 6/46 (13%)
New enhancement in the wall o
of resection cavity 22/46 (48%)
Not operated tumor in o
multicentric tumors 10/46 (22%)

Abbreviations: REP—rapid early progression; ECOG—Eastern Cooperative Oncology Group; GTR—gross
total resection; non-GTR—non gross total resection; STR—subtotal resection, MGMT—O6-methylguanine-
DNA-methyltransferase; IDH—Isocitrate dehydrogenase; IQR—interquartile ratio.
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Table 2. Patients’ treatment.

Study Cohort All REP Non-REP

(n = 90) (n = 90) (n = 46) (n = 44) p-Value

Time to RT initiation
Median (weeks; IQR) 6.7 (5.9,7.3) 6.6(597.1) 6.8 (5.8,7.5) p=0.981
>6 weeks 56 (62%) 28 (61%) 28 (64%) p=0.830

Radiotherapy
RT technique IMRT 89 (99%) 46 (100%) 43 (98%)

RT technique other 1 (1%) 0(0) 1(2%)
median dose (Gy; IQR) 60 (50, 60) 60 (43, 60) 60 (60, 60) p=0.024
pts. receiving > 90% of o o o _
prescribed dose 82 (91%) 43 (93%) 39 (89%) p =0.480
contouring approach EORTC 46 (51%) 30 (65%) 16 (36%) p =0.011
contouring approach RTOG 43 (48%) 16 (35%) 27 (62%)
contouring unknown 1/90 (1%) 0/46 (0) 1/44 (2%)
Chemoradiotherapy (Stupp
regimen)

No. of patients 64 (71%) 28 (61%) 36 (82%) p = 0.037
median (days; IQR) 42 (30, 45) 41.5 (23,43) 43 (39, 46) p = 0.095
corticosteroids use 62 (69%) 35 (76%) 27 (61%) p=0.151

Adjuvant chemotherapy
No. of patients 43 (48%) 16 (35%) 27 (61%) p = 0.020
No. of cycles: median (IQR) 45 (2,6) 35(1,6) 5(3,6) p=0.242
No. of cycles: >3 32/43 (74%) 8/16 (50%) 24/27 (89%) p =0.016
No. of cycles: > 6 21/43 (49%) 7/16 (44%) 14/27 (52%) p = 0.761
Treatment after progression
No. of patients 42 22 20 p > 0.999
surgery 7 (17%) 4 (18%) 3 (15%)
surgery + chemoradiotherapy 1 (2%) 0 (0) 1 (5%)
surgery + chemotherapy 8 (19%) 2 (9%) 6 (30%)
chemotherapy 18 (43%) 13 (59%) 5 (25%)
reirradiation 6 (14%) 2 (9%) 4 (20%)
reirradiation + chemotherapy 2 (5%) 1 (5%) 1 (5%)

Abbreviations: IQR—interquartile ratio; IMRT—intensity modulated radiotherapy; EORTC—European Organization
for Research and Treatment of Cancer; RTOG—Radiation Therapy Oncology Group; GBM—glioblastoma;
CHT/RT—chemoradiotherapy; CHT—chemotherapy; RT—radiotherapy.

3.2. Rapid Early Progression

REP was presented in 46 out of 90 evaluated patients (51%). In the majority of patients, REP was
presented as a progression of postsurgery residuum (31/46; 67%) or as a new enhancement in the wall
of the resection cavity (22/46; 48%). Only 6/46 (13%) REP presented by a new enhancing lesion and
10/46 (22%) by the progression of the tumor, which was not operated on in patients with multicentric
tumors. The occurrence of REP was significantly associated with the extent of resection (78% of patients
with REP vs. 34% of patients without REP, after non-radical resection; p < 0.001). The other evaluated
pre-RT diagnostic variables (age, sex, performance status, etc.) were not significantly associated with
the development of REP (Table 1).

With a median follow up (measured from neurosurgery resection) of 34.1 months, the median
OS was significantly longer in patients without REP (18.7 vs. 10.7 months; HR 0.53; p = 0.007) with
corresponding 2-year survival 37.7% vs. 15.6%. A similar effect was observed for PFS (Figure 2).
Interestingly, the REP occurrence effect on survival outcome is significantly different in younger
patients (<50 years) and older patients (>50 years) for OS (p = 0.047) and non-significantly for PFS
(p = 0.341). In younger patients (<50 years), REP occurrence is a negative prognostic factor, probably
in relation to more aggressive glioblastoma behavior at a younger age (Figure 3).
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Figure 2. Overall survival and progression-free survival in patients with REP vs. non-REP. OS—overall
survival;, PFS—progression free survival; HR—hazard ration; REP—rapid early progression.
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Figure 3. Overall survival and progression-free survival in patients with REP and non-REP in relation

to age.

Indication to concurrent chemoradiotherapy (the Stupp regimen) was more common in the
subgroup without REP (82% vs. 61%; p = 0.037), as was summarized in Table 2. OS and PFS were
significantly better in patients indicated for the Stupp regimen in both subgroups with and without
REP (Figure 4). The median OS of patients with REP who were indicated for the Stupp regimen was
16.0 (2-year OS 22.3%). The median OS of patients treated by RT alone was 7.5 months (2-year OS
5.6%) (Table 3). The model stratified by REP showed a 50% lower risk of death, and a 37% lower risk
of progression in patients indicated concurrent chemoradiotherapy (OS: HR = 0.5, p = 0.007; PFS:

HR = 0.63, p = 0.060).

The median time to initiation of radiotherapy was 6.7 weeks and was similar in both groups of
patients (6.6 vs. 6.8 weeks in patients with and without REP, respectively). In the REP subgroup, both
OS and PFS were similar in patients undergoing RT within six weeks after resection as in patients with
a longer initiation time (Figure 5). Target definition for radiotherapy planning according to EORTC
(the one same target for the whole course of RT) was more commonly employed in the subgroup of
patients with REP (65%) vs. in patients without REP (36%; p = 0.011). Nevertheless, the OS of patients
with REP did not differ with respect to contouring strategy (HR 0.9 for RTOG vs. EORTC; p = 0.824).
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Figure 4. Survival outcomes of patients with REP and non-REP in relation to the treatment.
Table 3. Survival outcomes in patients with REP and non-REP in relation to the treatment.
REP Non-REP
(n = 46) (n=44)
Median follow up31.9 (28.7, NA) Median follow up 34.1 (32.9, NA)
Stupp regimen RT Stupp regimen RT
(n=28) (n=18) (n=236) (n=8)
Overall survival
Median (months) 16.0 (10.2, 21.6) 7.5 (4.8,11.0) 20.1 (13.6, 29.8) 12.6 (8.0, NA)
1-year 59.3 (43.4, 81.1) 16.7 (5.9, 46.8) 72.2 (59.0, 88.4) 50.0 (25.0, 100.0)
2-year 22.3(11.0, 45.1) 5.6 (0.8, 37.3) 40.8 (27.3, 60.9) 25.0 (7.5, 83.0)
3-year 9.3(1.9,45.7) 5.6 (0.8, 37.3) 229 (11.9, 44.1) 0.0 (NA,NA)
Progression-free
survival
Median (months) 41(3.2,7.1) 2.8(2.4,4.3) 8.8 (5.8,11.5) 5.0 (4.2,NA)
1-year 11.2 (3.8, 32.4) 5.6 (0.8, 37.3) 27.8 (16.4, 47.0) 37.5(15.3,91.7)
2-year 7.4(2.0,28.2) 0.0 (NA, NA) 5.6 (1.4,21.4) 12.5(2.0,78.2)

Abbreviations: REP—rapid early progression; Stupp regimen—concomitant chemoradiotherapy and adjuvant
chemotherapy with temozolomide; RT—radiotherapy; NA—Not Available.
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Figure 5. Survival outcomes of patients with REP in relation to the start of radiotherapy.
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Based on univariable analysis of 46 patients with REP, the lower overall performance status
(the median OS 16.8 vs. 11.0 vs. 5.8 months in patients with ECOG 0 vs. 1 vs. 2; p = 0.011), and
indication to concurrent chemoradiotherapy (HR 0.50; p = 0.022 for OS) was positively associated
with OS and PFS (Figure 6). REP presented as a progression of postsurgery residuum was a negative
prognostic factor of OS with the borderline level of statistical significance (HR 1.9; p = 0.068). Deep
brain tumor location was a significant negative prognostic factor for PFS (HR 2.4; p = 0.014), but not
for OS (HR 1.0; p = 0.948). The other prognostic variables (age, sex, the extent of resection, MGMT
status, the location of REP) were not significant in the univariable analysis (Figure 6). IDH mutation
was not evaluated in a univariable analysis due to low numbers of positive patients. According to
the multivariable analysis of patients with REP (Table 4), the extent of resection and Stupp regimen
are independently associated with OS, and performance status and deep brain tumor location are
independently associated with PFS.

os os PFS PFS
Variable Group : S;ss HR (95% CI) P-value HR (95% Cl) P-value
Sex female/male .. 15(08,29) 0193 13(07,23) 0422
Age 10years .. 12(09,16) 0160 1.1(09,15) 0416
> 50/< 50 : 12(086,25) 0660 1.2(06,24) 0680

ECOG 10 .' 24(1.2,48) 0014 18(09,36) 0.091
20 - ° 48(1.3,175) 0.019 82(2.1,314) 0.002

Resection nonGTR/GTR .. 12(06,26) 0600 1.0(05,21) 0930
Stupp yes/no . 05(0.2,09) 0022 05(0.3,09) 0.023
Time to RT weeks .. 11(09,14) 0330 13(10,16) 0084
<B/< 6 weeks : 12(086,22) 0594 12(07,22) 0543

Contouring RTOG/EORTC .' 09(05,18) 0824 06(03,11) 0107
Deep brain loc yes/no ' P 1.0(05,20) 0948 24(1.2,47) 0.014
MGMT pos/neg .. 1.1(04,3.1) 0830 10(04,26) 0983
Corticosteroids yes/no .. 14(06,32) 0417 1.1(0.5,25) 0.733

Localisation of REP
postsurgery residuum yes/no .' 19(1.0,37) 0068 13(0.7,24) 0431
new enhancing satelite yes/no .. 1.3(05,33) 0518 09(04,22) 0885
new enhancement in the wall of resection cavity yes/no : 0.7(04,13) 0293 06(03,12) 0.153
not operated tumor in multicentric tumors yes/no - . 1.1(05,22) 0870 1.8(09,3.7) 0.122
208 16 30 45 s

Figure 6. Univariable analysis in patients with REP. Number in bold are < 0.05.
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Table 4. Multivariable analysis in patients with REP.

oS PFS
HR (95% CI) p-Value HR (95% CI) p-Value
Performance 1/0 23(1.145) 0.033
status (ECOG) 2/0 16.6 (3.9,70) < 0.001
Extent of resection non-GTR/GTR 22(0.9,5.2) 0.088
Stupp regimen yes/no 0.3(0.1,0.7) 0.003
df:gg;::“ yes/no 3.1(15,6.7) 0.003

Abbreviations: OS—overall survival; HR—hazard ratio; CI—confidence interval; PFS—progression free survival;
ECOG—Eastern Cooperative Oncology Group; GTR—Gross total resection.

4. Discussion

A high proportion of glioblastoma patients indicated for adjuvant oncology treatment developed
rapid early progression in this retrospective analysis of an unselected cohort of consecutive patients
treated outside of clinical trials. About half of the patients (46/90; 51%) progressed between surgery and
initiation of adjuvant RT, regardless of waiting time to RT initiation. High incidence of REP and reports
of overall survival are in accordance with other retrospective published studies [10-12]. The only one
clinical negative predictive factor for the development of REP in our cohort was non-radical surgery,
confirming the overall prognostic value of surgical radicality in glioblastoma [1]. Further studies
evaluating potential biomarkers of REP are highly warranted.

The question of optimal timing of RT initiation, the first logical argument for the risk of REP in a
specific patient, is still unanswered. Published studies that evaluated this issue are inconclusive with
different waiting times, ranging from 37 to 56 days after surgery [18-23]. Some reported no effect of
waiting time on the OS. In the broad analysis of 2855 patients enrolled in 16 RTOG trials, Blumenthal
et al. described even better outcomes in patients with the mild postponement of RT (4-6 weeks)
comparing to early initiation of RT within 2 weeks after surgery [24]. One may assume the need
for recovery from secondary edema and hypoxia to be a prerequisite for RT effect on radioresistant
glioblastoma. However, considering glioblastoma aggressivity with doubling time reported about
24 days, it is recommended to avoid unnecessary delay in RT initiation [25-28].

Development of REP represents an important, and not yet described in detail, negative prognostic
factor (median OS 10.7 vs. 18.7 months in our cohort). We confirmed other well-known prognostic
factors, such as performance status and the ability to undergo the Stupp regimen. The question of
eventual administration of chemotherapy for over 6 months remains to be answered. As expected,
worse OS was in the subgroup of patients with REP who were treated by RT alone (OS 7.5 months).

The majority of patients with REP develop central progression within the initial lesion of the
cavity. Modification of RT targeting and techniques including employment of planning PET may
be another way how to improve the outcomes of this unfavorable group of patients [29,30]. Precise
knowledge of tumor biology may also add to the guidance of optimal treatment (prediction for more
invasive forms of glioblastoma and risk of distant satellites). MGMT promoter methylation is both a
prognostic and predictive marker in an REP group of patients, as described by Palmer et al.: patients
with both REP and MGMT methylation reached significantly longer survival compared to those with
REP and MGMT intact (16.5 vs. 10.2 months, p = 0.033) [12]. In our cohort, we did not observe any
role of MGMT (p = 0.830). However, only 23/46 (50%) patients with REP were examined, which could
significantly affect our analysis. Palmer’s study evaluated MGMT promoter methylation, however,
there may be many different genetic mutations and molecular characteristics specific to a subset of
patients that predispose to REP and poor treatment response. It can be assumed that other important
molecular markers such as IDH and pTERT (Telomerase reverse transcriptase gene promoter) also
influence the prognosis and rapid progression in patients with glioblastomas [31-33].

In our clinical practice, MGMT is more likely to be investigated in elderly patients and in patients
unable to undergo intensive postoperative treatment. For all others, we indicate the Stupp regimen
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regardless of MGMT methylation. It may be hypothesized that tumors with REP represent more
aggressive disease, which may be associated with higher tumor mutation burden and neoantigens,
relevant biomarkers for immunotherapy. On the other hand, unlike in other tumors, immunotherapy in
glioblastoma did not prove clear effectivity so far, including immune checkpoint inhibitors or dendritic
cell vaccines [34-36]. Analysis of REP patients may provide new insights into the biology of this
aggressive tumor and potentially reveal new targets for cancer therapy.

An inherent limitation of our study is its retrospective nature, related also to limited possibility
for molecular analyses. Ongoing work may provide more information, especially with the analysis
of molecular biomarkers of REP. In future prospective studies, advanced MRI techniques such as
MRI spectroscopy or diffusion-weighted MRI may play a role in the differential diagnosis of REP and
postoperative changes, as does ischemia, for example.

5. Conclusions

The extent of surgery remains one of the most important prognostic factors in glioblastoma,
affecting not only general OS but also the risk of REP development. Especially in the subgroup of
patients without radical resection, one may recommend as early initiation of radiotherapy as possible.
The phenomenon of REP should be recognized as an integral part of stratification factors in future
prospective clinical trials enrolling patients before the initiation of RT.
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Glioblastoma multiforme (GBM) is the most frequently occurring
primary malignant brain tumor; patients with GBM often have a
very poor prognosis and differing responses to treatment. There-
fore, it is very important to find new biomarkers that can predict
clinical outcomes and help in treatment decisions. MicroRNAs are
small, non-coding RNAs that function as post-transcriptional regu-
lators of gene expression and play a key role in the pathogenesis
of GBM. In a group of 38 patients with primary GBM, we analyzed
the expression of eight microRNAs (miR-21, miR-128a, miR-181c,
miR-195, miR-196a, miR-196b, miR-221, and miR-222). In addition,
we examined the methylation status of 0-6-methylguanine-DNA
methyltransferase (MGMT) promoter by high-resolution melting
analysis, as this has been shown to be a predictive marker in GBM.
MGMT methylation status correlated with progression-free sur-
vival (P = 0.0201; log-rank test) as well as with overall survival
(P = 0.0054; log-rank test). MiR-195 (P = 0.0124; log-rank test) and
miR-196b (P = 0.0492; log-rank test) positively correlated with
overall survival. Evaluation of miR-181c in combination with miR-
21 predicted time to progression within 6 months of diagnosis
with 92% sensitivity and 81% specificity (P < 0.0001). Our data
confirmed that the methylation status of MGMT but also miR-21,
miR-181¢c, miR-195, and miR-196b to be associated with survival of
GBM patients. Above all, we suggest that the combination of miR-
181c and miR-21 could be a very sensitive and specific test to iden-
tify patients at high risk of early progression after surgery. (Cancer
Sci, doi: 10.1111/j.1349-7006.2011.02092.x, 2011)

G lioblastoma multiforme (GBM) is the most frequently
occurring primary malignant brain tumor of astrocytic ori-
gin.’  Despite the introduction of modern therapeutic
approaches, this cancer remains generally associated with very
poor prognosis.® A significant benefit of overall survival (OS)
has been achieved in patients treated with concomitant chemora-
diotherapy with temozolomide (RT/TMZ), an alkylating agent
However, not all patients are sensitive to this therapy.®®
Because of an extremely short median survival time of glioblas-
toma patients and diversity in therapy response, it is very impor-
tant to identify new biomarkers that can be used in prognosis
and prediction of therapeutic response and/or clinical outcome
in GBM patients in order to rationalize treatment decisions.
MicroRNAs (miRNAs) are highly conserved, small, non-cod-
ing RNAs, 18-25 nucleotides in length, that function as post-
transcriptional regulators of gene expression by silencing their
mRNA targets. Bioinformatics tools estimate that miRNAs

doi: 10.1111/1.1349-7006.2011.02092.x
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regulate up to one-third of human genes including a significant
number of oncogenes, tumor suppressor genes, and genes asso-
ciated w1th the invasion, dissemination, and chemoresistance of
tumors.® Therefore, these molecules play s1gmﬁcant roles in
the pathogenesis of many cancers, including GBM.®” In the
context of this tumor, recent published reports have proposed
that some miRNAs that could be used to predict disease out-
come and therapy response. As we previously described, miR-
21, miR-128a, miR-181b, miR-181c, miR-221, and miR-222
were significantly altered in glioblastomas. Moreover, miR-
181b and miR-181c were significantly downregulated in patients
who responded to RT/TMZ compared to patients with progres-
sive disease.® In another study, miR-195, miR-455-3p, and
miR-10a* were the most upregulated miRNAs in TMZ-resistant
cell lines.” MiR-196a and miR-196b expression levels are
increased in glioblastomas relative to both anaplastic astrocyto-
mas and normal brain tissues. Furthermore, patients with high
miR-196 expression levels showed significantly poorer 08.19

Another frequently studied predictive marker in GBM is the
0-6-methylguanine-DNA methyltransferase (MGMT)."'" This
protein with DNA repair activity removes mutagenic O-6-alkyl-
guanine induced by alkylating agents. Therefore, MGMT
partially contributes to alkylating chemotherapy resistance, and
epigenetic silencing of the MGMT gene by a promoter methyla-
tion has been shown to be an independent predictor of prognosis
and response to RT/TMZ and adjuvant TMZ treatment of GBM
patlents az-

The aims of this study were to quantify expression levels of
eight miRNAs (miR-21, miR-128a, miR-181c, miR-195, miR-
196a, miR-196b, miR-221, and miR-222) that have been previ-
ously described as associated with GBM pathogenesis in the
clinical samples, and to determine the methylation status of
MGMT gene promoter. The results were correlated to clinical
data in order to obtain prognostic and predictive biomarkers for
GBM patients treated with RT/TMZ and adjuvant TMZ.

Materials and Methods

Patients and treatment. The retrospective study included 38
patients with primary glioblastomas who were resected at the
Department of Neurosurgery (University Hospital Brno, Brno,
Czech Republic). After resection, patients underwent adjuvant
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therapy at the Masaryk Memorial Cancer Institute (Brno, Czech
Republic) according to the standard Stupp protocol: radiother-
apy (2 Gy per fraction for 6 weeks, total dose of 60 2() plus
concomitant chemotherapy with RT/TMZ at 75 mg/m” daily,
for 6 weeks. Nineteen patients recelved an adjuvant treatment
with temozolomide (150-200 mg/m® for 5 days in 4-week
cycles) (Table 1). Informed consent approved by the local Ethi-
cal Commission was obtained from each patient before the treat-
ment. Clinical data were retrieved from the hospital’s patient
records.

Tissue sample preparation and nucleic acid extraction. The 38
tumor samples were obtained from surgically resected glioblas-
tomas. As a control, six non-tumor samples of adult brain tissue
were taken from areas surrounding arteriovenous malformations
(AVM) and four commercially available RNAs from adult brain
tissues (540005, total brain; 540117, frontal cortex; 540137,
occipital cortex; 540135, striatum; Agilent-Stratagene, Santa
Clara, CA, USA). Glioblastoma clinical samples were evaluated
by two experienced neuropathologists. For subsequent analysis
were used dissected formalin-fixed paraffin-embedded (FFPE)
samples containing more than 90% tumor tissue. Small RNA-
enriched total RNA was isolated using mirVana miRNA Isola-
tion Kit (Ambion, Austin, TX, USA). DNA was extracted using
the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, Germany).
Nucleic acid concentration and purity were controlled by UV
spectrophotometry (A260:A280 > 2.0; A260:A230 > 1.8) using
Nanodrop ND-1000 (Thermo Fisher Scientific, Waltham, MA,
USA).

Real-time quantification of miRNAs by stem-loop RT-
PCR. Complementary DNA was synthesized from 10 ng small
RNA-enriched total RNA using gene-specific primers and Taq-
Man MicroRNA Reverse Transcription kit according to the Taq-
Man MicroRNA Assay protocol (Applied Biosystems, Foster
City, CA, USA). Real-Time PCR was carried out using the
Applied Biosystems 7500 Real-Time PCR System in accordance
with the TagMan MicroRNA Assay protocol. The threshold
cycle data were determined using the default threshold settings.
All real-time PCR reactions were run in triplicate and average
Ct and SD values were calculated.

Bisulfite conversion of DNA and high-resolution melting (HRM)
analysis of MGMT promoter. Bisulfite conversion was carried
out using the EpiTect Bisulfite Kit (Qiagen) with 1000 ng DNA
per reaction. High-resolution melting was carried out on the
LightCycler 480 (Roche, Mannheim, Germany) using a Light-
Cycler 480 High Resolution Melting Master kit (Roche) w1th
30 ng bisulfite converted DNA on each reaction, 4 nM Mg?
and previously described primers MGMT MS-HRM2.'¥ Cch
nome Universal Methylated DNA and CpGenome Universal

Table 1. Characteristics of patients with glioblastoma multiforme
who participated in this study (n = 38)

Total
n=38 %
Age (years)
<50 14 37
>50 24 63
Median (range) 53 (28-67)
Gender
Male 19 50
Female 19 50
ECOG performance status
Oand 1 36 95
2 2 5
Extent of resection
Total 9 24
Subtotal 29 76

Unmethylated DNA set (Millipore, Darmstadt, Germany) were
used for dilution of standard samples (0, 10, 25, 50, 75, 90, and
100% methylated DNA). All HRM reactions were run in
triplicate.

Statistical analysis. Expression data were normalized accord-
ing to the expression of RNU6B (Assay no. 4373381; Applied
Biosystems). Statistical analysis of differences between miRNA
levels in glioblastomas and non-tumor adult brain tissues, and
differences in therapy response and time to progression in rela-
tion to miRNA levels, were evaluated using the non-parametric
Mann-Whitney U-test between two groups. Survival analyses
were carried out by the Kaplan—-Meier method and significance
was calculated by the log-rank test. Sensitivity and specificity
were evaluated and significance of the patient stratification
according to a particular miRNA marker was assessed by
Fischer’s exact test. For all calculations we used MedCalc
version 11.4.2.0 (MedCalc Software, Mariakerke, Belgium).

Results

Methylation status of MGMT promoter. Twenty-five percent-
age methylation status of MGMT promoter was used as cut-off
for stratification of GBM patients into (un)methylated groups.
The MGMT promoter was unmethylated in 26 cases (68%) and
methylated in 12 cases (32%) (Table 2). In patients with methy-
lated promoter of the MGMT gene, there was an observed bene-
fit in OS (hazard ratio [HR] 0.4012; 95% confidence interval
[CI] 0.2068-0.7783; P = 0.0054, log-rank test) as well as in pro-
gression-free survival (HR 0.4799; 95% CI 0.2516-0.9153;
P =0.0201, log-rank test) (Fig. 1). The MGMT methylation
status was not associated with any of the miRNA expression
levels analyzed in this study (Table 3).

Comparison of miRNA expression levels in GBM tissues and
non-tumor brain tissue samples. Medians of relative expression
levels of all examined miRNAs with their 25th and 75th percen-
tile ranges, GBM samples and non-tumor brain tissue samples,
as well as P-values indicating statistical significance of differ-
ences, are summarized in Table 3. Our data indicated significant
overexpression of miR-21 and miR-196a/b in GBM samples
compared to control non-malignant brain tissues, and downregu-
lation of miR-181c, miR-221, miR-222, miR-195, and miR-
128a. Of these, miR-128a showed the most significant change
(P < 0.0001).

Correlation of miRNA expression levels with prognosis and
prediction of response to RT/TMZ treatment in GBM
patients. Higher levels of miR-195 (HR 0.4249; 95% CI
0.2167-0.8332; P = 0.0124, log-rank test) and miR-196b (HR
0.5470; 95% CI 0.2776-1.0776; P = 0.0492, log-rank test)
expression have been significantly associated with longer OS of
GBM patients. For these analyses, the 75th percentile range and
median of relative expression levels have been used as cut-offs
for miR-195 and miR-196b, respectively (Fig. 2). Significantly

Table 2. Characteristics of patients with glioblastoma multiforme
(n = 38), based on methylguanine-DNA methyltransferase methylation
status

Promoter status

Unmethylated Methylated
No. of patients 26 (68%) 12 (32%)
Progression-free survival
Median duration (months) 8.0 (3.0-24.0) 14.5 (3.0-27.0)
Rate at 6 months (%) 61.5 83.3

Overall survival
Median duration (months) 13.0 (3.0-33.0) 22.5 (6.0-62.0)
Rate at 24 months (%) 11.5 58.3

doi: 10.1111/1.1349-7006.2011.02092.x
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Fig. 1. Kaplan-Meier survival curves estimating progression-free survival (A) and overall survival (B) in patients with glioblastoma multiforme,
according to methylguanine-DNA methyltransferase promoter methylation status.

Table 3. Comparison of normalized microRNA expression levels in glioblastoma multiforme and non-tumor brain tissues and their association
with methylation status of methylguanine-DNA methyltransferase (MGMT) promoter

MicroRNA Gllonbl=as3t;> ma Non-tumzr=b:e(:)|n tissuet Fold change P-valuet assochillactiil\::§ ®
miR-21 78.58149 22.7989 3.45 0.02550 0.4142
(33.1469-237.7333) (19.2862-30.8386)

miR-128a 0.01534 1.1798 0.01 <0.0001 0.8494
(0.005892-0.05036) (0.7614-7.7713)

miR-181c 0.4805 2.2363 0.21 0.0005 0.4232
(0.1345-0.9141) (0.6974-3.1595)

miR-195 5.4032 38.5964 0.14 0.0290 0.2928
(0.8845-33.2029) (17.8927-46.8118)

miR-196a 0.14790 0.01511 9.79 0.0021 0.2573
(0.06040-0.7335) (0.00022-0.04707)

miR-196b 0.09182 0.01978 4.64 0.0330 0.4795
(0.01690-0.57340) (0.00022-0.11020)

miR-221 2.3737 23.2871 0.10 0.0001 0.9749
(1.0943-6.7427) (8.2249-67.7547)

miR-222 7.0326 46.1839 0.15 0.0010 0.1092
(3.2716-14.4534) (18.2944-99.2503)

tNon-tumor brain tissue from arteriovenous malformation surgeries (x6) and commercially available adult brain RNAs (x4). #Mann-Whitney

U-test (bold indicates significance at P < 0.05). §Association with methylation status of MGMT promoter (Mann-Whitney U-test). {Median of
expression level related to RNU6B with 25th and 75th percentiles.
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Fig. 2. Kaplan—-Meier survival curves estimating overall survival in patients with glioblastoma multiforme, according to miR-195 (A) and miR-
196b (B) expression levels.

higher miR-181c expression levels were observed in the group  cally, miR-21 was significantly upregulated in this high risk
of patients with time to progression shorter than 6 months  group of patients (P = 0.0143, Mann—Whitney U-test) (Fig. 3B).
(TPP6) (P = 0.0010, Mann—Whitney U-test) (Fig. 3A). Identi-  Analysis of the miR-181c in combination with miR-21 (cut-offs
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Fig. 3. Time to progression (TTP) up to 6 months in patients with glioblastoma multiforme, based on miR-181c (A) and miR-21 (B) expression
levels. Central box represents values from the lower to upper quartiles (25th to 75th percentiles), and the middle line represents the median
(Mann-Whitney U-test). Vertical line extends from minimum to maximum values.

were median and 25th percentile, respectively) predicted signifi-
cantly TPP6 (sensitivity = 92%, specificity = 81%, P < 0.0001;
see Table 4). However, neither prognostic nor predictive associ-
ations were found for miR-128a, miR-196a, miR-221, or miR-
222.

Discussion

In this study, we have confirmed the impact of MGMT promoter
methylation status on the favorable outcome after RT/TMZ
therapy in GBM patients. Patients with MGMT promoter hyper-
methylation in >25% tumor DNA showed significantly longer
OS as well as progression-free survival. These observations fully
correlate with the results of many authors."'*'®'® The percent-
age of MGMT methylated samples has been smaller in our
cohort §32%) than in other studies, where it ranged from 35% to
47%.%'>'D However, we analyzed MGMT methylation status
using the HRM method, which is a more suitable approach for
methylation analysis in routine practice compared to methyla-
tion-specific PCR, used in most of the other published studies,
which can easily generate PCR false-positive results.

There are several reports that discuss the use of miRNAs as
potential predictive and prognostic factors in GBM.® In this
study, we analyzed the expression of eight miRNAs in primary
GBM and we correlated the obtained data with clinical charac-
teristics of GBM patients. In concordance with Guan et al.'?
we observed significantly lower levels of miR-196a,b in normal
brain compared to glioblastoma tissue. This group also
described a significant correlation between higher expression of
miR-196a,b with poor survival in a group of GBM and anaplas-
tic astrocytoma patients.'” Another study described miR-195 as
one of the most upregulated miRNAs in TMZ-resistant GBM
cell lines, and their knockdown led to reversal of TMZ resis-

Table 4. Contingency table of glioblastoma patients stratified
according to time to progression (TTP) and miR-21/miR-181c
positivity

No. of patients
with TTP > 6 months

No. of patients
with TTP < 6 months

miR-21 and 5 1"
miR-181c¢
positivity
miR-21 and/or 21 1
miR-181c¢
negativity

tance and increased cytotoxicity of TMZ.” Accordingly, we
expected a negative correlation between miR-195 and miR-
196a,b expression and OS. However, our analyses suggest that
there is more likely an opposite association between miR-195
and miR-196b and OS in GBM patients, which is in agreement
with several other rePorts in colorectal, hepatocellular, and adre-
nocortical cancers."*?? The number of GBM patients in
Guan’s study was 39, which is comparable to the size of our
group. Larger studies need to be carried out to establish the
prognostic significance of miR-196b in glioblastoma. Interest-
ingly, miR-196a showed no significance in OS in our study.

The miR-181 family has many predicted targets and some
of these have been verified by in vitro functional analysis
(HOXAL11, TCL1, TGFBRI1, and MAPK1).® Therefore, it is a
robust translational regulator and can mediate a number of genes
in response to an acute cellular stress caused by a drug treatment
or radiation. In this study, we have shown that higher levels of
miR-181c is significantly associated with disease progression
within 6 months. In fact, we confirmed results from our previous
pilot study where we described positive correlation between
lower miR-181c levels and the response to RT/TMZ in GBM.®
We did not observe an association between MGMT methylation
status and miR-181c levels, nor with any other examined miR-
NAs. Our study also confirmed the upregulation of miR-21 in
glioblastoma tissue, noted previously by others.®23-29) MiR-21
is the most frequently explored miRNA in GBM, and it has been
found to act as an oncogene. It is evident that this molecule
influences multiPIe important components of oncogenic signal-
ing pathways.®” Similar to miR-181c, we found that higher
expression of miR-21 is associated with early progression.
Moreover, the combination of miR-181c and miR-21 predicted
progression within 6 months with 92% sensitivity and 81% spec-
ificity. This study also partially confirmed the downregulation of
miR-221 and miR-222, described in our previous publication.®
In the current study, significant downregulation of miR-221, and
a similar trend for miR-222, were observed. However, results
from both of our studies conflict with another report showing
miR-221 and miR-222 as overexpressed in primary GBM.*® In
our study, we combined tissue from AVM surgeries and com-
mercially available RNAs from adult brain tissue as the control
group. The miRNA expression changes tended to have identical
trends in total RNA from AVM samples and commercially avail-
able adult brain RNAs, therefore, we integrated them together in
further statistical analyses. In the study by Ciafre er al.,*®
which reported opposite changes in miR-221/222 expression
levels, peripheral tissue of glioblastomas were used as the con-
trol tissue. We suggest that this is not an ideal control tissue, and
could partially explain the contradiction in results. Our data did

doi: 10.1111/1.1349-7006.2011.02092.x
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not indicate the potential of miR-221/222 for survival prediction
in GBM patients, as observed by Srinivasan et al.‘

In conclusion, we have verified two previous reports describ-
ing miR-128a dereg;ulation in GBM compared to non-tumor
adult brain tissue.®*® Interestingly, this miRNA showed
approximately 50-fold higher expression in non-tumor brain tis-
sue than in GBM (P < 0.0001), suggesting its role in glioblas-
toma pathogenesis. Both miR-195 and miR-196b demonstrated
prognostic significance, showing a positive correlation with OS.
We suggest that the combination of miR-181c and miR-21
expression levels is a highly sensitive and specific indicator for
identification of early progressing (high risk) patients, who
would require specific attention, in order to improve their sur-
vival, through the use of more intensive therapy immediately
after surgery. This fact is all the more important when bev-
acizumab is introduced for glioblastoma patients and evaluated
in clinical trials combined with concomitant chemoradiotherapy.
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Glioblastoma multiforme (GBM) is the most malignant primary
brain tumor. The prognosis of GBM patients varies considerably
and the histopathological examination is not sufficient for individ-
ual risk estimation. MicroRNAs (miRNAs) are small, non-coding
RNAs that function as post-transcriptional regulators of gene
expression and were repeatedly proved to play important roles in
pathogenesis of GBM. In our study, we performed global miRNA
expression profiling of 58 glioblastoma tissue samples obtained
during surgical resections and 10 non-tumor brain tissues. The
subsequent analysis revealed 28 significantly deregulated miRNAs
in GBM tissue, which were able to precisely classify all exam-
ined samples. Correlation with clinical data led to identification
of six-miRNA signature significantly associated with progression
free survival [hazard ratio (HR) 1.98, 95% confidence interval
(CI) 1.33-2.94, P < 0.001] and overa+ll survival (HR 2.86, 95%
CI 1.91-4.29, P < 0.001). O(6)-methylguanine-DNA methyltrans-
ferase methylation status was evaluated as reference method and
Risk Score based on six-miRNA signature indicated significant
superiority in prediction of clinical outcome in GBM patients.
Multivariate Cox analysis indicated that the Risk Score based on
six-miRNA signature is an independent prognostic classifier of
GBM patients. We suggest that the Risk Score presents promising
prognostic algorithm with potential for individualized treatment
decisions in clinical management of GBM patients.

Introduction

Glioblastoma multiforme (GBM) is the most malignant primary brain
tumor that arises by transformation of astrocytes. Because of its aggres-
sive nature and common therapeutic resistance, GBM exhibits the
worst prognosis among all gliomas. The median survival of patients is
~13 months from diagnosis; nevertheless, the survival ranges from 2.5

Abbreviations: FFPE, formalin-fixed paraffin-embedded; GBM, glioblas-
toma multiforme; MGMT, O(6)-methylguanine-DNA methyltransferase;
miRNAs, microRNAs; OS, overall survival; PFS, progression-free survival;
TCGA, The Cancer Genome Atlas.

to 70 months. Although the short- and long-term surviving patients with
GBMs have histologically similar tumors, biological and molecular
characteristics of these tumors vary significantly. This was evidenced
by integrated genomic analyses of large set of GBMs, which identi-
fied clinically relevant molecular subtypes showing different treatment
efficacy (1-3). Until recently, adjuvant chemotherapy with alkylating
agents (temozolomide or carmustine) was the common GBM therapy
following surgical resection and radiation with concomitant temozo-
lomide (RT/TMZ). Currently, an angiogenesis inhibitor bevacizumab
is evaluated in phase III clinical trials. Unfortunately, data suggest that
bevacizumab in mohotherapy improved progression free survival with
preservation of quality of life and reduction of corticosteroids use, but
did not improved overall survival (OS). Therefore, another agents, such
as cilengitide, are used in combination with bevacizumab aiming to
prolong OS (4,5). Thus, one of the important aims of GBM research
is to find powerful prognostic biomarkers for GBM patients enabling
sensitive prediction of clinical outcome and their suitability for imple-
mentation of new drugs.

One of the most modern and progressive approaches for molecu-
lar characterization of tumors today is based on microRNA (miRNA)
expression profiling. miRNAs are highly conserved, small, non-cod-
ing RNAs, 18-25 nucleotides in length that function as post-transcrip-
tional regulators of gene expression through silencing of their mRNA
targets. Bioinformatic tools estimate that miRNAs could regulate up
to 60% of human genes including a significant number of oncogenes,
tumor suppressor genes and genes associated with the chemoradi-
oresistance of tumors. Therefore, these molecules play significant
roles in pathogenesis of many cancers, including GBM, and it is not
surprising that their levels are frequently deregulated in tumor tissue
(6,7). Moreover, some recent studies described miRNA signatures
with ability to predict clinical outcome in GBM patients (6). From the
analytical perspective, it is important to note that, due to their small
size, miRNAs are subjected to significantly less degradation than
mRNAs and, thus, also formalin-fixed paraffin-embedded (FFPE) tis-
sues indicate sufficient quality for miRNA analyses (8).

The aim of this study was to define signature of miRNAs signifi-
cantly deregulated in GBM tissues compared with non-tumor brain tis-
sues, and to identify miRNA signature with ability to efficiently predict
progression-free and survival OS of GBM patients treated with con-
comitant RT/TMZ. Potential of miRNA signature to predict clinical
outcome of GBM patients was compared with O(6)-methylguanine-
DNA methyltransferase (MGMT) promoter methylation status as ref-
erence method and evaluated in multivariate model.

Material and methods

Patients

The retrospective one-center study included 58 patients with primary GBM who
were surgically treated at the Department of Neurosurgery, University Hospital
Brno. After resection of the tumor, patients underwent adjuvant therapy at the
Masaryk Memorial Cancer Institute accordingly to the standard Stupp proto-
col; radiation (2 Gy per fraction for 6 weeks, total dose of 60 Gy) plus con-
comitant chemotherapy with temozolomide (75 mg/m? daily, for 6 weeks). After
completion of the concomitant chemoradiotherapy, 31 patients received adju-
vant temozolomide in monotherapy (150-200mg/m? for 5 days in six cycles
or until disease progression). Clinicopathologic characteristics of GBM patients
are summarized in Supplementary Table S1, available at Carcinogenesis Online.
Portions of the non-dominant anterior temporal cortexes resected during surgery
for intractable epilepsy of 10 patients were used as non-tumor control brain tis-
sues. Control brain tissues have no signs of dysplastic changes. Informed con-
sent approved by the local Ethical Commission was obtained from each patient
before the treatment. Clinical data were retrieved from the hospital’s patient
records. The Cancer Genome Atlas (TCGA) dataset (485 GBM patients) was
used for independent validation of the prognostic miRNA signature (2).
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Tissue sample preparation and nucleic acid extraction

The GBM tissues samples and non-tumor brain tissue samples were surgically
resected and immediately fixed in formalin and embedded in paraffin (FFPE).
Histopathological diagnosis of GBM and evaluation of control brain tissues
were performed independently by two experienced neuropathologists. Total
RNA with enriched fraction of small RNAs was purified from FFPE samples by
xylene deparaffinization and mirVana miRNA Isolation Kit (Ambion). miRNA
extracted from FFPE samples are commonly used for high-throughput miRNA
analyses (9). DNA was extracted using the QIAamp DNA FFPE Tissue Kit
(Qiagen, Germany). Nucleic acid concentrations and purities were controlled
by UV spectrophotometry using Nanodrop ND-1000 (Thermo Scientific).

