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1. Teoretickd ¢ast

1.1. Gliadlni nadory (gliomy)

Glidlni nadory jsou nejcastéjsi primarni nddory mozku u dospélych vykazujici vysokou malignitu a
agresivitu. Ackoli jsou relativné vzacné, jsou charakterizovany vysokou mortalitou a morbiditou. Tyto
naddory jsou odvozeny z neuroglidlnich bunék nebo jejich progenitor(®. Incidence gliomd se
v jednotlivych studiich rGzni v zavislosti na histologickém subtypu, véku v dobé diagndzy, pohlavi, rase
i na geografické poloze?. Incidence tohoto onemocnéni je graficky zobrazena v Obrazku 1, celosvétové
je priblizné 5 diagnostikovanych na 100 000 obyvatel a vSeobecné se gliomy Castéji vyskytuji u muzd
nez u Zen?. Napfi¢ véemi nadory mozku, tvofi glidlni nddory 60 % téchto nadord®. V Ceské republice
byla incidence v roce 2018 rovna osmi pripadiim a mortalita rovna hodnoté pres Sest umrtni na
100 000 obyvatel, kdy tato &isla maji od roku 1977 vzrGstajici charakter®. BohuZel nejéast&j$im
podtypem primarniho nadoru mozku je glioblastom gradu IV a i pfes maximalni radikalitu 1é¢by je
spojovan se $patnou progndzou a preZitim zfidka kdy pFesahujicim 2 roky®. Naproti tomu low grade
gliomy se fadi mezi benigni nadory s relativné dobrou progndézou.

Incidence per 100000 population
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Obrazek 1: Celosvétova incidence nador( CNS v prepodtu na 100 000 obyvatel. Pfevzato z originalu®.

Diky pokroku molekularni mediciny byla na zakladé rozvoje sekvenovani a genomickych studii
vytipovany markery napfi¢ Sirokym spektrem nddorovych onemocnéni. Mezi prvnimi biomarkery
v oblasti glidlnich nadord byly nalezeny metylace pro 0O6-methylguanin-DNA-methyltransferazu
(MGMT), mutace genu pro isocitrat dehydrogenézu 1/2 (IDH1/2), kodelece chromozomalnich oblasti
1p/19qg a amplifikace genu pro receptor epidermalniho ristového faktoru 1 (EGFR1)-**. V roce 2016
vysla aktualizace Svétové zdravotnické organizace tykajici se klasifikace glidlnich nadord a do
charakterizaéniho algoritmu a terminologie byly zapojeny dal$i vyznamné molekuldrni markery*2.



Pfed aktualizaci z roku 2016, byl klasifikacni systém zaloZen pouze na faktorech pozorovanych

mikroskopem. | presto, Ze molekularné genetické charakteristiky pouze dopliuji jiz zavedené

histologické definice, jedna se o znacny posun ve vnimdni tohoto nddorového onemocnéni a kombinaci

dostupnych informaci lze pfesnéji specifikovat progndzu i predikovat odpovéd na |écbu. Obrazek 2

ilustruje posun v diagndze difuznich a oligodendroglidlnich nador( spolu s jeho vlivem na délku doby
preZiti dle doporuc¢enych zmén z WHO 2007 na WHO 2016.
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# AO, IDH-mutant+1p/19g-codeleted
® AA, IDH-wildtype

B AA, IDH-mutant

Obrazek 2: Mira preziti a distribuce jednotlivych difuznich nadora dle doporuceni WHO 2007 a aktualizace téchto

dat dle WHO 2016. Pfevzato z originalu®3,

GBM - glioblastom, GBMO - glioblastom s oligodendroglialni komponentou, O — oligodendrogliom, A —

astrocytom, AA — anaplasticky astrocytom, AOA - anaplasticky oligoastrocytom, AO - anaplasticky

oligodendrogliom.



1.2. Diagnostika a standardni terapie glialnich nador(

Ptiznaky glidIniho onemocnéni mohou byt pozorovatelné pouze tydny od diagndzy nebo dokonce i
roky. Pacient mlzZe pocitovat nespecifické symptomy (epileptické zachvaty, bolest hlavy, Unava,
kognitivni poruchy), co? je dané dynamikou ristu jednotlivych druh nddor(. V prvni fadé je pacient
podroben vysetfeni krozliSeni primarniho nddoru od metastdz v mozku, zjisténi moznych
kontraindikaci neurochirurgického zdkroku a také neurologickému vysetfeni'®>. Preoperaéni
diagnostika zahrnuje zejména vyuZiti technik zobrazovacich metod.

1.2.1. Zobrazovaci metody

V soucasnosti se pri suspekci na nddor mozku nejcastéji vyuziva pocitacova tomografie (CT), kterd ma
schopnost odhalit nador, avsak jeji pouZziti se doporucuje pouze pfi prvnich akutnich pfiznacich.
Zakladni zobrazovaci technikou v neurologii a neurochirurgii je morfologickd magneticka rezonance
(MRI). Tato technika je schopna poskytnout detailni nahled do mozku, michy, cév a to ve trech
rovinach. S pomoci kontrastnich latek lze predbézné stanovit i presnéjsi diagndzu, kdy dochazi ke
specifickému syceni kontrastni latky v misté nddoru. Kromé téchto informaci, poskytuje vySetreni i
dalsi nalezy jakymi jsou vaskularizace, kalcifikace, nekrdzy aj. Pro preoperacni vySetteni |ze dale vyuZit
funkéni magnetickou rezonanci (fMRI), ktera umoziiuje zobrazeni aktivnich oblasti mozku na zakladé
sledovani zmén oxygenace krve®®.

Dalsi hojné vyuZivanou zobrazovaci technikou je pozitronova emisni tomografie (PET), kdy je hlavni
vyhodou umozZnéni zobrazeni fyziologickych a patologickych procest probihajicich v organizmu za
pouZiti aminokyselin znaéenych radionuklidy. Casto je tato metoda kombinovadna s rentgenovou
vypocetni tomografii oznaéovanou jako PET-CTY.

1.2.2. Resekce nadoru

Pfed samotnou resekci nadoru dochazi nejéastéji ke stereotaktické biopsii, kdy je odebran histologicky
vzorek pro zpfesnéni diagndzy. Tato metoda je charakterizovana nizkym rizikem morbidity a vysokou
mirou pFesnosti®,

U glioblastomu jakoZto gliomu s nejvyssi incidenci a medianem doby preZiti pouze okolo 15 mésic, je
pfistupovdno vidy k maximalnimu moZnému odstranéni tohoto nadoru. GlidIni naddory gradu Il a lll
Casem progreduji, je tedy nasnadé vyuZiti maximalni mozné lécebné terapie zalozené na resekci
nadoru i v téchto pfipadech.

BohuzZel jak uz nazev skupiny naznacuje, jedna se o difuzni nadory s moznymi diseminacnimi lézemi
vyskytujicimi se dokonce a? v protéjsi hemisféfel®. Je dokazano, Ze pfi odstranéni vice jak 98 %
glioblastomu, dochazi ke znaénému prodlouZeni Zivota pacienta?®?l. Tento efekt je zdokumentovaniu
low grade tumor(, kdy pacienti maji benefit z oddaleni anaplastické transformace a je tak dosazeno
prodlouZeni celkového pte?iti?2. Dilkazem tohoto efektu je prodlouZeni doby preZiti bez progrese a
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celkového preziti. Méfitkem outcome pacienta mize byt i rozsah resekce, ¢imZ se uvaZuje pfima uméra
mezi zbytkovym objemem nadoru a délkou preZiti pacienta®.

Maximalni mira resekce nadoru je prakticky odvozena od mozZnosti rozliSeni zobrazovacich metod.
Avsak i pres pouZiti metod jako je FLAIR (Fluid Attenuated Inversion Recovery) zobrazovani,
ultrazvukové vedené resekce a poutziti 5-aminolevulenové kyseliny kumulujici se v nadorovych
burikdch, nedoslo ke zlep$eni celkového pFeZiti ani preZiti bez progrese?. Na druhé strang, studie
zamérené na tzv. supratotdlni resekci u low grade gliomu prokazaly, Ze agresivni resekce s kontrolou
funkénich ¢asti mozku pomoci elektrostimulace prodlouZilo celkového preZiti i preZiti bez progrese?
%6 U supratotdlni resekce se vak musi pocitat s rizikem ztraty neurologickych a motorickych funkci,
jazykové dysfunkce a zhor$enim kognitivnich funkci?’.

1.2.3. Standardni terapie

U high grade gliom( se pfistupuje po resekci k adjuvantni radioterapii, kdy se cili na diseminované
buniky zbytkového nadoru. Nejednd se vsak o |é¢bu jako takovou, efektem je zlepSeni preZiti
v porovhani se samotnou resekci nebo jen se samotnym ozafovanim?. V soucasné dobé se jednd o
standardni lécebny rezim v doporucenych davkach 50 — 60 Gy zahrnujici lem v $ifi 2 cm okolo lokalizace
nadoru. Dlvodem rozsifeni oblasti ozafovani je zdokumentovana vysoka pravdépodobnost rekurence
nadoru Citajici az 90 %*°. Nejvhodné;jsi davka 60 Gy byva nejéastéji rozdélena po 2 Gy do 30 dévek®°. U
low grade gliom( neni efekt radioterapie natolik markantni. Efekt ranné radioterapie nasledované po
resekci zlepsuje u low grade gliom{ preZiti bez nemoci/preziti bez progrese, avsak nebyl prokazan efekt
na celkové pFeZiti pacient®!.

Pocatky chemoterapie pouzivané v lécbé gliomd se datuji okolo 70. let 20. stoleti, kdy byly prvni
klinické testy provaddény s nitrosureou, presnéji carmustinem a semustinem, kdy v kombinaci
s radioterapii méli benefit pfedevsim pacienti s anaplastickym astrocytomem32. V roce 1999 byl FDA
(Federal Drug Administration) schvalen temozolomid jakozto alkylacni cinidlo. Ten byl nejdfive
indikovan u rekurentniho glioblastomu a pozdéji i uren pro lé¢bu primarniho glioblastomu.
V soucasné dobé je zahrnut do standardniho Ié¢ebného rezimu u nové diagnostikovanych malignich
gliomG hlavné diky tzv. Stuppovu reZzimu33. Tento reZim spocivd v pooperaéni konkomitantni
chemoradioterapii temozolomidem nasledovany podanim adjuvantni chemoterapie v délce Sesti
mésicl (Obrazek 3). Relativni riziko smrti u malignich gliom( se timto rezimem sniZzuje o 37 % a
dvouleté preziti bylo u téchto pacientli zlepSeno 016 % v porovnani s pacienty léCenymi pouze
radioterapii. Navic dochazi k redukci vedlejsich uc¢inkl a pacienti tuto 1éCbu lépe toleruji v porovnani s
jinymi chemoterapeutickymi rezimy.
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temozolomid

75 mg/m? denné max. 49 dni adjuvantné 150 — 200 mg/m? denné v 5ti dnech, celkem 6 cykld

‘?d‘?d‘?d ‘?d ?d|7d Sd‘ ‘ ‘Sd‘ ‘ ‘ ‘5{1‘ ‘ | ‘5d| ‘

HHH\H CRERCRERC ™
6 tydnt

AR

RT 30x 3 Gy 60 Gy celkem po dobu 6 tydn( (30 x 2Gy) + rozéifeni o 2-3 cm lem kolem nédoru

radioterapie

Obrazek 3: Schéma Stuppova protokolu zaloZeného na konkomitantni chemoradioterapii®?

Co se tyce low grade gliom0 a lééby chemoradioterapii, neni tato oblast Uplné jednoznacna. LéCba by
méla byt rozhodovana na zakladé prognostickych faktor( jako jsou vék, neurologické deficity,
astrocytarni pivod, molekuldrni status, rychlost riistu nddoru a patologicky neurokognitivni status3
Doporucovanad lécba low grade gliomld pomoci chemoradioterapie je zaloZena na kombinaci

procarbazinu, lomustinu a vincristinu, avsak klinicka praxe ¢asto vyuZiva lé&by pomoci temodalu3*3>.

Existuji vSak pripady, kdy pacienti nemohou byt vzhledem ke svému stavu l|éceni standardni
terapeutickou cestou. Jedna se vétSinou o pacienty s vysokym poctem komorbidit, velkymi lézemi,
rychlym zhor3eni stavu odpovidajicimu glioblastomu s velmi Spatnou progndzou. U téchto pacient( se
nedoporucuje ani biopsie pro ziskani vzorku gliomu a pfistupuje se ptimo k paliativni [é¢bé.

1.2.4. Experimentalni terapie

Stupplv proktokol chemoradioterapeutického rezimu spojeny s resekci mél prillomovy dopad na IéCbu
malignich glidlnich nadorG. BohuZel se jednd o jeden z mala experimentalnich pfistupl se slibnymi
vysledky, ktery byl nakonec zapojen do standardniho lé¢ebného rezimu. Problémem administrace
chemoterapeutik je hematoencefalickd bariéra, kterd limituje pfistup léciv pfimo k nadorovym
bunkam. Temozolomid je pravé jednim z mala latek, které tuto bariéru Uspésné prostupuiji.

Lécba jednoho z nejzakernéjsich nadorovych onemocnéni je stale vyzvou. Nové IéCebné reZimy proto
hledaji sméry, jakymi tento nador inovativné IéCit jsou nasledujici: cileny pfenos terapeutik do mist
nadorovych bunék, strategie jak terapeutikum prenést skrz hematoencefalickou bariéru, inovativni
radioterapii se selekci pouze na nddorové burky, techniky na lokalni rozruseni nadoru, inhibitory ristu
nadoru, imunoterapie a bunééna/genova terapie. V soufasné dobé jsou provadény experimentalni
studie (Tabulka 1) zaméfené na pokrocilé terapeutické pristupy u glioblastomu, které maji za cil se
selektivné zaméFit pouze na nddorové buriky a neposkodit tak mozkovou tkar3®

Tabulka 1: Projekty experimentalni [é¢by GBM, shrnuto podle®.

inovace pfi administraci protinadorovych léciv inovace v radioterapii

intraoperativni implantaty s PT pro rezidua nddoru | terapie zachycenymi boronovymi neutrony

magnetické kationtové mikrokulicky jako nosic¢ brachyterapie: implantace zrnka emitujiciho radiaci v nadoru
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stereotaktické vloZzeni mikrokuli¢ek s PT

mikrobublinky s lipidovou vrstvou jako nosi¢

zvySeni efektu radioterapie pomoci hyperbarického kysliku
radiooperace: zvyseni efektu ionizujiciho zareni

strategie pro prekonani hematoencefalické bariéry

chemoterapeuticka senzitizace

intraarteridlni chemoterapie
prenos léciv pomoci nanotechnologii

hyperbaricky kyslik
fotodynamickd terapie pro chemosenzitizaci

inhibice nadorového rlstu

imunitni terapie

blokace tyrozinkinaz
telomerdzova inhibice
antiangiogenni terapie
intramuskularni podavani
systémové podavani thalidomidu

cileni drah epidermalniho ristového faktoru

vakcinace nadory mozku

blokace imunitnich checkpointd

monoklondini protilatky

radioaktivné znacené Ag injektované primo do nadoru
rekombinantni IL-2 a lymfokinem aktivované NK bunky

rekombinantni imunotoxiny cilici na EGF

lokalni destrukce nadoru

genova terapie

geneticky modifikované bakterie zpUsobujici lyzi NB
hypertermie
injekce fuzniho toxinu s interleukinem-4

apoptdzu indukujici FADD/MORTI genovy pfenos
deoxycytidin cDNA pro cytotoxicky efekt cytosin arabinosidu
intratumoralni injekce geneticky modif. neurotrofickych virQ

intraoperativni fotodynamicka terapie gpt gen z E. coli pro senzitivizaci na latku 6-thioxantin

onkolyze geneticky modifikovanymi organizmy vloZeni gentd zpUsobujici senzitivitu na IéCiva

bunécna terapie "sebevrazedna" genova terapie: tymidin kindza z HSV

CAR-T bunécna terapie virové vektory obsahuijici radiaci inducibilni promotory

enkapsulované burky produkujici PT genova suprese

antisense vlakno
RNAi

terapie gliomovymi kmenovymi burikami
preména kmenovych bunék (IL-4) s produkci PT

PT — protinddorova terapeutika; NB — nadorové bunky; Ag — protilatky; EGF — epidermalni rlistovy faktor; IL-2 —
interleukin-2; HSV — herpes simplex virus.

1.2.5. Souhrn kapitoly

Klasifikace nadorl CNS prosla zménami v roce 2016 a z tohoto dlivodu byly upraveny i doporuceni pro
lé¢bu pacientl s gliomy reflektujici vliv molekuldrnich markerd®. S ohledem na terapii byly shrnuty
vysledky klinického vyzkumu zahrnujiciho rtizné Iécebné modality resekce, radioterapie a systémové
farmakoterapie.

Lécba je vseobecné zaloZena na zakladnim rozdéleni ne/pfitomnosti mutace IDH a rozliseni dle
histologie po biopsii nddoru, gradu, klinickych faktorech jako je Karnofského skdre a vék, zbytkova
masa nadoru. Na zakladé téchto faktori je rozhodnuto o Ié¢bé nasledovanou kontrolami v rozmezi 2
az 6 mésiclh. Vseobecné se da fici, ze IDH mutované gliomy gradu 2 a 3 jsou lé¢eny kombinaci
s PCV popfipadé chemoradioterapie
s temozolomidem (Obrazek 4). V pfipadé gradu u 4 je lécba zaloZzena na samotné radioterapii nebo

radioterapie (prokarbazinu, lomustinu a vinkristinu)

chemoradioterapii temozolomidem (obrazek 5).
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l&éEba v dobé diagnozy

oligodendrogliom,

IDH mut, 1p/19g
kodeletovany, grade 2

dobré prognostické
faktory: wék < 40 let, bez
neurologického deficitu,
minimum zbytkového
nadoru, grade 2

Observace nebe
radioterapie nasledovanad
PCV (chemoradioterapie s

temozolomidern)

vysetieni

progrese nebo rekurence

IDH mut gliomy

biopsie nebo resekce nasledovand £asnou postoperativni MRI nebo CT

oligodendrogliom,

IDH mut, 1p/19q
kodeletovany, grade 3

horii prognostické faktory:
vEk = 40 let, neurologicky
deficit, zbytkowy nador,
grade 3

radioterapie nasledovana
PCV {radioterapie
temozolomidem)

astrocytom,
IDH mut, grade 2

dobré prognostické

faktory: vk < 40 let, bez

neurclogického deficitu,
minimum zbytkového
nadoru, grade 2

observace nebo
radioterapie ndsledovand
PCV (radioterapie
nasledovana
termozolomidem)

astrocytom,
IDH mut, grade 3

horEi prognostické faktory:
w&k = 40 let, neurologicky

deficit, zbytkowvy nader,
grade 3

radioterapie nasledovana
temozolomidem
(radioterapie nasledovana
PCV)

intervalech 3 — 6 mésicd, neurologicke wySetfeni a vyuiiti zobrazovacich metod

na zakladé Karnofsky skore, neurologickych funkci a pfedchazejici 1é¢bé je moZno vyudit:
reoperace, alkylaéni chemoterapie, op&tovné ozafeni, experimentalni terapie

paliativni terapie

astrocytom,
IDH mut, grade 4

prognostické faktory: vEk,
neurclogicky deficit,
zbytkowy nador,
odpovidajici gradu 2/3 IDH
mut astrocytomu

Radioterapie nasledovand
temozolomidem (s nebo
bez konkomitantniho
temozolomidu)

Obrazek 4: Klinicky postup 1é¢by IDH mutovanych difuznich gliom( u dospélych. Upraveno dle ¥’.

PCV — prokarbazin, lomustin, vinkristin.

lé€ba v dobé diagnozy

dobré prognostické
faktory:

vék < 70 let, KS 2 70

chemoradicterapie
temozelomidem

vySetfeni

ipatné prognosticke

faktory:
KS <70

radioterapie

(hypofrakéni)

gliobastom,
IDH wt, grade 4

ipatné prognostické
faktory:
wék = 70 let, bez
metylace promotoru
MGMT

radioterapie
{hypofrakéni)

bicpsie nebo resekce nasledovana casnou postoperativni MRI nebe CT

Zpatné prognostické
faktory:
vék = 70 let, bez
metylace promotoru
MGMT

chemoradioterapie
temozelomidem nebo
pouze temozolomid

v intervalech 2 — 3 mé&sici, neurologické vy3etfeni a vyufiti zobrazovacich metod

progrese nebo rekurence

na zakladé Karnofsky skdre, neurclogickych funkci a pfedchazej

le¢bé je moino vyuiit:

reoperace, alkylaéni chemoterapie, bevacizumab, opétovné ozafeni, experimentalni terapii

welmi Spatné
prognostické faktory:
KS < 50 nebo bez

schopnaosti ke svoleni
souhlasu s 1&Ebou

paliativni terapie

Obrazek 5: Klinicky postup 1é¢by IDH wild type difuznich gliom@ u dospélych. Upraveno dle ¥’.
KS — Karnofského skére, MGMT - O6-methylguanin-DNA-methyltransferaza.

14



1.3.  Klasifikace gliom(

Na zakladé potreby sjednotit mezinarodné klasifikaci nddor( centraini nervové soustavy (CNS), bylo
vroce 1979 vydano prvni vydani Histologické typizace nadorl vydané Svétovou zdravotnickou
organizaci (WHO) a na ni v nasledujicich letech navazaly dalsi tfi edice a jedno doplnéni z roku 2016.

Prvni edice z roku 1979 byla zaloZena na péti skupinach (0-1V) zaloZzenych na progndze bez ohledu na
histologii a cytologii®®. V naslednych edicich uZ byly do klasifikace zahrnuty i klinickohistologické znaky
a znaceni gradu jako I-1V, vaskularni proliferace, strukturalni abnormality, mitdzy a nekrézy. Postupny
vyvoj klasifikace reflektuje vyvoj novych technologii v oblasti molekularni diagnostiky od svételné
mikroskopie s imunohistochemii pres fluorescencni in situ hybridizaci az po sekvenovani.

1.3.1. Klasifikace gliom( dle WHO 2007

Posledni kompletni klasifikace nadord CNS byla uvedena vroce 2007 Svétovou zdravotnickou
organizaci, kterd rozsifila seznam o dalSi histologické varianty na zakladé rhznicich se
klinickopatologickych charakteristik. Oproti pfedchozi edici byl kladen diraz na epidemiologii, klinické
charakteristiky a symptomy, zobrazovaci metody, prognostické a prediktivni faktory. Tato ¢tvrta edice
je zaloZena na rozdéleni glidlnich nadoru dle histopatologickych kritérii a gradu v rozmezi | az IV, které
predikuje biologické chovani nddoru. Grade | oznacuje nadory s nizkou proliferaci a dobrou prognézou,
naproti tomu glialni nddory gradu IV jsou maligni a pacienti s timto typem nddoru maji kratkou dobou
preZiti. VSeobecné grade glidlnich nddorl kombinuje predikci odpovédi na terapii a samotny outcome
pacienta.

1.3.2. Klasifikace gliomU s doplnénim z roku 2016

Poprvé za dobu vzniku mezinarodni klasifikace nador CNS byly vyuZity molekularni parametry, které
spolu s histologii pomohly [épe definovat jednotlivé nddory. Doplnéni molekuldrni charakterizace do
klasifikace jednoduse odrazi pokrok v oblasti tumorigeneze, kterd se udala poslednich dvacet let.
Vétsina genetickych zmén byla zndma uZ dfive, avSak se na né pohlizelo pouze jako na prognostické a
prediktivni markery v samotnych podtypech, které byly do té doby definovany pouze histologicky. Az
v roce 2016 doslo ke zméné pohledu na tyto alterace a byly vyuZity pro definovani pfesnych podtypl
(Tabulka 2). Spojenim genotypizace a fenotypizace pfineslo urcity stupen objektivity do diagnostického
postupu. Vznikaji tak vice homogenni skupiny s presnéjsi diagndzou, cozZ vede k lepsSimu managementu
|éCby, odpovédi na ni a zpfesnéni samotné progndzy onemocnéni.

Hlavni zmény z roku 2016 se tykaji restrukturalizace s doplnénim geneticky definovanych podskupin u
difuznich gliomd, meduloblastom( a embryonalnich nadort, nového pfistupu k rozliseni pediatrickych
nadorl, doplnéni novych skupin podle molekuldrni charakterizace (glioblastom IDH wild
type/mutovany, epiteloidni glioblastom, ependymom s RELA fuzi, difazni stfedocarovy gliom H3K27M
mutovany) a dale doslo k odstranéni jiz prekonanych skupin (gliomatosis cerebri, protoplazmické a
fibrilarni astrocytomy, celularni ependymom aj.)

15



Tabulka 2: Klasifikace, grade a kéd morfologie dle WHO 2016.

typ glidIniho nadoru grade kod morfologie

difazni astrocytarni a oligodendroglialni nadory

difdzni astrocytom, IDH mutovany Il 9400/3

gemistocytarni astrocytom, IDH mutovany Il 9411/3
diftzni astrocytom, IDH wildtype Il 9400/3
difuzni astrocytom, nespecifikovany Il 9400/3
anaplasticky astrocytom, IDH mutovany 1 9401/3
anaplasticky astrocytom, IDH wild type 1]} 9401/3
anaplasticky astrocytom, nespecifikovany 1] 9401/3
glioblastom, IDH wild type v 9440/3

velkobunécny glioblastom v 9441/3

gliosarkom v 9442/3

epiteloidni glioblastom v 9440/3
glioblastom, IDH mutovany v 9445/3
glioblastom, nespecifikovany v 9440/3
difuzni stfedocdrovy gliom H3k27M mutovany v 9385/3
oligodendrogliom, IDH mutovany a 1p/19q kodeletovany Il 9450/3
oligodendrogliom, nespecifikovany Il 9450/3
anaplasticky oligodendrogliom, IDH mutovany a 1p/19q kodeletovany Il 9451/3
anaplasticky oligodendrogliom, nespecifikovany 1]} 9451/3
oligoastrocytom, nespecifikovany Il 9382/3
anaplasticky oligoastrocytom, nespecifikovany 1]} 9382/3

ostatni astrocytarni nadory

pilocytarni astrocytom I 9421/1

pilomyxoidni astrocytom I 9425/3
subependymalni velkobunécny astrocytom I 9384/1
pleomorfni xanthoastrocytom Il 9424/3
anaplasticky pleomorfni xanthoastrocytom Il 9424/3

ependymalni nadory

subependymom I 9383/1
myxopapilarni ependymom I 9394/1
ependymom Il 9391/3
papilarni Il 9393/3
z jasnych bunék Il 9391/3
tanycyticky Il 9391/3
ependymom s RELA fuzi Il nebo 1Nl 9396/3
anaplasticky ependymom 1] 9392/3
1.3.2.1. Difuzni astrocytarni a oligodendroglialni nadory

Dle doplnéni klasifikace nadori CNS z roku 2016 doslo k seskupeni difuzné infiltrujicich nadord na
zakladé podobného rlistového vzoru a chovani, ale hlavnim diivodem jsou spolecné driver mutace
v genech pro IDH1 a IDH2. | z prognostického hlediska se jedna o skupinu nadoru se stejnymi markery
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a podobnym smérem |é&by, at uZ standardni nebo cilené?. Inovativni algoritmus z roku 2016 vede od
histologie pfes molekuldrni parametry vedouci k pfesné diagndze a je uveden na Obrazku 6.

Histology Astrocytoma Oligoastrocytoma Oligodendroglioma Glioblastoma
| : | 1
DU ——
IDH stat
artie IDH mutant IDH wild-type IDH mutant IDH wild-type
Glioblastoma, [DH mutant |
1p/15q and ATRX loss* |

other genetic 1p/19q codeletion

- —
TPS3 mutation l Glioblastoma, /DH wild-type

parameters l

Diffuse astrocytoma, DHmutant | 4, | = Tmoommosssssssses .

Genetic testing not done

Oligodendroglioma, IDH mutant and 1p/19q codeleted
or inconclusive

v

'
|

After exclusion of other entities: :
Diffuse astrocytoma, IDH wild-type 1
1

I

|

i

Oligodendroglioma, NOS

A4

Diffuse astrocytoma, NOS
Oligodendroglioma, NOS
Oligoastrocytoma, NOS
Glioblastoma, NOS

* =characteristic butnot
required for diagnosis

Obrazek 6: Zjednoduseny algoritmus klasifikace difuznich gliomi zaloZenych na histologii a genetickych znacich.
Pfevzato z originalu®2.

Difuzni astrocytom

Pro difuzni astrocytom je typicky pomaly infiltrujici rist, vysoka bunécnost, velky pocet mitdz a jaderny
polymorfizmus. Toto onemocnéni postihuje dospélé ve stfednim véku (30-40 let), jeho progndza je
$patna z divodu Eastého zvratu v maligni varianty jako je anaplasticky astrocytom nebo glioblastom?°,
Klasifikace difuzniho astrocytomu je doplnéna o vysetteni na IDH mutace. Na zakladé tohoto vySetreni,
které znacné zpresnuje progndzu jednotlivych skupin, se déli na IDH mutovany, IDH wild type a
nespecifikovany. Varianta difuzniho astrocytomu IDH wild type je malo ¢astd a posledni vyzkumy tuto
variantu oznaduji spise za velmi rany glioblastom*,

Anaplasticky astrocytom

Anaplasticky astrocytom je maligni, difuzné infiltrujici primarni nador mozku vznikajici neoplastickou
transformaci z astrocytarnich bunék a casto dochazi k jeho progresi v nejmalignéjsi typ glidiniho

941 Histologicky je anaplasticky astrocytom je morfologicky velmi

nadoru, tedy glioblastom
heterogenni; spolecnymi znaky je zvySena bunécnost s vysokym podilem mitéz, jaderna atypie a
pFitomnost glidInich markert bez nekréz a vaskularni proliferace®?. Manifestace tohoto onemocnéni je

okolo 41 roku®, aviak IDH mutovand varianta mQZe postihovat pacienty i dfive®.
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Dle WHO 2016 klasifikace se u tohoto typu nadoru nevyskytuje kodelece chromozomid 1p/19q.
Rozdéleni anaplastického astrocytomu je zaloZeno na statusu IDH, ktery sebou nese rlGzné klinické a
prognostické charakteristiky. IDH mutovany anaplasticky astrocytom je spojovan s lepsi progndzou;
IDH wild type s horsi prognézou; a pokud neni mozné vysetfit status IDH imunohistochemicky ani
sekvenovanim, je anaplasticky astrocytom klasifikovan jako nespecifikovany'2.

Glioblastom

Glioblastom je nejcastéjsi a nejmalignéjsi nador mozku u dospélych. Histologicky je charakterizovdn
Spatnou diferenciaci, jadernou atypii, vysokou mitotickou aktivitou, mikrovaskularni proliferaci a
obsahuje ¢etné nekrézy. Nador byva lokalizovan v mozkovych hemisférach s epicentrem v bilé hmoté
a muZe zasahovat aZ na povrch mozku. Jak jiz bylo vyse uvedeno, glioblastomy vznikaji u mladsich
pacientt z difaznich a anaplastickych astrocytom nizsiho gradu, které oznacujeme jako sekundarni,
nebo vznikaji de novo a jsou oznacovany jako primarni.

Pacienti s glioblastomem maji i pfes maximalni 1é¢ebny rezim zahrnujici resekci a chemoradioterapii
velmi kratkou dobu preZiti okolo 12-18 mésicl a pouze 5 % pacientl preZije 5 let. Toto onemocnéni se
nejcastéji vyskytuje mezi 45. a 70. rokem, s medidanem okolo 64. roku Zivota.

Klasifikace glioblastom( je opét délena na zakladé statusu /DH, tedy na IDH mutované, IDH wild type a
nespecifikované. V rdmci IDH wild type glioblastomu, ktery ¢itd okolo 90 % vSech glioblastom{, jsou
ddle vyclenény tfi skupiny: velkobunécény glioblastom, gliosarkom a epiteloidni glioblastom, ktery byl
do klasifikace uveden poprvé.

Difuzni stfedocarovy gliom H3K27M mutovany

Tento glidIni nador byl poprvé zaveden do klasifikace aZ v roce 2016 a reprezentuje vétsinu difuznich
glioml mozkového kmene. Jedna se o vzacny agresivni nador se Spatnou progndzou pritomny
prevazné u pediatrickych pacientl a ve vzacnych pfipadech je nalézdn i u dospélych. Difazni
stfedocarovy gliom je lokalizovan v mozkovém kmeni, thalamu, miSe a mozecku. Pod mikroskopem ma
podobné znaky jako glioblastom a z tohoto dlvodu je pro potvrzeni diagndzy vyzadovano molekularni

testovani na pfitomnost mutace H3K27M, kterd je pro tento typ glidIniho naddoru specifickd?44,

Oligodendrogliom

Oligodendrogliom je difuzné infiltrujici diferencovany glidini nador ¢itajici okolo 5 % vSech glalnich
nadort dospélych. Oligodendrogliom je dobfe diferencovany glidini nador gradu Il s vyskytem
v mozkovych hemisférach s prevahou vyskytu v celnim laloku. Neoplastické bunky pod mikroskopem
pripominaji oligodendrocyty, avsak neni doposud presné zjisténo z jaké buriky je tento nador odvozen.
Vzhledem k nizké proliferaéni aktivité, dochazi zfidka kdy k recidivé ¢i progresi do vyssich gradd. Pro
presnou diagndzu se vysetfuje kromé statusu IDH i kodelece chromomozomalnich oblasti 1p/19q, co?
déli tuto skupinu na IDH mutovany a 1p/19q kodeletovany a nespecifikovany*>%,
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Anaplasticky oligodendrogliom

Anaplasticky oligodendrogliom je oznacen jako grade lll a jedna se o maligni formu s horsi progndzou.
MuUzZe vznikat de novo nebo jako progrese z oligodendrogliomu. VSeobecné dochazi k manifestaci
oligodendrogliom( kolem 50. aZ 60. roku Zivota. Median doby prefiti je u tohoto typu glidlniho nadoru
okolo 12 a7 14 let diky relativné nizké vékové kategorii pacientd®”. Pro histologicky obraz
anaplastického oligodendrogliomu jsou typické zvétSené burky s jadernou pleomorfii, vezikularizaci
chromatinu, vyraznym jadérkem a vyss$i mitotickou aktivitou®®. Pro pfesnou klasifikaci je nutné vysetfit
status mutace IDH a stanovit pfitomnost kodelece 1p/19q. V pfipadé, Ze nelze vySetfeni uzavfit, je
tento anaplasticky astrocytom oznaden jako nespecifikovany**.

Oligoastrocytom

Oligoastrcytom ma difuzné infiltrujici charakter rlstu a obsahuje dvé komponenty neoplastickych
bunék morfologicky podobnych oligodendrogliomu a difuznimu astrocytomu. Histopatologicky je
nador popsan vysoce bunéénymi lézemi, které mohou obsahovat mikrokalcifikace a mikrocystické
degenerace. Tento typ gliomu je oznacen jako grade Il, ma velmi nizkou mitotickou aktivitu a je
lokalizovan v mozkovych hemisférach®.

Tento typ glidIniho nadoru bylo vzidy tézké definovat a dochazelo k ¢asté diskonkordanci. Od roku 2016
tento gliom prakticky mizi na zdkladé ne/pfitomnosti molekularnich markerd, které presné definuji
oligodendrogliomy (1p/19q kodelece, IDH mutace) a astrocytomy (mutace ATRX, overexprese p53,
nepfitomnost kodelece 1p/19q)*.

Anaplasticky oligoastrocytom

Anaplasticky astrocytome je dle WHO oznacen jako grade Il a jedna se o velmi raritni maligni glidIni
nador. Nejcastéjsi lokalizace je uvadéna ve frontdlnim a spankovém laloku. Histologicky je anaplasticky
astrocytom charakterizovan zvySenou bunécnosti, jadernou atypii, pleomorfizmem, mikrovaskularni
proliferaci a vysokou mitotickou aktivitou®.

1.3.2.2. Ostatni astrocytarni nadory

Do této skupiny patfi raritni glidlni nadory jako jsou pilocytarni astrocytom, subependymalni
velkobunécny astrocytom, pleomorfni xanthoastrocytom a anaplasticky pleomorfni
xanthoastrocytom.

Pilocytarni astrocytom je dobfe definovany nddor CNS s dobrou progndzou, vyskytuje se u mladsich
pacient( a je oznacovan gradem |. V nékterych pfipadech je pozorovana kalcifikace a vétsina téchto
nador( vznika v mozecku®°.

Subependymalni velkobunécny astrocytom patti mezi benigni nadory gradu | a je popisovan u

mladych pacientll do 20 let a jen ojedinéle se vyskytuje u starSich pacient. Hlavni |écba tohoto
nadoru spociva v operativnim odstranéni®..
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Pleomorfni xanthoastrocytom patfi mezi nadory oznadené gradem Il, je nalézdn u mladsich
pacientl s nejvyssi incidenci v rozmezi 10. a 30. roku véku a vznika ze spankového laloku. Pokud je
nalezeno vice jak 5 mitéz na 10 zornych poli, jedna se o anaplasticky pleomorfni xanthoastrocytom
ozna&eny gradem lll, ktery je charakterizovan zna¢né horsi prognézou®2.

1.3.2.3. Ependymalni nadory

Ependymomy vznikaji z neuroepitelu CNS a vyskytuji se jak u déti, tak u dospélych pacientd. Tyto
nadory se vyskytuji podél celé nervové trubice zahrnujici mozkové hemisféry, zadni mozek a michu®.
Klinické chovani ependymomd je velmi heterogenni a okolo 40 % pacient(l je nelécitelnych z divodu
nedostatku efektivni |é¢by, kterd se skldda pouze z resekce nasledovanou radioterapii®2.

