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SEZNAM ZKRATEK

ABC ATP- vazajici kazeta (ATP-binding cassette)

AICAR 5-aminoimidazol-4-karboxamidribonukleosid

ALDH aldehyddehydrogenaza

ALK kinaza anaplastického lymfomu (anaplastic lymphoma kinase)

APL akutni promyelocytarni leukémie

ATIC AICAR transformylaza

ATRA kyselina all-trans-retinova

BAA BODIPY aminoacetat

BAAA BODIPY aminoacetaldehyd

cbh cluster of differentiation

CFU colony-forming unit

cox cyklooxygenaza

CRABP bunécny protein vazajici kyselinu retinovou (cellular retinoic acid-binding protein)
CRBP bunécny protein vazajici retinol (cellular retinol-binding protein)

CSCs nadorové kmenové bunky (cancer stem cells)

DHFR dihydrofolatreduktaza

DR pfima repetice (direct repeat)

dTMP deoxythymidinmonofosfat

dTTP deoxythymidintrifosfat

dUuMP deoxyuridinmonofosfat

dUTP deoxyuridintrifosfat

EGFR receptor pro epidermalni rstovy faktor (epidermal growth factor receptor)
ErbB erythroblastic leukemia viral oncogene homolog

ERK1/2 extracelularnim signdlem aktivovana kinaza (extracellular signal-regulated kinase)
FAK kinaza kokalni adheze (focal adhesion kinase)
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FFPE formalinem fixované do parafinu zalité (formalin-fixed paraffin embedded)

FGF fibroblastovy rastovy faktor (fibroblast growth factor)

FGFR receptor pro fibroblastovy ristovy faktor (fibroblast growth factor receptor)
GAR glycinamidribonukleotid

GART GAR transformylaza

GSH redukovana forma glutationu

GSK3 glykogen syntaza kinaza (glycogen synthase kinase-3)

GSSG oxidovany dimer glutationu

HDACI inhibitor histondeacetylaz

HD-MTX  vysokodavkovy MTX (high-dose MTX)
IGF inzulinu podobny rdstovy faktor (insulin like growth factor)

IGFBP-3 protein vazajici inzulinu podobny rlistovy faktor 3 (insulin like growth factor binding

protein 3)
IGF-IR receptor pro inzulinu podobny rastovy faktor 1 (insulin like growth factor 1 receptor)
JNK c-Jun N-terminal kinase

LD-MTX nizkodavkovy MTX (low-dose MTX)

LOX lipoxygenaza

MAPK MAP kinaza, mitogenem aktivovana proteinkinaza
MAPKK MAP?2 kinaza

MAPKKK  MAP3 kinaza

MAT methionin S-adenosyltransferaza

Mdm?2 mouse double minute 2

MDR1 protein mnoholékové rezistence 1 (multidrug resistence protein1)
mTOR mammalian target of rapamycin

MTX metotrexat

NADPH nikotinamidadenindinukleotidfosfat
NBT nitro blue tetrazolium

NCOA koaktivator jaderného receptoru (nuclear receptor coactivator)
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NCOR
NOD/SCID
NOG
NSG
PDAC
PDGF
PDGFR
PDK
Pgp
PH
PI3K
PIP,
PIP;
PLCy

PPARy

PRC2
PTEN
RA
RAF
RAR
RARE
RAS
RTK
RXR
SAH
SAHA

SAM

korepresor jaderného receptoru (nuclear receptor corepressor)
non-obese diabetic/severe combined immunodeficiency
NOD/Shidic-scid/IL2Rynull

NOD/ShiLtSz-scid/IL2Rynull

duktalni karcinom pankreatu (pancreatic ductal adenocarcinoma)
rlstovy faktor krevnich destic¢ek (platelet-derived growth factor)
receptor pro rlstovy faktor krevnich desticek (platelet-derived growth factor receptor)
phosphoinositide-dependent kinase

P-glykoprotein

pleckstrin homology

fosfatidylinositol-3 kinaza

fosfatidylinositol (3,4)-bisfosfat

fosfatidylinositol (3,4,5)-trifosfat

fosfolipazay

receptor aktivovany peroxizomovym proliferatorem y (peroxisomal proliferator activated
receptor)

polycomb represivni komplex 2 (polycomb repressive complex 2)
phosphatase and tensin homolog

kyselina retinova

rapidly accelerated fibrosarcoma

receptor kyseliny retinové (retinoic acid receptor)

responzivni elementy kyseliny retinové (retinoic acid responsive elements)
rat sarcoma

receptorova tyrozinkinaza

receptor retinoidu X (retinoid X receptor)
S-adenosylhomocystein

kyselina suberoylanilid hydroxamova

S-adenosylmethionin
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SH2
SHH
SP
STAT
SUKL
TGFa
THF
TR
TS
TSA
VDR

VEGFR

src-homology 2

Sonic Hedgehog

vedlejsi populace (side population)

signal transducer and activator of transcription

Statni ustav pro kontrolu léCiv

transformujici rstovy faktor a (transforming growth factor )
tetrahydrofolat

receptor pro tyroidni hormon

thymidylatsyntaza

trichostatin A

receptor pro vitamin D

receptor pro vaskularni endotelovy rlistovy faktor (vascular endothelial growth factor

receptor)
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1. UVOD

Tato prace a publikace s ni spojené vznikly v ramci vyzkumnych aktivit Laboratoie
nadorové biologie (Laboratory of Tumor Biology, LTB), ktera je spoleénym pracovistém
Ustavu experimentélni biologie PiF MU a Kliniky détské onkologie LF MU a FN Brno.
Cinnost nasi laboratofe je zaméfena predev§im na problematiku nadort détského véku, ale
Vv pribéhu minulych let jsme se zabyvali i jinymi typy nddorovych onemocnéni. Od roku 2015
zastfeSuje nase aktivity na poli laboratorniho translacniho vyzkumu Mezinarodni centrum
klinického vyzkumu (ICRC) Fakultni nemocnice u sv. Anny v Brné.

V ramci naSeho vyzkumu spolupracujeme 1 s dal§imi partnerskymi pracovisti, ktera se
podileji na feSeni jednotlivych projektl. Jednim z nich je Regiondlni centrum aplikované
a molekularni onkologie (RECAMO) Masarykova onkologického tstavu, s nimz se spole¢né
zabyvame mechanismy konven¢ni i kombinované protinadorové terapie. Dalsi spolupracujici
instituci je 1. patologicko-anatomicky ustav Fakultni nemocnice u sv. Anny v Brné, kde se
provadé¢ji histologické a imunohistochemické analyzy vzorki nadorové tkané, predevsSim
v oblasti studia nadorovych kmenovych bun¢k. Na aplikovaném vyzkumu pfi identifikaci
terapeutickych cili u vysoce rizikovych refrakternich solidnich nadorti détského véku
spolupracujeme s vyzkumnou skupinou Molekularni onkologie II - solidni nadory v ramci
Stfedoevropského technologického institutu (CEITEC).

Nasi snahou je fesit aktudlni védecké otazky a témata spojend s nadorovou biologii,
kterd vSak maji izkou vazbu na klinickou praxi. Cilem je odhalovani a popis biologickych
vlastnosti predevSim solidnich nadorti détského véku a zejména pochopeni molekularnich
a bunéénych mechanismii vzniku a vyvoje téchto nddorovych onemocnéni. Hlavnim tcelem
ziskanych vysledku je pak jejich uplatnéni pii zpiesnéni diagndzy i prognozy u jednotlivych
pacientl, popiipad¢ vyuziti t€chto poznatkl pro nalezeni nejvhodnéjsiho zptisobu 1écby.