MicroRNA expression profiling

MicroRNA expression profiling was performed using TagMan Low Density
Array Human MicroRNA technology. In brief, 350 ng of total RNA was reverse
transcribed into cDNA by the Tag-Man MicroRNA Reverse Transcription
Kit and microRNA Megaplex RT set pool A and B version 3.0 (Applied
Biosystems, Foster City, CA). The cDNA product was loaded into TagMan
Human MicroRNA A and B Cards Set version 3.0 (Applied Biosystems)
enabling simultaneous quantification of 754 human miRNAs. TagMan Low
Density Array Assays and analysis were performed on the ABI 7900 HT
Instrument (Applied Biosystems). All reactions were performed according to
the standard manufacturers’ protocols.

Bisulfite conversion of DNA and high-resolution melting analysis of MGMT
promoter

Bisulfite conversion was performed using the EpiTect Bisulfite Kit (Qiagen,
Hilden, MD) with utilization of 1000ng DNA per reaction. High-resolution melt-
ing was performed on the LightCycler 480 (Roche, Germany) using LightCycler
480 High Resolution Melting Master kit (Roche) with utilization of 30 ng bisulfite
converted DNA on each reaction, 4nM Mg?*, and described previously prim-
ers MGMT MS-HRM2 (6,10). CpGenome Universal Methylated DNA and
CpGenome Universal Unmethylated DNA set (Millipore, Germany) were used for
dilution of standard samples (0%, 25%, 50%, 75% and 100% methylated DNA).

Cell cultures and growth conditions

The human GBM cell lines A172, T98G, U87MG and U251 were obtained
from the American Type Culture Collection. Cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum,
100 pg/ml penicillin, 100 pg/ml streptomycin, 0.1 mM non-essential amino
acids, 2 mML-glutamin and 1mM sodium pyruvate (all purchased from
Invitrogen, Gibco) in 5% CO, at 37°C.

Transfection of GBM cells

Cells were transfected with 6 pmol of hsa-miR-31 mimic (assay ID MC12887,
Life Technologies) or mirVana miRNA Mimic Negative Control (cat. no,
4464058, Life Technologies) oligonucleotides and equimolar concentration of
Lipofectamine 2000 accordingly to the manufacturer’s recommendations (Life
Technologies).

MTT assay

Cell viability of transfected cells was measured by the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay (MTT, Sigma-Aldrich).
GBM cells were seeded in 24-well plate at a density of 2x 10* (A172, T98G,
US7MG) and 1 x 10* (U251) cells per well 24h prior to transfection with hsa-
miR-31 mimic or miRNA mimic negative control oligonucleotides. Subsequently,
96h after transfection, 60 pul of 5 mg/ml MTT solution in phosphate-buffered
saline was added to each well, and plates were incubated for 1h at 37°C. The
precipitate was solubilized in 100% dimethyl sulfoxide (500 pl per well), and
absorbance was measured on ELISA Multi-detection Microplate Reader (BIO-
TEK) at 570nm wavelength. All experiments were run in tetraplicates.

Statistical analysis

Quantitative miRNA expression data were acquired by use of ABI 7900 HT
SDS version 2.0.1 software (Applied Biosystems) (settings: automatic base-
line, threshold 0.2) and, subsequently, normalized to the expression level of
miR-1233 that showed the highest expression stability across all examined
samples by use of GeneNorm and NormFinder algorithms. The relative
miRNA expression levels were determined by 27T method, where ACTs
were calculated as follows: ACT = CT igna of interesty = CT(mik-1233)- Normalized
miRNA expression data were statistically evaluated in the environment of sta-
tistical language R (11) using the Bioconductor LIMMA package concerning
miRNA profiling combined with hierarchical clustering (12).

To assess the miRNAs that were identified for survival prediction, a Risk
Score formula for predicting survival was developed based on a linear combi-
nation of the miRNA expression level weighted by the regression coefficient

Glioblastoma Risk Score based on miRNA signature

derived from the univariate Cox regression analysis (13,14). The Risk Score
for each patient was calculated as follows: Risk Score = (-0.14745 * expres-
sion level of miR-224) + (0.09530 * expression level of miR-31) + (0.54293*
expression level of miR-454) + (0.21673 * expression level of miR-672) +
(0.10605 * expression level of miR-885-5p) + (—-0.05557 * expression level of
miR-432%*). Patients with high Risk Score are expected to have poor survival.

According to the Risk Score (cutoff value, 0.348), patients were stratified
into a high-risk group and a low-risk group. The Risk Score threshold was set
as a value, which significantly separates KaplanMeier survival curves. Cox
proportional hazards regression analyses were performed to assess the inde-
pendent contribution of the miRNA signature-based Risk Score and clinico-
pathologic variables to survival prediction (15). Our patient population was
evaluated as large enough to allow multivariate survival analysis.

Viability was statistically analyzed using t-test and GraphPad Prism soft-
ware. P < 0.05 value was considered to be significant.

Results

MicroRNAs differentially expressed in glioblastoma and non-tumor
brain tissues

We performed a genome-wide expression profiling of 754 human miR-
NAs in 58 GBM and 10 non-tumor brain FFPE tissue samples. LIMMA
analysis revealed 108 significantly upregulated and 108 downregu-
lated miRNAs in GBMs in comparison with non-tumor brain samples
(P < 0.05) (see Supplementary Table S2, available at Carcinogenesis
Online). Among them, 28 miRNAs showed P value < 107 and were
able to discriminate GBMs and non-tumor brain samples with 100%
sensitivity and 100% specificity (Figure 1). The most significantly
upregulated miRNAs in GBM tissue were miR-21* and miR-155 (both
P < 107'7; fold change = 8.44 and 4.59, respectively). On the other side,
miR-220 and miR-1247 were the most significantly downregulated in
tumor tissue (both P < 107!; fold change = 9.15 and 8.35, respectively).

MGMT promoter methylation status

We have examined MGMT promoter methylation status in our
cohort of GBM patients and have identified methylated promoter in
22 (38%) cases. Methylated promoter of MGMT was significantly
associated with longer progression-free survival (PFS) (P = 0.0309,
log-rank test; PFS medians of patients with methylated and non-
methylated MGMT promoter were 9 and 6.75 months from diagno-
sis, respectively) (Figure 3A) and longer OS (P = 0.0202, log-rank
test; OS medians of patients with methylated and non-methylated
MGMT promoter were 18.5 and 12 months form diagnosis, respec-
tively) (Figure 3B) in GBM patients. However, MGMT promoter
methylation status has not reached statistical significance in multi-
variate Cox regression analysis.

Identification of miRNA prognostic signature

We used univariate Cox regression to analyze each miRNA as predic-
tor of OS in 58 GBM patients and identified 15 miRNAs (P < 0.15),
from which were subsequently, using bidirectional stepwise regression,
selected six miRNAs (miR-31, miR-224, miR-432*, miR-454, miR-672
and miR-885-5p) (Supplementary Table S3, available at Carcinogenesis
Online). This six-miRNAs signature was used to calculate the Risk
Score for each patient (Figure 2). Higher Risk Score has been signifi-
cantly associated with shorter PFS (P < 0.0001, log-rank test; median
PES for low-risk and high-risk patients were 9.4 and 4.4 months since
diagnosis, respectively) (Figure 3C) and shorter OS (P < 0.0001, log-
rank test; median OS of low-risk and high-risk patients were 16.2 and
7.5 months since diagnosis, respectively) (Figure 3D) in GBM patients.

Risk Score based on six-miRNAs signature is an independent
prognostic factor

We performed univariate Cox regression analysis using clinical and
molecular factors for whole set of 58 GBM patients and observed
that the Risk Score based on six-miRNA signature and methylation
status of MGMT gene promoter were significantly associated with
OS and PFS. Moreover, PFS also correlated with adjuvant TMZ in
monotherapy (Table I). Performance status and extent of resection
were significantly associated with neither OS nor PFS. A multivariate
Cox regression analyses showed that Risk Score based on six-miRNA
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miR-328
miR-139-5p
miR-128a
miR-19b-1#
miR-888
miR-886-3p
miR-886-5p
miR-21
miR-155
miR-21#
miR-196b
miR-106b#
miR-10b#
miR-1291
miR-1245
miR-874
miR-139-3p
miR-23b
miR-220
miR-1243
miR-1247
miR-488
miR-107
miR-120#
miR-1296
miR-504
miR-133b
miR-500

Fig. 1. Hierarchical clustergram discriminating GBM and non-tumor brain tissues according to differentially expressed miRNAs (blue color indicate GBM
tissues, yellow color indicate non-tumor brain tissues, P < 10-9).
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Fig. 2. Analysis of the 6-miRNA-based Risk Score for overall survival in GBM patients; top—Risk Score distribution, middle—overall survival of GBM
patients, bottom—heat map of six-miRNA expression levels in GBM tissues, the black dotted lines on the top and middle represent the Risk Score cutoff value.

signature is independent prognostic factors in relation to both OS another independent factor associated with PFS was confirmed adju-
[hazard ratio (HR) 2.86; 95% confidence interval (CI) 1.914.29; vant TMZ in monotherapy (HR 0.56; 95% CI 0.320.97; P = 0.039)
P < 0.001] and PFS (HR 1.98; 95% CI 1.332.94; P < 0.001). As observed also in univariate Cox regression (Table I).
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Fig. 3. Kaplan-Meier survival curves estimating PFS (A) and OS (B) in patients with GBM accordingly to MGMT methylation status; and PES (C) and OS (D)
in patients with GBM based on six-miRNA (miR-31, miR-224, miR-432*, miR-454, miR-672 and miR-885-5p) prognostic Risk Score.

Table I. Cox hazard regression analysis of common GBM prognostic factors and 6-miRNA-based Risk Score effects on survival of GBM patients

Factors Univariate Cox regression Multivariate Cox regression Long-rank test P
HR 95% CI P value HR 95% CI P value
Progression free survival
Risk Score 2.00 1.37-291 <0.001 1.98 1.33-2.94 <0.001 <0.001
T™Z 0.48 0.28-0.82 0.007 0.56 0.32-0.97 0.039
PS 1.69 0.70-4.04 0.242 2.17 0.89-5.30 0.090
MGMT 0.54 0.23-0.96 0.035
Overall survival
Risk Score 2.72 1.84-4.02 <0.001 2.86 1.91-4.29 <0.001
Extent of resection 1.00 0.49-2.04 0.991 <0.001
T™Z 0.64 0.37-1.08 0.096
PS 1.79 0.76-4.22 0.186 2.31 0.96-5.57 0.061
MGMT 0.51 0.29-0.91 0.022

Bolded values are factors signficant in multivariate cox regression analysis. CI, confidence interval; HR, hazard ratio, MGMT, methylation status of
O°-methylguanine-DNA methyltransferase gene promoter; PS, performance status; TMZ, adjuvant temozolomide in monotherapy.

Validation of the six-miRNA prognostic signature by use of The

Cancer Genome Atlas data

We used TCGA dataset of 485 GBM patients for whom OS informa-

tion and miRNA expression

profiles were available for validation of our

prognostic six-miRNAs signature. Unfortunately, only four miRNAs
(miR-31, miR-224, miR-432* and miR-454-3p) from signature were
represented in the TCGA dataset. First, we performed Z-score transfor-
mation on expression levels across the all GBM samples for each of

2759

S10T ‘€1 Axenuef uo WYHSNI ¥ /B10'S[eWnofpioyxo' uraresy/:dny woy papeofumoq



J.Sana et al.

the aforementioned four miRNAs; then, the four-miRNAs signature was
used for calculation of the individual Risk Score for each patient. By
using the median value of the Risk Scores as the threshold, we divided
GBM patients into high-risk and low-risk groups. Kaplan—Meier analy-
sis confirmed that OS of the high-risk patients was significantly lower in
comparison with low-risk patients (P <0.0115, log-rank test) (Figure 4).

Ectopic expression of miR-31 decreases proliferation of GBM cells

in vitro

We performed in vitro transient transfection of miR-31 mimic in
A172, T98G, U8S87MG and U251 cell lines to investigate effect of
miR-31 levels on GBM cells proliferation. MTT assay showed that
miR-31 mimic transfection leads to the significant decrease of prolif-
eration in all examined GBM cell lines when compared with control
oligonucleotide (P < 0.05, t-test) (Figure 5).

Discussion

Comparison of miRNA expression profiles in GBMs and non-tumor
brain tissues revealed a signature of 28 most significantly deregulated
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Fig. 4. KaplanMeier survival curves estimating OS in GBM patients from
TCGA dataset accordingly to four-miRNA (miR-31, miR-224, miR-432* and
miR-454-3p)-based Risk Score.
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Fig. 5. MiR-31 replacement reduces proliferation of GBM cells A172, T98G,
U87MG and U251. * indicates P < 0.05; ‘dark’ grey indicates mimic negative
control (MOCK) transfected cells; ‘pale’ indicates miR-31 mimic transfected cells.
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miRNAs, which were able to precisely discriminate both of the inves-
tigated tissue categories accordingly to their origin. Nine miRNAs
(miR-10b*, miR-21, 128a, miR-133b, miR-139-3p, miR-139-5p,
miR-155, 196b and miR-328) were described previously to be dereg-
ulated in GBM (16-19). In this regard, the most frequently stud-
ied miRNA in cancer research and well-known oncogenic miRNA
in GBM is miR-21. This miRNA was many times observed to be
upregulated in GBM in comparison with non-tumor brain tissue and
its expression level is positively correlated with increased grading of
glioma tumors (16-19). These facts undoubtedly highlight miR-21
to be promising GBM biomarker. miR-21* (also called miR-21-3p)
that shares the same stem-loop precursor as miR-21 was another sig-
nificantly upregulated miRNAs in GBM. Although miR-21%* is not as
famous as its precursor counterpart, there are studies indicating that
this molecule play a role in breast cancer, head and neck squamous
cell carcinoma, and multiple myeloma (20-22). Moreover, recent data
suggest that miR-21%*, similarly to miR-21, positively regulate p-AKT
level; and activation of AKT results in cell growth and survival of
GBM cells (20,23,24). From one stem-loop precursor originate also
miR-139-3p and miR-139-5p, which were both significantly down-
regulated in GBM tissue in our study. These findings were several
times confirmed previously in both GBM and some other cancers. In
addition, miR-139-5p expression negatively correlates with survival
of high-grade glioma patients. However, their functional participation
on tumor cell biology remains unknown (25-27).

We have confirmed recently described reduction in expression
levels of miR-128a, miR-133b and miR-328 in GBM tissue. From
these, miR-128a has been the most frequently observed miRNA to
be downregulated in GBM (6,17,18), where it is involved in negative
regulation of mesenchymal signaling pathway and, thus, could be an
useful biomarker of novel clinically relevant molecular taxonomy of
GBM (1,28). In agreement with our results, several authors described
downregulation of miR-328 in GBM and, moreover, there are studies
showing negative correlation between miR-328 expression and malig-
nant progression of gliomas and positive relationship with prognosis
(17,29). This is probably due to the ability of miR-328 to participate
on regulation of Wnt signaling pathway and/or ABCG2 expression
(30,31). In concordance with our work, Silber et al. described down-
regulation of miR-133b in GBM suggesting its tumor suppressive func-
tioning (17). Decreased expression levels of miR-133b in other cancers
and its tumor suppressive role mainly through targeting CXCR4 and
EGFR signaling were recently published (32-34), which both were
several times described also in relation to GBM molecular pathology.

Excepting miR-21, we observed higher expression levels of miR-
10b*, miR-155 and miR-196b in GBM tissue in accordance with the
earlier published works (6,16,17). Oncogenic functioning of miR-155
in GBM is well described. In addition to generally observed increased
levels in tumor tissue, its expression inversely correlated with both OS
and PFS in GBM patients (35-37). miR-155 regulates glioma cell pro-
liferation, apoptosis, migration, invasiveness as well as chemoresist-
ance to taxol through targeting MXI1 (antagonist of c-Myc), FOXO3
and/or GABA receptors (36-39). Much less is known about the two
other upregulated miRNAs: miR-196b and miR-10*. High expression
of miR-196b GBM tissue was recently observed, and upregulation of
miR-196b confers a poor prognosis in GBM patients (40,41). miR-10*
(miR-10b-3p), unlike its stem-loop precursor counterpart miR-10b-5p,
is not well known and was not described in GBM yet and there are only
a few references available in other cancers till now. This miRNA has
been upregulated in saliva samples of esophageal carcinoma patients
and in older melanoma patients (42,43). On the other hand, this miRNA
has been downregulated in breast carcinoma and endometrial serous
adenocarcinoma (44,45). If we consider miR-10b* to have similar func-
tional properties as miR-10b, which functioning in cancer cell is well
described, its role in GBM would be more probably oncogenic (46,47).

In the second part of our study, logistic regression revealed six-
miRNAs signature (miR-31, miR-224, miR-432*, miR-454, miR-672
and miR-885-5p) that is associated with clinical outcome of GBM
patients treated with chemoradiotherapy. Interestingly, all miRNAs,
except miR-454, were significantly deregulated in tumor tissue

S10T ‘€1 Axenuef uo WYHSNI ¥ /B10'S[eWnofpioyxo' uraresy/:dny woy papeofumoq



in our GBM patient cohort (Supplementary Table S2, available at
Carcinogenesis Online). Three miRNAs (miR-31, miR-224 and miR-
885-5p) were studied earlier in relation to gliomas (Supplementary
Table S3, available at Carcinogenesis Online). In accordance with our
findings, miR-224 was described to be significantly upregulated in
glioma tissues and associated with survival of GBM patients (48). On
the contrary, miR-31 and miR-885-5p showed lower expression levels
in glioma cells, which also in agreement with our findings (47-50).
Because of its significant downregulation in GBM tissues as well as
its tumor suppressive character in relation to the GBM patient’s sur-
vival, miR-31 was chosen for the following in vitro functional analy-
ses. In accordance with the earlier observation, ectopic expression
level of miR-31 led to the significant decrease of cell proliferation in
all examined GBM cell lines indicating its tumor suppressive function
in GBM. Moreover, in recent studies was observed that both miR-31
and miR-885-5p reduced migration and/or invasiveness of glioma cell
lines suggesting their role in progression of gliomas and their prog-
nosis (47-50). To our knowledge, miR-432*, miR-454 and miR-672
have not been observed till now as associated with any type of cancer.

Risk Score calculated on the basis of this six-miRNAs signature
has been significantly associated with PFS and OS in KaplanMeier
analyses. Our data showed that patients with higher Risk Score have
statistically worse prognosis than patients with Risk Score under cut-
off value. Our study confirmed well-described prognostic potential
of methylation status of MGMT promoter in GBM patients, who
underwent adjuvant concomitant RT/TMZ therapy. Ability of MGMT
methylation status to predict clinical outcome of GBM patients was
considerably lower in comparison with our six-miRNA-based Risk
Score. Furthermore, univariate Cox regression analysis revealed that
Risk Score and methylation status of MGMT gene promoter signifi-
cantly correlate with OS and following multivariate Cox regression
analysis confirmed Risk Score to be the independent prognostic factor.
Similar results were reached also in relation to the PES. Interestingly,
common prognostic factors in GBM like performance status or extent
of resection have not been associated with PFS and OS. This is
probably due to the fact, that our cohort of GBM patients is highly
homogenous and total/subtotal resection and performance status 1 or
2 comprised 86 and 90 percentages of cases, respectively.

Finally, we performed independent validation analysis of our results
by use of TCGA dataset for OS prediction. Despite the fact that only
four miRNAs (miR-31, miR-224, miR-432* and miR-454-3p) from
six-miRNA prognostic signature were available in TCGA datasets for
calculation of Risk Score, GBM patients having Risk Score below the
median survived significantly longer time in KaplanMeier analysis.
This confirmed our findings from explorative part of this study where
higher Risk Score was associated with poor prognosis of GBM patients.

Overall, Risk Score based on six-miRNA signature showed sig-
nificant superiority in prediction of clinical outcome of GBM patients
when compared with MGMT methylation status as reference method.
Multivariate Cox analysis indicated that the Risk Score based on six-
miRNA signature is an independent prognostic classifier of GBM
patients. Therefore, we suggest that the Risk Score presents promis-
ing prognostic algorithm with potential for individualized treatment
decisions in clinical management of GBM patients.

Supplementary material

Supplementary Tables S1-S3 can be found at http://carcin.oxford-
journals.org/.
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ticky a prakticky podané informace o problematice sekundarnich mozkovych nador( s dirazem na jejich vyuzitelnost v denni
klinické praxi. S rozsifujicimi se lé¢ebnymi moznostmi, véetné operacnich vykon( a moderni cilené terapie a imunoterapie, Ize
do budoucna ocekévat vice personalizovany pfistup v 1é¢bé tohoto onemocnéni.

Klicova slova: mozkové metastédzy, neurochirurgie metastaz, cilend terapie, imunoterapie.

Diagnosis, surgery and systemic treatment of brain metastases

Secondary brain tumors, brain metastases, develop in up to 30-40% of all solid tumor cancer patients, with increasing incidence.
The aim of this review is to provide both basic as well as current information on up-to-date treatment options for patients with
brain metastases except of radiotherapy, which is discussed in separate, company review. The aim is, in accordance with the focus
of the journal, to provide didactical and practical information on the issue of secondary brain tumors with an emphasis on their
usefulness in daily clinical practice. With increasing therapeutic options, including surgery and advanced targeted therapy and
immunotherapy, a more personalized approach to the treatment of this disease can be expected in the future.

Key words: brain metastases, neurosurgery, targeted therapy, imunotherapy.

Uvod do problematiky z nejraznéjsich primérnich nddorl, kdy mezi  se tedy o velice heterogenni skupinu pacientd,
Sekundérni mozkové nddory (mozkové  nejcastéjsi patii bronchogenni karcinom, nd-  jejichZ terapeutické moznosti jsou dany také ty-

metastazy) vznikaji metastazovanim domozku  dory prsuy, ledvin a maligni melanom (1). Jednd  pem a rozsahem extrakranidlniho onemocnéni.
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Obr. 1. Ndhled grafického vystupu z http.//brainmetgpa.com/ pfi modelovém odhadu preZiti u pacienta s, respektive bez aktivacnich mutaci EGFR/ALK

u plicniho adenokarcinomu
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Based on the following selected factors:
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’ Diagnosis: Adenocersincine Diagnosis:

‘ Age: <70 years 0.5 Age:

‘ KPS: 90 - 100 1 KPS:

‘ Extra-cranial met.: Yes 0 Extra-cranial met.:

‘ Number of met.: 1-4 0.5 Number of met.:

1 Gene status: EGFR or ALK positive 1 Gene status:

[ Total GPA:

http://brainmetgpa.com/

Lécebny postup solitdrni mozkové metastazy
tak bude odlidny u silné predléceného pacienta
s lokéIné progredujicim bronchogennim nado-
rem a s mnohocetnymi aktudlné progredujici-
mi viscerdInimi metastazami a u jiné modelové
pacientky s odlé¢enym nadorem prsu a nové
diagnostikovanou solitdrni mozkovou metasta-
zou jakoZto jedinym mistem aktudlni progrese
onemocnéni. Za zékladni studijni material |ze
povazovat, krom mnoha piehledovych ¢lankd
jako je napfiklad review od Archol a kol. publiko-
vané na zac¢atku roku 2019 v Nature Reviews (2),
oficidlni doporuceni evropské neuroonkologické
asociace (EANO guidelines) z roku 2017 (3).

Cilem tohoto pfehledového ¢lanku je po-
skytnout zakladni a zarover aktudini informace
o soucasnych lé¢ebnych moznostech pacientt
s mozkovymi metastédzami. Snahou je, v souladu
se zamérenim Casopisu Onkologie (spole¢nost
Solen), poskytnout didakticky a prakticky po-
dané informace o problematice sekundérnich
mozkovych nadord s dlirazem na jejich vyuzi-
telnost v denni klinické praxi.

Mozkové metastazy jsou nejcastéjsim na-
dorovym onemocnénim mozku s asi deseti-
nasobnou incidenci v porovnani s primarnimi
mozkovymi nadory. Odhaduje se, Ze k rozvoji
mozkovych metastdz dochazi az u 30 % pacien-
td se solidnimi nadory (4). Lze dlivodné pfedpo-
kladat, ze incidence bude nadéle vzristat diky
vétsi dostupnosti magnetické rezonance a pie-
devsim diky rozsifujicim se indikacim moderni
systémové terapie (cilend lé¢ba, imunoterapie),
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kterd viak jen omezené proniké do centralniho
nervového systému (CNS), vedoucim k obecné
deldimu celkovému prezivani diseminovanych
pacientd, u kterych pak stoupa riziko dal3i dise-
minace do této lokality.

Progndza pacientd s mozkovymi metasta-
zami je i pfes vy3e naznacené Uspéchy moderni
onkologické |é¢by nadéle velice vazna s medié-
ny celkového preziti uddvanymi v fadu mésica.
Existujf ale velké rozdily v pfezivani jednotlivych
pacientd, kdy |ze u nékterych pacientd doséh-
nout kombinovanou onkologickou lé¢bou pe-
Zitf (a to s dobrou kvalitou Zivota) az nékolika
let (5). V souvislosti s reportovanim klasickych
onkologickych lé¢ebnych cilt (celkové prezZiti
nebo pfeZiti do progrese) je nutné poznamenat,
Ze se v piipadé lécby mozkovych metastaz jedna
vzdy o |é¢bu s paliativnim zémérem (s tzv. krat-
kodobym nebo tzv. dlouhodobym paliativnim
zamérem), kdy neni hlavnim cilem prodlouzeni
celkového preziti, ale udrzeni, nebo dokonce
zlep3eni, kvality Zivota a neurokognitivnich funk-
ci (6). Teprve v poslednich letech jsou k dispozici
vysledky randomizovanych studii, které jsou pfi-
mo designované k posouzeni vlivu jednotlivych
|é¢ebnych intervenci na kvalitu Zivota jakoZto
primarniho cile téchto studii (7, 8).

Vzhledem k popisovanym rozdiliim v pfezi-
vani pacient( je odhad progndzy u konkrétnino
pacienta s nové diagnostikovanou metastédzou
extrémné dulezity pfi rozvaze o nejvhodnéjsim
diagnosticko-terapeutickém postupu. V této
souvislosti je nutno, predeviim pro neurochi-

30: 5.5 - 24.6 months

Based on the following selected factors:

Lung Cancer
Adenocarcinoma

|
< 70 years 0.5 ‘
90 - 100 1 ‘
Yes 0 ‘
1-4 0.5 i
EGFR and ALK neg/unknown 0 1
Total GPA: 2 1

http://brainmetgpa.com/

rurgy a radioterapeuty, zdlraznit vhodnost
konzultace osetfujiciho klinického onkologa,
ktery zna pacienta dlouhodobé, véetné detailnf
historie tolerance pfedchozi onkologické éCby.
Navic je duleZité znat, jaké jsou daldi moznosti
systémové onkologické lé¢by. V denni rutinni
praxi jsou také neocenitelnou pomUckou nejriiz-
néjsi prognostické skorovaci systémy umoznujici
u daného pacienta validni odhad celkového
preZiti (9). Nejzndméjsim, pfes dvacet let uZiva-
nym, systémem je RPA (Recursive Partitioning
Analysis - statistickd metoda multivariacni analy-
zy), pomoci kterého Ize zhodnocenim celkového
vykonnostniho stavu (Karnofsky index), véku,
kontroly primédrniho onemocnéni a pfitomnosti
extrakranialnich metastéz rozdélit pacienty do
tfi skupin s predikci medianu preZiti 7,1 mésice,
4,2 mésice a 2,3 mésice (10). V soucasné dobé
existuje bezpocet dalsich skdrovacich systémd,
zohlednujicich mimo jiné i molekuldrné biolo-
gické charakteristiky danych nador( (napf. akti-
vacni mutace EGFR u nemalobunécénych plic-
nich néddort, mutace BRAF V600 u melanomu).
Pro denni ambulantni praxi lze doporucit online
dostupné systémy. Piikladem je DS-GPA (disease
specific graded prognostic assessment) dostup-
ny online na http:/brainmetgpa.com/ (11). Tak
napiiklad odhad celkovénho pfeZiti u pacienta
(vék < 70 let, Karnofsky 90, pritomny extrakra-
nidIni metastazy a jedna mozkova metastdza)
s plicnim adenokarcinomem a aktiva¢nimi EGFR
a ALK mutacemi je 26,5 mésicd, ale bez téchto
mutaci pouze 13,7 mésict (néhled grafického
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Obr. 2. Priklady MR ndlezd mozkovych metastdz. A: objemnd metastdza v mozecku, B: drobnd metastdza
v centrdini krajiné vpravo, C: mnohocetné metastdzy supra- a infratentoricdlné

vystupu z http://brainmetgpa.com/ na obrazku
1). Dalsi rozvoj individuélnich prognostickych
indexd je nutny u specifickych skupin pacientd,
jako jsou napf. pacienti po metastazektomii, kdy
je popisovéna vyrazna geneticka diverzifikace pfi
srovnani molekularniho profilu ptivodniho pri-
marniho tumoru a metastatického onemocnéni
(12). Na zakladé této skutecnosti je tedy pomérné
obtizné presnéji predikovat preziti. | pfes zmi-
nované individualizované prognostické indexy
(pro pacienty po metastazektomii, pro pacienty
s primédrnim nddorem plic, melanomem apod.)
je nutné zddraznit obecné prognostické faktory
platné pro viechny pacienty. Piedeviim se jedna
o celkovy stav pacienta (jakoZto samostatné kri-
térium determinujici kohortu pacientd s nejhorsf
progndzou v jiz zminiovaném RPA skérovacim
systému), nebo rozsah nové diagnostikovaného,
piipadné jiz IéCeného extrakranidlniho onemoc-
néni. V pripadé kontrolovaného extrakranidlni-
ho onemocnéni se da predpokladat také vétsi
pravdépodobnost kontroly intrakranidlniho
onemocnéni, kdy mohou mit tito pacienti be-
nefit z agresivnéjsi éby mozkovych metastaz,
véetné vice sofistikovanych metod radiotera-
pie s efektem priznivéjsiho profilu nezadoucich
Gcinku (alterace neurokognitivnich funkci). Tato
problematika je blize diskutovéna v navazujicim
¢lanku o radioterapii mozkovych metastaz, jez
bude nésledovat.

Klinické pfiznaky a diagnostika
mozkovych metastaz

Velkd variabilita v klinickych pfiznacich je da-
na mimo jiné lokalizaci metastazy (napf. centralni
krajina, mozecek, temporalni lalok dominantni
hemisféry) a pfitomnosti perilezionalniho oto-
ku, ktery je pro metastazy typicky, nebo napf.
zakrvacenim, které se castéji vyskytuje u né-
kterych histologickych typu. Velikost metastazy

www.onkologiecs.cz

nekoreluje pfimo s velikosti otoku, ktery muze
byt velice rozsahly i u malych solitérnich |ézi
a naopak nemusf byt pfitomen u velkych me-
tastaz (obrézek 2A). Mezi typické priznaky patfi
loZiskova iritacni (epilepsie) nebo zénikova (paré-
za, hypestezie) neurologickd symptomatologie
a/nebo intrakranidlni hypertenze projevujici se
bolestmi hlavy, zévratémi, nevolnosti a zvrace-
nim, pripadné dvojitym vidénim (13). Na druhou
stranu, mozkové metastazy mohou byt dlouho
asymptomatické a pacienti jsou diagnostiko-
vani jiz s rozsdhlym postizenim CNS. Dal$imi
symptomy mozkovych metastdz jsou nahlé neu-
rokognitivni a psychické zmeény u pacienta. Na
moznost mozkovych metastédz je nutno pomys-
let vzdy pfi objeveni se uvedenych symptoma
u onkologickych pacientd, predeviim u vy3e
jmenovanych primarnich nadord.

Mozkové metastazy jsou nejcastéji diagnos-
tikovany pomoci zobrazovacich metod (CT, MR)
indikovanych pro typické neurologické symp-
tomy, pfipadné v pribéhu stagingu nadorového
onemocnéni u asymptomatickych pacientd.
Staging CNS je doporuc¢ovan u pacientd s no-
vé diagnostikovanym malobunécnym plicnim
karcinomem. U nemalobunécnych plicnich kar-
cinom je provadéni vstupniho stagingu v ob-
lasti CNS diskutabilni, Ize ho doporucit u lokélné
velmi pokrocilych nalezd, pfipadné u vyskytu
extrakranidlnich metastaz.

V ramci akutni diagnostiky je ¢asto indiko-
vano CT vysetfeni, nicméné za zlaty standard
nutno povazovat vy3etfeni magnetickou rezo-
nanci, kdy je preferovanou sekvenci T1 vazené
zobrazeni s aplikaci kontrastnf latky. Nejcastéji
je pozorovéana kortikosubkortikalné lokalizova-
né kulovita sytici se léze s ostrou hranici oproti
okolni tkéni a s perifokdlnim edémem. Nélez na
MR je asto urlujici v rozvaze o nejvhodnéjsim
terapeutickém postupu (obrazek 2). MR zob-
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razovanf je také dilezité v rdmci sledovéani po
|é¢bé. Nejzndméjsi RECIST (Response Evaluation
Criteria in Solid Tumors) kritéria, pouzivana
pfedevsim pii hodnoceni lé¢ebné odpovédi
extrakranialnich lézi, majf urdité limitace v hod-
noceni mozkovych metastaz (pfedeviim ne-
berou v potaz neurologické symptomy nebo
uzivani kortikoid(). RANO (Response Assessment
in Neuro-Oncology) pracovni skupina je mul-
tidisciplindrni mezindrodni uskupeni pracujicf
na definovani a zavedeni systém( hodnoceni
|é¢ebné odpovédi v oblasti CNS. Bylo publi-
kovéno nékolik doporuceni stran mozkovych
a leptomeningeélnich metastéz (14, 15), kdy je
zohlednén také celkovy stav pacienta, nebo
uzivani kortikoidd, v¢etné stavu extrakranidlniho
onemocnéni (RANO-BM, tabulka 1). Zvlastni po-
zornost je potfeba vénovat hodnoceni prvnich
MR snimkd po cilené stereotaktické vysoko-
dévkované radioterapii a radiochirurgii, kdy je
¢asto pozorovan fenomén pseudoprogrese (16).
V rutinni praxi je tedy pii hodnoceni MR nalez{
dllezita spoluprace radiologa a o3etrujiciho kli-
nického onkologa, respektive radioterapeuta.

Chirurgicka lécba
mozkovych metastaz
Neurochirurgicky vykon je nejcastéji indiko-
van u pacientd s chirurgicky dostupnou solitarni
metastazou, kteff jsou v dobrém celkovém stavu
a s absenci extrakranidlniho onemocnéni, resp.
v pfipadech dobre kontrolovanych extrakra-
nidlnich metastaz, pfipadné u pacientl s per-
spektivou daldi systémové terapie. Predeviim
u pacientll s objemnou metastazou a velkym
perifokdlnim edémem je intervence spojena
s velkym klinickym zlepsenim v disledku de-
komprese. Zvl&sté u takovychto pacientl nelze
od alternativni [é¢ebné metody - radiotera-
pie — oCekavat vétsi klinicky benefit. Opera¢ni
vykon v takovém pfipadé také umozni snizeni
nebo vysazeni kortikoterapie. Pfi rozhodovani
o indikaci chirurgického feseni je vhodné vzit
v potaz také mozZnosti daného onkologického
pracovisté (napf. dostupnost stereotaktické ra-
dioterapie), jelikoz chirurgické fesenf solitarni
metastdzy nasledované WBRT je doporucovano
jako preferovana lécba pred pouhym WBRT (17).
Nezanedbatelnym vystupem neurochirurgic-
kého vykonu je ziskani tkané pro histologické
vysetieni, coz je dlilezité nejen u pacientl s ne-
zndmym primem onemocnéni, ale i u viech
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ostatnich pacientl vzhledem k moznosti mo-
lekuldrni subtypizace onemocnéni mozku. Do
budoucna Ize ocekavat ¢im dél vétsi uplatnéni
cilené lé¢by mozkovych metastaz, kdy aktuali-
zace molekularniho profilu mze mit prediktivni
vyznam s identifikaci novych terapeutickych
cilovych molekul. Cilem operac¢niho fedeni je
ale predevsim zachovani a/nebo zlepeni kvality
Zivota pacienta. MoZnosti operacniho feseni je
tak nutno zvaZovat s ohledem na elokventnost
(funkéni dtlezitost) dané lokality, moznosti jiné
terapie a predevsim s ohledem na celkovy stav
a progndzu pacienta. Operace metastazy v elo-
kventni oblasti mozku tak v absolutni vétsiné
neni indikovana k operacnimu fedeni (metastézy
v elokventnich oblastech mozku, obrazek 2B).
Naopak ¢asto z odstranéni nadoru klinicky
vyrazné profituji pacienti s metastazou v moze¢-
ku, zejména pokud je soucasné pritomen ob-
strukeni hydrocefalus, ne ziidkavym postupem
je pravé selektivni resekce cerebelarni metastazy
s pokracovéanim lé¢bou pomoci radioterapie. Na
vétdiné neurochirurgickych pracovist je hlavnim
morfologickym kritériem k indikaci opera¢ni/
neoperacni |écby kromé lokalizace také veli-
kost metastézy (> 3 cm) a déle jejich celkovy
pocet. Zcela vyjimecné neurochirurg provede
resekci 2 metastaz najednou, tento postup pre-
feruje, pokud je moZno pouzit stejny pfistup
nebo neménit polohu pacienta pfi jednodobé
operaci, napiiklad pfi resekci metastazy v zadni
jamé lebnf a okcipitalné. Urgentni nacasovani
operace, kromé resekce v zadni jamé lebni, vy-
Zaduje i deteriorace neurologického stavu pfi
prokrvaceni metastézy. Vhodnd je i individudlni
domluva neurochirurga s radioterapeutem (ze-
jména v pripadé planovani SRS), v pfipadé velké
cystické slozky metastazy, kdy neurochirurg re-

sekcijeji stény a zmensenim celkového objemu
nadoru (zejména pokud solidni ¢ast zasahuje
do elokventnich oblasti) pfipravi podminky pro
stereotaktické vysokodavkované ozéren.

Pooperacni lé¢ba je blize diskutovana v sa-
mostatném piehledovém ¢lanku navazujicim
na tuto préci.

Systémova lécba
mozkovych metastaz

Systémové terapie mozkovych metastédz je
obecné velice limitovana, jednak predlécenosti
vétsiny pacientd, jednak pfitomnosti hematoen-
cefalické bariéry, kterd brani efektivnimu prdini-
ku vétdiny léciv s protinadorovym Gcinkem do
mozku. Proto je témér vzdy nejprve zvazovéna
moznost operace nebo radioterapie (SRS, SRT,
WBRT). O tom, zda se rozhodneme indikovat
také chemoterapii, cilenou lé¢bu nebo moderni
imunoterapii rozhoduje vzdy nékolik faktord.
K zakladnim patfi celkovy stav pacienta a jeho
spolupréce, rozsah mozkového postizeni, moz-
nosti chirurgické ¢i radioterapeutické écby, kon-
trola extrakranidlnich metastéz a samoziejmé
i pravdépodobnost ovlivnéni daliho pribéhu
celého onemocnéni. Zakladnim pfedpokladem
intrakranidlni G¢innosti systémové lécby je vedle
prostupnosti léku pies hematoencephalickou
bariéru také jeji vysoka orgdnove specificka efek-
tivita. V pripadé chemoterapie Ize zvazit indikaci
cytostatik u chemosenzitivnich malignit, jako
jsou germinaIni nadory, malobunécny plicni kar-
cinom, pifpadné karcinom prsu (napf. cisplatina,
karboplatina, etoposid, cyklofosfamid, ifosfamid,
vinkristin, 5-fluorouracil, kapecitabin). Naopak
u pacientd s primdrné chemorezistentnimi tu-
mory, mezi néz patfi maligni melanom nebo
hepatoceluldrni karcinom, je indikace paliativni

Tab. 1. Piehled RANO-BM kriterif hodnoceni mozkovych metastdz (14)

chemoterapie sporna, protoze celkové preZit
zasadné neovlivni. V piipadé modernich lékd
z oblasti cilené lé¢by a imunoterapie s checkpo-
int inhibitory je situace sloZitéjsi. Diive probéhlé
velké randomizované klinické studie budto pa-
cienty s mozkovymi metastdzami nezarazovaly
nebo metastazy musely byt osetieny chirurgicky
¢iradiochirurgicky a nesmély byt aktivni (symp-
tomatické). Doporuceni byla proto dfive nejasna.
S postupem casu se ale ukézalo, Ze moderni
cilend |é¢ba a imunoterapie mzZe byt u pacien-
tl s mozkovym postiZzenim stejné efektivni jako
u extrakranialnich metastéz, a to i bez pfedchozi
operace nebo radioterapie. Nejdfive se objevo-
valy pozitivni vysledky z retrospektivnich analyz
malych soubord. Nyni jiz mame u nékterych
diagnéz vysledky i z prospektivnich studi.