Jedinou molekularni alteraci v této skupiné gliom je RELA fuze vyskytujici se u pediatrickych pacient(.
Dalsi molekuldrni zmény Cekaji na odhaleni s pfesahem pro presnéjsi popsani jednotlivych podskupin

ependymoma*?,

1.3.3. Souhrn kapitoly

Update klasifikace nadoru CNS z roku 2016 zpUsobil prevrat v klasifikaci, kdy do samotného nazvoslovi
byla pfidana presnéjsi molekularni charakteristika. Tim doslo k rozpadu histologickych subtyp( do
daldich mensich skupin se zamérem zpFesnéni diagndzy a progndzy jednotlivych nadord CNS*.
V klinické praxi dochazi na zdkladé téchto zmén zpresnéni vybéru vhodného Iécebného rezimu, ze
kterého by mohly urcité skupiny pacientl s gliomy profitovat. Do budoucna se predpoklada, Zze dojde
k dalSimu zpresfiovani diagndz a vyvoji cilené terapie pravé podle presnéjsi molekuldrni charakterizace
nadord CNS.
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1.4. Molekularné cytogenetické zmény u glioma

Pfed samotnou resekci nadoru dochazi k biopsii glidlniho nadoru, kdy je tkan bud zamraZena nebo
uchovana v médiu pro nasledné zpracovani a histologické vysetfeni na patologii. Soubéziné s timto
vySetfenim probihd molekularné cytogenetickd charakterizace nadoru. Jak jiz bylo feceno, zdkladnim
vysetfenim je zhodnoceni ne/pfitomnosti mutace IDH, které se stalo soucasti diagndzy. Na zakladé
experimentalnich studii bylo odhaleno velké mnozZstvi dalSich molekularné cytogenetickych aberaci,
které vSak Cekaji na validaci a zafazeni mezi jednoznacné prognosticko prediktivni markery.

1.4.1. Hereditarni nddorové syndromy spojené s vyskytem glioma

Malé procento difuznich gliomd je zplsobeno hereditarnimi syndromy zaloZenych na mutaci jediného
genu jako je Li-Fraumeni syndrom (TP53), neurofibromatéza typu 1 a 2 (NF1 a NF2), Lynchlv syndrom
(MSH2, MSH6, MLH1, PMS2), tuberkuldzni skleréza (TSC1, TSC2), Ollierova choroba (/IDH1, IDH2) a
syndrom familidrniho melanomu (p16)°***. Molekuldrni charakteristika glidlnich nadort téchto

pacientt se li$i od nddort pacient( bez hereditarniho syndromu>>°,

Nad tento ramec existuje pfiblizné 5 — 10 % pripadl glidinich nadord, charakterizovanych familiarnim
vyskytem®”%8, Tento vyskyt je vysvétlovan sdilenou genetickou zatéZi spolu s environmentdlni faktory.

1.4.2. Rizikové faktory

Bylo zjisténo, Ze kromé genetickych faktor( ma vliv na vznik nadord mozku i environmenatini prostredi
a zdravy Zivotni styl. Mezi prokazana rizika svelkym vlivem patfi ionizacni zafeni, terapeutické
ozafovani v détstvi a CT skenovani s ddvkami prevysujicimi 50 mGy. VSeobecné je ionizujici zareni
povazovano za karcinogen, pfi némZ dochazi k poSkozeni DNA a ndslednému mozinému spusténi
onkogeneze, kterd nastavé v pribéhu 7 az 9 let od ozafovani®®. Bylo dokazano, Ze terapeutické
ozafovani v détstvi zvyuje riziko vzniku glidlniho nddoru 3x aZi 7x%°. Mezi moiné aviak téZko
prokazatelné pafi neionizujici zareni jako je radiofrekvence elektromagnetickych poli.

Na druhou stranu velké mnoZstvi studii naznacuje, Ze existuje nizsi riziko rozvoje glialniho nadoru u lidi
s astmatem, sennou rymou, atopickym ekzémem pop¥. alergiemi®®2, To je vysvétlovdno zvy$enou
imunitni odpovédi a brzkou reakci imunitni odpovédi na potlaéeni riistu nadoru®:.

Mezi diskutabilni faktory patfi obezita, Urazy hlavy, koureni, konzumace alkoholu a expozice
pesticidy®®. Napfi¢ studiemi tykajiciho se vlivu kouFeni na rozvoj glidlnich nddort se zavéry bohuzel

rozchazi 646,
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1.4.3. Ziskané molekularné cytogenetické zmény u gliom(
1.4.3.1. Mutace genu IDH

Status mutace IDH hraje zakladni roli v klasifikaci glidlnich nddord od roku 2016, kdy byly integrovany
nejen fenotypové projevy gliom, ale i jejich molekularni charakteristika. IDH je enzym, ktery ma 3
izoformy a je zapojen do dulezitych metabolickych procesl jako je Krebslv cyklus, glutaminovy
metabolizmus, lipogeneze nebo redoxni regulace®”®. IDH1 se nachazi v cytoplazmé a peroxizomech,
zatimco IDH2 a IDH3 je umisténa v mitochondridlni matrix®. V charakteristice gliomu se v3ak vyuZivaji
pouze mutace izoforem 1 a 2; mutace izoformy 3 nebyly prokdzany ve spojitosti s tumorigenezi.

Mutace gent pro IDH 1 a 2 byly poprvé popsany v roce 2008 a jsou lokalizovany v chromozomalnich
oblastech 2934 a 159267°. IDH 1 a 2 jsou Krebsové cyklu nikotinamidadenindinukleotidfosfat (NADP*)-
dependentni a katalyzuji oxidativni dekarboxylaci isocitratu na a-ketoglutarat (a-KG) s produkci
redukovaného nikotinamidadenindinukleotidfosfatu (NADPH). IDH 1 a 2 udrZuji redoxni rovnovahu a
ochranuji bunky proti oxidativnimu stresu diky molekuldam NADPH a a-KG, které maji silné redukéni
schopnosti a ochrariuji tak DNA proti oxidativnimu stresu’.

Mutace v IDH1 a 2 ziskavaji katalyzaéni schopnost preménit a-KG na 2-hydroxyglutarat, coz je
onkometabolit, ktery svou kumulaci pfispivéa ke kancerogenezi skrz inhibici demetylace histon(’*73. Ta
dal vede k zastaveni bunécné diferenciace. Dalsim efektem vysoké koncentrace 2-hydroxyglutaratu je
podpora angiogeneze skrz HIFla (hypoxii indukovany faktor) a skrz receptor VEGFR (vaskularni
endotelidlni ristovy faktoru) 7»75. Lokalizace variant IDH a vliv mutované formy je ilustrovén v Obrazku
7.

Cell

Mitochondria Cytoplasm
Mutagenesis
A
Acetyl CoA :
Oxidative damage
Oxaloacetate Citrate <> Citrate \ A 7 €
4 Isocitrate Reduced activity of glutathione N>
NADP* reductase and thioredoxin system el‘
. — i

f:TCA Cycle Isocitrate
i NAD!

. NADP* IDH1 / E KDMs é
IDH3 IDH2 NADPH Y naop - naop /\ o
.. NADH NADPH 1 206 el > 1 p-2HG —— TETs
=206 mutant IDH1
20G
HIF HIF-OH )
¢ PHDs VHL Y
HIF stab:llnsatlon HIF degradation Epigenetl:c Alteration
Y Y
Promotion of cell survival and angiogenesis Tumorigenesis

Obrazek 7: Funkce IDH a jejich mutovanych variant v kontextu bunécnych pochodl. Je znazornéna rdzna
lokalizace jednotlivych IDH a komplexni efekt u mutované varianty IDH1 vs. wild type, kde skrz metabolické
zmény dochazi k rozvoji tumorigeneze. PFevzato z7°.

20G - 2-oxoglutarat/a-ketoglutarat; d-2HG — d-2-hydroxyglutarat; IDH — isocitrat dehydrogendaza; HIF - hypoxii
indukovany faktor; HIF-OH - hydroxylovany HIF; PHD - prolyl hydroxyldzova doména enzymu HIF; KDM - histon
lysin demethylaza; NADP+ - nikotinamidadenindinukleotidfosfat; NADPH - redukovany
nikotinamidadenindinukleotidfosfat; TCA - trikarboxylové kyseliny; TET - ten-eleven translocation
methylcytosine dioxygenaza; VHL - Von Hippel-Lindau; wt — wild type.
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Mutace IDH se fadi mezi takzvané driver mutace. Ty se vyskytuji na pocatku vzniku glidlnich nadort a
stabilné pretrvavaji i dale vprogresi nadoru’’. IDH mutace pravdépodobné vznikaji uz u
prekurzorovych bunék a pravé z nich jsou odvozené oligodendrocyty a astrocyty. K této mutaci se
postupné pridavaji dalsi alterace a dochazi ke zvratu vedouciho k rozvoji glidlniho nddoru. Mutace
v IDH1 a IDH2 jsou ve vétsiné pripadll missense varianty vedouci k substituci v jedné aminokyseliné.
Mutace IDH1 a 2 se vyskytuji pouze v hemizygotnim stavu a nevyskytuji se spole¢né v jednom nadoru.
Nadory nesouci mutace v IDH maji z90% mutovanou izoformu IDH1 R132H, kde dochazi k zaméné
argininu za histidin 87°. Zbylych 10 % pfipadd na dal$i méné ¢asté varianty IDH1/2, které jsou uvedeny
v Obrazku 8.

B IDH1 IDH2

Codon Codon
132 172
CGT WT AGG WT
CAT €.394C>A R132H AAG c.515G>A R172K
TGT ©.394C>T R132C ATG ¢.515G>T R172M
GGT €.394C>G R132G TGG c.514A>T R172W
AGT €.394C>A R132S AGC c.516G>C R172S
CTT c.395G>T R132L

GTT ¢.394C>G, ¢.395G>T  R132V

Obrazek 8: Jednotlivé varianty mutaci IDH1 a IDH2 spolu s jejich A) frekvencemi a B) mutace kodonu 132 u IDH1
a kodonu 172 u IDH2. Pievzato 278

IDH mutace jsou Casto spojovany s dalsimi genetickymi zménami. Mutace TP53 a ATRX (Alpha-
Thalassemia/Mental Retardation Syndrome X-linked) se vyskytuji spolu s mutacemiv IDH1/2 u 60-70%
astrocytom(®, zatimco 1p/19q kodelece je spojovana s vice nez 90% oligodendrogliom(®. U IDH
mutovanych nador0 jsou nalézany hypermetylace promotoru MGMT, naopak pfitomnost amplifikace
EGFR je velmi vzacnad®.

IDH mutace jsou diagnostické, prognostické a prediktivni biomarkery vyuZivané k odliseni jednotlivych
typl gliom( a jejich nasledné Iécebné péce. Mutace IDH byly nalezeny u zhruba 70 — 80% astrocytomu
grade Il a lll, oligodendrogliomu a vét$iné sekundérnich glioblastom®. Nadory nesouci mutaci IDH
1/2 vykazuji lepsi progndzu onemocnéni, znacné delsi preZiti bez progrese a celkové preZiti oproti

pacienttim s IDH wildtype®+-2°,
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Soucasna praxe tykajici se testovani na IDH mutace u glidlnich nadorl vyuziva v prvnim kroku
nejcastéjsi variantu IDH R132H, ktera je vySetfovana imunohistochemicky pomoci monoklondlni
protilatky. Pokud neni prokazana tato varianta, ptistupuje se nejcastéji k Sangerovu sekvenovani nebo
next generation sekvenovani na méné ¢asté varianty. K sekvenovani se pristupuje pouze u pacient(
mladsich 55 let dle doporuceni WHO z roku 2016. Divodem je velmi nizka prevalence citajici pouze 1%
jinych mutaci neZ IDH1 R132H u pacient( star$ich 55 let?”%8,

1.4.3.2. Metylace MGMT

Gen pro MGMT je lokalizovan na chromozomadlni oblasti 10926 a kdduje takzvany DNA damage
protein, ktery je klicovy pro zachovani genomové stability®®. Tento protein je schopen odstranit
mutagenni alkyla¢ni skupinu na O-6 pozici guaninu a zabrdanit tak mismatch chybdam bé&hem replikace
DNA®, Této vlastnosti se vyuziva pfi chemoterapii, kdy dochazi k indukovani alkylace a ta ddle spousti
cytotoxicitu vedouci k apoptdze. Nadorové buriky s vysokou hladinou reparacniho proteinu MGMT
plsobi proti alkylacnim Cinidlim jako jsou nitrosurea a temozolomid a které se vyuZivaji pfi lécbé
glidlnich nadorl. Temozolomid pridanim alkylaéni skupiny na tymin a guanin zpUsobi poskozeni DNA
do takové miry, Ze vyvold apoptdzu®l. Na zdkladé tohoto mechanizmu zpisobuje MGMT rezistenci na
alkylaéni ¢inidla a nddor tedy ztraci senzitivitu na Ié¢bu temozolomidem?®,

MGMT je epigeneticky regulovana skrze promotorovou metylaci, kterd byla nalezena u 40 %
primarnich GBM a 70 % sekundarnich GBM. Tato metylace byla popsana u poloviny astrocytomu a
dvou tFetin oligodendrogliomd a oligoastrocytom(°2. Metylace MGMT je vyuZivédna jako prediktivni
molekuldrni marker odpovédi na alkylaéni chemoterapii temozolomidem u glioblastomi33. Metylace
MGMT promotoru u IDH wildtype gliomU se jevi jako vyznamny prediktivni marker, ackoli se nijak
neprosadil do nové klasifikace glidlnich nadord®.

| presto, Ze je tento marker znam uzZ pres dvacet let, doposud nebyla stanovena hlavni metoda pro
zhodnoceni metylace MGMT. Nejvyuzivanéjsi metoda detekce je metyla¢né specifickd PCR spolu
s pyrosekvenovanim, kdy maji ob& metody stejnou citlivost®. Ostatni metody PCR nebo stanoveni
proteinu pomoci imunohistochemie ¢ Western Blottingu se vyuZivaji pouze sporadicky®.

1.4.3.3. Mutace genu EGFR

EGFR1 je transmembranova tyrosin kindza umisténd v chromozomalni oblasti 7p12. Do rodiny téchto
receptord patii EGFR2, EGFR3 a EGFR4, av$ak v kontextu glidInich nddord se sleduje zejména EGFR1%,
EGFR1 kindza je aktivovana vazbou ligandu epidermalniho rlstového faktoru, poptipadé TGFa
(Transforming Growth Factor) nebo jinych raritnéjsSich ligandld. Po nasledné aktivaci dochazi
k dimerizaci receptoru, autofosforylaci tyrosinovych zbytkd a aktivaci proteind v kaskadé®’. Signalizace
EGFR je realizovana skrz drahy MAPK (mitogenem aktivované proteinkinazy), PI3K a JAK/STAT (Janus
Kinase/Signal Transducers and Activators of Transcription) coZz ma za nasledek zvysSenou proliferaci,
inhibici apoptdzy, angiogenezi spolu s ovlivnénim bunééné migrace, adheze a invaze®.

Alterace EGFR jsou sledovany napfic¢ rlznymi grady astrocytomU a obzvlasté u glioblastom( jsou
pozorovany zmény jako je overexprese proteinu, amplifikace a delece, které sebou nesou rezistenci na
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radioterapii a chemoterapii®®. Aberace EGFR v kontextu progndzy jsou stdle pfedmétem mnohych
studii obzvlasté u glioblastomu, u kterého jsou popsany amplifikace ve 40 % pripad(, overexprese u 60

%0101 Experimentédlné byla vyzkou3ena lééba

% pripadld a mutace v rozmezi od 24 % do 67
glioblastom( s aberacemi v EGFR zaloZena na TKI (inhibitory tyrosin kinaz) jako jsou erlotinib a
gefitinib, na monoklonalni protilatce cetuximabu nebo vakciné proti EGFRvIII (delece exonli 2-7 u

EGFR), aviak doposud 7adnd z téchto variant nepfinesla vyznamné vysledky°2105,

Nejcastéjsi metodou vysSetfovani amplifikace EGFR je metoda fluorescencni in situ hybridizace,
popfipadé imunohistochemické stanoveni exprese proteinu. Pro sledovdni mutaci tohoto genu je
vhodné vyuzit sekvenovani nové generace, kterymi Ize odhalit mutaci EGFRvIII 10,

1.4.3.4. Kodelece chromozomalnich ramen 1p/19q

Pomoci polymorfizmu délky restrikénich fragmentl byla vroce 1994 poprvé popsana ztrata

107 Kodelece 1p/19q je zplsobena nebalancovanou translokaci

chromozomalnich ramen 1p a 19q
celého ramének chromozom( 1p a 199, a naslednou ztratou derivovaného chromozomu
der(1:19)(p10:q10)'%. Tato zména je popsana u cca 70% oligodendrogliom® gradu Il a III'® a je
spojovana s dobrou odpovédi na chemoterapiii a radioterapii a ma vliv na delsi celkové preziti a preziti
bez progrese'’®. Oligodendrogliomy s 1p/19q kodeleci a IDH mutaci maji nejpFivétivéjsi progndzu
napfi¢ véemi glidlnimi nadory. Medidnem preZiti je okolo 8 let oproti oligodendrogliomim bez
kodelece a bez mutace, kde je median p¥eZiti pouze 1,7 roku®’,

Kodelece 1p/19q se ¢asto vyskytuje spolu s nejéastéjsi variantou mutace IDH1 R132H !, Dile je
doprovazena mutacemi v TERT (Telomerase Reverse Transcriptase), CIC (homologue of Drosophila
capicua) a FUBP1 (Far-Upstream Binding Protein 1) spolu s metylaci MGMT®111112 Nappak pouze
raritné se kodelece 1p/19q objevuje spolu s mutacemiv TP53 a ATRX, které charakterizuji astrocytarni
nadory.

Kodelece 1p/19q se vyuziva pfimo v klasifikaci oligodendrogliom( a klinicky vyuZivanou metodou
detekce je fluorescencniin situ hybridizace z FFPE tkané, kde se pomoci sond vypocitava pomér signall
1p/1g a 199/19p. Dalsimi metodami jsou vySetfeni ztraty heterozygotnosti (LOH) pomoci PCR,
komparativni genomova hybridizace nebo arraye zaloZzené na detekci SNP polymorfizm{ (single
nucleotide polymorphism)!3,

1.4.3.5. Mutace genu TERT

Gen pro TERT (Telomerase Reverse Transcriptase) je lokalizovdn na 5p15.33 a kdéduje katalytickou
podjednotku telomerazy, kterd s poc¢tem déleni zkracuje délku telomer!*, Zmény ve funkci telomerazy
jsou pozorovany napfi¢ vsemi nadory a povaZuje se za hlavni zmény vedouci ke kancerogenezi a
progresi’®. Zvy$end exprese TERT je ve vét$iné pFipad( zplsobena aktivaénimi bodovymi mutacemi
zaménou cytosinu za tymidin C228T a C250T v oblasti promotoru s ozna¢enim pTERT. Tato mutace je

nalézéna u 78 % oligodendrogliomu a 83 % IDH wild type glioblastom(*®.

Low grade gliomy s TERT mutaci, 1p/19q kodeleci a IDH mutaci byly oznaceny jako ,triple pozitivni“ a
maji napfic¢ vSemi nadory nejlepsi progndzu. Naopak glioblastomy s mutaci v pTERT bez ohledu na IDH
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mutace, maji hor$i progndzu ne? glioblastomy pouze s IDH mutaci'?’. Co se tyce predikce odpovédi na
terapii, je TERT ve fazi testovani. Zatim se zdd, Ze pacienti |éCeni chemoradioterapii s IDH wild type

glioblastomem vykazujicim metylaci MGMT a mutaci pTERT maji del3i dobu pFeZiti1&11°,

V soucasné dobé se pritomnost bodovych mutaci pTERT nejcastéji vySetfuje metodami next generation

sekvenovanim nebo Sangerovym sekvenovanim2%12,

1.4.3.6. Mutace genu ATRX

Gen ATRX (alpha-thalassemia/mental retardation syndrome X-linked) lezi v chromozomalni oblasti
Xqg21.1 a jeho mutace je jednim z charakteristickych znakl difuzniho astrocytomu?®?. ATRX patfi mezi
chromatin remodelujici proteiny, je zapojen do regulace transkripce a udrzeni integrity genomut?2123,
Spolu se svym kofaktorem DAXX (death-associated protein 6) hraje klicovou roli v udrzeni genomové
stability skrz inkorporaci histonll do chromozomadlnich telomer a pericentromerického
heterochromatinu®?*12*, Jeho ztrata vede k poskozeni DNA, replikaénimu stresu a dale zFejmé skrz p53

inhibuje apoptdzu®?®-128,

Soucasna literatura dokazuje pfitomnost mutaci ATRX u IDH mutovanych gliomu, zatimco kodelece
1p/19q je velmi raritni*?. Ztrata genu ATRX je charakteristickd pro difuzni astrocytom, avsak jak je
uvedeno v WHO 2016, neni nezbytna pro tuto diagnézu®?. Bylo prokadzano, ze ztrata ATRX koreluje
s vékem, histopatologii a progndzou. Mutace ATRX jsou spojeny s lepsSim preZitim bez progrese
celkovym pFeZitim u IDH mutovanych low grade gliom( bez kodelece 1p/19q*%.

Metoda vysetfeni mutaci genu ATRX se nejcastéji provadi na FFPE (formalin fixed paraffin embedded)
fezech pomoci imunohistochemie, ktera koreluje s expresi genu®*°. Tato metoda je nejéastéji vyuzivana
v klinické praxi. Dalsi zvazovanou metodou muZze byt sekvenace, avsak vzhledem k tomu, Ze se jedna o
velky gen, jeho detekce je obtizna a nakladné;jsi v porovnani s imunohistochemii.

1.4.3.7. Mutace genu TP53

P53 je jednim z nejlépe prozkoumanych tumor supresort, hraje dllezitou roli v bunécné homeostaze
a jeho aberace jsou pozorovany napfic¢ vSemi typy karcinoml vcetné glidlnich. Gen pro p53 je
lokalizovana v oblasti 17p13.1 a je oznaCovan za tzv. strazce genomu, ktery jakoZto transkrip¢ni faktor
reguluje geny zapojené do bunééného cyklu, apoptdzy, diferenciace a odpovédi na poskozeni DNASL,
U glidlnich nador( jsou popsany delece TP53, avSak ve vétsiné pripadd dochazi k modulaci drahy
pomoci jejich upstreamovych a downstreamovych reguldtorl jako jsou napfiklad MDM2 (Mouse
Double Minute 2 Homolog), ATM (Ataxia Telangiectasia Mutated) a ATR (Ataxia Telangiectasia
Mutated).

Okolo 78 % glioblastom(i vykazuje mutaci pravé nékde v této draze a zda se, Ze prdvé tato draha je
zodpovédnd za progresi naddoru do vyssich grad(®2. Tumor supresorova aktivita p53 je primarné
zaloZena na ovladani exprese nescetného poctu genl regulujicich zastavu bunééného, apoptdzu,
bunéénou diferenciaci a senescenci'®134, Avsak k tomu, aby se projevily onkogenni mutace TP53, musi
dojit k mutacim dalSich genu, které jsou zodpovédné za progresi glioblastomu jako je naptiklad PTEN
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(Phosphatase and Tensin Homologue), amplifikace MDM2  nebo velmi castd deregulace
CDKN2A/ARF 135138 vSechny tyto kroky vedou k progresi glioblastomu, vy$si invazivité, mensim

poltem apoptdz a vyssi proliferacit®¥142,

Zmény p53 na molekuldrni Grovni jsou pozorovany zhruba u 50 % gliomU gradu Il a lll, u primarnich
glioblastom{ je ¢etnost 25-30 % a u sekundarnich glioblastomU je to dokonce 60-70 %. Z toho plyne,
Ze se jednda o jednu z nejcastéjSich aberaci zapojenych do gliomageneze a muiZe se jednat i
o potenciondlni tzv. driver mutaci***, V 90 % pfipadll je mutace genu TP53 doprovdzena mutaci
IDH1 u niZsich gradd gliom(*#.

Mutace TP53 jsou doporucovdny dle WHO 2016 sekvenovat, popfipadé lze vyuzit PCR metod.
Pro detekci deleci tohoto genu Ize pouzit cytogenetickou techniku fluorescencni in situ hybridizace a
pro sledovani aberaci proteinu se vyuzivd imunohistochemické stanovenil»146:147,

1.4.3.8. Mutace genu MDM2

Gen MDM?2 je lokalizovan v chromozomalni oblasti 12q13-14 a jeho funkce je zaloZena na inhibici
tumor supresorového proteinu p53. MDM2 je zndm pod nazvem E3 ubiquitin-protein ligdza MDM?2,
kterd se vaze na p53 a blokuje tedy jeho aktivitu. Na druhou stranu je transktripce MDM?2 indukovéna
pomoci p53, coZ vytvarli zpétnovazebnou smycku mezi aktivitou p53 a expresi MDM2. Amplifikace
MDM?2 vede k inaktivaci p53 a tim vypnuti mechanizm( branicich rozvoji onkogeneze*!. Kromé vlivu
na gliomagenezi, ma MDM2 vliv na normalni rozvoj centralni nervové soustavy*®

MDM?2 amplifikace jsou &asto pozorovany u GBM a tato mutace vyluduje pfitomnost mutace TP53%,
Amplifikace MDM2 jsou pozorovany u 14 % glioblastom(l bez pfitomnosti mutace TP53, proto se nabizi

10151 Problém vSak nastava

terapie tzv. nutliny cilici na MDM2 pro reaktivaci p53 drahy
s permeabilitou v krevni mozkové bariéfe a navic vétsina glioblastom(l nese mutaci v TP53%2, Tato

|é¢ba bohuzel ve vétsiné pripadd selhdavd a ma jen nizkou miru Uspésnosti.

Vysetfeni miry exprese MDM2 lIze provést pomoci imunohistochemického stanoveni pomoci

protilatek, amplifikace genu lze stanovit pomoci in situ hybridizace popfipadé sekvenovanim>3-15%,

1.4.3.9. Mutace genu PTEN

PTEN je lokalizovan v chromozomalni oblasti 10g23.3 a jeho aberace jsou popsany v celé fadé
nadorovych onemocnéni véetné glidinich nddor(®®®. Jednd se o tumor supresor zapojeny do regulace
bunééné proliferace, adheze spolu s bunéénou invazivitou, apoptdzou a opravou poskozené DNA7/1%8,
Ztrata exprese PTEN se fadi mezi aberace zapojené do ¢asné gliomageneze s Cetnosti mezi 5 — 40 %
pFipadl glidlnich nddord*>>%0, vieobecné PTEN hraje roli jak v neurogenezi tak gliomagenezi a zarover

je spojovan s maligni progresi glidInich nador*®*-64,

Castou aberaci popisovanou u primarniho a sekundarniho glioblastomu jsou delece podél

chromozomalniho ramene 10q ¢itajici 70 % glioblastom( a jak jiz bylo zminéno, v této oblasti 10923 se
kromé jinych tumor supresor( vyskytuje i gen pro fosfatazu PTEN3%1%, Je dokdzano, e mutace v tomto
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genu jsou zapojeny i do maligni progrese gliomu a koreluji s krat$im celkovym p¥eZitim?®. Co se tyce
vlivu na progndzu, existuji napfic literaturou nekonzistentni zavéry.

Jako vSechny ostatni kandidatni geny zapojené do gliomageneze, Ize PTEN sledovat na Urovni genové
pomoci sekvenovani, PCR metodami a po cytogenetické strance je mozné delece sledovat pomoci
fluorescenéni in situ hybridizace!®’"1%, Pomoci expresni imunohistochemie a pFislusné protildtky proti
PTEN Ize sledovat i jeho miru exprese®. S ndstupem microarrayi lze vyuZit sledovéni vétiho mnoZzstvi
kandidatnich genli pomoci nové generace Cipl, vyuzivajici analyzy od gen( pres RNA aZ po

proteiny1%170,

1.4.3.10. Mutace genu CDKN2A

Gen pro CDKN2A (Cyclin Dependent Kinase Inhibitor 2A) je lokalizovan v chromozomalni oblasti 9p21.3
a je jakoZto tumor supresor spojovan stumorigenezi a Spatnou prognézou u velkého mnoZstvi
nadorovych onemocnéni. Nejcastéjsi alteraci CDKN2A je ztrata/delece a v minorité se jednad o
mutace®. Gen pro CDKN2A kéduje dva alternativni transkripty p16 (p16INK4A) a p14 (p14ARF)
zapojené do regulace bunécéného cyklu. P16 inhibuje komplex CDK4/6-cyklin D a tak zabrariuje progresi
bunécného cyklu z G1 do S faze. Naproti tomu p14 inhibuje vazbu MDM2 na p53, ktery dale Fidi expresi
p21 a ten blokuje komplexy CDK/cyklin. Z toho vyplyva, Zze pokud dojde k deleci popfipadé snizené
expresi produktl genu CDKN2A, dochazi ke ztraté negativni regulace bunééného cyklu.

Homozygotni delece genu CDKN2A je vSseobecné spojovana s horsim prezitim glidlnich nador( i u IDH
mutovanych oproti IDH nemutovanym 172173, Nizsi exprese produktu CDKN2A/p16 je pozorovéna u
malignich glidlnich nddord vy3siho gradu ne? u glidlnich nadord s niz8im gradem'’%. Dokonce okolo 60-
80 % glioml vy33iho gradu ma ztrdtu tumor supresoru p14 zpGsobenou homozygotnimi mutacemi'’>,
Co se tyce jednotlivych subtypl, CDKN2A delece jsou spojovany s horsim celkovym prezitim u

astrocytomd, av3ak toto neplati u oligodendrogliomu a oligoastrocytoma®’®.

Ke sledovani alteraci produktl CDNK2A se nejcastéji vyuZivd imunohistochemické stanoveni
s pfislusnymi protildtkami'’’. Co se ty¢e samotného sledovani ztraty CDKN2A, tak se nejéastéji vyuziva
metody fluorescencni in situ hybridizace, poptripadé metod PCR nebo sekvenovani pro sledovani

m utac"176, 178,179

1.4.3.11. Mutace genu CCND1

Gen CCND1 (Cyclin D1) lezi v chromozomalni oblasti 11g13.3 a jeho produkt je klicovym regulatorem
pfechodu z G1 do S faze bunééného cyklu'®. Vazbou cyklinu D1 na cyklin dependentni kindzy CDK4
nebo CDK6 dochazi k nasledné fosforylaci Rb1 proteinu a spusténi transkripce genl zapojenych do
pFechodu bunééného cyklu z G1 do S faze182, Jako vétsina gent zapojenych do regulace bunééného

vvvvv

Je dokazano, Ze inhibice exprese CCND1 u glioblastomu je spojovédna se zvySenou senzitivitou na
temozolomid'®. Na in vivo modelech bylo zjiténo, Ze downregulace CCND1 u glioblastomovych linii

snizuje jejich proliferaéni aktivitu a navic i jejich invazivitu®+1#,
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Ke sledovani genu CCND1 se vyuziva klasické PCR metody, poptipadé pro sledovani polymorfizma se
vyuzivd metody ARMS-PCR (Amplification-Refractory Mutation System Polymerase Chain Reaction)
nebo samotného sekvenovani. Pro vySetfeni miry exprese se vyuZiva blotovacich metod poptipadé

imuhohistochemické stanoveni318¢,

1.4.3.12. Mutace H3K27M

Difuzni stftedocdrovy gliom je charakterizovan dle nové klasifikace mutaci v H3k27M (zdména lyzinu 27
za methionin u histonu H3)!2. Tento nédor je charakterizovan vysokou agresivitou a jedna se zejména
o pediatricky nador s pfesahem k mladsim dosp&lym?®®’. Pacienti s timto onemocnénim maji $patnou
progndzu, median preZiti je pouze 9-11 mésicl bez zavislosti na lokalizaci a z tohoto divodu je oznacen
jako grade 1V8,

Zda se viak, Ze mutace H3K27M se vyskytuje i u pacientd s glioblastomem?®191, veobecné se tedy
jedna o mutaci se Spatnou progndzou, avsak vzhledem k tomu, Ze se jedna o nové informace, je
potfeba zjistit vliv této mutace i na glioblastom. Uvefejnéné studie tuto mutaci nasly pouze u
glioblastom( s IDH wild type.

Vzhledem k tomu, Ze se jedna o bodovou mutaci, je nejvhodnéjsi vySetfeni pomoci sekvenovani nebo

pomoci imunohistochemickych protildtek cilenych na specifické mutace®%1%3,

1.4.3.13. Dalsi aberace

PI3K/Akt/mTOR draha je aktivovana u skoro 90 % glioblastom(321%4, PI3K drdha je velmi komplexni
kaskada, kterd Fidi velké mnoZstvi bunéénych pochodd jako je migrace, pfefiti a proliferace!®. tato
dréha je nejcastéji aktivovdna skrze mutaci v PTEN, ktery funguje jako negativni reguldtor'®. Tato
draha hraje roli i v motilité bunék glioblastomu a cilena terapie je doposud ve fazi testovanit®®-1%,

Neovaskularizace je znakem glidlnich nador( vyssiho gradu a pravé angiogenni faktory hraji daleZitou
roli v malignité nadoru. Pravé VEGFR (receptor vaskularniho endotelidlniho ristového faktoru) je
hlavnim faktorem angiogeneze a je sledovan u 64 % glioblastom(. VEGFR se jevi jako potenciondlni

prognosticky faktor, kdy byla nalezena silné korelace mezi expresi VEGFR a pFeZitim'*,

BRAF je serin/threonin kinadza, kterd je oznacena jako proto onkogen a skrz drahu MAPK (mitogen
activated protein) kindz hraje roli v tumorigenezi velkého mnoZstvi nadorl véetné gliom?®. Mutace

201,202y pediatrickych nadorud je

BRAF V600E bodova mutace s vyskytem napfic¢ glidInimi nadory
spojovan srekurenci po standardni terapii?®®. Dal$i zndmda aberace BRAF je vznik fuzniho genu

s KIAA1549, ktery je pozorovan u 60-80 % sporadického pilocytarniho astrocytomu?®,

Signalizace tyrozin kindzového receptoru PDGFRA (Platelet Derived Factor Receptor Alpha) je
spojovédna s normalnim vyvojem CNS, regulaci glidIni proliferace a oligodendrocytarni diferenciaci®®.
Overexprese proteinu PDGFRA je pfitomna u 30 % gliomu a amplifikace byla nalezena pouze u 20 %
gliom0. Aberace PDGFRA hraji kli¢ovou roli v gliomagenezi a jeji progresi?®®. Kromé téchto aberaci byly

v mensim poétu prokazany i delece, bodové mutace a pfestavby?”’.
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1.4.4. Cilenda léc¢ba

Cilend lécba si nasla uplatnéni u solidnich nadort jako jsou plice, prsa, kolorekta atp. Bohuzel co se
tyCe glidlnich ndadord, vétsSina studii konci neuspéchem ve fazi lll. Hlavni pfi¢inou se jevi
hematoencefalickd bariéra, klonalni evoluce nadorovych bunék, nadorova heterogenita spolu
s difuznim rlstem glidlnich nadord.

Bevacizumab je protilatka cilici VEGFR a inhibuje vaskularizaci. V roce 2009 v USA byl schvdlen
samostatné nebo v kombinaci s irinotekanem jako Ié¢ba pacientl s rekurentnim glioblastomem, avsak
efekt je stale diskutabilni?®. Nejzndméjsi protildtka proti EGFR je cetuximab, ten byl viak bezlspésné
testovan u pacientlim s rekurentnim glioblastomem.

Dalsim velmi diskutovanym smérem lécby jsou vakciny zaloZené na purifikovanych tumor specifickych
antigenech popfipadé extraktech derivované zresekovaného ndadoru. Takzvand DCVax
vakcina dendritickych bunék je schvdlena ve Svycarsku pro lé¢bu glioblastomu a koreluje
s prodlouzenym celkovym pfeZitim a pfeZitim bez progrese?®,

Kromé této imunoterapie stoji za zminku u checkpointové blokdtory, monoklondlni protilatka
rindopeptimud proti EGFRVIII, vakcina s heat shock proteiny nebo |écba rekombinantnimi polioviry. Na
zavéry ztéchto studii si vSak musime jesté pockat. Z dlvodu obtizné administrace lééiva skrz
hematoencefalickou bariéru do mist nadoru, jsou testovany i inovativni ptistupy. Ve fazi testovani jsou
micely s 1é¢ivem nebo nanocastice®.

1.4.5. Souhrn kapitoly

S rozvojem sekvenovani, Cipovych technologii a dalSich hight throughput screeningovych metod, Ize
postupnymi kroky odkryvat molekuldrni pozadi veskerych nadorovych onemocnéni véetné gllialnich
nador(, které jsou doposud zfejmé nejvétsi vyzvou vzhledem k agresivni povaze onemocnéni. Diky
zafazeni téchto metod a algoritmi do klinické praxe, lze co nejpresnéji stavit presnou diagndzu.
Kombinace aktualizace klasifikace dle WHO 2016 a charakteristickych aberaci je uvedena v Tabulce 3.

Postup presné klasifikace zatim nevychazi z analyzy vSsech molekuldrnich marker( uvedenych vyse,
avSak myslenka vytvoreni tzv. vrstvené integrované diagndzy zahrnujici zakladni markery, byla
naznadena jiz v roce 2014%!1, Tento princip zahrnuje 4 vrstvy, které se doplni v pfesné stanoveni
diagndzy: molekularni informace, WHO grade, histologicka klasifikace a posledni vrstva je integrovana
diagnodza.
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Tabulka 3: Nejcastéjsi nalezené zmény u jednotlivych subtypl difuznich astrocytarnich a oligodendroglidlnich
nadort dle WHO 2016 klasifikace. Upraveno dle 2%°.

WHO 2016

Casté molekuldrni aberace

WHO 2016

Casté molekuldrni aberace

GBM, IDHwt

mutace TP53

ztrdta chromozomu 10
delece CDKN2A nebo CDKN2B
amplifikace EGFR

mutace PDGFRA

mutace NF1

navySeni chromozomu 7
mutace PTEN

amplifikace MDM?2

metylace MGMT 40 %

GBM, IDHmut

mutace TP53

ztrata chromozomu 10
delece CDKN2A nebo CDKN2B
metylace MGMT 90 %

oligodendrogliom,
IDHmut
1p/19q kodeletovany

mutace CIC

mutace FUBP1

mutace NOTCH1

mutace PI3K

delece CDKN2A nebo CDKN2B
metylace MGMT 65-100 %

astrocytom, IDHwt

ztrata PTEN
amplifikace EGFR
mutace TP53

mutace PIK3CA
metylace MGMT 55 %

astrocytom, IDHmut

mutace TP53

delece CDKN2A nebo CDKN2B
amplifikace MYC

mutace RTK nebo RIS
metylace MGMT 85 %

Objev molekularnich marker( a jejich integrace do klinické praxe a cilené |éCby se uplatnil napfi¢ celym

spektrem solidnich nadorl. To bohuZel ale neplati pro glidini nadory. | pres velky pocet studii

zamérenych na cilenou terapii, konci vétSina neuspésné jiz ve fazi tfi klinického testovani a pouze

ojedinélé pripady terapeutik jsou schvaleny pro glioblastom.
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2. Experimentalni ¢ast

2.1. Cile prace

Vzhledem k nové klasifikaci nador( CNS, kde jsou u difuznich astrocytarnich a oligodendroglidlnich
nadorl posuzovany nejen histologické parametry, ale nové je k nim pfifazen i klicovy status IDH a
kodelece 1p/194. Pro presnou klasifikaci je dilezité se Fidit takzvanou vrstvenou klasifikaci zaloZzenou
na molekularni informaci, WHO gradu, histologické klasifikace a posledni vrstvou je integrovana
diagnodza. Klicovym parametrem pro posuzovani progndzy a lé¢ebného sméru pacientl s glidlnim
nadorem je v soucasné dobé wild type/mutovany IDH gen.