Predkladana habilitacni prace je zaméfena na Ctyfi konkrétni oblasti nadoroveé
biologie, které pfimo souvisi s protinddorovou terapii u détskych pacientl a pokryvaji vétSinu
vyzkumného zaméfeni nasi laboratote. Prvni ¢ast prace je vénovana konvencni chemoterapii
a konkrétné jednomu z nejdéle pouzivanych chemoterapeutik — metotrexatu, u néhoz jsou
popsany vedle desitky let znamého vlivu na folatovy metabolismus i nové objevené ucinky
nezavislé na inhibici DHFR. Druhd cast prace je zaméfena na mechanismy diferenciacni
terapie, konkrétné na vyuziti kyseliny retinové a jeji kombinace s inhibitory metabolismu

kyseliny arachidonové. Treti Cast prace popisuje roli signalnich drah receptorovych
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tyrozinkinaz v nadorovych bunkach a moznost aplikace nizkomolekularnich inhibitorti téchto
drah v terapii. V posledni ¢asti prace jsou charakterizovany nadorové kmenové bunky
z hlediska svého fenotypu a funkénich vlastnosti, dale je popsana jejich tloha v tumorigenezi

a jejich vyznam jako moznych cili protinadorové 1é¢by.
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2. KONVENCNi CHEMOTERAPIE: METOTREXAT A JEHO UCINKY

Historie konvencni chemoterapie

Pocatek moderni éry konvenéni protinddorové chemoterapie 1ze datovat do roku 1942,
kdy byl poprvé vyuzit dusikaty yperit (angl. nitrogen mustard) k 1é¢b¢é pacienta s non-
Hodgkinovym lymfomem. Dusikaty yperit je svou molekularni strukturou podobny yperitu,
coz je alkylacni latka di-(2-chloroethylsulfid), ktera byla za I. svétové valky pouzivana jako
bojovy plyn. Pravé pitvy padlych vojakd prinesly poznatek, ze zasazeni trpéli vedle
primarniho zpuchyfujiciho u€inku také lymfoidni hypoplazii a vykazovali znamky
myelosuprese. K podobnym zavériam dospéli 1ékaii vysetiujici v roce 1943 vojaky a civilni
obyvatele zasazené dusikatym yperitem v blizkosti italského ptistavu Bari po vybuchu lodi
John Harvey, ktera prevazela ndklad chemickych zbrani. Po ovéfeni protinddorovych ucinki
na zvifecim modelu byl proto dusikaty yperit aplikovan pacientovi s non-Hodgkinovym
lymfomem, coz vedlo k né€kolikatydenni remisi. I kdyz byl protinddorovy efekt v tomto
ptipadé kratkodoby, pouziti dusikatého yperitu znamenalo prilom v onkologické 1écbé
a otevielo moznost systematického zavedeni riznych typd chemickych latek do 1écebnych
protokoll. Pozdé&ji bylo prokazano, Ze konkrétné molekuly dusikatého yperitu se kovalentné
vazi na DNA, predev§im na purinové béze, a diky dvéma reaktivnim alkylovym skupindm
zpiisobuji vytvafeni kiizovych vazeb mezi fetézci DNA, coz ve svém duasledku vede ke
spusténi procesu bunééné smrti (Chabner et Roberts 2005).

Dal$im milnikem v protinadorové chemoterapii byla ve 40. letech 20. stoleti syntéza
anasledna aplikace aminopterinu a amethopterinu (metotrexat) jakozto analogl kyseliny
listové. Téchto antagonisti folatového metabolismu bylo vyuzito k1é¢bé déti s akutni
lymfoblastickou leukémii, piicemz 1 tentokrat bylo vysledkem dosazeni remise, i kdyz opét
kratkodobé. Metotrexat byl pozdé€ji pouzit také pro 1écbu choriokarcinomu, coz je vysoce
zhoubny germindlni tumor pochazejici z bunék trofoblastu, a v tomto piipadé Slo o prvni
lidsky solidni nador, ktery byl za pouziti chemoterapie uspésn¢ vylécen (Bertino 2009).

V 50. a 60. letech 20. stoleti se pozornost védcli studujicich nové protinadoroveé léky
zaméfila mimo jiné 1 na latky pfirodniho piivodu, z nichZ nejvyznamnéjsi a dosud klinicky
pouzivané jsou vinca alkaloidy a taxany, popiipadé jejich derivaty. Mezi nejznaméjsi vinca
alkaloidy patfi vinblastin a vincristin; obé slouc¢eniny byly izolovany z barvinku lékaiského

(Vinca rosea) a jejich primarnim G¢inkem je inhibice polymerace mikrotubuld a nasledné
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zéastava bunécného déleni. Naopak inhibici depolymerace mikrotubul zpisobuji taxany, tj.
alkaloidy derivované z tisu (Taxus sp.), jez se v soucasnosti vyrabé&ji polosynteticky (napf.
paclitaxel a docetaxel).

Rozmach vyvoje novych protinadorovych latek s sebou pfinesl i zvySené pozadavky
na toxikologické testovani a klinické hodnoceni novych chemoterapeutik. Postupné byly
zavedeny standardizované metody in Vivo pro stanoveni cytotoxicity, byla provadéna analyza
kinetiky nddorového ristu na zvitecich modelech vcetné xenografti solidnich nadorti a zacaly
se pouzivat prvni leukemické bunééné linie pro testovani in vitro. Vysledky experimenti
ukazovaly, ze cytotoxicita novych slou€enin je piimo zavisla na koncentraci, coz otevielo
dvete tzv. vysokodavkové chemoterapii (angl. high-dose chemotherapy). Soucasné se rozvijel
I trend kombinované chemoterapie, ktera u pacienti zabranovala vniku tzv. ziskané 1ékové

rezistence.

Rozdeleni chemoterapeutik v zavislosti na mechanismu tcinku

Podle typu molekularniho mechanismu, ktery indukuje cytotoxicky ucinek
protinddorovych chemoterapeutik, l1ze tyto latky rozdélit do ne€kolika hlavnich skupin (dle
Klener et Klener 2013):

» Antimetabolity — latky inhibujici klicové enzymy metabolismu DNA

(napt. metotrexat, merkaptopurin, fluoruracil, azacytidin, aj.)

» Genotoxicka cytostatika — latky inhibujici replikaci a transkripci

(napft. cyklofosfamid, temozolomid, cisplatina, doxorubicin, aj.)

» Zesilovace ucinku genotoxickych cytostatik — latky inhibujici opravy DNA

(napf. bleomycin, irinotekan, etopozid, aj.)

» Antimitotika — latky inhibujici priichod bunécného déleni

(napf. vinkristin, vinblastin, paklitaxel, aj.)

» Inhibitory proteosyntézy a degradace proteinti

(napt. L-asparaginaza, bortezomib)

» Ostatni mechanismy ucinku

(napf. syntetické alkylfosfolipidy)
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V posledni dob¢ je vSak ¢im dal vice zfejmé, Ze pouziti této klasické, resp. konvencni
chemoterapie dosahlo svého limitu. Je to pfedevsim z toho divodu, Ze konven¢ni cytostatika
pusobi primarné na proliferujici bunky, a to nespecificky. Proto pfi 1é¢bé cytostatiky dochézi
také k poskozeni délicich se bun¢k zdravych tkani, jako jsou napi. hematopoetické bunky
kostni dien¢ Ci epitelialni buiiky traviciho traktu, coz s sebou nese fadu zdvaznych vedlejsich
ucinkii. Druhou vyznamnou nevyhodou konvenéni chemoterapie je fakt, Ze jejimu plsobeni
Casto unikaji tzv. nddorové kmenové bunky (cancer stem cells; CSCs), mezi jejichz vlastnosti
patii nizky proliferacni index a exprese specifickych membranovych transportéra, které

spole¢né zarucuji rezistenci k riznym xenobiotikiim v¢etné konven¢nich cytostatik.