V pfipadé pacientd s nemalobunéénym plic-
nim karcinomem lze jmenovat napiiklad EGFR
tyrozinkindzovy inhibitor 3. generace osimertinib
nebo ALK inhibitor alectinib (18). U pacientek
s HER2 pozitivnim nddorem prsu (19) (kde je re-
lativné vét3i riziko rozvoje mozkovych metastéz)
nutno zminit studii LANDSCAPE, jednoramen-
nou prospektivni studii hodnotici efekt tyrozin-
kindzového inhibitoru lapatinibu podévaného
v kombinaci s kapecitabinem u pacientek s HER2
pozitivnimi karcinomy prsu a mozkovymi me-
tastazami (20). Objektivni odpovéd na lé¢bu byla
pozorovana u 66 % pacientek (20). U maligniho
melanomu s mozkovymi metastazami mame
dnes k dispozici vysledky jak studie s cilenou
lécbou pfi mutaci onkogenu BRAF, tak simu-
noterapif (21).

Lepsi vysledky lze ocekdvat u pacientd
s asymptomatickym mozkovym postizenim. Dle
studie 2. faze COMBI-MB s dabrafenibem a tra-
metinibem dosahuje ¢etnost intrakranialnich

Kompletni odpovéd' | Casteéna odpovéd Stabilizace nemoci Progrese

Cilové léze Zadné = 30% zmens3eni souctu < 30% zmen3eni vzhledem k vychozimu | = 20% zvétSeni souctu
nejdelSich rozmérd vzhledem | stavu, ale < 20% zvétSeni souctu nejdelich rozmérd vzhledem
k vychozimu stavu nejdel3ich rozmérd vzhledem k nddoru | k nddord!’

Necilové léze Z4dné Stabilni nebo zlepsené Stabilni nebo zlepsené Jednoznacné zhorsenf'

Nové(é) léze? Zadné Zadné Zadné Piitomna(y)’

Kortikosteroidy Z&dné Stabilni nebo snizeni Stabilni nebo snizeni Nerelevantni®

Klinicky stav Stabilni nebo zlepseni | Stabilni nebo zlepseni Stabilni nebo zlepseni Zhorseni'

Potfebné splnéni pozadavkd | Vie Vie Vie Jakykoliv®

pretrvavajiciho zhorseni klinického stavu.

U pacientd s vice jak jednou méfitelnou I€zi je celkem az 5 metastaz (5 nejvétsich) oznaceno za cilové léze.
1) Progrese nastava, je-li spInéno toto kritérium. 2) Nova |éze je ta, ktera se neobjevuje na predchozich snimcich a je viditelnd minimalné ve dvou projekcich.
Pokud je nova léze nejednoznacnd, napfiklad vzhledem k malé velikosti, mze se zvazit pokracovani 1é¢by a to, zdali nové léze predstavuje skute¢nou progresi, se
objasni béhem sledovani. Pokud opakovany sken s jistotou potvrdi novou lézi, méla by byt konstatovéna progrese k datu ptvodniho vy3etfent, které 1ézi odhalilo.
Pri imunoterapii nové léze samy o sobé nedefinuji progresi. 3) Navyseni davky kortikosteroidd samo o sobé neni brano pfi hodnoceni progrese v potaz bez
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odpoveédi 58 % (4 % kompletnich remisi) (22).
Dostatecné efektivni se jevi i imunoterapie, jejiz
nespornou vyhodou je vétsi $ance na dlouho-
dobou lécebnou odpovéd. Dle publikovanych
vysledkd studif 2. faze (ABC trial a CheckMate
204) se jevi jako nejucinnéjsi kombinace ipili-
mumabu a nivolumabu (¢etnost odpovédi
46-56%, Cetnost intrakranidlnich kompletnich
remisi 17-26 %) (23, 24).

Do budoucna Ize predpokladat rozsifovani
indikaci k podavani modernich pfipravkd sys-
témové terapie, které spolu s daldim rozvojem
neurochirurgickych a radioterapeutickych po-
stupl diskutovanych v tomto piehledovém
¢lanku, povede k dalsi optimalizaci 1é¢by paci-
entd s mozkovymi metastdzami. Urcitou limitaci
mohou byt pravidla Uhrady moderni [éCby.

Podpurna
a symptomaticka lécba

Nedilnou soucésti je také podpirné a symp-
tomaticka terapie. Mezi systémovou |écbu se
fadi také kortikoterapie, kterd je indikovana
prakticky u vech pacientd, minimalné v dobé
diagnézy mozkovych metastaz (2, 25). | kdyz
jsou kortikoidy v neuroonkologii pouZzivéany jiz
nékolik desitek let, nejsou k dispozici jednoznad-
né data a doporuceni stran spravného dévko-
vani. U jednotlivych pacientl je potieba brat
v potaz také cetné nezddouci Ucinky, pfedeviim
pii dlouhodobém uzivani (hyperglykemie, pro-
ximélni myopatie, gastritida, perforace stieva,
infekce, orédIni kandidéza, osteopenie, psychické
zmény, trombembolické pfihody, cushingoidni
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Abstract

- NF-«B signalling pathway

¢ Single nucleotide polymorphisms and miRNAs:
risk factors for glioblastoma

* miRNAs in glioblastoma prognosis and prediction of therapeutic
response

¢ miRNAs involved in drug resistance of glioblastoma

* miRNAs as potential therapeutic targets

¢ Conclusions

MicroRNAs (miRNAs) are endogenously expressed small non-coding RNAs that act as post-transcriptional regulators of gene expres-
sion. Dysregulation of these molecules has been indicated in the development of many cancers. Altered expression levels of several
miRNAs were identified also in glioblastoma. It was repeatedly found that miRNAs are involved in important signalling pathways, which
play roles in crucial cellular processes, such as proliferation, apoptosis, cell cycle regulation, invasion, angiogenesis and stem cell
behaviour. Therefore, miRNAs represent promising therapeutic targets in glioblastoma. In this review, we summarize the current knowl-
edge about miRNAs significance in glioblastoma, with special focus on their involvement in core signalling pathways, their roles in drug
resistance and potential clinical implications.

Keywords: glioblastoma ® microRNAs = prognosis  prediction ® therapeutic targets

Introduction

Glioblastoma is the most frequently occurring primary malignant
brain tumour, with an incidence of 355 new cases per 100,000
Caucasians per year. Despite introduction of modern therapeutic
approaches, this cancer remains associated with very poor prog-
nosis characterized by median overall survival less than 1 year
[1,2]. For glioblastoma, rapid diffuse and infiltrative growth with
high level of cellular heterogeneity associated with therapeutic
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resistance is typical. There are also multiple genetic alterations
characteristic for glioblastoma. Primary glioblastoma arising de
novo is often characterized by EGFR amplification and PTEN muta-
tions, whereas TP53 mutations are typical for secondary glioblas-
toma developing from lower-grade astrocytomas. Nevertheless,
this distinction is not absolute and both glioblastoma types may
harbour other genetic and chromosomal changes, for example, the
loss of heterozygosity (LOH) 10q is the most frequent aberration
in both primary and secondary glioblastomas [3,4].

miRNAs are small non-coding RNAs, 22-nt in length that guide
post-transcriptional gene silencing of their mRNA targets. miRNAs
are encoded by genes that are presumably transcribed into long
primary miRNAs (pri-miRNAs) by RNA polymerases II/Ill [5].
Afterwards, RNase Il enzyme converts pri-miRNAs into pre-miRNAs

© 2011 The Authors
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hairpin transcripts. At last, pre-miRNAs are processed into mature
miRNAs that are incorporated into a ribonucleoprotein complex
RISC. Within RISC, miRNAs act as specific determinants, whereas
protein components achieve target mRNA silencing [6].
Deregulation of miRNAs can affect carcinogenesis if their mRNA
targets are encoded by oncogenes or tumour suppressor genes;
overexpression, silencing or switching off specific miRNAs have
been described in carcinogenesis of glioblastoma. Up-regulation
of mature miRNA may occur as a consequence of transcriptional
activation or amplification of the miRNA encoding gene, whereas
silencing or reduced expression may result from deletion of a par-
ticular chromosomal region, epigenetic silencing, or defects in
their biogenesis [7]. In this review, we summarize recent work on
miRNAs, with emphasis on their alterations and roles in glioblas-
toma pathogenesis and their potential used as disease biomarkers
or novel therapeutic targets.

miRNAs signatures of glioblastoma
tissue and cell lines

Global analysis of miRNA expression profiles of both glioblastoma
tissues and glioblastoma cell lines allowed to identify a group of
miRNAs with significantly altered expression in this tumour. When
primary glioblastoma tissue was compared to non-malignant
brain tissue, expression levels of nine miRNAs were significantly
increased, whereas levels of four miRNAs were decreased (Table 1).
The most significant results indicated strongly overexpressed
miR-221, and down-regulated, miR-128a, miR-181a, miR-181b
and miR-181c from a set of brain-enriched miRNAs [8]. The same
authors performed miRNA expression analysis of 10 glioblastoma
cell lines using identical methodic approach and data analysis.
Interestingly, miRNAs underexpressed in glioblastoma cell lines
generally confirmed primary tumour data, whereas only miR-21
and miR-221 that were overexpressed in tumours were deregu-
lated also in the cell lines [8].

In another study, Slaby et al. evaluated expression profiles of
eight miRNAs in glioblastoma tissues compared to non-malignant
brain tissues from areas surrounding arteriovenous malformation
(AVM). In glioblastoma tissue, only miR-21 and miR-125b were
overexpressed, whereas six miRNAs were down-regulated (Table 1)
[9]. In contrast to previous study, approximately four-fold lower
levels of miR-221/222 were observed in glioblastomas in compar-
ison to the adult ‘normal-like’ brain tissue. Authors discussed that
it is likely that the brain tissue, although excised from the margin
of resection material, contained traces of micro-capillaries from
around the AVM. It is generally known that very high levels of miR-
221/222 are found in endothelial cells. This could be responsible
for the apparently low levels of miR-221/222 in glioblastomas
despite their absolute levels being comparable to previously pub-
lished reports [9].

Taken together, only miR-21 and miRNA-181 family were sig-
nificantly and consistently altered in all three studies (Table 1).

© 2011 The Authors
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Involvement of miRNAs in core
glioblastoma signalling pathways

Glioblastoma development has been linked to progressive acquisi-
tion of mutations in genes with a crucial role in cell growth, prolif-
eration and programmed cell death. As shown in many different
studies, miRNAs might perfectly fit and integrate model of glioblas-
toma pathogenesis by controlling its core signalling pathways [3].

EGFR and PI3K/AKT signalling pathways

The epidermal growth factor receptor (EGFR) signalling network
contributes to promotion and progression of a broad spectrum of
solid tumours; it is a promising and, at least for some tumours, a
validated target for anticancer therapy. Stimulation of the EGFR
and, subsequently, KRAS signalling, lead to activation of numer-
ous signal transduction molecules initiating a cascade of down-
stream effectors that mediate tumour growth, survival, angiogen-
esis and metastasis [10].

Several recent reports have also identified up-regulation of
miR-21 in glioblastoma tissue [8,9]. Consequently, mechanistic
studies identified mRNA targets of miR-21 among important
components of the EGFR signalling pathway. Glioblastoma cell
lines U251 (mutant PTEN) and LN229 (wild-type PTEN) showed
a decreased expression of EGFR, activated AKT, Cyclin D and Bcl-
2 after treatment by miR-21-specific antisense oligonucleotide
[11]. Although miR-21 is known to regulate PTEN and down-reg-
ulation of miR-21 led to increased PTEN expression, the glioblas-
toma suppressor effect of antisense-miR-21 is most likely inde-
pendent of PTEN status because U251 has mutated PTEN
[11,12]. Oncogenic phenotype indicates also miR-26a, which is
highly up-regulated in glioblastoma tissue [8]. Phenomenon of
PTEN down-regulation followed by AKT activation was described
after transfection of glioblastoma cells with the primary transcript
of miR-26a-2. Similarly, the miR-26a mimics decreased PTEN
protein levels and increased AKT phosphorylation [13,14].
Modulation of AKT signalling cascade using miRNAs in glioblas-
toma cell lines was described also in Nan ef al. In this study,
transfection of miR-451 mimicked reduced expression levels of
Akt1, Cyclin D1, MMP-2, MMP-9 and Bcl-2. By contrast, miR-451
down-regulation led to increase in p27 levels. According to phe-
notypic experiments, miR-451 inhibited invasive ability, induced
cell cycle arrest in the GO/G1 phase, delayed the progression of
cell cycle, inhibited cell proliferation and induced apoptosis in
glioblastoma cells in vitro. To conclude, it seems that miR-451
affects glioblastoma cells via regulation of the PI3K/AKT sig-
nalling pathway [15].

Another miRNA involved in the EGFR signalling pathway is
miR-7. Kefas et al. published that miR-7 directly inhibited EGFR
expression via its 3’-UTR and independently suppressed the AKT
pathway via targeting upstream regulators, such as IRS-1 and
IRS-2. Moreover, transfection with miR-7 oligonucleotides
decreased viability and invasiveness of primary glioblastoma cell

1637
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Table 1 miRNAs significantly de-regulated in human glioblastoma tissues and glioblastoma cell lines

Ciafre et al. (2005) Slaby ef al. (2010)
miRNA C/P ratio L/B ratio (P) miRNA Fold change (P)
Up-regulated miR-9-2 1.88-10.16
miR-10b 1.97-13.6
miR-21 1.81-9.3 1.61 (0.008) miR-21 8.35
(<0.001)
miR-23a 6.22 (<0.001)
miR-23-b 3.28 (0.043)
miR-24-1 1.83 (<0.001)
miR-24-2 1.88 (<0.001)
miR-25 1.99-3.6
miR-123 1.9-2.45
miR-125b-1 2.19-2.73 miR-125b 1.45
(0.502)
miR-125b-2 1.95-2.88
miR-130a 2.11-5.3
miR-191 1.92 (0.008)
miR-220 1.68 (0.020)
miR-221 1.84-4.8 5.34 (<0.001)
miR-222-prec 2.43 (0.039)
Down-regulated miR-125b-1 0.31 (0.043)
miR-125b-2 0.39 (0.047)
miR-128a 0.34-0.56 miR-128a 0.03
(<0.001)
miR-128b 0.53 (0.008)
miR-181a 0.082-0.56 0.35 (<0.001) miR-181a 0.4
(0.073)
miR-181b 0.098-0.56 0.34 (0.005) miR-181b 0.28
(0.036)
miR-181¢c 0.096-0.56 0.49 (0.040) miR-181¢c 0.29
(0.043)
miR-197 0.33 (0.040)
miR-221 0.25
miR-222 0.22

C/Pratio represents the range of ratio between tumour samples values (C: centre of the tumour) and the control samples values (P: peripheral brain
area from the same patient). L/B ratio represents the ratio between averaged cell line samples values (L) and the control sample values (B); P value
is presented (t-test [8], Mann-Whitney U-test [9]).

lines [16]. Webster et al. confirmed that miR-7 down-regulates  another member of the EGFR signalling pathway, as a direct target
EGFR mRNA and protein expression in glioblastoma cell lines via  of miR-7 in cancer cells [17].

two of the three predicted sites, and induces cell cycle arrest and Godlewski et al. published that miR-128 expression significantly
apoptosis. Furthermore, these authors also described Rafl, reduced glioma cell proliferation in vitro and correspondingly

1638 © 2011 The Authors
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glioma xenograft growth in vivo. This effect was explained by direct
regulation of the Bmi-1 mRNA 3'-UTR, through a single miR-128
binding site. Bmi-1 expression was significantly up-regulated and
miR-128 was down-regulated compared to normal brain. In addi-
tion, miR-128 expression leads to a decrease in H3K27 methylation
and modulation of cellular pathways, especially p21°"! and Akt
involved in cell cycle arrest and survival [18]. Some of the investi-
gations supported by revelation that Bmi-1 transcriptionally down-
regulates expression of the tumour suppressor PTEN in tumour
cells through direct association with the PTEN locus [19].

Finally, miR-221 and miR-222 were revealed using bioinfor-
matics analysis as potential regulators of many target genes
involved in AKT signalling pathway. Up-regulation of miR-221/222
resulted in remarkable increase of p-Akt and significant changes in
expression of Akt-related genes in glioma cells. Consequently,
miR-221/222 overexpression increased glioma cell proliferation
and invasion in vitro and induced glioma growth in a subcuta-
neous mouse model. These results suggest that miR-221/222
enhance glioma malignant phenotype via activation of the AKT sig-
nalling pathway mediated by regulation of common gene expres-
sion (Fig. 1) [20].

p53, TGF-B and apoptotic signalling pathways

Papagiannakopoulos et al. reported that p53, TGF-g and mito-
chondrial apoptotic networks are de-repressed in response to
miR-21 knockdown. They published a panel of genes involved
in particular pathways and simultaneously modulated by miR-
21 treatment. From this panel, p63, JMY, TP53BP2, HNRPK,
TOPORS, IGFB3, APAF1, PPIF, TGFBR2/3, DAXX, HNRNPK were
predicted to be direct targets of miR-21 that can stabilize p53
protein levels by interfering with MDM2 and/or act as p53 tran-
scriptional cofactors [21]. Inhibition of miR-21 increased also
endogenous levels of PDCD4 in human glioma cell lines and
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Fig. 1 MiRNAs involved in EGFR and PI3K/AKT
signalling pathways. EGFR: epidermal growth
.., factor receptor; AKT: serine/threonine protein
"""" kinase Akt; PTEN: phosphatase and tensin
homologue; Bmi-1: polycomb ring finger
oncogene; Raf: raf kinase, effector of Ras;
IRS1/2: insulin receptor substrate 1/2; PI3K:
Phosphotidylinositol 3 kinase; MMP9/2: matrix
metallopeptidase 9/2; p27: cyclin-dependent
kinase inhibitor 1B (p27, Kip1); p21: cyclin-
dependent kinase inhibitor 1A (p21, Cip1); Bcl-2:
B-cell CLL/lymphoma 2; Grb2: growth factor
receptor-bound protein 2; SOS: son of sevenless
homologue 1; MEK: mitogen-activated protein
kinase kinase 1; ERK: extracellular signal-
regulated kinase. Dashed lines indicated indirect
regulation, solid lines indicate direct regulation.

activated caspases 9 and 3, which may be mediated by modu-
lating multiple potential target genes, such as TIMP3 [22,23].
Protein PDCD4 inhibits translation by its interaction with the
factor that initiates translation of elF4A and elF4G. PDCD4 also
inhibits proliferation via activation of p21c'P1 [6]. In addition,
specific inhibition of miR-21 led to elevated levels of RECK and
TIMP3 and therefore reduced MMP activities in vitro and in
model of gliomas in nude mice. Consequently, down-regulation
of miR-21 decreased migratory and invasive abilities in glioma
cells (Fig. 2) [24].

IFN-o/IFN-B signalling pathways

Interferons (IFNs) are cytokines released by lymphocytes that
have antiviral, antiproliferative and immunomodulatory effects.
They are connected with the JAK-STAT (Janus kinase-Signal
Transducer and Activator of Transcription) signalling cascade and
allow communication between cells to trigger protective defences
of the immune system leading to eradication of affected cells [25].

Insight into transcriptional regulation of miRNAs through both
intracellular and extracellular mechanisms is one of the funda-
mental ideas leading to understanding oncogenesis. Ohno et al.
investigated the possibility that IFN- may induce or down-regu-
late cellular miRNAs in human gliomas. They analysed the effect
of IFN-B treatment on miR-21 expression in glioma cells and
intracranial glioma xenografts. Systematic delivery of IFN-B8
markedly reduced the level of miR-21 in all glioma cells. The
pri-miR-21 transcript levels decreased 6 hrs after the addition of
IFN-B and began to recover after 48 hrs. These results indicate
that decrease in the levels of miR-21 is the result of transcriptional
suppression. In contrast, the addition of the STAT3-specific
inhibitor increased the level of miR-21 and inhibited IFN-B—mediated
suppression of miR-21, suggesting that miR-21 expression is
negatively regulated by STAT3 [5].
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Fig. 2 MiRNAs involved in TGF-g and IFN-o/IFN-
B signalling pathways. TGFBR2/3: transforming
growth factor B receptor 2/3; TGFB1/2: trans-
forming growth factor B 1/2; DAXX: death-
domain associated protein; SMAD3/4: SMAD
family member 3/4; APAF: apoptotic peptidase
activating factor; CASP3/7/9: caspase 3/7/9; p53:
tumour protein p53; p21: cyclin-dependent
kinase inhibitor 1A (p21, Cip1); p63: tumour pro-
tein p63; CDK2/4: cyclin-dependent kinase 2/4;
JMY: junction mediating and regulatory protein,
p53 cofactor; TOPORS: topoisomerase | binding,
arginine/serine-rich, E3 ubiquitin protein ligase;
HNRNPK: heterogeneous nuclear ribonucleopro-
tein K; TP53BP2: tumour protein p53 binding
protein, 2; IFN: interferon; STAT1/2/3: signal
transducer and activator of transcription 1/2/3;
JAK: Janus kinase. Dashed lines indicated indirect
regulation, solid lines indicate direct regulation.
EGFR: epidermal growth factor receptor.

Another study revealed miR-221 and miR-222 as possible reg-
ulators of IFN pathways. Using the KEGG pathway databases and
BioCarta, Zhang et al. found that the IFN-« signalling pathway was
the most significant pathway modulated by genes with the most
different expression after knockdown of miR-221 and miR-222.
The authors showed that STAT1 and STAT2 expression and phos-
phorylation were up-regulated in U251 cells with silenced miR-
221/222. Tyrosine phosphorylation of STAT1 and STAT2 was pres-
ent in the nucleus after repression of the same miRNAs. These
data illustrate a mechanism of STAT1/2 up-regulation under the
transcriptional control of IFN-a signalling after knockdown of
miR-221/222 cluster in U251 glioma cells (Fig. 2) [26].

Notch signalling pathway

Notch signalling is critical in stem cell maintenance and cell sur-
vival, as well as in cell fate decisions such as neuronal versus glial
fate in the developing nervous system. Therefore, it is not surpris-
ing that this pathway plays a key role in brain tumours, including
glioblastoma [27].

miR-326 is associated with Notch signalling pathway in
glioblastomas. This miRNA was first identified among a set of
miRNAs expressed in neurons and further noted on a list of
miRNAs elevated in zebrafish embryos treated with a Notch
inhibitor [28,29]. To find potential miRNA mediators of Notch
effect in glioma, Kefas et al. performed miRNA microarray
analysis of glioma tumour stem cells transfected with Notch-1
siRNA. In these Notch-1 knockdown cells, miR-326 was one of
the miRNAs significantly increased when compared to control
transfected cells. Therefore, it was indicated that miR-326 is
suppressed by Notch activity. However, pre-miR-326 transfec-
tion caused substantial decrease in both Notch-1 and Notch-2
protein as was shown by immunoblotting. This paper showed
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that another Notch pathway components are inhibited by miR-
326. It was observed that miR-326 induces apoptosis and
decreases glioma cells proliferation, viability and invasiveness
of glioblastoma stem cell-like lines. Furthermore, miR-326
transfection also reduced glioma cell tumourigenicity in vivo
[27]. Considering that the expression of miR-326 down-regu-
lated the Hedgehog stem cell pathway in medulloblastoma cells,
authors tested the effects of this miRNA on Hedgehog activity in
a glioma line using the Gli-1 promoter reporter plasmid.
Unfortunately, expected effects were not observed in this case;
this may reflect distinct roles for miR-326 in these pathways in
different cancers [30].

Computational target gene prediction identified pyruvate
kinase type M2 (PKM2) as another target of miRNA-326. PKM2
has recently been shown to play a key role in cancer cell metab-
olism. It is crucial for aerobic glycolysis and provides a growth
advantage for tumour cells [31]. To investigate whether PKM2
might be a functionally important target of miR-326, Kefas et al.
used RNA interference to knockdown PKM2 expression in
glioma cells. Transfection of established glioma and glioma
stem cells with PKM2 siRNA reduced their growth, cellular inva-
sion, metabolic activity, ATP and glutathione levels and acti-
vated cAMP-activated protein kinase. Levels of PKM2 negatively
correlated with levels of miR-326, suggesting regulatory rela-
tionship of PKM2 and miR-326 [32]. Among others, all of these
results showed that efficient delivery of miR-326 has therapeu-
tic potential against both glioma stem-like cells and established
glioma lines.

Li et al. studied the role of miR-34a in human brain tumours
with a special focus on glioblastomas. They found that miR-34a
inhibits Notch-1 and Notch-2 protein expression and 3’-UTR
reporter activities as well as CDK6 and c-Met protein expression in
glioma cells. They observed for the first time that average pre-miR-
34a expression is down-regulated in human glioblastoma tissues
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Fig. 3 MiRNAs involved in notch and NF-«B signalling pathways. IKK-
o/B/y: inhibitor of kB kinase o/B/y; NF-kB: nuclear factor of «B; I«B:
inhibitor | «B; LRRFIP1: leucine rich repeat (in FLII) interacting protein 1;
CDK®: cyclin-dependent kinase 6; c-MET: met proto-oncogene (hepatocyte
growth factor receptor); PKM2: pyruvate kinase, muscle. Dashed lines
indicated indirect regulation, solid lines indicate direct regulation. EGFR:
epidermal growth factor receptor.

c-Met

when compared to normal human brain [33]. Other studies
showed that miR-34a expression was higher in wild-type p53
glioblastoma tissues compared to mutant p53 glioblastoma; miR-
34a acts as a tumour suppressor in p53-mutant glioma cells U251,
partially through regulating SIRT1 [34]. Transfection of miR-34a
into tested glioblastoma cell lines strongly inhibited cell prolifera-
tion, cell cycle, cell survival, cell invasion and in vivo glioblastoma
xenograft growth; however, the treatment did not affect human
astrocyte cell survival and cell cycle. Forced c-Met and Notch-1/2
expression partially rescued the effects of miR-34a on the cell cycle
and cell death in gliomas, respectively [35] (summarized in Fig. 3).

NF-kB signalling pathway

Nuclear factor-kappa B (NF-xB) is the transcription factor with
pleiotropic activity owing to its central roles in various biological
processes. Aberrant activation of NF-«B signalling pathway has
been proved to be important for invasiveness and metastatic
capacity of tumours through up-regulation of matrix metallopro-
teinases (MMPs) and transcription factors regulating E-cadherin,
such as Snail, Twist or Slug. A critical component in NF-xB regu-
lation is the I«B kinase (IKK-B) complex [36,37].

Song et al. identified miR-218 expression in glioma cells lines
and in human primary glioma tissues was substantially down-reg-
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ulated, when compared to miR-218 expression in normal human
astrocytes and normal brain tissues. Forced up-regulation of miR-
218 dramatically reduced the migratory speed and invasive ability
of analysed cells. Ectopic expression of miR-218 down-regulated
matrix MMP-9 and reduced NF-xB transactivity at transcriptional
level, whereas inhibition of miR-218 enhanced the expression of
MMP-9 and transcriptional activity of NF-xB. Authors demon-
strated that miR-218 could inactivate NF-xB/MMP-9 signalling by
directly targeting the 3’-UTR of the IKK-B [37].

miR-21 was revealed as another post-transcriptional regula-
tor involved in NF-xB signalling pathway in glioblastoma.
Combining target prediction by bioinformatics with expression
profiling, Li ef al. identified LRRFIP1 gene, which was remark-
ably up-regulated in miR-21-knockdown cells, as a candidate
target gene of miR-21. Further, through sequence analysis, they
found that LRRFIP1 mRNA carried a putative miR-21 binding
site. Further analyses confirmed LRRFIP1 as a direct target of
miR-21. Moreover, their data suggest that miR-21 likely con-
tributes to vepesid resistance through depression of LRRFIP1
expression, leading to the reduction of cytotoxicity of
chemotherapeutic drugs through activation of the NF-xB path-
way [38] (summarized in Fig. 3).

Single nucleotide polymorphisms
and miRNAs: risk factors
for glioblastoma

In gliomas, only one polymorphism found in mature miRNA
sequence, specifically a polymorphism of miR-196a (rs11614913),
has been studied so far. Published data suggest that the CC geno-
type of miR-196a (rs11614913) polymorphism is associated with
decreased risk of glioma in the Chinese population (OR = 0.74,
95% Cl: 0.56-0.98). Significant association was observed also
between these genotypes and risk of particular glioma sub-
groups: patients over 18 years (OR = 0.73, 95% CI: 0.55-0.98),
male glioma patients (OR = 0.69, 95% Cl: 0.48-0.99) and
patients with high-grade glioma-glioblastoma (OR = 0.58, 95%
Cl: 0.37-0.91). In contrast to other tumours, such as lung cancer
and breast cancer [39,40], data in glioblastoma showed opposite
association between miR-196a genotype and cancer risk. This
may be related to the diversity on the tissues origin and charac-
teristic molecular alterations in different cancers [41].

miRNAs in glioblastoma prognosis and
prediction of therapeutic response

Clinical significance of miRNA expression profiles in glioblastoma
has not been explored very much. Nevertheless, 16 candidate

1641

Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



miRNAs were published to associate with malignant behaviour
of gliomas (miR-196a, miR-15b, miR-105, miR-367, miR-184,
miR-196b, miR-363, miR-504, miR-302b, miR-128b, miR-601,
miR-21, miR-517¢, miR-302d, miR-383, miR-135b). Among
them, miR-196a and miR-196b indicated the highest level of sig-
nificance (P = 0.0038 and 0.0371, respectively). Both miRNAs
showed increased expression levels in glioblastomas relative to
anaplastic astrocytomas and normal brain tissues. Higher level of
miR-196 transcript significantly correlated with poorer survival as
demonstrate by the Kaplan-Meier method (P = 0.0073); more-
over, multivariate analysis showed that these expression levels
were independent predictors of overall survival in glioblastoma
patients (P = 0.021; HR, 2.81) [42]. Malzkorn et al. investigated
the miRNA expression profiles in four patients with primary WHO
grade Il gliomas that spontaneously progressed to WHO grade 1V
secondary glioblastomas. They identified 12 miRNAs (miR-9,
miR-15a, miR-16, miR-17, miR-19a, miR-20a, miR-21, miR-25,
miR-28, miR-130b, miR-140 and miR-210) showing increased
expression and two miRNAs (miR-184 and miR-328) showing
reduced expression upon tumour progression. Validation experi-
ments on an independent series of primary low-grade and second-
ary high-grade astrocytomas confirmed miR-17 and miR-184 as
interesting candidates contributing to glioma progression [43].
Treatment of malignant gliomas remains one of the greatest
challenges facing oncologists today through a frequent resistance
to both chemo- and radiotherapeutics and short survival [44].
Important question for management of glioblastoma patients is the
possibility of predicting therapeutic outcome. The miRNA expres-
sion profiles of glioblastoma tissues have shown association of
miR-181b and miR-181c with response to concomitant chemora-
diotherapy with temozolomide (RT/RMZ). MiR-181b and miR-181c
were significantly down-regulated in glioblastoma tissue of
patients who responded to RT/TMZ (P = 0.016 and 0.047, respec-
tively) in comparison to patients with progressive disease [9].

miRNAs involved in drug resistance
of glioblastoma

Temozolomide is an oral alkylating agent, which is frequently
used for the treatment of glioblastoma. To explore the mechanism
of resistance to TMZ, Shi et al. found that overexpression of miR-
21 in glioblastoma cells could significantly reduce TMZ-induced
apoptosis by decreasing Bax/Bcl-2 ratio and caspase-3 activity
[45] The miR-21 inhibitor could also enhance the chemosensitiv-
ity of human glioblastoma cells to paclitaxel via inhibition of
STAT3 expression and phosphorylation. Moreover, the same
treatment by miR-21 antisense oligonucleotides led to enhanced
cytotoxicities of vepesid [12,21]. The results of glioblastoma in
vitro experiments showed also other miRNAs involved in the TMZ
resistance. miR-195, miR-455-3p and miR-10a* were the three
most up-regulated miRNAs in the drug resistant glioblastoma cell
line (U251R) [46].
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Multidrug resistance protein ABCG2 (ATP-binding cassette
sub-family G member 2) is the target gene for miR-328. Li et al.
observed that miR-328 is underexpressed in many cancers includ-
ing glioblastoma and contributes to tumour chemoresistance
through ABCG2, which is highly expressed in glioblastoma cells
[47]. Another research group reported the possible impact on the
therapeutic effect by transfection of miR-451 in combination with
imatinib mesylate treatment. Up-regulation of miR-451 led to dif-
ferentiation of glioblastoma stem cells [48].

miRNAs as potential therapeutic targets

The association of miRNA deregulation with pathogenesis and
progression of malignant disease illustrates great potential of uti-
lizing miRNAs as targets for therapeutic intervention. The basic
strategy of current miRNA-based treatment studies is either to
antagonize the expression of target miRNAs with antisense tech-
nology or to restore or strengthen the function of given miRNAs
to inhibit the expression of certain protein-coding gene. There is a
number of experimentally, in vitro or/and in vivo, proved miRNAs
presenting potential therapeutic targets in glioblastoma, which
were mentioned in the context of altered signalling pathways (e.g.
miR-21, miR-451, miR-7, miR-128, miR-221/222).

Considering angiogenesis, which is critical in most solid
tumours, including glioblastoma, miR-296 has been demon-
strated to be up-regulated in glioblastoma-associated endothelial
cells [49]. This miRNA promotes angiogenesis by down-regulat-
ing HGS (hepatocyte growth factor-regulated tyrosine kinase sub-
strate), an inhibitor of pro-angiogenic receptors VEGFR2 and
PDGFRb (vascular endothelial growth factor and platelet-derived
growth factor receptor B, respectively). This study indicated the
potential of anti-angiogenic therapy of glioblastoma by delivery of
a miR-296 inhibitor [49].

Although siRNAs allow specific knockdown of individual gene
targets, miRNAs result in a broad reduction of gene expression
being affected. The ability of individual miRNAs to target multiple
genes/pathways could be a major advantage, especially given
studies indicating the therapeutic necessity of simultaneously tar-
geting multiple pathways in glioblastoma [50]. Unfortunately, there
are several major challenges to overcome before the application of
miRNA-based treatment. First, the multitargeting nature of miRNAs
gives the risk of unintended off-target effects that need to be care-
fully evaluated. Secondly, the expression of target gene may be con-
trolled by several different miRNAs, which may compromise the
effect of miRNA-based treatment. Finally, there is still lack of miRNA
delivery system with enough specificity and efficacy.

Conclusions

The discovery of miRNAs has substantially changed the view on
gene expression regulation, and new findings over the past few
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years have catapulted miRNAs into the centre of cancer molecular
biology. It is now evident that dysregulation of miRNAs is an
important step in the development of many cancers, including
glioblastoma. Several studies based on expression profiling have
proven there are significant changes of miRNA expression levels
in glioblastomas in comparison to adult brain tissue; these expres-
sion levels identified groups of miRNAs with potential of prognos-
tic stratification and prediction of responses to chemoradiother-
apy in glioblastoma patients. To improve our knowledge of role of
miRNAs in glioblastoma core signalling pathways, functional
effects of particular miRNAs were successfully studied. The
results of these studies suggest a great potential and relevance of
miRNAs as a novel class of therapeutic targets and possibly pow-
erful intervention tools in glioblastoma.
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Abstract: Cerebrospinal fluid (CSF) is a body fluid that has
many important functions and is in direct contact with the
extracellular environment of the central nervous system
(CNS). CSF serves as both the communication channel
allowing the distribution of various substances among the
CNS cells and the storage facility for the waste products
these cells release. For these reasons, CSF is a potential
source of diagnostic biomarkers of many CNS diseases,
including brain tumors. Recent studies have revealed that
CSF also contains circulating microRNAs (miRNAs), short
non-coding RNAs that have been described as biomark-
ers in many cancers. However, CSF miRNAs are difficult
to detect, which is why researchers face major challenges,
including technological difficulties in its detection and its
lack of standardization. Therefore, this review aims (i) to
highlight the potential of CSF miRNAs as diagnostic, prog-
nostic and predictive biomarkers in brain tumors, and (ii)
to summarize technological approaches for detection of
CSF miRNAs.
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Introduction

With an incidence rate of around 22 cases per 100,000
people, primary brain tumors account for less than 2% of
all malignancies. However, the malignant forms account
for about 33% of primary brain tumors, with an estimated
5- and 10-year relative survival rates of 34.4% and 28.8%,
respectively. A prognosis and the patient’s estimated
survival depend on the tumor type. The most favorable
prognosis is associated with pilocytic astrocytoma (with
a 5-year survival rate of 94.2%), followed by malignant
meningioma (65.2%) and lymphoma (29.2%). Patients
with glioblastoma (GBM) have only a 5.1% 5-year survival
rate [1]. Occurring in 20%-40% of adult cancer patients,
metastases form another large group of brain tumors.
Although the survival rate of brain metastasis patients
is generally low, the prognosis varies among individual
cases [2].

Diagnosis plays a crucial role in making the progno-
sis and choosing the best therapy for the diagnosed brain
tumor. Despite significant recent advances in the diag-
nosis of brain tumors, such as various modifications of
imaging methods followed by histopathological exami-
nations, the diagnosis is still limited by a tumor’s size
and localization as well as the heterogeneity of its tissue
[3]. Hence, we need to develop new powerful diagnos-
tic approaches that, together with the existing methods,
would increase the accuracy of brain tumor diagnosis and
thereby the survival of patients.

Promising diagnostic markers in many solid cancers
seem to be circulating biomolecules that are altered in
body fluids such as blood, urine or saliva. Neverthe-
less, the localization of brain tumors and the presence
of the blood-brain barrier are deemed responsible for
preventing the release of tumor-specific molecules into
the above-mentioned body fluids [4]. Cerebrospinal fluid
(CSF), which bathes the central nervous system (CNS) and
is in direct contact with brain neoplasms, seems to be a
suitable source of diagnostic biomarkers [5, 6].

MicroRNAs (miRNA) are short non-coding RNAs that
generally bind to the 3’ untranslated regions of messen-
ger RNAs (mRNAs) and repress protein translation [6, 7].
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miRNAs may regulate over 50% of all human genes, and
each miRNA can control hundreds of mRNA targets. The
deregulated expression of miRNAs is closely associated
with the pathology of many cancers, including brain
tumors [8]. Moreover, circulating miRNAs (c-miRNAs) have
been found in several types of human body fluids, CSF
being one of them. These miRNAs might be both secreted
by the cells in extracellular vesicles and be released by
necrotic cells as naked oligonucleotides.

Many authors have also suggested that c-miRNAs
participate in intercellular communication and may influ-
ence molecular cell processes, such as growth, invasion
and drug resistance in recipient target cells [4, 9]. An
increasing number of studies on the altered levels of spe-
cific miRNAs in CSF of brain tumor patients have clearly
shown that CSF miRNAs are promising diagnostic bio-
markers. These results, however, are far from conclusive,
mainly because of their technological variations, but also
due to other serious limitations which we discuss below.

In this review, we summarize the diagnostic relevance
of miRNAs in CSF for brain tumor patients and the techno-
logical approaches for their detection.

Methodical approaches used for
miRNA detection in CSF

Detection of miRNA in CSF is a complex process that
requires the following consecutive steps: CSF man-
agement and storage; isolation and expression analy-
sis of miRNA; and final data normalization, analysis
and interpretation. Unfortunately, the whole process
can be affected by many factors and has not yet been
standardized (Figure 1).

CSF management and storage

In the first and critical step of CSF management, a sample
of patients needs to be collected. This should be per-
formed by experienced physicians using the standard
lumbar puncture, external ventricular drain or cisternal
aspiration at the time of craniotomy [10]. To avoid bias of
the subsequent analyses due to the preanalytical factors,
a standardized protocol for collection of CSF samples
should be established. Such a protocol has already been
proposed by Teunissen et al. in 2009 and 2011 [11, 12]. These
authors highlighted three crucial points for the protocol to
work. First, as the volume of CSF can influence the con-
centration of biomarkers, the volume of CSF withdrawal
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Collection and management of CSF samples

® Lumbar puncture (vertebral body L3-L5)

® Exclusion of haemorrhagic samples

© Centrifugation (400-500 g, 10-15 min, RT)
® Supernatant aliquoting (0.25—-1 mL)

® Storage at -80 °C

Isolation of CSF total RNA

e Input of CSF 0.2-2 mL
* Most used isolation kits:

» mirVana PARIS kit
» miRNeasy serum/plasma kit
« BiooPure RNA isolation kit
« Total RNA isolation kit
» miRCURY RNA isolation kit
« TriZol reagent
e Used modification: « Add glycogen or MS2

« Repeat extraction

« Reducing of elution volume
e RNA quantification (usually very low yields)
® Storage at -80 °C

|¢

miRNA quantification
e Global miRNA levels analyses

« gRT PCR platforms: TagMan OpenArray

TagMan low density array
Ready-to-Use PCR panels

« Hybridization platforms: Affymetrix Genechip miRNA Array
«nCounter technology
« Next generation sequencing

e Single miRNA level analyses
« gRT PCR platforms

Data normalization

|¢

Figure 1: Summary of the most common techniques used for detec-
tion of CSF microRNAs.

should be at least 12 mL. An inadequate total volume of the
sampled CSF can lead to complications during the lumbar
puncture, like brain herniation; the adequate CSF volume
should then be assessed individually for each patient and
the corresponding diagnosis [2]. Second, a lumbar punc-
ture should be performed between the L3 and L5 verte-
braes. Third, CSF samples containing blood-derived cells
or even skin cells must be excluded. In an independent
study, Miiller et al. [13] confirmed the importance of this
point by showing that even after centrifugation of samples
before analysis, the number of blood-derived cells influ-
enced the expression of miRNAs. In this context, Kirsch-
ner et al. [14] detected 136 hemolysis-susceptible miRNAs
(e.g. miR-21, miR-106a, miR-92a, miR-17, miR-16 and miR-
451). Similarly, Bache et al. [15] found that levels of miR-
16-5p and miR-451a as well as the average levels for all
miRNAs in each sample strongly correlated with the net
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absorbance of oxyhemoglobin and hemoglobin in CSF of
subarachnoid hemorrhage (SAH) patients. Therefore, the
collected CSF should be tested for the presence of hemo-
globin or cells. The time from the CSF withdrawal to labo-
ratory processing and storage of samples is also important
and should thus be documented.