Dle WHO je doporucovano imunohistochemické stanoveni varianty IDH1 R132H u vSech pacientl a
nasledné, pokud se jedna o pacienty IHC R132H negativni a mladsi 55 let, vyuzit sekvenovani pro méné
Casté varianty. Odlvodnénim je 90 % pfitomnost této varianty u glidlnich nadord a pouze v 10 %

vvvvvv

marker, je v zajmu dobré klinické praxe jeho pfesné stanoveni.

Jak jiz bylo zminéno, IDH status je oznacen jako prognosticko prediktivni marker a odliseni pacientl
s wild type nebo mutovanou variantou je nutnosti. To je vSak s ohledem na velké mnozZstvi ziskanych
informaci o molekuldrné cytogenetické podstaté tohoto onemocnéni stale pouze Spickou ledovce.
V ramci podskupin definovanych dle statusu /IDH zUstava jesté velky prostor pro dalsi rozdéleni na
zakladé presnéjsi molekularni charakteristiky.

Cilem predkladané doktorské prace bylo studium molekularné genetickych alteraci u glidlnich nadoru
v souvislosti s jejich klinickymi charakteristikami se zaméfenim na pfesnou diagnostiku mutaci IDH1/2:

1. Provedeni porovnavaci metodické studie sekvenacnich metod pro presné stanoveni mutaci
IDH1/2.

2. Provedeni molekularné genetické analyzy vzork( glioblastom po selekci pouze na IDH wild type a
stanoveni prognostické role vysetfovanych biomarkerG u této skupiny.
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2.2. Mutace IDH1/2 u Ceskych pacientd s difuznim gliomem: retrospektivni masivné
paralelni analyza z jednoho centra

2.2.1. Uvod

Svétova zdravotnickd organizace doneddvna klasifikovala nadory centrdlniho nervového systému
pouze podle histologické charakteristiky. V roce 2016 byla tato charakteristika rozsifena o molekularni

12,211,212 7 djvodu zlep$eni diagndzy a |é¢by pacientl. Zejména genetické markery (IDH1/2,

parametry
ATRX, TP53 a kodelece 1p/19) slouzici jako diagnostické nastroje vedly kvyvoji robustnich a
reprodukovatelnych algoritm, které v porovnani se samotnou histologii presnéji predikuji preziti

pacientd.

Exomové sekvenovani glioblastoma z roku 2008 odhalilo missense mutace isocitrat dehydrogenézy 17,
coz je gen zapojeny do Krebsova cyklu. To vedlo k objasnéni ¢astych genetickych zmén béhem ¢asné
faze vzniku gliomU a sekundarniho glioblastomu, cozZ zna¢né pomohlo k pochopeni glidlnich nador( a
zlepseni jejich klasifikace. IDH1 a IDH2 se uplatnuji v bunéénych procesech jakymi jsou odpovéd na
glukdzovy metabolizmus, lipogeneze a regulace redoxniho stavu?!3, Za normalnich okolnosti katalyzuje
enzym IDH konverzi isocitratu na a-ketoglutarat pomoci dekarboxylace. Nejcastéjsi aberace glioml
jsou mutace v aminokyselinovych zbytcich IDH1 a IDH2, ptresnéji Argl32 a Argl72. Tyto mutace
indukuji neomorfickou enzymovou aktivitu: misto wild type aktivity katalyzuji mutované proteiny
redukci a-ketoglutardtu na onkometabolit D-2-hydroxyglutardt vedouci k maligni transformaci
zahrnujici epigenetické zmény a aberantni diferenciaci’2. Mutace IDH1/2 byly identifikovény jako

214,215

markery preziti a pravé tyto mutace se staly zasadnimi diagnostickymi nastroji pouzivanymi

v klinické praxi u glidInich nddora®2.

Incidence mutaci IDH1 je u glioblastomu okolo 12 %’, v pfipadé gliom( grade II-1l a sekundarnich
glioblastomu byly mutace nalezeny pfiblizné u 80 % vzork(?*2%, Mutace IDH2 jsou méné Casté a
vzadjemné se vyluéuji s mutacemi vIDH1%*%222, VSechny mutace IDH1 a IDH2 vyskytujici se u
glioblastom( jsou missense mutace v jedniné aminokyseliné a to argininu 132 (/IDH1 R132) a 172 (IDH2
R172). Nejéastéjsi variantou je IDH1 R132H sincidenci ¢itajici 85 % gliomd??® a projevuje se jako
heterozygotni missense mutace, kde dojde k zaméné argininu na histidin (CGT->CAT). Tato mutace

méni aktivni misto enzymu, snizuje jeho katalytickou aktivitu a afinitu k isocitratu??,

22,2265 potenciondlné i

Detekce variant R132 a R172 mé& vliv na diagndzu gliom(?®, prognézu
lé¢bu??”-228, Bohuzel pouze tato varianta je detekovatelnd imunohistochemicky, vysetieni dalSich
variant je moZno pouze Sangerovym sekvenovanim nebo next generation sekvenovanim!2. Na zékladé
studii vysettujicich efekt véku pacienta, grade nadoru a status IDH1 R132H pomoci imunohistochemie,
je doporuceni WHO z roku 2016 sekvenovat pacienty s gliomem mladsi 55 let pro odhaleni raritnich
variant IDH v pfipadé, Ze byli dle munohistochemie IDH1 R132H negativni'*®722%, Vysetfeni na mutace
IDH se tak stalo v pfipadé glidlniho nadoru klicovym diagnostickym nastrojem, avsak tento pfistup neni

nakladové efektivni u viech pacient’®.

Vzhledem k tomu, Ze stav mutaci /IDH je zasadni pro diagnosticky algoritmus pro integrovanou
klasifikaci diftznich astrocytarnich a oligodendroglidlnich nador(, je v dnesni dobé odhaleni skute¢né
pozitivnich/negativnich vzorkd nutnosti. Nasim cilem bylo odhalit vzorky pomoci masivniho
paralelniho sekvenovani, které byly ozna¢eny pomoci imunohistochemie jako faleSné negativni a zda
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existuje zpUsob pro snizeni vydaji a/nebo zvyseni ucinnosti genotypovani za pouziti riznych metod
next generation sekvenovani. Nase fast IDH metoda je vhodna pro genotypizaci znamych hot spottd u
somatickych mutaci a vykazuje konkordantni vysledky s komeréné dostupnym kitem (Nextera XT kit,
[llumina).

2.2.2. Materidl a metodika

Studovana skupina a vzorky tkané

Studovana kohorta se skladala z 275 pacientd s gliomem, ktefi podstoupili chirurgické odstranéni
nadoru na Neurochirurgické klinice v Olomouci mezi roky 2011 a 2017. Tkan od kazdého pacienta byla
uchovana jako FFPE a tyto vzorky byly validovany patologem se zkusenostmi s CNS nadory.

Imunohistochemie

Tkanové fezy o tloustce 1-2 um byly pfedem osetfeny pomoci systému PT Link (Agilent) pti 97 ° C, pH
9 po dobu 20 minut, aby se zajistilo odkryti epitopu. Peroxid vodiku byl pouZzit na blokovani endogenni
peroxidazové aktivity. Rezy byly ndsledné oSetteny primarni protilatkou, Anti-IDH1 R132H, klon HO9
(Dianova, Hamburg, Némecko), v fedicim poméru 1:100 po dobu 20 min pfi pokojové teploté. EnVision
Flex+, Mouse, High pH (Agilent DAKO) byl pouZit pro amplifikaci signalu primarni protilatky. Po aplikaci
sekundarni protilatky EnVision, Flex/HRP (Agilent DAKO) po dobu 20 min, bylo k vizualizaci reakce
pouzito systému DAB+ Substrate Chromogen (Agilent DAKO).

Fluorescencni in situ hybridizace

Kodelece 1p/19qg byla detekovdana pomoci fluorescenéni in situ hybridizace (FISH), kterd byla
provedena na FFPE tkanich dle doporuceni vyrobce (IntellMed, Ltd., Olomouc, Czech Republic). Pro
zjisténi poctu kopii chromozom( byly pouzity lokusové specifické sondy pro oblasti 1p36.3 a 19q13.
Alespon 100 neprekryvajicich se jader bylo vysSetieno v kazdém vzorku.

Genotypizace IDH1 a IDH2 pomoci next generation sekvenovani

Protokoly pouZivané pro extrakci DNA z FFPE tkanovych fezl a genotypizace IDH1 R132 a IDH2 R172
jsou uvedeny nize. Ke zvySeni spolehlivosti vysledkd byly pouZity dvé metody zaloZzené na NGS.
Genotypovani se také opakovalo v pfipadé nesouhlasnych vysledk(. Prvni metoda zahrnovala
amplifikaci specifickych oblasti a pfipravu knihovny pomoci tagmentace (Nextera XT kit, [llumina).
Druha metoda fast zahrnovala amplifikaci se specifickymi primery obsahujicimi pfesahy potfebné pro
sekvenovani.

Genotypizace IDH1 R132 a IDH2 R172 metodou fast IDH
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Pro obé metody sekvenovani byla vyizolovana DNA pomoci Roche Cobas® kit and a Cobas® DNA sample
preparation kitu. QPCR amplifikace byla provedena za poufZiti 1 pl or 5 pl celkové DNA (v zavoslosti na
koncentraci: > 30 ng/ul nebo > 10 ng/ul) pomoci Thermo-Start Tag DNA Polymerase (ThermoFisher
Scientific, 1U), 10X PCR Thermo-Start Buffer (ThermoFisher Scientific) MgCl2 (ThermoFisher Scientific),
dNTP (Bioline) a EvaGreen 20x (Biotinium). PCR primery byly vyrobeny firmou Generi-Biotech a
z ddvodu licencovani této technologie firmou Biovendor (Brno, Ceska republika) nejsou uvedeny.
Ocekavané uvedeni na trh je pfiblizné druhy nebo tteti kvartal 2021. PCR multiplex reakce (IDH1 a IDH2
reakce) byla provedena za téchto podminek: 95 ° C po dobu 2 min, poté 40 cykl( s profilem: 15 s pfi 95
°C, 30 s pfi 62 °C a 30 s pfi 72 °C (pro fluorescencni skenovani byl nastaven FAM kanal), kone¢nd
inkubace byla po dobu 5 min pfi 72 °C a tani nastaveno od 60 °C do 95 °C se skenovanim fluorescence
kandlem FAM pfii 0,5 °C. Po amplifikaci ndsledovala purifikace amplikond pomoci QlAquick PCR
Purification Kit (Hilden, Némecko, QIAGEN). Koncetrace produktu byla zmérena pomoci Qubit 2.0 HS
DNA kit (Invitrogen). Sekvenacni knihovna byla zfedéna a denaturovana 0,1 M NaOH (koncentrace DNA
=10 uM). Knihovna obsahovala pfiblizné stejné mnozstvi kazdého vzorku. Sekvenovani bylo provedeno
na sekvenatoru lllumina MiSeq pomoci sady MiSeq V2 Nano 300 bp nebo V3 150 bp za pouziti
sekvencnich ¢teni 2 x 75 bp s vlastnimi sekvenénimi primery, které jsou soucasti uvedené technologie.
Analyza byla provedena pomoci softwaru MiSeq Reporter pomoci funkce Somatic Variant Caller.
Vystupni soubory vcf byly zpracovany pomoci aplikace Excel (Microsoft). Za ucelem identifikace mutaci
v genech IDH1 a IDH2 byla stanovena kritéria pro mutace pfitomné v kodonech 132, 172 s frekvenci
> 5% a pokrytim > 1000.

Genotypizace IDH1 R132 a IDH2 za pouziti Nextera XT Library Prep Kit

Pro sekvenovdani IDH1 R132 a IDH2 R172 byla pro amplifikaci odpovidajici DNA sekvence pouzita
metoda PCR. SloZeni PCR master mixu bylo ndsledovné: 0,5x EvaGreen® Dye (Biotium Inc., Fremont,
CA, USA), 1U ThermoStart polymerase s doporucenym 1x buffer (ThermoScientific, Waltham, MA),
200 uM dNTPs (Bioline, London, UK), 2 mM MgCI2 (ThermoScientific, Waltham, MA) a 0,25 uM
primerovych paru uvedenych v Tabulce 4 (Generi Biotech, The Czech Republic). Pfiblizné 20 ng DNA
bylo dopInéno DEPC-vodou (ThermoScientific, Waltham, MA) do objemu 20 pl. Z dGvodu odlisnych Tm
hodnot, byla pouzita touchdown PCR na cykleru LightCycler®480 (Roche Diagnostics, Mannheim,
Germany). Podminky amplifikace byly nasledovné: pocatecni denaturace pfi 95 °C po dobu 15 min,
poté 1°C/cyklus, touchdown cykly po 15s (zacatek pfi 95 °C), poté 35 cykld pti 95 °C po dobu 10 s, 60
°C po dobu 155, a 72 °C po dobu 15 s. Pro evaluaci dat byl pouzit LightCycler®480 (Roche Diagnostics,
Mannheim, Germany) a kontrola kvality byla provedena pomoci QlAxcel® (QIAGEN, Hilden, Germany).

PCR produkty byly purifikovany pomoci QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany) a
koncentrace amplikond byla zmérena na IMPLEN NanoPhotometer Pearl® (Implen, Minchen,
Germany). Priprava knihovny byla provedena za pouziti Nextera™ XT Library Prep Kit (Illumina Inc., San
Diego, CA, USA) a Nextera™ XT Index Kit (lllumina Inc., San Diego, CA, USA) dle navodu od vyrobce. PCR
produkty a indexy byly precistény pomoci QlAquick PCR Purification Kit (QIAGEN, Hilden, Germany) a
findlni koncentrace byla zmérena na Qubit® 2.0 (Life Technologies, MA, USA). Sekvenovani a analyza
byla provedena pomoci MiSeq a MiSeq Reporter software za pouziti Somatic Variant Caller funkce se
stejnymi parametry jaké byly pouZzity u fast IDH metody.
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Tabulka 4: Primery pouZité pro amplifikaci IDH1 R132 a IDH2 R172 pfi pouziti metody Nextera XT.

gen primer sekvence DNA délka amplikonu
IDH1 R132 forward 5’-CGGTCTTCAGAGAAGCCATTAT-3’ 100 bp
reverse 5-TCACATTATTGCCAACATGACTTAC-3’
IDH2 R172 forward 5’-AAACATCCCACGCCTAGTCC-3’ 200 bp
reverse 5-AGGTCAGTGGATCCCCTCTC-3’
2.2.3. Vysledky
2.2.3.1. Imunohistochemie

Vzorky 275 pacientl (prdmérny vék = 60,2 let) byly histologicky hodnoceny patologem dle doporuceni
CNS WHO z roku 2016, z nichZ 11 vzorkl nebylo mozné imunohistochemicky vysetfit na IDH1 R132H
(Tabulka 5)*2. Vzorky byly ndsledné rozdéleny podle pozitivity IHC R132H (mutované) nebo negativity
(WT). Data byla stratifikovana podle podtypu nadoru; imunoreaktivita R132H byla pozorovana u 60 z
275 vzork( (22 %).

Tabulka 5: Histologické subtypy difuznich gliom( zahrnutych do studie jednoho centra provedenou mezi roky
2011 - 2017 a charakteristika jednotlivych podskupin.

diagndza grade N/celkem (%) M/Z pramérny vék/rozpéti
IHC—IDH1 R132H WT
oligodendrogliom Il 1/10 (10 %) 0/1 9,3
kodelece 1p/19q 0/0 (0 %) 0/0 -
anaplasticky oligodendrogliom n 4/12 (33,3 %) 2/2 54,1 (30,3-54,1)
difuzni astrocytom Il 17/40 (42,5 %) 10/7 43,0 (22,8-76,1)
anaplasticky astrocytom 11 22/35 (62,9 %) 9/13 64,6 (33,2-81,6)
glioblastom \Y% 162/178 (91,0 %) 104/58 61,8 (23,7-84,3)
IHC — IDH1 R132H mutovany
oligodendroglioma Il 9/10 (90 %) 6/3 49,3 (33,1-73,0)
kodelece 1p/19q 6/8 (75 %) 4/2 51,7 (34,3-73,0)
anaplasticky oligodendrogliom 1] 8/12 (66,7 %) 3/5 49,6 (33,1-68,7)
difuzni astrocytom Il 22/40 (55 %) 10/12 42,3 (23,1-70,8)
anaplasticky astrocytom 1] 9/35 (25,7%) 5/4 40,0 (27,6-56.7)
glioblastom v 12/178 (6.7 %) 7/5 47,9 (33,8-75,2)

WT - wild type, M - muii; Z- zeny.
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2.2.3.2. FISH

V$eobecné nejsou u oligodendrogliomu?°

stanoveny zavazné cut off hodnoty detekce deleci 1p nebo
19q, proto jsme cut off stanovili na 20 % jader obsahujicich pouze jednu kopii. Analyza FISH prokazala
pfitomnost kodelece 1p/19q v 6 z 8 IHC R132H pozitivnich vzorkd; i pres opakovani nebylo mozné jeden

vzorek analyzovat ziejmé kvUli chybé zpracovani tkané.

2.2.3.3. Sekvenovani IHC IDH1 wild type pacientd mladsich 55 let

Pro maximalizovéni efektivity nakladd danou nizkou prevalenci mutaci IDH u pacientl > 55 let®, byly
sekvenovany pouze nadory od pacientli mladsich 55 let s IDH1 WT podle IHC vysetfeni (n = 63)
(Tabulka 5). Vysledky sekvenovani prokazaly, Zze 10 z 63 vzork( (16 %) vykazovalo mutaci IDH1 R132
nebo IDH2 R172. Obé uvedené metody sekvenovani poskytly konzistentni vysledky pro vSech deset
pozitivnich vzork(; 2 vzorky nebylo mozné analyzovat alespon jednou z metod (Tabulka 6). Podle
ocekavani byly detekovany vzacné mutace /IDH1 (spole¢ny vyskyt R132S a R132C ve 3 vzorcich). Déle
bylo zjisténo, Ze 3 vzorky nesou vzacné mutace IDH2 v kodonu 172, které nelze imunohistochemicky
detekovat. U 4 vzork( byla nalezena mutace IDH1 R132H i presto, Ze byly tyto vzorky oznaceny dle
imunohistochemické analyzy jako IDH1 R132H wild type. Dva vzorky nebylo mozné analyzovat kvdali
nizké kvalité DNA a Spatné PCR amplifikaci. Jeden vzorek z celkovych 11 vzork, které nebylo mozné
imunohistochemicky stanovit a splnil vékové kritérium, byl jednoznacné vysetfen jako pozitivni na
mutaci IDH1 R132H (Tabulka 6, pfipad €. 8).

Tabulka 6: Charakteristika pacientll a vysledky genotypizace ziskané metodami FastIDH method a Nextera XT
Library Prep Kit.

MAF, MAF,
¢. vék pohl. strana lalok subtyp grade Nextera % fast %
1 53 V4 P celni anaplasticky oligodendrogliom 1] IDH2 R172K 56 IDH2 R172K 48
2 30 M L celni difuzni (fibrilarni) astrocytom 1] IDH2 R172M 59 IDH2 R172M 46
3 32 M L celni difuzni (fibrilarni) astrocytom 1] IDH1 R132C 14 IDH1 R132C 13
4 33 V4 L celni anaplasticky astrocytom 1 IDH1R132C 64 IDH1 R132C 48
5 33 VA L celni difuzni (fibrilarni) astrocytom 1] IDH1 R132S 35 IDH1 R132S 34
6 33 VA L celni difuzni (fibrilarni) astrocytom 1] IDH1 R132H 23 IDH1 R132H 29
7 35 M L spankovy diffuzni astrocytom 1] IDH1 R132H 15 IDH1 R132H 35
8 38 M L spankovy difuzni (gemistocytarni) astrocytom 1] IDH1 R132H 26 IDH1 R132H 28
9 54 M L spankovy anaplasticky oligoastrocytom 1] IDH2 R172K 50 IDH2 R172K 38
10 47 V4 P celni difuzni astrocytom I IDH1 R132H 15 IDH1 R132H 15
11 45 M P celni glioblastom \Y) NA - NA -
12 53 M P spankovy glioblastom \Y) wt - NA -

Z—-7ena, M — muz, wt — wild type, MAF — mutaéni alelicka frakce ve vzorku.

2.2.3.4, Kontrola kvality sekvenovacich metod

Typickd NGS assay se sklada z >30 PCR cyklQ, ktera zahrnuje amplifikaci cilené oblasti DNA vice neZ
trilionkrat, to je nasledovdano manipulaci amplikonl, coZ vede kobavé zkontaminace a
opakovatelnosti vysledkd. V Tabulce 7 jsou uvedeny vysledky analyzy rdznych typl kontrol pro fast IDH
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metodu. Pro zvySeni mozné kontaminace jsme seradili vzorky pro zpracovani pravidelnym stfidanim
wild type vzorku s negativnim nebo pozitivnim na IDH1 R132H jak je v Tabulce 7 uvedeno. Jako
negativni kontrola byla pouZita vysoce fragmentovana (<100 bp) DNA s nizkou koncentraci (~ 1ng / pl)
izolovana z krve; jako negativni kontrola byl vzorek bez DNA (no template), nastaveni a zpracovani dat
byla nastavena standardné. Na zakladé analyzy nebyla pozorovdna zadna kontaminace; wild type
vzorky obsahoval 0,17 % varianty c.395G>A (n = 6), coZ se povaZuje za celkovou chybu zplsobenou
pfipravou knihovny pro sekvenovani platformou Illumina®!. Co se tyée no template/fragmentované
DNA, pozorovali jsme v priméru méné nez jednu variantu c.395G>A a 3 ready varianty c.395G> A (n =
12). Za predpokladu, zZe pro zpracovani je zapotiebi 2 1000 ¢teni, je kontaminace < 0,3 %. Analyzou
byla potvrzena vysoka mira opakovatelnosti a reprodukovatelnosti u vzorku obsahujiciho c.395G> A.
VAF byl roven 32,1% + - 0,6% (n = 8, primér + - SD).

Tabulka 7: Kontrola kvality fast IDH assaye, byla pouZita data ze tfi nezavislych béhu. Jako negativni kontrola byla
pouzita ultrazvukové fragmentovana DNA vyizolovana z krve s medidnem velikosti fragmentace <100 bp. Do
sekvenacni knihovny byla pridana kontrola bez templatu (no template) z dlivodu sledovani kontaminace podle
zamény indexu (index hopping) a/nebo kontaminace z pfedchoziho béhu. DNA izolovana z tkané glidlniho nadoru
se znamym statusem mutace IDH1/2 byla pouZzita jako pozitivni kontrola a wild type kontrola.

VAF
vysledek (pokud ¢.395A pocet celkovy pocet c.395G>A

ID béhu index vzorek je dostupny) (R132H) Cteni (R132H)
FR124 i30 neg. kontr. fr. DNA 0 0 NA
FR124 i31 pozitivni kontrola 1 IDH1 R132H 1990 6078 32,7%
FR124 i32 neg. kontr. fr. DNA 1 7 NA
FR124 i33 pozitivni kontrola 1 IDH1 R132H 1695 5294 32,0%
FR124 i35 neg. kontr. fr. DNA 0 0 NA
FR124 i36 pozitivni kontrola 1 IDH1 R132H 1853 5663 32,7%
FR124 i38 wt kontrola 1 wt 5 4258 0,1%
FR124 i41 neg. kontr. fr. DNA 3 4 NA
FR124 i42 pozitivni kontrola 1 wt 2352 7490 31,4%
FR122 i30 wt kontrola 2 wt 7 3569 0,2%
FR122 i32 pozitivni kontrola 1 IDH1 R132H 1290 3994 32,3%
FR122 i36 wt kontrola 2 wt 3 1268 0,2%
FR122 i38 pozitivni kontrola 1 IDH1 R132H 1539 4829 31,9%
FR122 i36 wt kontrola 2 wt 7 4761 0,1%
FR122 i42 pozitivni kontrola 1 IDH1 R132H 1651 5077 32,5%
FR122 i31 neg. kontr. no template 0 15 NA
FR122 i33 neg. kontr. no template 0 0 NA
FR122 i35 neg. kontr. no template 0 0 NA
FR120 i30 neg. kontr. no template 1 5 NA
FR120 i31 neg. kontr. no template 0 7 NA
FR120 i32 neg. kontr. no template 0 0 NA
FR120 i33 neg. kontr. no template 0 1 NA
FR120 i35 neg. kontr. no template 0 0 NA
FR120 i36 pozitivni kontrola 2 IDH1 R132H 5744 14602 0,39
FR120 i38 pozitivni kontrola 1 IDH1 R132H 4702 15031 0,31
FR120 i41 wt kontrola 3 wt 26 17907 0,1%
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FR120 i42 wt kontrola 4 wt 18 15300 0,1%

VAF
Average Aver. total read average +-
¢.395A count count SD
IDH1 R132H pozitivni 32,1%
kontrola 1 (n=8) 2134 6131 +0,6%
0,17%%
wt kontroly (n=6) 8 12259 0,04%
neg. kontrola: ne
template/fr. DNA (n=12) 0,2 44199 NA

VAF — frakce alelové varianty/variant allele fraction, NA — nedetekovatelné, SD — standardni odchylka.

2.2.4. Diskuze

Integrace fenotypovych a genotypovych parametrd do klasifikace nadori CNS znacné zlepsilo
diagndzu. Cetnost varianty mutace /DHI R132H je udavéana okolo 90 % (v nasi studované populaci byla
frekvence 91 %) a pravé tuto mutaci lze detekovat imunohistochemickych vysetfenim?*2, IHC detekce
varianty IDH1 R132H byla provedena za pomoci protilatky DIA-H09, u které je uddvand ocekavana mira
skutecné pozitivnich vzork( okolo 88-99 %. Za predpokladu, Ze vSechny vzorky oznacené jako IDH1
R132H pozitivni dle IHC by byly také IDH1 R132H pozitivni sekvenovanim, mira shody metod
sekvenovani a IHC by byla 94 % (60/64). Kromé zmifiované varianty R132H je znama fada dalsich
mutaci IDH1, véetné R132C (jejichZ frekvence u pacientd s gliomem je kolem 3 %; v nasi studované
populaci to bylo 3 %), R132S (frekvence v této praci: 1 %) a R132G a R132L (jejichZz uddvana frekvence
je v obou pfipadech kolem 1%; v této praci nebyla ani jedna varianta detekovdna). Varianty IDH2 jsou
méné Casté, pricemz R172K byla pozorovéna u 3 % pacientl s gliomem (3 % v nasi studii), R172M (1 %
v nasi studii), R172W (v nasi studii nebyla nalezena) a R172S (v nasi studii nebyla nalezena) s
frekvencemi pfiblizné 1 %’®. NaSe data se shoduji sjiz dfive publikovanymi vysledky Eetnosti a
frekvence jednotlivych variant mutaci /DH u gliom.

Status IDH1 je zasadni pro diagnostiku a vybér vhodné strategie l1é¢by. Prvnim krokem pfi [é¢bé gliomu
je obvykle provedeni bezpecné radikalni resekce, ktera poskytne dostatecné mnozstvi nddorové tkané
pro spolehlivou diagnostiku. Bez ohledu na grade nadoru by mélo byt pohlizeno na IDH wild type
gliomy jako na glioblastom a mély by byt lé¢eny agresivni chemoradioterapii podle Stuppova
protokolu. Lécba glioml exprimujicich mutované varianty IDH by se méla fidit dle klinickych a
molekularnich marker(. U radikalné resekovanych nadord nizkého gradu, které vykazuji jak kodeleci
1p /19q, tak mutaci IDH, Ize dokonce uvazovat o Uplném vynechani onkoterapie a pouze doporudit

sledovéni stavu pacienta®®.

Jak je uvedeno vyse, presné urceni statusu IDH je nesmirné dulezité pro vybér efektivni |écebné
strategie a urceni progndzy pacientll s difuznim gliomem. Financni zatéz diagnostiky gliom{ vzrista
z dlivodu sloZitosti a velkého mnozZstvi laboratornich metod. WHO doporucuje testovani vsech IHC IDH
negativnich vzork( pacientl mladsich 55 let, coZ v nasi studii ¢ita 63 pacient(i z 275 (23 %). Nase studie
také zahrnovala 4 vzorky z 12, u nichZ bylo prokdzano, Ze jsou dle sekvenace IDH1 R132H pozitivni.
Tyto vysledky naznacuji, Ze dochazi k Uspore vice nez dvou tretin ndkladl a s prfimérenou Ucinnosti jsou
odhaleny méné casté mutace a falesné negativni vzorky. Tyto Udaje potvrzuji, Ze je vhodné doplnit
standardni IHC metodu o genetické sekvenovani k potvrzeni vysledk(i a minimalizaci rizika falesné
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negativnich vzork(. Pomoci dvou rGznych molekularnich pfistupl sekvenace byla potvrzena vysoka
frekvence variant IDH1 u pacientd s gliomem mladsich 55 let.

Imunohistochemické uréeni mutace IDH1 R132H selhalo u 11/275 (4 %) vzork( v nasi kohorté, coz
mohlo byt zplsobeno chybou v laboratornim postupu nebo nevhodnym zpracovanim tkané. Z tohoto
dlvodu je vhodné integrovat druhy kontrolni bod, kterym je sekvenace stéZejnich gen(i zapojenych do
molekuldrné histologické definice gliomd. Tento dvoustupriovy postup lze pouzit také pro dalsi geny
vysetfované u gliomd, jako je alfa-talasemie/syndrom mentalni retardace vazany na X (ATRX) nebo
telomerazova reverzni transkriptaza (TERT).

Na zdkladé soucasné klasifikace nddort CNS a rozvoje masivné paralelniho sekvenovani, je vhodné
vyuZivat genové panely vyrobené na miru pro pochopeni molekuldrniho pozadi u gliom(?3*23®,
Prokazali jsme, Ze pfesnost informaci v klinice gliom se zvysuje dokonce pouze testovanim genli IDH1
a IDH2. Nase metoda fast IDH MPS vykazuje shodné vysledky s Nextera XT metodou. Pfiprava knihovny
Fast IDH zahrnuje pouze jeden krok (PCR amplifikace s purifikaci, celkem priblizné 3 hodiny), narozdil
od metody Nextera XT (1. PCR amplifikace s purifikaci, 2. tagmentace a 3. indexovani PCR amplifikace
s purifikaci, celkem pfiblizné 7 hodin), sniZuje se i pravdépodobnost technické chybovosti a je
zredukovana doba potrebna k provedeni metody. Celkové metoda fast IDH poskytuje vys$si nakladovou
efektivitu diky rychlejSimu zpracovani vzorkd a bude brzy licencovana k prodeji. Vzhledem k vysokym
nakladim na sekvenacni chemii jsme v nasi laboratofi pouZili nejmensi pratokovou kyvetu (MiSEQ
nano) s cenou 380 - 500 eur pro dosaZzeni nakladové efektivity metody. Co se tyce rutinni diagnostiky,
obvykle se sekvenuji 2-4 vzorky pro vysetfeni mutaci IDH1/2 v jednom béhu (jednou tydné nebo kazdy
druhy tyden). Proto je nezbytné kombinovat sekvenovani IDH1/2 i se sekvenovanim dalsich gen, jako
jsou KRAS, NRAS, BRAF (rakovina tlustého stfeva), EGFR a BRAF (rakovina plic) nebo BRCA1/2 (rakovina
vajecnikd a prsu). Pfi sekvenovani 16 vzork( je cena sekvenovani u obou metod pfiblizné 30 eur za
vzorek. Naklady na pfipravu knihovny, pracovni naklady a provozni naklady tvofi pfiblizné polovinu
celkovych nakladi (15 eur). Pfiprava knihovny pomoci NexteraXT stoji kolem 50 EUR za vzorek. Jakmile
bude fast IDH kit komerc¢né dostupny, ocekdvané naklady na vzorek budou 30 - 60 eur. Celkové naklady
na sekvenovani IDH1/2 by dnes byly asi 100 eur nebo dokonce méné. Coz vede k otazce nad soucasnou
platnosti modelu publikovaného DeWitt z roku 2017%’, ktery je zaloZen na nadkladech za NGS ¢&itajicich
1800 USD (~ 1500 eur). | kdyz by to mohlo znit kontroverzné, predpokladame, Zze by mély byt v dnesni
dobé analyzovany pomoci MPS i nadory pacient( starSich 55 let a postupné by mohlo NGS zcela
nahradit imunohistochemické vysettfeni IDH IHC. Jedinym limitem nasi prace mUze byt fakt, Ze jsme v
nasi praci nesekvenovali IHC wild type vzorky pacient( starSich 55 let pro odhaleni nekanonickych
mutaci nebo falesné negativncich vzorkd.

2.2.5. Zavér

Pfesné urceni difaznich gliomU je zasadni pro identifikaci vhodné terapie. Gliomy jsou klasifikovany
pomoci WHO klasifikace nadori CNS z roku 2016, ktery je zaloZen na pfitomnosti validovanych
biomarkert zahrnujicich mutace IDH a kodeleci 1p/19q. Prokazali jsme, Ze vzacné varianty IDH1/2 se
vyskytuji u pacientli s nddory CNS, cozZ potvrzuje predchozi objevy. Nase laboratof provadi sekvenovani
DNA nador( oznacenych jako IHC IDH1-negativni u pacientd mladSich 55 let a tento postup
doporucujeme i dal$im laboratofim, které maji za cil pfesnou molekularni diagnostiku.
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2.2.6. Podil autora dizertacni prace na daném tématu

Uvedenad studie je publikovana v ¢asopise Applied Immunohistochemistry & Molecular Morphology
pod nazvem IDH1/2 mutations in Czech patients with diffuse gliomas: a single centre retrospective
massively parallel sequencing analysis (viz Ptilohy). Autorka se podilela na designu a koordinaci studie
véetné provedeni vysetieni viech vzorkl pomoci sekvenovani a FISH. Zpracovala vysledky a nasledné
rukopis studie.
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2.3. Vliv genovych aberaci na preziti u pacientd s resekovanym glioblastomem /IDH wild type
z jednoho centra

2.3.1. Uvod

Glioblastom (GBM) je vysoce invazivni typ nadoru, ktery neni mozné kompletné resekovat®?36237,

Z tohoto dlivodu maji pacienti s GBM Spatnou progndzu s medidanem preziti okolo 12 mésica. Za
rizikové faktory rozvoje gliomu jsou povazovdny pokrocily vék, muzské pohlavi, europoidni rasa,
expozice ionizujiciho zafeni a koufeni® 38, Naopak klinické faktory jako jsou niZsi vék, performance
status, maximadlni celkové resekce a adjuvantni |écba jsou spojovany slepsi progndzou u
neselektovanych pacient(i s GBM?3%-242,

Glioblastomy mohou byt klasifikovany na zakladé statusu IDH. GBM s wild type (wt) IDH jsou
charakterizovany mutacemi v TP53, PTEN a/nebo kompletni ztratou chromozomu 10, homozygotnimi
delecemi CDKN2A/CDKN2B, mutacemi nebo premirou exprese EGFR a/nebo navySenim poctu
chromozomového raménka 7p, mutacemi PDGFRA1, mutacemi NF1, amplifikaci MDM2 a metylaci
promotoru MGMT*%,

Pfedmétem této populacni studie z jednoho centra bylo urdit vliv vybranych genetickych aberaci a
klinickych faktor( na preZziti u resekovanych pacienti s GBM IDH wt, ktefti byli po resekci Ié¢eni rliznymi
zpUsoby. Klinické postupy vychazejici z klasifikace WHO z roku 2007 byly updatovéany dle soucasnych
doporuéeni klasifikace WHO zaloZené na statusu IDH z roku 2016 47,

2.3.2. Materidl a metodika
2.3.2.1. Pacienti

Informace o viech pacientech s gliomy lé¢enych ve Fakultni nemocnici Olomouc, Ceska republika, byly
sbirdny prospektivné a systematicky od roku 2006. Tato prace je zamérena na supratentoridlni GBM
IDH wild type u dospélych pacientq, ktefi podstoupili resekci a onkoterapii v obdobi mezi ¢ervnem
2006 a cervnem 2015. Informace o klinickém statusu pacientd (KS, PS WHO a status koureni) byly
sbirdny spolu s daty ze zobrazovacich metod, histologie a cytogenetickych aberaci nadora. Vsichni
pacienti podstoupili brzkou post-operativni magnetickou rezonanci (do 72hodin) ke stanoveni
radikality resekce. Devatendct pacient( bylo reoperovano v pribéhu jednoho tydne od prvni operace.
nadoru?**2%, Na zakladé poloautomatické MRI analyze byla stanovena mira resekce v rozmezi 84 % -
100 % s medianem ¢itajicim 85,6 %. Median postoperativniho objemu bylo 2,9 ml. Cilem bylo kazdého
pacienta |écCit standardni agresivni onkoterapii, avSak pouze cast pacientll byla schopna podstoupit
Stupplv protokol. Velké mnoiZstvi pacientld progradovalo uz pred nebo v pribéhu pocateéni faze
onkoterapie. Pacienti byli celkem rozdéleni do tfi skupin: bez terapie, s chemoradioterapii a
v semipaliativnim reZimu se samotnou radioterapii v rozmezi 34 — 60 Gy*®. Stratifikace kohorty
zalozené na aplikovaném onkologickém reZzimu je uvedena na Obrazku 9. Po resekci ndsledovala
periodicka kontrola provedena kazdé 3 mésice pomoci magnetické rezonance aZz do smrti pacienta.
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Sichni T kohorta
wvsichni pacienti
P (n=132)
upi bez terapie radiotherapie chemoradiotherapie
skupin _= . _ ;
pmy (n=24,182 %) (n=50,37.9%) (n=>58,43.9%)
.~ 0@ R F— .~ @@ J
f N f N f Stuppiv protokel N
" ticks 302 Gy +TMZ
. symptomaticka 75 metmt
definice Hintivmi : 30x2Gy 75 me/m?/d
palliativni therapie 6 ekl TMZ
\ J \ J \ 200 mg/m*d J
f 3 f 3 f Stuppiv protokel N
302 Gy + TMZ
minimalni davka - 34 Gy 75 me/m*/d
3 eykli TMZ
L ) L ) L 200 mg/m?/d J

Obrazek 9: Stratifikace kohorty pacientl zalozena na lé¢ebné modalité spolu s detaily u aplikované IéCby.