Metotrexat jako inhibitor biosyntézy nukleotidi: klasické vyuziti v Iéche
nadoru

I ptes popsané nevyhody predstavuji konvenéni chemoterapeutika v 16€bé nddorovych
onemocnéni stale zadsadni strategii. | nadale jsou proto studovany jejich G¢inky na rizné typy
nadorovych bunék, kdy se vedle plvodniho molekularniho cile miZze objevit novy
mechanismus plisobeni, ktery rozsiti aplika¢ni potencial dané¢ho 1éku. Jednim z piikladii mize
byt metotrexat (MTX), ktery je nejcastéji a nejdéle pouzivanym antifoldtem V protinadorové
1écbé. MTX se vyuziva pro 1écbu hematologickych malignit, karcinomu prsu, kolorektalniho
karcinomu, nadorid hlavy a krku, lymfomu, osteogennich sarkomil nebo choriokarcinomu, ale
také pro terapii n€kterych nenadorovych onemocnéni, napiiklad lupénky ¢i revmatoidni
artritidy (Huang et al. 2005).

Primédrnim  mistem zasahu MTX vramci folatového metabolismu je
dihydrofolatreduktaza (DHFR), tedy kliCovy enzym, ktery ve dvou krocich katalyzuje redukci
foldtu na tetrahydrofoldt (THF). THF je dale metabolizovdn a ucastni se vyznamnych
bunécnych metabolickych procest: hladina folatovych metabolitli v buiice zadsadné ovliviiuje
syntézu purini a pyrimidind (pfedevSim thymidinu), ale také pfeménu homocysteinu na
metionin, ktery slouzi jako vychozi molekula pro metylaci DNA a proteint (Obr. 1).

Nedostatecné mnozstvi 5,10-methylen-THF, které je zptsobeno inhibici DHFR, vede
ke snizeni moznosti syntézy pyrimidinovych prekurzorti, protoze thymidylatsyntaza (TS)
nemuze bez tohoto folatového metabolitu katalyzovat metylaci dUMP na dTMP. Navic TS je
pifimo blokovana MTX a nemetabolizovanym dihydrofolatem (Genestier et al. 2000).
Podobn¢ je také blokovdna syntéza purinovych prekurzori, a to opét piimo

nemetabolizovanym dihydrofoldtem nebo nepfimo nedostatkem folatového kofaktoru
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10-formyl-THF. MTX navic inhibuje aktivitu dvou klicovych enzymia nutnych pro syntézu
purinovych prekurzort, kterymi jsou AICAR transformylaza (Chan et Cronstein 2013) a GAR
transformylaza (Baggott et al. 1994).

dTMP pY X

tetrahydrofolat

GART, ATIC E 3
GAR, AICAR

[ 5,10-methenyl-THF H 10-formyl-THF ]

[ 5-methyl-THF H 5,10-methylen-THF

Obr. 1. Folatovy metabolismus. Schematické znazornéni tfi metabolickych drah vyuzivajicich
folatové metabolity: metylace biomolekul (Cerveny ramecek), syntéza thymidylatu (modry
ramecek) a syntéza purinG (zeleny ramecek). Mista ucinku MTX oznacena hvézdickou. Zkratky
pouzité v obrazku: AICAR - 5-aminoimidazol-4-karboxamidribonukleosid; ATIC - AICAR
transformylaza; DHFR - dihydrofolatreduktaza; GAR — glycinamidribonukleotid; GART — GAR
transformylaza; MAT — methionin S-adenosyltransferaza; SAM — S-adenosylmethionin; SAH -
S-adenosylhomocystein; THF — tetrahydrofolat; TS — thymidylatsyntaza. Prevzato a upraveno
z Neradil et al. 2012.

Nasledkem deplece purinovych a pyrimidinovych prekurzori je nejcast&ji indukce
bunééné smrti v dusledku nespravného =zacleovani dUTP misto dTTP v nové
syntetizovanych molekulach DNA béhem S-faze bunééného cyklu. Nasledné mechanismy
excizni reparace nemohou bez dostatku dTTP spravné probihat, coz vede ke spusténi
apoptozy (Webley et al. 2001).

Ackoliv je MTX soucasti mnoha 1é¢ebnych protokolt pro rizné typy nadorovych
onemocnéni, jeho toxicita pro bunikky normalnich tkani je limitujici, obzvlasté v ramci détské
onkologie, kde se Casto setkdvame s nezadoucimi pozdnimi nésledky protinadorové 1éCby.
Cytotoxicky efekt vysokodavkového MTX (high-dose MTX; HD-MTX) na normalni bunky
je mozné redukovat pouzitim antidota leukovorinu. Leukovorin je transportovan do bun¢k
stejnymi mechanismy jako MTX. U nadorovych bunc¢k vSak mohou byt mechanismy

transportu pro folaty (leukovorin) i antifolika (MTX) porusené, a proto do téchto bunék
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pronikda MTX az pii vysokych koncentracich difuzi, zatimco koncentrace leukovorinu neni
pro prinik dostatecnd. Do normalnich bun€k S neporusenymi transportnimi mechanismy
leukovorin vstupuje i pfi pomérné nizké extracelularni koncentraci a potlacuje ucinek MTX.
V piipadé aplikace chemoterapie s pouzitim HD-MTX je vSak na misté obava ze ziskani
rezistence, ktera mize 1é¢ebny efekt MTX snizit (Wang et Li 2014). V soucasnosti standardni
protokoly protinadorové 1écby pomoci MTX obsahuji aplikaci HD-MTX (tj. davky vyssi nez
1 g/m? povrchu t&la) v kombinaci s leukovorinem, ktery je podavan vzdy se zpozdénim 24-48
hodin (Holmboe et al. 2012, Cohen et Wolff 2014) Jinou moznosti je opakované podavani
nizkodavkového MTX (low-dose MTX; LD-MTX) bez leukovorinu (Sterba et al. 2006).

V ramci naSich experimentli jsme analyzovali u¢inky MTX na bunécné linie
derivované z osteosarkomu a meduloblastomu za pouziti koncentraci MTX, kterych je mozné
dosahnout v plazmé pacientt 1éCenych LD-MTX i HD-MTX. Vysledky ukazaly, ze MTX
vyrazn€ snizuje proliferacni aktivitu bun€k, zastavuje bunéény cyklus v S-fazi a indukuje
apoptdzu u referencnich sbirkovych linii Saos-2 a Daoy. U obou téchto senzitivnich linii jsme
zaznamenali stejny efekt MTX v rozmezi koncentraci 1-40 uM. Tyto experimenty ukazaly,
ze srovnatelného UcCinku muize byt u senzitivnich bunc¢k dosazeno tadové nizSimi
koncentracemi MTX, neZ odpovida plazmatickym koncentracim pti aplikaci HD-MTX. Pfi
zafazeni leukovorinu aplikovaného 42 hodin po MTX jsme nezaznamenali Zadny efekt
vzhledem k ucinku MTX ve stejném rozmezi koncentraci, tedy 1-40 uM. Naproti tomu tzv.
pacientské linie — a to jak osteosarkomové, tak meduloblastomové — které byly derivovany na
nasem pracovisti ze vzorkil nadorové tkané po provedeni diagnostické biopsie, vykazovaly
niz§i proliferacni potencial a soucasné vyraznou rezistenci k MTX: pfi maximalni pouZzité
koncentraci 100 uM MTX nebylo dosaZzeno ani hodnot ICso (Neradil et al. 2015, Sramek et al.
2016).

Vedle cytostatického, poptipadé cytotoxického ucinku MTX byl vSak nové popsan
i efekt diferenciacni, a to na n¢kolika riznych modelech véetné mySich i lidskych
embryonalnich kmenovych bun¢k. Mechanismus tohoto G€inku neni zcela objasnén, ale opét
se predpokladd, ze vlastnim induktorem diferenciace by mohl byt nedostatek prekurzori
nukleotidi (Neradil et al. 2012, Sramek et al. 2017). Vysledky naseho vyzkumu na
osteosarkomovych liniich potvrdily schopnost MTX ménit expresi gend, které jsou spojeny
s diferenciaci: pfedevsim se jednalo o geny, jejichZ produkty jsou zapojeny do metabolismu

retinoidu (Sramek et al. 2016).
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Metotrexat jako inhibitor metylace biomolekul

Dalsim z diilezitych folatovych metabolitt je 5-metyl THF, ktery je donorem metylové
skupiny a podili se na endogenni syntéze metioninu z homocysteinu. V nasledujicim kroku
metylacni drahy metionin reaguje s ATP za vzniku S-adenosylmetioninu (SAM), ktery je
vychozi molekulou pro metylaci proteinti (véetné histonil), cytosinovych bazi na DNA (CpG
ostrovy), neurotransmiterd, fosfolipidi a dalSich malych molekul (Stover 2009). Vedle
nepiimé inhibice folatovych metabolitti MTX blokuje také enzym methionin
S-adenosyltranferazu (Wang et Chiang 2012), ktera je nezbytna pro katalyzu syntézy SAM
a tim ovliviiuje cely metylacni proces.