Next, the conditions of centrifugation for removing
the debris, which should be done up to 60 min after the
lumbar puncture, should be standardized at 400 g for
10 min at room temperature. However, in most of the exist-
ing studies, CSF samples are centrifuged at 500 g. More
extensive and longer centrifugation is used to separate CSF
extracellular vesicles and extract RNA from them. Akers
et al. [10] used a different approach: they filtered the col-
lected samples using a 0.8 um pore size membrane filter.
Finally, although miRNAs seem to be stable over a wide
range of storage temperatures and resistant to repeated
freeze-thaw [16], the samples should be protected against
any biochemical changes and supernatants should be
aliquoted and stored at —80 °C as soon as possible.

miRNA isolation

As the concentration of miRNAs in CSF is low, their
extraction is challenging. A few studies have compared
the efficiency of currently available commercial kits for
the purification of RNA from CSF. This process still lacks
standardization, and thus it is not easy to choose the most
efficient method.

Burgos et al. tested four commercially available
RNA isolation kits for CSF samples: mirVana miRNA
isolation kit, mirVana PARIS kit (both Thermo Fisher
Scientific), BioPure RNA isolation reagent (Bio Scien-
tific), and miRNeasy mini kit (Qiagen). They followed
the manufacturer-provided protocol with one modifica-
tion, for the phenol/chloroform phase separation. The
authors performed two consecutive RNA extraction steps
from an organic phase to maximize RNA recovery and, in
both these extractions, measured the total and miRNA
concentrations. The tested Kkits gave different yields,
with the highest obtained by the mirVana PARIS kit (+9
and 25 ng/mL of total RNA from first extraction; +6 and
20 ng/mL of total RNA from second extraction) and the
BioPure RNA isolation reagent (+10 and 10 ng/mL; +1 and
40 ng/mL). In addition, the mirVana PARIS kit returned
the greatest amount of spike-in cel-miR-39, measured by
qPCR [17]. qPCR is commonly used for indirect quantifi-
cation when RNA is in so small a concentration that RNA
yield is immeasurable [18]. Thus, as the mirVana PARIS
kit gave the greatest concentration of small RNAs and had
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a user-friendly protocol, it comes as no surprise that the
authors selected this kit as the most suitable one for small
RNA sequencing. They also found that in some cases the
combination of the two extractions almost doubled the
recovery of the total RNA yield. Finally, they also esti-
mated correlations of miRNA yields isolated using the
mirVana PARIS kit with the 0.5- to 1.25-mL starting CSF
volumes. The next-generation sequencing (NGS) analysis
confirmed high positive correlations (Spearman’s correla-
tion over 0.95) between the starting volume of CSF and
the levels of miRNAs with the coverage higher than five
reads. The same experiment, but with RNAs extracted by
the BioPure RNA isolation kit, showed similar associa-
tions as the experiment with the mirVana PARIS kit did.
Thus, 0.5 mL of CSF should be a sufficient starting extrac-
tion volume to achieve reproducible results of miRNA
analyses [17].

To summarize our discussion of the methods of
extraction of small RNA from CSF, several modifications
of the manufacturer-provided protocols have been sug-
gested. In McAlexander et al’s. [19] study, which used
the miRCURY: Biofluids kit (Exigqon), the increasing
input volumes of CSF from Macaca nemestrina showed
a quantitative recovery of four endogenous miRNAs. But
as kits vary in the input of biofluid, it seems reasonable
to choose the optimal input volume for a particular com-
bination of biofluid and method [19]. Some studies have
also supplemented the RNA extraction kit with glycogen
or exogenous RNA (east tRNA or MS2 phage RNA) as the
carrier. McAlexander et al. used pure glycogen, which — as
an inert carrier — does not affect the downstream assays.
Unlike pure glycogen, RNA carriers might cause non-
specific hybridization or amplification in the quantifica-
tion assays. The authors also studied how glycogen affects
RNA vyield in blood plasma samples. The results were
inconsistent because adding glycogen increased RNA
yields only in the case of some extraction Kits [19].

Bache et al. [15] successfully used the MS2 carrier
during the RNA isolation process handled by the
miRCURY RNA isolation kit — Biofluids (Exiqon). The
RNA obtained was then analyzed using high-throughput
real-time PCR. However, for RNA isolation in the explora-
tive phase of the project, the authors used the total RNA
purification kit supplied by the Norgen Biotek Corp. [15].
In our experiments, the urine microRNA purification Kkit,
also supplied by the Norgen Biotek Corp., was the most
sufficient method for isolating miRNA from CSF, but only
after reducing the elution volume from 50 pL to 20 uL and
extending elution time to 20 min before centrifugation.
However, these preliminary results need further studies
and thus have not yet been published.
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Finally, low concentrations of total and small RNA
greatly decrease the accuracy of the standard methods used
for the quantification and quality control of RNA, such as
the Nanodrop and Qubit technologies. Hence, alternative
methods might work better, e.g. the automated capillary
electrophoresis, i.e. Bioanalyzer (Agilent). One can even
use a special chip for a small RNA analysis, able to detect
RNA at as low concentration as 50 pg/uL. Unfortunately,
the price-achievement ratio of this chip is far from out-
standing. This problem of inaccurate measurement of
RNA quality and quantity might be alleviated by using the
optimum volumes for the procedure chosen [4, 20].

miRNA expression analysis

Final quantification of miRNAs in the extracted RNA
samples is very important. Simply put, imprecise miRNA
levels detected in the experiment can greatly affect the
diagnostic power of these molecules. Although the tech-
niques of CSF miRNA quantification do not differ from the
commonly used approaches, the low RNA concentrations
of the samples examined should always be taken into
account.

The miRNA expression analyses are divided into
two major groups: single miRNA analyses and global (or
whole-genome) miRNA profiling. Currently, levels of indi-
vidual miRNAs in CSF are measured exclusively using
modified real-time PCR technologies. Among them, the
most common approach is based on the specific reverse
transcription with the stem-loop primers followed by
the real-time PCR using the TagMan detection system
(Thermo Fisher Scientific) [16, 21, 22]. Baraniskin et al. [16]
confirmed the reproducibility of this method. It is not the
only suitable approach, however; another one is based
on PCR with the universal reverse transcription followed
by SYBR Green quantitative PCR with miRNA specific
forward and reverse locked nucleic acid (LNA)-modified
primers (Exiqon) [15]. Another study used digital PCR
handled according to the TagMan chemistry protocol for
miRNA levels analyses in CSF. The results, consistent with
the simultaneously performed NGS analysis, proved that
the digital PCR experiments worked correctly [23]. This
PCR technology seems suitable only for low-concentrated
RNA samples and samples with undefined normalizer
molecules, such as CSF.

For the global miRNA profiling, four high-throughput
platforms are currently available, namely, hybridization
arrays, technologies based on real-time PCR, nCounter
platform and NGS. These platforms differ in the number of
miRNAs they can detect, sensitivity, specificity, dynamic
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range, quantity of input material and total cost. Thus, all
the circumstances of the profiling need to be considered
before selecting the adequate technology.

Several studies have compared the high-throughput
technologies for the CSF miRNA analysis. Sgrensen et al.
performed small RNAseq of RNA samples from CSF and
detected 246 miRNAs, of which 71 were found in over 90%
of the patients examined. Simultaneously, the authors
used the Exigqon gPCR arrays, which enabled them to
analyze 372 miRNAs in one experimental run, in which
they detected 210 miRNAs. Nevertheless, only 21 mole-
cules occurred in over 90% of the investigated samples.
Both qPCR and small RNAseq detected all but one differ-
entially expressed miRNAs, but in general the gPCR-based
technology showed a lower detection rate [24].

Bache et al. analyzed the global miRNA expression in
CSF using the TagMan Low Density Array (TLDA; Thermo
Fisher Scientific) with 754 miRNAs on two independent
cards. They detected 168 miRNAs in over 60% of healthy
patients (128 miRNAs in all healthy patients) and 216 in
over 60% of SAH patients (SAH; 155 miRNAs in all SAH
patients). These 155 miRNAs were then validated using
the Exiqon technology, with which only 74 miRNAs were
detected in over 60% of the healthy patients (19 miRNAs
in all healthy patients) and 100 in over 60% of the SAH
patients (60 miRNAs in all SAH patients) [15]. These dif-
ferent numbers of the detected miRNAs by the two tech-
nologies may result from the preamplification step that
precedes the TLDA analysis.

Table 1 summarizes available studies that analyze CSF
miRNAs using high-throughput approaches.

Data normalization

The last issue to address about miRNA profiling of CSF
concerns how to normalize raw data. This is a challenging
but important problem to solve, especially in the context
of circulating miRNAs. Various technical and biological
factors affect miRNA levels in body fluids. Examples of
the technical factors are variability induced during collec-
tion and storage of the clinical specimens, the approach to
miRNA extraction and the methods of final miRNA quanti-
fication. Examples of the biological factors are the amount
of miRNAs in tissues, the intensity of their secretion into
body fluids, the form of circulating miRNAs affecting their
ability to cross various barriers and the stability of miRNA.
It is because of these various factors that miRNA raw data
need to be normalized. This normalization has been
broadly recognized as one of the key factors in efficient
miRNA analysis in CSF [35].
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Several methods of CSF miRNA normalization have
already been proposed. The first one is normalization by
spike-in miRNA, which is added to the samples before
the RNA extraction and quantitative analysis. This exo-
genous miRNA is normally absent in the organism studied
(i.e. Caenorhabditis elegans [C. elegans] or plant miRNA),
so its level reflects the technological variability only. The
miRNA spike-in normalization has worked well in several
studies comparing and optimizing the methods of CSF
miRNAs detection. Burgos et al. [17] used quantitative
analysis of spiked-in C. elegans miRNA cel-miR-238 to
compare yields of small RNAs obtained in two consecu-
tive extractions from CSF. Analyzing the effect of the start-
ing CSF volume on the quantitative recovery of RNA yield,
McAlexander et al. [19] spiked cel-miR-39 into the lysis/
denaturant buffer before adding it to CSF. According to
the authors, synthetic RNA should not be added directly
to CSF because endogenous RNases would degrade it
immediately. For normalization of sample-to-sample vari-
ation, Bergman et al. [30] used exogenous miRNA spike-
in from Arabidopsis thaliana ath-miR-159a and C. elegans
cel-miR-54, cel-miR-39 and cel-miR-238; the authors added
synthetic miRNAs to each denatured CSF sample.

This approach, however, does not reflect the biologi-
cal factors and possible variations in the CSF manage-
ment prior to the RNA extraction. To take account of them,
data can be normalized using the most stable endogenous
miRNAs or another short RNA that is not associated with
the pathogenic condition. Recent works have identified
several such endogenous controls in CSF, for instance,
Baraniskin et al. (who used miR-24) [16], Teplyuk et al.
(miR-24 and miR-125) [22] , Denk et al. (let-7c, miR-21,
miR-24, miR-99b, miR-328 and miR-1274B) [25], Serensen
et al. (miR15a-5p, miR215p, miR-23a-3p, miR-23b-3p,
miR-99a-5p, miR125b-5p, miR145-5p, miR-204-5p and
miR-320a) [24], and Gui et al. (RNU44 and RNU6B) [29].
Nevertheless, it is not easy to choose the best normalizer,
and no RNA molecule shows stable levels in all pathologi-
cal conditions and CSF components, a conclusion drawn
by Akers et al. [36]. In their study, miR-125 and miR-24 were
inappropriate references for the quantitative miRNA anal-
yses of extracellular vesicles in CSF.

A third approach, possible in high-throughput analy-
ses, is to normalize levels of individual miRNAs accord-
ing to the selected parameters based on comprehensive
characterization of the sample. In other words, small
RNA-seq raw data are generally expressed in reads per
million (RPM), i.e. specifically mapped reads to individ-
ual miRNA divided by the total number of aligned reads
and multiplied by one million. This approach was suc-
cessfully used by Yagi et al. [23]. To estimate the relative
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miRNA levels from small RNA-seq data, the trimmed
mean of M-values normalization method (TMM) can also
be used. It estimates scale factors between the analyzed
samples; these scale factors can then be used in the sta-
tistical methods for differential expression analysis [37].
This approach was used by Sgrensen et al. [24] for the CSF
miRNA analysis.

The simplest approach to normalizing raw data
obtained by hybridization high-throughput platforms, like
Affymetrix, is to re-scale each chip in an experiment by
its total intensity. Many computational approaches can be
used for such normalization, such as using selected genes
instead of the entire gene set or scaling the individual
intensities so that the median or mean value of intensities
are identical within a single array or across all arrays.

Many normalization strategies are available and new
ones will be developed in the future because choosing the
most suitable approach to normalize the miRNA data for
the method in use is crucial to draw unbiased conclusions.

CSF miRNAs as biomarkers in brain
tumors

During the last decade, several studies have shown that
deregulated levels of CSF miRNAs might be associated
with malignant tumors of the CNS and might thus rep-
resent a novel group of possible diagnostic biomarkers.
Many researchers have also focused on the use of CSF
miRNAs as prognostic and predictive biomarkers of
therapy response in patients with the CNS malignancies.

Diagnostic markers

In 2011, Baraniskin et al. [16] analyzed levels of six candi-
date miRNAs (miR-15b, miR-19b, miR-21, miR-92a, miR-106b
and miR-204) in CSF samples obtained from 23 patients
with primary CNS B-cell lymphoma (PCNSL) and 30 control
patients with various neurologic disorders. These miRNAs
were selected based on the two following criteria: (i) they
are expressed by lymphoma cells at moderate or high levels
and (ii) they show low or undetectable concentrations in
CSF derived from the control patients. Only miR-19b, miR-21
and miR-92a showed significantly higher levels in the CSF
samples from the patients with PCNSL than those from
the control patients. Moreover, 22 of 23 PCNSL patients
(95.7%) were correctly identified according to the levels
of the above three miRNAs [16]. Several months later, the
same authors published another study, in which miR-15b
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and miR-21 were higher in CSF samples from patients with
glioma than in those from the control patients. On the other
hand, CSF samples from patients with glioma had higher
levels of miR-15b and lower levels of miR-21 than the CSF
sample from the PCNSL patients [21].

Subsequently, Teplyuk et al. reported that miR-10b
was detected in most of CSF of GBM patients (89%) and
patients with leptomeningeal and brain metastases of
both lung and breast carcinomas (81%). This miRNA
was, however, not detected in patients with various non-
neoplastic neurological diseases. Furthermore, miR-21 level
was higher in most of the CSF samples taken from GBM and
metastatic patients than in the control CSFs. MiR-10b was
expressed in most extracranial tissues and in peripheral
blood serum. This miRNA was absent in both brain tissue
and CSF of patients without pathologically diagnosed
malignancy. This observation might suggest that, in physi-
ological conditions, miR-10b and other miRNAs cannot
pass the blood-brain barrier and, thus, CSF miRNAs might
reflect a specific brain miRNA signature. Metastatic cells
might bring their own miRNA signature to CSF, as miR-10b
is abundant in lung and breast tissues and is present in
the CSF of breast and lung cancer patients with the CNS
metastases. To confirm this presumption, the authors
evaluated the levels of miR-200a, miR-200b, miR-200c and
miR-141 in the CSF samples from GBM and metastatic brain
cancer patients and from healthy donors. Comparing these
two patient groups is relevant because the miR-200 family
is highly expressed in a primary carcinoma but not in
normal brain or GBM and the other primary brain tumors.
The levels of the miRNAs examined were higher in most
of the CSF samples from the patients with leptomeningeal
and brain metastases, but not from the GBMs or healthy
donors. These results show that the miR-200 family could
be a promising biomarker able to classify brain metastases
and primary brain cancers [22].

Using NanoString nCounter assay, Drusco et al. looked
for possible diagnostic biomarkers of all CNS tumors
across CSF miRNAs. They divided CSF samples from 34
neoplastic and 14 healthy patients into seven groups
(GBM, medulloblastoma, lung metastasis, breast metas-
tasis, primary CNS lymphoma, benign and normal) and
performed data analysis as well as comparisons among all
groups. Results were further validated using qRT-PCR and
hybridization in situ. The CSF levels of miR-125b, miR-223,
miR-451, miR-711 and miR-935 exhibited different patterns
between the examined groups, which suggests that these
miRNAs might be efficient diagnostic biomarkers of the
CNS malignancies [38].

Grotzer et al. analyzed CSF miRNAs in medulloblas-
toma and control patients. They detected 1254 miRNAs
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in the tumor CSF samples, and 86 of these miRNAs were
differentially expressed between the groups. The authors
also used culture medium in vitro to analyze miRNAs
excreted by the medulloblastoma cells. Fifty-seven
detected miRNAs were specific to the metastasis-related
cell lines which represent the most aggressive medullo-
blastoma subtypes. Interestingly, the three miRNAs asso-
ciated with metastases (miR-125a, miR-125b and miR-1290)
which were over-represented in the culture medium of
cancer metastasis-related cell lines were also detected in
the CSF samples from the medulloblastoma patients [39].

Finally, Akers et al. analyzed miR-21 levels in extra-
cellular vesicles (EV) extracted from CSF samples from
13 GBM patients and 14 non-tumor control patients.
miR-21 ranged from 0.14 to 1.04 copies per EV in the GBM
samples and from 5.26 - 10~ to 1.48- 10! copies per EV in
the control patients. The cut-off (<0.25) copy per EV clas-
sified the GBM patients with 87% sensitivity and 93%
specificity. The authors also measured the levels of miR-21
in EV depleted CSF of the GBM patients, but miR-21 was
undetectable [36]. Yagi et al. [23] confirmed, by NGS, that
miRNA in CSF of the healthy donors is more abundant in
the exosomal fraction than in the supernatant.

Table 2 summarizes studies comparing CSF microRNA
levels among brain tumors.

Prognostic and predictive markers

Teplyuk et al. were the first to study whether levels of
CSF miRNAs reflects the activity of the GBM and meta-
static brain cancers. Members of neither the miR-10b
nor miR-200 famillies were detected in the CSF samples
from cancer patients in remission. Similarly, miR-21 was
detected at significantly lower levels in cancer patients in
remission than in patients with progressing GBM or meta-
static brain cancer. To examine whether levels of specific
CSF miRNAs are associated with disease status and activ-
ity as well as tumor response to the therapy, miRNAs were
quantified in the CSF of GBM and lung cancer patients
under erlotinib treatment. During the treatment, the
CSF levels of members of both the miR-10b and miR-200
families increased in patients with relapsing non-small
cell lung carcinoma. However, the miRNA levels decreased
after increasing the treatment dosage. The miR-21 levels
in the CSF samples from the GBM patients with pseudo-
progression were similar to the levels in the CSF samples
from the non-neoplastic patients, whereas the miR-10b
levels were higher in the first set of patients than in the
second one. On the other hand, disease progression was
accompanied by a notable increase in the miRNA CSF
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Table 2: CSF microRNAs with significantly different levels between brain tumors and non-tumor brain tissue.

Compared brain tumors microRNA levels in CSF® References
Glioblastoma vs. non-tumor TmiR-451, TmiR-223, TmiR-125b, TmiR-10b, TmiR-21 [22, 34, 38)
Glioblastoma vs. lymphoma TmiR-711 [38]
Glioblastoma vs. medulloblastoma TmiR-223, TmiR-711, {miR-125b [38]
Glioblastoma vs. brain metastasis TmiR-223, !miR-200a, L miR-200b, {miR-200c, ! miR-141 [22, 38]
Medulloblastoma vs. non-tumor TmiR-451, TmiR-223, TmiR-125b [38]
Medulloblastoma vs. lymphoma TmiR-711, TmiR-125b [38]
Medulloblastoma vs. metastasis TmiR-125b [38]
Metastasis vs. non-tumor TmiR-451, TmiR-223, TmiR-125b, TmiR-10b, TmiR-21, [22, 38]
TmiR-200a, TmiR-200b, TmiR-200c, TmiR-141
Metastasis vs. lymphoma TmiR-711, TmiR-223 [38]
Lymphoma vs. non-tumor TmiR-21, TmiR-19b, TmiR-92a [16]
Glioma (WHO 11-1V) vs. non-tumor TmiR-21, TmiR-15b [21]
Glioma (WHO I1-1V) vs. PCNSL ImiR-21, TmiR-15b [21]
Glioma (WHO II-IV) vs. brain metastasis ImiR-21, TmiR-15b [21]

2CSF miRNA level is related to the first diagnosis between the two compared brain tumors. T significantly higher CSF miRNA level,

1 significantly lower CSF miRNA level.

levels. In summary, Teplyuk et al’s. [22] study indicates
that CSF miRNAs may serve as biomarkers of response to
the therapy and brain cancer progression.

Shi et al. examined CSF samples from recurrent
glioma patients to detect miRNAs associated with this
cancer, aiming to test whether these miRNAs can serve as
prognostic biomarkers. For this purpose, they compared
the miR-21 levels in CSF, blood serum and exosome. While
blood serum-derived exosomal miR-21 levels of the glioma
patients did not differ from the non-tumor control group,
CSF miR-21 levels of exosomal origin were higher in the
glioma patients. The CSF exosomal miR-21 levels reflected
the presence of both tumor recurrence with anatomical
site preference and spinal/ventricle metastasis. There-
fore, the authors suggested that exosomal miR-21 might
be a promising diagnostic and prognostic biomarker of
glioma [40]. Finally, Tumilson et al. [41] observed that
the increased levels of miR-21 in CSF were associated
with a poor prognosis. Moreover, they suggested that CSF
miR-21 has potential as a predictive biomarker of temozo-
lomid resistance.

Conclusions

More often than not, prognoses for patients with brain
malignancies are unfavorable. Not only does the progno-
sis depend on a tumor, it can also vary among patients
with the same tumor type. Like in other cancers, early and
accurate diagnosis is crucial for effective treatment but is
seldom easy, mainly due to the tumor’s localization or het-
erogeneity, common in gliomas. For these reasons, there

is a clinical need for new biomarkers of brain tumors that
would allow for precise diagnosis, prognosis and predic-
tion of a response to therapy. These biomarkers should be
stable, and their analysis should use common methods
(like gRT-PCR) that provide simple, reproducible and fast
analysis. From this perspective, brain tumors associated
with miRNAs released and detected in CSF seem prom-
ising molecules, so it is not surprising that more and
more research on this topic is being published. Despite
the promising published data indicating CSF miRNAs as
specific and sensitive brain tumor biomarkers, technical
issues of the analysis are hurdles still to overcome. This is
exactly why further research should focus on these tech-
nical issues, before even thinking of clinical implementa-
tion of CSF miRNAs.

Given that the CSF miRNAs are so promising as diag-
nostic, prognostic and predictive biomarkers of therapy
response in brain tumor patients, we should continue our
efforts to solve the technical hurdles and better under-
stand the molecular mechanisms leading to the cellular
secretion of miRNAs into body fluids.
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Abstract

Associated with the pathogenesis of many cancers, including brain tumors, microRNAs
(miRNAs) present promising diagnostic biomarkers. These molecules have been also stud-
ied in cerebrospinal fluid (CSF), showing great potential as a diagnostic tool in patients with
brain tumors. Even though there are some biological and technological factors that could
affect the results and their biological and clinical interpretation, miRNA analysis in CSF is
not fully standardized. This study aims to compare several RNA extraction and miRNA
quantification approaches, including high-throughput technologies and individual miRNA
detection methods, thereby contributing to the optimization and standardization of quantifi-
cation of extracellular miRNAs in CSF. Such knowledge is essential for the potential use of
miRNAs as diagnostic biomarkers in brain tumors.

Introduction

Primary brain tumors and brain metastases annually affect close to 40 patients per 100,000 per-
sons worldwide, a still growing incidence rate [1, 2]. Prognosis and therapy depend on the
brain tumor type, so an early and accurate diagnosis can significantly affect the quality of life
and the survival of patients. Unfortunately, a diagnosis of brain cancer is often limited by the
localization and heterogeneity of the tumor tissue. Like in the other cancers, when tissue diag-
nosis is impossible because of the tissue’s localization or a lack of precision, liquid biopsies are
promising diagnostic approaches. Specifically in brain cancers, frequent discussions have
focused on the diagnostic utilization of cerebrospinal fluid (CSF). Bathing the central nervous
system, CSF is in direct contact with all brain components, including neoplasms, and thus it is
a source of many potential biomarkers [3].

Perspective CSF biomarkers seem to be circulating microRNAs (miRNAs). MiRNAs consti-
tute a class of single-stranded non-coding RNAs, about 18-25 nucleotides in length, which
post-transcriptionally regulate gene expression, thus being key players in the regulation of all
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cellular processes. Usually tissue-specific, miRNAs are involved in the pathogenesis of many
diseases, including brain tumors [4]. Circulating miRNAs have been detected in almost all
human body fluids, such as blood plasma and serum, urine, saliva, tears, and cerebrospinal
fluid [5]. Moreover, levels of selected circulating miRNAs have been repeatedly described to be
associated with specific tumors, grades, stages, prognosis, and therapy response in cancer
patients. Interestingly, miRNAs are highly stable and resist extreme conditions, such as ribo-
nuclease activity, repeated freezing and thawing, boiling, low and high pH, and long-term stor-
age at room temperature [5]. Recent studies have shown that deregulated levels of CSF
miRNAs are associated with malignant tumors of CNS [6-9]. Qu et al. have also showed that
miR-21 level in CSF enabled to identify glioma patients with higher sensitivity and specificity
in comparison with the plasma/serum miR-21 level [10]. Taken together, analysis of circulat-
ing miRNAs in CSF seems to be a promising tool leading to the refinement of current brain
tumor diagnostics [11, 12]. Unfortunately, such analysis in human body fluids can be affected
by many biological and technological factors, thus posing quite a challenge. Here we compare
several approaches and protocols for RNA extraction from CSF and for conducting high-
throughput and individual miRNA analyses in CSF.

Material and methods
Clinical samples

In this study, we included CSF samples collected from 10 glioblastoma (GBM) patients and 10
non-tumor donors (patients with hydrocephalus). From each person, a sample of 3-5 ml of
CSF was collected through lumbar puncture (between the L3 and L5 vertebraes). The samples
were taken in 2016 at the Department of Neurosurgery, The University Hospital Brno (Brno,
the Czech Republic). CSF samples containing blood cells were excluded. All the patients signed
informed consents for the use of CSF and clinical data for research purposes. The study was
approved by the local Ethics Committee at The University Hospital Brno.

CSF handling and sample preparation

CSF samples were centrifuged at 500g for 10 min at 4°C (Eppendorf 5810 R, Germany), and
the supernatant were aliquoted to 1 ml tubes and stored at -80°C till further analyzed. For the
first step of this study, that is, to select the most efficient method for RNA extraction from
CSF, two GBM and two control independent CSF pools were prepared, each pool made from
five different CSF samples. To prevent repeated thawing, the pools were aliquoted into tubes
according to the volumes required for particular RNA isolations.

RNA isolations

We compared four different commercially available RNA purification kits: Urine microRNA
purification kit (Norgen Biotek, Canada), miRNeasy Serum/Plasma kit (Qiagen, Germany),
miRVANA miRNA Isolation Kit (Ambion, Austin, TX, USA), and Trizol reagent (Thermo
Fisher Scientific, USA). The manufacturers’ protocols were followed except for the following
modifications: In the case of Norgen, both 1 ml and 0.5 ml of CSF were used as an input vol-
ume for RNA extraction, and in the case of Qiagen and Ambion, 50 ng of glycogen (a co-pre-
cipitant and carrier) per isolation was added or omitted. At the elution step, samples were
incubated on the column for 20 min at RT (except for the miRVANA kit, in which the elution
buffer is heated to 96°C); the volume of elution buffer was in all cases modified to 30 pul. After
adding of lysis buffer, 3.5 pl of miRNeasy Serum/Plasma Spike-In Control (1.6 x 10° copies/l,
C. elegans miR-39 miRNA mimic, Qiagen, Germany) were added to each sample and mixed
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thoroughly. The spike-in controls were diluted according to the manufacturers’ protocols. Fig
1A and 1B show the workflow of CSF RNA extraction optimization.

miRNA expression analysis

Spike-in detection. The RNA samples supplemented with miRNeasy Serum/Plasma
Spike-In Control were transcribed using miScript II RT Kit (Qiagen, Germany), according to
the manufacturer’s protocol. Real-time PCR was performed by miScript SYBR Green PCR Kit
and Cel_miR-39_1 miScript Primer Assay (both Qiagen, Germany), using LightCycler 480
Instrument II (Roche, Switzerland), according to Qiagen’s protocol.

RT-qPCR and digital PCR. Reverse transcription was performed by TagMan Reverse
Transcription Kit (Applied Biosystems, USA) with stem-loop miRNA specific primers (hsa-miR-
10a-5p; ID 000387 and hsa-miR-196a-5p; ID 241070 and miR-16; ID 00391). Real-Time PCR was
performed using TagMan Universal PCR Master Mix, NoUmpErase UNG (Applied Biosystems)
and LightCycler 480 Instrument II (Roche, Switzerland). All steps were performed according to
the TagMan MicroRNA Assay protocol (Applied Biosystems, Foster City, CA, USA). Data were
analyzed using the Fit point method of the LightCycler quantification software.

Digital PCR (dPCR) was performed using QuantStudio 3D Digital PCR 20K Chip Kit +
Master mix v1 on a QuantStudio 3D Digital PCR Instrument (all ThermoFisher Scientific,
USA), according to the manufacturer’s protocol.

High-throughput profiling methods. MiRCURY Exiqon Human PCR Panel I (miR-
CURY LNA, Exiqon, Denmark) was applied after Exiqon’s standardized protocol, using Exi-
LENT SYBR Green master mix, miRCURY LNA, microRNA Ready-to-Use PCR, Human
Panel I, V4-R, Universal cDNA Synthesis Kit II, 8-64 rxns, miRCURY LNA, UniSp6 RNA
spike-in control primer set v2 (all Exiqon, Denmark), and LightCycler 480 Instrument II
(Roche, Switzerland).

TagMan Low Density Arrays (Applied Biosystems, USA) were performed with the preamplifi-
cation step, according to Applied Biosystems’s protocol, using TagMan MicroRNA Reverse Tran-
scription Kit, Megaplex RT Primers, Megaplex PreAmp Primers, Human Pool Set v3.0, TagMan
PreAmp Master Mix, TagMan Array Human MicroRNA A+B Cards Set v3.0 and TagMan Uni-
versal PCR Master Mix, No AmpErase UNG, 2x (all Applied Bioosystems, USA)

Next generation sequencing was performed using the NextSeq 500 (Illumina, USA) tech-
nology, with CleanTag Small RNA Library Preparation Kit (TriLink, Biotechnologies, L-3206)
applied for library preparation and NextSeq 500/550 High Output Kit v2, 75 cycles (Illumina,
USA) applied for sequencing run, according to the manufacturer’s protocol.

Data normalization. All real-time PCR reactions were run in triplicate, and for each sam-
ple the average threshold cycle and standard deviations (SDs) were calculated. Ct values were
transformed using the 27Ct method (ACt = Ct(miRNA)- 40). The Wilcoxon pair test and the
t-test were used to compare the efficiencies of the extraction methods. Spearman correlation
was used to analyze relationships between the miRNA quantification approaches. All the anal-
yses were performed using GraphPad Prism version 6.00 (GraphPad Software, San Diego, CA,
USA), with the significance level of 0.05.

Results

Comparison of RNA extraction kits for miRNA isolation from
cerebrospinal fluid

Using the four commercially available RNA extraction kits, we obtained very low RNA conce-
trations/yields from CSF—too low to use them for their comparison. Therefore, to evaluate the
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efficiency of miRNA extraction, we used real-time PCR quantification of cel-miR-39 spike-in con-
trol and two endogenous miRNAs (miR-10a-5p and miR-196a-5p). We chose these two particular
miRNAs after a preliminary experiment, in which they showed significantly higher levels in GBM
CSF samples compared to non-tumor CSF samples (data not shown). The highest levels of the
miRNAs analyzed were detected in the RNA samples extracted using the Norgen kit (p < 0.001).
The examined miRNA levels did not significantly differ between RNA samples extracted from
both 0.5 and 1 ml of CSF (Fig 2A, 2B and 2C). Moreover, miR-16-5p (which was selected based
on a previous study, in which it had detectable levels in both glioma [Ct means 26.28] and control
CSF samples [Ct means 28.69] [7]) was quantified in six RNA samples extracted from indepen-
dent GBM CSFs the using the Norgen and Qiagen kits supplemented with glycogen. CSF RNA
samples extracted using the former kit showed significantly higher levels of miR-16 than those
extracted using the latter kit (p = 0.0313 in the Wilcoxon pair test, Fig 1D).
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Fig 2. A comparison of selected CSF miRNA levels in RNA samples extracted by four RNA isolation kits with various protocol modifications, including different
volumes of CSF input (1 ml and 0.5 ml) and adding (+) or omitting of glycogen during extraction. Levels of cel-miR-39 (A), miR-10a (B), and miR-196a (C) were
analyzed using Real-Time PCR in RNA samples extracted from two GBM and two non-tumor CSF pools. Levels of miR-16 (D) were analyzed in paired RNA samples
extracted from six independent CSF samples.

https://doi.org/10.1371/journal.pone.0208580.g002
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Table 1. A comparison of the selected high-throughput technologies for miRNA profiling in cerebrospinal fluid and the number and quantity of miRNAs detected
in the study.

Method NGS TLDA miRCURY LNA (Panel I)
(A+B Card) without
with pre-amplification pre-amplification

Sample Sample A Sample B Sample A Sample B Sample A Sample B
The number of possibly detected miRNAs unlimited 754 372
The number of detected miRNAs 369° 272° 283° 241° 16" 47°
Median of reads or Ct values of detected miRNAs* 31 18 29.7 30.8 33.7 33.3

(12/137) (6/93) (26.9/32.4) (27.6/32.8) (32.7/34.4) (31.5/34.4)

*Ct< 35
'25/75% percentiles of the number of detected miRNAs
$ number of raw reads > 1

https://doi.org/10.1371/journal.pone.0208580.t001

Comparison of high-throughput technologies for miRNA profiling in CSF

The NGS-based technology detected the most miRNAs in both analyzed samples: 369 (median
of 31) and 272 (median of 18) miRNAs with at least one raw read per sample (Table 1, Fig 1C).
Between the two examined real-time-PCR-based methods, TagMan Low Density Arrays
(TLDA; Thermofisher Scientific) with a preamplification step was more effective, with 283
(median Ct value of the detected miRNAs of 29.7) and 241 (median of 30.8) detected miRNAs
of the 754 pre-designed miRNAs. The Exiqon technology without a preamplification step
detected only 16 (median Ct value of the detected miRNAs of 33.7) and 47 (median of 33.3) of
the 372 pre-designed miRNAs. S1 Table lists miRNAs detected with at least two of the above
technologies. Venn diagrams (Fig 3A, 3B, 3C and 3D) show the numbers of miRNAs detected
by the high-throughput technologies compared. Small RNAseq analysis detected most individ-
ual miRNAs (Fig 3A and 3B), a number dramatically reduced when comparing only miRNAs
pre-designed in TLDA (Fig 3C and 3D).

The results of the PCR-based technologies and those of the NGS platform were only weakly
correlated in both samples examined (Fig 4). Specifically, correlation coefficients between
NGS platform and Exiqon technology reached 0.35 and 0.43 in samples A and B, and those
between the NGS platform and the TLDA method reached 0.26 and 0.13, respectively.

Comparison of real-time PCR and digital PCR technologies for
quantification of individual miRNAs in CSF

Based on our previous experiences with these miRNAs, we selected miR-10a-5p and miR-
196a-5p for quantification using the real-time PCR and digital PCR technologies. These analy-
ses were performed in CSF samples collected from five patients with primary GBM and five
healthy donors (Fig 1D). According to Spearman correlation, the results of the PCR-based
technologies and the NGS platform were highly correlated. Specifically, the correlation
between digital PCR and NGS reached 0.85 in miR-10a-5p and 0.92 in miR-196a-5p (Fig 5A
and 5B). Similar correlation was observed between real-time PCR and NGS (r = 0.88 in miR-
10a-5p and 0.86 in miR-196a-5p; Fig 5C and 5D).

Discussion

To find RNA extraction method providing the highest miRNA levels from CSF samples, we
compared four commercially available RNA isolation kits, following the recommended proto-
col and with its small modifications related to glycogen supplementation, CSF input volumes,
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Fig 3. Venn diagrams showing an overlapping of detected miRNAs between different high throughput technologies, applying all the detected miRNAs
in CSF sample A (A) and CSF sample B (B), and applying only a set of TLDA predesigned miRNAs in CSF sample A (C) and CSF sample B (D).

https://doi.org/10.1371/journal.pone.0208580.g003

and time of RNA elution [13, 14]. Unfortunately, the RNA yields obtained were undetectable
by common fluorospectrophotometer-based methods, such as the Nanodrop and Qubit tech-
nologies (both ThermoFisher).

Therefore, using the real-time PCR technology to evaluate extracted miRNA levels, we
quantified three endogenous miRNAs (miR-16, miR-10a-5p, and miR-196a-5p) and exoge-
nous cel-miR-39, which were added during RNA extraction process. To avoid cel-miR-39 deg-
radation by endogenous RNases, we added it into the sample after the lysis step [15]. In our
hands, Urine microRNA Purification kit from Norgen, which eventually eluted into 30 pl of
elution buffer after 20 minutes of incubation on the column, showed the highest cel-miR-39
recovery rate. The same extraction protocol lad to the highest levels of all the endogenous miR-
NAs analyzed. Based on these results, we suggest Urine microRNA Purification kit from

PLOS ONE | https://doi.org/10.1371/journal.pone.0208580 December 7,2018 7/12



@‘PLOS | ONE

MicroRNAs isolation and quantification in cerebrospinal fluid

>

o

10° 1 108 -
-~ 5 ] 5 L] )
3 by 23 ° ’
> < 10%1 3 101 s ”...‘ 4 . ®
x -
< <4 : [ ]
§ E 10° 8 § 10° 1 o N U )
= € x & o L)
€ & 1021 g E 102 . a8S T
S o IS e e e &
Q & 1 1 Q
B T 101 S @ 10'4 .
g =~ > L] C
= 10°1 L 100+ 5 e °
10" 10!
10" 10° 10" 10° 10° 10 10° 10° 10t 10° 10* 10° 10° 10° 10° 10°
NGS - number of reads (log10) NGS - number of reads (log10)
TLDA Spearman r = 0.2640 ¢ TLDA Spearman r = 0.1300
e mMIiRCURY LNA Spearman r = 0.3510 miRCURY LNA Spearman r = 0.4329

Fig 4. Correlation analyses of miRNA levels detected using the Exiqon and TLDA pproaches and the NGS platform in (A) CSF sample A and (B) CSF sample B.

https://doi.org/10.1371/journal.pone.0208580.g004

Norgen to be the most appropriate for miRNA extraction from CSF samples. Thus, we used
this kit for RNA extraction in the following analyses. However, levels of spike-in cel-miR-39
varied between the pools. This may be due at least in part to the fact that we made a new dilu-
tions of spike-in from a highly concentrated stock several times during the study. When the
most efficient RNA isolation approach (Norgen) was used, the differences between pools ran-
ged from 25-30%, which when expressed in Ct values means dCt less than 0.4 between pools.
It should be recommended to prepare and use only the one dilution of spike-in cel-miR-39 for
the whole experiment to eliminate technological variability in its quantification.

The potential of CSF miRNAs to serve as the accurate brain tumor biomarkers depends on
methodological approaches used for their quantification. Unfortunately, methods commonly
used for high-throughput miRNA profiling require a higher RNA input than RNA yields
recovered from CSF samples. Moreover, these methods are optimized for RNA specimens
extracted from cells and tissues. A better option is the manufacturing protocol supports RNA
extracted from blood plasma/serum samples. However, there is no commercially available
method for CSF miRNA quantification. In this regard, miRNA profiles in cell/tissue, blood
plasma/serum, and CSF samples show significantly different patterns. Specifically, Iwuchukwu
et al. analyzed 782 known miRNAs (Exiqon) in plasma and CSF samples and identified signifi-
cantly more miRNAs in CSF than plasma [16]. Sorensen et al. [17] reported similar results.
Akers et al. [18] found more specific miRNAs in glioblastoma tissue than in CSF [18].