Vzorky nadorové tkané byly sbirdny jak FFPE, tak v Cerstvé zmrazené formé (-80 °C). Klinicky stav a
informace o kontrole pomoci magnetické rezonance byly sbirany v pravidelnych tfimési¢nich
intervalech. Status koureni byl ziskan z preoperacniho dotazniku. Pacienti byli klasifikovani jako
nekuraci (83/132 = 62,9 %) za predpokladu, Ze nikdy nekoufili nebo prestali koufit pred péti lety od
diagndzy; zbyli pacienti (49/132 = 37,1 %) byli oznaceni jako kufaci. VSechny nadory byly klasifikovany
dvéma lokalnimi patology dle nejnové;jsi WHO klasifikace nadori CNS. Imunohistochemicka analyza
IDH1 R132H a Ki67 byla zahrnuta do standardni procedury klasifikace. Vsichni pacienti podepsali
formuldF o informovaném souhlasu.

2.3.2.2. Imunohistochemické stanoveni statusu IDH1 R132H

Kohorta byla sloZena z pacientl s GBM se statusem IDH wild type dle diagnostickych kritérii WHO 2016.
Tkanové rezy o tloustce 1-2 um oSetieny za pouZiti PT link system (Agilent) pfi teploté 97 °C, pH 9 po
dobu 20 min pro odkryti epitopu. Peroxid vodiku byl pouZit na blokovani endogenni peroxidazové
aktivity. Rezy byly nasledné oetieny primarni protildtkou Anti-IDH1R132H klon HO9 (Dianova,
Hamburg, Némecko) v fedicim poméru 1:100 po dobu 20 min pfi pokojové teploté. EnVision Flex+,
Mouse, High pH (Agilent DAKO) bylo pouzito k amplifikaci signalu primarni protildtky. Rezy byly poté
oSetfeny na 20 min sekundarni protilatkou, EnVision Flex/HRP (Agilent DAKO) a pro vizualizaci byl
pouzito DAB+ Substrate Chromogen System (Agilent DAKO).

2.3.2.3. Imunohistochemické vysetfeni statusu Ki67

Tkanové fezy o tloustce 1-2 um byly tepelné indukovany k odmaskovani epitopu pomoci citratového
pufru (pH 6) po dobu 10 min pfi 120 °C. Peroxid vodiku byl pouZit na blokovani endogenni peroxidazové
aktivity (mysi/krali¢i ImmunoDetector DAB HRP Brown System, Bio SB). Rezy byly nasledné o3etfeny

43



po dobu 30 min primarnimi protilatkou, Ki67, klon MIB-1 (Agilent DAKO), fedéni 1:200. Poté
nasledovalo znaceni sekundarni protilatkou (mysi/krali¢i ImmunoDetector DAB HRP Brown System, Bio
SB) po dobu 30 min, reakce byla vizualizovana pomoci DAB+ Substrate Chromogen.

2.3.2.4, Genotypizace IDH1 R132 a IDH2 R172

DNA byla vyizolovana pomoci Roche Cobas® kitu a Cobas® DNA sample preparation kitu dle instrukci
vyrobce. qPCR amplifikace byla provedena pomoci celkové DNA o objemu 1 pl nebo 5 pl (v zavislosti
na DNA koncentraci, > 30 ng/ul nebo > 10 ng/ul) s Thermo-Start Tag DNA Polymerase (ThermoFisher
Scientific, 1U), 10X PCR Thermo-Start Buffer (ThermoFisher Scientific), MgCl2 (ThermoFisher
Scientific), dNTPs (Bioline) a EvaGreen 20x (Biotinium). Pro multiplex PCR amplifikaci (/IDH1 a IDH2
reakce) byly nasledujici podminky: 95 °C po dobu 2 min 15 s, poté 40 cykl po 15 s pfi teploté 95 °C,
30 s pfi 62 °C a 30 s pri 72 °C (FAM kanal pfi sledovani fluorcence), nasledované finalni inkubaci po
dobu 5 min pfi 72 °C a melting kfivka od 60 °C do 95 °C pfi sledovani fluorescence FAM kanalem pf¥i 0.5
°C. Po amplifikaci nasledovalo procisténi amplikont pomoci QlAquick PCR Purification Kit (Hilden, GER,
QIAGEN). Koncentrace produktu byla zmérena pomoci Qubit 2.0 HS DNA kit (Invitrogen). Sekvenacni
knihovna byla zfedéna a denaturovana 0,1 M NaOH (DNA koncentrace = 10 uM). Knihovna obsahovala
pfiblizné stejna mnoiZstvi kazdého vzorku. Sekvenovani bylo provedeno pomoci Illumina MiSeq
platformy vyuzivajici the MiSeq V2 Nano 300 bp nebo V3 150 bp sekvenacni kit a 2 x 75 bp sequenacni
ready. Vysledky sekvenaci byly analyzovany pomoci Somatic Variant Caller funkce z MiSeq Reporter
softwarového balicku. Ziskané vcf soubory byly zpracovany pomoci Excel (Microsoft). Mutace IDH1 a
IDH2 gen( byly identifikovany v kodonech 132 a 172 s frekvenci > 5 % a pokrytim >1000.

2.3.2.5. FISH analyza

FISH analyza byla provedena na FFPE tkanich podle navodu vyrobce se sondami LSI 1p36.3, LSl 1g25.2,
LSI9p21.3, LSI 19913, LSI EGFR, LSI CEP7, LSI MDM2, LSI 10p11.1, LSI BCR, LSI 22gq12.2, a LSI CCND1 od
firmy IntellMed, Ltd. (Olomouc, Ceska republika) spolu se sondami LSI TP53, LSI RB1, a LSI 13g12.11 od
firmy Vysis (Downers Grove, IL, USA). Signaly byly detekovany a kvantifikovany pomoci fluorescenc¢niho
mikroskopu. Minimalné 100 neprekryvajicich se jader bylo vySetfeno v kazdém vzorku.

2.3.2.6. Nastaveni cut off hodnot poctu kopii

Soucasné terapeutické protokoly pro gliomy postradaji standardni cut off hodnoty pro molekularni
aberace. Z tohoto dlivodu byly pro kazdy marker definovany specifické cut off hodnoty naseho souboru
pomoci maxstat funkce (maxstat R package, ver. 0.7-25) a pomoci surv_cutpoint function (survminer
R package, ver. 0.4.3) s defaultni hodnotou 0,1 pro minprop parametr (reprezentujici minimalni
velikost pozorovani ve skupiné) a data na preziti bez progrese (Cas a udalost). Dvé skupiny pacient(
byly definovany pro kazdy marker: skupina s nizkym poctem kopii (low copy number, LCN) zahrnujici
pocty kopii rovny nebo pod odhadovanou cut off hodnotu, a skupina s vy$sim poctem kopii (hight copy
number, HCN) zahrnujici pacienty s pocty kopii pfesahujici cut off hodnotu.
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2.3.2.7. MGMT metylacni status

Bisulfitova konverze templatové DNA byla provedena pomoci EZ DNA methylation Gold Kit dle navodu
vyrobce (Zymo research, Irvine, USA) byla provedena ihned po izolaci DNA z tkdné gliomi za pomoci
DNA Sample Preparation Kit (Roche, Pleasanton, USA). MGMT metylace byla detekovana za pomoci
MethyLight real-time metylacné-specifické PCR. Pro kontrolu integrity DNA, kvality bisulfitové
konverze a PCR reakce, byla paralelné analyzovana metylace E-cadherinu (CDH1), Alu-M5 a komerénim
standardem s metylaci a bisulfitové-konvertovanou DNA (Zymo Research). Tato kontrola byla
provedena zaroven pfi vSech extrakcich z tkarnovych vzorkd.

Kazda PCR reakce o celkovém objemu 10 ul pro detekci promotorové metylace MGMT, E-cadherinu a
Alu-M5 obsahovala 1x PCR buffer (QiaGen, Germany), 1 mM MgCl2, 0,2 mM dNTPs, 0,5 U HotStarTaq
(QiaGen) a prislusné primery a préby (Tabulka 8). PCR program zahrnoval denaturaci pfi 95 °C po dobu
15 min poté 40 cykld pfi 95 °C po dobu 30's, 65 °C po dobu 50 s a 72 °C po dobu 60 s.

Tabulka 8: Primery a prdby pouzité k detekci promotorové metylace MGMT, E-cadherin a Alu-M5.

Gen Primer DNA sekvence konce:::;l:é (M)
forward 5’- CGAATATACTAAAACAACCCGCG -3° 1,0
metylace promotoru reverse 5°- GTATTTTTTCGGGAGCGAGGC -3’ 1,0
MGMT préba FAM-BHQ- 02
CAAATCCTCGCGATACGCACCGTTTACG !
metylace promotoru £- forward 5'- A’ATTTTAGGTTAGAGGGTTATCGCGT'—3' 1,0
cadherin reverse 5’- TCCCCAAAACGAAACTAACGAC -3 1,0
préba FAM-BHQ-CGCCCACCCGACCTCGCAT 0,2
metylace promotoru forward 5'- GGTATGATGGCGTATGTTTGT -3’ 0,17
Alu-M5 reverse 5’- GACTCACCACAACTTCCAC -3’ 0,17
, FAM-BHQ-
proba AAACGATTCTCCTACCTCAACCTCCCGAA 0,03
2.3.2.8. Statistickd analyza

Vsechny statistické analyzy byly provedeny za pomoci R Statistical Software, Version 4.0.3 (www.r-
project.org). Pearson’s chi-kvadrat a Fisher(iv exaktni test byly pouzity k testovani spojitosti mezi
molekuldrnimi markery a prezitim pro vSechny pacienty a pro pacienty |écenymi specifickou Iécbou.
Celkové preziti (OS) a preziti bez progrese (PFS) bylo spocitano pomoci Kaplan-Meierovy metodiky
(prezentovany jako medidny v tabulkach vysledk). OS bylo pocitano ode dne prvni operace az do smrti
¢i posledni kontroly. Efekt kazdého molekularniho markeru na OS a PFS bylo vysetfovédno na zakladé
Coxova modelu proporcnich rizik s jednim faktorem (univariatni model) a s adjustaci pro hlavni klinické
prognostické faktory (multivariatni model, Obrazky 10 a 11), tj. vék v dobé diagndzy a/nebo (< 55 vs. >
55 let) a Karnofského skare (KS; < 80 vs. > 80) v jednotlivych skupinach. Vliv kazdého faktoru na OS
resp. PFS napfic skupinami bylo vySetfeno pomoci Coxova modelu proporénich rizik (jeden pro kazdy
marker) stratifikovany podle terapie a adjustovany pro kategorie véku a kategorie Karnofského skore.

2.3.3. Vysledky
2.3.3.1. Zakladni charakteristika pacientd
Studovana kohorta se skladala ze 132 pacientl s resekovanym GBM IDH wild type. U kazdého pacienta

nasledovala kontrola s tfi mési¢nim intervalem az do jeho smrti; median preZiti byl 7,6 mésice (1,0 —
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113,7 mésicl). Tabulka 9 shrnuje charakteristiku pacientd (pohlavi, vék, KS, lokalizace, kouteni a

adjuvantni terapie) a jejich molekularné cytogenetické charakteristiky, jmenovité jejich status poctu

kopii (HCN a LCN) s ohledem na studované genetické aberace a status metylace promotoru MGMT.

Tabulka 9: Demografickd data pro kohortu pacientl a informace o prevalenci nizsiho nebo vyssiho poctu kopii

studovanych markerd.

characteristika hladina bez terapie RT CHT+RT vsichni pacienti
pohlavi Z 10/24 (41,7%) 25/50 (50%) 17/58 (29,3%) 52/132 (39,4%)
M 14/24 (58,3%) 25/50 (50%) 41/58 (70,7%) 80/132 (60,6%)
lokalizace GBM F 8/24 (33,3%) 14/50 (28%) 20/58 (34,5%) 42/132 (31,8%)
(o] 3/24 (12,5%) 10/50 (20%) 10/58 (17,2%) 23/132 (17,4%)
P 2/24 (8,3%) 9/50 (18%) 13/58 (22,4%) 24/132 (18,2%)
T 10/24 (41,7%) 15/50 (30%) 12/58 (20,7%) 37/132 (28%)
dalsi 1/24 (4,2%) 2/50 (4%) 3/58 (5,2%) 6/132 (4,5%)
kuFak* ne 9/24 (37,5%) 33/50 (66%) 41/58 (70,7% 83/132 (62,9%)
ano 15/24 (62,5%) 17/50 (34%) 17/58 (29,3% 49/132 (37,1%)

)
)

MGMT nemetylovany 16/23 (69,6%) 31/48 (64,6%) 33/52 (63,5%) 80/123 (65%)

metylovany  7/23 (30,4%) 17/48 (35,4%) 19/52 (36,5%) 43/123 (35%)

vékova kategorie* <=55 2/24 (8,3%) 2/50 (4%) 19/58 (32,8%) 23/132 (17,4%)
>55 22/24 (91,7%) 48/50 (96%) 39/58 (67,2%) 109/132 (82,6%)

Karnofského skore* 0-79 16/24 (66,7%) 18/50 (36%) 12/58 (20,7%) 46/132 (34,8%)
80-100  8/24(33,3%) 32/50 (64%)  46/58 (79,3%)  86/132 (65,2%)

Ki67 <=60 20/24 (83,3%) 41/49 (83,7%) 49/58 (84,5%) 110/131 (84%)

> 60 424 (16,7%) 8/49 (16,3%)  9/58 (15,5%) 21/131 (16%)

1gCN <=2,02 5/15(33,3%) 12/33(36,4%) 13/39 (33,3%) 30/87 (34,5%)

>2,02  10/15(66,7%) 21/33(63,6%) 26/39 (66,7%)  57/87 (65,5%)

22q CN <=2,48 13/16 (81,2%) 30/39(76,9%) 33/41 (80,5%) 76/96 (79,2%)

> 2,48 3/16 (18,8%) 9/39(23,1%) 8/41 (19,5%) 20/96 (20,8%)

CEP7 CN <=2,04 4/16 (25%) 4/41 (9,8%) 10/50 (20%) 18/107 (16,8%)
> 2,04 12/16 (75%) 37/41(90,2%) 40/50 (80%) 89/107 (83,2%)

BCR CN <=2,04 6/15(40%) 11/31(35,5%) 14/39 (35,9%) 31/85 (36,5%)

>2,04 9/15 (60%) 20/31(64,5%) 25/39 (64,1%)  54/85 (63,5%)

EGFRI CN <=3,39  6/16(37,5%) 25/44 (56,8%) 26/53 (49,1%)  57/113 (50,4%)
>3,39  10/16 (62,5%) 19/44 (432%) 27/53(50,9%)  56/113 (49,6%)

9p21.3 CN <=1,86 6/17 (35,3%) 10/41(24,4%) 16/49 (32,7%) 32/107 (29,9%)
>1,86  11/17 (64,7%) 31/41(75,6%) 33/49(67,3%)  75/107 (70,1%)

1p36.3CN <=2,13 12/20 (60%) 29/45 (64,4%) 43/52(82,7%) 84/117 (71,8%)
>2,13 8/20 (40%) 16/45 (35,6%) 9/52 (17,3%) 33/117 (28,2%)

13g12.11 CN <=2,01 3/10(30%) 6/31(19,4%)  14/41 (34,1%) 23/82 (28%)

>2,01 7/10(70%) 25/31(80,6%) 27/41 (65,9%) 59/82 (72%)

RB1CN <=2,26 14/16 (87,5%) 37/42 (88,1%) 42/49 (85,7%) 93/107 (86,9%)
> 2,26 2/16 (12,5%) 5/42 (11,9%) 7/49 (14,3%) 14/107 (13,1%)

P53 CN <=2,42  14/18(77,8%) 38/44 (86,4%) 41/52(78,8%)  93/114 (81,6%)
>2,42 4/18 (22,2%) 6/44 (13,6%) 11/52 (21,2%) 21/114 (18,4%)

10p11.1 <=2,11 13/14 (92,9%) 33/36 (91,7%) 35/47 (74,5%) 81/97 (83,5%)
>2,11 1/14 (7,1%)  3/36 (8,3%)  12/47(25,5%)  16/97 (16,5%)

19913 CN <=1,83  2/18(11,1%) 4/43(9,3%)  4/53 (7,5%) 10/114 (8,8%)
>1,83 16/18 (88,9%) 39/43 (90,7%) 49/53 (92,5%) 104/114 (91,2%)

MDM2 CN <=1,97 1/17 (5,9%) 5/42(11,9%) 3/51 (5,9%) 9/110 (8,2%)
>1,97 16/17 (94,1%) 37/42 (88,1%) 48/51 (94,1%) 101/110 (91,8%)

CCND1 CN <=2,48 12/14 (85,7%) 29/32 (90,6%) 40/47 (85,1%) 81/93 (87,1%)
> 2,48 2/14 (14,3%) 3/32(9,4%) 7/47 (14,9%) 12/93 (12,9%)
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*test nezavislosti (chi-kvadrat nebo Fisherlv exaktni test), p-hodnota<0,05; RT — radioterapie; CHT+RT —
chemoradioterapie; Z — ena; M — muz; F — frontélni; O — okcipitélni; P — parietalni; T — temporalni; BCR —
breakpoint cluster region protein; EGFR1 — receptor epidermalniho rlistového faktoru; RB1 — retinoblastoma 1;
TP53 - tumor protein P53; MDM2 — mouse double minute 2 homolog; CCND1 — cyclin D1; MGMT - O6-
methylguanin-DNA metyltransferdza.

2.3.3.2. Pacienti GBM IDH wild type lé¢eni chemoradioterapii

Multivariatni analyza odhalila signifikantni spojitost mezi pohlavim a preZitim u pacientl lé¢enych
chemoradioterapii. Muzské pohlavi, Karnofského skére a vékova kategorie méli negativni dopad na
PFS (HR=1,9; p=0,046) a OS (HR =2,1; p = 0,03).

Vysoka exprese Ki67 byla spojena s kratsim OS (median = 7,9 mésicl vs. 15 mésicl pro nizkou expresi
Ki67; HR = 2,9, p = 0,005) a PFS (median = 4,4 mésice vs. 9,6 mésice pro nizkou expresi Ki67; HR = 4,5,
p =<0,001) ve skupiné lé¢ené chemoradioterapii. Stejny efekt byl pozorovan v pfipadé Coxova modelu
pro kategorizovany vék a Karnofského skére (HR(OS) = 3,2; p = 0,003; HR(PFS) = 4,8; p =< 0,001).

Dale méli pacienti s 22912.2 HCN kratsi PFS neZ pacienti s LCN (median = 6,1 mésicl vs. 9,7 mésicQ; p
= 0,006), coZ bylo potvzeno i multivariatni analyzou (HR = 4,8; p = 0,002). Multivariatni analyza
adjustovana pro vék a Karnofského skére navic prokazala vliv 22g12.2 HCN na kratsi OS (HR = 2,6; p =
0,033).

CCND1 HCN predikuje delsi PFS u skupiny pacientl Ié¢enych chemoradioterapii (median = 13,3 mésicl
vs. 6,9 mésicl u pacientl s CCND1 LCN; p = 0,015) a dale byl spojovan se snizenym relativnim rizikem
(HR =0,3; p=0,011). CCND1 HCN byl také spojen s delsim OS (median = 18,9 mésicl vs. 13,6 mésicl
pro pacienty s CCND1 LCN; p = 0,029), coz bylo i potvrzeno niz$im relativnim rizikem (HR = 0,3; p =
0,026).

19g13 HCN status byl spojen s delsim PFS (median = 8,9 mésicd vs. 5,5 mésicl pro pacienty s 19q13
LCN; p = 0,037) a nizSim relativnim rizikem (HR = 0,3; p = 0,025).

MDM2 HCN status byl signifikantné spojen s delSim PFS (median = 8,8 mésicu vs. 3,9 mésice u pacientl
s MDM2 LCN; p <0,001) a OS (median = 14,8 mésicQ vs. 5,2 u pacientdl s MDM2 LCN; p <0,001) ve
skupiné pacientl lé¢enych chemoradioterapii. Tento zavér byl potvrzen i multivariatni analyzou, kde
byla relativni rizika MDM_2 snizena jak u PFS (HR=0,1; p = 0,002) tak u OS (HR=0,1; p = 0,003).

Nakonec p53 HCN bylo signifikantné spojeno s delSim OS (medidn = 18,9 mésicl vs. 13,6 u pacientl s
p53 LCN; p = 0,032) ve skupiné pacientl Ié¢enych chemoradioterapii, avSak tento zavér nebyl potvrzen
multivaridtni analyzou. Mutivariatni analyza ale potvrdila moZné spojeni mezi RB1 HCN a PFS (HR = 2,8;
p = 0,026) u této skupiny pacientd.

2.3.3.3. Pacienti GBM IDH wild type léCeni radioterapii

Signifikanti sniZzeni OS bylo nalezeno u 1g HCN (median = 3,9 mésice vs. 8,9 mésicl u pacientl s 1q
LCN; p =0,022) i u PFS (median = 2,7 mésice vs. 4,6 mésicl u 1q LCN patients; p = 0,019) coZ potvrzuiji
i relativni rizika multivariatniho modelu u obou parametrd - OS (HR=2,7; p=0,022) a PFS(HR=4,2; p
=0,01) ve skupiné pacientl Ié¢enych radioterapii.
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22q12.2 HCN byl oznacen jako negativni prognosticky faktor PFS (medidn = 2,3 mésice vs. 3,6 u
pacientl s 22g12.2 LCN ; p = 0,042). Multivariatni model pro tento marker také potvrdil nizsi relativni
riziko (HR=2,4; p = 0,038).

BCR HCN ma prokazatelné vliv na kratsi OS (median = 5,3 mésicl vs. 8,5 mésicl u pacient s BCR LCN;
p = 0,039), coz bylo i potvrzeno multivariatni analyzou (HR = 2,4; p = 0,042).

RB1 HCN bylo spojeno s kratsim OS (median = 3,6 mésice vs. 6,9 u pacientl s RB1 LCN; p =0,012) a tato
spojitost byla potvrzena i odhadem relativniho rizika (HR = 3,8; p = 0,013).

2.3.3.4. Pacienti GBM IDH wt bez terapie

ProtoZe tato skupina pacientl bez 1éCby obsahovala pouze 24 subjektl, nékteré parametry nebylo
mozné vyhodnotit. | presto bylo v této skupiné muzské pohlavi spojeno s kratsSim PFS (median = 0,6
mésice vs. 1,7 mésice u Zen; p = 0,015), coZ bylo potvrzeno i vyssim odhadem relativnich rizik (HR =
5,7, p=0,02).

Status koufeni byl také spojen s kratSim PFS pacientd bez terapie (median = 0,7 vs. 1,8 mésice pro
nekuraky; p = 0,036), coz bohuzel multivariatni analyza nepotvrdila.

CCND1 HCN bylo spojeno s kratsim OS (median = 1,3 vs. 3,1 mésicl u pacientd s CCND1; p = 0,043) ve
skupiné nelécenych pacientd se zna¢né vyssim odhadem relativnich rizik (HR = 12,8; p = 0,049). Avsak
spolehlivost téchto vysledkl je limitovana nizkym pocétem pfipad.

2.3.3.5. Statistickd data celé kohorty GBM /DH wt

Pro zjisténi vlivu kazdého faktoru na OS popfipadé na PFS napfi¢ vSemi skupinami byl aplikovan Coxdv
model stratifikovany podle typu aplikované terapie a adjustovany pro kategorie véku a Karnofského
skore, vysledky jsou uvedeny v Tabulce 10. Vysledky odhalily vyssi odhad relativniho rizika pro muzské
pohlavi (HR = 1,6; p = 0,029). RB1 HCN se jevi jako negativni faktor jak pro OS (HR = 2,5; p = 0,003) tak
pro PFS (HR = 2,6; p = 0,006). CCND1 HCN bylo spojeno s nizsim HR (HR = 0,4; p = 0,034) a stejny efekt
byl pozorovan i u 19913 HCN (HR = 0,4; p = 0,012). Kratsi OS (HR=0,6; p = 0,024) a PFS (HR=0,6; p =
0,007) bylo pozorovano u pacientl s EGFRI HCN. Co se tyce efektu P53 HCN, doslo u téchto pacientd
ke zkraceni OS (HR =0,5; p =0,019) i PFS (HR =0,5; p = 0,02).

Tabulka 10: Vysledky stratifikovaného Coxova proporéniho modelu rizik pro OS resp. PFS pro vybrané klinické
faktory a molekularni markery adjustované pro kategorie Karnofského skére a véku. Pro kazdy model a kategorii
je uveden odhad relativnich rizik (bodovy odhad i 95% interval spolehlivosti) a p hodnota. Sloupec N predstavuje
pocet pacientl v kazdé hladiné faktoru u podskupin. Vysledky pro adjustované faktory nejsou uvedeny.

0S PFS
N HR (95%Cl) p-hodnota | N HR(95%CI)  p-hodnota
pohlavi F 52 45
M 80 1,4 (1; 2) 0,088 71 1,6(1;2,4) 0,029
lokalizace F 42 37
0 23 1(0,6;1,7) 0,953 21 1,1(0,6;1,9) 0,71
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P 24 1(0,6;1,7) 0,979 22 0,8(0,5;1,4) 0,446
T 37 0,9(0,5;1,4) 0,601 30 0,8(0,5;1,3) 0,319
jiné 6 09(04;21) 0,752 6 1,3(0,5;3,2) 0,528

koureni no 83 78
yes 49 1,3(0,9;1,9) 0,165 38 1,4(0,9;2,2) 0,106

MGMT metylovany 80 68
nemetylovany | 43 0,7 (0,5, 1) 0,079 40 0,8(0,6;1,3) 0,401

Ki-67 <=60 110 97
> 60 21 1,2(0,7; 2) 0,502 19 1,4(0,8;2,4) 0,214

1p36.3 <=2,13 84 77
>2,13 33 0,9(0,6;1,4) 0,623 25 1,1(0,7;1,7) 0,792

1q <=2,02 30 25
>2,02 57 1,2(0,7;1,9) 0,47 50 1,7(1;29) 0,056

EGFR1 <=3,39 57 52
> 3,39 56 0,6(0,4;0,9) 0,024 50 0,6(0,4;0,8) 0,007

CEP7 <=2,04 18 16
>2,04 89 1,1(0,6;1,8) 0,828 80 1,4(0,8;2,6) 0,244

BCR <=2,04 31 30
>2,04 54 1,6 (1; 2,6) 0.053 45 1,5(0,9; 2,5) 0,095

22q12.2 <=2,48 76 67
>2,48 20 1,7 (1; 2,8) 0,052 17 2,2(1,2;4,1) 0,009

9p21.3 <=1,86 32 28
>1,86 75 1,3(0,8; 2) 0,236 67 1,5(0,9;2,4) 0,091

RB1 <=2,26 93 85
>2,26 14  2,5(1,4;4,7) 0.003 11 2,6(1,3;5,2) 0,006

13g12.11 <=2,01 23 23
>2,01 59 1,5(0,9;2,6) 0,138 53 1,5(0,8;2,7) 0,165

p53 <=2,42 93 84
>2,42 21  0,5(0,3;0,9) 0,019 18 0,5(0,3;0,9) 0,02

MDM?2 <=1,97 9 9
> 1,97 101 0,6 (0,3;1,3) 0,186 89 0,5(0,3;1,1) 0,111

10p11.1 <=2,11 81 72
>2,11 16 0,8(0,4;1,5) 0,522 15 0,7(0,4;1,4) 0,337

19q13 <=1,83 10 10
>1,83 104 0,8(0,4;1,5) 0,465 90 0,4(0,2;0,8) 0,012

CCND1 <=2,48 81 74
>2,48 12 0,6(0,3;1,2) 0,178 11 0,4(0,2;0,9) 0,034
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Obrazek 10: Vysledky multivariatniho Coxova modelu proporcnich rizik pro OS u studovanych proménnych (vybrané klinické faktory a molekularni markery) ve
skupinach dle terapie, vyjadieno pomérem rizik (bod —bodovy odhad, Usecka koresponduje s 95 % intervalem spolehlivost; v pfipadé vétsiho intervalu je pouZzita
Sipka) pro kazdou hladinu uvedenych faktort. Referenéni kategorie je oznacena jako “(ref.)”. Kazdy faktor byl analyzovan v separdtnim modelu s adjustaci na
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kategorie véku a Karnofského skére. Signifikantni vysledky (p<0.05) jsou vyznaceny Cervené; teckovana linie oznacuje pomér rizik roven 1.

RT — radiotherapie; CHT+RT — chemoradiotherapie; F — Zeny; M — muzi; F — frontalni; O — okcipitalni; P — parietalni; T — temporalni; BCR — breakpoint cluster
region; EGFR1 —receptor epidermalniho rlstového faktoru 1; RB1 —retinoblastoma gene 1; TP53 - tumor protein P53; MDM2 — mouse double minute 2 homolog;

CCND1 - cyclin D1; MGMT - O6-metylguanin-DNA methyltransferaza.
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Obrazek 11: Vysledky multivariatniho Coxova modelu proporénich rizik pro PFS u studovanych proménnych (vybrané klinické faktory a molekularni
markery) ve skupindch dle terapie, vyjadfeno pomérem rizik (bod —bodovy odhad, Usecka koresponduje s 95 % intervalem spolehlivost; v pfipadé vétsiho
intervalu je pouZita Sipka) pro kazdou hladinu uvedenych faktor(. Referenéni kategorie je oznacena jako “(ref.)”. KaZdy faktor byl analyzovan
v separatnim modelu s adjustaci na kategorie véku a Karnofského skdre. Signifikantni vysledky (p<0.05) jsou vyznaceny Cervené; teckovana linie oznacuje
pomeér rizik roven 1.

RT — radioterapie; CHT+RT — chemoradioterapie; F — Zeny; M — muzi; F — frontalni; O — okcipitalni; P — parietalni; T — temporalni; BCR — breakpoint cluster
region; EGFR1 — receptor epidermalniho ristového faktoru 1; RB1 — retinoblastoma gene 1; TP53 - tumor protein P53; MDM2 — mouse double minute 2
homolog; CCND1 - cyclin D1; MGMT - O6-metylguanin-DNA methyltransferaza.

51



2.3.3.6. Shrnuti vysledk

Ve skupiné pacient( Ié¢enych radioterapii byly nalezeny vyrazné prognosticky negativni faktory pro OS
jakymi jsou 1g HCN, BCR HCN a RB1 HCN, co se tyée negativnich prognostickych faktorl PFS se jedna
0 1g HCN a 22g12.2 HCN.

Ve skupiné pacientl Ié¢enych chemoradioterapii bylo jako negativnimi klinickymi faktory oznaceno
muzské pohlavi, vysoké Karnofského skore, vyssi vék, vyssi exprese Ki67 a status 22g12.2 HCN. Naopak
genetické markery jako CCND1 HCN, 19q13 HCN, MDM2 HCN a P53 HCN byly potvrzeny jako pozitivni
markery jak OS tak PFS.

| pfes maly soubor pacientll bez terapie se zd4, Ze muzZské pohlavi, status koufeni a CCND1 HCN maji
negativni vliv na progndzu.

V pripadé celé kohorty pacientl byly oznaceny za negativni prognostické faktory muzské pohlavi, RB1
HCN a 22g12.2 HCN. Naopak status EGFR1 HCN, P53 HCN, CCND1 HCN a 19913 HCN se jevi jako
pozitivni prognostické faktory.

2.3.4. Diskuze

| pfes znacnou snahu odhalit molekularni podstatu GBM, zUstavaji role znamych klicovych gent a
molekuldrnich marker( nejasné 2#-24°, Pfedchozi studie se snazily najit rozdilné molekularni znaky u
difuznich gliomt a tim odhalit klinicky relevantni a funkéné rozdilné podskupiny GBM, které vsak
nenasly uplatnéni v klinické praxi®®®2**. Dal$im problémem jsou nejednoznaéné vlivy genetickych
aberaci uvedené napfic literaturou. Navic vétsina studii zahrnuje pacienty, ktefi podstoupili jak biopsii

tak resekcj?3%:2>>-2>8

, zatimco nase studie je zamérena pouze na pacienty s radikalni resekci. To by mélo
zredukovat heterogenitu a pomoci odhalit efekt specifickych genetickych faktor(. Analyza informaci
od pacientli s GBM naznacuje, Ze hlavnim dlvodem pro |é¢bu bez radioterapie byl Spatny neurologicky
status (KS < 60) po operaci. Indikace pro samotnou radioterapii a preruseni predbéziné
chemoradioterapie byl Spatny neurologicky status (KS = 60) po operaci a rychlé klinické zhorseni béhem
onkoterapie. Z dlvodu malé skupiny pacientll bez onkologické lé¢by (n=24) nebyla dostatecné

provedena multivariatni analyza a tudiz nebylo mozné spocitat odhad relativnich rizik pro OS a PFS.

Nejlepsi outcome pacient( s glioblastomem byl sledovan pfi agresivni multimodalni terapii zahrnujici
bezpeénou a maximalni resekci nasledovanou chemoradioterapii?*®. U studované kohorty byl kazdy
pacient s resekci znovu evaluovan pro urceni nejvhodné;jsi onkoterapie.

Pacienti s GBM bez onkologické |é¢by nebo léceni pouze radioterapii maji Spatnou progndzou a je u
nich pozorovén rychly rlst nddoru®®®. Na zdkladé nasi statistické analyzy bylo odhaleno pouze malé
mnozstvi pozitivnich prognostickych faktor( u skupiny bez onkoterapie. Proto jsme dospéli k zavéru,
je vhodné aplikovat adjuvantni terapii, kterd by zajistila zpomaleni progrese nadoru. | pro tyto pacienty
by bylo vhodné najit novou Iécebnou strategii.

Hlavni cilem vétsiny zvefejnénych studii o GBM bylo identifikovat klinicky relevantni biomarkery
s potencionalni aplikaci v klinické praxi jako tomu je pravé u IDH*'. Tato prace byla zaméfena na
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vybrané genetické markery u pacientd s GBM IDH wt a cilem bylo odhalit jejich vliv na vyvoj
onemocnéni a na lécbu.

CCND1 HCN se jevi jako jasny pozitivni marker pro OS a PFS ve skupiné pacientl IéCenych
chemoradioterapii, avsak opacny efekt byl pozorovan u pacientl bez chemoterapie i radioterapie. To
mlZe byt dano zvy$enou chemosenzitivitou u nador( s vy3si expresi tohoto genu?®. CCND1 gen

reguluje pfechod bunééného cyklu z G1 do S faze a je tedy zapojen do proliferace a diferenciace®,

Zvysena exprese MDM?2 blokuje aktivitu p53, coZ vede k nekontrolovatelné proliferaci a vzniku nadoru
mozku. Kupodivu z nasich vysledkl vyplyva, Zze amplifikace MDM2 méla pozitivni vliv na preZiti jak u
skupiny lé¢ené chemoradioterapii, tak u celé kohorty pacientl. Navic méla amplifikace P53 pozitivni
vliv na preziti ve skupiné vSech pacientl. Ztoho vyplyva, Ze je do gliomageneze zapojen velmi
komplexni proces zpétnovazebné smycky P53-MDM?2.

Napti¢ skupinami byl odhalen negativni vliv polyzomie oblasti 22q12.2 na PFS, coz by mohlo byt
predmétem pro dalsi analyzy. Negativni efekt ztrdty 22q na progresi gliomu byly uZz dfive

zdokumentovany 2627264

, a polyzomie oblasti 22g12.2 byla identifikovdna jako maligni komponenta u
gangliomu. Tato oblast obsahuje gen EWSRI1, ktery je spojen sEwingovym sarkomem, s

neuroektodermalnimi i dal$imi druhy nadorg26266,

Kodelece 1p/19q je znakem oligodendrogliomd s relativné dobrou progndézou. GBM jsou casto
charakterizovany navySsenym poétem chromozom( 1/19 i 19/20 a obé varianty jsou spojovany

267268 BohuZel tento efekt nebyl pozorovdn u nasi kohorty, coz muiZe byt

s lepSimi outcomy
pravdépodobné zplisobeno protikladnym efektem jinych genetickych aberaci s negativnim efektem na

progndzu jako je napfiklad amplifikace EGFR1%%°.

Studie zaloZené na pyrosekvenovani prokdzaly, Ze rozsahla metylace MGMT je spojena s delSim OS a
PFS u pacientd s GBM IDH wild type, coZ naznacuje moZny pozitivni efekt DNA alkylacnich
chemoterapeutik?’®2’, Studie provedenad Marchi et al. prokazala prodlouZeni OS a PFS ve spojitosti
s MGMT metylaci u pacientd, kterym byla provedena maximalni mozna resekce nasledovana
chemoradioterapii. Ackoli jsme pouzili stejny protokol molekularni analyzy, nepozorovali jsme tento
efekt u nasi kohorty GBM pacientll s totalni resekci nasledovanou chemoradioterapii v porovnani
s daldimi vySetfovanymi skupinami #’2. Status metylace MGMT nemél vliv na klinickou 1é¢bu u GBM
pacientU; Stuppuyv protokol je povaZovan za zlaty standard bez ohledu na metylaci MGMT.

Napfric literaturou neexistuji studie o GBM zahrnujici cut off hodnoty pro markery zahrnuté v nasi
studii. Z tohoto dlvodu byla zna¢na ¢ast této prace zaloZena na stanoveni LCN a HCN hodnot pro kazdy
marker, coz by mohlo poslouzit i v nasledujicich studiich z této oblasti.