Ptikladem demetylacniho G¢inku MTX muze byt napf. jeho plsobeni na bunky
kozniho T-bunétného lymfomu, jez maji vysoce metylovany promotor genu kodujiciho
receptor Fas. V téchto buitkach MTX sniZil metylaci CpG ostrovll v promotoru genu Fas, coz
vedlo k zesilené expresi proteinu a zvySené senzitivité vici apoptoze spousténé touto signalni
drahou (Wu et Wood. 2011). Podobné jsme v naSich experimentech detekovali pokles celkové
metylace DNA v bunikdch osteosarkomovych linii po aplikaci MTX. Piedevsim po aplikaci
40 uM MTX byl zaznamenan pokles metylace aZ o 25 % vi¢i kontrolnim bunikam, pfi¢emz
tento ucinek se vyrovnal vysledku plsobeni 5-aza-2'-deoxycytidinu, ktery se pouziva v lecbé
nékterych hematoonkologickych malignit jako hypometylacni agens (Sramek et al. 2016).

Obecné Ize snizeni metylace DNA po aplikaci MTX ocekévat u rychle proliferujicich
bun¢k, naptiklad ve fyziologickych procesech hematopoézy ¢i obnovy epiteli, ale také
U bunék transformovanych. Pii nedostatecné intracelularni zasobé metylovych donort
vzniknou v DNA po mitotickém déleni hemimetylovana mista a v nasledném bunééném cyklu
jiz budou chybét metylové templaty na obou fetézcich DNA dcefinych bunék. Tento proces
muze vést ke ztrat€ metylacnich vzorci v DNA a nasledné ke zméné genové exprese
(Salbaum et Kappen 2012).

Z vyse uvedenych diivodl 1ze o MTX uvazovat jako o metylacnim inhibitoru, ktery by
mohl mit uplatnéni pfi 1é¢bé nadorovych onemocnéni vykazujicich specifickou metylaci
DNA. Hypermetylované CpG ostrovy v oblasti gent (a/nebo jejich promotort), které regulu;ji
vyvoj tkani, diferenciaci a tumorigenezi, byly popsany napiiklad u rabdomyosarkomu
(Mahoney et al. 2012), meduloblastomu (Diede et al. 2010), riznych typt gliomi (Rostrepo
etal. 2011, Hill et al. 2011) a dalSich nadorovych onemocnéni (Esteller 2002).
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Metotrexat jako inhibitor histondeacetylaz

Na zéklad¢ podobnosti struktury MTX (Obr. 2a) a funkénich skupin nékterych
inhibitord histondeacetylaz (HDACi) bylo predikovano, ze by MTX mohl mit i schopnost
inhibovat HDAC (Yang et al. 2010). Nékteré ze znamych HDACI, napiiklad trichostatin A
(TSA, Obr. 2d) nebo kyselina suberoylanilid hydroxamova (SAHA, Obr. 2¢), obsahuji ve své
molekule hydrofobni skupinu (benzyl) pfipojenou kratkym alifatickym fetézcem k funkéni
skupiné (hydroxamova kyselina). Ta puasobi jako chelator zinkovych iontd v aktivnim misté
zinek-dependentnich HDAC (Xu et al. 2007, Marks et Xu 2009). Oproti tomu molekula
butyratu sodného (Obr. 2b), nejmensiho HDACi, se sklada z tfiuhlikatého fetézce

navazujiciho na karboxylovou skupinu.

(a) (b)
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Obr. 2. Srovnani struktury MTX a dalSich inhibitora histondeacetylaz. (a) metotrexat, (b) butyrat
sodny, (c) kyselina suberoylanilid hydroxamova, (d) trichostatin A.

V molekule MTX je hydrofobni skupinou pteridinovy ring, pficemz zbytek kyseliny
para-aminobenzoové je strukturné podobny TSA i SAHA a navic na konci molekuly
obsahuje zbytek butyratu. Metodou pocitatového modelovani byla prokazana schopnost
vazby MTX na homolog HDAC (tzv. HDAC-like protein) do jeho cilového mista a interakce
s iontem zinku i1 okolnimi strukturami proteinu. Inhibice HDAC byla poté ovétfena
vV podminkéach in vitro na bunénych liniich derivovanych z karcinomu plic, karcinomu

délozniho ¢ipku ¢i karcinomu zaludku, pficemz dochazelo k narustu acetylace histonu H3
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(Yang et al. 2010). Také vramci naSich experimenti jsme prokazali zvySeni celkové
acetylace histonu H3 po aplikaci MTX u osteosarkomové pacientské linie OSA-06. Vysledny
efekt byl srovnatelny s u¢inky butyratu sodného a valproatu sodného, tedy dvou zndmych
HDACI, které v experimentech slouzily jako pozitivni kontrola (Sramek et al. 2016)

Vedle acetylace histonu H3 byla u bunék linie karcinomu plic A549 prokazana
schopnost MTX indukovat acetylaci proteinu p53 v misté zbytkli aminokyselin Lys373/382
(Huang et al. 2011). Tato posttranslaéni zména vSak nebyla zaznamenana v ptipadé aplikace
jinych HDACi. Soucasné s acetylaci pS3 indukoval MTX 1 fosforylaci v misté Serl5. MTX
témito zménami navozoval akumulaci a vétSi stabilitu proteinu p53, protoze acetylovana
mista slouzi také pro ubikvitinaci, kterd vede k degradaci proteinu proteasomovym systémem.

Inhibi¢ni aktivita MTX vi¢i HDAC se projevila snizenim exprese metyltransferazy
EZH2, coz je klicovy enzym, ktery zprostfedkovava umlceni tumor supresorovych genli
pomoci metylace histonu H3 (Chang et Hung 2012). Epigenetické potlaceni exprese EZH2
vlivem MTX vedlo k zesileni exprese E-kadherinu, ktery se podili na snizeni bunééné
migrace a omezuje moznost transformace epitelialnich bun¢k (Huang et al. 2011).

Piestoze aplikace HDACi patfi mezi nad€jné strategie, jak celit epigenetickym
zménam spojenych s tumorigenezi (Bolden et al. 2006, Dell’Aversana et al. 2012), jejich
kombinace s MTX vykazuje rozdilné Gc¢inky v zavislosti na zvoleném inhibitoru. Naptiklad
U bunéénych linii derivovanych z akutni lymfoblastické leukémie se jako vhodné¢ HDACi pro
kombinaci s MTX jevi SAHA a butyrat sodny. Tyto inhibitory zvySuji cytotoxicitu MTX
a indukci apoptdzy modulaci exprese enzymil zapojenych do foldtového metabolismu. Jednim
znich je folylpoly-y-glutamat syntetaza (Leclerc et al. 2010), ktera ptipojuje glutamatové
zbytky k MTX, ¢imZ je zabranéno jeho vylouceni z buniky a tim navozeno prodlouZeni
ucinnosti (Assaraf 2007). V piipad¢ kombinace HDACi a MTX se vSak klicovym problémem
jevi sekvence podéavani téchto latek, nebot” vysledny efekt na bunécné Grovni muze byt
opacny v piipad¢ obraceného potadi jejich aplikace (Einsiedel et al. 2006, Bastian et al.
2011). Jak bylo prokazano na mysich liniich derivovanych z karcinomu choroidniho plexu,
nékteré¢ z HDACI — napf. valproat nebo MS275 — mohou dokonce zvySovat rezistenci bunek

k MTX, a to zvysenim exprese thymidylatsyntazy (Prasad et al. 2009).