Different distributions and proportions of miRNAs in total RNA yields can affect the accu-
racy of miRNA analysis. For high-throughput miRNA analysis in CSF samples, we compared
two real-time-PCR-based technologies and an NGS platform in two independent CSF sam-
ples collected from GBM patients. NGS detected the most miRNAs. The PCR methods were
more limited by the low RNA input because the number and proportion of detected miRNAs
increased rapidly when a preamplification step was included. On the other hand, correlation
analysis of miRNA levels detected using all three high-throughput approaches showed lower
correlation between NGS and PCR with a preamplification step than that without it. Thus, it
seems that a preamplification step preceding the final real-time PCR analysis biased the results.
Since NGS is able to detect not only miRNAs but also other small RNA classes (including
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https://doi.org/10.1371/journal.pone.0208580.g005

PIWI-interacting RNAs [19]) and to determine their isoforms [20], we suggest that a NGS
platform is the most suitable for the analysis and quantification of miRNAs in CSF samples.
The feasibility of this method for miRNA analysis in CSF samples was previously examined
and confirmed by Burgos et al. [13].

We compared real-time PCR with digital PCR. Although real-time PCR is nowadays the
most established method of miRNA expression analysis, it has some limitations. Its main
weaknesses are low sensitivity and accuracy in low-copy template detection [21] and compli-
cated raw data normalization (especially in body fluids), all of which can bias final results. On
the other hand, Conte et al. showed dPCR to be accurate, reproducible, and reliable—and thus
more appropriate for the identification and quantification of miRNAs in body fluids [22]. In
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this study, we have compared miR-10a-5p and miR-196a-5p levels detected by real-time PCR
and dPCR with NGS data in ten independent CSF samples. Although the results of the meth-
ods were highly correlated, our data suggest that real-time PCR is not able to precisely distin-
guish samples with lower than ten miRNA copies. Based on our results and those published in
other studies, we suggest that dPCR is a more suitable method for the quantification of individ-
ual miRNAs in CSF samples.

There is no consensus on the best normalization approach, a challenging issue since analy-
sis of miRNA levels in body fluids is affected by many technical and biological factors. In CSF
samples, several methods have already been suggested, including exogenous spike-in miRNAs,
reference endogenous small RNAs, and global mean normalization approaches used in high-
throughput analyses. However, all these methods have limitations. Spike-in miRNAs do not
reflect biological factors. Endogenous small RNAs that are stably expressed in cells—such as
RNU 44, RNU 48, and RNU 6B—show varying levels in individual CSF samples. Moreover,
they do not fully reflect the biogenesis of circulating miRNAs [18]. Despite this, recent studies
have suggested some promising reference circulating miRNAs (miR-24, miR-125, let-7c, miR-
21, miR-24, miR-99b, miR-328 and miR-1274B, miR-15a-5p, miR-21-5p, miR-23a-3p, miR-
23b-3p, miR-99a-5p, miR-125b-5p, miR-145-5p, miR-204-5p, and miR-320a) [7, 8, 23, 24].
Even though another study has already disproved some of these miRNAs as useful reference
molecules for the normalization of CSF miRNA levels [25], using them remains a promising
approach to objectivize results of CSF miRNA analysis.

Conclusion

Circulating CSF miRNAs seem to be promising biomarkers that could help to refine current
brain tumor diagnostics. However, analysis of these small non-coding RNAs in CSF is still not
fully standardized, and many factors can bias the results. Thus, optimization and standardiza-
tion of individual steps in this analytical process could bring CSF miRNAs closer to clinical
use. After comparing several RNA extraction methods, we suggest that the Urine microRNA
purification kit provided by Norgen Biotek company is the most appropriate kit for miRNAs
extraction from CSF samples. Further, our data show small RNAseq and digital PCR to be suit-
able methods for CSF miRNA quantifications.
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(XLSX)
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Abstract: Central nervous system (CNS) malignancies include primary tumors that originate within
the CNS as well as secondary tumors that develop as a result of metastatic spread. Circulating
microRNAs (miRNAs) were found in almost all human body fluids including cerebrospinal fluid
(CSEF), and they seem to be highly stable and resistant to even extreme conditions. The overall aim of
our study was to identify specific CSF miRNA patterns that could differentiate among brain tumors.
These new biomarkers could potentially aid borderline or uncertain imaging results onto diagnosis of
CNS malignancies, avoiding most invasive procedures such as stereotactic biopsy or biopsy. In total,
175 brain tumor patients (glioblastomas, low-grade gliomas, meningiomas and brain metastases), and
40 non-tumor patients with hydrocephalus as controls were included in this prospective monocentric
study. Firstly, we performed high-throughput miRNA profiling (Illumina small RNA sequencing) on
a discovery cohort of 70 patients and 19 controls and identified specific miRNA signatures of all brain
tumor types tested. Secondly, validation of 9 candidate miRNAs was carried out on an independent
cohort of 105 brain tumor patients and 21 controls using qRT-PCR. Based on the successful results
of validation and various combination patterns of only 5 miRNA levels (miR-30e, miR-140, let-7b,
mR-10a and miR-21-3p) we proposed CSF-diagnostic scores for each tumor type which enabled to
distinguish them from healthy donors and other tumor types tested. In addition to this primary
diagnostic tool, we described the prognostic potential of the combination of miR-10b and miR-196b
levels in CSF of glioblastoma patients. In conclusion, we performed the largest study so far focused on
CSF miRNA profiling in patients with brain tumors, and we believe that this new class of biomarkers
have a strong potential as a diagnostic and prognostic tool in these patients.

Keywords: glioblastoma; meningioma; brain metastases; microRNA; cerebrospinal fluid

1. Introduction

Malignancies of the central nervous system (CNS) consist of primary tumors and secondary
tumors that originate in different parts of a body and occur in CNS as brain metastasis. These two
groups of CNS tumors count almost 40 patients per 100,000 persons worldwide and the incidence
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rate is still growing. The main types of primary brain tumors include gliomas, ependymomas and
meningiomas [1,2]. Gliomas originate from glial cells and are classified by histopathological and
molecular features into four classes, more generally into low grade gliomas (LGG, WHO I and II),
and high-grade gliomas (HGG, WHO III and IV), when the most common glioma is glioblastoma
multiforme (GBM) [3]. GBM, with the incidence rate of 4.7-5.7 cases per every 100,000, is also one of
the most aggressive brain tumors, and even after therapy, the median survival time is only around
14.6 months [4]. On the other hand, meningiomas are in most cases slowly growing tumors and
represent most common adult primary brain tumors, characterized by almost two times more frequent
occurrence in females than in males. According to the World Health Organization (WHO) classification
they are divided into three grades (grade I, grade II, also referred as atypical meningioma and grade
IIT). The majority of grade I is benign and counts almost 80% of all meningiomas. Compared to
a good prognosis of grade I, atypical meningiomas grow and progress more rapidly and represent
about 15%. Meningiomas grade III are rarer and they occur around 2% and show the most aggressive
behaviour [5-7]. Brain metastases are also one of the most frequently occurring brain malignancies
with poor overall survival [8].

Following the fact that prognosis and therapy depends on detecting the brain tumor type early
and accurate diagnosis is crucial, this could significantly affect life quality as well as survival of the
patients. Current diagnosis approaches are based on imaging methods such as computed tomography
(CT) and magnetic resonance (MRI) with subsequent histological examination of biopsy. Nevertheless,
these approaches are limited by brain tumor localization and heterogeneity. Therefore, it is still
necessary to look for diagnostic approaches and biomarkers that are at the same time robust, sensitive
and specific, and whose collection is not very invasive. The use of biomarkers found in body fluids
(liquid biomarkers) appears to be a suitable approach for detecting a variety of pathological conditions
including cancer. Cerebrospinal fluid (CSF), which bathes all the CNS and is in direct contact with any
possible pathological components, is considered as the ideal source of these biomarkers for detecting
brain tumors [9,10].

MicroRNAs (miRNAs) are single stranded, non-coding RNA which are 18-25 nucleotides in
length, and post transcriptionally regulate gene expression. These molecules are usually tissue specific
and involved in the pathogenesis of many diseases [11]. Circulating miRNAs were found in almost all
human body fluids including CSF and they seem to be highly stable and resist extreme conditions [12]
Moreover, several studies have shown that deregulated levels of CSF miRNAs are associated with
malignant tumors of CNS [13-15]. Taken together, analysis of miRNAs in CSF of brain tumor patients
might help to develop a new diagnostic platform enabling more precise diagnostic approaches.

2. Material and Methods

2.1. Collection of Clinical Samples and CSF Processing and Storage

CSF samples were collected from the Department of Neurosurgery, University Hospital Brno,
Czech Republic. Informed consent approved by the local Ethical Committee of University Hospital
Brno (ethic code: 14-08-27-01) on 27 August, 2014, was obtained from each patient before the lumbar
puncture. In the discovery phase, 89 CSF samples taken from 32 glioblastoma, 14 low-grade glioma,
11 meningioma, 13 brain metastasis patients, and 19 non-tumor patients were used for small RN Aseq
analysis. Subsequently, 126 CSF samples were used for the validation phase (41 glioblastoma,
8 low-grade glioma, 44 meningioma, 12 metastasis patients and 21 non-tumor patients) (summarized
in Table 1). Briefly, 4-6 mL of CSF samples were obtained during the lumbar puncture between the
L3 and L5 vertebrae before surgical intervention in brain tumor patients or during standard therapy
management of patients with normal-pressure hydrocephalus (non-tumor patients). CSF samples
containing blood-derived cells were excluded. Subsequently, CSF samples were centrifuged at 500X g
for 10 min at 4 °C (Eppendorf 5810 R, Hamburg, Germany), and the supernatant were aliquoted to
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1 mL tubes and stored at —80 °C. The sample processing took no more than one hour. In glioblastoma
patients we also collected follow-up clinical data and information on overall survival (OS).

Table 1. Groups of patients included in this study.

Group Discovery Cohort  Validation Cohort
N=89 N =126
controls (hydrocephalus) 19 21
glioblastoma 32 41
low-grade glioma 14 8
meningiomas 11 44
brain metastasis 13 12

2.2. RNA Isolation

Urine microRNA Purification Kit (Norgen Biotek, Thorold, ON, Canada) was used for isolations
of all CSF samples according to manufacturer’s protocol with few modifications: (i) at the elution step,
samples were incubated for 20 mins on the column, (ii) we decreased the volume of elution solution to
20 pL, (iii) elution step was repeated twice with the same sample.

2.3. Small RNA Sequencing

Library preparation was performed by CleanTag Library preparation kit (Trilink Biotechnologies,
L-3206, San Diego, CA, USA) according to manufacturer’s protocol. The maximum volume of RNA
sample was always added to reaction. Libraries were purified by Agencourt AMPure XP (Beckman
Coulter, Brea, CA, USA). The sequencing analysis was performed by Next 500/550 High Output v2 Kit
with 75 cycles using the NextSeq 500 instrument (both Illumina, San Diego, CA, USA). For miRNA
mapping and analysis, an online tool Chimira (Enright Lab at EMBL-EBI, Cambridge, UK) was used.
Obtained data were subsequently statistically evaluated in the environment of statistical language R
using the Bioconductor edgeR and DESeq2 package.

2.4. cDNA Synthesis and qRT-PCR

In the validation phase of the study, cDNA synthesis was performed by TagMan™ Advanced
miRNA cDNA Synthesis kit followed by gRT-PCR using TaqMan™ Fast Advanced Master Mix with
individual TagMan Advanced miRNA assays (all ThermoFisher Scientific, Waltham, MA, USA) on the
QuantStudio™ 3D Digital PCR Instrument (ThermoFisher Scientific, Waltham, MA, USA). All reactions
were held according to manufacturer’s protocol.

2.5. Data Analysis

All real-time PCR reactions were run in triplicates and average threshold cycle and SD values
were calculated. 22t method (ACt = Ct(miRNA) — Ct(average(let-7i-5p, miR-151a-3p, miR-423-3p))
was used for Ct values normalization. Reference miRNAs let-7i-5p, miR-151a-3p, and miR-423-3p were
chosen based on the analysis of small RNAseq data using algorithms geNorm and NormFinder. LogFC
was calculated as logarithm of ratio between specific miRNA average expressions of two statistically
compared groups. All analyses (Mann-Whitney non-parametric tests, ROC analyses, Kaplan-Meier
and long-rank test) were performed using GraphPad Prism version 6.00 (GraphPad Software, San
Diego, CA, USA). p-values of <0.05 were considered statistically significant.

For discovery of diagnostic signatures (DS), and prognostic miRNA combination, logistic regression
was performed. Successfully validated miRNAs were introduced into a bidirectional stepwise logistic
regression model and the final model was taken as that which maximizes the Akaike information
criterion. Formulas for calculation of Diagnostic Scores (DS):

Brain tumors DS = —1.742 + (miR-30e X 1.139) + (miR-140 x —2.320);
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Glioblastoma DS = —2.876 + (let-7b x —1.823) + (miR-21-3p X 4.380) + (miR-10a X 2.244);
Meningioma DS = 2.472 + (let-7b X —0.064) + (miR-21-3p X —10.826) + (miR-10a x —1.278);
Brain metastasis DS = —2.571 + (let-7b X 1.746) + (miR-21-3p X 11.672) + (miR-10a x —1.114).

3. Results

In the discovery phase of the study, we successfully performed small RNA sequencing of 89 CSF
samples collected from patients with brain tumors and hydrocephalus (non-tumor controls). When
CSF miRNA profiles from glioblastoma patients were compared to CSF from controls, we identified
25 miRNAs to be significantly deregulated (p < 0.001, Table 2, Figure 1A). Low-grade glioma miRNA
profiles significantly differed from controls in levels of 14 miRNA (p < 0.1, Table 5, Figure 1B). In CSF of
meningioma and brain metastasis patients 12 miRNAs (p < 0.01) and 14 miRNAs (p < 0.001) identified
to differentially expressed, respectively (Tables 3 and 4, Figure 1C-D). Based on the fold-change,
significance specificity, and uniqueness for various tumor types, we selected 9 miRNAs (let-7a, let-7b,
miR-10a, miR-10b, miR-21-3p, miR-30e, miR-140, miR-196a and miR-196b) to be validated in CSF
specimens of independent groups of patients (41 GBMs, 8 low-grade gliomas, 44 meningiomas, 12 brain
metastases and 21 non-tumor patients). Results of the validation phase are shown in Figure 2. We also
proposed the Diagnostic Scores (DS) for each tumor type and the schema for stratification of brain
tumor and non-tumor patients (Figure 3A), and glioblastoma, meningioma and brain metastasis
patients (Figure 3B), based on a detection of miR-30e and miR-140, and let-7b, miR-21-3p and miR-10a
in CSF respectively. Through ROC analysis we identified the DS thresholds enabling to stratify patients
with the highest sensitivity and specificity. Specifically, DS threshold —1.883 was calculated based
on CSF levels of miR-30e, and miR-140 enabled stratification of brain tumor patients and non-cancer
donors with the sensitivity 76% and specificity 75% (Figure 3A). DS thresholds —0.525, 0.033 and
—2.164 were calculated based on CSF levels of let-7b, miR-21-3p and miR-10a enable stratify GBM
(sensitivity 73% and specificity 75%), meningioma (sensitivity 73% and specificity 72%) and brain
metastasis (sensitivity 75% and specificity 71%) from other brain tumor types (Figure 3B). In addition
to this primary diagnostic approach, we described prognostic potential of the combination of miR-10b
and miR-196b levels in CSF of glioblastoma patients (Figure 4). Whereas the median overall survival
(OS) in patients with miR-10b/miR-196b high levels was 9 months, in patients with low levels the
median OS was 16.5 months.

Table 2. MicroRNAs with the most significantly different levels in cerebrospinal fluid of glioblastoma
patients in comparison to controls (p < 0.001) supplemented with additional miRNAs tested in the
validation phase of the study listed at the bottom of the table (in italics). All miRNAs selected for the
validation phase are in bold; and logFC = binary logarithm of Fold Change.

Genes logFC  Average Expression  p-Value Adjusted p-Value
miR-196a-5p 422 9.76 <0.00001 <0.00001
miR-4306 3.99 1.75 <0.00001 <0.00001
miR-10a-5p 2.64 14.78 <0.00001 <0.00001
miR-4791 -4.01 3.37 <0.00001 <0.00001
miR-30c-5p -2.20 7.87 <0.00001 <0.00001
miR-1255b-5p 3.18 141 <0.00001 <0.00001
miR-30e-5p -1.21 10.67 <0.00001 <0.00001
miR-549a 4.06 371 <0.00001 <0.00001
miR-10b-5p 2.21 16.15 <0.00001 <0.00001
miR-196b-5p 3.76 5.32 <0.00001 <0.00001
miR-199b-3p 1.53 14.09 <0.00001 <0.00001
miR-127-3p -1.79 7.98 <0.00001 0.00027
let-7b-5p 1.13 17.84 <0.00001 0.00011
miR-574-5p 1.45 10.21 <0.00001 0.00027
miR-152-3p 1.39 10.42 <0.00001 0.00027

miR-1247-3p 243 0.43 <0.00001 0.00033
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Table 2. Cont.

Genes logFC  Average Expression  p-Value Adjusted p-Value
miR-944 3.55 3.33 <0.00001 0.00033
let-7c-5p 1.22 15.75 <0.00001 0.00022

miR-224-5p 3.05 221 <0.00001 0.00039
miR-4454 -3.39 5.10 <0.00001 0.00039
miR-335-5p 3.38 492 <0.00001 0.00039
miR-17-3p 2.84 2.29 <0.00001 0.00039
miR-365b-5p 2.96 1.62 <0.00001 0.00059
miR-10b-3p 3.10 2.45 <0.00001 0.00072
miR-10a-3p 3.71 4.25 <0.00001 0.00078
miR-140-5p 1.89 4.77 0.01080 0.05594
miR-21-3p 1.14 1.97 0.11732 0.27104

Table 3. MicroRNAs with the most significantly different levels in cerebrospinal fluid of meningioma
patients in comparison to controls (p < 0.001) supplemented with additional miRNAs tested in the
validation phase of the study listed at the bottom of the table (in italics). All miRNAs selected for the
validation phase are in bold; and logFC = binary logarithm of Fold Change.

Genes logFC  Average Expression  p-Value Adjusted p-Value

miR-196a-5p 4,01 9.76 <0.00001 0.00001
miR-10a-5p 2.82 14.78 <0.00001 0.00003
miR-549a 4.69 3.71 <0.00001 0.00059
miR-196b-5p 4.06 5.32 <0.00001 0.00103
miR-199b-3p 1.65 14.09 0.00001 0.00109
miR-101-3p 1.56 11.93 0.00001 0.00118
miR-152-3p 1.62 10.42 0.00001 0.00137
miR-10a-3p 4.37 4.25 0.00003 0.00315
miR-148a-3p 1.70 11.92 0.00005 0.00489
miR-140-5p 3.39 4.77 0.00008 0.00695
miR-1247-5p 3.26 1.55 0.00011 0.00841
miR-205-5p 445 4.29 0.00014 0.00953
miR-10b-5p 1.77 16.15 0.00039 0.01893
let-7b-5p 0.69 17.84 0.01600 0.13214
let-7c-5p 0.83 15.57 0.00830 0.09333
miR-30e-5p -0.05 10.67 0.84957 0.95825
miR-21-3p 0.75 1.97 0.44158 0.76889

Table 4. MicroRNAs with the most significantly different levels in cerebrospinal fluid of brain metastases
patients in comparison to controls (p < 0.001) supplemented with additional miRNAs tested in the
validation phase of the study listed at the bottom of the table (in italics). All miRNAs selected for the
validation phase are in bold; and logFC = binary logarithm of Fold Change.

Genes logFC  Average Expression  p-Value Adjusted p-Value

miR-5100 -5.28 2.33 <0.00001 0.00011
miR-92a-3p 2.50 13.27 <0.00001 0.00011
miR-143-3p 1.86 14.69 <0.00001 0.00023
miR-196a-5p 3.34 9.76 <0.00001 0.00033
miR-196b-5p 4.08 5.32 <0.00001 0.00033
miR-490-3p -4.82 1.37 <0.00001 0.00036
miR-1247-5p 3.70 1.55 <0.00001 0.00036
miR-199b-3p 1.67 14.09 <0.00001 0.00036
miR-21-3p 422 1.97 0.00001 0.00062
miR-3607-3p -4.21 0.79 0.00001 0.00067
miR-205-5p 4.87 429 0.00001 0.00067
miR-532-5p 2.77 8.05 0.00001 0.00067

miR-381-3p 3.24 5.97 0.00001 0.00067
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Table 4. Cont.

Genes logFC  Average Expression  p-Value Adjusted p-Value
miR-10a-5p 2.28 14.78 0.00001 0.00067
miR-10b-5p 1.72 16.15 0.00041 0.00919

let-7b-5p 0.43 17.84 0.11602 0.38548
let-7c-5p 0.39 15.75 0.21442 0.51985
miR-140-5p 2.60 4.77 0.00247 0.03024
miR-30e-5p -047 10.67 0.08626 0.32384

A Glioblastoma vs. control B Low-grade gliomas vs. control
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Figure 1. Hierarchical clustering based on cerebrospinal fluid (CSF) miRNA expression profiles of
glioblastomas and controls (A); low-grade gliomas and controls; (B) meningiomas and controls (C);
and brain metastases and controls (D). Blue color always indicates CSF specimen collected from control
individual. A gradient of green and red colors is used in the heatmap (green color indicates lower
expression whereas red color indicates higher expression of individual miRNAs in analyzed samples).
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Figure 2. Validation of candidate cerebrospinal fluid miRNA biomarkers (A let-7b, B let-7c, C miR-10a,
D miR-10b, E miR-21-3p, F miR-30e, G miR-140, H miR-196a, I miR-196b). In controls, patients with
glioblastoma (GBM), meningioma, brain metastasis, and low-grade glioma (LGG).
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Figure 3. Diagnostic schemas for brain tumor patients stratification of (A) brain tumor and non-tumor
patients; and (B) glioblastoma, meningioma and brain metastasis patients based on detection of selected
miRNAs in CSE. DS = Diagnostic Score; AUC = Area Under Curve; and CSF = Cerebrospinal fluid.
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o 10 20 30 40
Overall Survival (months)

Figure 4. Kaplan-Meier survival curves estimating overall survival in patients with glioblastoma
according to combined cerebrospinal fluid levels of miR-10b and miR-196b (low levels in red - median
OS = 16.5 months; and high levels in blue - median OS = 9 months; p = 0.0170, Log-Rank test).
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Table 5. MicroRNAs with the most significantly different levels in cerebrospinal fluid of low grade
glioma patients in comparison to controls (p < 0.01) supplemented with additional miRNAs tested in
the validation phase of the study listed at the bottom of the table (in italics). All miRNAs selected for
the validation phase are in bold; and logFC = binary logarithm of Fold Change.

Genes logFC  Average Expression  p-Value Adjusted p-Value
miR-381-3p 3.37 5.97 0.00000 0.00334
miR-205-5p 431 429 0.00011 0.03741
miR-92a-3p 1.88 13.27 0.00013 0.03741
miR-532-5p 2.28 8.05 0.00031 0.05360
miR-1247-5p 2.72 1.55 0.00032 0.05360
miR-155-5p -2.15 8.63 0.00049 0.06435
miR-196a-5p 245 9.76 0.00054 0.06435

miR-196b-5p 2.94 5.32 0.00087 0.07357
miR-96-5p 1.79 -0.24 0.00148 0.09360
miR-4306 2.55 1.75 0.00157 0.09360
miR-30e-3p -1.36 10.03 0.00139 0.09360
miR-143-3p 127 14.69 0.00088 0.07357
hsa-let-7e-5p -0.87 11.75 0.00143 0.09360
miR-10b-5p 1.58 16.15 0.00088 0.07357
let-7b-5p 0.25 17.84 0.36461 0.77936
let-7c-5p -0.06 15.75 0.86022 0.95823
miR-10a-5p 1.46 14.78 0.00520 0.14588
miR-140-5p 2.24 4.77 0.00914 0.20606
miR-21-3p 1.00 1.97 0.27474 0.73439

4. Discussion

The overall aim of our study was to identify specific CSF miRNA patterns that could differentiate
among brain tumors in the largest cohort of patients published so far. From a translational perspective,
our aim was to identify new biomarkers that can aid borderline or uncertain imaging results onto
the diagnosis of CNS malignancies, avoiding most invasive procedures such as stereotactic biopsy
or biopsy. Therapeutic strategies could be planned in advance improving patients’ quality of life.
Moreover, the identification of such biomarkers could help in finding alternative therapeutic targets.
Based on the knowledge that CSF is the CNS biological fluid, that it flows only in the CNS, and it is
easily collectable by a spinal tap at the lumbar cisternae level, we also hypothesized that CSF would be
the ideal biological fluid to find CNS biomarkers [15]. On the other hand, miRNAs have demonstrated
their great ability to classify human cancers [16,17] and to be very stable RN As in CSF [9]. CSF also
has the advantage to contain fewer miRNAs than blood plasma or serum, which are, instead, flowing
throughout the body and, thus, less tissue specific and more vulnerable to contaminations from blood
cellular components.

Our results indicate a very good potential of CSF miRNAs in primary diagnostics of brain tumors
and their potential supportive value in the diagnostic process in cases with borderline or uncertain
imaging results. We identified CSF miRNA signatures for all studied cancer types. Some of the
miRNAs identified in our study were already described by others, for instance miR-10b increased in
CSF of GBM patients [14] or miR-21 in CSF of patients with brain metastasis [14,15]. Until now, there
was no study published which focused on miRNA levels in CSF of meningioma patients.

In the validation phase of our study, we confirmed very good reproducibility and robustness
of CSF miRNAs as biomarkers. We successfully validated all miRNAs identified by small RNA
sequencing to have significantly (adj. p < 0.05) different levels in CSF of glioblastoma cases also by
use of qRT-PCR method. In cases of meningioma we confirmed 2 out of 5 miRNAs, and in brain
metastasis 2 out of 6 miRNAs were independently validated. We suppose that lower validation success
in meningiomas and brain metastasis is caused by smaller cohorts in both explorative and validation
phases in comparison with GBM. Last but not least, we successfully validated 4 out of 6 miRNAs in
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low-grade gliomas with different levels (p < 0.05) in the exploratory phase. We used these miRNAs
to establish a diagnostic schema for brain tumor patient stratification based on the detection of only
five miRNAs in CSF. Moreover, we were able to show that 2 miRNAs measured in pre-operatively
collected CSF indicated prognostic functioning in patients with glioblastoma (Figure 4). This could
potentially present clinically very important information since in cases with borderline resectable
tumors, prognostic information could also be considered as a factor for the decision making process
regarding surgical intervention. We also believe that another potential clinical application of our
observations is an improvement of the low-grade glioma diagnosis since occurrence of glioblastoma
CSF miRNA profiles in these cases could be considered an indicator of the presence of high-grade
focuses which could be “overlooked” within the standard diagnostic process. Specifically, our results
indicate that let-7c, miR-140 and miR-196a show significantly different levels in glioblastoma and
low-grade glioma patients” CSE. Although a lot of studies have described possible functions of miRNAs
at the cellular and molecular levels, there are only a few studies focused on the cell-free miRNAs
to be brain tumor biomarkers, and none from them describe our successfully validated miRNAs as
potentially diagnostic biomarkers. Only Regazzo et al., detected let-7c levels in pre-surgery blood
serum obtained from GBM, WHO II-III glioma and meningioma patients and healthy donors. They did
not observe any differences among examined groups, so this corresponds with previous conclusions
that CSF seems to be a more sensitive diagnostic biofluid in comparison with blood plasma and serum
in brain tumors [18,19]. Many more studies have been published in relation to tumor brain biomarkers
and tissue miRNAs. Among all, miR-196a and miR-196b showed increased expression levels in GBMs
relative to both anaplastic astrocytomas and normal brain tissues, which is consistent with our results
since both miRNAs had significantly higher levels in CSFs from GBM patients than from non-tumor
donors. Moreover, miR-196a seems to be associated with glioma progression and the prognostic role
of miR-196b was suggested in GBM patients [20]. Another two studies described increasing tissue
expression levels of miR-196a upon progression of low-grade gliomas to the GBM [21,22]. In accordance
with our results, miR-10b was upregulated in GBM tissue compared to brain tissue of non-neoplastic
controls. However, we did not observe different CSF levels of miR-10b between GBM and WHO I-III
gliomas like Visani et al. [23]. Whereas our study shows significantly higher levels of let-7b in CSF
from GBM patients in comparison to non-tumor donors, in GBM tissues the levels were described
to have lower expression of let-7b [24] indicating active release of this tumor suppressive miRNA by
glioblastoma cells. Similarly, miR-140 showed increased expression upon progression of WHO grade
II to glioblastomas [25] whereas our results indicate higher CSF levels of miR-140 in low-grade glioma
patients. However, analysis of these small non-coding RNAs in CSF is still not fully standardized and
there are many factors that could bias the results. Thus, optimization and standardization of individual
steps of the whole analytical process could bring CSF miRNAs closer to the clinical utilization [26].

5. Conclusions

In conclusion, we performed the largest study so far focused on CSF miRNA profiling in patients
with brain tumors. We described significant differences in CSF miRNA levels in patients with all tested
tumor types by the use of small RNA sequencing which is the most comprehensive method of miRNA
profiling. The majority of the miRNA candidates we have also successfully validated in independent
cohorts of patients by standard qRT-PCR method. Based on our results, we believe that CSF miRNAs
have a strong potential as the diagnostic and prognostic biomarkers in patients with brain tumors.
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Abstract High-grade gliomas (HGGs) are malignant pri-
mary brain tumors of glial cell origin. Despite optimal
course of treatment, including maximal surgical resection
followed by adjuvant chemo- and/or radiotherapy, the prog-
nosis still remains poor. The main reason is the commonly
occurring chemo- and radioresistance of these tumors. In
recent years, several signaling pathways, especially
PI3K/AKT and ATM/CHK2/p53, have been linked to the
resistance of gliomas. Moreover, additional studies have
shown that these pathways are significantly regulated by
microRNAs (miRNAs), short endogenous RNA molecules
that modulate gene expression and control many biological
processes including apoptosis, proliferation, cell cycle,
invasivity, and angiogenesis. MiRNAs are not only highly
deregulated in gliomas, their expression signatures have also
been shown to predict prognosis and therapy response.
Therefore, they present promising biomarkers and therapeu-
tic targets that might overcome the resistance to treatment
and improve prognosis of glioma patients. In this review, we
summarize the current knowledge of the functional role of
miRNAs in gliomas resistance to chemo- and radiotherapy.
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Introduction

Gliomas account for approximately 80 % of all primary
malignant brain tumors; despite improvements in clinical
care over the last 20 years, they still remain associated with
high mortality. Prognosis of patients with glioblastoma
multiforme (GBM), the most common histological subtype
of high-grade gliomas (HGGs), is very poor with median
survival of 12—-15 months from diagnosis (CBTRUS 2012)
[1, 2]. Current management of HGGs is based on a maximal
surgical resection and adjuvant chemoradiotherapy, which
leads to inhibition of the cell cycle and increased apoptosis
of tumor cells [3, 4]. However, HGGs are well known for
early recurrence, which is caused by chemo-radioresistance
of some of the tumor cells. Thus, several mechanisms of
glioma resistance have been described; the most important
of which is the deregulation of signaling pathways such as
PI3K/AKT [5, 6] and ATM/CHK2/p53 [7]. Another signif-
icant component of therapeutic resistance of gliomas is the
presence of cancer stem cells (CSCs) and signaling path-
ways related to the maintenance of the stem cell-like phe-
notype (OCT4, SOX2, Notch, and Nanog). This assumption
is supported by recent findings that CSCs generally show a
higher level of resistance in comparison to non-CSCs [8, 9].
Therefore, another means to overcome the HGGs’ resistance
is to regulate pathways associated with cancer stem cells.
MicroRNAs (miRNAs) are emerging as an important
class of endogenously produced, short (approximately
22 nt) noncoding RNAs. They have the ability to negatively
regulate gene expression at the posttranscriptional level by
their interaction with 3’-untranslated region of target mRNA
[10]. The binding of a miRNA and its target site does not
require a perfect base complementarity, and thus, one
miRNA can regulate multiple targets. Alternatively, a single
gene can be regulated by several miRNAs. The discovery
that within miRNA targets is a significant number of
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oncogenes and tumor suppressors that are deregulated in
many cancers, has highlighted miRNAs as important regu-
lators in cancer cell biology and as promising biomarkers or
therapeutic targets. Recently, a number of studies have fo-
cused on a relationship between miRNAs and signaling
pathways involved in GBM and HGGs pathogenesis [11].
In this review, we summarize present knowledge about
miRNAs with emphasis on their role in glioma chemo-
radioresistance.

MiRNAs involved in radioresistance

The therapy of glioma is typically initiated by surgical
resection, followed by radiotherapy to eliminate the rest of
the tumor cells. Radiotherapy is focused on one important
property of cancer cells—an immense proliferation. Ioniz-
ing radiation (IR) causes water ionization within the cells
and so gives rise to the production of reactive radicals,
which subsequently interact with DNA and disrupt the
phosphate DNA backbone. DNA strand breaks caused by
this interaction can be either repaired or can lead to cell
cycle arrest. Depending on the response to the therapy, we
can observe a long-term effect of IR which is manifested as
senescence of the tumor cells, or a short term effect which is
cell death via apoptosis [12]. Relapse of the tumor after
radiotherapy is common, and then, tumor often progresses
into more aggressive forms associated with poor prognosis
and resistance to further treatments [13]. It was previously
described in several studies that IR triggers DNA repair
mechanisms and activates several signaling pathways such
as PI3K/AKT [14] or ATM/Chk2/p53 [7] that subsequently
leads to higher proliferation, invasivity, and survival of
glioma cells (Fig. 1). In the past several years, there has
been an increasing number of studies published describing
miRNAs as important regulators of different pathways in-
volved in development of gliomas as well as their role in the
resistance to the treatment.

PI3K/AKT/mTOR pathway

Deregulation of PI3K/AKT/mTOR pathway occurs fre-
quently in GBM [15]. Physiologically, the PI3K signaling
pathway is critical for normal brain development; however,
it has also been found to be hyperactivated in brain tumors
[16, 17]. Epidermal growth factor receptor (EGFR) play an
important role as an activator of this pathway since muta-
tions in EGFR lead to tumor cell proliferation, increased
survival, angiogenesis, and metastasis. Activation of EGFR
allows for phosphorylation of PIP2 via PI3K to PIP3. Sub-
sequently, PIP3 activates AKT, an important regulator of
various processes in the cell. Downstream signaling compo-
nents of AKT belong to regulators of the cell cycle i.e.,
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glycogen synthase kinase 3, proliferation—nuclear factor
kappa-B (NFkB), or mammalian target of rapamycin
(mTOR) and apoptosis (BAD, MDM2, Caspase9) [17]. As
indicated, activation of AKT can result in cell growth and
cell survival which are closely linked to treatment resis-
tance. These capabilities make AKT an attractive therapeutic
target.

One of the ways of targeting the PI3K/AKT pathway and
its downstream components for intervention is offered by
miRNAs. Study of miRNA expression profiles after IR
exposure in the U87MG glioblastoma cell line showed
downregulation of miR-181a. Based on the computational
analysis and predictive tools, BCL-2, a downstream protein
of AKT signaling, was chosen as a direct target for further
validation. Transient overexpression of miR-181a sensitized
the U87MG cell line to the IR and led to downregulation of
mRNA and protein level of BCL-2 which is not only asso-
ciated with radioresistance but also plays a protective role
against apoptotic cell death and is frequently overexpressed
in human tumor cells [18, 19]. Another miRNA involved in
the AKT signaling is miR-21, which is generally classified
as an oncomiR. MiR-21 was one of the first identified
miRNAs to play an important role in glioma pathogenesis
with an antiapoptotic effect on HGGs. Computational anal-
ysis revealed phosphatase and tensin homolog (PTEN), a
direct negative regulator of AKT, as a target gene of miR-
21. However, after downregulation of miR-21, the expres-
sion of EGFR and BCL2 was decreased, AKT and cyclin D
were activated, but the status of PTEN appeared to be
independent of miR-21 [20]. In another study, PTEN was
found to be regulated directly by miR-26a [21]. MiR-26a
alone is able to transform cells by promoting GBM cells
growth in vitro and in vivo. Cell growth is enhanced either
by decreased PTEN, RB1, or MAP3K2/MEKK2 protein
expression, which subsequently leads to increased AKT
activation and promotes proliferation, or by decrease of c-
JUN N-terminal kinase-dependent apoptosis [22].

Additional miRNAs linked to AKT regulation are
miR-7 and miR-451 [23, 24]. The involvement of miR-
7 in this pathway was evaluated on U251 and U87
glioma cell lines. Ectopic overexpression of miR-7 atten-
uated EGFR and AKT expression and radiosensitized
both glioma cell lines. Furthermore, it prolonged
radiation-induced yYH2AX foci formation and led to
downregulation of DNA-dependent protein kinases
(DNA-PKs). This indicates a relationship between de-
layed DNA damage repair and increased radiation-
induced cell killing by overexpression of miR-7, which
leads to downregulation of the EGFR-AKT signaling
network [14]. AKT also plays an important role in
DNA repair after IR through controlled DNA-PK expres-
sion. After irradiation, recognition of DNA double-strand
breaks during nonhomologous end joining is carried out
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Fig. 1 MiRNAs and pathways involved in radioresistance of gliomas.
After IR which causes DNA damage, several pathways are activated to

protect tumor cells from apoptosis and give them the ability of
uncontrolled growth and proliferation. Among these pathways belong
the PI3K/AKT and ATM/Chk2/p53 pathways which are tightly
connected to and regulated by several miRNAs. The main player of
the first pathway is AKT, which is, inter alia, responsible for the

by the heterodimers Ku70/Ku80, which are activated by
the DNA-PKs [25, 26]. It seems that miR-7 could be a
useful therapeutic target for overcoming the

radioresistance of human cancers with activated EGFR-
PI3K-AKT signaling [14].

ATM/Chk2/p53 pathway

Loss of ATM/Chk2/p53 pathway components accelerates
glioma development and contributes to radiation resistance.
In response, IR cells activate the sensor kinases ATM, ATR,
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activation of DNA-PK and also for DNA repair, then it activates
antiapoptotic factor BCL2 or mTOR, which ensures cell growth and
proliferation. ATM/CHK?2/p53 pathway, which is activated by BRCA1
after DNA damage is important for cells as well. The survival and cell

apoptosis is dependent on its downstream proteins activation, such as
CHK1/2 and p53

and DNA-PKs that phosphorylate multiple downstream me-
diators, including the checkpoint kinases Chkl and Chk2,
which lead to checkpoint initiation in cell cycle and/or to
apoptosis [7]. A lower level of ATM was observed in the
MO059] radiosensitive cell line when compared to the
MO59K radioresistant cell line due to deficiency in DNA-
PK. This effect might be caused by overexpression of miR-
100, which was predicted to be a direct regulator of ATM

[27]. After IR of both MOS9K and M059]J cell lines, several
miRNAs were upregulated: miR-17-3p, miR-17-5p, miR-

19a, miR-19b, miR-142-3p, and miR-142-5p. Moreover,
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miR-15a, miR-16, miR-21, miR-143, and miR-155 were
found to be upregulated only in the M0OS9K cell line with
normal DNA-PK activity [28]. These findings are supported
by a study focused on lymphoblastoid cells, where low-
dosage IR also caused upregulation of miR-15a, miR-16,
and miR-21 in cells with a normal status of p53 [29].
Furthermore, miR-143 was found to directly target fragile
histidine triad (FHIT), which is often downregulated in
epithelial tumors. Cells with homozygous deletion of FHIT
show higher resistance to multi-DNA damage inducers,
including IR. Overexpression of miR-143 protects cells
from DNA damage-induced killing by downregulation of
FHIT expression leads to significant G2-phase arrest [30].
Increased level of miR-155 was also found in lung cancer
cells. This miRNA protected the cells against IR and inhi-
bition of this miRNA led to sensitization of cells to radiation
[31]. Overall, these observations point to the involvement of
miRNAs in the different responses of GBM cells to treat-
ment by IR, which are often seen in brain tumors, especially
in HGGs [29].

MiR-101 is another miRNA associated with the protein
levels of ATM and DNA-PK in the US7MGD cell line.
Upregulation of miR-101 by lentiviral transduction sensitized
tumor cells to radiation in vitro and in vivo [32]. These
observations are supported by a study on lung cancer cell
lines, which demonstrated that ectopic expression of miR-
101 could sensitize human tumor cells to radiation by
targeting ATM and DNA-PK [33].

For repair of double-strand breaks nascent after irradiation,
chromatin remodeling protein complexes are required. MiR-99
expression was described to correlate with sensitivity to IR as it
targets the SWI/SNF chromatin remodeling factor
SNF2H/SMARCAS, a component of the ACF1 complex,
which plays an important role in double-strand break repair
[34]. Moreover, it has been elucidated that reduction of
BRCAL level at the DNA damage site was the result of
downregulation of SNF2H, which was caused by induction
of miR-99a and miR-100. These observations were further
supported by an experiment where ectopic expression of the
miR-99 family in cells reduced the rate of overall efficiency of
repair by both homologous recombination and nonhomologous
end joining [34, 35].