Nase vysledky potvrdily prognostickou hodnotu klinickych faktord jako jsou vék, Karnofského skore,
koureni a pouZzité terapeutické modality. Jak naznacuji soucasné experimentalni studie, koureni maze
zpUsobit maligni zmény skrze indukci stimulace nikotinem. Napfi¢ literaturou byly vSak nalezeny velmi
rozporuplné vysledky®:273274, Vysledky nasi studie naznaduji negativni vliv koufeni spojeny s krat$im
OS a PFS ve skupiné vsech pacient(l. Kufaci byli v této skupiné prevainé muzi, coz mlze vysvétlit vliv
pohlavi na OS a PFS: muZi vykazovali kratsi preZiti nez Zeny. Tento efekt by si vsak zaslouZil blizsi
prozkoumani.
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Tato studie byla zamérena na cetnéjsi skupinu pacientd s GBM IDH wild type, ktefi maji velmi Spatnou
progndzu. Potvrdili jsme, ze IDH wild type glioblastomy jsou velmi heterogenni skupina a prokazali
jsme vliv molekuldrnich aberaci na preZiti. Ackoli je Stuppuv protokol bran jako standard
chemoradioterapeutického rezimu a je doporucovan pro vSechny pacienty s GBM [IDH wild type,
optimalni terapeutickd strategie je doposud vyzvou. Pro vyvoj efektivni personalizované lécebné
strategie pro pacienty s GBM je potieba pochopit jak urcité biomarkery predikuji odpovéd na lécbu a

jaky maji vliv na outcome pacient(?4%:253:254.275,

2.3.5. Zavér

Velké mnoiZstvi studii je zaméfeno na prognostické faktory u pacientd s/DH mutovanym
glioblastomem, ktery je charakterizovan lepsi progndzou; IDH wild type varianta s vyssi Cetnosti a vyssi
umrtnosti zGstavd opomijena. Pfedmétem nasi studie byli pacienti s IDH wild type glioblastomem
lé&eni za poslednich 15 let a jejichZ IDH status byl vySetfen dle doporuéeni WHO z roku 201647,
Lécebna strategie u této kohorty pacient byla maximalni radikalni a bezpecna resekce nasledovana
v moznych ptipadech onkoterapii. IDH wild type gliomy byly tradi¢né povazovédny za homogenni a
nepfiznivy histologicky podtyp s omezenou odpovédi na onkoterapii, kde je preferovan nihilisticky
management lécby. Avsak klinicky outcome pacientl s timto typem difuzniho gliomu je ve skuteénosti
charakterizovan obrovskou heterogenitou. Skupina IDH wild type glioblastomU s nejhorsi prognézou
byla charakterizovana absenci pozitivnich prognostickych faktor(i a prudkym ristem nadoru. Pacienti
spadajici do této skupiny byli éceni pouze radioterapii nebo byli pouze sledovani. Cilem nasi studie
bylo nalézt klinicky a biologicky relevantni prognostické faktory pro IDH wild type glioblastomy a
odhalit biologické mechanizmy vysvétlujici jaky maji tyto faktory vliv na progndézu a identifikovat
klinicky relevantni podskupiny. Znalost téchto faktoru a jejich dopadu na prognézu by mohla usnadnit
rozhodovani o tom, jak agresivni by méla byt onkologicka strategie pro daného pacienta a zda je mimo
to pripadné vyzadovana reoperace. Prezentované vysledky specifickych molekularnich markerd ve
vztahu k preZiti v této kohorté predstavuji prvni krok k personalizaci |écby pacient( s IDH wild type
GBM.

2.3.6. Podil autora dizertacni prace na daném tématu

Uvedena studie je publikovana v ¢asopise Current Oncology pod ndzvem The influence of gene
aberrations on survival in resected IDH wildtype glioblastoma patients: a single-institution study (viz
Prilohy). Autorka se podilela na designu a koordinaci studie véetné provedeni vySettfeni vzorkd pomoci
sekvenovani a FISH. Zpracovala vysledky a nasledné rukopis studie.
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3. Souhrn

Od roku 2016 jsou mutace IDH1/2 klicovym parametrem v uréovani diagndzy, progndzy a lé¢ebného
rezimu u difaznich astrocytarnich a oligodendroglidlnich nadortd. Soucasny postup stanoveni téchto
mutaci vychazi z imunohistochemického vysetfeni pomoci protilaty na prikaz pfitomnosti nejcasté;jsi
varianty IDH1 R132H citajici 90 %. Zbylych 10 % pfipada na raritni varianty, které jsou dle WHO
vySetfovany sekvenovanim. Toto vySetfeni se doporucuje v pfipadé negativniho vysledku IHC /DH
R132H a za podminky, Ze neni pacient starsi 55 let. Nad tuto vékovou hranici je frekvence mutaci
uvadéna pouze okolo 1 % a finan¢ni nakladovost metod k takto nizkému zachytu je neimérné vysoka.

V prvni ¢asti byla retrospektivné vySetfena skupina pacientll s gliomem (n = 275), ktefi podstoupili
chirurgické odstranéni nadoru. Cetnost varianty mutace /IDH1 R132H byla v nasi studii 91 %. Mira shody
metod sekvenovani a IHC byla spocitana na 94 % (60/64). Kromé zminované varianty R132H byly
vysetieny raritni varianty v€etné R132C (zachyt 3 % v nasi studii), R132S (1 %) a R132G a R132L (v nasi
praci nebyla detekovana). Varianty IDH2 jsou méné casté, pricemz R172K byla pozorovadna u 3 %
pacientl s gliomem, R172M (1 %), R172W (v nasi studii nebyla nalezena) a R172S (v nasi studii nebyla
nalezena). V této studii byla prokdzana shoda s jiz dfive publikovanymi vysledky ¢etnosti a frekvence
jednotlivych variant mutaci IDH u gliomU. Ziskané vysledky potvrzuji, Ze je vhodné doplnit standardni
IHC vysetieni o sekvenovani a tak zamezit riziku falesné negativnich vzorkt. Celkové naklady fast IDH
kitu vychazi az o polovinu levnéji oproti NexteraXT a zaroven dochazi ke znacnému zkrdceni doby
zpracovéni vzorku. Cim? byl zpochybnén model publikovany DeWitt z roku 2017%, ktery je zaloZen na
nakladech za NGS ¢itajicich 1800 USD (~ 1500 eur) za vzorek. Z dlivodu znaéného snizeni ndkladd na
NGS vysetieni doporucujeme analyzovani i glidlnich nador( pacientd starsich 55 let a postupné by
mohla tato metoda zcela nahradit imunohistochemické vysetieni.

Druha ¢ast byla zamérena na supratentorialni GBM IDH wild type u dospélych pacientl (N = 132), ktefi
podstoupili resekci a onkoterapii v obdobi mezi cervnem 2006 a ¢ervnem 2015. Pacienti byli rozdéleni
do tfi skupin na zakladé Ié¢ebného rezimu: bez terapie, |éCeni radioterapii a [éCeni chemoradioterapii.
Spolu s molekularné cytogenetickymi charakteristikami, byly ziskany i klinické informace pacientl a
tato data byla statisticky zpracovdna. Ve skupiné pacientu Ié¢enych radioterapii byly nalezeny vyrazné
prognosticky negativni faktory pro OS jakymi jsou 1q HCN, BCR HCN a RB1 HCN, co se tyce negativnich
prognostickych faktor(l PFS se jedna o 1g HCN a 22g12.2 HCN. Ve skupiné pacientl Ié¢enych
chemoradioterapii bylo jako negativnimi klinickymi faktory oznaceno muiské pohlavi, vysoké
Karnofského skdre, vyssi vék, vyssi exprese Ki67 a status 22q12.2 HCN. Naopak genetické markery jako
CCND1 HCN, 19913 HCN, MDM2 HCN a P53 HCN byly potvrzeny jako pozitivni markery jak OS, tak PFS.
| pres maly soubor pacientll bez terapie se zd4, Ze muzské pohlavi, status koufeni a CCND1 HCN maji
negativni vliv na progndzu. V pripadé celé kohorty pacientll byly oznaceny za negativni prognostické
faktory muzské pohlavi, RB1 HCN a 22g12.2 HCN. Naopak status EGFR1 HCN, P53 HCN, CCND1 HCN a
19913 HCN se jevi jako pozitivni prognostické faktory.
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4. Summary

Since 2016, IDH1/2 mutations have been a key parameter for the diagnosis, prognosis and treatment
regimen of diffuse astrocyte and oligodendroglial tumors. The current procedure for examination of
these mutations is based on immunohistochemical analysis with an antibody to determine the
presence of the most common variant of IDH1 R132H, which is counting about 90 %. The remaining
10 % are rare variants, which are according to the WHO investigated by sequencing. This procedure is
recommended in case of a negative result of IHC IDH R132H in patients younger than 55 years. Above
this age limit, the frequency of mutations is reported to be only around 1 %, and the financial cost of
methods for such low detection is disproportionately high.

In the first part, a group of patients with glioma (n =275) who underwent surgical removal of the tumor
was retrospectively examined. The frequency of the IDH1 R132H mutation variant in our study was
91 %. The concordance rate of the sequencing and IHC method was 94 % (60/64). In addition to the
mentioned variant R132H, rare variants were examined including R132C (in the studied population, it
was 3 %), R132S (1 %) and R132G and R132L (were not detected in our work). IDH2 variants are less
common, with R172K being observed in 3 % of glioma patients, R172M (1 %), R172W (not found in our
cohort) and R172S (not found in our cohort). Our data agree with the previously reported stratification
and frequency of IDH mutations in gliomas. The obtained results confirm that it is appropriate to
supplement the standard IHC examination with sequencing and thus avoid the risk of false negative
samples. The total cost of the fast IDH kit is up to half cheaper than NexteraXT and furthermore the
sample processing time is significantly reduced. This finding deconstructs the model published by
DeWitt in 2017%7, which is based on an NGS cost of $ 1,800 (~ € 1,500) per sample. Due to the significant
reduction in the cost of NGS examination, we recommend this analysis of glioma tumors in patients
older than 55 years, and finally this method could completely replace immunohistochemical
examination.

The second part was focused on adult supratentorial IDH wt GBM patients who underwent resection
and oncotherapy between June 2006 and June 2015 (n = 132). Patients were divided into three groups
according to the treamet régime: with no therapy, treated by radiotherapy and treated with
chemradiotherapy. Along with molecular cytogenetic characteristics the klinical data were obtained
and statistically analyzed. The group with only radiotherapy: Strong negative prognostic factors of OS
such as 1q HCN, BCR HCN, and RB1 HCN were confirmed in this group and, furthermore 1q HCN and
22g12.2 HCN was found to be a significant negative prognostic factor of PFS. The group with
chemoradiotherapy: Negative clinical factors in the chemoradio-therapy group were male gender, high
Karnofsky score, older age, higher expression of Ki67, and 22q12.2 HCN status. On the other hand,
genetic markers such as CCND1 HCN, 19913 HCN, MDM2 HCN, and p53 HCN indicate a positive
influence on both OS and PFS in the chemoradiotherapy group. The group with no therapy: Although
the group of patients comprised only a small number of participants, male gender, smoking status, and
CCND1 HCN were marked as negative prognostic factors in this group. All patient cohort: Male gender,
RB1 HCN, and 22q12.2 were confirmed to be nega-tive prognostic markers in the group of all patients.
On the contrary, EGFR1 HCN, p53 HCN, CCND1 HCN, and 19913 HCN were positive prognostic factors.
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Seznam zkratek
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MAPK
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Ataxia Telangiectasia Mutated

Ataxia Telangiectasia Mutated
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d-2-hydroxyglutarat

Death-Associated Protein 6
deoxyribonukleova kyselina

epidermalni rlstovy faktor

receptor epidermalniho ristového faktoru
delece exonli 2-7 u EGFR

Federal Drug Administration

Formalin Fixed Paraffin Embedded

Fluid Attenuated Inversion Recovery
funkéni magneticka rezonance
Far-Upstream Binding Protein 1
glioblastom

mutace histonu H3, zaména lyzinu 27 za mehionin
hypoxii indukovany faktor

hydroxylovany HIF

herpes simplex virus

chemoterapie

chemoradioterapie
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kombinace prokarbazinu, lomustinu a vinkristinu
pozitronova emisni tomografie

pozitronova emisni tomografie s rentgenovou vypocetni tomografii
polymerdzova fetézova reakce

Platelet Derived Growth Factor Receptor

prolyl hydroxylazova doména enzymu HIF
Phosphatase and Tensin Homologue

Cyclin Dependent Kinase Inhibitor 2A

Cyclin Dependent Kinase Inhibitor 2A

Tumor Protein P53

phosphatidylinositol 3-kinase

PMS1 Homolog 2, Mismatch Repair Protein
protinddorova terapeutika

Retinoblastoma 1

RELA protoonkogen, podjednotka NF-KB
Retinoic Acid Inducible Skin-Specific Gene Transcript
radioterapie

tyrosin kindzovy receptor

Single Nucleotide Polymorhism

trikarboxylové kyseliny

Telomerase Reverse Transcriptase

Ten-Eleven Translocation Methylcytosine Dioxygenaza
Transforming Growth Factor

Tumor Protein P53

Tuberous Sclerosis Protein 1/2

frakce alelové varianty/variant allele fraction
receptor vaskularniho endotelidlniho rlistového faktoru
Von Hippel Lindau

World Health Organization

wild type

a-ketoglutarat
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IDH1 /2 Mutations in Patients With Diffuse
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Alstract: Patients below 55 years were genetically studid be-
cause the prevalence of socitrate dehydrogenase 1 (/DH ) de-
cresses in okler patients and on grounds of coil-effectiveness, =
sugeested by the World Health Organization (WHO) in 2016,
The am of cur study was 1o e novel massively parallel se-
quencing {MPS) approaches © examine rare vanants of IDHI2
in Czech diffuse astrocy e and oligodend rog sl tumors (ghomas)
patents  below S5 years of ape who had been im-
munchistochemxally (IHC) diagnosed & [DH1 R132H neg-
ative. The THC IDHI status (wikl type or mutant) of 275 tssue
samples was analyzed psing antibodies against the IDH1 R132H
prokin. Sixly-three samples of 55 years okl patkents with THC
IDH1 WT stats were genotypal using two different MPS
lechnologies 1o detect rare D8 [ and IDH2 vananis. The tered
ITHC (60 positive) and molecuar (10 positive) approach thus
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revealed that 70 of the 275 samples Q5%) bore IDHIIDH2
mutations. The combined mokcular and [HC approach thus
reveadad that N0 of the 275 samphes 25% ) considenad in the study
bore IDH ITDH2 mutations. IHC detection of the IDH1 R132H
variant shoukd be routindy complmented with MPS 10 detect
rare IDHI2 varants in ghonm patients below 55 years of age
with negative IHC result of IDH R132H vanant.

Key Warde [DH1, IDH2, fis1 sequenang, inmunohilochemistry,
diffuse gliomas

(Appl Inemohistochem Mol Morpho! 202 100:000-000)

he World Health Organization { WHO) has historically
classified tumors of the central nervows system (CNS)
based on their histologic features. In 2016, the WHO in-
corporated selcted molkecular parameters' ¥ into the tumor
classification system, improving diagnosis and patient care.
In particular, the wse of genetic markers (IDHI2, ATRX,
TP33, and the 1pV19q co-deletion) as diagnostic took has led
to the development of robust and reproducible algorithms
that predict patients’ survival better than histology alone.
In 2008, exome sequencing studies on glioblastomas
wentified missense mutations in isocitrate dehydrogenase |
(IDHI1)} a Krebs cyclke gene. This kd to the elucidation of
common genetic alterations during early formative stages of
progressive  gliomas and secondary glioblastomas, sig-
nificantly improving the understanding and classification of
giomas. IDHI and 2 are imponant in cellular prooesses
such as the response to glucose, glutamine metabolism,
lipogenesis, and the regulation of cellular redox status®
Under normal conditions, the IDH enzyme catalyzes the
conversion of Bocitmte to  a-ketoglutarate by  de-
carboxylation. The residues of IDHI1 and 1DH2 maost fre-
quently mutated in glomas are Angl32 and Angl72,
respactively. Mutations of these residues induce neomorphic
enzyme activity: instead of the wikd type activity, the mu-
tated proteins catalyze the reduction of a-ketoglutamte into
the oncometabolite D-2-hydroxyglutate. The abermnt
production of D-2-hydroxyglutate leads to a cellular state of
malignant transformation involving both epigenetic ¢ hanges
and aberrant differentiation.® The presence of IDH1/2 mu-
tations was identified as a marker of survival,’® and these

wwew.ap pledimmunohist.com | 1
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mutations have bacome critical diagnostic tools that are
used to guide clinical decision making mlating 1o glionrms1

The incidence of IDHI mutations in ghoblastomas is
~ 129 but studies on grade 11 to 11l gliomas and sooondaa
glioblastomas found these mutations in ~20%% of samples.”
IDH2 mutations are Jess common and are mutually exclusive
with IDHI mutations."*™ All IDHI and IDIP mutations
observed in glhoblastomas are single amino acid missense
mutations at arginine 132 (R132) or the analogows arginine
172 (RI‘IZJ, rmpommly The maost fraquem variant, IDHI
R132H, is found in over 85% of gbomss' and features a
heterozygous missense mutation of arginine to  histidine
(CGT—CAT) This mutation changes the enzyme's acmcsnc
reducing its catalytic activity and its affinity for isocitrate. ™

The detection of RI32 and RI72 variants has im-
plications for glioma diagnosis, 7 progosis' ¥ and potentially
treatment.'*2? However, the only vanant that can be detected
by mmunohistochemistry {(IHC) 5 1DHI1 R132H; the other
vanants are currently detected by follow-up genetic sequencing
using Sanger or next-generation technology * On the basis of
studies examining the effects of vanables such as patient age,
tumor grade, and IDHI RI32H IHC, the WHO recom-
mendad in 2016 that only glioma patients below 55 years of
age should undergo sequencing for mre JDHI] mutations fol-
lowing a negative IDHI R132H 1HC amlysns““‘Scmcmng
for IDH mutations has thus become a key dmgmsuc toal for
brain tumors but is not cost-eflective for all patients**

Since the IDH mutations statws is crucial for diag-
nostic algorithm for integrated classification of diffuse as-
trocytie and oligodendroglial tumors, the revelations true
paositive/negative samples s a necessity these days. Qur aim
was 1o reveal samples by massively pamllel sequencing
{MPS) approaches that were signed as fake negu've sam-
ples by the IHC methodology and if' there is a space for
reduction of expenses andfor increasing the efficiency of
genotyping when using diflerent approaches of next-gen-
emtion sequencing {NGS) methodology. Our fast IDH
method is suitable for genotyping of known hotspots for
somatic mutations with concordant results validated by the
commercially available kit {Nextera XT kit, Hlumina).

MATERIAL AND METHODS

Study Group and Tissue Specimens

The study cohort consisted of 275 patients with glio-
mas who had undergone surgical intervention at the De-
partment of Neurosurgery in Olomowce between the years
2011 and 2017. Formalin-fixed paraffinembedded (FFPE)
sample was collected from each participating patient, and all
samples included in the study were validated by a patholo-
gist experienced with CNS tumors.

IHC

The 1 to 2pm thik tissue sections were pretreated
using the system PT Link (Agikent) at 97°C, pH? for 20 mi-
nutes 1o ensure epitope retrieval. Hydrogen peroxide was
used to black endogenous peroxidase activity. The sections
were subsequently treated for with primary antibody, Anti-
IDHI RI32H, clone HO? {Dianova, Hamburg, Germany),
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dilution 1 @ 100 for X) minutes at om temperature. En-
Vision Flex+, Mouwse, High pH (Agilent DAKO) was used
to amplify the signal of pimary antibody. After the appli-
cation of the secondary antibody EnVision, FlexwHRP
{Agilent DAKOQ) for 20 minutes, the reaction was finally
visualized ising DAB+ Substmte Chromogen System { Agi-
lent DAKO).

Fluorescence In Situ Hybridization (FISH)

The 1p19q gene co-deletion was detected by FISH,
which was performed in accordance with the manu-
facturer’s protocol for FFPE tissue sections {IntellMed
Lid., Olomowe, Czech Republic). The Jocus-specific iden-
tifiers 1p36.3 and 19913 were wsed for chromosome copy
number enumeration. At least 13 nonoverdapping nucki
were sekected for asessment in each sample vsing fluo-
TESCence MTosScopy.

IDH1 and IDH2 Genotyping by Next-Generation
Sequencing

The protocok used for DNA extraction from FFPE
tsspe sections and JDHJ RI32 and IDH2 RIT2 geno-
typing are provided in the supplementary matenal and
methods (Supplkemental Digital Content 1, http//links.
Iww.com/AIMM/A328). Two NGS-based methods were
used to increase the reliability of the results. Also, the
genotyping was repeated in case of discordant results by 2
methods. Briefly, the first commercial method included
amplification of specific regions and preparation of library
using tagmentation (Nextera XT kit, Hlumina). The sec-
ond Fast method included multiplex amplification com-
priing IDHI and IDH2 reactions with specific primers
containing overhangs required for sequencing and this
process & followed by amplicon purification. These pn-
mers ensures skipping the process of tagmentation and
indexing resulting in substantial time-saving.

RESULTS

IHC

A total of 275 patient {mean age=60.2y) samples
were histologically evaluated by the pathologist according
to the 2016 CNS WHO recommendations by the pathol
ogist, therefrom 11 samples were unabk 1o be IHC ex-
amined for IDH R132H (Table 1).° The samples were then
subdivided according to IHC RI32H positivity (mutated)
or negativity (WT). The data were stratified by tumor
subtype; R132H immunoreactivity was observed in 60 of
275 samples (22%).

FISH

No generally accepted cut-ofl values suitable for ana-
Iytical validation of Ip or 19 deletions detection in oligo-
dendroglioma have been reported” therefore we set the
cut-offat 2004 of nuclei harboring only 1 copy. FISH analysis
indicated the presence of the 1p/19q co-deketion in 6 of 8 IHC
R132H positive samples, one sample could not be repeatedly
analyzed probably because of tissue processing ermror.

Copyright %9 2021 The Author(s). Publihed hy Wolters Kiuower Health, Inc.
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TABLE 1. Hstologic Subtypes of Diffuse Gliomas included in Our Single Center Study Conducted Between 2011 and 2017,

Showing Subgroup Characteristics

Dia goosis Cir ade N/Total (%) MF Age Mean/R ange (v)

IHCADH RIZ2HWT
Oligadend roghoma 1 10 (1) o 93
1p/i9q coeleted 0 0 -
Anaplista ol igodendroghoma i 12 (A32%) 2 S oAy
Diffuse astrocytoma 1} LTMO (42.3%) owr 420 22RTAL)
Amplisti astrocytoma 1 18 (629%) LR &40 A12E810)
Ghoblistorm v LEULTS 9Lr%) HITES 618 217.84.3)

IHCADH RIAZH muotaked
O kgodend roghoma 1 &1 493 (AL1.T20)
1pliSg cokeleted 42 51T (MLTI0)
Amaplsty ol igodendroghoma 1 y3 496 ALLEST)
Diffuse astrocvioma 1l iz 423 2L LTOR)
Anaplista astrocytoma i L By M 400 2T4.56.7)
Ghoblistorm v 12078 (6.7%) 75 479 (AX8.752)

Fadicae foule M, mak. W wid 1ype.

Sequencing of IHC IDH1 WT Patients Below 55
Years of Age

To maximize cost-effectiveness rising from low
prevalence of JDH mutations in patients 55 years or
above,™ only tumors from patients under the age of 55
with WT IDHI according to IHC {n=63) were se-
quenced (Table 2).

The sequencing results indicated that 10 of the 63
samples (16%) were either JIDHI R132 or IDH2 R172
mutated. The 2 sequencing methods gave consistent re-
sults for all 10 pesitive samples; 2 samples could not be
successfully amalyzed by at least | of the methods
(Table 3). As expected, we detected rare mutations in
IDH I {R132S and R132C were present in 3 samples). In
addition, 3 samples were found to carry rare [DH2
mutations in codon 172 that were not detectable by IHC.
Surprisingly, 4 samples were genotyped as being /DI
R132H positive even though the IHC data indicated that
all samples chosen for sequencing contained only WT
IDH. Two samples could not be analyzed becawse of low
input DNA quality and poor PCR amplification of
targeted regions. Furthermore | sample of 11 that could
not be IHC analyzed and fulfilled the age cnteria was
unequivocally signed as IDH R132H mutated (Table 3,
case No. &),

Quality Control of Sequencing Assay

The typical NGS assays consist of > 30 PCR ccles that
include more than biliondold amplification of targeted DNA
segments followed by mumipulation of ampheons, leading 10
concem for amplicon contamination and repeatability of re-
sults. In Table 4 we present the results analysis or different
types of controls for fast JDH. To increase the contamination
pessihility, we mnked samples for processing using regular
altemation pattern (wt or negative altemating with DI}
RI132H mutation positive) as shown in Table 4. For negative
control we wsed heavily fragmented { < 100 bp) low amount of
IDNA {~1 ngjuL) isolated from hlood of donor, or no template
controls where no template was added, however, base calling
and data procesing were handled as wsual. We did not
ohserved any contamination as wi samples contained 0.17%
of variant ¢395G > A (n=6), which is expacted ovemll emror
rate cawsed by library preparation followed by Hlumina hased
sequencing > For no templatefagmented DNA we observed
onaverage less than one ¢.39%5G > A variant bearing read and
3¢395G > A reads were observed at maximum (n= 12). This
would translake in <0.3% contamination when assuming 1(XX)
or more reads are required for the procesing. Also we
ohserved high repeatability and reproducibility of ¢395G > A
containing sample. VAF was equal to 32.1% £ 0.6 (n=8,
average £ SD)

TABLE 2. Characterstics of Patients Aged 55 Years or Below Selected for Sequencing to Detect IDf Mutations in Codons 132

and 172
Diagoosis Grade MF Age Mean/Range (v) Mutated /D H Codoms R132 and 172 /Total
Olgodend raghoma 1l (L) 9 ) (0rgy
1p/19g codelered 0 0
Amplistic of ggockendro ghoma 11 2 46 (A4 26N
Diffuse astrocytoma 1 88 15 (2043 A0 (&0ny
Amaplsti astrocytoma m 42 41 (1L44) 26(22%
Ghoblastoma " 21T 48 (24.55) 243 (3

F imdioaes feude IDH M. sule

Capyright © X022 The Author( s;. Published by Wolers Kbover Health Inc
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TABLE 3. Patient Characteristics and Genoty ping Results Obtained Using the FastiDH Method and the Nextera XT Library Prep Kit

WHO TDH Nexwera IDH Fast
Case Na. Age (v) Sex Side Location Sabtype Grade Variant MAF, % Variant MAF, %
1 E3) F  Right Frontal Amaphstc dendroghoma i 1OH2RITZK % 1OH2RIT2K 48
2 n M Left  Frontal Diffuse (fibrilkir} astrocytoma 1 1OH2 RITIM 9 1OH2 RIT2M 46
1 12 M Lot Frontal Diffuse (fibrillar} astrocytoma 1 10N RIXXC “ 1OH! RIXXC 13
4 1 F  Left Frontal Amphstc astrocytom m 1OH! RIZXC o4 1OH! RIXXC 45
5 1 F  Left  Frontal Diffuse (fibrillir) astrocytoma 1 1DH! RIS 13 1DH) RIS u
6 n F  Left  Frontal Diffuse (fibrillir) astrocytama 1 1OHI RO2H n 1DH1 RIZZH ol
7 a3 M Left Temporal Diffuse astrocytoma 1 10H! RI2H 15 1OH! RIZZH 13
g 8 M Lot Temporal Diffuse (gemistocytar) 1l 1OH! RI2H 26 1OH! RIX2H k-
astracytama
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1DH1/2 Mutations in Patients With Diffuse Gliomas

DISCUSSION

The integration of phenotypic and genotypic parameiers
in the classification of CNS tumors has improved diagnosss.
The frequency of the DI R132H vanant & reported to be
~O0% (it was 91% in our stiudied population), and this mutant
can be detected by IHC > IHC detection of the IDHI R132H
vanant was performed wsing the DIA-HO9 antibody, for which
the expected true positive mte & 8% 1o 9994, I we assume
that all samples found to be IDHI RI132H positive by 1HC
would ako be IDHI R132H pasitive by sequencing, the con-
cordance rate of the sequencing and IHC methods would be
94% (6M64) A number of other IDIH] vanants are known,
incleding R132C (whose frequency in glioma patients i re-
portedly around 3% in the studied population, it was 3%4),
R 1328 {frequency in this work: 1%} and R 132G and RI32L
(whose reported frequencies are both around 1% neither was
detected in this work) JDH2 vanants are less common, with
R 172K being observed in 3% of glioma patients (3% in our
study) RI72M (1% inour study) R172W {none in our study)
and RIT2S {none in our study) having frequencies of ~ 1%
each.® Our data agree with the previowsly reported strat-
ification and frequency of IDJH mutations in gliomas.

IDH] siatus determination is crucial for diagnosis
and selecting an appropriate treatment strategy. Typically,
the first step in treating a glioma is to perform the safest
radical resection that will provide enough tumor tissue for
reliable diagnosis. Regardless of tumor grade, any gioma
expressing wild type IDH should be regarded as a glio-
blastoma and treated with aggressive chemoradiotherapy
according to the Stupp protocol. The treatment of gliomas
expressing mutated vanations of JD I should be guided by
the presentation of clinical and molecular features. For
radically resected low-gmde tumors exhibiting both the
1p/19 co-deletion and an DM mutation, one might even
consider omitting oncotherapy altogether and simply
recommend watchiul follow-up.”

As noted above, accurate determination of IDH
status is vital for selecting eflective treatment strategies for
diffise glioma patients and thus for their prognosis. The
financial burden of diagnosing gliomas is increasing be-
cause of the multitude and complexity of cument labo-
ratory methods. WHO recommends testing all IDH
negative samples from patients below 55 years old, in our
study it was 63 patients of 275 {23%). %0). IHC was ana-
Iytically false negative for IDH]1 R132H in 4 specimens,
and an additional 6 spacimens had clinical false negative
IHC by virtee of alternate JDI{1/2 mutations. The data
validate the notion that while IHC is the standard method
for detecting IDH, genetic sequencing should also be wsed
to confirm negative IHC results and minimize the risk of
fake negatives. Using 2 different molecular approaches,
this work confirmed the high incidence of IDHI vanants
in glioma patients below 35 years old.

The IHC determination of /DI RI132H mutation
failed in 11275 (4)4) samples included in our cobon. This
failure might be cawsed by laboratory emors or possible
inadequate tissue handling. Therefore, second step control
incompomting sequencing is fundamental for crucial genes
involved in the mokcular-histologic definition of gliomas.

Capyright © X022 The Author( s;. Published by Wolers Kbover Health Inc
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This 2-step procedure coukd be applied also for other genes
examined in gliomas like alpha-thalassemia/mental re-
tardation syndrome X-linked { ATRX) or telomerase reverse
transcriptase (TERT).

Alfter recent classification of tumors of the CNS and
the development of MPS techniques, itstarts to be feasible
to use a glioma-tailored customized gene zPencls for un-
derstanding the molecular hackground. ™ In our work,
we showed that precision medicine information & in-
creased even by testing JDHI and IDH2? genes only. Qur
homemade Fast IDH MPS method shows concordant
results as Nextera XT hased method. For library prepa-
ration FAST IDH includes just | step (PCR amplification
with punfication, ~3 hin total) in contrast to Nextera XT
method (1. PCR amplification with punfication, 2. tag-
mentation and 3. indexing PCR amplification with puri-
fication, ~7 h in total) and the likelihood of the technical
error & and hands-on time thus reduced. Ovemll Fast
IDH method provides higher cost efliciency bacawse of
faster sample processing and will be licenced toa com pany
to be available world-wide. Becawse of the high cost of
sequencing chemistry we used in our labomtory the
smallest flow-cell (MISEQ nano) with pricing 3% to 500
eurcs 1o achieve cost efficiency of the method. Usually in
routine diagnostics 2 to 4 samples for JDH1/2 genotyping
are sequenced in each run {once a weesk or every second
week). Therefore it & necessary to combine JDHI/2 se-
quencing with other sequencing genotyping methods such
as KRAS, NRAS, BRAF (colon cancer), EGFR and
BRAF (lung cancer), or BRCA1/2 {ovarian cancer). When
sequencing 16 samples, the cost sequencing is around 30
eurcs per sample for both methods. About 15 eures per
sample (half of total costs) includes library preparation,
work cost along with running costs. Library preparation
using Nextera XT costs around 50 euro per sample. When
the fastiDH kit is commercially available, expected costs
per sample are 30 to 60 eurcs. Total cost of IDH 12 se-
quencing would nowadays thus be about or even under
100 euro. This opens the question over the cumrent validity
of the model published by DeWitt in 2017 which is hased
on 1800 USD {~1500 euros) as NGS costs. Although it
might sound controversial, we assume that nowadays even
tumors of patients over 55 years should be analyzed by
MPS and gradually NGS could replace IDH IHC entirely.
This data suggests that more than two-thirds of costs are
saved and less common mutations and fake negatives are
revealed with propriate efficacy. Limitation of our work is
that we did not sequenced IHC wisamples of patients over
55 to see if there are any noncanonical or fake negative
samples.

CONCLUSION
The correct identification of diffuse gliomas & crucial
for identifying appropriate tailored therapies. Gliomas are
classified wsing the 2016 WHO system, which i based on the
presence of validated biomarkers including IDH mutations
and the 119 co-deletion. We have shown that mre variants
of IDH12 occur in patients with CNS tumors, corroborating

wwww.ap phedimmunochist.com | 3
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previous findings. Our labomtory performs DNA sequencing
of tumors identified as IDHI-negative by IHC in patients
below 55 years old, and we recommend this approach to
other laboratories interesied in precise molecular diagnostics.
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Abstract: This prospective population-based study on a group of 132 resected IDH-wildtype (IDH-
wt) glioblastoma (GBM) patients assesses the prognostic and predictive value of selected genetic
biomarkers and clinical factors for GBM as well as the dependence of these values on the applied
therapeutic modalities. The patients were treated in our hospital between June 2006 and June 2015.
Clinical data and tumor samples were analyzed to determine the frequencies of TP53, MDM2, EGFR,
RB1, BCR, and CCNDI1 gene aberrations and the duplication/deletion statuses of the 9p21.3, 1p36.3,
19q13.32, and 10p11.1 chromosome regions. Cut-off values distinguishing low (LCN) and high (HCN)
copy number status for each marker were defined. Additionally, MGMT promoter methylation and
IDH1/2 mutation status were investigated retrospectively. Young age, female gender, Karnofsky
scores (KS) above 80, chemoradiotherapy, TP53 HCN, and CCND1 HCN were identified as positive
prognostic factors, and smoking was identified as a negative prognostic factor. Cox proportional
regression models of the chemoradiotherapy patient group revealed TP53 HCN and CCND1 HCN to
be positive prognostic factors for both progression-free survival and overall survival. These results
confirmed the influence of key clinical factors (age, KS, adjuvant oncotherapy, and smoking) on
survival in GBM IDH-wt patients and demonstrated the prognostic and /or predictive importance of
CCND1, MDM2, and 22q12.2 aberrations.

Keywords: glioblastoma; biomarkers; multimodal therapy

1. Introduction

Glioblastoma (GBM) is a highly invasive tumor type that is not amenable to complete
resection [1-3]. Consequently, patients with GBM have a poor prognosis, with a median
survival of only about 12 months. Advanced age, male gender, Caucasian race, exposure to
ionizing radiation, and smoking are considered risk factors for glioma development [4,5].
Conversely, clinical factors including young age, good performance status, gross total
resection, and adjuvant treatment have been linked to superior prognosis among unselected
GBM patients [6-9].

Glioblastomas can be classified based on their isocitrate dehydrogenase (IDH) status.
GBM with wt IDH is characterized by tumor protein p53 (TP53) mutations, phosphatase
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tensin homolog (PTEN) mutations and/or complete loss of chromosome 10, homozy-
gous deletion of cyclin-dependent kinase inhibitor 2A /2B (CDKN2A /CDKN2B), mutation
or overexpression of epidermal growth factor receptor (EGFR), and/or gain of the 7p
chromosome arm, platelet-derived growth factor receptor 1 (PDFGRA1) mutations, neu-
rofibromin 1 (NF1) mutations, E3 ubiquitin-protein ligase (MDM2) amplification, and
methylguanine-DNA methyltransferase (MGMT) promoter methylation [10].

The objective of this population-based, single-center study was to determine the in-
fluence of selected genetic aberrations and clinical factors on survival in defined resected
GBM IDH wt patients receiving different post-resection treatments. The WHO 2007 classi-
fications initially used in the clinical setting were converted into WHO 2016 IDH status
classifications in accordance with current recommendations [11,12].

2. Materials and Methods
2.1. Patients

Data on all glioma patients treated at the University Hospital in Olomouc, Czech
Republic, have been collected prospectively and systematically since 2006. This work
focuses on adult supratentorial IDH wt GBM patients who underwent resection and
oncotherapy between June 2006 and June 2015. Information on the patients’ clinical
condition (KS, PS WHO, and smoking status) was collected along with imaging and
histological data on the tumors and details of their cytogenic alterations. All patients
underwent early post-surgical MRI (within 72 h) to determine resection radicality. Nineteen
patients received second-look surgery in the week after the initial procedure. Removal of at
least 80% of the original tumor volume was considered to be the lowest acceptable resection
radicality for inclusion in this study [13,14]. Based on semi-automatic MRI analyses, the
extent of resection of the contrast-enhanced tumor was 84-100%, with a median of 85.6%.
The median of the postoperative tumor volume was 2.9 cc. We have strived to perform
standard aggressive oncotherapy in all patients. But in real clinical practice, only some
patients are eligible to undergo Stupp protocol. Many patients have progressed before
and at the initial period of oncotherapy. We separated two groups of patients named No
Therapy and Chemoradiotherapy. Finally, we singled out patients that were eligible to
go through, only semi-palliative treatment strategy characterized by sole radiotherapy
ranged from 34 to 60 Gy [15]. The stratification of the cohort based on the applied oncologic
treatment strategy is shown in Figure 1. Following resection, patients received periodic
checkups with MRI every 3 months until death.

cohort
all patients (n=132)
e — 1 e
no therapy radiotherapy chemoradiotherapy
SEOUPS (1=24,182%) (n=50,37.9%) (n=58,43.9%)
( ( Stupp protocal
symptomatic WEE SN
definition liative > 30x2Gy 75 mp/mid
palliative therapy 6 excles TMZ
L | | 200 nllg wid
Stupp protocol
30%2 Gy + TMZ
minimal dosage - 34 Gy 75 mg/m¥/d
3 cycles TMZ
200 mgmt/d

Figure 1. Stratification of the cohort based on treatment modality, with details of the applied
treatments.
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Tumor tissue samples were collected in both formalin-fixed paraffin-embedded (FFPE)
and fresh-frozen form. Clinical and MRI follow-up information was gathered at regu-
lar three-monthly intervals. Smoking status was obtained from the clinic’s preoperative
questionnaire. Patients were classified as non-smokers (83/132 = 62.9%) if they had never
smoked or had quit smoking at least five years before diagnosis; the remaining patients
(49/132 = 37.1%) were classified as smokers. All of the tumors were classified according
to the latest WHO classification of CNS tumors by two local neuropathologists. Immuno-
histochemical analysis of IDH1 R132H and Ki67 status was included in the standard
classification procedure. All patients signed informed consent forms.