Metotrexat jako inhibitor glyoxalazového systému

Dal$im mistem pasobeni MTX v bunééném metabolismu je glyoxaldzovy systém

(Obr. 3). V této tristupnové metabolické draze dochazi v cytoplazmé k odbouravani
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metylglyoxalu jako vedlejSiho produktu peroxidace lipidi a glykolyzy na D-laktat.
Glyoxalazovy systém zahrnuje dva enzymy — glyoxaldzu 1 a glyoxalazu 2 — a katalytické

mnozstvi redukovaného glutationu (Thornalley et Rabbani 2011).

MTX

glyoxylaza 1 glyoxylaza 2
metylglyoxal hemithioacetal —)[ S-D-laktoylglutation ]7—)@

=3

Obr. 3. Schéma glyoxalazového cyklu. MTX inhibici glyoxalazy 1 blokuje metabolickou preménu
metylglyoxalu na D-latat za vzniku glutationu. Prevzato a upraveno z Bartyik et al. (2004).

ZvySeni aktivity nebo exprese glyoxalazy 1 bylo popsano jako marker tady
nadorovych onemocnéni. Tyto zmény byly asociovany se zvySenou invazivitou nadord,
metastazovanim a rezistenci k chemoterapeutikim (Thornalley et Rabbani 2011). Navic
unékterych typti primarnich tumorti byla identifikovana amplifikace genu kodujici
glyoxalazu 1 (Santarius et al. 2010).

Bartyik et al. (2004) prokazali in vitro, ze MTX inhibuje glyoxalazu 1, a to jak na
modelu lyzatu z lidskych erytrocytt, tak s pouzitim glyoxalazy 1 izolované z kvasinek.
V ptipadé 1écby pomoci MTX se u pacientli s akutni lymfoblastickou leukémii jeho inhibi¢ni
ucinky na glyoxaldzovy systém projevily sniZenim koncentrace laktatu v plazmé. Soucasné
inhibice glyoxaldzy 1 vede na bunééné urovni ke zvySeni intracelularni koncentrace
metylglyoxalu, ktery nasledné zpisobuje glykaci biomolekul (Suji et Sivakami 2007, Pepper
et al. 2010), produkci reaktivnich kyslikovych radikali ¢i genotoxicitu (Kalapos 2008,
Koizumi et al. 2011), coz mize vést k zesileni protinadorové aktivity MTX. Glyoxalazovy
systém, konkrétné glyoxaldzal, tedy prfedstavuje dalsi ter¢ protinddorového ptsobeni MTX

a tim rozsifuje spektrum jeho ucink.

Metotrexat jako induktor oxidativniho stresu

Jak bylo prokazano v nékolika studiich, soucasti cytotoxického pusobeni MTX je
rovnéz indukce oxidativniho stresu (Uzar et al. 2006, Miketova et al. 2005, Jahovic et al.
2003). MTX je schopen inhibovat nékter¢ z NAD(P)H-dependentnich dehydrogendz, jako
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jsou napf. 2-oxoglutaratdehydrogenaza, isocitratdehydrogenaza, malatdehydrogenaza
a pyruvatdehydrogenaza (Caetano et al. 1997), inhibice téchto enzymu nasledné miize vést ke
snizeni dostupnosti NADPH (nikotinamidadenindinukleotidfosfat) v bunkach. NADPH slouzi
jako donor elektronu pro redukci oxidovaného dimeru glutationu (GSSG) na redukovanou
formu (GSH). GSH je vyznamnym antioxidantem podilejicim se na komplexnim
antioxida¢nim systému organismu, pricemz efektivita tohoto systému muze byt po aplikaci
MTX snizena pravé z divodu poklesu hladiny GSH (Babiak et al. 1998). Vardi et al. (2012)
prokazali, 7e na tkanové urovni, konkrétné¢ v krysim mozecku, byl po aplikaci MTX
zaznamenan kromé poklesu koncentrace GSH také pokles aktivity superoxiddismutazy
a katalazy. Na bunééné irovni byla popsana tvorba reaktivnich kyslikovych radikald vlivem
MTX u bun¢k leukemickych linii a v mononukledrnich buiikéach periferni krve. Zvysena
hladina téchto radikalt vedla k aktivaci JNK kinazy, zesileni exprese pro-apoptotickych gent
a indukci apoptdzy mitochondrialni drahou (Huang et al. 2005, Spurlock et al. 2011).

Vlastni publikace vztahujici se k tématu

» Sramek M, Neradil J, Veselska R. Much more than you expected: The non-DHFR-mediated
effects of methotrexate. Biochimica et Biophysica Acta 1861: 499-503, 2017.

» Sramek M, Neradil J, Sterba J, Veselska R. Non-DHFR-mediated effects of methotrexate in
osteosarcoma cell lines: epigenetic alterations and enhanced cell differentiation. Cancer
Cell International 16: 14, 2016.

» Neradil J, Pavlasova G, Sramek M, Kyr M, Veselska R, Sterba J. DHFR-mediated effects of
methotrexate in medulloblastoma and osteosarcoma cells: the same outcome of treatment
with different doses in sensitive cell lines. Oncology Reports 33: 2169-2175, 2015.

» Neradil J, Pavlasova G, Veselska R. New mechanisms for an old drug; DHFR- and non-
DHFR-mediated effects of methotrexate in cancer cells. Klinicka Onkologie 25 (Suppl 2):
2S887-92,2012.
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3. DIFERENCIACNI TERAPIE

Ptfedchozi kapitoly byly vénovany konvencnim chemoterapeutikiim, jejichz ucinek je
predevsim cytotoxicky a je cilen na rychle proliferujici buiikky nadorové masy. Od 70. let 20.
stoleti se ale v 1é¢b¢ solidnich nadord i hematologickych malignit za¢inaji prosazovat nové
pristupy zalozené na indukované diferenciaci nadorovych bunék, které — uz ze své podstaty —
nejsou terminalné diferencované. Podstatou diferenciacni terapie je reaktivace endogenniho
diferencia¢niho programu nadorovych bunék s naslednou maturaci a ztratou nadorového
fenotypu (Cruz et Matushansky 2012). Jako induktory bunécné diferenciace se pii této 16¢bé
nejCastéji vyuzivaji retinoidy (derivaty vitaminu A), deltanoidy (derivaty vitaminu D)
a antagonisté PPARy (peroxisome proliferator-activated receptor y). Objevuji se vSak i nové
ptistupy zalozené na regulaci transkripce za vyuziti specifickych transkripcnich faktord, dale

na regulaci epigenetickych zmén ¢i na cilené diferenciaci nddorovych kmenovych bunék.

Retinoidy a jejich molekularni acinky

Retinoidy ptedstavuji skupinu pfirodnich a syntetickych derivatd vitaminu A (all-
trans-retinol), které reguluji vyznamné bunécné procesy: v ramci embryonalniho vyvoje
zastavaji funkci morfogenl a diferenciacnich agens, postnatalné jsou potiebné pro vidéni,
rust, imunitni funkce, reprodukci a regulaci homeostazy v rtiznych tkanich (Alizadeh et al.
2014, Cunningham et Duester 2015). Pfirozené zdroje prekursori vitaminu A jsou dvoji -
Vv potravé zivocisného ptuvodu (napf. vejce, maso, ryby, aj.) jsou obsazeny retinyl estery,
V ovoci a zelening se pak nachazi provitamin A ve formé& karotenil a kryptoxantinu. Retinol je
V organismu metabolizovan retinoldehydrogenazou na all-trans-retinaldehyd a ten nasledné
retinaldehyddehydrogenazou na kyselinu all-trans-retinovou (ATRA) (di Masi et al. 2015).
ATRA je tedy typickym zastupcem piirodnich retinoidl, stejn€ jako jeji neenzymaticky
konvertované izoformy: 9-cis-retinova kyselina a 13-cis-retinova kyselina (Obr. 4).