ATM encodes a protein kinase that acts as a tumor
suppressor. This kinase is activated by IR damage of
DNA, it stimulates DNA repair, and blocks cell cycle pro-
gression. One of the mechanisms of ATM function is by
ATM dependent phosphorylation of p53, which either ar-
rests the cell cycle at a restriction point to allow for the DNA
damage repair or leads to the apoptosis of damaged cells.
The p53 is indeed a central regulator of cell response to
stress and it has to be tightly regulated [36]. Bioinformatics
suggested that miR-125b is a negative regulator of p53-
induced apoptosis during cell stress [37]. Likewise, miR-
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34a acts as a tumor suppressor in p53-mutant glioma cells
U251. Overexpression of miR-34a, which is transcription-
ally activated through p53, led to cell growth inhibition, cell
cycle arrest in G0-G1, induction of apoptosis, and signifi-
cantly reduced migration and invasion capabilities. Such
events could also be due to regulation of SIRT1, which is
predicted to be a direct target of miR-34a [38]. This is also
supported by a study, where high dosage of IR lead to
induction of miR-34 and reduced the p53 expression level
[39]. Effects of miRNA modulation on radioresistance are
summarized in Table 1.

MiRNAs involved in chemoresistance

Temozolomide (TMZ) is a commonly used alkylating agent
in the treatment of gliomas; however, after prolonged expo-
sure a development of resistance is frequently observed.
Unfortunately, there is little known about the signaling
pathways affected by TMZ [40]. Cytotoxicity of TMZ is
based on methylation of guanines in DNA at the O° position
and also on the base-pair mismatch with thymine. Glioma
cells frequently have activated repair mechanisms to over-
come this substitution through DNA repair enzyme O°-
guanine-DNA methyltransferase (MGMT) and become re-
sistant to TMZ exposure [41]. In nonresistant glioma cells,
TMZ induces cell death partly by the fact that the MGMT
promoter is hypermethylated [42]. Interestingly, miR-181
family members have a capacity to regulate MGMT and
so, increase the chemosensitivity to TMZ. Silencing of the
miR-181 family led to increased levels of MGMT,
suggesting that the miR-181 family could be involved in
posttranscriptional regulation of MGMT and could also be
used as a predictive factor of the response to TMZ [43, 44].
An experiment with the chemoresistant glioma cell line
U118 indicated a functional relationship between TMZ
and survival pathways PI3K/AKT and ERK1/2 MAPK.
These pathways are activated during treatment with TMZ;
however, after inhibition of these pathways, the
chemoresistance was partially eradicated [40] (Fig. 2).

As mentioned above, many studies described the
overexpression of miR-21 in gliomas [45-50]. Downregulation
of miR-21 in GBM cells led to repression of cell growth,
increased cellular apoptosis and cell cycle arrest, which might
enhance the chemotherapeutic effect in cancer therapy.
Overexpression of miR-21 in glioma cell line U87 protected
the cells against TMZ-induced apoptosis via decreasing the
BAX/BCL-2 ratio and Caspase-3 activity, thereby contributing
to chemoresistance [47, 48]. An opposite effect was observed
for miR-221/222 downregulation in the same cell line, where it
caused an increase of sensitivity to TMZ and apoptosis, inde-
pendently of p53 status. Simultaneously, an increase in expres-
sion of apoptotic factors BAX, cytochrome c, and cleaved-
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Table 1 Effect of miRNA modulation on radioresistance

miRNA Up-/downregulation Effect on radioresistance Direct and indirect targets References
miR-181a l + BCL-2 [18, 19]
miR-7 l + EGFR, AKT, DNA-PKs [14]
miR-143 1 + FHIT [28, 30]
miR155 1 + GABRA1 [31, 70]
miR-101 l + ATM, DNA-PK [32]
miR-99 t - SNF2H/SMARCAS [34]
miR-100 t - SNF2H/SMARCAS [35]
mir-34a 1 + p53, SIRT [38, 39]
miR-17-3p induction after IR GaINT7, vimentin, MDM2 28, 71, 72]
miR-17-5p induction after IR E2F1, PTEN [28, 71, 72]
miR-19a induction after IR PTEN, TNF-a [28, 73-75]
miR-19b induction after IR CULS [28, 73]
miR-142-3p induction after IR [28]
miR-142-5p induction after IR [28]
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Fig. 2 MiRNAs involved in chemoresistance of gliomas. Glioma cells
have several possibilities on how to overcome the treatment of
alkylating agents such as TMZ. They evolved special mechanisms,
i.e., O%-methylguanidine methyltransferase (MGMT) enzyme, which is
able to excise the nucleotides in DNA base-pair mismatch, and so,
neutralize the effect of TMZ. This is directly controlled by miR-181
family. Another approach is by ATP-binding cassette transporters,

p2_7kip1

migration/

invasivity dpoplosis

which contribute equally to chemotherapy resistance by transport and
efflux of anticancer drugs. The inhibition of their activity is mediated
by miR-328. Moreover, proteins which are activated as a secondary
consequence of TMZ treatment can be regulated by miRNAs, and so,
inhibit the survival of the cells (miR-21, miR-221, and miR-222) or
arrest cell cycle by inhibition of transcription factors (miR-195)
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caspase-3 was observed [51]. In the TMZ resistant GBM cell
line U251R, the expression levels of miR-195, miR-455-3p,
and miR-10a(*) were increased in comparison to the U251MG
TMZ sensitive cell line. Inhibition of miR-455-3p or miR-
10a(*) showed a modest cell killing effect in the presence of
TMZ compared to the suppression of miR-195, which in
combination with TMZ, strongly enhanced cell death [52].
An inverse correlation was found between E2F transcription
factor 3 (E2F3) and cyclin D3 (CCND3) protein levels and
expression of miR-195 in glioma cells, suggesting that these
proteins might be direct targets of miR-195. Downregulation
of E2F3 can suppress the transcription of cell cycle related
genes and cause accumulation of cells in G1 phase and inhi-
bition of cell cycle progression. As for CCND3, its suppression
mediated by miR-195 can upregulate the expression of cyto-
plasmic p27*?!, which negatively regulates G1 phase and so
affects the expression of other proteins involved in cell migra-
tion, resulting in repression of GBM cells invasion [53].

Besides TMZ, there are other therapeutic agents used in
the treatment of gliomas, such as VM-26 (Teniposide). MiR-
21 was found to mediate chemoresistance to VM-26 in
U373MG cells, where suppression of miR-21 led to en-
hancement of cytotoxicity of VM-26. LRRFIPI was con-
firmed and validated as a direct target of miR-21, whose
product is an inhibitor of NFkB factor, a downstream effec-
tor of PI3K/AKT signaling [50]. In another study, an anti-
sense-miR-21 oligonucleotide significantly improved the
effect of 5-FU on U251 glioma cells and increased apoptosis
with a simultaneous decrease of migration ability [46].

There are other likely mechanisms which are involved in
the chemoresistance of glioma cells. One of these mecha-
nisms is based on the activity of proteins from ATP-binding
cassettes family, which are able to transport various mole-
cules across cellular membranes, i.e., they are able to export
antitumor drugs or their metabolites from cells [9]. ATP-
binding cassette, a subfamily of G member 2 protein family
(ABCG2), is highly expressed in GBM and is associated
with multidrug resistance. MiR-328 contributes to the
chemosensitivity by decrease of ABCG2 expression. Thus,
inhibition of ABCG2 by miRNA can lead to better treatment
outcomes for patients [54]. Effects of miRNA modulation
on radioresistance are summarized in Table 2.

Glioma initiating cells/stem cells and their role
in resistance

Over the past several years, there has been an intense dis-
cussion about the effect of glioma stem cells (GSCs) on the
chemo-/radioresistance of gliomas and their early relapse
[55]. GBM is a very heterogeneous tumor that contains cells
in different states of differentiation. On the top of the cell
hierarchy are probably GSCs, which have the ability of self
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renewal, differentiation into progeny cancer cells, and un-
limited proliferation, as well as initiation of neurospheres’
growth in vitro and generation of highly malignant tumors
in NOD/SCID mice. Similarly to normal stem cells, GSCs
express markers such as CD133, nestin, OCT4, SOX2, and
Nanog [56]. Inhibition of Sonic hedgehog (SHH) and Notch
pathways enhanced sensitivity of CD133 positive (CD133+)
glioma cells to the TMZ therapy [57]. SHH has been found
to play a role in GSCs, especially in maintaining their
undifferentiated stem cell state. Notch signaling is active
in GSCs and participates in GBM pathogenesis [9]. The
resistance of GSCs to TMZ is thought to be associated with
higher expression of MGMT, which is able to repair the
TMZ-induced DNA damage. Furthermore, Notch and SHH
were shown to be upregulated in GSCs and their inhibition
led to increased susceptibility of these cells to TMZ treat-
ment (Fig. 3).

Similar results were obtained for ABCG2, which, as
mentioned above, is implicated in the TMZ resistance. The
activation of other ATP-binding cassettes ABCC3 and
ABCC6 with inhibitor of differentiation 4 (ID4), led to the
chemoresistance of cells, whose resistance was mediated by
SOX2 induction. It was found that ID4 enhances the expres-
sion of SOX2 trough miR-9* suppression, which represses
SOX2 by targeting its 3'-untranslated region [58]. Similar to
miR-9*, miR-145 seems to be the key factor of reduction of
CSCs-like properties and chemoresistance, through the di-
rect downstream inactivation of SOX2 and OCT4. MiR-145
has the capacity to suppress the self renewal and initiating
properties of GSCs in vitro. The capability of miR-145 to
suppress the tumorigenesis, stemness, and survival rate syn-
ergistically with radio- and chemotherapy was also proved
in vivo by the use of polyurethane-short branch
polyethylenimine in orthotopic GBM-CD133  -transplanted
immunocompromised mice [59].

Furthermore, miR-34a, transcriptionally activated
through p53, suppresses proliferation and induces apo-
ptosis in GBM cells by decreasing the expression of
direct target gene Notch-1 [60, 61]. This tumor suppres-
sor acts also as a direct regulator of c-Met, Notch-1,
and Notch-2. MiR-34a enhanced expression induced
GSCs differentiation and inhibited glioma xenograph
growth in vivo. These findings suggest that miR-34a is
a regulator of multiple oncogenic pathways in brain
tumors and in differentiation of CSCs [62, 63].

It was further shown that Notch-1 knockdown led to miR-
326 upregulation. Moreover, miR-326 alone suppressed ex-
pression of Notch-1 and reduced its protein level and activity,
which indicates a feedback loop. Transfection of miR-326 into
GSCs lines was cytotoxic and caused reduction of tumorige-
nicity in vivo [64].

One of the first targets in CSCs was EGFR pathway,
which is associated with CSCs via induction of self renewal
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Table 2 Effect of miRNA modulation on chemoresistance

miRNA Up-/downregulation Effect on chemoresistance Direct and indirect targets References
miR-181 l - MGMT [43, 44]
miR-21 t - BAX, BCL-2 [47, 48]
miR-221/222 l - BAX, cyt ¢, Caspase3 [50]
miR-195 t + E2F3, CCND3 [51]
miR-455-3p t + [53]
miR-10a(*) t + EPHXI1, BRD7 [52]
miR-328 t - ABCG2 [54]

and resistance to chemo- or radiotherapy [9]. MiR-146a
constitutes an endogenous feedback system to counteract
the oncogenic potential of dysregulated signaling pathways,
such as activation of EGFR and inactivation of PTEN in
gliomas. Downregulation of miR-146a caused an enhance-
ment of GSCs formation and supported a tumor growth.
Thus, miR-146a seems to be involved in regulation of GSCs
stem-like properties [65].

As described above in glioma tumors, EGFR and its
downstream AKT signaling play an important role in the
resistance to the therapy and is frequently deregulated also
in GSCs. Higher expression level of BMI-1, a downstream
protein of AKT signaling, was detected in tumor-derived
neurospheres, suggesting that BMI-1 contributes to GSCs
proliferation [34]. BMI-1 is classified as an oncogene and
stem cell renewal factor. Regulation of BMI-1 is mediated
by miR-128, the overexpression of which significantly

reduced glioma cell proliferation in vitro and also glioma
xenograft growth in vivo. MiR-128 caused significant
downregulation of BMI-1 expression which led to the de-
crease of histone methylation (H3K27me(3)), AKT phos-
phorylation, and upregulation of p21(CIP1) levels [55].
Furthermore, it was shown that transfection of miR-
124 or miR-137 into CD133+ human GBM-derived stem
cells (SF6969) induced morphological changes and mark-
er expressions consistent with neuronal differentiation. It
is very well known that cells’ self renewal and differen-
tiation are closely related to the cell cycle. Therefore, it
is interesting that ectopic expression of miR-124 and
miR-137 also induced G1 cell cycle arrest in U251 and
SF6969 GBM cells, which was associated with decreased
expression of cyclin-dependent kinase 6 (CDK6) and
phosphorylated RB (pSer 807/811) proteins [66]. Another
study found miR-125b to be implemented in the cell

ATP-binding cassette
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Fig. 3 MiRNAs and glioma stem cells. In GSCs (glioma stem cells)
ATP-binding cassette family plays a crucial role in multidrug resis-
tance. Their members, such as ABCC3 an ABCC6, can be activated by
SOX2 where miR-9* regulates its expression. The simplified principle
of the GSC defense from the effects of IR is their low proliferation
activity. This is caused by cell cycle inhibition through miR-124 and

miR-137 which downregulates RB and CDK6 proteins important for
the G1/S transition. The IR affects only cells which rapidly proliferate.
On the other hand, GSCs have the capacity for self renewal via
activation of EGFR-signaling pathway and its downstream proteins
where miR-128, miR-145, and miR-146a play important roles as their
regulators
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cycle as it is necessary for stem cell fission to bypass the
normal G1/S checkpoint and make stem cells insensitive
to chemotherapy signals, which normally arrest the cell
cycle at the G1/S transition. Moreover, miR-125b was
associated with inhibition of CDK6 and CDC25A expres-
sion, which are necessary for Cyclin/CDK complexes
activation, and thus cause cell cycle arrest [67].

MiRNAs as predictive/prognostic biomarkers in glioma
translational research

One of the main goals of the HGGs research is to discover
new powerful predictive and/or prognostic biomarkers, en-
abling a higher level of therapy individualization. MiRNAs
seem to be suitable candidates for clinical biomarkers as was
shown by several recent studies that focus on a link between
miRNA and overall survival and time to progression in
HGGs, mainly in GBM patients. Srinivasan and co-
workers analyzed ten selected miRNAs in 222 tumor sam-
ples of GBM patients treated with concomitant
chemoradiotherapy and an adjuvant TMZ. Their findings
showed three protective miRNAs (miR-20a, miR-106a, and
miR-17-5p), which were upregulated in long-term surviving
patients, and seven risk miRNAs (miR-31, miR-221, miR-
222, miR-148a, miR-146b, miR-200b, and miR-193a),
which were conversely upregulated in short-time surviving
patients [68]. In the same year, another retrospective study
was published focusing on expression profiles of 35 GBM
patients, who underwent an adjuvant chemoradiotherapy.
The aim of this study was to discover miRNAs associated
with different prognostic groups of GBM patients. Expres-
sion levels of miR-3163 (fold change (FC)=2.0, p=0.05),
miR-539 (FC=0.5, p=0.001), miR-1305 (FC=0.5, p=0.05),
miR-1260 (FC=0.5, p=0.03), and let-7a (FC=0.3, p=0.02)
were significantly deregulated between patients with short-
and long-time survival [69]. In our recent study, miR-195
(»=0.0124) and miR-196b (p=0.0492) were positively
correlated with the overall survival of GBM patients
treated with concomitant chemoradiotherapy and adjuvant
TMZ. Moreover, evaluation of both miR-181c¢ and miR-
21 enabled identification of a group of patients, which
relapsed in 6 months after surgery and concomitant
chemoradiotherapy with TMZ (sensitivity 92 %, specificity
81 %, p<0.0001) [69]. The response to therapy in HGGs
patients treated according to NCCN guidelines is usually
evaluated in the context of survival, and it is not pos-
sible to exactly divide prognostic and predictive compo-
nents of evaluated biomarkers. However, several identified
predictive/prognostic miRNAs were previously functionally
associated with chemo- and radioresistance of glioma cells in
vitro (miR-181c, miR-21, miR-221/222, miR-195, miR-146a)
indicating predictive properties of these miRNAs.
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Conclusion

High-grade gliomas are the most common primary malignant
brain tumors characterized by unfavorable prognosis, which is
generally linked to their early relapse, occurring even after
radical surgery and intensive oncology treatment. This is
primarily caused by resistance of these tumors to the adjuvant
chemoradiotherapy. Therefore, overcoming the resistance is
nowadays one of the main challenges in HGGs research. In
the past few years, several signaling pathways have been
associated with decreased sensitivity of glioma cells to radia-
tion and chemotherapy. Many genes involved in these path-
ways were shown to be regulated by miRNAs, which play a
role in glioma pathogenesis. MiRNAs with regard to their
wide regulatory capability are promising therapeutic targets
which may enable the overcoming of glioma resistance to
adjuvant chemo- and/or radiotherapy. Their potential use
could lead to a more effective treatment, improved prognosis,
and prolonged survival of HGGs patients.
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Abstract Glioblastoma multiforme (GBM) is the most ag-
gressive form of brain tumor. Despite radical surgery and ra-
diotherapy supported by chemotherapy, the disease still re-
mains incurable with an extremely low median survival rate
of 1215 months from the time of initial diagnosis. The main
cause of treatment failure is considered to be the presence of
cells that are resistant to the treatment. MicroRNAs (miRNAs)
as regulators of gene expression are involved in the tumor
pathogenesis, including GBM. MiR-338 is a brain-specific
miRNA which has been described to target pathways involved
in proliferation and differentiation. In our study, miR-338-3p
and miR-338-5p were differentially expressed in GBM tissue
in comparison to non-tumor brain tissue. Overexpression of
miR-338-3p with miRNA mimic did not show any changes in
proliferation rates in GBM cell lines (A172, T98G, US7TMG).
On the other hand, pre-miR-338-5p notably decreased
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proliferation and caused cell cycle arrest. Since radiation is
currently the main treatment modality in GBM, we combined
overexpression of pre-miR-338-5p with radiation, which led
to significantly decreased cell proliferation, increased cell cy-
cle arrest, and apoptosis in comparison to irradiation-only
cells. To better elucidate the mechanism of action, we per-
formed gene expression profiling analysis that revealed targets
of miR-338-5p being Ndfipl, Rheb, and ppp2R5a. These
genes have been described to be involved in DNA damage
response, proliferation, and cell cycle regulation. To our
knowledge, this is the first study to describe the role of miR-
338-5p in GBM and its potential to improve the sensitivity of
GBM to radiation.
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Introduction

Glioblastoma multiforme (GBM) is one of the most common
and most malignant brain tumors of astroglial origin. GBM
accounts for 15-20 % of all primary intracranial tumors with
incidence of 3-4 new cases per 100,000 individuals. Although
the incidence of GBM is rather low, the mortality is high as the
tumors are extremely aggressive, giving the patients without
any therapy dismal prognosis of only 3—-6 months. During the
past years, only modest improvements were done in the treat-
ment of GBM. As for now, current standard therapy, including
maximal surgical resection followed by concomitant chemo-
radiotherapy with temozolomide (TMZ) and adjuvant TMZ,
can extend the median of overall survival only approximately
to 12-15 months from the time of diagnosis [1, 2]. Despite
aggressive treatment regimens centered on radiotherapy, tu-
mor recurrence is nearly universal; therefore, modulation of
radiation resistance is of significant interest [3]. Regrettably,
the treatment has only supportive character able to extend the
time of tumor recurrence followed by death [4]. Short interval
of GBM recurrence suggests the presence of cells with the
ability to survive the treatment without major damage. The
resistant cell population is characterized by altered signaling
pathways responsible for DNA repair and stability, such as
ATM or PI3K-PTEN-Akt-mTOR, that are important for tu-
morigenesis [5-10]. Furthermore, the resistant cells have ac-
tive signaling pathways responsible for DNA repair such as
NHEJ and homologous recombination [7, 11].

With the discovery of RNA interference and microRNAs
(miRNAs), increased evidence suggested the contribution of
miRNAs in molecular biology of tumors; furthermore, there is
a solid body of evidence about miRNAs’ involvement in
chemo- and/or radioresistance [12, 13]. MiRNAs are small
non-coding RNAs with a length of approximately 22 nucleo-
tides, which are able to post-transcriptionally regulate gene
expression. They were shown to regulate multiple cellular
processes, either physiological or pathological, such as apo-
ptosis, proliferation, angiogenesis, differentiation, etc. [14]. In
addition to these well-studied mechanisms of tumor patholo-
gy, recent studies have linked the acquisition of cancer resis-
tance and increased DNA repair ability with altered expres-
sion of miRNAs [12, 13]. MiR-338 was found to be a brain-
specific miRNA [15]. Additionally, it has been shown in vitro
to be able to control proliferation and metastasis in neuroblas-
toma and oral squamous cell carcinoma [16, 17]; however, its
role in GBM is still unclear. Therefore, to determine whether
miR-338 has a role in GBM, we analyzed its expression in
GBM samples and performed in vitro functional studies on
three cell lines (A172, T98G, and U87MG) with a transiently
upregulated level of both mature strands 3p/5p. The effect of
miR-338-3p/5p was evaluated at the level of cell proliferation,
apoptosis, and cell cycle distribution and mainly sensitivity of
GBM cells to radiation.

@ Springer

Material and methods
Patients’ characteristics

Expression of miR-338-3p and miR-338-5p strands was eval-
uated in a set of 40 formalin-fixed paraffin-embedded (FFPE)
samples of patients with primary GBM, who underwent tumor
surgical resection at the Department of Neurosurgery,
University Hospital Brno; St. Anne’s University Hospital
Brno; and University Hospital Ostrava, Czech Republic
(Table 1). As a non-tumor control, brain tissue of non-
dominant anterior temporal cortexes resected during surgery
for intractable epilepsy of 10 patients was used. Control brain
tissues did not show any signs of dysplastic changes. An in-
formed consent form approved by the local ethical committees
was obtained from each patient before the treatment.

Cell culture

GBM primary cell lines A172, T98G, and U87MG were ob-
tained from ATCC and cultivated in culture medium DMEM
(Sigma-Aldrich, USA) supplemented with 10 % heat-
inactivated fetal bovine serum (FBS), 1 % non-essential ami-
no acids, 2 mM L-glutamine, 4.5 g/l D-glucose, 110 mg/1 so-
dium pyruvate, 100 pg/ml streptomycin, and 100 U/ml peni-
cillin (all Gibco, CA, USA). Cells were cultivated at 37 °C in
humidified atmosphere containing 5 % CO,.

Transient transfection

GBM cell lines were seeded 24 h before transfection on 24-
well plates in a concentration of 2.5x 10* cells/500 ul in
DMEM supplemented with 10 % FBS without antibiotics.
Transfection was performed using 10 nM of miR-338-3p
and miR-338-5p mimics (pre-miR-338-3p ID: MC10716,

Table 1  Baseline characteristics of patients involved in the study
Total (n=40) Percentage

Age

<50 18 45

>50 22 55
Gender

Male 24 60

Female 16 40
Kamofsky performance status

0Oand 1 36 90

2 4 10
Extent of resection

Total 7 17.5

Subtotal 29 72.5

Partial 4 10
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pre-miR-338-5p ID: MC12825; Applied Biosystems, USA)
or negative control (pre-miR-negative control; Applied
Biosystems, USA) and an equimolar concentration of
Lipofectamine® RNAIMAX (Invitrogen, USA). Effectivity
of transfection was measured after 24 h using quantitative
real-time PCR (qRT-PCR). For transfection of cells seeded
on 60-mm dishes, the amount of reagents and cells was mul-
tiplied by 10.

RNA extraction

Total RNA enriched for a small RNA fraction was isolated from
FFPE patients’ samples by xylene deparaffinization, followed by
purification by MirVana miRNA Isolation Kit (Ambion, USA)
according to the manufacturer’s protocol. Nucleic acid concen-
trations and purities were evaluated by UV spectrophotometry
using Nanodrop ND-1000 (Thermo Fisher Scientific, USA).
RNA with sufficient purity evaluated by ratios 260/280>1.8
and 260/230> 1.8 was used for further study.

Quantitative real-time PCR

Evaluation of specific miRNA expression was performed
using TagMan miRNA individual assays: hsa-miR-338-3p,
hsa-miR-338-5p, RNU44, and hsa-miR-1233 for normaliza-
tion (ID: 002252, ID: 002658, ID: 001094, ID: 002768;
Applied Biosystems, USA); TagMan MicroRNA Reverse
Transcription kit; and 2x TagMan Universal Master Mix II,
no UNG, according to the manufacturer’s protocol. For pa-
tients’ FFPE sample normalization, miR-1233 was chosen as
it was the most stable across all the samples [18], while for in
vitro analyses, RNU44 was chosen as it was the most stable
across all the experiments. Evaluation of gene expression
from total RNA was performed by TagMan High Capacity
cDNA Reverse Transcription kit, 2x TagMan Gene
Expression Master Mix, and individual gene expression as-
says for NDFIP1, RHEB, PPP2R5A, and GAPDH for nor-
malization (ID: Hs00228968 ml, ID: Hs00950800 ml, ID:
Hs00196542_ml, cat. n.: 4326317E; Applied Biosystems,
USA). All reactions were performed according to the standard
manufacturers’ protocols. Analysis was performed on 7500
Real-Time PCR System using fixed threshold settings
(Applied Biosystems, USA).

Radiation treatment

For irradiation of cells, OGL-1 VF vy-radiant (Cerna Hora,
Czech Republic) with the source of radiation Cs-137 y-radia-
tion (2 Gy min') was used. For in vitro experiments, an
optimal dosage of radiation of 5 Gy was chosen.

MTT proliferation assay

The proliferation of GBM cell lines (A172, T98G, and
U87MG) was examined by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich,
USA) proliferation assay. Cells were seeded on 24-well
plates and incubated overnight, then transfected with
miRNA mimics (10 nM) and negative control miRNA
(10 nM), respectively. After 24 h of incubation, the
medium was changed with 500 pl of fresh medium
supplemented with 10 % FBS and antibiotics. For the
irradiated cells, radiation was applied 24 h post-transfec-
tion. Proliferation of cells was evaluated 24, 48, 72, and
96 h post-treatment. Plates were read on Synergy HT
Multi-Mode Microplate reader at a wavelength of
570 nm.

Cell cycle distribution and apoptosis measurement

Cells were cultivated on 60-mm dishes. The distribution
of cells in specific cell cycle stages was evaluated by
assessment of DNA content by flow cytometry 48 h
post-transfection/radiation. Cells were stained with
propidium iodide (PI) and analyzed on the flow
cytometer BD FACS Canto II (BD Biosciences, USA)
based on DNA content. Results were analyzed using
FacsDiva software. To evaluate the number of cells un-
dergoing apoptosis, cells were seeded on 60-mm plates
and, 48 h post-transfection/radiation, stained by Annexin
V: PE Apoptosis Detection Kit I (BD Biosciences,
USA) according to the manufacturer’s protocol.
Measurement was performed on the flow cytometer
BD FACS Canto II (BD Biosciences, USA). Results
were analyzed using FacsDiva software.
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Fig. 1 Expression of miR-338-3p and miR-338-5p in GBM patients’
samples compared to that of healthy tissue (HT); significance p <0.05
is represented by *
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Gene expression profiling

Total RNA with purity ratio 260/280>1.7 and integrity
(RIN)>7.5 measured by Agilent 2010 Bionalyzer,
(Agilent, USA) was transcribed into ¢cDNA and ampli-
fied using WT Expression Kit (Affymetrix, USA); then,
it was labeled and hybridized on the Affymetrix
GeneChip Human Gene ST 1.0 array and processed
through complete Affymetrix workflow (Affymetrix,

USA). The whole-genome expression data, Affymetrix
raw data (.cel files), were normalized using the robust
multichip average (RMA) algorithm from ‘oligo’
Bioconductor package in R version 3.0.1. The data
discussed in this publication have been deposited in
NCBI’s Gene Expression Omnibus [19] and are acces-
sible through the GEO Series accession number GSE
75789 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE75789).
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Fig. 2 a Expression levels of miR-338-5p 24 h after transfection.
Normalization was performed using 2 “2“T equation with RNU44 as
an endogenous control. Negative control is expressed as a baseline, and
expression of miRNAs in all cell lines is depicted as a fold change related
to the negative control (»p <0.05). b Viability of A172, T98G, and
UBTMG cell lines 24 to 96 h post-transfection with pre-miRNA-338-3p
and pre-miRNA-338-5p oligonucleotides, expressed as a fold change of
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absorbance normalized to the negative control at the 24-h time point. ¢
Quantity of apoptotic cells (%) in A172, T98G, and US7MG cell lines
48 h post-transfection with pre-miR-338-5p. d Cell cycle distribution
expressed as a percentage of cells in the G1, S, and G2 phases of A172,
T98G, and U7TMG cell lines transfected with pre-miR-338-5p 48 h post-
transfection. All data are presented as mean value+SD of three
independent experiments, where significance p <0.05 is represented by *
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Statistical evaluation

For patients’ samples, relative miRNA expression levels were
determined by 22T method, where ACTs were calculated as
follows: ACT=CT (miRNA of interest)—CT (miR-1233).
For normalization of in vitro analyses, equation 2 22¢T was
used, in which ACTs were calculated as follows: ACT (arget
gene)=CT(larget gcne)_CT(endogcnous control)s where for miRNA
normalization RNU44 and for messenger RNA (mRNA) nor-
malization GAPDH expression was used. Data were statisti-
cally analyzed with GraphPad Prism v.5 software. Statistical
significance in in vitro experiments was evaluated by Mann—
Whitney U test for miRNA experiments and by two-tailed
paired ¢ test for target genes. p values below 0.05 were con-
sidered as statistically significant. Normalized data from gene
expression profiling were clustered using hierarchical cluster-
ing based on Euclidian distance. Differential expression anal-
ysis was performed using LIMMA R-package. Genes were
declared differentially expressed with a fold-change cutoff
greater than 2 and p value below 0.05 [20].

Proliferation

>

20+ B 100
-= Negative control+5G
] R-338-5p + =y
£ mi p +5Gy £
o 8151 g
": 4 3
< £ :
[} °
8 o
2 1.0
L) L) T T
» Hours N %
2.5~
e - Nggatlve control+5Gy -
o ® 20 miR-338-5p +5Gy s
: i
@® 9 é
S5 ] 2
e L=
.6 =
& 1.0 8
T Ll Ll Ll
24 72 96
Hours
3.0 1 100 1
2.5 ™ Negative control+5Gy =
O miR-338-5p +5Gy °:'
S 8aof :
% 8 T 2
5 151 / 3
5 4 (&)
1.0
24 48 72 96 G1 s

Hours

Fig. 3 Combination of miR-338-5p overexpression with radiation. a
Viability of A172, T98G, and U87MG cell lines 48 to 120 h post-
transfection with pre-miRNA-338-3p and 24 to 96 h after irradiation,
expressed as a fold change of absorbance normalized to the negative
control at the 24-h time point post-radiation. b Cell cycle distribution of
A172, T98G, and U87MG cell lines transfected with pre-miR-338-5p
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Results

Expression of miR-338-3p and miR-338-5p in patients’
samples

Expression of miR-338-5p and miR-338-3p was evaluated in
40 primary GBM patients’ samples and 10 control brain sam-
ples. The level of miR-338-5p as well as miR-338-3p was
significantly downregulated (»<0.05) in tumor samples as
compared with control samples (Fig. 1), which suggested in-
volvement of this miRNA in the GBM pathogenesis. To fur-
ther elucidate the role of these miRNAs, we performed in vitro
functional analyses on GBM cell lines.

In vitro functional assay of miR-338-5p and miR-338-3p
MiR-338-5p and miR-338-3p levels were upregulated by tran-
sient transfection of GBM cell lines A172, T98G, and

U87MG using miRNA mimics and negative control.
Twenty-four hours post-transfection, levels of miRNAs were
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evaluated using qRT-PCR specific primers and probes and
compared to negative control. Overexpression of miR-338-
5p and miR-338-3p was confirmed across all three cell lines
(p<0.05) (Fig. 2a).

Subsequently, analysis of the proliferation rate was performed
using MTT colorimetric assay. Overexpression of miR-338-3p
caused no viability changes compared to negative control, while
overexpression of miR-338-5p inhibited cell viability in A172
after 96 h (22.7+7.6 %), T98G after 72 h (22.7+7.6 %) and 96 h
(23.1+3.3 %), and U87MG after 96 h (24.9£7.5 %) (all
p<0.05) (Fig. 2b). To assess the cause of viability dropdown,
apoptosis of cells as well as cell cycle distribution was evaluated
72 h post-transfection. Measurement of apoptosis by Annexin V:
PE staining did not show any significant changes in apoptosis
between miR-338-5p-transfected cells and negative control in all
three cell lines (Fig. 2d). However, analysis of cell cycle distri-
bution in miR-338-5p-transfected cells revealed significant ar-
rests in the G1 phase for T98G (25.37+1.77 %) and the G2
phase for US7MG (24.87+2.89 %) cell lines (all p<0.05)

(Fig. 2c, Supplementary Figure S1).

In vitro combination of miR-338-5p overexpression
and radiation in GBM cell lines

A172, T98G, and US7MG GBM cell lines were irradiated with
5 Gy 24 h after miR-338-5p overexpression, and functional
analyses evaluating cell viability, apoptosis, and cell cycle distri-
bution were performed. All three cell lines showed a significant
decrease in proliferation after irradiation (p <0.05). More specif-
ically, the decrease in proliferation in A172 72 h post-radiation
was 14.943.2 % and 96 h post-radiation 14.7+5.7 %. For the
T98G cell line, the decrease in proliferation 72 h post-radiation
was 26.2+4.7 % and 96 h post-radiation 31.5+5.1 %, and for
UBTMG, the decrease in proliferation 72 h post-radiation was
31.4+1.4 % and 96 h post-radiation 32.9+5.7 (Fig. 3a).

Further analyses of cell cycle distribution and apoptosis
72 h after irradiation (96 h post-transfection) showed that the
observed dropdown in cell proliferation was caused partly by
cell cycle arrest. More specifically, there was an increase of
cells in the G2 phase for A172 (5.41+1.14 %, p<0.05), in the
G1 phase for T98G (12.69+4.92 %, p <0.05), and also in the
G2 phase for U§7MG (16.91£7.41 %, p<0.05) in miR-338-
5p-transfected cells (Fig. 3b, Supplementary Figure S2).
However, opposite to the results observed without irradiation,
there was a significant increase in the apoptosis rate in all three
cell lines transfected with miR-338-5p: 4.33+1.52 % in
A172, 13.10+4.27 % in T98G, and 8.57+2.46 % in
U87MG as compared with cells transfected with the negative
control (all p<0.05) (Fig. 3c). A low level of apoptotic cells in
the A172 cell line can be explained by different sensitivity to
the radiation [21]. In order to elucidate the mechanism of
observed changes in viability and cell cycle distribution, glob-
al gene expression profile (GEP) analysis was performed.
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Gene expression profiling of GBM cell lines
after miR-338-5p overexpression

A172, T98G, and US7MG GBM cell lines were transfected
with the miR-338-5p mimic and negative control. Twenty-
four hours post-transfection, total RNA was isolated and gene
expression profiling was performed. Ten differentially
expressed genes were found across all three cell lines—
NDFIP1, C5orf34, ATAD1, DCP2, BLZF1, DPY19L1,
FAM168B, PPP2R5a, RHEB, and GNAQ (with FC>2,
p<0.001)—between miR-338-5p-overexpressed cells and
cells transfected with the negative control. From this gene set,
suitable candidates for further validation were chosen based on
miRanda, miRDB, miRWalk, and TargetScan prediction data-
bases of 3'UTR of miRNA and RNA interaction. According to
the match of miRNA-mRNA interaction in all four databases,
NDFIP1, RHEB, and PPP2R5a genes were chosen (Fig. 4).
Furthermore, the regulatory effects of miR-338-5p on
NDFIP1, RHEB, and PPP2R5a expression levels were validated
by qRT-PCR. Twenty-four hours post-transfection with miR-
338-5p mimics, the expression of all three studied genes was
significantly downregulated in comparison with the negative con-
trol. Specifically, the decrease was for (i) NDFIP1—49.5+4.8 %
in A172, 58.8+10.4 % in T98G, and 50.9+2.1 % in USTMG;
(i) RHEB—54.3+9.9 % in A172, 42.6+4.5 % in T98G, and
54.5+7.8 % in US7MG; and (iii) PPP2R5a—11.1+£10.9 % for
Al172, 352+17.0 % for T98G, and 22.2+6.3 % for USTMG
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Fig. 4 Hierarchical clustering presented by a heatmap of differentially
expressed genes in A172, T98G, and US7MG cell lines 24 h after miR-
338-5p overexpression at the significance level p<0.001 with FC>2
normalized using the RMA algorithm. Red color represents upregulated
expression, while green color stands for downregulated genes
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(Fig. 5). As these observations revealed two genes (NDFIP1 and
PPP2R5a), which are involved in DNA stability and repair, we
decided to demonstrate the impact of the combination of miR-
338-5p overexpression and irradiation in GBM cell lines.

Discussion
MiR-338-5p is one of the isoforms of miR-338, which is a brain-
specific miRNA [15]. In the current study, we found miR-338-

5p and miR-338-3p to be significantly downregulated in GBM
patients compared to the control group. Ectopic overexpression

NDFIP1

Neg.control A172

L
T98G Us7MG Neg.control A172 TQzBG Us7MG

endogenous control. Negative control is expressed as baseline (100 %),
and expression of genes in all cell lines is depicted by percentage of
decrease (p <0.05)

of miR-338-5p in GBM cell lines A172, T98G, and USTMG
caused a significant decrease of cell viability and proliferation
rate, while miR-338-3p did not show any effect. The observed
different impact might be explained by the fact that miR-338-3p
is involved mainly in the differentiation processes [22], what is
not known for miR-338-5p. A decrease of cell proliferation in all
three cell lines was presumably caused by the significant cell
cycle arrest, as there was no sign of increased apoptosis. We
assume that the observed dropdown in cell proliferation after
miR-338-5p increase was presumably due to targeting and thus
decreasing Rheb mRNA, which is a well-known player in the
mTOR signaling pathway promoting cell growth [23].
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Fig. 6 Proposed model of miR-338-5p involvement in cell proliferation.
MiR-338-5p inhibits RHEB GTPase, an important activator of mTOR
serine/threonine kinase that is involved in the activation of protein
synthesis and growth. NDFIP1 as well as PPP2R5a is involved in the
genomic integrity and cell cycle progression. NDFIP1 acts as an E3 ligase
promoting PTEN monoubiquitination, which is necessary for its

translocation to the nucleus. There, monoubiquitinated PTEN helps to
coordinate E2F1 transcription factor and transcriptional regulation of
Rad51 and BRCA2. This results in the control of DSB repair.
PPP2R5a, a serine/threonine phosphatase, has been directly implicated
in the negative regulation of y-H2AX and ATM, and DNA damage
response signals
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As one of the main therapeutic modalities in GBM is radio-
therapy, we decided to combine miR-338-5p overexpression
with irradiation. Compared to the experiments without irradia-
tion, we observed significant cell cycle arrest in miR-338-5p-
transfected cells. However, contrary to previous experiments,
we observed an increase of apoptosis in miRNA-treated cells
in parallel to the negative control. Further, two of the three
predicted/validated target genes of miR-338-5p are NDFIP1
and PPP2R5a, which are closely connected to genomic instabil-
ity and promotion of DNA damage response [24, 25]. Therefore,
we hypothesize that the increase of apoptosis after miR-338-5p
overexpression and irradiation can be explained by decreased
genomic instability caused by NDFIP1 and PPP2R5a downreg-
ulation. NDFIP1 is an E3 ligase which, together with RABS, is
responsible for PTEN ubiquitination and nuclear trafficking [26].
Besides the involvement of PTEN in the regulation of the
PI3K/Akt signaling pathway in the cytoplasm, it is also impor-
tant in the nucleus to coordinate E2F1 and RADS51 transcription.
Nuclear import of PTEN is reached by its monoubiquitination by
NDFIPI. Stabilization of PTEN in the nucleus results in the
control and activation of DNA repair response to double-strand
breaks (DSB) [26, 27]. As the irradiated cells are not able to
activate DNA damage response, they are predetermined to apo-
ptosis. Furthermore, not only inhibition of NDFIP1 promotes
genome instability but also decrease of the serine/threonine
phosphatase family PPP2R2A, PPP2R2D, PPP2R5A, and
PPP2R3C, which are critical effectors of the homologous recom-
bination repair through modulation of ATM phosphorylation
[28]. Induction of DSB initiates phosphorylation of the histone
H2A family H2AX to generate y-H2AX, which is important for
the maintaining of genome stability [29, 30]. Downregulation of
the phosphatase family leads to delay of y-H2AX formation and
subsequent recruitment of DNA repair proteins, which results in
the sensitivity to DNA damage inducers [23]. The proposed
mechanism of action of miR-338-5p in the regulation of cell
functions such as viability, cell cycle progression, and apoptosis
of GBM cells is depicted in Fig. 6.