2.2. Immunohistochemical Determination of IDH1 R132H Status

The study cohort consisted of GBM patients with IDH wildtype status according to
the WHO 2016 diagnostic criteria. The 1-2 pm thick tissue sections were pre-treated using
the PT Link system (Agilent, Santa Clara, CA, USA) at 97 °C, pH 9 for 20 min to ensure
epitope retrieval. Hydrogen peroxide was used to block endogenous peroxidase activity.
The sections were subsequently treated with the primary antibody, Anti-IDH1R132H clone
HO09 (Dianova, Hamburg, Germany), at a dilution of 1:100 for 20 min at room temperature.
EnVision Flex+, Mouse, High pH (Agilent DAKO) was used to amplify the primary
antibody signal. The sections were then treated for 20 min with the secondary antibody,
EnVision Flex/HRP (Agilent DAKO), after which the reaction was visualized using the
DAB+ Substrate Chromogen System (Agilent DAKO).

2.3. Immunohistochemical Determination of Ki67 Status

The 1-2 pum thick tissue sections were microwaved in citrate buffer (pH 6) for 10 min
at 120 °C to ensure antigen retrieval. Hydrogen peroxide was used to block endogenous
peroxidase activity (Mouse/Rabbit ImmunoDetector DAB HRP Brown System, Bio SB,
Santa Clara, CA, USA). The sections were subsequently treated for 30 min with the primary
antibody, Ki67 antigen, MIB-1 (Agilent DAKO), at a dilution of 1:200. After treatment with
the secondary antibody (Mouse/Rabbit ImmunoDetector DAB HRP Brown System, Bio
SB) for 30 min, the reaction was visualized using DAB+ Substrate Chromogen.

2.4. IDH1 R132 and IDH2 R172 Genotyping

DNA was isolated using a Roche Cobas® kit and a Cobas® DNA sample preparation
kit following the manufacturer’s instructions. qPCR amplification was performed using
1 uL or 5 uL total DNA (depending on whether the DNA concentration was >30 ng/uL or
>10 ng/uL) with Thermo-Start Taq DNA Polymerase 1U (ThermoFisher Scientific, Weltham,
MA, USA), 10X PCR Thermo-Start Buffer (ThermoFisher Scientific), MgCl2 (ThermoFisher
Scientific), ANTPs (Meridian Bioscience, Cincinnati, OH, USA), and EvaGreen 20x (Biotium,
Fremont, CA, USA). The conditions used for multiplex PCR amplification (IDH1 and IDH2
reactions) were as follows: 95 °C for 2 min 15 s, then 40 cycles of 15 s at 95 °C, 30 s at 62 °C,
and 30 s at 72 °C (FAM channel fluorescence scanning), followed by a final incubation for
5 min at 72 °C and melting from 60 °C to 95 °C while scanning fluorescence in the FAM
channel at 0.5 °C. After amplification, the QIAquick PCR Purification Kit (Qiagen, Hiden,
Germany) was used to purify amplicons. The product concentration was determined
using the Qubit 2.0 HS DNA kit (Invitrogen, Carlsbad, CA, USA). The sequencing library
was diluted and denatured with 0.1 M NaOH (DNA concentration: 10 uM). The library
contained approximately equal quantities of each sample. Sequencing was performed with
the Illumina MiSeq platform using the MiSeq V2 Nano 300 bp or V3 150 bp sequencing
kit and 2 x 75 bp sequencing reads. Sequencing results were analyzed using the Somatic
Variant Caller function of the MiSeq Reporter software package. Output vcf files were
processed using Excel (Microsoft, Redmont, WA, USA). Mutations in the IDH1 and IDH2
genes were identified by searching for mutations in codons 132 and 172 with frequencies
>5% and coverage values >1000.
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2.5. FISH Analysis

FISH analysis was performed on FFPE tissues according to the manufacturer’s instruc-
tions with LSI 1p36.3, LSI 1g25.2, LSI 9p21.3, LSI 19q13, LSI EGFR, LSI CEP7, LSI MDM2,
LSI10p11.1, LSI BCR, LSI 22q12.2, and LSI CCND1 probes from IntellMed, Ltd. (Olomouc,
Czech Republic) as well as LSI TP53, LSI RB1, and LSI 13q12.11 probes from Vysis (Lake
County, IL, USA). Signals were detected and quantified using fluorescence microscopy. At
least 100 non-overlapping nuclei were inspected in each sample.

2.6. Setting Copy Number Cutoff Values

Current therapeutic protocols for gliomas lack standard cutoff values for molecular
aberrations. Therefore, a specific cut-off value for each molecular marker was defined by
selecting the best cut-off value found in our dataset using the maxstat function (maxstat R
package, ver. 0.7-25) and the surv_cutpoint function (survminer R package, ver. 0.4.3) with
the default value of 0.1 for the minprop parameter (representing the minimal proportion of
observations per group) and data on progress-free survival (time and event). Two patient
groups were defined for each marker: a low copy number (LCN) group comprising patients
with copy numbers equal to or below the estimated cutoff value, and a high copy number
(HCN) group comprising patients with copy numbers exceeding the cutoff value.

2.7. MGMT Methylation Status

Bisulfite conversion of template DNA was performed using the EZ DNA methylation
Gold Kit according to the manufacturer’s instructions (Zymo Research, Irvine, CA, USA)
immediately after extracting DNA from glioma tissue samples using the DNA Sample
Preparation Kit (Roche, Pleasanton, CA, USA). MGMT methylation was then detected
using MethyLight real-time methylation-specific PCR. To verify DNA integrity and the
quality of the bisulfite conversion and the PCR reaction, the methylation of CDH1 (E-
cadherin) and Alu-M5 was analyzed in parallel with that of MGMT, and a commercial
methylated and bisulfite-converted DNA standard (Zymo Research) was analyzed as a
control alongside all DNA extracts from tissue samples.

Each 10 pl PCR reaction mixture for detection of MGMT, E-cadherin, and Alu-M5
promoter methylation contained 1x PCR buffer (Qiagen, Hiden, Germany), 1 mM MgCl2,
0.2 mM dNTPs, 0.5 U HotStarTaq (Qiagen, Hiden, Germany), and the relevant primers and
probe (Table 1). The PCR program involved denaturation at 95 °C for 15 min then 40 cycles
of 95 °C for 30 s, 65 °C for 50 s, and 72 °C for 60 s.

Table 1. Primers and probes used to detect MGMT, E-cadherin, and Alu-M5 promoter methylation.

Gene Primer DNA Sequence Final Concentration (uM)
MGMT promoter Forward 5'-CGAATATACTAAAACAACCCGCG-3' 1.0
methplation Reverse 5-GTATTTTTTCGGGAGCGAGGC-3' 1.0
Y Probe FAM-BHQ-CAAATCCTCGCGATACGCACCGTTTACG 0.2
S —— Forward 5/-AATTTTAGGTTAGAGGGTTATCGCGT-3 1.0
B lzl:tion Reverse 5'-TCCCCAAAACGAAACTAACGAC-3' 1.0
Y Probe FAM-BHQ-CGCCCACCCGACCTCGCAT 0.2
AHEMB GG Forward 5'-GGTATGATGGCGTATGTTTGT-3 0.17
iy pla P Reverse 5'-GACTCACCACAACTTCCAC-3 0.17
y Probe FAM-BHQ-AAACGATTCTCCTACCTCAACCTCCCGAA 0.03

2.8. Statistical Analysis

All statistical analyses were performed using R Statistical Software, version 4.0.3
(www.r-project.org), accessed date 9 November 2020. Pearson’s chi-square and Fisher’s
exact tests were used for testing associations between a type of therapy and molecular
markers value levels. Overall survival (OS) and progress-free survival were estimated
using the Kaplan-Meier method (presented as medians in tables of results). The OS range
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extended from the day of the first surgery until MRI tumor progression. The influence of
each molecular marker on OS, resp. PFS was investigated using Cox proportional hazard
models, both with one factor (a univariate model—Table S1, Figures 2 and 3) as well as
adjusted for the major clinical prognostic factors (a multivariate model—Table S2), i.e.,
a categorized age at diagnosis (<55 vs. >55 years) and a categorized Karnofsky score
(KS; <80 vs. >80), in therapy-subgroups of patients. The influence of each factor on OS,
resp. PFS across groups of all patients was investigated by the Cox proportional hazard
model (one for each marker) stratified by therapy and adjusted for categorized age and
categorized Karnofsky score (Table S3).
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Figure 2. Results of the multivariate Cox proportional hazard models of overall survival (OS) for studied variables (selected
clinical factors and molecular markers) in therapy subgroups, expressed using a hazard ratio (a square point—the point
estimation, a line segment corresponding to the 95% confidence interval; in case of wider interval than presented scale the
arrow is used) for each level of presented factors. The reference category of each factor is labeled with “(ref.)”. Each factor
was analyzed in a separate model with adjusting variables—categorized age and Karnofsky score (HRs are not presented).
Significant results (p < 0.05) are shown in red; the dotted line indicates a hazard ratio of 1. RT—radiotherapy; CHT+RT—
chemoradiotherapy; F—female; M—male; F—frontal; O—occipital; P—parietal; T—temporal; BCR—breakpoint cluster
region; EGFR1—epidermal growth factor receptor 1; RBl—retinoblastoma gene 1; TP53 - tumor protein P53; MDM2—mouse
double minute 2 homolog; CCND1—cyclin D1; MGMT - O6-methylguanine-DNA methyltransferase.
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Figure 3. Results of the multivariate Cox proportional hazard models of progression-free survival (PFS) for studied variables
(selected clinical factors and molecular markers) in therapy subgroups, expressed using a hazard ratio (a square point—the
point estimation, a line segment corresponding to the 95% confidence interval; in case of wider interval than presented
scale the arrow is used) for each level of presented factors. The reference category of each factor is labeled with “(ref.)”.
Each factor was analyzed in a separate model with adjusting variables—categorized age and Karnofsky score (HRs are not
presented). Significant results (p < 0.05) are shown in red; the dotted line indicates a hazard ratio of 1. RT—radiotherapy;
CHT+RT—chemoradiotherapy; F—female; M—male; F—frontal; O—occipital; P—parietal; T—temporal; BCR—breakpoint
cluster region; EGFR1—epidermal growth factor receptor 1; RBl—retinoblastoma gene 1; TP53—tumor protein P53;
MDM2—mouse double minute 2 homolog; CCND1—cyclin D1; MGMT—O6-methylguanine-DNA methyltransferase.

3. Results
3.1. Baseline Patient Characteristics

The studied GBM IDH wt cohort comprised 132 patients who had undergone resec-
tion. Each patient was followed up at 3-monthly intervals until their death; the median
follow-up period was 7.6 months (1.0-113.7 months). Table 2 summarizes the clinical
characteristics of the patients (gender, age, KS, location, smoking, and adjuvant therapy)
and their molecular cytogenetic characteristics, namely their high or low copy number
(HCN or LCN) status with respect to the studied genetic aberrations and their MGMT
promoter methylation status.

Table 2. Demographic data for the patient cohort and information on the prevalence of low and high copy numbers of the

studied markers.

Characteristics Level No Therapy RT CHT+RT All Patients
Gender F 10/24 (41.7%) 25/50 (50%) 17/58 (29.3%) 52/132 (39.4%)
M 14/24 (58.3%) 25/50 (50%) 41/58 (70.7%) 80/132 (60.6%)
GBM location F 8/24 (33.3%) 14/50 (28%) 20/58 (34.5%) 42/132 (31.8%)
O 3/24 (12.5%) 10/50 (20%) 10/58 (17.2%) 23/132 (17.4%)
P 2/24 (8.3%) 9/50 (18%) 13/58 (22.4%) 24/132 (18.2%)

T 10/24 (41.7%) 15/50 (30%) 12/58 (20.7%) 37/132 (28%)

other 1/24 (4.2%) 2/50 (4%) 3/58 (5.2%) 6/132 (4.5%)
Smoker * No 9/24 (37.5%) 33/50 (66%) 41/58 (70.7%) 83/132 (62.9%)
Yes 15/24 (62.5%) 17/50 (34%) 17/58 (29.3%) 49/132 (37.1%)

MGMT Not methylated 16/23 (69.6%) 31/48 (64.6%) 33/52 (63.5%) 80/123 (65%)
Methylated 7/23 (30.4%) 17/48 (35.4%) 19/52 (36.5%) 43/123 (35%)
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Table 2. Cont.

Characteristics Level No Therapy RT CHT+RT All Patients
Age category * <55 2/24 (8.3%) 2/50 (4%) 19/58 (32.8%) 23/132 (17.4%)
>55 22/24 (91.7%) 48/50 (96%) 39/58 (67.2%) 109/132 (82.6%)

Karnofsky score * 0-79 16/24 (66.7%) 18/50 (36%) 12/58 (20.7%) 46/132 (34.8%)
80-100 8/24 (33.3%) 32/50 (64%) 46/58 (79.3%) 86/132 (65.2%)

Ki67 <60 20/24 (83.3%) 41/49 (83.7%) 49/58 (84.5%) 110/131 (84%)
>60 4/24 (16.7%) 8/49 (16.3%) 9/58 (15.5%) 21/131 (16%)

1qCN <2.02 5/15 (33.3%) 12/33 (36.4%) 13/39 (33.3%) 30/87 (34.5%)
>2.02 10/15 (66.7%) 21/33 (63.6%) 26/39 (66.7%) 57/87 (65.5%)

22qCN <248 13/16 (81.2%) 30/39 (76.9%) 33/41 (80.5%) 76/96 (79.2%)
>2.48 3/16 (18.8%) 9/39 (23.1%) 8/41 (19.5%) 20/96 (20.8%)

CEP7CN <2.04 4/16 (25%) 4/41 (9.8%) 10/50 (20%) 18/107 (16.8%)
>2.04 12/16 (75%) 37/41 (90.2%) 40/50 (80%) 89/107 (83.2%)

BCRCN <2.04 6/15 (40%) 11/31 (35.5%) 14/39 (35.9%) 31/85 (36.5%)
>2.04 9/15 (60%) 20/31 (64.5%) 25/39 (64.1%) 54/85 (63.5%)

EGFR1 CN <3.39 6/16 (37.5%) 25/44 (56.8%) 26/53 (49.1%) 57/113 (50.4%)
>3.39 10/16 (62.5%) 19/44 (43.2%) 27/53 (50.9%) 56/113 (49.6%)

9p21.3CN <1.86 6/17 (35.3%) 10/41 (24.4%) 16/49 (32.7%) 32/107 (29.9%)
>1.86 11/17 (64.7%) 31/41 (75.6%) 33/49 (67.3%) 75/107 (70.1%)

1p36.3 CN <213 12/20 (60%) 29/45 (64.4%) 43/52 (82.7%) 84/117 (71.8%)
>2.13 8/20 (40%) 16/45 (35.6%) 9/52 (17.3%) 33/117 (28.2%)

13q12.11 CN <2.01 3/10 (30%) 6/31 (19.4%) 14/41 (34.1%) 23/82 (28%)

>2.01 7/10 (70%) 25/31 (80.6%) 27/41 (65.9%) 59/82 (72%)

RB1CN <226 14/16 (87.5%) 37/42 (88.1%) 42/49 (85.7%) 93/107 (86.9%)
>2.26 2/16 (12.5%) 5/42 (11.9%) 7/49 (14.3%) 14/107 (13.1%)

P53 CN <242 14/18 (77.8%) 38/44 (86.4%) 41/52 (78.8%) 93/114 (81.6%)
>2.42 4/18 (22.2%) 6/44 (13.6%) 11/52 (21.2%) 21/114 (18.4%)

10p11.1 <211 13/14 (92.9%) 33/36 (91.7%) 35/47 (74.5%) 81/97 (83.5%)
>2.11 1/14 (7.1%) 3/36 (8.3%) 12/47 (25.5%) 16/97 (16.5%)

19q13 CN <183 2/18 (11.1%) 4/43 (9.3%) 4/53 (7.5%) 10/114 (8.8%)
>1.83 16/18 (88.9%) 39/43 (90.7%) 49/53 (92.5%) 104/114 (91.2%)

MDM2 CN <197 1/17 (5.9%) 5/42 (11.9%) 3/51 (5.9%) 9/110 (8.2%)
>1.97 16/17 (94.1%) 37/42 (88.1%) 48/51 (94.1%) 101/110 (91.8%)

CCND1CN <248 12/14 (85.7%) 29/32 (90.6%) 40/47 (85.1%) 81/93 (87.1%)
>2.48 2/14 (14.3%) 3/32(9.4%) 7/47 (14.9%) 12/93 (12.9%)

* test of independence (chi-squared or Fisher exact test), p-value < 0.05; RT—radiotherapy; CHT+RT—chemoradiotherapy; F—female;
M—male; F—frontal; O—occipital; P—parietal; T—temporal; BCR—breakpoint cluster region; EGFR1—epidermal growth factor receptor 1;
RB1—retinoblastoma gene 1; TP53—tumor protein P53; MDM2—mouse double minute 2 homolog; CCND1—cyclin D1; MGMT—06-
methylguanine-DNA methyltransferase.

3.2. IDH wt GBM Patients Receiving Chemoradiotherapy

Multivariate analysis revealed a significant link between gender and survival among
patients receiving chemoradiotherapy. Male gender had negative impacts on PFS (HR = 1.9;
p =0.046) and OS (HR = 2.1; p = 0.03).

High Ki67 expression was associated with shorter OS (median = 7.9 months vs.
15 months for lower expression of Ki67; HR = 2.9, p = 0.005) and PFS (median = 4.4 months
vs. 9.6 months for lower expression of Ki67; HR = 4.5, p = <0.001) in the chemoradiotherapy
group. The same effect was observed in the case of the Cox model adjusted for categorized
age and Karnofsky score (HR(OS) = 3.2, p-value = 0.003; HR(PFS) = 4.8, p-value < 0.001).

Furthermore, 22q12.2 HCN patients had shorter PFS than their LCN counterparts
(median = 6.1 months vs. 9.7 months; p = 0.006), which was confirmed by multivariate
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analysis (HR = 4.8; p = 0.002). The multivariate analysis adjusted for age and Karnofsky
score also indicated that 22q12.2 HCN is linked with a poor OS (HR = 2.6; p = 0.033).

CCND1 HCN predicted longer PFS in the chemoradiotherapy group (median = 13.3 months
vs. 6.9 months in CCND1 LCN patients; p = 0.015) and was associated with reduced
relative risk (HR = 0.3; p = 0.011). CCND1 HCN was also associated with longer OS
(median = 18.9 months vs. 13.6 months for CCND1 LCN; p = 0.029), which was confirmed
by alow HR (HR = 0.3, p = 0.026)

19q13 HCN status was associated with longer PFS (median = 8.9 months vs. 5.5 months
for 19q13 LCN; p = 0.037) and reduced relative risk (HR = 0.3; p = 0.025).

MDM2 HCN was significantly associated with longer PFS (median = 8.8 months vs.
3.9 months in MDM2 LCN patients; p < 0.001) and OS (median = 14.8 months vs. 5.2
in MDM2 LCN patients; p < 0.001) in the chemoradiotherapy group. This finding was
supported by the multivariate analysis: the HR of MDM2 was below unity for both PFS
(HR =0.1; p = 0.002) and OS (HR = 0.1; p = 0.003).

Finally, p53 HCN was significantly associated with longer OS (median = 18.9 months
vs. 13.6 in p53 LCN; p = 0.032) in the chemoradiotherapy group, although this finding
was not confirmed by multivariate analysis. However, multivariate analysis did indicate a
possible link between RB1 HCN and PFS (HR = 2.8; p = 0.026) in this patient group.

3.3. IDH wt GBM Patients Receiving Radiotherapy

1q HCN was significantly associated with decreased OS (median = 3.9 months vs.
8.9 months in 1q LCN patients; p = 0.022) and PFS (median = 2.7 months vs. 4.6 months
in 1q LCN patients; p = 0.019) as well as a high relative risk (HR) with respect to both OS
(HR =2.7; p = 0.022) and PFS (HR = 4.2; p = 0.01) in the radiotherapy patient group based
on multivariate models.

22q12.2 HCN was found to be a negative prognostic factor of PFS (median PFS was
2.3 months vs. 3.6 in 22q12.2 LCN patients; p = 0.042). The multivariate model for this
marker confirmed an increased relative risk (HR = 2.4; p = 0.038).

BCR HCN was associated with shorter OS (median = 5.3 months vs. 8.5 months in
BCR LCN patients; p = 0.039), which was confirmed by the multivariate analysis (HR = 2.4;
p =0.042).

RB1 HCN was also associated with shorter OS (median = 3.6 months vs. 6.9 in RB1
LCN patients; p = 0.012), and this association was confirmed by its relative risk estimate
(HR = 3.8; p = 0.013).

3.4. IDH wt GBM Patients with No Therapy

Because the group with untreated wt-GBM comprised only 24 patients, some parame-
ters could not be calculated. Nevertheless, male gender was associated with reduced PFS
(median = 0.6 vs. 1.7 months in females; p = 0.015) in this group, which was confirmed by a
higher relative risk estimate (HR = 5.7; p = 0.02).

A history of smoking was also associated with shorter PFS among patients not receiv-
ing therapy (median = 0.7 vs. 1.8 months for non-smokers; p = 0.036), but the multivariate
analysis did not confirm this finding.

CCND1 HCN was linked to shorter OS (median = 1.3 months vs. 3.1 months in
CCND1 LCN patients; p = 0.043) in the untreated group and had a HR considerably greater
than unity (HR = 12.8; p = 0.049). However, the reliability of these values is limited by the
low number of cases.

3.5. Statistical Data for the Complete IDH wt GBM Cohort

To reveal the influence of each factor on OS, resp. PFS across all therapy-subgroups
Cox models stratified by type of applied therapy and adjusted for categorized age and
Karnofsky score were fitted. Results showed a higher relative risk estimate for the male
gender (HR = 1.6; p = 0.029). RB1 HCN was found to be a negative marker for both OS
(HR =2.5; p=0.003) and PFS (HR = 2.6; p = 0.006). CCND1 HCN was linked to decreased
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estimated HR (HR = 0.4; p = 0.034) and also for 19q13 HCN, the same impact was observed
(HR = 0.4; p = 0.012). EGFR1 HCN was also associated with reduced OS (HR = 0.6; p =
0.024) along with PFS (HR = 0.6; p = 0.007). Additionally, P53 HCN significantly decreased
the relative risk with respect to both OS (HR = 0.5; p = 0.019) and PFS (HR = 0.5; p = 0.02).

3.6. Summary of Results

The group with only radiotherapy: Strong negative prognostic factors of OS such as
1q HCN, BCR HCN, and RB1 HCN were confirmed in this group and, furthermore 1q
HCN and 22q12.2 HCN was found to be a significant negative prognostic factor of PFS.

The group with chemoradiotherapy: Negative clinical factors in the chemoradiother-
apy group were male gender, high Karnofsky score, older age, higher expression of Ki67,
and 22q12.2 HCN status. On the other hand, genetic markers such as CCND1 HCN, 19q13
HCN, MDM2 HCN, and p53 HCN indicate a positive influence on both OS and PFS in the
chemoradiotherapy group.

The group with no therapy: Although the group of patients comprised only a small
number of participants, male gender, smoking status, and CCND1 HCN were marked as
negative prognostic factors in this group.

All patient cohort: Male gender, RB1 HCN, and 22q12.2 were confirmed to be negative
prognostic markers in the group of all patients. On the contrary, EGFR1 HCN, p53 HCN,
CCND1 HCN, and 19q13 HCN were positive prognostic factors.

4. Discussion

Despite considerable efforts to clarify the molecular basis of GBM, the functional roles
of known key genes and molecular markers are still unclear [16-18]. Previous studies
have sought to identify distinct molecular signatures of diffuse gliomas and thereby reveal
clinically relevant or functionally distinct GBM subclasses, but clinical applications for such
signatures remain largely elusive [19-23]. Another problem is that genetic abnormalities
have been defined rather ambiguously in many previous studies. Furthermore, most
previous studies included patients who had undergone biopsy as well as resection [6,24-27],
whereas our study examined only patients who underwent resection with the defined
radicality. This should reduce heterogeneity and help reveal the effects of specific genetic
factors. Analysis of patient records indicated that the main reason for omitting oncotherapy
was poor neurological status (KS < 60) after surgery. Indications for sole radiotherapy and
interruption of preliminary chemoradiotherapy were poor neurological status (KS ~ 60)
after surgery and rapid clinical deterioration during oncotherapy. Because the group of
patients not receiving oncological treatment was very small (7 = 24), the multivariate
analysis for this group did not converge adequately and it was not possible to obtain HR
values for OS or PFS.

The best outcomes for glioma patients are achieved through aggressive multimodal
therapy involving safe and maximal resection followed by chemoradiotherapy [28]. In the
studied cohort, every eligible patient who had undergone defined resection was reevaluated
for oncotherapy suitability.

Each of the groups was distinguished by the survival and an occurrence of the prog-
nostic factors. GBM wt patients receiving no oncological treatment or only radiotherapy
are characterized by poor prognosis with substantial tumor growth [29]. Accordingly,
our statistical analysis revealed very few positive prognostic factors in the group without
oncotherapy. We, therefore, conclude that the course of the disease is effectively predeter-
mined. This highlights the urgent need for new treatment strategies.

The main goal of most reported GBM studies has been to identify clinically relevant
biomarkers with potential applications in medical practice, such as IDH [11]. In this work,
we focused on selected genetic markers in an IDH wts GBM patient cohort and investigated
their influence on disease evolution and its dependence on therapeutic modality.

CCND1 HCN emerged as a clear positive marker of prolonged OS and PFS in the
chemoradiotherapy group, although the opposite was observed in patients receiving
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neither chemotherapy nor radiotherapy. This could be due to increased chemosensitivity
in tumors with elevated expression of this gene [30]. The CCND1 gene regulates the
G1-S cell cycle phase transition and is thus involved in regulating cell proliferation and
differentiation [31].

Increased MDM2 expression is known to block p53 activity, leading to uncontrolled
glial cell proliferation and brain oncogenesis31. Surprisingly, our results indicated that
MDM2 amplification had positive effects on survival in both the chemoradiotherapy group
and the full patient cohort. Additionally, p53 amplification had positive effects on survival
in all studied patient groups. This strongly suggests that the p53-MDM2 regulatory loop is
involved in gliomagenesis which is known to be a complex process.

Our results also revealed a negative effect of 22q12.2 polysomy on PFS across groups,
which may warrant further investigation. Negative effects of loss of 22q on glioma pro-
gression have been reported previously [32-34], and 22q12.2 polysomy was identified as a
malignant component in a study on ganglioglioma. Interestingly, this chromosomal region
contains the EWSR1 gene, which causes Ewing sarcoma as well as neuroectodermal and
other tumors [35,36].

The 1p/19q codeletion is a signature of oligodendroglioma, which has a relatively
good prognosis. Additionally, GBM is often characterized by co-gain of chromosomes 1/19
and 19/20, both of which have been linked to superior outcomes [37,38]. However, this
effect was not observed in our cohort, possibly because of the opposing effects of other
genetic aberrations with negative effects on prognosis, such as EGFR1 amplification [39].

Pyrosequencing studies have shown that extensive MGMT methylation is associated
with longer OS and PFS in GBM IDH wt patients, suggesting a possible beneficial effect
of DNA alkylating chemotherapeutic strategies [40,41]. Marchi et al. showed that MGMT
methylation extended OS and PFS in patients who had undergone gross total resection
followed by adjuvant chemoradiotherapy. However, no such effect was observed when
comparing our cohort of resected GBM patients receiving chemoradiotherapy to the other
patient groups examined herein, even though the same molecular analysis protocol was
used in both cases [42]. MGMT methylation status did not affect the clinical treatment
given to the GBM patients; the Stupp protocol was considered the gold standard regardless
of MGMT methylation.

To our knowledge, no previous publications on GBM included cut-off values for the
markers considered here. Therefore, an important objective of this work was to establish
LCN and HCN values for each marker that could be used in subsequent studies in this area.

Our results confirmed the prognostic value of clinical factors such as age, KS, smoking,
and the applied therapeutic modalities. The effect of smoking may be partly due to nicotine-
induced stimulation of malignancy in glioma cells, as suggested by a recent experimental
study. However, other studies on this topic have yielded more ambiguous results [4,5,43].
Our results indicate that smoking is associated with shorter OS and PFS in all patient
groups. The smokers in the patient cohort were predominantly male, which may explain
the observed effect of gender on OS and PFS: males exhibited shorter survival than females.
This effect warrants further investigation.

This study focused on the dominant IDH wt group of GBM patients, who have a
very unfavorable prognosis. We confirmed the heterogeneity of IDH wt glioblastomas and
investigated how differences in their molecular backgrounds influence survival. Although a
standard chemotherapy regime (the Stupp protocol) is currently recommended for all GBM
IDH wt patients, the optimal therapeutic strategy remains unknown. Understanding how
various biomarkers predict treatment responses and outcomes will be vital for developing
effective personalized treatment strategies for GBM patients [17,22,23,44].

5. Conclusions

Many studies have investigated prognostic factors for GBM patients with IDH muta-
tions, for which prognosis is comparatively favorable. But the more frequent and deadlier
IDH wt tumors have received less attention. We studied a cohort of IDH wt glioblastoma
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patients whose IDH status was determined in accordance with the WHO recommendations
of 2016 [11,12]. The initial treatment strategy for this cohort was maximal radical and safe
tumor resection, if possible, followed by oncotherapy. IDH wt gliomas have tradition-
ally been regarded as a homogenous and unfavorable histological subtype with limited
response to oncotherapy, making nihilistic management preferable. However, clinical
outcomes for this diffuse glioma type are actually characterized by vast heterogeneity.
The GBM wt subgroups with the poorest prognosis were characterized by an absence of
positive prognostic factors and rapid tumor growth. Patients in these subgroups were those
who received no oncotherapy or only radiotherapy. A crucial question of this study was:
“How did pre-existing factors in resected GBM wt modify patient eligibility for a followed
oncotherapy” Our aim was to identify clinical and biologically relevant prognostic factors
for IDH wt GBM, to propose biological mechanisms explaining why these factors affect
prognosis, and to identify clinically relevant IDH wt GBM subgroups. Knowledge of
such factors and their impact on prognosis could facilitate decision-making about how
aggressive the oncological strategy for a given patient should be, and whether reoperation
is warranted, among other things. As such, the results presented here represent a first step
towards the personalization of treatment for IDH wt GBM patients because they relate
specific molecular markers to survival in this patient cohort.
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Very late complications of oncotherapy in glioblastoma patients: A case series
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Background. Stroke-like syndrome is defined as a rare, delayed complication of brain oncotherapy. Cases with more
favorable brain cancer diagnoses and longer life expectancy have been previously reported, but here we present, for
the first time, three long-term survivors of glioblastoma with stroke-like syndromes.

Methods and Results. Three young or middle-aged patients underwent tumor resection and chemoradiotherapy.
They received regular clinical and imaging follow-up with stable neurological status and no signs of tumor recurrence.
They exhibited varied signs and symptoms (motor and sensory deficits, aphasia, memory and cognitive disorders, sei-
zures, and headache) accompanied by imaging abnormalities. Stroke-like syndromes developed within 2-5 days and
resolved in 2-6 weeks. Diffusion-weighted MRI and T2 brain perfusion abnormalities were demonstrated in all patients.
In addition, there was focal T1 MRI contrast enhancement due to blood-brain barrier disruption. In addition to tumor
recurrence, classic stroke, encephalitis, metabolic and mitochondrial disorders, and post-seizure swelling should be
excluded. The imaging indicated intensive MRI scanning and symptomatic medication (steroids supplemented by
antiepileptics, vasoactive agents, etc.) for judicious management. With respect to the course, an invasive procedure
was still considered an option.

Conclusion. All stroke-like syndromes are diagnoses of exclusion. To avoid misinterpretation of imaging findings as
glioblastoma recurrence and avert recall oncotherapy or redundant interventions, better understanding of delayed
complications of brain tumor therapy is crucial.

Key words: stroke-like syndrome, glioblastoma, oncotherapy, corticosteroid
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BACKGROUND

Despite advanced imaging, surgical, and oncological
techniques, the prognosis of patients with glioblastoma
(GBM) remains dismal. However, some signs of improve-
ment in treatment outcomes of patients with GBM can
be traced over the last decades'.

The best outcomes are yielded by aggressive multi-
modal therapy involving safe and maximal resection fol-
lowed by chemoradiotherapy'. However, side effects of
this aggressive treatment seriously impact not only GBM
patients’ quality of life, but also their overall survival. The
ensuing follow-up involves MRI and clinical status review,
assessment of tumor recurrence or residuum, and distin-
guishing between true progression, pseudoresponse, and
pseudoprogression. Temporary and permanent surgical
complications are obvious immediately after resection and

within several months, respectively. By contrast, side ef-
fects of oncological treatment commonly have a gradual
presentation, some occurring after months or even years.
In particular, very late complications are the most difficult
to identify. Several diagnostic items have been defined.

“SMART?” - stroke-like migraine attacks after radio-
therapy is an uncommon, very late complication of cranial
radiotherapy. It typically presents as reversible, unilateral
cortical signs on MRI and symptoms such as confusion,
hemiparesis, seizures, and headaches’.

“PIPG” - peri-ictal pseudoprogression refers to tran-
sient seizure-related MRI changes that could mimic dis-
ease progression®.

“ALERT” - a syndrome characterized by acute late-
onset encephalopathy after radiotherapy*.
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CASE 1 - SMART

In 2010, a 37-year-old woman presented with a two-week
history of fluctuating left-sided hemiparesis and sensory
symptoms. Brain MRI revealed a contrast-enhanced tu-
mor in the parasagittal region of the right parietal lobe.
She received radical resection in January 2010, followed
by chemoradiotherapy (Stupp regime). Histological diag-
nosis confirmed GBM, immunohistochemistry detected
IDH1 canonical R132H mutation, and PCR revealed
MGMT promoter methylation and IDH1 canonical
R132H mutation, retrospectively®. She was followed by
regular clinical and imaging check-ups, with stable neuro-
logical status and no signs of tumor recurrence. Despite
her left hemiparesis, she had independent gait, and perma-
nently looked after her blind husband. In January 2019, a
follow-up MRI disclosed a new, contrast-enhanced lesion
in the periventricular region of her right temporal lobe,
relatively far from the original resection cavity (Fig. l1a,b).
In February 2019, a PET FLT scan showed no radiotracer
uptake in brain tissue (Fig. 1c). Surprisingly, another fol-
low-up MRI showed effacement of the contrast-enhanced
lesion in March 2019 (Fig. 1d). In May 2019, there was
disability progression, with worsening of hemiparesis,
accompanied by development of anxiety and depressed
mood, migraine and mild epileptic seizures. A new MRI,
in June 2019, revealed new multiloculated contrast-en-
hanced lesions around the original resection cavity in
the right parietal lobe and a blurred contrast-enhanced
region in the right temporal lobe (Fig. 1d). EEG showed
a nonspecific abnormal pattern consistent with a lesion,
with no signs of epileptic activity. The patient received
antiepileptics, corticoids, and anxiolytics, rehabilitation
services and psychiatric interventions. Another follow-up
MRI, in September 2019, again showed lesion disappear-
ance. Based on an incidental MRI finding, complemen-
tary CT angiography confirmed a radiation-related basilar
tip aneurysm, which was managed with endovascular coil
embolization (October 2019) (Fig. le.f). The next follow-
up MRI (September 2020) detected no enhanced lesion
(Fig. 1g,h). There was an incomplete recovery. The patient
was free from migraine, anxiety, and epileptic seizures,
but continued to use a wheelchair due to severe left hemi-
paresis.

CASE 2 - SMART/PIPG

In 2009, a 16-year-old male patient presented with a short
history of right-sided hemiparesis. Brain MRI revealed a
contrast-enhanced tumor in the left TP cerebral region. He
underwent radical resection, followed by chemoradiother-
apy (Stupp regime). The histological diagnosis was GBM,
and retrospective immunohistochemical analysis detected
IDH1 mutation. He was followed by regular clinical and
imaging check-ups with no signs of tumor recurrence or
neurological deterioration. He was fully independent, with
no epileptic seizures, and no motor or sensory deficits. He
graduated from the Faculty of Law of a local university in
June 2018. In December 2018 he suffered from sudden

onset of right-sided hemiparesis, hemihypesthesia, and
speech disorder. Emergency MRI showed a hyposignal
and hypersignal lesion in the frontal periphery of the re-
section cavity, visible in T1 and FLAIR scans, respectively
(Fig. 2a,b), suggestive of acute ischemia. Accordingly, MR
angiography revealed acute ischemia in the MCA region.
PET FLT, echocardiography, Holter ECG, and extracra-
nial vessel ultrasonography yielded no tumor recurrency
or cardiovascular emboligenic perturbation. After conser-
vative treatment (anticoagulant and antiplatelet therapy,
anxiolytics) for a month, he recovered uneventfully. MRI
revealed no tumor recurrence in May 2020.

CASE 3 - PIPG/ALERT

In 2012, a 39-year-old man presented with his first epi-
leptic seizures. Brain MRI revealed a contrast-enhanced
tumor in the parasagittal region of the right parietal lobe.
He underwent radical resection, followed by chemoradio-
therapy (Stupp regime). The histological diagnosis was
GBM. Retrospective immunohistochemical analysis de-
tected canonical R132H mutation of IDHI, and PCR
revealed MGMT promoter methylation and canonical
R132H mutation of IDHI (ref.’). He was followed by
regular clinical and imaging check-ups with no signs of
tumor recurrence or neurological deterioration. Despite
only partial epileptic control (with a few remaining mild
episodes per month), he was independent, with no mobil-
ity impairment. In January 2018, disclosure by a follow-up
MRI of a new, blurred, small contrast-enhanced lesion in
the resection cavity wall and the adjacent cortex was fol-
lowed by a rise in convulsive activity (Fig. 3a,b). A PET
FLT scan showed no radiotracer uptake in brain tissue.
His clinical status stabilized following modification of
antiepileptic therapy and corticoid administration. The
patient recovered completely. MRI indicated no tumor
recurrence in June 2020 (Fig. 3c).