Z chemického hlediska jsou retinoidy definovany jako skupina chemickych sloucenin,
obsahujicich ¢tyfi linedrné navazujici izoprenoidové podjednotky. V ramci kazdé molekuly
1ze rozlisit hydrofobni ¢ast, centrdlni spojovaci Cast tvofenou nenasycenym uhlovodikovym
fetézcem a polarni oblast, nejcastéji v podobé karboxylové skupiny. Syntetické retinoidy jsou
primarné vytvareny modifikaci hydrofobni a centralni c¢asti molekuly, coz jim dodava

zvysenou stabilitu (di Masi et al. 2015). U nékterych retinoid se centralni ¢ast podili na
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tvorbé dalsich cyklickych struktur, které piispivaji k niz§i konformacni flexibilit€¢ zvysSujici
schopnost vazby na retinoidové receptory. Vedle toho mohou byt soucasti cyklickych struktur

heteroatomy, které vyznamné snizuji toxicitu syntetickych retinoidt (Benbrook 2002).
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Obr. 4. Metabolismus retinoid(i. Zdroje Zivoc¢isnych i rostlinnych prekurzord vitaminu A jsou
enzymaticky metabolizovany na vitamin A (all-trans-retinol), pres meziprodukt all-trans-
retinaldehyd vznika kyselina all-trans-retinova, kterd m(ize byt neenzymaticky konvertovana na
izoformy 9-cis-retinovou a 13-cis-retinovou kyselinu. Pfevzato a upraveno z di Masi et al. (2015).

V soucasné¢ dobé jsou popsany tii generace klinicky pouzivanych retinoidd. Prvni
generace obsahuje piirodni retinoidy (retinol, retinaldehyd a izoformy kyseliny retinové), do
druhé generace patii etretinat a jeho metabolit acitretin, tieti generace je zastoupena
tazarotenem, bexarotenem a adapalenem (Alizadeh et al. 2014).

Molekuly kyseliny retinové (RA), stejné jako ostatni retinoidy, vykazuji lipofilni
charakter, diky kterému snadno pronikaji pies plazmatickou membranu do bunky.
V cytoplazmé jsou all-trans-retinol a jeho oxidaéni produkt all-trans-retinal asociovany
S riznymi izoformami retinol-vazajiciho proteinu (CRBP, cellular retinol-binding protein),

zatimco ATRA se vaze na izoformy proteinu CRABP (cellular retinoic acid-binding protein).

3 / DIFERENCIACNI TERAPIE o 14




Protoze proteiny CRABP byly detekovany i v bunééném jadie, predpoklada se, ze slouzi
Kk transportu molekul RA do jadra, kde nasledné tvoii komplexy se specifickymi jadernymi
receptory, které vykazuji funkci inducibilnich transkripénich faktorit (Bushue et Wan 2010).
Zatim bylo popsano Sest retinoidovych receptort (RARa, -B, -y a RXRa, -B, -y), které
vykazuji podobnou strukturu véetné konzervované DNA vazebné domény a vice variabilni
ligand vazajici domény na C-konci molekuly. ATRA se pfednostné vaze na receptory RAR,
zatimco jeji 9-Cis izomer vykazuje afinitu k obéma skupindm receptori. Retinoidové
receptory pii vazbé na DNA dimerizuji: RAR vytvareji heterodimery s RXR, zatimco RXR
heterodimerizuji s dal§imi jadernymi receptory, napi. s receptorem pro tyroidni hormon (TR),
receptorem pro vitamin D (VDR) nebo s PPARy (peroxisomal proliferator activated receptor
y) (Ortiz et al. 2002). RAR/RXR heterodimery v ramci DNA rozpoznavaji a vazou se na
useky RARE (retinoic acid responsive elements), které jsou typické ptitomnosti dvou
hexamernich sekvenci (A/G)G(G/T)TCA se stejnou orientaci (direct repeat, DR) oddélenych
dvéma nebo péti nukleotidy (DR2, resp. DR5) (Cunningham et Duester 2015).

Sekvence RARE se nachazeji v oblasti promotorti vétSiny RA-responzivnich gend.
V nepfitomnosti odpovidajiciho ligandu retinoidové receptory potlacuji expresi cilovych geni
prostfednictvim navazani korepresorovych proteini NCOR1 a NCOR2 (nuclear receptor
corepressor 1, resp. 2). Korepresorové proteiny dale vazou histon deacetylazové komplexy
a polycomb represivni komplex 2 (PRC2), které zptsobuji trimetylaci lysinu Lys?’ na histonu
H3, kondenzaci chromatinu a nésledné blokovani exprese cilovych genll. Po vazbé RA na
RAR/RXR podléhd heterodimer retinoidovych receptorti konformaénim zménam, v jejichz
dasledku se uvolnuji korepresorové proteiny a jsou nahrazeny koaktivatory NCOAI1, 2 a 3
(nuclear receptor co-activator). Na tyto koaktivatory se vaze fada proteint regulujicich
epigenetické a strukturalni modifikace chromatinu, které umoZznuji aktivaci transkripéniho
aparatu a transaktivaci cilovych gent (Ablain et The 2011, diMasi et al. 2015, Cuningham et
Duester 2015)

Model diferenciacni terapie

Modelovym piikladem diferenciacni terapie (Obr. 5) je vyuziti ATRA jako induktoru
diferenciace pii 1é¢bé akutni promyelocytarni leukémie (APL), coz v kombinaci s naslednou
chemoterapii vede ke kompletni remisi az u 90 % pacientt (Massard et al. 2006). Klinicka
remise je u pacientli s APL podminéna indukci diferenciace nezralych leukemickych blastti do

terminalné diferencovanych granulocyti. Tyto blasty jsou u vétSiny pacienti charakteristické
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pritomnosti chromosomalni translokace t(15;17)(q24;q21), jejimz vysledkem je fazni gen
PML-RARA, ktery koduje transkripéni faktor PML a receptor RARa. Fuzni protein
PML-RARa mize dimerizovat nebo vytvaret heterodimery s receptorem RXR a nésledn¢ se
vazat na sekvenci RARE v promotorech cilovych genii. V ptipadé€, ze neni na receptor
navazan ligand — tedy kyselina retinova — fizni protein vaze fadu korepresori véetné molekul

HDAC a cely komplex vyvola transkrip¢ni i epigenetickou represi (Ablain et The 2011).

DNA

represe
i diferenciacni blok

aplikace
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terapie

v
&) % (rA)
DNA I aktivace
diferenciace

e

Obr. 5. Tradicni model diferenciacni terapie pomoci retinoidi na modelu akutni promyelocytarni
leukémie. Fuzni receptor PML-RARa s navazanym korepresorovym komplexem blokuje expresi
cilovych gend a tim i diferenciaci. Po aplikaci farmakologické davky kyseliny retinové jsou
korepresory nahrazeny koaktivatory a je spustén diferenciacni program, coz vede kremisi
onemocnéni. Pfevzato a upraveno z Ablain et The (2011).

Blokovani transkripce cilovych gent je zptsobeno predevsim deacetylaci histond, coz
vede ke konformaénim zménam molekuly DNA, které nasledné omezuji vazbu transkripcnich
faktorit 1 RNA polymerdzy. V normalnich blastech aktivuji fyziologické koncentrace ATRA
(v rozmezi 10° - 10°% M) disociaci korepresorovych proteinti, navazani koaktivatort

s histonacetyltransferazovou aktivitou a spusténi transkripce cilovych genli, a to nasledné
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vede k procesu diferenciace. U APL blasth vSak zminéné koncentrace ATRA nestaci
k disociaci korepresorovych proteinti z fizniho receptoru, coz zpisobuje zablokovani
diferenciacni drahy a zmozeni blastii ve stddiu promyelocytii. Az fadové vyssi terapeutické
koncentrace ATRA (v rozmezi 107 — 10° M) uvolni korepresorovy komplex z fuzniho
proteinu PML-RARa a tim spusti diferencia¢ni program (Siddikuzzaman et al. 2011).