So far, this is the first report focused on miR-338-5p regu-
latory function in GBM and its role in radiation. We confirmed
different expression of miR-338-3p and miR-338-5p in GBM
in comparison to non-tumor brain tissue. We showed its im-
pact on viability and cell cycle distribution and potential to
sensitize GBM cell lines to radiation. Furthermore, we pro-
pose, based on the global gene expression profiling, the mech-
anism of function of miR-338-5p via the targets NDFIP1,
RHEB, and PPP2R5a. However, we are aware that further
studies are needed to elucidate fully the mechanism behind
its functioning in GBM cells.
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Abstract. Glioblastoma multiforme (GBM) is the most
aggressive intracranial tumor characterized with infaust
prognosis. Despite advances in neurosurgical and
radiotherapeutic techniques and chemotherapy, the median
overall survival ranges between 12—15 months from diagnosis.
The main cause of treatment failure is considered the presence
of tumor cells resistant to conventional therapy, mainly
radiotherapy. MicroRNAs (miRNAs) are small, non-coding
RNAs that function as post-transcriptional regulators of gene
expression and have been repeatedly proven to play important
roles in pathogenesis and biological features of many cancers,
including GBM and its radioresistant phenotype. In our study,
we established radioresistant cells from the commonly used
human GBM cell lines T98G, US7MG and U251. Consequently,
we performed global miRNA expression profiling in both
radioresistant and parental cell lines and identified 113 miRNAs
with significantly different expression (p<0.05) between these
two groups (73 miRNAs were up-regulated, 40 miRNAs were
down-regulated). Some of these miRNAs have been previously
described in relation to ionizing radiation, and others were
herein identified for the first time. We believe that after deeper
functional investigation of identified miRNAs in relation to
radioresistance, these miRNAs present potential predictive
biomarkers or therapeutic targets in GBM.
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Glioblastoma multiforme (GBM) is a highly aggressive
primary brain tumor of astrocytic origin accounting for
nearly 50% of all gliomas with incidence of 3-4 new cases
per 100,000 individuals (1, 2). Although metastases are
unusual, GBM is characterized by infiltrative growth and
early recurrences. Current standard therapeutic protocol
consists of maximal surgical resection followed by
concomitant chemoradiotherapy with temozolomide and
adjuvant temozolomide in monotherapy. Unfortunately,
GBM is often chemo-radioresistant and thus, adjuvant
therapy fails. The prognosis of GBM patients is very poor
with median overall survival ranging between 12 and 15
months from diagnosis (1, 2). A lot of effort has been spent
in researching of both suitable biomarkers that could predict
response to the therapy as well as drugs and therapeutic
targets that could overcome GBM resistance. Over the past
decade, involvement and functional roles of microRNAs
(miRNAs) in GBM radioresistance were described (3, 4).
MiRNAs are short, approximately 18-25 nucleotides long,
non-coding single-stranded RNAs with an ability to post-
transcriptionally regulate gene expression. Due to this
feature, miRNAs are able to regulate multiple cellular
processes, either physiological or pathological, such as
apoptosis, proliferation, cell cycle, angiogenesis,
differentiation. A number of miRNAs have been also
identified to be deregulated in various cancers including
GBM and some of them were associated with clinical
outcomes and radioresistance (5-7). However, involvement
of miRNAs in the molecular processes of cell response to the
ionizing radiation in glioma is still poor understood.
Therefore, we established radioresistant GBM cell lines in
which we have subsequently performed global miRNA
expression profiling in order to identify miRNAs deregulated
in these cells and associated with resistance to the ionizing
radiation in GBM. We believe that after deeper investigation
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of functional roles of these miRNAs in radioresistance in
vitro, they present potential predictive biomarkers or
therapeutic targets in GBM.

Materials and Methods

GBM cell lines and establishment of radioresistant cells. GMB cell
lines U251, T98G, and U87MG as well as their radioresistant
counterparts were cultivated in DMEM medium enhanced by 10%
heat-inactivated fetal bovine serum, 100 pg/ml streptomycin and
100 U/ml penicillin, 4.5 g/l D-glucose, 2 mM L-glutamine, 1%
nonessential amino acids, and 10 mg/l sodium pyruvate. Cells were
cultivated on 100-mm culture dishes at 37°C in humidified
atmosphere containing 5% CO,.

All three GBM cell lines were firstly grown to approximately 60%
confluence and irradiated with 2 Gy (Cs-137 vy-radiation, 2 Gy/min).
When cells reached about 90% confluence, they were subcultured into
new dishes. The cells were treated again with 2 Gy when they reached
60% confluence. This procedure was repeated until total dose was 32
Gy. After that, cells were irradiated by the same process but dose 4
Gy was used instead of 2 Gy. This procedure was repeated until total
dose of ionizing radiation was 60 Gy. Parental cells were cultured
under the same conditions without ionizing radiation treatment.
Multiply irradiated cells were named with suffix -R (Radioresistant),
giving U251-R, T98G-R, US7MG-R. Parental cells were named with
suffix -C (Control). For all assays, there was at least a four-week
interval between the last fractionated irradiation and the experiment.

Colony formation assay. Diluted cell suspension was seeded into 6-
well plates, incubated overnight, irradiated by dose 4 Gy, and
cultured until cells form colonies. Subsequently, cells were fixed in
4% paraformaldehyde (30 min/RT) and visualized by 0.5% crystal
violet (20 min/RT). The colonies were counted using GelCount
(Oxford, USA). Calculation of surviving fractions (SF) of cells after
irradiation was performed using the equation SF=colonies
counted/(cells seeded*PE). Plating efficiency (PE) is the ratio of the
number of colonies to the number of cells seeded, which were not
treated by radiation (8). Experiments were repeated three times;
each experiment was performed in triplicates. Statistical evaluations
of data obtained from colony formation assay were performed on
GraphPad Prism 5 software by a one-tailed non-parametric z-test.

MiRNA microarray analysis. Small RNA enriched total RNA was
isolated using the Direct-zol RNA MiniPrep Kit (Zymo Research,
USA). Nucleic acid concentrations and purities were controlled by
UV spectrophotometry using Nanodrop ND-1000 (Thermo
Scientific). To assess miRNA expression in radioresistant and
control GBM cell lines, the samples were analyzed with Affymetrix
GeneChip miRNA 3.0 arrays (Affymetrix, Santa Clara, CA, USA)
containing 1733 probe sets for human mature miRNAs. Experiments
were performed according to the Affymetrix standardized protocol
for miRNA 3.0 arrays. Intensity values for each probe cell were
calculated using Affymetrix GeneChip Command Console (AGCC).
Quality control of the microarray was performed with the
Affymetrix miRNA QC Tool, version 1.1.1.0.

Microarray expression data analysis. All data were pre-processed
and further analyzed by the software packages included in the
R/Bioconductor (9). Pre-processing was performed by the RMA
method with default parameters as implemented in the Bioconductor
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package oligo (10). All data were log2-transformed. To identify
differentially expressed miRNAs, the LIMMA approach (11) for
paired samples was applied with additional Benjamini-Hochberg
correction of p-values.

Results

Radioresistance analysis. Prior to miRNA expression analyses
in the examined GBM cell lines, their resistance to ionizing
radiation was evaluated. The colony formation assay has
confirmed that all three GBM cell lines, which have received a
total dose of 60 Gy, form significantly higher number of colonies
after 4 Gy irradiation in comparison to the parental control GBM
cell lines (Figure 1). In concrete, cell lines U251-R, T98G-R,
and U87MG-R form on average 3-times (p=0.0395; Figure 1C),
3.5-times (p=0.0363; Figure 1F), and 1.6-times (p=0.0277;
Figure 1I) more colonies than their parental cell lines U251-C,
T98G-C, and U7MG-C, respectively.

Global miRNA expression analysis of radioresistant and
parental GBM cell lines. Global miRNA expression analyses
followed by statistical comparison of three pairwise
radioresistant and parental GBM cell lines identified 113
significantly differently expressed miRNAs between these
two groups (p<0.05). From these, 73 miRNAs were up-
regulated and 40 miRNAs down-regulated in radioresistant
cells; 21 miRNAs have shown the p-value less than 0.01.
The most up-regulated miRNA in radioresistant GBM cells
was identified as miR-145 while the most down-regulated
was miR-1271 (Table I).

Discussion

Radiotherapy plays an important role in oncological
treatment of GBM patients. Nevertheless, this brain tumor is
well known for its frequent resistance to ionizing radiation
and, thus, adjuvant therapy often fails and GBM develop
early recurrences. This results in a bad prognosis associated
with short survival of GBM patients. In the presented study,
we compared miRNA expression profiles in radioresistant
and parental stable GBM cell lines U251, T98G, and
U87MG. Our aim was to use global miRNA expression
profiling and identify miRNAs that might be closely
associated with radioresistance of GBM cells and, thus,
could be promising predictive markers, as well as potential
therapeutic targets in GBM patients.

Firstly, we established three GBM cell lines treated with
total dose of 60 Gy. Following evaluation of their resistance to
the ionizing radiation confirmed significantly higher potential
of these cell lines to form colonies after 4-Gy experimental
treatment compared to the parental control cell cultures.
Similar results were published by the Yang et al. who induced
radioresistance in U251 GBM cell line by the fractionated
ionizing radiation exposure in total dose 62 Gy (12).



Ondracek et al: MiRNA Expression in Radioresistant Glioblastoma Cells

Control

Radioresistant

p=0.0395

Figure 1. Colony formation ability of 4 Gy radiation treated U251-C/R (A, B), T98G-C/R (D, E) and U87MG-CIR (G, H) GBM cell lines. Surviving
fraction of (C) U251-CIR, (F) T98G-C/R and (I) US7MG-C/R GBM cell lines after 4 Gy radiation treatment (one-tailed non-parametric t-test).

The main aim of our work was to compare miRNA
expression profiles in pairwise radioresistant and parental
control GBM cell lines and identify miRNAs with
significantly different expression levels between these groups.
We identified 113 miRNAs with significantly different
expression in radioresistant GBM cells (p<0.05). Many of
these miRNAs have been previously observed to be linked
with radiation treatment, including miR-29, miR-218, miR-
145, miR-204, miR-126, miR-146b-5p, miR-31, miR-302a
and miR-452 (13-22). Focusing on these miRNAs, several
previous studies have been focused on the discovery of
molecular mechanisms responsible for the tumor
radioresistance caused by these miRNAs, mainly in
oropharyngeal area. Lynam-Lennon e al. observed, similarly

like in our study, that miR-31 is significantly down-regulated
in isogenic model of radioresistance in oesophageal
adenocarcinoma cells, both basally and in response to
radiation. Ectopic re-expression of miR-31 led to expression
alteration of 13 genes involved in DNA repair and significant
re-sensitizing of radioresistant cells to radiation (13). Also
miR-452 was one of four miRNAs, that have been identified
by the comprehensive miRNA expression profiling to be
differentially expressed in radioresistant laryngeal squamous
cell carcinoma (14). Finally, in nasopharyngeal carcinoma
cells, miR-204 1is involved in radioresistance and
epithelial-mesenchymal transition. Lu et al. described that
both processes are regulated by the IncRNA NEAT1 through
miR-204/ZEB1 axis (15). Interestingly, the same processes
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Table 1. MiRNAs with significantly different expression levels in radioresistant and parental control GBM cell lines (p<0.05).

miRNA logFC AveExpr p-Value miRNA logFC AveExpr p-Value
miR-663 0.98 721 <0.01 miR-4734 0.86 7.59 0.02
miR-10b-star 1.64 3.61 <0.01 miR-4689 0.57 5.67 0.02
miR-4498 1.40 2.89 <0.01 miR-3178 0.86 8.30 0.03
miR-572 1.05 1.99 <0.01 miR-4521 -0.90 8.60 0.03
miR-4505 0.95 5.63 <0.01 miR-146b-5p 0.68 3.33 0.03
miR-4486 0.97 438 <0.01 miR-532-5p -051 5.46 0.03
miR-4725-3p 1.20 1.61 <0.01 miR-582-5p -0.64 0.93 0.03
miR-1301 0.94 2.17 <0.01 miR-4251 -051 0.50 0.03
miR-10a-star 133 229 <0.01 miR-4500 0.70 1.36 0.03
miR-3185 1.07 6.78 <0.01 miR-4640-5p 0.78 3.41 0.03
miR-4707-5p 0.88 6.96 <0.01 miR-3136-5p -0.71 1.19 0.03
miR-29b -1.26 6.58 <0.01 miR-3940-5p 0.53 8.41 0.03
miR-1908 0.81 7.98 <0.01 miR-150-star 1.01 223 0.03
miR-218 0.80 2.63 <0.01 miR-518e -0.53 0.69 0.03
miR-3065-5p -1.52 3.73 <0.01 miR-212 092 1.28 0.03
miR-3910 -0.79 1.49 <0.01 miR-143 2.19 243 0.03
let-7a-2-star -0.78 4.46 <0.01 miR-2276 -0.59 2.09 0.03
miR-145 3.23 272 <0.01 miR-31 -0.51 7.08 0.03
miR-4497 1.01 10.03 <0.01 miR-548c-5p -0.50 0.70 0.03
miR-4721 1.29 3.28 <0.01 miR-3621 0.62 5.39 0.03
miR-4697-3p 1.20 1.39 <0.01 miR-4313 -0.53 1.25 0.03
miR-30b-star 0.96 1.65 001 miR-4430 0.77 3.06 0.03
miR-1231 1.23 4.68 001 miR-422a -0.73 6.10 0.04
miR-4778-5p 1.07 1.65 001 let-7e-star 1.02 1.95 0.04
miR-378e -0.84 2.61 0.01 miR-4745-5p 0.75 8.05 0.04
miR-4651 0.68 6.78 0.01 miR-4466 0.56 9.55 0.04
miR-4440 -0.82 1.15 0.01 miR-4518 -0.52 0.60 0.04
miR-204 1.26 3.15 0.01 miR-520g -0.50 0.63 0.04
miR-217 -0.65 0.95 0.01 miR-4649-5p 0.67 4.19 0.04
miR-1914-star 0.76 1.80 0.01 miR-185-star -0.85 0.99 0.04
miR-126 -0.70 3.89 0.01 miR-302a -0.53 0.82 0.04
miR-302d 0.82 1.29 0.01 miR-1909-star 0.56 1.54 0.04
miR-224 0.70 5.15 0.01 miR-4781-3p -0.69 0.86 0.04
miR-2467-3p -1.05 1.18 0.02 miR-138-2-star 047 0.96 0.04
miR-431 0.94 1.97 0.02 miR-4439 0.49 0.99 0.04
miR-4750 1.28 3.85 0.02 miR-648 -045 0.94 0.04
miR-4783-3p 0.63 2.65 0.02 miR-452 0.74 4.00 0.04
miR-1271 -2.86 223 0.02 miR-570 -0.90 0.86 0.04
miR-664-star 1.06 1.27 0.02 miR-3682-3p 0.78 1.74 0.04
miR-935 1.08 323 0.02 miR-4462 0.73 1.54 0.04
miR-22 -0.67 10.29 0.02 miR-887 0.66 1.49 0.04
miR-4443 0.85 5.14 0.02 miR-331-3p 0.84 3.60 0.04
miR-3197 091 2.64 0.02 miR-767-3p -0.57 1.21 0.04
miR-617 -0.61 0.83 0.02 miR-3679-5p 048 4.00 0.04
miR-4634 1.25 3.96 0.02 miR-4749-5p 0.80 438 0.04
miR-3619-5p 0.73 3.82 0.02 miR-744-star 047 1.30 0.05
miR-4324 091 2.14 0.02 miR-4726-5p -0.73 1.58 0.05
miR-1323 -091 1.36 0.02 miR-3188 1.13 3.28 0.05
miR-4682 0.64 1.13 0.02 miR-4746-3p 049 0.81 0.05
miR-378f -0.76 5.59 0.02 miR-759 -0.52 0.56 0.05
miR-186-star -0.72 0.94 0.02 miR-3591-3p -0.62 0.78 0.05
miR-199a-5p 0.59 3.26 0.02 miR-615-3p 047 242 0.05
miR-4741 0.77 6.11 0.02 miR-762 048 8.48 0.05
miR-3617 1.61 1.79 0.02 miR-4454 -0.50 11.04 0.05
miR-4507 0.55 5.79 0.02 miR-652 0.54 4.56 0.05
miR-1290 -127 5.83 0.02 miR-3187-3p 0.83 325 0.05
miR-378 -0.58 6.43 0.02

FC, Fold Change; AveExpr, average expression (signal on Affymetrix GeneChip).
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are regulated by the double-negative feedback loop between
IncRNA TUGI1 and miR-145 in bladder cancer cells (16).
MiR-145 plays a crucial role in modulation of radiosensitivity
also in prostate cancer and HR-HPV™ cervical cancer where
another IncRNA MALAT1 acts as sponge for miR-145 and
mediates its functioning (17, 18). In addition to miR-145,
sensitivity of cervical cancer to the ionizing radiation is
affected also by miR-218 via promoting radiation-induced
apoptosis (19). Yang et al. have described that lincRNA-p21,
regulator of cell proliferation, apoptosis and DNA damage
response, negatively regulated the expression and activity of
[-catenin in glioma stem cells (GSCs) and down-regulation
of lincRNA-p21 resulted from up-regulation of Hu antigen R
(HuR) expression caused by miR-146b-5p down-regulation.
Expectedly, miR-146b-5p overexpression increased apoptosis
and radiosensitivity, decreased cell viability, neurosphere
formation capacity and stem cell marker expression, and
induced differentiation in GSCs (20). In breast cancer, miR-
302a was down-regulated in irradiated cells. Additionally, the
expression levels of miR-302a were inversely correlated with
those of AKT1 and RADS2, two critical regulators of
radioresistance. More promisingly, miR-302a sensitized
radioresistant breast cancer cells to radiation therapy in vitro
and in vivo and reduced the expression of AKT1 and RAD52
(21). Finally, miR-29 and miR-126 were both identified to be
significantly down-regulated in the serum of the lung cancer
patients after radiation treatment (22).

Altogether, our study revealed miRNAs differentially
expressed in radioresistant GBM cell lines that may play a
role in the molecular process of tumor cell response to
radiotherapy in GBM patients.
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Vyznam mikroRNA v glioblastomovych
kmenovych bunék

The Relevance of MicroRNAs in Glioblastoma Stem Cells

Kleinova R.', Slaby O.'2, Sana J.'2

' CEITEC - Stfedoevropsky technologicky institut, MU, Brno
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Souhrn
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populace. | pfes absolvovani komplexni terapie skladajici se z maximalni mozné chirurgické ,CEITEC - Stfedoevropsky technologicky insti-
resekce, adjuvantni konkomitantni chemoradioterapie s temozolomidem a nasledného podani tut” (CZ.1.05/1.1.00/02.0068).

temozolomidu v monoterapii se medidn preziti pacientl pohybuje pouze mezi 12 a 15 mésici

od stanoveni diagnézy. Za touto $patnou prognézou stoji jednak velmi ¢asto nemoznost do- This study was supparted by grant of Intemal
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unikatnimi vlastnostmi, jako jsou schopnost sebeobnovy, diferenciace a neomezeného, aviak
pomalého bunécného déleni. Jejich rezistence ke konvencni terapii pak zcela jisté souvisi i se
zvysenou expresi DNA reparacnich enzymd, antiapoptotickych faktor a mnohocetnych léko-
vych transportérQ. Cilené ovlivnéni téchto unikatnich vlastnosti by proto mohlo byt novym
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s multiformnim glioblastomem. Jednou z moznosti, jak Uspésné ovliviiovat zminéné vlastnosti,
je cilena regulace mikroRNA (miRNA). Tyto kratké nekédujici molekuly RNA posttranskripéné
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Glioblastoma multiforme is the most common intracranial malignity of astrocyte origin in Zluty kopec 7
adults. Despite complex therapy consisting of maximal surgical resection, adjuvant concomi- 656 53 Brno
tant chemoradiotherapy with temozolomide followed by temozolomide in monotherapy, the e-mail: sana.jiri@gmail.com
median of survival ranges between 12 and 15 months from diagnosis. This infaust prognosis is
very often caused by both impossibility of achieving of sufficient radical surgical resection and Obdrzeno/Submitted: 12. 5. 2015
tumor resistance to adjuvant therapy, which relates to the presence of glioblastoma stem cells. Prijato/Accepted: 10.9. 2015

Similarly to normal stem cells, glioblastoma stem cells are capable of self-renewal, differen-

tiation, and unlimited slow proliferation. Their resistance to conventional therapy is also due to

higher expressions of DNA repair enzymes, antiapoptotic factors and multidrug transporters. http://dx.doi.org/10.14735/amko2015338
Therefore, targeting these unique properties could be a novel promising therapeutic approach

leading to more effective therapy and better prognosis of glioblastoma multiforme patients.

One of the approaches how to successfully regulate above-mentioned properties is targeted

regulation of microRNAs (miRNAs). These small non-coding RNA molecules post-transcriptio-

nally regulate expression of more than 2/3 of all human genes that are also involved in stem cell

associated signaling pathways. Moreover, deregulated expression of some miRNAs has been

observed in many cancers, including glioblastoma multiforme.

Key words
cancer stem cells — glioblastoma multiforme — microRNA
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VYZNAM MIKRORNA U GLIOBLASTOMOVYCH KMENOVYCH BUNEK

Uvod

Multiformni glioblastom (glioblastoma
multiforme - GBM) patfi do skupiny
high-grade astrocytomi a s incidenci
3,55 novych pfipadiina 100000 lidiro¢né
se fadi mezi nejcastéji se vyskytujici in-
trakranialni malignity [1]. Tento nador
je tvoren rychle rostouci masou malo
diferencovanych astrocyt, kterd casto
prorista do okolni tkané. Byva velmi
silné vaskularizovan, $patné ohranicen
a casto inklinuje k nekrézam. Lécba je za-
lozena na maximalni mozné chirurgické
resekci tumoru nasledované konkomi-
tantni chemoradioterapii s temozolomi-
dem (TMZ) a adjuvantnim TMZ v mono-
terapii [2]. | pfes tuto vysoce intenzivni
Iécbu je progndza pacientl infaustni
s medidnem celkového preziti (overall
survival — OS) pfiblizné 12-15 mésict od
stanoveni diagnézy [3].

Podle soucasnych studii je jednim
z dlvod $patné prognézy mnoha na-
dorovych onemocnéni mald populace
nadorovych bunék vyznacujici se uni-
katnimi vlastnostmi, jako jsou schop-
nost sebeobnovy, diferenciace a neome-
zené proliferace. Tyto buriky disponuji
rovnéz zvysenou rezistenci k podavané
1écbé, a stoji tak pravdépodobné za
vznikem casnych recidiv. Pro svoji po-
dobnost se zdravymi kmenovymi buri-
kami byvaji oznacovéany jako nado-
rové kmenové burky (carcinoma stem
cells — CSCs) nebo také tumor iniciujici
buriky (tumor-initiating cells - TICs) [4].
Cilenda regulace CSCs by tedy na za-
kladé soucasnych poznatkt mohla vy-
znamné zefektivnit terapii mimo jiné
i u GBM, kde byly tyto buriky mnohokrat
pozorovany [5].

Jedna z moznosti, jak efektivné zasa-
hovat do biologie CSCs, je skrze cilenou
regulaci mikroRNA (miRNA), kratkych ne-
kédujicich RNA, které jsou schopné vaz-
bou na cilovou molekulu mediatorové
RNA (mRNA) posttranskripéné regulo-
vat genovou expresi. Bylo prokazano,
Ze jsou tyto 18-25 nukleotid( dlouhé
molekuly zapojené v regulaci vétsiny
dalezitych bunécnych procesd, jako
je proliferace, diferenciace, apoptéza
anebo fizeni bunécného cyklu. Neni
proto divu, Ze zména v expresi nékolika
miRNA ¢asto vede na urovni bunky k fa-
télnim nasledkdm usticim az v jeji ma-

ligni transformaci [6]. MiRNA hraji kli-
¢ovou roli rovnéz v biologii CSCs, kde
se podileji na udrzovani jejich jedinec-
nych vlastnosti. Pfredpoklada se tedy, ze
by cilené ovlivnéni konkrétnich miRNA
v CSCs mohlo vést ke ztraté ,stem-like”
fenotypu téchto bunék, coz by v klinic-
kém dusledku mohlo zefektivnit tera-
pii, prodlouzit ¢as do progrese onemoc-
néni, a tedy i OS pacient(l s prognosticky
nepfiznivymi nadorovymi onemoc-
nénimi, mezi které se zcela jisté radi
i GBM [7].

Historie a biologie CSCs

Teorie CSCs je pomérné novym po-
hledem na néadorovou transformaci.
Jeji kofeny viak sahaji az do 1. polo-
viny 20. stoleti, kdy bylo zjisténo, ze
nadorova tkan vykazuje zna¢nou bu-
néénou heterogenitu a ze dokonce
i jednotlivé bunky jsou schopné inicio-
vat vznik nového néadoru [8]. Dalsi vy-
zkumy pak ukazaly, Ze nékteré nado-
rové bunky jsou multipotentni, a tedy
schopné diferenciace do vice bunécnych
podtypt [9].

Primé dlkazy o existenci CSCs viak
pfinesly az na zacatku 90. let 20. sto-
leti nové technologie, jako je metoda
FASC (fluorescence-activated cell sort-
ing) a pristupy zalozené na transplan-
taci bunék do imunodeficientnich mysi.
V roce 1994 Lapidot et al vyizolovali
z akutni myeloidni leukemie na zékladé
exprese markerl hematopoetickych
bunék (CD34+CD38") bunécnou popu-
laci, ktera vykazovala vysoce tumoro-
genni vlastnosti. Tyto buriky dnes ozna-
¢ujeme jako nadorové kmenové (CSCs)
nebo tumor iniciujici (TICs) bunky [10].
Ovsem az v roce 2003 se podafilo po-
prvé vyizolovat CSCs i ze solidniho na-
doru, konkrétné z karcinomu prsu. Tyto
buriky exprimujici stejné jako normalni
kmenové buriky povrchové markery
CD44+CD24 v byly po implantaci do
imunodeficientnich mysi schopné ini-
ciovat rGst nového nadoru [11]. Poté na-
sledovaly studie, které potvrdily exis-
tenci CSCs i v dalsich typech nadorovych
onemocnéni: kolorektalnim karcinomu,
melanomu a u nadort mozku véetné
GBM [12-15].

Teorie CSCs predpoklada, ze jsou
bunky nadoru, stejné jako v pripadé nor-

malni zdravé tkané hierarchicky uspora-
dany, pficemz na vrcholu stoji mald po-
pulace bunék dnes znama jako CSCs.
Jejich puvod je viak doposud zahalen
mnoha nejasnostmi. Nejcastéji diskuto-
vanou teorii je, Ze vznikaji ze somatic-
kych kmenovych bunék tkané, ze které
se nador vyvinul. Tuto hypotézu podpo-
ruje fakt, ze somatické kmenové burky
tedy vystaveny delSimu pusobeni geno-
toxickych vlivli nez ostatni burky a diky
tomu se u nich mohou nakumulovat
mutace vedouci az k nadorové trans-
formaci. Podle jinych autor( za vzni-
kem CSCs stoji dediferenciace proge-
nitorovych nebo vice diferencovanych
nadorovych bunék, kdy vlivem mutaci
ziskavaji tyto bunky vlastnosti bunék
kmenovych [16,17].

Mezi tyto unikatni vlastnosti patfi
i schopnost sebeobnovy a diferenciace.
CSCs jsou tedy stejné jako jejich nena-
dorové analogy schopny asymetrického
déleni, pfi kterém vznika jedna burnka
matefského fenotypu a jedna burka
diferencovana. Mechanizmy zajistujici
spravnou funkci téchto vlastnosti podlé-
haji v normalnich kmenovych burikdch
pfisné regulaci. Pravé mutace, které do
téchto schopnosti a signalizacnich drah
s nimi souvisejicich zasahuji, jsou jed-
nim z pfedpoklad(i neoplastické trans-
formace [17,18]. V tomto kontextu jsou
nejcastéji zminovany signalni drahy Wnt,
Notch a Hedgehog [19-22].

Pfitomnost CSCs do zna¢né miry vy-
svétluje nizkou efektivitu konvencni te-
rapie u nékterych nadorovych one-
mocnéni. Tato terapie je totiz zamérena
predevsim na rychle se délici buriky na-
doru. Avsak jak jiz bylo zminéno, CSCs
se vétsinu casu vyskytuji v tzv. klidovém
stadiu bunécného cyklu, a tedy rychlost
jejich proliferace neni tak rapidni. To po-
skytuje burice dostatecny cas, aby opra-
vila poskozenou DNA, v ¢emz ji navic vy-
znamné pomahaji zvysené hladiny DNA
reparacnich enzym a ABC transportért
(transportéry lékové rezistence) [17,18].
Dokonce bylo zjisténo, ze CSCs, kte-
rym se podafilo uniknout chemoterapii,
byly vice rezistentni a tuto vlastnost na-
sledné predavaly i svym dcefinym bun-
kam. Tato skutecnost tak koresponduje
s faktem, ze rekurentni tumory byvaji
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casto k 1écbé méné citlivé nez primarni
nador [23].

Glioblastomové kmenové burnky
Glioblastomové kmenové bunky (glio-
blastoma stem cells - GSCs) pochazeji
pravdépodobné z neuralnich kmeno-
vych bunék. Nasvédcuje tomu i skutec-
nost, ze poprvé byly z GBM tkané vyizo-
lovény na zakladé exprese povrchového
glykoproteinu CD133, jehoz pfitomnost
je typicka pro normalini neurdini kme-
nové bunky (neural stem cells - NSCs).
GSCs, stejné jako NSCs rostou v bezsé-
rovém mediu jako suspenzni sférické
bunécéné kolonie neboli neurosféry
a vyznacuji se expresi stejnych identifi-
kujicich markert [12,15,24]. Historicky
nejvice pouzivanym markerem GSCs je
jiz zmifnovany CD133, ktery se v3ak na
zékladé poslednich studii jevi jako ne-
pfilis specificky [14,25,26]. Mnohem
Vétsi specificita je v soucasné dobé pfi-
pisovana molekule CD15 [27] a cyto-
skeletalnimu proteinu nestinu, jehoz ex-
prese se mimo jiné u gliom ukazala byt
negativnim prognostickym faktorem.
V dnesni dobé se ale nabizi i dalsi moz-
nosti izolace GSCs nevyzadujici pouziti
povrchovych markerQ. Zajimavym zpt-
sobem identifikace této bunécné popu-
lace je kupfikladu jiz zmifnovany fakt, ze
GSCs jsou pomalu se délici buriky. Fluo-
rescencni barvivo PKH-26 se navaze na
povrch cytoplazmatické membréany
bunék a s kazdym néslednym bunéc-
nych délenim se jeho mnozZstvi na burce
snizi o polovinu. Dcefiné buriky proto
burika mateiska. Pomoci FASC Ize tedy
nasledné identifikovat GSCs jako nej-
vice fluorescencné aktivni burky v sus-
penzi [28]. Jiny zplsob izolace GSCs je
zalozen na schopnosti bunék aktivné se
zbavovat skodlivych latek. Jde o metodu
izolace tzv. side population, u které byla
detekovéna zvysena hladina ABC trans-
portéru a jez rovnéz disponuje kmeno-
vymi vlastnostmi [29].

Pro GSCs je typicka perivaskularni lo-
kalizace a jejich vyskyt byl také obje-
ven v okoli nekrotickych lozZisek, coz do-
klada fakt, Ze je stem-like fenotyp téchto
bunék zna¢nou mirou zavisly na okol-
nim mikroprostfedi. Casto diskutovan
je vliv hypoxie na chovéni GSCs [30].

Hypoxie indukuje expresi HIF (hypoxiain-
ducible factor), ktery zvysuje schopnost
sebeobnovy jak GSCs, tak i non-GSCs.
Zatimco HIF1a je exprimovan i neural-
nimi kmenovymi bunkami, HIF2a je ty-
picky pouze pro GSCs, coz z néj v pod-
staté cini idealni terapeuticky cil [31].

Spravna identifikace a izolace GSCs je
tedy klicovym krokem pro dalsi vyzkum.
Jejich eliminace, pfipadné diferenciace
by mohla mit velky terapeuticky vy-
znam a mohla by pfinést novou nadéji
pacientim postizenym GBM.

Vyznam miRNA v regulaci
kmenovych vlastnosti GSCs
MiRNA jsou kratké molekuly RNA se
zna¢nym potencidlem regulovat geno-
vou expresi. Podle soucasnych vyzkumu
tvofi geny pro miRNA asi 3 % lidského
genomu, ale jsou schopny ovlivio-
vat expresi az 60 % koédujicich lidskych
gent [32,33]. Jejich regulaéni efekt se
tedy samoziejmé uplatiuje ve vétsiné
dulezitych bunécnych procesu, jako je
proliferace, diferenciace, apoptéza, bu-
nécny cyklus a stejné tak udrzovani
kmenovych vlastnosti bunék [6]. Regu-
lacni schopnosti miRNA jsou tak zapo-
jeny i do biologie GSCs, coz ¢ini z téchto
molekul ohnisko zédjmu mnoha vyzkum-
nych kolektivi. Cilend regulace miRNA,
které jsou zapojeny do fizeni kmeno-
vych vlastnosti GSCs, by totiz mohla byt
vyuzita jako novy efektni pfistup lécby
nadorovych chorob, véetné GBM [7].
Tato strategie vSak v sobé skryva
mnoha uskali. GSCs jsou velmi blizké
NSCs a mechanizmy udrzujici jejich
kmenovost jsou Casto stejné ¢i podobné
u obou téchto bunécnych populaci.
Dulezité tedy je, aby lé¢ba zaméfujici
se na GSCs cilila opravdu jenom na tyto
burky. Lang et al proto za pouziti metody
hlubokého sekvenovani identifikovali
miRNA, které jsou rozdilné exprimované
mezi témito bunéénymi populacemi,
a tim ziskali sadu potencialnich terapeu-
tickych cilt pro cilenou Ié¢bu, ktera cili
pouze na GSCs, a nikoli na NSCs. Signi-
fikantné zvysenou hladinu v GSCs vyka-
zovaly miR-10a, miR-10b a miR-140-5p.
Naopak snizend exprese byla deteko-
vana u miR-874 a miR-124. Jako pfimy
cil miR-10a a miR-10b byl identifikovan
nadorovy supresor CSMD1 (CUB and

SUSHI multiple domain protein 1), jehoz
ztrata nebo snizena hladina byly zazna-
menany i u jinych typd nadoru [34,35].
Tento transmembrdnovy protein je
podle nékterych studii zapojen do sig-
nalizace TGF-f (transforming growth
factor B), jez patfi mezi hlavni regula-
tory kmenovosti a rovnéz se podili na
mechanizmech bunécného ristu a apo-
ptézy [36,37]. Regulacni vliv této miRNA
byl popsan také pro dal3i geny zapojené
v nadorové transformaci, jako je PTEN
(phosphatase and tensin homolog),
STAT3 (signal transducer and activator
of transcription 3), SDC-1 (syndecan 1),
TIAM1 (T-cell lymphoma invasion and
metastasis 1), NF-1 (neurofibromin 1).
Inhibice miR-10b v GSC a GBM burikach
méla za nasledek vyrazné snizeni proli-
ferace, migrace, invazivity a buné¢ného
rustu, a to zejména v pripadé GSC [38].
Mezi pfimé cile nadorové supreso-
rové miR-124 pak patfi jednak znamy
onkogen NRAS (neuroblastoma RAS
viral (v-ras) oncogene homolog), jenz
je zapojen do procesu proliferace, dife-
renciace a schopnosti prezivani bunék,
a dale serin/treonin kinaza PIM3 (Pim-3
proto-oncogene, serine/threonine ki-
nase) modujici bunéény cyklus [34].
MiR-124 byla rovnéz identifikovana jako
cil transkripéniho faktoru REST (RE1-si-
lencing transcription factor), jednoho
z hlavnich represord neuralni diferen-
ciace. Mezi jeji dalsi cilové molekuly totiz
patfi fosfatdza SCP-1 (sarcoplasmic cal-
cium-binding protein 1), ktera vyrazné
potlacuje neuralni diferenciaci [39,40].
Silber et al rovnéz potvrdili zapojeni
miR-124 spolu s miR-137 do procesu di-
ferenciace, a to jak v NSCs, tak i v moz-
kovych CSCs. Obé tyto miRNA ovliviuji
proliferaci GBM bunécnych linii pro-
stfednictvim pfimé inhibice cyklin de-
pendentni kinazy 6 (CDK6), kterd se
skrze fosforylaci proteinu Rb (retino-
blastoma) podili na fizeni bunééného
cyklu [41]. Bylo rovnéz zjisténo, Ze supre-
sorova miR-137 vykazuje v GBM z du-
vodu hypermetilace svého promotoru
snizenou hladinu. Exprese této molekuly
pak narista s mirou diferenciace NSCs
i GSCs. Po transfekci pre-miR-137 do
GSCs klesa u téchto bunék schopnost
sebeobnovy, tvofeni neurosfér a rov-
néz exprese markert kmenovych bunék
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Obr. 1. Zapojeni miRNA v regulaci biologickych vlastnosti GSCs.

Oct4 (POU class 5 homeobox 1), Nanog
(Nanog homeobox), Sox2 (SRY (sex de-
termining region Y)-box 2) a Shh (Sonic
hedgehog). MiR-137 reguluje kme-
nové vlastnosti GSCs skrze svij pfimy
cil RTVP-1 (GLI pathogenesis-related 1 -
GLIPR-1), jehoz exprese pfimo kore-
luje se stupném malignity astrocytoma.
RTVP-1 zvysuje expresi CXCR-4 (chemo-
kine (C-X-C motif) receptor 4), ktery je
zapojen v signalizaci SHH-GLI-Nanog,
a tim prispiva ke zvyseni schopnosti se-
beobnovy bunék [42]. Tumorogenni

a invazivni marker CXCR-4 je pfimym
cilem klastru miR-302-367, a proto se
i tato skupina miRNA pravdépodobné
podili na inhibici sebeobnovy, invazi-
vity a infiltrace GBM iniciujicich bunék.
Mechanizmus tohoto plsobeni je pak
rovnéz pripisovan ovlivnéni signalni
drahy SHH-GLI-Nanog, ve které, jak uz
bylo uvedeno, je CXCR-4 zapojen. Po zvy-
Seni hladiny miR-302-367 v GSCs doslo
k poklesu schopnosti tvofit neurosféry
a naopak ke zvyseni exprese astrocytar-
niho markeru GFAP (glial fibrillary acidic

protein), coz doklada zapojeni tohoto
klastru i do procesu diferenciace [43].
Dalsi miRNA zapojena do procesu di-
ferenciace je miR-128. Po jejim zvyseni
dochazi k indukci diferenciace, a tudiz
poklesu markerti kmenovosti, jako je
Nestin nebo Sox2. Jejimi pfimymi cili
jsou znamé mitogenni tyrozinkindzy
EGFR (epidermal growth factor receptor)
a PDGFRa (platelet-derived growth fac-
tor receptor, a polypeptide), u nichz uz
v predeslych studiich byl prokazan inhi-
bi¢ni vliv na neuralni diferenciaci [44-46).
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Aldaz et al se zaméfili na identifi-
kaci molekul miRNA, jejichz exprese se
béhem diferenciace GSCs méni, a tudiz
se da predpokladat jejich pfimé zapo-
jeni do tohoto procesu. Mira exprese
miR-93 a miR-106 se béhem diferenciace
snizovala, naopak u miR-21, miR-29a,
miR-29b, miR-221 a miR-222 se zvy3o-
vala. Inhibice miR-221/222 v diferen-
cujicich GSCs méla za nasledek narust
exprese proteinu nestin, ale pokles as-
trocytarnich (GFAP) a neurélnich mar-
kerd (neuron-specific class Ill beta-tubu-
lin - TUJ1). Tento trend nebyl pozorovan
v pripadé miR-29a/b. Jejich zvy3eni
v GSCs nevyvolalo zadné zmény v ex-
presi markerti kmenovosti ani v diferen-
ciaci, ale vedlo k prokazatelnému snizeni
viability a zvy3Seni apoptézy. MiR-29a/b
jsou do procesu apoptdzy zapojeny
skrze svij ptimy cil, antiapopticky pro-
tein Mcl-1 patfici do rodiny apoptickych
regulator Bcl-2. Pfekvapenim studie
bylo zjisténi vyrazné prodiferencia¢ni
role miR-21, mnohymi studiemi postu-
lovanou jako miRNA se silné onkogen-
nimi vlastnostmi. Po zvy3eni této miRNA
v GSCs opét doslo ke snizeni exprese ne-
stinu a narlstu TUJ1 a GFAP. Jejim pfi-
mym cilem byl uré¢en SPRY1 (sprouty
homolog 1, antagonist of FGF signaling
(Drosophila)), ktery byl jiz dfive popsany
jako inhibitor neuralni diferenciace
v mysich embryonélnich kmenovych
burkach [47]. MiR-221/222 i miR-21 jsou
vieobecné znamé pro své onkogenni
vlastnosti [48,49]. Ve vyse popsané stu-
dii vSak autofi polemizuji, Ze pokud by
lécba cilila na tyto miRNA, neméla by
pozadovany efekt zabranujici vzniku re-
cidiv pravé kvtli zapojeni téchto miRNA
do procesu diferenciace [47]. Schrai-
vogel et al se zamérili na rozdily v ex-
presnim profilu miRNA mezi CD133*
a CD133" bunkami. CD133, jak jiz bylo
uvedeno, je jednim z nejpouzivanéj-
Sich marker( pro identifikaci a izolaci
GSCs. MiR-9/9%, miR-15b, miR-17-5p,
miR-106 vykazovaly nejvyssi expresi
u CD133* bunék, miR-221/222, miR-27,
miR-21 zase u CD133" bunék. Cilend in-
hibice miR-9/9* a miR-17-5p vedla k re-
dukci CD133* bunék a jejich schop-
nosti tvofit neurosféry. Jako mozny cil
téchto dvou miRNA byl identifikovan
transkrip¢ni faktor CAMTA1 (calmodu-

lin binding transcription activator 1),
ktery indukuje expresi kratkého sekre-
tovaného proteinu NPPA (natriuretic
peptide A) a jeho receptoru, jez se po-
dileji na inhibici proliferace [50]. Jina vy-
zkumna skupina zase uvedla, ze k nej-
vice snizenym miRNA v CD133* oproti
CD133- burikkdm patfi miR-125b, jez je
zapojena do fizeni proliferace. Jejim pfi-
mym cilem je totiz ¢len rodiny E2F (E2F
transcription factor), coz jsou vyznamni
regulatofi bunécného cyklu. Po zvyseni
jeji hladiny v CD133* bunkach doslo k re-
presi exprese nestinu a CD133 a schop-
nosti téchto bunék tvofit neurosféry [51].
Exprese miR-17-92 se béhem diferen-
ciace snizuje, coz doklada jejich vyznam
v udrzovani kmenovych vlastnosti GSCs.
Tento klastr je zapojen v fizeni prolife-
race a apoptozy skrze své cile CDKN1A
(cyclin-dependent kinase inhibitor 1A),
E2F1aPTEN. Jako pfimy cil této molekuly
byl rovnéz urcen rastovy faktor pojivové
tkané CTFG (connective tissue growth
factor), ktery vaze VEGFA (vascular en-
dothelial growth factor A) a tim pfispiva
k inhibici nddorové angiogeneze [52].
Zapojeni miRNA v regulaci biologickych
vlastnosti a exprese vybranych markert
u GSCs je shrnuto na obr. 1, resp. tab. 1.