DISCUSSION

All our patients shared common features, including a
radically resected, IDH-mutated, and MGMT-methylated
GBM, a history of chemoradiotherapy, young to middle
age tumor presentation, and long survival. For a long pe-
riod in the regular follow-up, they were in relatively good
health and showed no evidence of tumor recurrence. Both
patients 1 and 3 had a stable, radiation-induced leukoen-
cephalopathy. The onset of neurological deterioration was
characterized by ambiguous dynamics. The new, transient,
diffuse, cortical postcontrast abnormalities on MRI in
Patients 1 and 3 preceded episodes of headaches, drowsi-
ness, confusion/hallucinations, stroke-like symptoms,
and complex seizures for several months. By contrast,
Patient 2 suffered from post-stroke neurological impair-
ment without prodromal MRI abnormalities. Due to the
clinical severity of their status, Patients 1 and 2 required
hospital admission. Initial MRI changes mimicked some
aspects of GBM progression, with edema and gadolinium-

102



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2021; 165:XX.

Fig. 1a. Axial Tl-weighted MRI scan, showing contrast-en-
hanced lesion in the periventricular region of the right tem-
poral lobe.

Fig. 1c. PET FLT scan showing no radiotracer uptake in brain
tissue.

Fig. 1b. Diffusion-weighted MRI showing local hyperintensity.

Fig. 1d. Axial T1-weighted MRI scan showing effacement of
the contrast-enhanced lesion in the right periventricular region.

Fig. le. Axial T1-weighted MRI scan showing multiloculated
contrast-enhanced lesions around the original resection cavity
in the right parietal lobe and a blurred contrast-enhanced region
in the right temporal lobe.

enhancing foci, including the cortex. However, although
standard T1 postcontrast, diffusion imaging and PET FLT
scans showed uncommon or elusive GBM features, the
MRI abnormalities were limited in brain tissues near or
not far from the resection cavity. Results of CSF analy-
sis (cell count, protein transfer, total proteins, glucose,

Fig. 1f. Diffusion-weighted MRI scan showing multilocal hy-
perintensity.

PCR-based examination of CSF for viral infection) were
unremarkable for all patients. EEG recordings during
the acute phase showed diffuse slow abnormalities in all
patients. To avoid burdensome diagnostic and therapeu-
tic procedures, an intensive wait-and-scan strategy was
adopted. There is no causal treatment, so symptomatic
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Fig. 1g. CT angiograph confirming a radiation-related basilar  Fig. 1h. Endovascular coil embolization.
tip aneurysm that was managed with endovascular coil embo-
lization (1h).

Fig. 1i. Axial T1-weighted MRI scan showing disappearance of  Fig. 1j. Axial diffusion-weighted MRI scan showing reduction
the multiloculated contrast-enhanced lesions. in multilocal hyperintensity.

Fig. 2a. Axial Tl-weighted MRI scan showing no contrast-  Fig. 2b. Diffusion-weighted MRI scan showing hypersignal zone
enhanced lesion. in the frontal periphery of the resection cavity.
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Fig. 3a. Axial Tl-weighted MRI scan showing contrast-en-
hanced lesion around the original resection cavity in the right
parietal lobe.

Fig. 3b. Diffusion-weighted MRI scan showing multilocal hy-
persignal rim encompassing the resection cavity shown in 3a.

Fig. 3c. Axial Tl-weighted MRI scan showing disappearance of
the multiloculated contrast-enhanced lesions.

therapy was administered including high-dose corticoste-
roids and antiepileptics. However, given their uncertain
efficacy, antiplatelet (acetylsalicylic acid, clopidogrel) and
vasodilatory (calcium channel blockers - propranolol,
nimodipine; 3-adrenoceptor blockers - verapamil) agents
were added.

Based on a careful clinical status assessment, the ini-
tial high-dose corticotherapy administered to our patients
(16-24 mg of dexamethasone per day) was gradually ta-
pered. At the time of writing, patients 1 and 2 receive no
corticotherapy, and patient 3 remains on a low mainte-
nance dose of 2 mg dexamethasone per day. All patients
were initially administered antiplatelet therapy (acetyl-
salicylic acid: 100-200 mg per day), and patients 1 and 2
continue to receive it. Patient 1 was originally seizure-free
on carbamazepine, but after a stroke-like attack, lacos-
amide was added. At the patient’s request, lacosamide was
withdrawn after stabilization of his clinical status. New
antiepileptics (clonazepam, levetiracetam) were added to
patient 3’s chronic medication of valproic acid. As anxio-
lytic therapy, citalopram was administered in combination
with bromazepam and alprazolam to Patients 1 and 2,
respectively.

Patients 2 and 3 recovered completely. A SMART epi-
sode led to permanent worsening of neurological deficits
in Patient 1, and a further complication was the radiation-
related basilar tip aneurysm, which was treated with en-
dovascular coil embolization.

CONCLUSION

Stroke-like syndrome is a rare, delayed complication
of brain oncotherapy. More than 100 cases have been
published globally, but only cases with more favorable
brain cancer diagnoses with a longer life expectancy have
been reported™®. For the first time, our case series pres-
ents three long-term survivors of GBM with stroke-like
syndrome. A 5-year survival rate of 17% for GBM patients
under 50 years old was recorded in a randomized phase
111 study’, but only a 5-year overall relative survival rate of
6.8% in real clinical practice®. Originally, all our patients
underwent tumor resection and chemoradiotherapy. All
of them had acute MRI alterations, but two had imaging
abnormalities before clinical manifestation. They pre-
sented with varied signs and symptoms (focal deficits,
encephalopathy, seizures, and headache) (ref.*"). Stroke-
like syndromes developed within 2-5 days but resolved in
2-6 weeks. Diffusion-weighted MR and T2 brain perfu-
sion abnormalities were detected in all patients, with focal
MRI contrast enhancement due to blood-brain barrier
disruption. Only Patient 1 had obscure thick gyriform
cortical enhancement characteristic of SMART. Besides
tumor recurrence, classic stroke, encephalitis, metabolic
and mitochondrial disorders, and post-seizure swelling
should be excluded®. The imaging indicated intensive
MRI scanning and symptomatic medication (steroids, for
their inflammatory and anti-edemic effects, supplemented
by antiepileptics, vasoactive agents, etc.) for judicious
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management. It must be kept in mind that no imaging
technique has 100% specificity and sensitivity, and both
surgery and oncotherapy affect EEG and MRI results.
Regarding the course, invasive procedures such as biopsy
and tumor re-resection were still considered options.

The pathophysiology of stroke-like syndrome remains
unclear, but a set of plausible causes has already been ac-
cepted. Compromised brain perfusion has been acknowl-
edged in the literature as a process underlying syndrome
progression'”. Cranial irradiation alters neurogenesis, neu-
ron morphology, and mitochondrial disorders, as well as
causing endothelial damage, mainly to small vessels. In
the following period, vascular dysfunction results in hy-
poxia of brain cells with impaired autoregulatory param-
eters and activates cerebral hyperexcitability. Conversely,
seizure activity affects the previously injured brain micro-
environment and potentiates inflammatory endothelial
damage.

All stroke-like syndromes are diagnoses of exclusion.
To avoid misinterpretation of imaging findings as GBM
recurrence, and avert recall oncotherapy or redundant
interventions, better understanding of delayed complica-
tions of brain tumor therapy is crucial. An antecedent
event for the sudden onset of brain tissue destruction has
not been elucidated. Close cooperation of neuro-oncology
team members is essential, but neurological recovery is
not always completed, and the recovery range of stroke-
like syndromes still remains unpredictable. To date, no
knowledge of the possible parallel effects of surgery and
systemic chemotherapy (temozolomide) on these syn-
dromes’ development has been acquired. Brain tissue
reaction to cranial irradiation evolves in an individual
pattern and without predictive markers. As no effective
GBM treatment that spares normal brain tissue has been
identified to date, cranial irradiation will continue to be
the standard part of GBM treatment, and we will continue
to encounter sequelae (such as stroke-like syndrome) for
the foreseeable future. Hence, there are clear needs to
characterize the sequelae, and identify ways to minimize
both their frequency and severity.
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Genetic Markers in Triple-Negative Breast Cancer

Zuzana Sporikova, Vladimira Koudelakova, Radek Trojanec, Marian Hajduch

Abstract

Triple-negative breast cancer (TNBC) accounts for 15% to 20% of breast cancer cases and is characterized by the
absence of estrogen, progesterone, and human epidermal growth factor 2 receptors. Though TNBC is a highly
heterogenic and aggressive disease, TNBC patients have better response to neoadjuvant therapy compared to other
breast cancer subtypes. Nevertheless, patients with residual disease have a very poor prognosis, with higher prob-
ability of relapse and lower overall survival in the first years after diagnosis. TNBC has 6 subtypes with distinct
molecular signatures with different prognoses and probably different responses to therapy. The precise stratification of
TNBC is therefore crucial for the development of potent standardized and targeted therapies. In spite of intensive
research into finding new molecular biomarkers and designing personalized therapeutic approaches, BRCA muta-
tional status is the only clinically validated biomarker for personalized therapy in TNBC. Recent studies have reported
several promising biomarkers that are currently being validated through clinical trials. The objective of this review was
to summarize the clinically relevant genetic markers for TNBC that could serve as diagnostic, prognostic, or predictive
or could improve personalized therapeutic strategies.

Clinical Breast Cancer, Vol. 18, No. 5, e841-50 © 2018 The Authors. Published by Elsevier Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: BRCA, p53, Predictor, Prognosis, Targeted therapy

Introduction

Breast cancer is the leading cause of cancer death in women
worldwide, and triple-negative breast cancer (TNBC) accounts for
approximately 15% to 20% of all new cases. All TNBC subtypes
share a common gene expression pattern: the absence of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2; also known as ERBB2) expres-
sion."” Despite these shared features, TNBC is a highly heteroge-
neous disease that can be divided into many distinct subgroups
according to clinical, histopathologic, and molecular proﬁlcs."
TNBC patients are typically young (< 40 years), are African
American, and have shorter progression-free survival and overall
survival (OS) relative to non-TNBC breast cancer paticms.*"s The
disease also follows a more aggressive course, characterized by higher
relapse rates and worse prognosis, than hormone receptor—positive
tumors.”” The insidiousness of TNBC lies in the high prevalence of
highly proliferating grade 3 tumors at diagnosis.” Additional features
of TNBC include a peak in recurrence between 1 and 3 years after
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diagnosis (hazard ratio = 2.6; P < .0001), as well as a majority of
deaths occurring within 5 years of therapy (hazard ratio = 3.2; P <
.0001) compared to non-TNBC phenotypes.” TNBC patients
usually experience better pathologic complete response rates (pCR)
after neoadjuvant chemotherapy (pCR rates in 30%-40%). More-
over, TNBC patients who experience pCR have excellent long-term
clinical outcome. However, TNBC patients with residual disease
after neoadjuvant chemotherapy have very poor prognosis.” The
recurrence of TNBC is associated with a high risk of metastasis to
the lungs or central nervous system, a lower risk of bone metastasis,
and a dismal median survival of approximately 1 year.””'*"?

The intricacy of this disease is further illustrated by the high
prevalence of rare histopathologic subtypes such as metaplastic
(90%), medullary (95%), and apocrine (40%-60%) carcinomas."”
When both the poor prognosis facing TNBC patients and the
lack of a recognized predictor of therapy response are considered,
the need to identify specific markers that can be targeted by tailored
therapies or used to predict response to chemotherapy is
indisputable.

This review focuses on genetic alterations in TNBC that could
serve as predictive markers of prognosis, which will help in selecting
a suitable chemotherapy approach and/or inspire further research.

Intrinsic Subgroups of Breast Cancer
Breast cancer comprises a heterogencous group of discases that
can be, according to gene expression profiles, classified into luminal
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A, luminal B, basal-like, normal-like and HER2-enriched sub-
groups.'*'” The PAMS50 assay, a 50-gene subtype predictor, was
developed on the basis of these expression profiles.'® These so-called
intrinsic subgroups of breast cancer show differences in incidence,
age at diagnosis, prognosis, and response to treatment,' '’

At the morphologic level, TNBC and basal-like breast cancer
(BLBC) are similar in terms of larger tumor size, higher grade,
presence of geographic necrosis, enhanced invasive potential, and
stromal lymphocytic infiltration.”"”"*"” However, the gene
expression profiles of only 71% of TNBC samples are clustered as
basal-like. Morcover, only 77% of the basal-like tumors bear TNBC
signatures.”” This observation was confirmed through the molecular
characterization of 412 TNBC and 473 basal-like (based on
PAMS0 subtype prediction) breast cancer samples.”’ Using this
approach, 21.4% of TNBC samples were not assigned as BLBC,
and 31.5% of BLBC samples did not display a TNBC profile. Out
of 412 TNBC samples, 78.6% were identified as BLBC, 7% as
normal-like, 7.8% as HER2 enriched, 4.4% as luminal B, and 2.2%
as luminal A

TNBC Subtypes

Once the molecular heterogeneity of TNBC was recognized,
subsequent research focused on classifying TNBC subtypes on the
basis of disease prognosis or the expected response to systemic
therapy. Groundbreaking work identified 6 different TNBC gene
expression profile subtypes from 587 TNBC cases identified in 21
gene expression data sets using a top-down approach of hierarchical
clustering.” The subtypes were named according to their expression
patterns: basal-like 1 and 2 (BL1/2), immunomodulatory (IM),
mesenchymal (M), mesenchymal stem—like (MSL), and luminal
androgen receptor (LAR) (Table 1). Following this classification,
approximately 30 TNBC cell lines have been identified as models of
the distinct subtypes and are used to investigate which pharmaco-
logic strategies are most effective against each subtype.

Both BL1 and BL2 subtypes are sensitive to DNA-damaging
agents (such as cisplatin) and show elevated expression of cell-
cycle and DNA damage-response genes. While BL1 is characterized

by heightened expression of both cell division and DNA damage-
response genes, as well as clevated Ki-67 expression, BL2 displays
up-regulated growth factor signaling, glycolysis, and gluconcogenesis
along with increased expression of myoepithelial markers.”

Both M and MSL subtypes are characterized by decreased distant
metastasis-free survival and positive response to phosphoinositide 3-
kinase (PI3K)/mechanistic target of rapamycin (mTOR) inhibitors
and dasatinib. The gene expression profiles of the M and MSL
subtypes overlap with that of chemoresistant mertaplastic breast
cancer and display the up-regulation of genes involved in
epithelial—mesenchymal  transition, cell modility, extracellular
matrix remodeling, and cellular differentiation. Unlike the M sub-
type, which displays overexpression of proliferation genes, the MSI
subtype is enriched in mesenchymal stem-cell—associated genes and
shows up-regulation of genes involved in angiogenesis and growth
factor pathways. The MSL subtype overlaps with the previously
described claudin-low subtype, as both demonstrate reduced claudin
3,4,and 7 cxprcssiou."‘/‘“

The IM subtype is characterized by increased expression of
immune signaling genes (immune cell and cytokine signaling, an-
tigen processing and presentation, core immune signaling path-
ways). The IM expression profile overlaps with the molecular
signature of medullary breast cancer, and both classifications share a
good prognosis.”” Expression profile of IM subtype is generated by
tumor-infiltrating lymphocytes (TILs) rather than tumor cells
itself.”® The robust presence of TILs has been found in approxi-
mately 20% of TNBC and was found to be an independent
prognostic marker in TNBC. The BIG 02-98, ECOG 2197, and
ECOG 1199 trials demonstrated very similar results, with 15% to
20% reduction in any recurrence and mortlity for every 10%
increase in stromal TILs.”” *” The presence of TILs is associated
with better response to both adjuvant and neoadjuvant therapy, and
could serve as marker of better outcome when detected in residual
tumor after neoadjuvant therapy.”"*

The final subtype, LAR, is enriched in genes involved in hor-
mone signaling, steroid synthesis, and androgen/estrogen meta-
bolism, including overexpression of androgen receptor (AR) and its

Table 1 Triple-Negative Breast Cancer Subtype Characterization

Subtype Signaling Pathways Important Markers Chemosensitivity” Potential Therapy
BL1 Cell cycle, proliferation, DNA damage ATR, BRCA, MYC, NRAS, Ki-67 Very good Cisplatin, PARP inhibitors
pathways
BL2 Cell cycle, proliferation, growth factor EGFR, MET, EPHA2, TP53 Very poor Cisplatin; PARP and growth factor
signaling, glycolysis, gluconeogenesis inhibitors
M Immune cell signaling processes JAK1/2, STAT1/4, IRF1/7/8, TNF Medium —
M EMT, cell motility, differentiation, Wnt, ALK, TGF-G Medium PI3K/mTOR, Src inhibitors
proliferation
MSL EMT, cell motility, differentiation, growth EGFR. PDGFR, ERK1/2, VEGFR2 Medium PI3K/mTOR, Src inhibitors
factor signaling, angiogenesis
LAR Androgen/estrogen metaholism, AR, FOXAT, KRT18, XBP1 Poor AR antagonist; PI3K, Hsp90 inhibitors
steroid synthesis, porphyrin metabolism

Abbreviations: ALK = anaplastic lymphoma receptor tyrosine kinase; AR = androgen receptor; ATR = ataxia telangiectasia and Rad3 related; BLY = basal-like 1; BL2 = basal-like 2; BRCA = breast
cancer gene; EGFA = epidermal growth factor receptor; EMT = epithelial—mesenchymal transition; EPHAZ = ephrin type A receptor 2; ERK7/2 = mitogen-activated protein kinase 1/2;
FOXAT = forkhead box A1; Hsp30 = heat shock protein 90; IM = immunomodulatory; /RF1/7/8 = interferon regulatory factor 1; JAK/2 = Janus kinase 1/2; Ki-67 = marker of proliferation Ki-67;
KRT18 = keralin 18; LAR = luminal androgen receptor; M = mesenchymal; MET = hepalocyle growth factor receplor; MSL = mesenchymal slem—like; mTOR = mechanislic largel of rapamycin;
MYC = MYC proto-oncogene; NRAS = neuroblastoma Ras; PARP = poly(ADP-ribose) polymerase; PDGFR = platelet-derived growth factor receptor; PI3K = phosphoinositide 3-kinase; Src = SRC
proto-oncogene; STAT1/4 = signal transducer and activator of transcription 1/4; TGF-8 = transforming growth factor [3; TNF = tumor necrosis factor; TP53 = tumor protein PS3; VEGFRZ =
vascular endothelial growth factor receptor 2; Wit = Wnt family member; XBP7 = X-box binding protein 1.
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downstream targets and coactivators. Patients with the LAR subtype
show shorter relapse-free survival. This subtype overlaps with the
previously described molecular apocrine group.” One possible
therapy regimen for this subtype targets the AR antagonist (ie,
flutamide, enzalutamide, bicalutamide).“ Moreover, LAR-subtype
cell lines are sensitive to PI3K inhibitors as a result of a mutation
in the phosphatidylinositol-4,5-bisphosphate  3-kinase catalytic
subunit o (PIK3CA) kinase domain.”

A study clarifying the clinical relevance of the 7-subtype classi-
fication of TNBC revealed differences in pCR after neoadjuvant
chemotherapy (P = .044) and found the TNBC subtype to be an
independent predictor of pCR status (2 = .022) by a likelihood
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ratio test. BL1 showed the highest pCR rate (52%), while BL2 and
LAR  subtypes showed the lowest rates (0% and 10%,
respectively).”’

Genetic Markers in TNBC

The molecular and genetic profiles of TNBC, known for its
enormous complexity and diversity, continue to challenge
researchers all around the world. As mentioned above, TNBC
tumors are characterized by the lack of ER, PR, and HER2
expression. The lack of therapeutic targets complicates cfforts to
characterize TNBC with certain molecular markers in a bid to
improve disease outcome. To date, two large studies have focused

Table 2 Summary of Triple-Negative Breast Cancer Important Genetic Markers

Gene
TP53

BRCA1

BRCA?
PIK3CA

PTEN

INPP4B
EGFR

FGFRT

FGFR2

VEGFRA

VEGFRB
VEGFRC
AR

BCL2

Localization
17p13.1

17921.31

13013.1
3026.32

1002331

4¢31.21
7p11.2

8p11.23

10g26.13

6p21.1

11913.1
4934.3
Xqi2

18921.33

Alteration Type
Inactivating mutation

Inactivating mutation,
epigenetic changes

Activating mutation

Deletion, inactivating
mutation

Deletion
Amplification, overexpression

Amplification

Overexpression, amplification,
mutation

QOverexpression

Overexpression

Main Function

Genome integrity, DNA
repair and apoptosis

DNA double-strand break
repair

Survival, differentiation,
proliferation

Cell proliferation, metastasis

Proliferation, survival,
migration, differentiation

Angiogenesis, invasion,
metastases

Cell signaling

Antiapoptotic

Prognostic Significance

Poor prognostic factor, worse,
0S and increased metastatic
risk
Poor prognostic factor

Poor prognostic factors

Poor prognostic factor

Unknown

Unknown

Controversial; probably better
DFS and 0S

Pasitive prognostic factor

Predictive Significance
Poor response to
chemotherapy

Higher response to
neoadjuvant anthracycline
and taxane therapy, response;
to platinum-based therapy,
potential predictor for
response to PARP inhibitors

Potential predictors for
response to PI3K/AKT/mTOR
inhibitors
Higher sensitivity to
combination therapy of PI3K
and androgen receptor
inhibitors

Potential predictor for
response to anti-EGFR
therapy

In vitro sensitivity to FGFR
ATP-competitive inhibitor
brivanib
In vitro sensitivity to FGFR
ATP-competitive inhibitor
PD173074
Addition of bevacizumab to
chemotherapy significantly
elevates pCR rates

Lower sensitivity to
chemotherapy, higher
sensitivity to AR inhibitors
(enzalutamide, bicalutamide),
PI3K inhibitors, and their
combination

Negative predictor of
response to neoadjuvant and
adjuvant anthracycline-based

chemotherapy, positive
predictor of response to CMF|
treatment

References
37-43

23,44-50

51-563

54,55

56-58

59-62

59,63

28,48,64-67

23,68-72

73-76

Abbrevialions: TP53 = tumor prolein P53; PTEN = phosphalase and tensin homolog; /NPP4B = inosilol polyphosphale-4-phosphalase type Il B; £GFR = epidermal growth factor receplor; VEGFR A/B/
C = vascular endothelial growth factor receptor A/B/C; AR = androgen receptor; BCL2 = B-cell lymphoma 2; DFS = disease-free survival; OS = overall sunival; PARP = poly(ADP-ribose) polymerase;
PI3K = phosphoinositide 3-kinase; AKT = AKT serine/threoning kinase; mTOR = mechanistic target of rapamycin; pCR = pathologic complete response; CMF = cyclophosphamide, methotrexate, 5-
fluorouracil; BRCA1/2 = breast cancer gene 1/2; FGFR1/2 = fibroblast growth factor receptor 1/2; PIK3CA = phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit o,
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Genetic Markers in TNBC

on the genetic basis of TNBC.”™*® Genetic markers that influence
prognosis and/or prediction of appropriate therapy are summarized
in Table 2 and visualized in Figure 1.

The exome-sequencing, RNA-sequencing, high-resolution single
nucleotide polymorphism arrays and targeted deep resequencing
were performed on 104 primary TNBC samples grouped into
various subsets to reveal the patterns of somatic mutation.” The
most frequent copy number aberrations were identified for the
PARK2 (Parkinson disease 2) (6%), RBI (retinoblastoma gene 1)
(5%), PTEN (phosphatasc and tensin homolog) (3%), and EGFR
(cpidermal growth factor receptor) (5%) genes. 7753 mutations
were found to be the most common somatic aberration, observed in
53.8% of cases, while the TNBC samples also showed frequent
mutations in the PIK3CA (10.2%), USH2A (usher syndrome 2A)
(9.2%), MYO3A (myosin TITA) (9.2%), PTEN, and RBI genes
(7.7%). However, only a minority of mutations (36%) were tran-
scribed into mRNA.”

The Cancer Genome Adas Group analyzed samples from 463
patients using genomic DNA copy number arrays, DNA methyl-
ation, exome sequencing, mRNA arrays, microRNA sequencing,
and reverse-phase protein arrays.”® In a group containing 93 basal-
like tumors (76 TNBCs), the most commonly mutated genes were
found to be 7P53 (80%), PIK3CA (9%), MLL3 (lysine

Figure 1

methyltransferase 2C) (5%), AFF2 (AF4/FMR2 family member 2)
(4%), RBI (4%), and PTEN (1%). Copy number alterations were
obscrved in several chromosomal regions or genes, namely ampli-
fication or gain of MYC (MYC protooncogene) (40%), (E3
ubiquitin-protein ligase Mdm2) (14%), CCNE (cyclin E1) (9%), as
well as the 1q and 10p regions, along with loss of PTEN, RBI,
INPP4B (inositol polyphosphate-4-phosphatase type II B) (30%),
and the 8p and 5q regions. Heightened CDKN2A (cyclin-depen-
dent kinase inhibitor 2A) expression, decreased RBI expression, and
high genomic instability were also found to be typical features of the
BLBC profile.*

The discovery of the fusion gene EMI4-ALK (echinoderm
microtubule-associated protein-like 4-anaplastic lymphoma kinase)
in non—small-cell Tung cancer fueled interest in finding such a
structural rearrangement in breast carcinomas, particularly in
TNBC."® An enrichment in most known MAGI3-AKT3
(membrane-associated  guanylate kinase—AKT serine/threonine
kinase 3) translocation as well as rearrangements involving the
NOTCHI/2 (Notch 1/2) and MAST (microtubule-associated
serine—threonine kinase) genes, were identified in TNBC by whole
exome sequencing,’”’?

As was mentioned above, TNBC disease showed higher sensi-
tivity to neoadjuvant chemotherapy, but patients with residual

Genetic Markers and Their Aberrations That Influence Prognosis And/Or Prediction of TNBC

% 0

TYROSINKINASE RECEPTOR
EGFR - overexpression, amplification / gain

FGFR1/2 - overexpression, amplification / gain
VEGFR- overexpression, amplification, mutation

PIK3CA
mutation

G MAGI-AKT3
translocation
proliferation, cell survival,
anglogenesis, tumorigenesis
MYC
AR-
CCNE
'|' WOM2 -

CDKN2A - mutation

L

apoptosis
oncogenesis
DNA reparation

MLL3 - mutation

Abbrevialions: AKT = AKT serine/lhveonine kinase; BCL = B-cell lymphoma; BRCA1/2 = breasl cancer gene 1/2; COKN2A = cyclin-dependent kinase inhibilor 24; £GFR = epidermal growth faclor
receptor; FGFR1/2 = fibroblast growth factor receptor 1/2; INPP48 = inositol polyphosphate-4-phosphatase type Il B; MLL3 = lysine methyltransferase 2C; mTOR = mechanistic target of
rapamycin; MY034 = myosin IA; PARK2 = Parkinson disease 2; PI3K = phosphoinositide 3-kinase; PTEN = phosphatase and tensin homolog; A87 = retinoblastoma gene 1; TP53 = tumor
protein P53; USHZ = Usher syndrome 2; VEGFR = vascular endothelial growth factor receptor.
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disease have very poor prognosis. Identification of targetable alter-
ation in residual tumor is therefore necessary.*’ The genomic profile
of tumor has been shown to be frequently altered during chemo-
therapy. Several studies comparing pretreatment and posttreatment
biopsy samples found significant changes mainly in cell-cycle reg-
ulators and PI3K/mTOR pathway.”"** These genomic changes
could be the reason for resistance to conventional chemotherapies
and identification of new druggable targets in posttrearment biopsy
samples could significantly improve TNBC outcome. Molecular
analysis of posttrcatment biopsy samples is therefore necessary in
TNBC paticnts who do not experience pCR after neoadjuvant
chemotherapy.

TP53 Gene

TP53 is one of the most important genes involved in maintaining
homeostasis and genomic integrity throughout cell-cycle arrest, DNA
repair, and apoptosis. Alterations of 7P53 associated with aberrant p53
expression have been described in numerous types of human cancers as
well as in all breast cancer subtypes.®’ Expression of mutant p53 was
found to be associated with high proliferation rate, early disease
recurrence, and early death in node-negative breast cancer.” In breast
cancer, the DNA-binding domain is the most frequently mutated area
of the 7P53 gene, and missense substitutions were identified as the
culprit behind unfavorable breast cancer outcomes.” %" While
missense mutations have been found to be predominantly associated
with the luminal subtype, nonsense and frameshift changes are preva-
lent in basal-like tumors.”® Generally, 7P53 mutations are more
common in ER-negative breast cancers than in breast cancers with ER
expression.” "> Moreover, ER-negative patients with p33 expression
(TNBC and HER2-positive subtypes) were reported to have a better
prognosis, while P53 expression in ER-positive patients was related toa
worse pr()gnt)sis.JS‘J[’

In TNBC, 7P53 is the most frequently mutated gene, with mu-
tations occurring in 65% to 80% of cases.”””® In one of the most
extensive studies to date, mutations in 7P53 were found in 62% of
basal-like and 43% nonbasal TNBC.”” In the context of TNBC,
these mutations result in increased genetic instability and cytogenetic
changes, as well as a higher probability of loss of heterozygosity.”*"
Recent studies have shown worse OS and increased metastatic risk in
TNBC patients with decreased p53 function. 193¢ However, another
study did not confirm that mutations of 7753 and/or p53 expression
are prognostic factors; nevertheless, discrepancies between 7P53
mutation and p53 expression could be a potential predictor of poor
outcome in TNBC.” Other studies found 7753 mutations to be a
predictor of chemoresistance in TNBC.”' ™ T'aken together, 753 is
mutated in a majority of TNBC cases and is therefore an attractive
candidate for antitumor therapies.

BRCAI1/2

The BRCAI and BRCA2 gene products are vital to the activation
and transcriptional regulation of DNA damage, control of the cell
cycle, and cellular proliferation and differentiation.”” More specif-
ically, BRCA1/2 proteins play an essential role in DNA double-
strand break repair by homologous recombination (HRR) and the
maintenance of DNA stability.”’

Over 80% of hereditary BRCA/-mutated breast cancers are
classified as TNBC and/or BLBC, and approximately 15% TNBC
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patients are carriers of a BRCA germ-line mutation (gBRCA).””"™”” The
remaining sporadic TNBC cases frequently share certain characteristics
with BRCAI/2 mutation carricrs in HRR defects, sometimes collectively
termed BRCAness.”” This BRCAness status can involve the epigenetic
inactivation of BRCAI by promoter methylation, which has been
associated with poor prognosis in terms of relapse-free survival and OS
after anthracycline- or taxane-based therapy.”® Breast cancers with
BRCAI mutations as well as BRCAness often express basal markers that
correspond with the BLI subtype and therefore respond to neoadjuvant
anthracydline and taxane therapy.””*”” Interesting results were recendly
published in the POSH study determining the cffect of gBRCA on
breast cancer outcome after systemic therapy. OS ac 10 years was 78%
in g BRCA carriers compared 10 69% in BRCA-negative cases, suggesting
that BRCA mutation provided some survival advantage to their car-
tiers.” Better survival of gBRCA TNBC and probably also BRCAness
might be caused by better sensitivity of gBRCA carriers to chemotherapy
as a result of defects in HRR or higher immune activation.” "

Moreover, patients with deficient BRCA1/2 function should be
more susceptible to DNA-damaging agents like platinum derivatives
and poly(ADP ribose) polymerase (PARP) inhibitors.”" The
Treating to New Targets (ITNT) wial shown the double objective
response rate to carboplatin compared to doceraxel in metastatic
TNBC tumors carrying gBRCA mutations.'*"!*? High effectivity of
platinum-based therapy in metastatic gBRCA TNBC was also
demonstrated by other studies.”” Moreover, not only BRCAI/2
mutation carriers but also patients with advanced TNBC with
defects in the BRCAL/2 pathway (determined by higher values of
loss of heterozygosity score and large-scale state transitions score)
showed a positive response to platinum therapy in the TBCR009
study.”” Indeed, the TNT trial did not demonstrate better response
to carboplatin in patients with a high homologous recombination
deficiency score.'”" Biomarkers of genomic instability that predict a
positive response to platinum-based therapy should therefore be
validated for a subset of TNBC tumors.'”’ In the neoadjuvant
setting, the role of gBRCA mutation in response to platinum-based
therapy is unclear. Several studies demonstrated higher responses in
gBRCA carriers; nevertheless, the GeparSixto study showed higher
responses in patients with wild-type BRCA.**'**1%

PARP inhibitors present another promising therapeutic tool.
PARP inhibition increases the occurrence of irreparable toxic DNA
double-strand breaks resulting in cell death in BRCA-mutated
patients. PARP inhibitors therefore effectively kill the tumor cells
through the principle of synthetic lethality. The PARP inhibitors
olaparib and rucaparib have been approved for the treatment of
advanced previously treated ovarian cancer with gBRCA. More
recently, olaparib was also approved by the US Food and Drug
Administration for treatment of metastatic HER2-negative breast
cancer with BRCA mutation previously treated with chemo-
therapy.'’” """ Promising results with PARP inhibitor talazoparib
were shown in the EMBRACA study. Talazoparib therapy resulted
in significantly prolonged progression-free survival in advanced
HER2-negative breast cancer patients with gBRCA compared to
treatment of physician’s choice.'"”

PI3K Pathway
Dysregulation of the PI3K/AKT/mTOR pathway causes changes
in cell survival, differentiation, and/or proliferation that are
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frequently observed during carcinogenesis.”® Increased signaling
through the PI3K/Akt/mTOR pathway is very common in all breast
cancer types, including TNBC."" In basal-like cumors, alterations
in PTEN and INPP4B phosphatases are more common than
mutations in PTK3CA.>>>" PIK3CA mutations are associated with
ER positivity and therefore are more frequent in ER-positive breast
cancers (luminal and HER2-enriched subtypes).””"'""

PTEN is an important negative regulator of the PI3K pathway.
Loss of PTEN expression has been shown to be significantly asso-
ciated with ER negativity as well as basal-like phenotype.''” Loss of
PTEN contributes to both rapid tumor cell proliferation and poor
prognosis in TNBC.” The phosphatase INPP4B, another negative
regulator of the PI3K pathway, has been shown to be frequently lost
in ER-negative primary breast carcinomas. INPP4B loss is associ-
ated with high clinical grade, increased tumor size, loss of hormone
receptors, and aggressive basal-like breast cancers.”>''° Tn addition,
oncogenic mutations of PIK3CA, which encodes for a catalytic
subunit of PI3K (p110%), occur in about 10% of TNBC cases and
can further activate the PI3K pathway. Among the TNBC subtypes,
LAR shows the highest prevalence of ”/K3CA mutations, and in this
way the simultaneous therapeutic targeting of AR and PIK3CA
could prove beneficial to patients.”’ In addition to the known
TNBC cancer-related genes involved in PI3K pathway regulation,
the novel MAGI3-AKT3 translocation has been described. This
rearrangement occurs in about 7% of TNBC cases and leads to
constitutive AKT3 activation and hyperactivation of the PI3K
pathway.””

In TNBC,

frequently and are promising therapeutic targets. Preclinical data

PI3K/AKT/mTOR  pathway alterations occur

have demonstrated that TNBC tumors are more sensitive to com-
bination therapy.”' > Clinical trials are currently evaluating the
potency of mTOR, PI3K, AKT, and mTOR/PI3K inhibitors for
treating TNBC alone or in combination with other therapies (eg,

cisplatin, PARP, and AR inhibitors).""*

Tyrosine Kinase Receptors

Tyrosine kinase receptors from the EGFR, FGFR (fibroblast
growth factor receptor), and VEGFR (vascular endothelial growth
factor receptor) families have been reported to be potential clinical
targets for treating TNBC.''”"'® The tyrosine kinase receptor
EGFR (HER1) mediates cell proliferation, angiogenesis, and
metastasis as well as the inhibition of apoptosis by transducing an
extracellular signal through a kinase cascade to ultimately initiate the
transcription of specific genes. While EGFR overexpression has
been described in approximately 60% of TNBC cases, EGFR
amplification or high copy number has been reported in only 5% to
30% of cases. Moreover, EGFR murtations were found to be rare,

56,57

occurring in about 11% of samples. Studies of Asian pop-

ulations did not find a correlation between EGFR expression and
either increased EGFR copy number or EGFR mutations.” "*'”
Nevertheless, a recent study reported EGFR copy number to
correlate with EGFR overexpression and to be associated with poor
clinical outcome in TNBC. EGFR overexpression is also influenced
by factors other than genomic changes, and £GFR copy number
status seems to predict the response of TNBC patients to anti-
EGFR therapy.”® A number of clinical trials have evaluated the
efficacy of tyrosine kinase inhibitors as well as monoclonal
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antibodies.”'” However, the results from these clinical trials, which
tested EGFR tyrosine kinase inhibitors alone or in combination
with chemotherapy, have so far been disappointing.'"” Similarly,
clinical trials investigating anti-EGFR monoclonal antibodies in
monotherapy or combination therapy have not yet provided any

120-123 . .
* Despite predominantly unsuccessful

promising  results.
studies, a small proportion of TNBC patients have disease that
responds positively to anti-EGFR therapy. Therefore, identification
of patients with EGFR activations who may profit from anti-EGFR
therapy is crucial.

FGF receptors mediate proliferation, survival, migration, and
differentiation. As such, they could be a promising target for
treating a subset of TNBC patients. Amplifications of FGFRI or
FGFR2, with respective frequencies of 9% and 4% in TNBC, may
act as driver mutations, whereas mutations in FGFR genes are less
common in TNBC.””®" Two studies have shown that FGFR2
amplification leads to constitutive activation of the receptor in
TNBC cell lines, and that this subsct of cells is sensitive to the
FGFR ATP-competitive inhibitor PD173074.°%* Cell lines with
FGFRI amplifications were shown to be sensitive to the FGFR
ATP-competitive inhibitor brivanib.’” These results concerning
FGFRs, along with the fact that alterations in FGFR genes occur in
more than 10% of TNBC cases, make this family of tyrosine kinase
receptors an attractive therapeutic target. Ongoing clinical trials will,
we hope, clarify the effectiveness of FGFR inhibitors in breast
cancer patients.

The VEGER family has also been explored as a potential thera-
peutic target because it plays an essential role in angiogenesis, which
affects cancer development, invasion, and metastasis.”’ Even though
VEGFR amp]iﬁcarions or mutations are rare in 1TNBC, a number of
clinical trials have confirmed thar the addition of bevacizumab to
chemotherapy  significantly elevates pCR rates in TNBC pa-
tients.”**"°® Higher pCR rates occur in TNBC patients treated
with bevacizumab; interestingly, the best responses to bevacizumab
were associated with high VEGFRI levels.”” The effect of the
multitarget tyrosine kinase receptor inhibitor sunitinib on TNBC
has been evaluated in several studies, but this inhibitor was not
found to be any more effective than other previously reported

124,125

therapeutic approaches.