Vedle represe gent regulujicich diferenciaci aktivuje fuzni protein PML-RARa
transkripci gentt zahrnutych do signdlnich drah Wnt a Jaggedl/Notch, které podporuji
schopnost sebeobnovy kmenovych bun€k a tim napomahaji udrzeni maligniho fenotypu APL
blastt (Braekeleer at al. 2014).

Koncept tohoto historicky prvniho piikladu pouziti diferenciac¢ni terapie a svym
zpuisobem 1 terapie zalozené na zméné regulace transkripce podléha v posledni dobé revizi.
U pacientil 1é€enych monoterapii pomoci ATRA byvéa zaznamendna pouze prechodnd remise
a teprve v kombinaci s konven¢ni chemoterapii nebo oxidem arsenitym dochazi k celkovému
bezptiznakovému vyléceni (Ablain et The 2011).

Vzhledem k tomu, ze se diferenciacni terapie s vyuzitim retinoiddi experimentalné
osvédcila k potlaceni rtiznych typd nadori na zvifecich modelech, mohla byt nésledné
testovana 1 v humanni mediciné. Do soucasné doby probéhla fada klinickych studii
S ptirodnimi i syntetickymi retinoidy testovanymi pro Ié¢bu mnoha typti nadorovych
onemocnéni (piehledné Di Masi et al. 2015). 1 kdyz v nékterych piipadech byla aplikace
retinoidil Gspeésna, ¢ast klinickych studii prokézala negativni vedlejsi G€inky této terapie, které
jsou spojené predevsim s toxicitou retinoidi (de Oliveira 2015). Pouziti retinoidd v ramci
monoterapie, zvlaste ve vysokych davkach, se proto nejevi jako optimalni.

Naopak kombinace retinoidi s nékterymi dal$imi slou¢eninami mize vykazovat
synergicky vliv na regulaci proliferace a indukci apoptdzy, ¢imZ pii sniZzené koncentraci
retinoidl ziistavd zachovén jejich terapeuticky efekt a soucasné jsou potlaceny nezadouci
vedlejsi Gcinky. Jednou skupinou molekul vhodnych pro kombinovanou terapii s retinoidy
jsou inhibitory enzymi ucastnicich se epigenetické regulace genové exprese (napi. DNA
metyltransferazy, histondeacetylazy, histonmetyltransferazy aj.). Tyto enzymy mohou
negativné, ale reverzibilné¢ modifikovat cilové geny retinoidli nebo jejich promotory, ¢imz
omezuji jejich transkripci v nadorovych bunkéch. Po aplikaci inhibitorti dochazi ke zvySeni

citlivosti k retinoidim a aktivaci transkripce RA-responzivnich gent (Di Masi et al. 2015).
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Modulace diferenciace — kombinovana lécha

Dalsim moznym zplUsobem, jak snizit terapeutickou koncentraci retinoidd pfi
soucasném zachovani nebo prodlouzeni jejich ucinku, je regulace metabolismu retinoidd,
konkrétné inhibice enzymu, které se podileji na intracelularni degradaci retinoidi. Mezi tyto
enzymy patii lipoxygenazy (LOX) a cyklooxygendzy (COX), které¢ jsou soucasti metabolismu
kyseliny arachidonové, nebot’ nékteré findlni produkty tohoto metabolismu, pfedevsim
prostaglandiny a leukotrieny, se také mohou tcastnit katabolismu kyseliny retinové - a to bud’
pfimo jeji degradaci nebo neptimo regulaci aktivity retinoidovych receptort (Krzyzankova et
al. 2014). V ptipadé¢ kombinace inhibitoru cyklooxygenazy-2 a syntetického retinoidu N-(4-
hydroxyphenyl) retinamidu byl také popsan synergicky efekt pii potla¢eni aktivace signalni
drahy PI3K/AKT a pfi indukci mitochondrialni apoptotické drahy (Schroeder et al. 2006).

V ramci experimentd in vitro jsme se Vv nasi laboratofi zabyvali antineoplastickymi
ucinky ATRA v kombinaci s kyselinou kavovou, ktera je inhibitorem 5-lipoxygenazy, nebo
s celecoxibem, jenz inhibuje cyklooxygendzu-2. Primarni modelovou linii, na které jsme
prokazali modulaci diferenciacniho wU¢inku ATRA pomoci kyseliny kavové, byla
promyelocytarni leukemické linie HL-60. Na tomto modelu kyselina kdvova v kombinované
aplikaci vyrazné zesilovala ATRA-indukovanou granulocytarni diferenciaci buné€k, coz bylo
prokazano jak vyznamnym narGstem populace CD66b-pozitivnich bungk, tak zvySenymi
hodnotami NBT (nitro blue tetrazolium) testu, jehoz podstatou je cytochemicka detekce
granulocyti (Veselska et al. 2004). V dalsi fazi vyzkumu jsme se zaméfili na modely
solidnich nadorti détského veéku - konkrétné na neurogenni nadory (neuroblastom
a meduloblastom) a na sarkomy (osteosarkom).

Na dvou sbirkovych neuroblastomovych liniich (SK-N-BE(2) a SH-SY5Y) byly
detailné studovany zmény morfologie, exprese diferenciacnich markerd, proliferacni aktivita,
bunéény cyklus a indukce apoptdzy po kombinované aplikaci ATRA s LOX/COX inhibitory.
Vysledky prokazaly schopnost kyseliny kavové zesilovat ATRA-indukovanou diferenciaci
u testovanych linii, zatimco celecoxib samotny i v kombinaci s ATRA, vykazoval spiSe
cytotoxicky ucinek (Redova et al. 2010). Expresnim profilovanim 440 genl asociovanych
S tumorigenezi byly u takto experimentdlné ovlivnénych neuroblastomovych linii popsany
davkové zavislé zmény v expresi gend, které se ucastni neuronalni diferenciace a remodelace
cytoskeletu. Nékteré zmeény v genové expresi byly detekovany v obou liniich a nezavisle na
pouzitém inhibitoru, coZz naznaCuje obecny mechanismus zesileni ATRA-indukované

diferenciace pomoci LOX/COX inhibitorti (Chlapek et al. 2010).
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Piedchozi vysledky téinkt kombinované aplikace ATRA s LOX/COX inhibitory byly
nasledné ovétovany na dvou sbirkovych meduloblastomovych liniich (Daoy a D283 Med).
| tato studie potvrdila, ze diferenciacni potencidl ATRA Ize zesilit jeji kombinovanou aplikaci
S kyselinou kavovou nebo celecoxibem. Tento efekt byl zaznamenan u obou
meduloblastomovych linii pomoci expresniho profilovéani, kdy byla popsana zvySena hladina
exprese genu ucastnicich se indukované diferenciace, zmén cytoskeletu, regulace bunééného
cyklu a degradace proteinti (Chlapek et al. 2014).

NaSe dalsi studie pak ovéfovala G¢inky kombinované aplikace ATRA s LOX/COX
inhibitory na osteosarkomovych liniich Saos-2 a OSA-01. Vysledky potvrdily schopnost
kyseliny kavové a celecoxibu zvySovat antiproliferativni i€¢inek ATRA, stejn¢ jako zesilovat
mineralizaci extracelularni matrix obou bunéfnych linii a zvySovat expresi vybranych
markeri osteogenni diferenciace. Popsané vysledky jednozna¢né demonstruji schopnost
inhibitord LOX/COX zesilovat diferencia¢ni ucinek ATRA u bunék osteosarkomovych linii,
i kdyz nékteré ze sledovanych procesi vykazovaly u jednotlivych linii odli$nosti
(Krzyzankova et al. 2014).