Vyznam miRNA

v chemoradiorezistenci GBM

Lécba GBM je zaloZzena na maximalni
mozné chirurgické resekci tumoru na-
sledované konkomitantni chemoradio-
terapii s TMZ. Tato adjuvantni terapie
vsak témér ve vsech pripadech selhava
a u pacientl dochazi k ¢asnému re-
lapsu onemocnéni zplsobeného prav-
dépodobné pritomnosti rezistentnich
GSCs. Pravé molekuly miRNA byly mno-
hokrét popsany jako regulatory chemo-
radiorezistence u mnoha nadorovych
onemocnéni v¢éetné GBM. Z tohoto po-
hledu skryva ve svém pusobeni znacny
terapeuticky potencidl miR-211, ktera
vyrazné zvysuje senzitivitu GBM bunék
k chemoradioterapii. Tato miRNA mimo
jiné cili MMP-9 (matrix metallopepti-
dase 9), ¢imz vyrazné prispiva ke sni-
Zeni invazivity a migrace GSCs. Samotna
radioterapie zpusobila narist MMP-9,
a tim i invazivity a migrace. V kombinaci
s miR-211 a inhibitorem MMP-9 v3ak
doslo k jejich vyraznému snizZeni a rov-

| Tab. 1. Zapojeni miRNA v regulaci
exprese vybranych marker( u GSCs.
Regulovand Sledovany
miRNA marker
navySeni miR-137 { Oct-4
exprese | Nanog
miRNA
4 Sox2
{ shh
miR-302-367 T GFAP
miR-128 { Nestin
4 Sox2
miR-21 ! Nestin
T GFAP
TTUN
miR-125b { Nestin
1 CD133
snizeni  miR-221/222 7 Nestin
exprese
s + GFAP
LTUN
miR-9/9* 1 CD133
miR-17-5p 1 CD133
T zvyseni exprese sledovaného mar-
keru, L snizeni exprese sledovaného
markeru
GSCs - glioblastoma stem cells

néz ke zvyseni apoptdzy. Inhibice
MMP-9 vede i k indukci apoptézy skrze
inicia¢ni kaspazu 9. Predeslymi studiemi
bylo zjisténo, Ze samotné podéani TMZ
vede k navyseni mnohocetnych |éko-
vych transportérd v plazmatické mem-
brané, které jsou schopny aktivni ex-
krece skodlivych latek ven z bunky.
Buriky vystavené spole¢nému plso-
beni TMZ, miR-211 a MMP-9 inhibitoru
toto zvyseni nevykazovaly, coz doklada
zna¢né ambice této miRNA v budouci
cilené 1écbé [53]. Dalsi miRNA, ktera by
se mohla podilet na regulaci mnohocet-
nych lékovych transportér( a tim i che-
morezistence GSCs je miR-328 [54].
Jako cil této miRNA byl totiz urcen
ABCG2 (ATP-binding cassette, sub-fa-
mily G), ktery rovnéz patfi do rodiny
mnohocetnych |ékovych transportéri
a vyznamnou mirou pfispiva k lékové
rezistenci bunék [55]. Pfitomnost to-
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hoto transportéru je charakteristicka pro
tzv. side-population burky, jez dispo-
nuji zvy$enou tumor inicia¢ni kapacitou,
schopnosti sebeobnovy a multipotence,
tedy vlastnostmi typickymi pro kmenové
bunky [54]. Zvy3seni senzitivity GSCs
k chemoterapii zplisobuje také inhibice
miR-21. Tato miRNA se ucastni regu-
lace apoptézy skrze Bax (Bcl-2-associa-
ted X protein) a Bcl-2 (B-cell CLL/lym-
phoma 2). Jeji inhibice zptsobuje nardst
proapoptického Bax na ukor antiapo-
ptického Bcl-2, coz ma za nasledek cel-
kové zvyseni apoptézy GSCs. Zhang
et al zjistili, Ze tento efekt se v kombi-
naci inhibice miR-21 a podéani TMZ jesté
znasobuje [56].

Zaver

PfestoZe je GBM nadorové onemocnéni
s velmi nizkou incidenci, jedna se o velmi
agresivni malignitu do zna¢né miry rezi-
stentni ke konvencni terapii, a tedy s in-
faustni prognézou. Z tohoto divodu
je mu v posledni dobé védeckymi pra-
covniky vénovéna stale vétsi pozornost
ve snaze objevit nové terapeutické pfi-
stupy umoziujici pfeklenout zmino-
vanou necitlivost k |é¢bé a prodlouzit
tak OS pacientd s timto onemocnénim.
Nadéjnym terapeutickym cilem se zdaji
byt GSCs, jez jsou pravdépodobné jed-
nou z pricin biologicky nepfiznivého
chovani tumoru. Jejich cilené ovlivnéni
prostfednictvim miRNA, pfirozenych re-
gulatorl genové exprese, by pak mohlo
vést k zvyseni senzitivity GBM k adju-
vantni terapii, vyznamnému prodlouzeni
¢asu do progrese onemocnéni, a tedy
i zlepseni celkové progndzy pacientd.
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. Glioblastoma stem-like cells (GSCs) are critical for the aggressiveness and progression of glioblastoma

. (GBM) and contribute to its resistance to adjuvant treatment. MicroRNAs (miRNAs) are small, non-

. coding RNAs controlling gene expression at the post-transcriptional level, which are known to be

. important regulators of the stem-like features. Moreover, miRNAs have been previously proved to be
promising diagnostic biomarkers in several cancers including GBM. Using global expression analysis of

. miRNAs in 10 paired in-vitro as well as in-vivo characterized primary GSC and non-stem glioblastoma

. cultures, we identified a miRNA signature associated with the stem-like phenotype in GBM. 51 most

. deregulated miRNAs classified the cell cultures into GSC and non-stem cell clusters and identified

. asubgroup of GSC cultures with more pronounced stem-cell characteristics. The importance of the

. identified miRNA signature was further supported by demonstrating that a Risk Score based on the

. expression of seven miRNAs overexpressed in GSC predicted overall survival in GBM patients in the

. TCGA dataset independently of the IDH1 status. In summary, we identified miRNAs differentially

. expressed in GSCs and described their association with GBM patient survival. We propose that these

© miRNAs participate on GSC features and could represent helpful prognostic markers and potential

. therapeutic targets in GBM.

. Glioblastoma multiforme (GBM) is the most frequently occurring primary brain tumor of astrocytic origin in
. adults. Despite complex therapy consisting of maximal surgical resection, adjuvant concomitant chemoradio-
. therapy with temozolomide followed by temozolomide in monotherapy, the prognosis remains dismal'. The short
© survival of GBM patients is caused by both the impossibility of achieving “biologically” radical surgical resec-
. tion and tumor resistance to adjuvant therapy. Glioblastoma stem-like cells (GSCs) are thought to be an impor-
© tant contributor to the poor response to the adjuvant therapy due to the higher expressions of the DNA repair
© enzymes, antiapoptotic factors, and multidrug transporters™. These rather slow proliferating cells are also capable
. of self-renewal and multilineage differentiation, are highly invasive, modulate immune response and promote
. angiogenesis. GSCs form gliomaspheres in serum-free media in vitro** and have strong tumorigenic potential
* in immunodeficient animals recapitulating the hallmarks of the original tumors®. GSCs express, although to a
: variable extent, specific stemness markers such as the transcription factor Sox-2, the cytoskeletal protein nestin,
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and/or the cell surface glycoprotein CD1337%, which are generally used for their identification. According to
some studies, the presence of GSCs as determined by functional assays as well as the expression of GSC markers
is associated with the prognosis in GBM patients®-'2. Several studies have shown that microRNAs (miRNAs) are
important molecular players closely related to the biological features of GSCs. MiRNAs are highly conserved,
18-25 nucleotide long non-coding RNAs that function as post-transcriptional regulators of gene expression by
silencing their mRNA targets. It is estimated that miRNAs could regulate up to 60% of human genes including
genes associated with the maintenance of the stem-like phenotype, differentiation, and chemo- and radiore-
sistance!*!%, Thus, miRNAs play significant roles in the functions of various types of healthy as well as cancer
stem-like cells including GSCs'*-"’. Indeed, changes in miRNA expression were observed during the transition
of GSCs to more differentiated phenotypes'® and e.g. the miR-302-367 cluster was shown to be able to abolish the
stem cell characteristics of GSCs'. Our previous studies also demonstrated that miRNAs are able to predict the
survival in GBM patients?®2..

In this study, we identified a set of miRNAs that is closely associated with the stem-like phenotype of GBM
cells. We further corroborated the importance of the most differentially expressed miRNAs by showing their
potential to predict overall survival in GBM patients independently of the IDH1 mutation status. These miRNAs
may thus play an important role in the pathogenesis of brain tumors and represent potential therapeutic targets
affecting GSCs and overcoming the therapeutic resistance of GBM.

Results

Characterization of the paired glioblastoma cell cultures. We successfully derived paired primary
cell cultures from several GBMs (8 men and 2 women; median age 64 years - min 52, max 78 years), which were
propagated in both defined serum-free medium favoring the expansion of GSCs and in medium supplemented
with 10% FBS (non-stem cells). The cells cultured in serum-free medium initially formed gliomaspheres (Fig. 1A)
and were subsequently propagated on laminin or geltrex (Fig. 1B). The matched paired primary cell cultures
propagated in serum containing media grew adherently (Fig. 1C). The majority of the GSC cultures exhibited
CD133 expression as determined by flow cytometry (Fig. 1D) and could undergo differentiation into GFAP and
beta III tubulin expressing cells when transferred into serum containing media (Fig. 1E). All of the paired GBM
cell cultures were IDH1/2 wild-type, their characteristics are summarized in Supplementary Table S1.

Western blot (Fig. 1F) and qRT-PCR (P = 0.002; Wilcoxon paired test) (Fig. 1G) analyses revealed substan-
tially higher Sox-2 expression in the cells cultured in serum-free conditions in comparison to the cells derived
from the same patient sample propagated in serum containing medium. The expression of nestin, another stem
cell marker, correlated with Sox-2 expression (r=0.7955; P < 0.0001) and there was a trend for higher nestin
expression in the GBM primary cells derived in serum-free conditions (P = 0.065; Wilcoxon paired test) (see
Supplementary Figure S1).

The large majority of the cultures propagated in serum-free as well as serum containing media were tumor-
igenic in immunodeficient mice (7/8 and 6/8 cultures, respectively). Nevertheless, the paired GBM cell cultures
formed xenograft tumors with distinct features. The tumors derived from the glioma primary cell cultures propa-
gated in serum containing media were characteristically well demarcated and GFAP negative (Fig. 2C,D). In con-
trast, the paired cultures derived in serum-free conditions typically produced GFAP positive tumors with single
cell infiltration into the surrounding brain tissue including the contralateral hemisphere, white matter tracts and
tropism towards the periventricular regions (Fig. 2A,B).

In summary, we verified that the cell cultures derived in serum-free conditions have typical characteristics of
glioma stem-like cells (GSCs).

MicroRNAs differentially expressed in the paired GSC and non-stem glioblastoma cell cul-
tures. To identify a set of miRNAs characteristic for glioma stem-like cells we performed a genome-wide
expression profiling of 2578 human miRNAs in the 10 paired GSC and non-stem GBM cell cultures derived
in serum-free and serum supplemented medium, respectively. LIMMA analysis for paired samples revealed
431 significantly deregulated miRNAs in the GSCs in comparison with the non-stem GBM cells (P < 0.05) (see
Supplementary Table S2). 51 miRNAs were deregulated at a significance level below 0.001 (25 miRNAs were
upregulated and 26 miRNAs were downregulated). Importantly, among the 51 most deregulated miRNAs expres-
sion of 23 miRNAs correlated with Sox-2 expression at a significance level lower than 0.001, and 14 miRNAs
correlated with both Sox-2 (P < 0.001) and nestin expression (P < 0.05) (Table 1). These data strongly suggest that
several of the identified miRNAs are closely linked to the stemness of the glioma cell lines cultured in serum-free
media.

Cluster analysis based on the 51 most differentially expressed miRNAs correctly classified all GSC and 80%
of the non-stem cell cultures (Fig. 3A). This analysis also revealed that the main cluster I containing all GSC
samples was divided into two subclusters. Subcluster IA was exclusively composed of GSC cultures and the pat-
tern of miRNA expression was more distinct from serum cultures contained in cluster II. All analyzed cultures
in subcluster IA were tumorigenic and exhibited pronounced multilineage differentiation. Subcluster IB, which
contained the remaining four serum-free derived GSC cultures, also included two serum derived non-stem
cell cultures; moreover, the serum-free derived cultures in this subcluster exhibited only little differentiation
when exposed to 10% serum and one of them did not form tumors in immunodeficient mice. Collectively, these
data suggest somewhat less pronounced stemness characteristics of GSC cultures in subcluster IB (Table 2,
Supplementary Table S1). Statistical analysis comparing only cell cultures from subcluster IA, which exhibited
more pronounced stemness characteristics, and cluster II samples containing the non-stem cell cultures revealed
nine miRNAs (miR-9-3p, miR-93-3p, miR-93-5p, miR-106b-5p, miR-124-3p, miR-153-3p, miR-301a-3p, miR-
345-5p, and miR-652-3p), which were all upregulated in GSCs at a significance level below 0.0001 (Fig. 3B).
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Figure 1. Characterization of the primary GBM cell cultures propagated in serum-free and serum containing
media. (A) Cells growing in serum-free medium as gliomaspheres, (B) cells growing in serum-free medium on
laminin, (C) adherent cell growing in serum containing medium, (D) detection of CD133 in two independent
serum-free medium cultures, (E) differentiation of serum-free medium cultured cells induced by 10% fetal calf
serum, (F) western blot analysis of Sox-2 and a-tubulin and (G) qQRT-PCR of Sox-2 expression in GBM cells
propagated in serum-free (DMEM/F12) and serum containing (DMEM + FBS) media. The P value signifies the
statistical significance of the difference between the paired primary cell lines as assessed by the Wilcoxon paired
test.
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Figure 2. Characteristics of orthotopic xenotransplants derived from primary GBM cell cultures propagated

in serum-free (A,B) and serum containing (C,D) media. (A and C) Detection of human glioma cells by an
antibody against human nuclei (in green). (B and D) Detection of GFAP expression (in green). ToPro3 was used
for nuclear counterstaining (red).

Sox-2 Nestin
miRNA Spearman r P value Spearman r Pvalue
miR-3195 —0.85 <1073 —0.60 0.006
miR-3141 —0.83 <1073 —0.47 0.036
miR-4656 —0.81 <1074 —0.51 0.023
miR-100-5p -0.79 <1074 —0.39 NS
miR-4739 -0.77 <107* —0.42 NS
miR-3180 -0.75 <107* —0.55 0.013
Negative correlation miR-1260b -0.75 <107* —0.46 0.043
miR-1233-5p —0.74 <103 —0.49 0.029
miR-4674 -0.73 <107* —0.54 0.015
miR-328-5p -0.73 <107* —0.48 0.032
miR-378h -0.72 <107* —0.48 0.034
miR-4505 —0.71 <107* —0.46 0.045
miR-5787 —0.71 <107* —0.47 0.036
miR-1207-5p -0.70 <107? —0.37 NS
miR-345-5p 0.82 <1073 0.57 0.011
miR-1180-3p 0.78 <1074 0.45 0.048
miR-9-3p 0.76 <107* 0.40 NS
miR-124-3p 0.75 <107* 0.34 NS
Positive correlation miR-106b-3p 0.73 <107 0.42 NS
miR-1301-3p 0.73 <107* 0.41 NS
miR-130b-3p 0.71 <107* 0.49 0.029
miR-93-3p 0.70 <107* 0.37 NS
miR-106b-5p 0.70 <107* 0.32 NS

Table 1. MiRNAs correlating with Sox-2 and nestin expression in paired primary GBM cell cultures.
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Figure 3. Hierarchical clustergram discriminating paired primary GSC (yellow) and non-stem glioblastoma
cell cultures (blue) propagated in serum-free and serum containing medium, respectively. (A) Based on 51
differentially (P < 0.001) expressed miRNAs, (B)Based on 9 miRNAs differentially (P < 0.0001) expressed

in GSC and non-stem cell cultures contained in subclusters IA and II, respectively. A gradient of green and
red colors is used in the heatmap (green color indicates lower expression whereas red color indicates higher
expression of individual miRNAs in analyzed samples).

No.of GSC | No. of non-stem | Multilineage
Cluster | cultures cell cultures differentiation* | Tumorigenicity

1A 6 0 4/4** 5/5

2/3(GSC)
1/2 (non-stem cells)

1B 4 2 0/3

1I 0 8 n.d. 5/6

Table 2. Characteristics of the clusters identified based on the 51 most differentially expressed miRNAs.
*Number of cell cultures exhibiting pronounced differentiation in serum containing media/number of analyzed
cell cultures, **P < 0.05, Pearson’s chi-squared test compared to cluster IB, n.d. - not determined.

Expression of all these miRNAs positively and statistically significantly correlated with Sox2 expression suggest-
ing their close association with the stem cell-like phenotype of the GSCs.

MiRNAs differentially expressed in GSCs are associated with survival of GBM patients. To
further support the potential importance of these miRNAs in GBM, we analyzed their relation to overall sur-
vival (OS) using the TCGA dataset comprising 485 GBM patients for whom OS and miRNA expression profiles
were available. Seven out of nine of the miRNAs most differentially expressed between the GSC cluster IA and
non-stem cell cluster II (Fig. 3B, miR-9-3p, miR-93-5p, miR-106b-5p, miR-153-3p, miR-301a-3p, miR-345-5p,
and miR-652-3p) were represented in the TCGA dataset. First, we performed Z-score transformation on expres-
sion levels across all GBM samples for each of the aforementioned seven miRNAs; then, the seven-miRNA signa-
ture was used to calculate the Risk Score for each patient based on a linear combination of the miRNA expression
level weighted by the regression coefficient derived from the multivariate Cox regression analysis?»* as follows:
risk score =0.08270698 * hsa-miR-652 + 0.15074626 * hsa-miR-345 — 0.11310809 * hsa-miR-301 — 0.15450420
* hsa-miR-153 4-0.09238838 * hsa-miR-9* — 0.18565873 * hsa-miR-93 — 0.04894894 * hsa-miR-106b. This com-
posite miRNA Risk Score was a statistically significant prognostic factor in the univariate Cox regression analysis
(HR=2.718; 95% CI (1.814—4.073), P < 1.26 * 10~¢). Correspondingly, using the median value of the miRNA
Risk Score as the threshold, GBM patients could be divided into a high-risk and a low-risk group. Kaplan-Meier
analysis confirmed that OS of the high-risk patients was significantly lower in comparison with low-risk patients
(P <3.26*10%, log-rank test) (Fig. 4). We further tested the prognostic power of the seven-miRNA signature
with respect to the IDH1 mutation status in a subset comprising 296 GBM patients for whom exome somatic
mutation data were available. The univariate Cox regression analysis revealed that the seven-miRNA signature
predicted OS in these patients with higher statistical significance (P =1.064* 10~% HR=2.718; 95% CI (1.642-
4.501)) in comparison with IDH1 status (P =3.3*10"3 HR=0.3147; 95% CI (0.1393-0.7109)). These results
were underscored using the multivariate Cox regression analysis (P =6.53 * 10~ HR = 2.442; 95% CI (1.461-
4.080) for the seven-miRNA signature and P=1.67*10"% HR=0.367; 95% CI (0.162-0.834) for IDH1 status).
The whole model based on the seven-miRNA signature and IDH]1 status predicted OS in GBM patients with a P
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Figure 4. Kaplan-Meier survival curves estimating OS in GBM patients from the TCGA data set according to
the 7-miRNA based Risk Score.

value 4.24 * 1073 (see Supplementary Table $3). Importantly, the seven-miRNA signature was able to predict OS
in both IDH1 wild-type (n=280) and IDH1 mutated (n = 16) GBM patients (P < 1.01*10 3> and P < 4.62*1072,
respectively; log-rank test) (see Supplementary Figure S2).

Discussion

Glioblastoma multiforme (GBM), the most common malignant primary brain tumor arising from glial cells, is
associated with fatal prognosis caused not only by its localization in the central nervous system, but especially by
the high invasiveness and resistance to conventional therapies. This biological behavior is associated with the cel-
lular and molecular heterogeneity, which is characteristic for this disease?*?. Recent studies have suggested that
GBM is driven and maintained by a subpopulation of clonogenic cells called glioblastoma stem-like cells (GSCs),
which seem to play a crucial role in GBM biology®**”. These cells also contribute to GBM chemoradioresistance
through the activation of DNA damage checkpoint responses and the increase in DNA repair capacity’®*. The
small non-coding microRNAs (miRNAs) playing an important role in the posttranscriptional regulation of gene
expression have been previously described in association with GBM initiation, progression, and resistance to
therapy as well as with the maintenance of glioma stem-like cells*.

In this study, we firstly successfully derived and characterized paired GBM cell cultures from several GBMs,
which were propagated either under defined serum-free conditions, or in serum containing medium. These dif-
fering cell culture conditions most likely lead to the isolation of distinct cell subpopulations from the original
tumor. Consistently with the literature, the paired cell lines displayed profound biological differences®'. Glioma
cells cultured in serum-free conditions frequently expressed CD133, although as described by others® the quan-
tity was variable in individual cell lines. The serum-free medium cultured cells also showed the potential to form
gliomaspheres and differentiate into GFAP and beta III tubulin positive cells. In comparison with the paired gli-
oma cultures derived in serum containing medium, the serum-free medium derived cells expressed significantly
more Sox-2, the stemness marker crucial for the tumorigenicity of GSCs*%, on both mRNA and protein levels.
As previously reported™, the serum-free cultured cells characteristically formed highly infiltrative tumors when
implanted into immunodeficient mice.

Having established that the cell lines cultured under serum-free conditions used in this study exhibit features
typical of GSC, the paired GSC and non-stem cell cultures were utilized to uncover the miRNA expression pattern
specific for GSC. Using global miRNA expression analysis, we revealed 51 most differentially expressed miRNAs.
These miRNAs were able to classify the cell cultures into non-stem cell cluster II and two GSC subclusters IA
and IB (Fig. 3A). Analysis of these two GSC subclusters showed that the first of them (IA) consisted of cultures
with more pronounced GSC features compared to the second subcluster (IB) containing among others also two
non-stem cell cultures. Subsequent analysis focusing on the miRNAs most differentially expressed between the
GSC cluster IA and the non-stem cell cluster I highlighted nine miRNAs (miR-9-3p, miR-93-3p, miR-93-5p,
miR-106b-5p, miR-124-3p, miR-153-3p, miR-301a-3p, miR-345-5p, and miR-652-3p) that were strongly upreg-
ulated in GSCs. Several of these miRNAs were previously described to be associated with the regulation of the
stemness maintenance as well as with the biological behavior of GBM and survival of patients. MiR-9-3p (referred
to as miR-9*) and its hairpin counterpart miR-9-5p (referred to as miR-9), which was also upregulated in GSCs
though with lower statistical significance (p < 3.3*1073; log2 FC=2.1), seem to be specifically expressed in
the brain®**%, are evolutionary conserved from insects to human and are involved in vertebrate neural develop-
ment**-¥, Their activities are probably carried out through the effect on the Notch signaling pathway, especially
by the targeting of Notch2 and the transcription factor Hesl, resulting in an enhanced differentiation and pro-
liferation of neural stem cells (NSCs)***°. These data seem to be somewhat contradictory to our findings as we
observed higher expression of both miRNAs in GSCs. The explanation may lie in the mutual regulation of miR-
9/9* and Notch signaling. It was demonstrated that expression levels of miR-9/9* depend on the activation status
of Notch signaling. While Notch inhibits differentiation of NSCs, it also induces miR-9/9*3%. Moreover, Hes1
expression oscillates with a period of 2-3 hours in NSCs and this oscillation is important not only for cell differen-
tiation but also for proliferation as sustained Hesl expression inhibits both processes***’. Thus, it can be assumed
that miR-9/9* expression levels vary in time to allow cell proliferation. It also seems that the control mechanisms
in GSCs are different from those in NSCs. In line with our findings, Schraivogel et al. reported that both miR-
NAs were highly abundant in CD133+ GSCs and their inhibition led to the reduced neurosphere formation and
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stimulated cell differentiation®!. Finally, the higher levels of miR-9/9* hairpin counterparts in GSCs could also
contribute to the increased resistance of these cells to the conventional therapy. Munoz et al. recently showed that
CD133+ GSCs expressed greater levels of miR-9 which led to the activation of the SHH/PTCH1/MDRI axis. This
axis has been shown to impart TMZ resistance. In the case of the CD133+ cells, the resistance is not acquired but
seems to be inherent*?.

Interestingly, miR-9 and miR-9* seem to be functionally linked with the miR-124, another most differentially
expressed miRNA identified in our study. Staahl et al. published that mitotic exit in neurogenesis is inter alia
partially driven by these three matured miRNAs*. Another study described the synergistic effect of miR-9 and
miR-124 on the strong suppression of the GTP-binding protein Rap2a and consequent promotion of neuronal
differentiation of NSCs and dendritic branching of differentiated neurons*. A very similar effect of the overex-
pression of miR-9/9* and miR-124 on the self-renewal and differentiation was observed by Roese-Koerner et al.
in neuroepithelial-like stem cells derived from human pluripotent stem cells*.

MiR-106b-5p, miR-93-5p as well as miR-93-3p are members of the same miRNA gene cluster miR-106b~25
and it is thus not surprising that these miRNAs were jointly upregulated. Interestingly, this cluster seems to
be linked to the biology of stem cells. Serum induced differentiation of GSCs was previously demonstrated to
decrease the expression levels of miRNAs which belong to this cluster'® and Brett ef al. showed that the expression
of the entire miR-106b~25 cluster in adult mouse neuronal stem/progenitor cells increases their ability to gener-
ate new neurons®. In the CD44+ gastric cancer stem-like cells, the entire cluster was significantly upregulated
and inhibition of miR-106b led to a decreased self-renewal capacity and cell invasiveness through the suppression
of the TGF-3/Smad signaling pathway*.

Only few studies suggesting a direct link between the other miRNAs identified in our study and stem cell
biology are available so far. Chang et al. described miR-345 to be enriched in mesenchymal stem cells found
in Wharton’s jelly matrix of human umbilical cord which were able to transdifferentiate into neuronal lineage
cells¥’. The miR-301 family has been recently shown to be the direct target of the SFRS2 splicing factor, an OCT4
regulated gene required for the pluripotency in human pluripotent stem cells*. Stappert ef al. demonstrated that
miR-153 contributes to the shift of long-term self-renewing neuroepithelial-like stem cells from self-renewal to
neuronal differentiation*. Similarly, Tezcan et al. also demonstrated that miR-153 overexpression reduced tum-
origenic capacity of GSCs by targeting the Nrf-2/GPx1/ROS pathway*’. In contrast with these data, we observed
higher expression of both miR-153 and the members of the miR-301 family (miR-301a-3p, miR-130b-3p, and
miR-130a-3p) in GSCs. Unfortunately, there are no studies which could help to explain these discrepancies.
However, it seems that the stem cell-like state is dependent on many interacting molecules in feedback loops
mutually balancing one another over time.

The Risk Score utilized in this study proved that the set of the identified miRNAs is associated with GBM prog-
nosis independently of IDH1 mutation status, further suggesting their involvement in the disease pathogenesis.
Higher tissue levels of miR-652, miR-345 and miR-9* positively contributed to increased values of the risk score
and thus worse prognosis; nevertheless, miR-301, miR-153, miR-93 and miR-106b which were also upregulated
in GSCs were in fact negative contributors. The explanation for these results is at present speculative but may
involve the following aspects. Firstly, the relation between GSCs and survival is somewhat unclear as various
studies failed to show a correlation between the GSC quantity assessed by CD133, nestin or CD15 staining and
survival®"*% Further, Pallini ef al. observed that the percentage of CD133-positive cells somewhat paradoxically
correlated with longer survival in recurrent glioblastoma, likely due to the higher presence of normal neural stem
cells with possible antitumor properties, which may also apply to some newly diagnosed tumors®. Another study
described that the CD133-low GBMs showed more invasive growth and gene expression profiles characteris-
tic of mesenchymal or proliferative subtypes, whereas the CD133-high GBMs showed features of cortical and
well-demarcated tumors and gene expressions typical of proneuronal subtypes. Moreover, in contrast to various
reports claiming that only CD133-positive GBM cells can initiate tumor formation in vivo, Joo et al. showed that
CD133-negative cells also possess tumor-initiating potential®. It should be further noted that CSCs are rather
quiescent and slow-cycling, and some of the identified miRNAs may be regulators of this dormant state. Last
but not least, non-transformed stromal cells may contribute to the tissue levels of miRNAs and the function of the
particular miRNAs may be different in these cells compared to glioma cells.

Taken together, we identified a set of miRNAs that are differentially expressed in GSCs as compared to
non-stem glioblastoma cells, several of which correlated with the expression of the stem cell markers Sox-2 and
nestin. Our findings thus suggest that a complex set of miRNAs is involved in the regulation of the stem-like
characteristics in glioblastoma. Moreover, a set of the most differentially expressed miRNAs correlated with the
survival of GBM patients independently of the IDH1 status indicating that they might be prognostic markers and
possibly new therapeutic targets.

Material and Methods
GBM samples and primary cell cultures. The 10 paired primary GBM cell cultures were derived from
fresh tumor tissues samples obtained from GBM patients who underwent surgically resection at the Departments
of Neurosurgery of the Hospital Na Homolce in Prague, University Hospital Brno, and University Hospital
Ostrava. Study has been approved by the local Ethical Board at Hospital Na Homolce in Prague, University
Hospital Brno, and University Hospital Ostrava. Written informed consent was obtained from all patients
included in the study. All experiments were performed in accordance with relevant guidelines and regulations.
The fresh tissue sample was enzymatically dissociated with TrypLE (ThermoFisher Scientific) for 20 min at
37°C with agitation or using the Papain Dissociation System (Worthington) according to manufacturer’s instruc-
tions. Single cell suspensions were seeded into 25 cm? tissue culture flasks (Techno Plastic Products AG) and
cultured in either Dulbecco’s modified essential medium supplemented with 10% FBS, 1% Glutamax (both
ThermoFisher Scientific), 100 U/mL penicillin and 100 pg/mL streptomycin, sodium pyruvate and non-essential
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amino acids (all GE Healthcare), or in DMEM/F12 containing bFGF 20 ng/mL, EGF 20 ng/mL (both PeproTech),
B27-supplement 1:50 (ThermoFisher Scientific), 1% Glutamax, 100 U/mL penicillin and 100 pg/mL streptomy-
cin. After 1-3 weeks, adherent cells, which covered more than 2/3 of the culture flask in DMEM, were passaged
using Trypsin-EDTA solution (Sigma-Aldrich). After approximately the same time, tumor spheres formed in
DMEM/F12, and these were dissociated using Accutase (Sigma-Aldrich) and up and down pipetting and then
passaged. Cells that initially formed spheres were dissociated and transferred to laminin (Sigma-Aldrich) or
Geltrex (ThermoFisher Scientific) coated culture flasks and propagated as monolayer cultures®>’. For the subse-
quent analyses, early passage cultures were used.

gRT-PCR quantification. Complementary DNA (cDNA) was synthesized from 1000 ng small RNA
enriched total RNA using the High Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific) accord-
ing to the manufacturer’s protocol. qRT-PCR was performed using the LightCycler 480 Instrument II (Roche) in
accordance with the standard TagMan manufacturer’s protocol using TagMan Gene Expression Assays (GAPDH
#Hs03929097_g1, SOX2 #Hs01053049_s1, NES #Hs00707120_s1; ThermoFisher Scientific). The data were eval-
uated using the second derivative maximum method with the arithmetic baseline adjustment. All QRT-PCR
reactions were run in triplicate and average Cp and SD values were calculated. Relative expression levels were
determined by the 272“? method, where ACp was calculated as follows: ACp = Cp (gene of interest) — Cp
(GAPDH).

Western blot analysis.  Cell pellets were lysed with RIPA buffer (Sigma-Aldrich). Protein concentration was
measured using a DC Protein Assay (Bio-Rad), samples were diluted with RIPA buffer to attain the same con-
centration of total protein and boiled for 10 min with the Laemmli sample buffer. Proteins (15 pg per well) were
separated on 10% SDS-PAGE gels, and electrophoretically transferred to the polyvinylidene difluoride (PVDEF)
membrane (Merck Millipore). The membranes were blocked with 5% nonfat milk in PBS with 0.1% Tween 20
(PBS-T), then incubated either with an anti-Sox2 rabbit mAb or anti-alpha/beta-tubulin rabbit mAb (No. 3579
and 2148, respectively; both Cell Signaling Technology) diluted 1:1000 in blocking solution at 4°C overnight.
Subsequently, the membranes were incubated with anti-rabbit IgG antibody HRP conjugate (No. 7074, Cell
Signaling Technology) diluted 1:2500 (60 min/RT). Each step was followed by washes in PBS-T. ECL-Plus detec-
tion was performed according to the manufacturer’s instructions (Amersham).

Flow cytometry. Accutase (Sigma-Aldrich) was used to harvest adherent cells and dissociate gliomaspheres.
The cell suspension was fixed with 2% paraformaldehyde for 1 hour at 4 °C, permeabilized (Intracellular Staining
Permeabilization Wash Buffer, Biolegend) and stained using an anti-CD133 APC conjugated antibody (Miltenyi
Biotec).

Differentiation of stem-like cell cultures, immunocytochemistry. To induce differentiation,
13 x 10° cells per cm® were plated on geltrex coated coverslips and cultured in differentiation medium (DMEM/
F12, 10% FBS, 1% Glutamax, 100 pg/mL Streptomycin and 100 U/mL Penicillin G). The medium was exchanged
every 2-3 days for 10-14 days. The coverslips were subsequently fixed with 4% paraformaldehyde (10 minutes at
room temperature) and stained overnight at 4 °C using the antibodies against GFAP (GF-01, Exbio, 1:200) and
beta III tubulin (Exbio, 1:250).

Orthotopic xenotransplantation glioma model, immunohistochemistry. The experimental use
of animals was approved by The Commission for Animal Welfare of the First Faculty of Medicine of the Charles
University in Prague and The Ministry of Education, Youth and Sports of the Czech Republic according to the
animal protection laws. Generation of xenotrasplants was performed as described previously*®. 5 x 10° cells in
5uL of serum free medium were injected into 6-10 week old male NOD.1295S7(B6)-Ragltm1Mom/J mice (The
Jackson Laboratory) with a Hamilton syringe 1.2 mm anterior from the bregma and 2.5 mm lateral from the
midline to a depth of 3 mm using a stereotactic device (Stoelting Co.). Inmunohistochemistry was performed on
10 pm thick frozen sections using antibodies against human nuclei (Chemicon, 1:500) and GFAP (GF-01, Exbio,
1:200) as described™’.

MiRNA microarray analysis. Small RNA enriched total RNA was isolated using the mirVana miRNA
Isolation Kit (ThermoFisher Scientific). Nucleic acid concentrations and purities were controlled by UV spec-
trophotometry using Nanodrop ND-1000 (Thermo Scientific). To assess miRNA expression in Sox-2 high- and
low-expressing GBM cells, the samples were analyzed with Affymetrix GeneChip miRNA 4.0 arrays (Affymetrix)
containing 5607 probe sets for human small RNAs. Out of these probe sets the 2578 probe sets of human mature
miRNAs were filtered. All steps of the procedure were performed according to the Affymetrix standardized
protocol for miRNA 4.0 arrays. Intensity values for each probe cell (.cel file) were calculated using Affymetrix
GeneChip Command Console (AGCC). Quality control of the microarray was performed with the Affymetrix
miRNA QC Tool, version 1.1.1.0.

Microarray expression data analysis. All data were pre-processed and further analyzed by the software
packages included in the R/Bioconductor®. Pre-processing was performed by the RMA method with default
parameters as implemented in the Bioconductor package oligo®'. All data were log2-transformed. To iden-
tify differentially expressed miRNAs, the LIMMA approach®? for paired samples was applied with additional
Benjamini-Hochberg correction of P values. To determine the correlation between miRNA and Sox-2 or nestin
expression, the Spearman rank correlation coefficient was used.
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IDH1/2 mutation status analysis. DNA was extracted using QIAamp DNA Mini Kit (Qiagen,
Germany) according to manufacturer’s instructions. Fragments of 254 bp and 293 bp lengths spanning the
sequences encoding the catalytic domains of IDH1 including codon 132 and IDH2 including codon 172,
respectively were amplified using 12,5 pmol each of the primers: IDH1-F ACCAAATGGCACCATACGA,
IDHI1-R TTCATACCTTGCTTAATGGGTGT, IDH2-F GCTGCAGTGGGACCACTATT, and IDH2-R
TGTGGCCTTGTACTGCAGAG (primer sequences according to Hartmann et al., 2009). PCR was performed
using standard buffer conditions, 50-250 ng of DNA input and Taq DNA Polymerase (Invitrogen, USA). PCR con-
sisted of 35 cycles with denaturing at 95°C for 30s, annealing at 56 °C for 1 min and extension at 72 °C for 1 min in
a total volume of 25 ul. Two microliters of the PCR amplification product were subjected to sequencing using the
BigDye Terminator v3.1 Sequencing Kit (Applied Biosystems, USA). Twenty-five cycles were performed employ-
ing 0,5pl of 10 M primer IDH1-F ACCAAATGGCACCATACGA or IDH2-R TGTGGCCTTGTACTGCAGAG,
with denaturing at 96 °C for 30, annealing at 50 °C for 15s and extension at 60 °C for 4min in a total volume of
10 pl. Sequences were determined using the sequencer (ABI 3500 Genetic Analyzer, Applied Biosystems) and the
Mutation surveyor V4.0.9 software (SoftGenetics, USA).

Survival analysis. The relationship between overall survival and expression levels of the selected miRNAs
was analyzed on The Cancer Genome Atlas (TCGA) data set (485 GBM patients)®’. To assess the miRNAs that
were identified in this study for survival prediction, a Risk Score formula for predicting survival was developed
based on a linear combination of the miRNA expression level weighted by the regression coefficient derived from
the multivariate Cox regression analysis?>?. Patients with high Risk Score are expected to have poor survival. Cox
proportional hazards regression analysis was performed to assess the contribution of the miRNA signature to
survival prediction®. Patients were further stratified into a high-risk group and a low-risk group according to the
Risk Score (cutoff value median) and survival was analyzed using the Kaplan-Meier method. Subsequently, both
univariate and multivariate Cox regression analyses including seven-miRNA signature and IDH1 status were per-
formed on the data subset comprising 296 GBM patients for whom exome somatic mutation data were available.
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