Androgen Receptor

AR, as well as ER and PR, belongs to the nuclear steroid hor-
mone receptor family.'*® AR plays an important role in cell
signaling through the Wnt pathway and regulates genes involved in
metastasis,” FOXAL, P1EN, and p53 along with other cell-cycle
regulators, and the PI3K/AK1/mitogen-activated protein kinase
signaling pathway.'”” AR expression has been found in approxi-
mately 70% of breast cancers, and it is associated with ER posi-
ti\'it)»'.r"l:g In breast cancer, AR positivity is more common in older
women and is associated with lower stage, nuclear grade, and risk of
lymph node involvement as well as smaller tumor size at diagnosis,
decreased risk of recurrence, and better OS and discase-free
survival.®'*"%% In TNBC, AR positivity is present in 13% to
37% of cases and is associated with LAR subtype and older age at
presentation.*”'*" The prognostic significance of AR positivity is
controversial; AR positivity has been associated with both favorable

69,70,131-133

and poor prognoses in previous studies. AR-positive
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TNBC has a lower Ki-67 index than AR-negative TNBC and could
therefore be less sensitive to chemotherapy,'** which is in accor-
dance with findings that the LAR subtype has lower pCR rates
relative to other TNBC subtypes.”

Preclinical in vitro and xenograft studies have demonstrated that
cell line models of LAR subtype are partially dependent on AR
signaling.””"'*” Small interfering RNA knockdown and pharmaco-
logic inhibition of AR both substantially decreased cell viability and
tumor growth. Moreover, all analyzed LAR cell lines showed an
activating mutation in the kinase domain of PZK3CA (H1047R)
and were therefore scnsitive to PI3K inhibitors.” In AR-positive
TNBC, PIK3CA mutations were reported in approximately 40%
of cases.”' Studies using in vitro experiments and xenograft models
have shown that the treatment of both TAR and non-LAR TNBC
subtypes with the AR inhibitors enzalutamide and bicalutamide
reduces proliferation, anchorage-independent growth, migration,
and invasion, and increases apoptosis.-]'-,‘ Therefore, a positive
response to AR antagonists is probably not limited to the LAR
TNBC subtype. However, the TBCRCOI1 study showed a rela-
tively weak response, with a 6-month clinical benefit rate of 19% for
bicalutamide in AR-positive patients compared to 18% in the
intention-to-treat population.'”® In a MDV3100-11 study, enza-
lutamide showed higher clinical activity, with a 6-month clinical
benefit rate of 28%, for AR-positive patients compared to 20% in
the intention-to-treat population.'””

Future studies should focus on elucidating the mechanisms of AR
therapy resistance and how to select patients who will show the
optimal response. Other therapeutic approaches, such as CYP17
(cytochrome P450 family 17 subfamily a member 1) inhibitors or
the combination of AR inhibitors with CDK4/CDKG6 (cyclin-
dependent  kinase) inhibitors, PI3K inhibitors or neoadjuvant
chemotherapy, are still being inve;s‘tig.;ated.'ﬂ’0

The therapeutic value of screening for AR positivity is that this is
an easily detectable marker than can identify subgroups of TNBC
patients who will derive minimal clinical benefit from standard
chemotherapy. AR-dependent TNBC patients could benefit from
targeted therapy based on AR antagonists alone or in combination
with other chemical agents.

BCL2 Gene

B-cell lymphoma 2 (BCL2) is a mitochondrial protein known for its
antiapoptotic and oncogenic effects. BCL2 exerts inhibitory effects on
cell growth and proliferation and DNA damage, resulting in increased

genetic instability.'**'?

Many studies have proven BCL2 expression
o be a promising prognostic and predictive marker, especially in
hormone receptor—positive, node-negative breast cancer.' " BCL2
expression s directly up-regulated by estrogens and therefore
commonly shows elevated levels in ER-positive breast cancers.

The role of BCL2 in the context of TNBC has not yet been well
established. BCL2 positivity was found to be a positive prognostic
factor in TNBC, as the ER"BCL2" group demonstrated a better
prognosis than the ER"BCL2 ™ group.”” Moreover, BCL2 positivity
was shown to be a predictor of response to neoadjuvant and adjuvant
anthracycline-based chemotherapy. The absence of BCL2 expression
in prechemotherapy TNBC samples was associated with a higher
probability of pCR to neoadjuvant doxorubicin-based chemotherapy,
and the lack of BCL2 expression was also found to be an independent

Zuzana Sporikova et al

predictor of pCR.™ Similarly, in an adjuvant setting, low BCL2
expression was associated with better outcome when TNBC was
treated  with anthracycline-based chemotherapy.”” In  addition,
heightened BCL2 expression seems to predict response to cyclophos-
phamide, methotrexate, and 5-fluorouracil treatment. ® The mecha-
nism of this response is not entirely clear, but it may be influenced by
expression ch:mges in genes associated with BCL2 levels—for example,
altered expression of HER3 (human epidermal growth factor receptor
3), MDM4 (Mdm2-like P53-binding protein), and p27 proteins.'**
The addition of BCL2 to the screening panel in clinical practice
would be simple and could provide important prognostic and pre-
dictive information about the TNBC patient.

Cyclin-Dependent Kinases

CDKs and cyclins play key roles in cell-cycle regulation and are
altered in almost all cancer types. Altered expression of cyclin D, cyclin
E, CDK4/6, CDK2, and others was observed in TNBC, and CDK
inhibition therapy thercfore scems to be promising strategy in
TNBC.*"**1* More than 10 CDK inhibitors arc evaluating in
ongoing clinical trials; the most promising are ribociclib, palbociclib,
abemaciclib, and dinaciclib. The CDK4/6 inhibitors ribociclib and
palbociclib have been already approved for treatment of advanced
breast cancer patients with hormone receptor positivity and HER2
negativity." > Tn TNBC, the LAR subgroup was found to be sen-
sitive to CDK4/6 inhibition (palbociclib/ribociclib). Moreover, CDK4/
6 inhibitors were synergistic with PI3K inhibitors in TNBC cell lines
with PIK3CA mucadion.”* Recendy, inhibition of CDK4/6 was found
to block breast tumor metastasis in TNBC xerograph model. Palbo-
cidib inhibition did not affect growth of primary tumor but never-
theless significantly inhibited the spread of TNBC to distant organs
through destabilization of the SNATLI protein.'"® Currently, palboci-
clib and ribociclib in combination with bicalutamide (AR antagonist)
are being tested for the trearment of advanced AR-positive TNBC.'*
Abemaciclib has a different toxicity profile and is being tested in
advanced TNBC with high RBI expression as a single agent."*
Dinacidlib (a pan-CDK inhibitor) was recently shown to have activ-
ity against TNBC both in vitro and in vivo."”” Dinaciclib failed in
combination with epirubicin because of substantial toxicity and is
currently being tested in combination with pembrolizumab.' "'

Conclusion

TNBC encompasses a complex group of heterogeneous diseases
characterized by various genetic alterations and a lack of validated
biomarkers. Current rescarch is focused on identifying genes that
may serve as therapeutic targets, prognostic markers, or predictors of
therapeutic response and are common in all or particular TNBC
subtypes. High-throughput analysis tools such as sequencing and
microarray technology have the potential to elucidate the nature of
TNBC; however, results of these technologies rarely have thera-
peutic impact. Well-defined and extensive data sets are required for
clinical validation of founded biomarkers. To date, several prom-
ising markers have been described, but they still lack validation with
the stringent criteria of clinical studies. The heterogencity of TNBC
is also evident in its trearment. The different subtypes differ in both
proliferative activity and response to conventional chemotherapy; as
such, classic therapeutic approaches should consider which subtype
is being targeted until personalized options become available.
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SOUHRN

Soucasna onkologie se zaméfuje predev3im na hledani novych prognostickych a prediktivnich
biomarkerd, novych terapeutik a [éCebnych strategii se zaméfenim na personalizaci

lecby. Soucasna diagnostika karcinomu prsu se opira o stanoveni exprese estrogenového,
progesteronového a HER2 receptoru, jejichZ pozitivita predikuje odpovéd na endokrinni,
respektive anti-HER2 terapii a vypovida rovnéz o prognoze onemocnéni. V nedavné dobé bylo
do klinické praxe zavedeno i testovani gend BRCAT a BRCA2, jejichz mutace jsou prediktorem
dobré odpovédi na [écbu inhibitory PARP (poly(ADP-rib6za) polymeraza). Za posledni
desetileti byla identifikovana cela rada biomarker(, jejichZ klinicka validita musi byt potvrzena
nezavislou prospektivni studii. Vyznam dostate¢né validovanych biomarker( je pro dnesni
persanalizovanou onkologii obrovsky.

Z Sporikova
KLICOVA SLOVA
prognostické markery, prediktivni markery, karcinom prsu, ER, PR, HER2
SUMMARY
Current oncology is mainly focused towards the search of novel prognostic and predictive
biomarkers, new therapeutics and therapeutic strategies leading to the development of
personalized medicine. Current diagnostics of breast cancer uses the estrogen, progesterone
and HER2 expression for prediction of endocrine and anti-HER2 therapy response and
prognosis determining. Recently, BRCAT and BRCA2 mutation testing for prediction of response
to PARP inhibitors was introduced into clinical practice. In last decade, a number of biomarkers
have been identified, however, they must be clinically validated by independent prospective
study. The properly validated biomarkers have huge significance in current personalized
oncology.
KEY WORDS
prognostic markers, predictive markers, breast cancer, ER, PR, HER2
Ovop onemocnéni. Incidence tohoto incidenci v8ak mortalita tohoto
Karcinom prsu je celosvétové druhé onemocnéni s kazdym rokem vzristd, onemocnéni stagnuje, a to predev$im
nejcastéjsi nadorové onemocnéni v roce 2016 bylo v Ceské republice diky v¢asnému zachytu a zvySovani
u muzi i zen a nej¢astéjsi maligni diagnostikovano 7 220 novych ptipadi. u¢innosti lécby. Prognéza onemocnéni
onemocnéni u Zen, u nichz Veékove specificka incidence postupné je zavisld na stadiu onemocnéni, grade,
zaujima priblizné ¢tvrtinu ze viech narista od 30 do 70 let s maximem véku a v neposledni fadé na podtypu
diagnostikovanych nadorovych mezi 60 a 70 lety. I pfes vzristajici nadoru a zvoleni vhodného lé¢ebného

Prognostické a prediktivni faktory u pacient( s karcinomem prsu

117



rezimu. Pro volbu spravné lé¢ebné
strategie je tfeba zhodnotit klinicky
validované prognostické a prediktivni
biomarkery. K prognostickym faktorém
patii hodnoceni velikosti nadoru,
zasazeni uzlin, klinické stadium, mira
invazivity, histologicky typ nadoru

a mira exprese Ki-67 a estrogenovych
(ER), progesteronovych (PR) receptorti
a HER2 (receptor pro lidsky epidermalni
ristovy faktor 2, human epidermal
growth factor receptor 2). V klinické
praxi se rozliSuje pét zakladnich

typt karcinomu prsu: luminal A-like
(ER+ a/nebo PR+, HER-, Ki-67]),
luminal B-like, HER2- (ER+, HER-,
PR-, Ki-67] / ER+, HER~-, PR+,
Ki-677), luminal B-like, HER2+ (ER+,
HER+, PR+/-, Ki-67 |/1), HER2+ (ER-,
PR-, HER2+) a basal-like (ER-, PR-,
HER-) (tab. 1), které se lisi biologickym
chovanim, prognézou a typem lécby.
prediktivnim faktortim u karcinomu
prsu v soucasnosti patii exprese ER,

PR, HER2 receptorti a mutace BRCA
(breast cancer) gend. Klinicky relevantni
prognostické a prediktivni markery

u karcinomu prsu jsou shrnuty nize.

ESTROGENOVE /PROGESTERONOVE
RECEPTORY

Exprese estrogenového

a progesteronového receptoru (ER/PR)
jsou nejstar$i pouzivané prediktivni
biomarkery, které byly rutinné zavedeny
pro individualizaci 1é¢by u karcinomu
prsu. Transkripéni faktor ER (respektive
ERa), aktivovany vazbou estrogenu,
stimuluje proliferaci transkripci gent
MYC, cyklin D a dalgich. ER navic
stimuluje expresi PR, a PR exprese je
proto uzivina jako marker funkéniho
ER. V pfitomnosti gestagenil viak

PR asociuje s ER, méni jeho DNA
(deoxyribonukleova kyselina) a vazebné
misto, a dochdzi tak k expresi gentt
asociovanych se zastavou buné¢ného
cyklu, apoptézou a diferenciaci. ER

nebo PR pozitivita je pritomna u témer

t ¢tvrtin pfipadt karcinomu prsu,

pacienti s ER+/PR+ maji lepsi odpovéd

na endokrinni terapii nez ER+/PR-

pacienti.'? Lé¢ba ER/PR pozitivnich

nadort je zalozena na ER moduldtorech,

selektivni degradaci ER, inhibitorech

aromatdzy a LH-RH analozich (tab. 2).
Prestoze je exprese wild-type

ER prediktorem dobré odpovédi

na endokrinni terapii, mutace

v ligand-vazebné doméné genu pro

ER (ESRI) jsou spojovény se ziskanou

rezistenci na tuto lé¢bu. ESRI mutace se

vyskytuji u 10-40 % pfipada karcinomu

prsu, obzvlasté u pacientt dlouhodobé

lé¢enych inhibitory aromatazy.

Prekonani této rezistence je momentdlné

predmétem mnoha prospektivnich

i retrospektivnich klinickych studii.
Imunohistochemické stanoveni

exprese ER/PR patii k zdkladnim

vysetfenim nové diagnostikovanych

i rekurentnich karcinomi prsu. Podle

doporuceni Americké spole¢nosti

pro klinickou onkologii (American

Society of Clinical Oncology, ASCO)

a Vysoké $koly americkych patolog

(College of American Patologist, CAP)

je hranice pozitivity stanovena

na 1 % ER/PR pozitivnich jader.

RECEPTOR PRO LIDSKY
EPIDERMALNI ROSTOVY FAKTOR 2
Gen pro HER2 (receptor pro lidsky
epidermalni ristovy faktor 2) patiici
do rodiny receptort pro epidermdlni
rustovy faktor (HER/EGFR/ErbB),

je lokalizovdn na chromosomu

17q12 a koduje transmembranovy
tyrozinkinazovy protein p185. Hlavni
funkce tohoto receptoru je regulace
buné¢ného ristu a diferenciace
indukovand pomoci MAPK a PI3K/AKT
signdlnich kaskdd. Amplifikace HER2
genu, zplsobujici nadmérnou expresi
proteinu p185, byvé nalezena pfiblizné
u 15-20 % ptipadt karcinomu

prsu. HER2-pozitivni nddory prsu

Tab.1 Molekularni charakterizace jednotlivych subtypii karcinomu prsu

Molekularni subtyp  Zastupny podtyp
luminalni A luminalni A-like

2 s luminalni B-like,
luminani B

HER2-negativni

luminalni B-like,
HER2-pozitivni
HER2-pozitivni HER2-pozitivni

bazalni triple negativni

ER PR
+ a/nebo +
+ a/nebo +
+ a/nebo +

jsou agresivnéjsi, vét§inou malo
diferenciované, s ¢astym postizenim
lymfatickych uzlin, vyskytem distélnich
metastaz Casto do centrdlni nervové
soustavy (CNS) a nepfitomnosti
hormonalnich receptori a jsou méné
citlivé na standardni chemoterapii.
HER2 amplifikace/overexprese je
nezavislym negativnim prognostickym
faktorem. I pfes $patnou prognozu je
HER2-pozitivita prediktorem dobré
odpovédi na anti-HER2 terapii. Prvni
cilend 1écba proti HER2 receptoru
byla humanizovana monoklondlni
protildtka trastuzumab. Trastuzumab
blokuje ligand-independentni dimerizaci
a navozuje protinadorovou imunitni
odpovéd, zahrnujici bunéénou
cytotoxicitu, zdstavu bunééného cyklu,
apoptozu a inhibici angiogeneze.’
Trastuzumab je schvdleny v riiznych
kombinacich pro lé¢bu karcinomu
prsu v neoadjuvantnim, adjuvantnim

i paliativnim rezimu. Pro cilenou
HER?2 terapii je v soucasné dobé
vyjma trastuzumabu schvileno
nékolik dalsich druhu 1é¢by s raznymi
mechanismy ¢inku (tab. 2). Hlavnim
problémem zistava ziskand rezistence,
kterd se vyvine u vétiny lécenych
HER2-pozitivnich pripadi.

Vysetteni HER2-pozitivity,
spolecné s vysetfenim ER/PR exprese
je v soucasné dobé nejdilezitéjsim
diagnostickym, prognostickym
a prediktivnim vySetienim u karcinomu
prsu. Pro testovani HER2 pozitivity
je doporucend imunohistochemie
jako screeningové vysetfeni,
nasledované in situ hybridizaci
u hrani¢nich THC2+ pfipada.*

BREAST CANCER 1/2

BRCA1 a BRCA2 (breast cancer 1/2)
tumor supresorové geny, lokalizovany
na chromosomech 17q21 a 13q12, hraji
nepostradatelnou roli pfi udrZovani
stability DNA a opravé dvouvldknovych
zlomt v DNA pomoci homologni

HER2 Ki-67
- <14 %
- 214 %
+ neni stanoveno
+ neni stanoveno

- neni stanoveno

ER - estrogenovy receptor; PR - progesteronovy receptor; HER2 - receptor pro epidermalni ristovy faktor 2
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Tab.2 Rutinné pouZivané biomarkery a rezimy cilené lé¢bhy

Biomarker Testovani = Aberace Lécivo :_lneei::'lli(:msmus Typ nadoru Rezim Linie lé€by
remenopauzalni, neoadjinanto, rvni
ER/PR IHC exprese tamoxifen ER modulator P P s adjuvantni, prva,
postmenopauzalni R druha
paliativni
toremifen ER modulator postmenopauzalni ad]!'lv?m,m' |
paliativni druha
fulvestrant selektivni ostmenopauzalni aliativni dalsi linie
degradace ER P P o
inhibitor ., |Deoadivanm, )
anastrozol . postmenopauzalni adjuvantni, druha
aromatazy R
paliativni
inhibitor ;| ecadivantil, :
letrozol 53 postmenaopauzalni adjuvantni, druha
aromatazy o
paliativni
s s neoadjuvantni,
inhibitor o 7 " "
exemestan % postmenopauzalni adjuvantni, druha
aromatazy e
paliativni
leuprolid LH-RH analog premenopauzalni adJ!J\@nt‘m, druha
paliativni
’ 5 % adjuvantni, prvni,
goserelin LH-RH analog premenopauzalni paliativni druha
PR P neoadjuvantni,
HER2 IHC, FISH P trastuzumab MoAb proti HER2 | - adjuvantni, prvni
overexprese ISR
paliativni
ado-trastuzumab MO‘.\b proti HFRZ. adjuvantni, %
. + mikrotubularni | - geparnne druha
emtasin Rpose paliativni
inhibitor
pertuzumab MoAb proti HER2 o neu.ad)m{antm’ prvni
paliativni
- reverzibilni Gt el ¥
lapatinib pan-HER TKI postmenopauzalni paliativni druha
neratinib maleat ireverzibilni - adjuvantni druha
pan-HER TKI )
ER/PR:} IHC overexprese ribociclib CDK4/6 inhibitor premenopauza{m/r paliativni druha
HER2- postmenopauzalni
abemaciclib | CDK4/6 inhibitor | - paliativni druha
palbociclib CDK4/6 inhibitor postmenopauzalni paliativni druha
. — it aln, P "
mTOR* IHC overexprese everolimus mTOR inhibitor POs meno’pauza A paliativni druha
rekurentni
BRCA1/2 PCR, NGS  gBRCA mutace | olaparib PARP1 inhibitor = paliativni dalsi linie
" No— — klinické
AR* IHC exprese abirateron acetat | AR inhibitor postmenopauzalni N =
| testovani
orteronel AR inhibitor o kl'ka.e " =
testovani
4-OH-testosteron | agonista AR = Klinicke =
testovani
enobosarm Selektivil ostmenopauzalni Klinické =
AR modulator P L testovani
bicalutamid . Klinické
+inhibitor kombinace = 5 -
p testovani
aromatazy

ER - estrogenovy receptor; PR - progesteronovy receptor; HER2 - receptor pro epidermalni riistovy faktor 2; AR - androgenovy receptor
IHC - imunohistochemie; PCR - polymerazova retézova reakce; FISH - fluorescenéni in situ hybridizace; NGS - next-genomové sekvenovant;
TKI - Lyrozinkinazovy inhibitor; MoAb — monoklonalni protilatka; CDK - cyklin-dependentni kinaza; PARP - poly(ADP-rib6za) polymeraza
* mTOR exprese se netestuje, indikovano na zakladé ER/PR pozitivity; # v klinickém testovani, exprese se v rutinni diagnostice netestuje
Zdroj: archiv autord
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rekombinace. Mutace v genech
BRCA vedou k chybdam v téchto
repara¢nich mechanismech, tim
ke genomické nestabilité a kumulaci
genovych alteraci. Popula¢ni ¢etnost
zarode¢nych mutaci BRCA1/2 se
pohybuje mezi 1:400a 1: 800.
Pacienti se zdrode¢nymi mutacemi
v genech BRCAT a BRCA2 maji vyssi
riziko vzniku nadoru prsu (50-70 %),
vajecniki (15-55 %) a dalich
malignit, jako jsou napfiklad nadory
prostaty, pankreatu, tlustého stieva,
slinivky a Zaludku.” BRCA1/2 mutace
jsou popsany u 5-10 % piipada
karcinomu prsu (velmi ¢asto se jednd
o triple-negativni karcinomy prsu)
au 15 % nadori vaje¢niki.®”
BRCA-mutované bunky vyuZivaji
pro opravu DNA jinych mechanisma.
Jednim z nich je poly(ADP-rib6za)
polymeraza (PARP), ktera hraje
dilezitou roli v bdzové excizni reparaci
a reparaci dvouvldknovych DNA
zlomu. Inhibici PARP tak dochézi
k ndrtistu neopravenych toxickych
dvouvldknovych zloma DNA a nésledné
k bunééné smrti podle principu
syntetické letality. Inhibitory PARP
olaparib a rucaparib byly ve Spojenych
statech americkych i v Evropé
schvaleny pro lé¢bu drive lé¢eného
pokrocilého karcinomu vaje¢niki
s germinalni mutaci BRCA1/2.° V lednu
2018 byl olaparib schvéilen FDA
jako prvni inhibitor PARP pro lé¢bu
HER2-negativniho pokro¢ilého
karcinom prsu s mutaci BRCA1/2. Slibné
vypadaji i vysledky dal$iho inhibitoru
PARP talazoparibu, jehoZ Géinnost je
testovana v fadé klinickych studii.

TOPOIZOMERAZA 11 A
Gen TOP2A (topoizomerdza II a),
lokalizovany na 17q21, kéduje
esencidlni enzym topoizomerazu IT alfa,
ktery zajistuje $tépeni a rekombinaci
dvouvldknové DNA pii replikaci,
transkripci, kondenzaci a segregaci
chromatid.® Lidské topoizomerdza Il se
vyskytuje ve dvou vysoce homolognich
izoformach - izoformé a (170 kDa)
a B (180 kDa). TOP2A je exprimovan
v proliferujicich bunkach v pozdni
S a G2-M fézi a jeho nadmérna
exprese nebo amplifikace je negativnim
prognostickym faktorem u velkého
poctu malignit véetné karcinomu
prsu, obzvlasté subtypu luminal B
TOP2A gen byva u karcinomu prsu
velmi ¢asto koamplifikovan s HER2, az
50 % HER2-pozitivnich nadort prsu
je zaroven TOP2A amplifikovanych.
Zvysené mnozstvi topoizomerdzy II

54 | Onkol Revise 2019:6(1):51-56

v nadorovych burkich je cilem pro
topoizomerazové inhibitory. Pro lé¢bu
karcinomu prsu jsou v neoadjuvantnim,
adjuvantnim i paliativnim rezimu
schvaleny antracykliny (doxorubicin),
které inhibuji topoizomerdzu 11 ve fzi
stépeni DNA, stabilizuji tak zlomy

v DNA, dochézi k zastaveni replikace

a indukci apoptdzy. Kromé piimé
inhibice topoizomerdzy II, antracykliny
rovnéz interkaluji do DNA. Amplifikaci
TOP2A je povazovana za prediktivni
marker pro Gi¢innost antracyklinové
terapie, nékteré studie viak prediktivni
hodnotu zpochybnuji." V soucasné
dobé jsou lécebné rezimy, zahrnujici
antracykliny, indukovany bez ohledu
na piitomnost TOP2A-pozitivity.
Velkym problémem antracyklinové
terapie zistavé jeji kardiotoxicita, ktera
je casto limitujicim faktorem lécby.

KI-67
Nuklearni protein Ki-67, kodovany
genem MKI67 (10q26,2), je
nepostradatelny pro bunéénou
proliferaci a transkripci ribozomélni
RNA (ribonukleové kyseliny). Vzhledem
k tomu, ze je Ki-67 exprimovan
béhem celého bunééného cyklu vyjma
GO faze a jeho exprese vyznamné
stoupd béhem $ faze, je exprese Ki-67
pouzivina jako marker proliferace.
Exprese Ki-67 byvé v klinické praxi
stanovena imunohistochemicky pomoci
monoklondlni protilatky MTB-1.
Nadory s vy$3i prolifera¢ni aktivitou
maji obecné horéi prognézu, vyssi grade
a riziko relapsu. U karcinomu prsu se
vySetfeni exprese markeru Ki-67 pouziva
pro odligeni expresnich profili nadoru,
k odli$eni hormonalné-pozitivnich
subtypt luminal A (exprese
Ki-67 < 14 %) a luminal B."* I pfesto,
ze je exprese Ki-67 u karcinomu
prsu jednim z hlavnich negativnich
prognostickych faktori, vysoka exprese
Ki-67 je prediktorem dobré odpoveédi
na chemoterapii i hormonalni terapii
v neoadjuvantnim i adjuvantnim rezimu.
V soucasné dobé je proto vysetfeni
exprese Ki-67 jednim z klicovych
faktort pfi volbé lécebného rezimu.'*™*

TP53

Gen TP53 je lokalizovan na kratkém
rameni chromosomu 17 (17p13.1),
kéduje jaderny tumor supresorovy
protein p53, ktery ma zdsadni vyznam
v kontrole buné¢ného cyklu, udrzeni
DNA stability pomoci repara¢nich
mechanismi, apoptdze a senescenci.
Aberace v genu &i proteinu p53

jsou nej¢astéj$imi alteracemi
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vyskytujicimi se napfi¢ riiznymi
typy nddorovych onemocnéni.

U karcinomu prsu, podobné jako
u jinych typit nddor, byvd mutace
v TP53 spojovana s agresivnim
chovanim, metastatickym potencidlem,
progresi a hor$im prezitim. Vliv
TP53 mutaci na preziti pacienti
s karcinomem prsu byl viak fadou
studii vyvrdcen, prognosticky vyznam
TP53 mutaci u karcinomu prsu proto
zistava kontroverzni. TP53 mutace
byvaji spojeny se $patnou odpovédi
na DNA-poskozujici chemoterapii,
napfiklad doxorubicin. Mutace TP53
byvd nalezena piiblizné u tietiny
ptipadl karcinomu prsu, nej¢astéji
se jednd o mutaci v DNA-vazebné
domeéné proteinu p53. TP53 mutace
jsou asociovdny s ER-negativitou,
tedy s bazdlnimi a HER-pozitivnimi
podtypy. U TNBC (triple-negative
breast cancer, triple-negativni karcinom
prsu) jsou mutace v genu TP53
nejcastéj$imi mutacemi, vyskytujicimi
se u 65-80 % pripadi.’® V klinické praxi
neni status genu TP53 vysetfovan.

ANDROGENNI RECEPTOR
Androgenni receptor (AR),
kédovany genem AR (Xq11-12), je
ligandem-aktivovany transkripéni
faktor. K aktivaci receptoru dochdzi
vazbou androgennich hormona
(testosteron/ dihydrotestosteron)
v cytoplazmé, po translokaci
do jadra je spusténa transkripce
cilovych genti (napt. prostatického
antigenu). Stanoveni exprese AR je
zéasadni pro pacienty s karcinomem
prostaty, nicméné exprese AR byla
popsana pfiblizné u 70 % pacientek
s karcinomem prsu. Pozitivita AR je
silné asociovéna s ER/PR pozitivitou,
exprese AR je nalezena u vice neZ 90 %
ER-pozitivnich ptipadii karcinomu
prsu. AR-pozitivita je Castéjsi u starsich
7en a je asociovana s niz§im stadiem,
velikosti tumoru, grade, zasazenim
uzlin, s niz§im rizikem relapsu a lepsim
celkovym prezitim i pfezitim bez
znémek nemoci.'s PestoZe je AR
dobrym prognostickym faktorem,
je AR-pozitivita spojena s rezistenci
na tamoxifen, pomér AR/ER > 2
je indikdtorem $patné odpovédi
na tamoxifen v adjuvantni terapii.””

I pres to, Ze je AR-pozitivita
asociovana s ER/PR-pozitivitou,
byva AR-pozitivita nalezena
i u triple-negativnich karcinomua
prsu (u 13-37 % TNBC), u nichz je
asociovana se subtypem LAR (luminal
androgen receptor), vy$§im vékem,
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dobrou prognézou, ale horsi odpovédi
na neoadjuvantni terapii. Vzhledem

k &etnosti AR pozitivity, jednoduchosti
anti-AR terapii, je tento receptor

u karcinomu prsu zajimavym cilem
terapie. Z klinického hlediska je cileni
AR nejdalezitéjsi pravé u TNBC, kde
cilena terapie téméf chybi. AR-pozitivni
TNBC navic velmi ¢asto nesou

rovnéz PIK3CA mutaci, nabizi se tak

i cileni tohoto biomarkeru, pfipadné
jejich kombinace. V probihajicich
klinickych studiich jsou momentdlné

u karcinomu prsu testovany AR
inhibitory, agonisté, selektivni
modulatory a jejich kombinace (tab. 2).

RECEPTOR PRO EPIDERMALNI
RUSTOVY FAKTOR
Receptor pro epidermdlni ristovy
faktor (EGFR) gen (7p11.2) kéduje
transmembrdnovy tyrozinkindzovy
receptor z HER (ErbB) rodiny (EGFR,
HER2, HER3, HER4). Po vazb¢
ligandu dochazi k tvorbé EGFR
homo/heterodimert a nasledné iniciaci
signalnich kaskad PI3K/AKT,
RAS/RAF/MEK/ERK, STAT a PLC/PKC
vedouci k proliferaci, angiogenezi
a vzniku metastdz. Nadmérnd exprese
genu EGFR byva u karcinomu
prsu nalezena az u 30 % piipadir’®
Nadmérnd exprese EGFR a HER3
je spojovana se $patnou prognoézou,
naopak nadmérnd exprese HER4 je
pravdépodobné dobrym prognosticky
faktorem." Na rozdil od HER2, kde
je nadmérna exprese indukovana
prevazné amplifikaci genu, amplifikace
EGFR se u karcinomu prsu vyskytuje
pouze pfiblizné u 6 % ptipada.”
Cilena 1é¢ba proti EGER se
rutinné pouZiva u nemalobunééného
plicniho karcinomu (non-small lung
cancer, NSCLC), karcinomu slinivky
bfi$ni (tyrozinkindzové inhibitory)
& kolorektdlniho karcinomu
anadora hlavy a krku (monoklonalni
protildtky). U karcinomu prsu, i pies
fadu klinickych studii, vyznamny
lé¢ebny efekt zatim nebyl jednozna¢né
prokazan. V soucasné dobé probiha
fada klinickych studii objastiujici a¢inek
anti-EGEFR terapii v riiznych rezimech
a kombinacich (clinicaltrials.gov). Pro
lé¢bu HER2-pozitivniho karcinomu
prsu jsou schvaleny multikinazové
inhibitory lapatinib a neratinib, které
vyjma HER2 cili i EGFR receptor.
Slibné vysledky u karcinomu prsu
ukdzal i multikindzovy inhibitor
afatinib, ktery je jiz chvaleny pro
1é¢bu NSCLC. Z monoklonalnich

protildtek je pro lé¢bu karcinomu
prsu schvaleny pertuzumab, ktery
zabrafuje heterodimerizaci HER2

s ostatnimi ¢leny HER rodiny, véetné
EGEFR. Indikace anti-HER terapie je
u karcinomu prsu prozatim omezena
na HER2-pozitivni nadory.

DRAHA PI3K/AKT/MTOR

Alterace v PI3K/AKT/mTOR signalni
drdze jsou pozoroviny u riiznych

typl nadorovych onemocnéni véetné
karcinomu prsu.” Tato signalni

drdha hraje klicovou roli pti prenosu
mitogenniho bunééného signalu

a reguluje procesy jako bunééné
preziti, proliferace a diferenciace.”
Fosfatidylinositol-3-kindza (PI3K)

po aktivaci fosforyluje a aktivuje
serin/threoninovou kinazu AKT, ktera
dale aktivuje fadu proteint jako CREB
amTOR. Az u 70 % prfipadi karcinomu
prsu byly nalezeny molekuldrni zmény
v PI3K/Akt/mTOR signalni draze.
Nejcastéji se vyskytuji mutace v genu
PIK3CA (katalyticka podjednotka
PI3K alfa) a ztrata funkce nebo exprese
PTEN (tumor supresor; negativni
regulator PI3K signalizace).”

Zatimco jsou PIK3CA mutace
asociované s ER-pozitivitou a nejcastéji
se tak vyskytuji u luminélnich
a HER2-pozitivnich podtypt,
ztrata funkce PTEN je asociovana
s ER-negativitou, a vyskytuje se tak
predev$im u bazilniho podtypu
karcinomu prsu, respektive TNBC.
Nejveétsi prevalence PIK3CA mutaci
u TNBC je u LAR podtypu, predbéiné
vysledky ukazuji velmi dobrou odpoved
na konkomitantni terapii PI3K
a AR inhibitory. U ER-pozitivnich
nadort je onkogenni aktivace
PI3K/AKT/mTOR signélni drdhy
spojena s rezistenci na hormondlni
terapii, u HER2-pozitivnich nadora byva
spojena s rezistenci k anti-HER2 terapii
(trastuzumab, lapatinib). V soucasné
dobé probiha fada klinickych
studii, které cili PI3K/AKT/mTOR
signalni drahu (clinicaltrials.gov).

U pokro¢ilého, hormondlné pozitivniho,
HER2-negativniho karcinomu prsu

je v kombinaci s exemestanem

schvdlen mTOR inhibitor everolimus.

U HER2-pozitivnich nadort prsu je
testovdn everolimus, temsirolimus a dalsi
mTOR inhibitory v riznych lé¢ebnych
kombinacich.” Nadéjné vypadaji

i klinické studie hodnotici a¢inek
mTOR, PI3K, AKT a mTOR/PI3K
inhibitorti samotnych ¢ v kombinacich
s dal$imi terapeutiky u TNBC
(napfiklad AR, PARP inhibitory).”

Prognostické a prediktivni faktory u pacient( s karcinomem prsu
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PLATFORMY ZALOZENE

NA BIOMARKERECH

V soucasné dobé jsou na trhu
multigenové testy, které odliSuji
nizce a vysoce rizikovy karcinom
prsu na molekuldrni irovni, a jsou
tak schopny zaradit pacienta

do jedné z podskupin, stanovit
miru rizika ¢i vhodnost terapie.

Mezi nejpouzivanéjsi testy patii
Oncotype DX, MammaPrint, PAM-50,
Prosigna test, Endopredict, FEMTELLE,
Mammastrat a dalsi. Klinicky
nejrozsitenéjsim a nejvice validovanym
testem je Oncotype DX (Genomic
Health, Inc.), ktery predpovida riziko
rekurence ¢asnych stadii karcinomu prsu
na zékladé expresniho profilu 21 genti
(16 gent spojenych s nadorovym
onemocnénim, pét kontrolnich gentt).
Jedna se o geny spojené s proliferaci,
invazivitou, ER a HER2 drahou. Assay,
zaloZend na real-time RT-PCR, je
proveditelna z RNA izolované z FFPE
(formalin-fixed parafin-embedded)
vzorki. Oncotype DX byl primarné
validovan na vzorcich pacientek ze tfi
nezavislych studii, u kterych bylo
hodnoceno riziko recidivy s vice nez
desetiletym sledovdnim. U Oncotype
DX je hodnoceno tzv. skore rekurence
(RS), na zdklad¢ kterého lze nador
zatadit do jedné ze tfi rizikovych
skupin. Bylo prokdzéno, ze hodnota
RS je jak prognosticky faktorem, tak
i prediktorem odpovédi na chemoterapii.
Na zékladé vysledki fady prospektivnich
i retrospektivnich studii byl Oncotype
DX assay zafazen do mezindrodnich
doporuceni pro lécbu karcinomu prsu
(ESMO, ASCO, St. Gallen, NCCN).
Od roku 2014 je vysetfeni zafazeno
i do doporuceni Ceské onkologické
spole¢nosti Ceské 1ékatskeé spolednosti
Jana Evangelisty Purkyné pro
adjuvantni lé¢bu ¢asného ER+, HER-
karcinomu prsu grade 2. Toto vySetieni
je u pacientek s nejednoznaénym
benefitem z chemoterapie hrazeno
ze 7droji zdravotniho pojisténi.

BUDOUCNOST BIOMARKERU
Markery jako ER, PR, HER2, Ki-67
a BRCA1/2, jejichz prediktivni
vyznam byl prokdzén fadou klinickych
studi, jsou v sou¢asné dobé nedilnou
soucasti rutinni diagnostiky,
jejich testovani ma bezesporu
zésadni vliv na volbu adekvétniho
terapeutického postupu a zkvalitnéni
Zivota konkrétniho pacienta.

Kromé klinicky validovanych
biomarkert bylo u karcinomu
prsu nalezeno zna¢né mnozstvi
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dalsich alteraci, které se tak stavaji
potenciondlnimi cili pro protinadorovou
terapii. Tfetim nejcastéjsim mutovanym
genem u karcinomu prsu je gen PALB2,
ktery spole¢né s BRCA2 zajistuje
reparaci poskozené DNA. AZ u 35 % Zen
se zarode¢nou mutaci PALB2 dochazi

k rozvoji karcinomu prsu. Podobné
zarode¢né mutace tumor-supresorového
genu CHEK2 zvysuji riziko vzniku
karcinomu prsu aZ desetkrat. Z dalsich
¢astych mutaci byly u karcinomu prsu
nalezeny mutace KRAS, APC, CDHI,
ATM, CASP8, FGFR2, MAP3K1, RAD51
a dalsi. Velky piislib v 1é¢bé karcinomu
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