Vyse popsané vysledky, které byly ziskdny na modelovych bunéénych liniich
derivovanych ze solidnich nddort détského veku, navazuji na pfedchozi studie popisujici
pozitivni lé€ebnou odpovéd’ na metronomickou 1é¢bu pediatrickych pacientl trpicich rliznymi
druhy relabujicich solidnich nadorti s velmi S$patnou prognozou (Sterba et al. 2006,
Zapletalova et al. 2012). Protokoly metronomické terapie jsou zalozeny na dlouhodobém
podavani nizkych davek (low-dose) cytotoxickych a antiangiogennich léCiv. V né&kterych
protokolech se konkrétné jedna o podavani retinoidi v kombinaci s celecoxibem a dal$imi
chemoterapeutiky (napf. etoposid, temozolomid, cyklofosfamid). Z tohoto pohledu nase
vysledky ziskané in vitro, které jsou zalozené predevsim na expresnim profilovani na urovni
mRNA a na hodnoceni exprese diferenciacnich markerli na trovni proteinti, podporuji
terapeutické pouziti retinoidti zejména v kombinaci s celecoxibem jakoZzto inhibitorem
COX-2. Na zesileni prabéhu bunécné diferenciace indukované retinoidy se pak muze podilet
I pfijem potravy obsahujici pfirodni fenolické slouceniny véetné kyseliny kavové — napiiklad

med, jable¢na §t'ava, hrozny a n¢které druhy zeleniny (Chlapek et al. 2010).
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4. CiLENA MOLEKULARNI BIOLOGICKA LECBA

Vyse popsana diferenciacni 1écba je zalozena na biologickych vlastnostech urcitého
typu nadoru a je obecné¢ vhodnd zejména pro leukémie a embryonalni nadory s nizkym
stupném diferenciace (blastomy). Aktualnim trendem v onkologii je vSak personalizovana
medicina, ktera vychazi z informaci o konkrétnim nadoru u konkrétniho pacienta.
Personalizovand medicina je obecn¢ zaloZena na individualni 1écbé daného pacienta, kterému
je poskytnuta spravnad péce, v pravy ¢as a v odpovidajicim mnozstvi, pficemz tato 1écba
povede jednak k prokazatelnému zlepseni jeho zdravotniho stavu, ale také k racionalnimu
vynalozeni financ¢nich prostfedkli. V oblasti nddorovych onemocnéni je personalizovany
ptistup v prvni fad€ podlozen vyuzitim riznych typa tzv. biomarkerd, které Ize rozdélit dle
vztahu k diagnéze a 1é¢bé na diagnostické, prognostické, prediktivni a biomarkery casné
odpovédi. Dalsim krokem je spravna stratifikace pacientd do kategorii rizika, coz je jeden ze
zasadnich postupti vedoucich k volbé vhodné 1écby pro konkrétniho pacienta. Z téchto
divodu tedy cilend a individualizovand medicina nahrazuje tradi¢ni pfistup jednoho druhu
1é¢by pro vSechny, tzv. one-size-fits-all medicine (Kalia 2013).

Jak bylo uvedeno vySe, zdkladnim vychodiskem pro nové a efektivni terapeutické
strategie je detailni molekularni charakteristika daného nadoru. Aktudlni vyzkumné studie
prokazuji, Ze urcité onemocnéni muze zahrnovat vice klinicky a biologicky odliSnych
subtypt,, jak lze vidét na piikladu meduloblastomu, ktery pfedstavuje nejCastéjsi typ
zhoubného mozkového nadoru u déti (Northcott et al. 2012). Praveé identifikace rozdild na
molekularni trovni - at’ uz jsou analyzovany nukleové kyseliny nebo proteiny - ve vzorku
nadorové tkan¢ odebrané pacientovi piedstavuje cestu K nalezeni vhodnych terapeutickych
cili. Pfestoze jsou znamy klinické 1 biologické rozdily mezi nddorovymi onemocnénimi u déti
a u dospélych, aplikace nizkomolekularnich inhibitord a monoklonalnich protilatek proti
riznym cilim v nadorovych bunkach, zejména zaméfenych na inhibici signalnich drah, je
stale Castéji soucasti personalizované protinadorové 1écby pacientli obou vékovych kategorii
na zakladé vyuziti mechanismu uc¢inku téchto latek (Rossig et al. 2011, Zhou et al. 2014,
Pearson et al. 2016).
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Receptorové tyrozinkinazy

Jedna ze slibnych strategii personalizované protinddorové 1écby je zalozena na
naruseni nebo piimo blokovani signalnich drah v buiikkdch néadoru. Signdlni drahy se
u zivocisnych organismi vyvinuly a zakonzervovaly na =zaklad¢ potieby integrovat
a koordinovat mnoho slozitych bunéénych procest, jakymi jsou napi. pohyb, proliferace,
diferenciace a bunécnd smrt. Mnohé bunécné signilni drahy jsou zalozeny na principu
pfenosu signalu, ktery je vyvolan vazbou externiho stimulu (typicky rastového faktoru) na
odpovidajici receptory, které jsou lokalizovany na povrchu cilovych bunék. V dalsim kroku
prenosu signalu z téchto membranovych receptori dovniti buiiky mohou byt aktivni rtizné
systémy: konformac¢ni zmény v iontovych kanalech vedou k depolarizaci plazmatické
membrany, ptenos signalu je zprostiedkovan pomoci malych molekul, tzv. ,,druhych posla®,
nebo se mechanismem fosforylace aktivuji proteinové kindzy, které¢ nasledné tvoii signélni
kaskady, v nichz je signal ve formé fosforylace pienasen z jedné kinazy na dalsi.

Jednou z nejvyznamnéjSich skupin pifenase¢t signalu je rodina receptorovych
tyrozinkinaz (RTK). V lidském genomu bylo dosud identifikovano 90 funkénich gend a 5
pseudogent kodujicich tyrozinkinazy, z nichz 58 je receptorového typu - jak lze predikovat
dle pfitomnosti transmembranové domény v kddovaném proteinu. Lidské RTK (Obr. 6) jsou
kategorizovany do 20 skupin, zalozenych na sekven¢ni podobnosti kinazové domény
(Robinson et al. 2000).

Vsechny RTK maji podobnou molekularni strukturu: extracelularni doména obsahuje
ligand-vazebnou cast, skrze plazmatickou membranu prochazi a-helix motiv, cytoplazmaticka
¢ast proteinu obsahuje juxtamembrdnovy region, tyrozinkindzovou doménu a je zakoncena
C-termindlni oblasti. V rdmci extraceluldrni domény RTK nachédzime nejvétsi strukturni
variabilitu, zatimco cytoplazmaticka Cast je primarné tvofena evoluc¢né konzervovanou
tyrozinkinazovou doménou, ktera se sklada ze dvou podjednotek (Lemmon et Schlessinger
2010).

Po vazbé odpovidajiciho ligandu na extracelularni doménu dochézi k dimerizaci (popf.
oligomerizaci) a stabilizaci receptord, coz vyvold vzajemnou fosforylaci tyrozinovych zbytkl
cytoplazmatické domény. Nasledné konformacni zmény cytoplazmatické ¢asti receptoru
odhali vazebna mista pro adaptorové, ukotvujici ¢1 dokovaci proteiny, které vytvareji signalni
komplex umoziujici pienos signalu na dal§i molekuly v cytoplazmé. Specifické vzajemné
interakce téchto proteinti, které obsahuji rizné katalytické a vazebné domény, urCuji smér

signalni drahy (Bache et al. 2004).
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Obr. 6. Prehled 20 rodin receptorovych tyrozinkinaz u clovéka. V bilém ramecku jsou

schematicky znazornény jednotlivé typy strukturnich domén. Pfevzato z Lemon et Schlessinger
(2010).

Signalni draha pak pfedstavuje pfenos signalu, ktery je amplifikovan a integrovan
prostfednictvim fady proteintl, az k cilovym molekuldm, jez vyvolaji pfislusnou biologickou
odpovéd. Zasadni meziclanky v mnoha signéalnich drahach reprezentuji proteinkinazy,
predev§im mitogenem aktivované proteinkinazy (MAP kinazy) a serin/treoninové AKT
kinazy. Tyto kindzy jsou primarné soucasti signalnich drah odpovidajicich na mitogenni
a stresové stimuly, ale reguluji 1 dalSi déje véetné bunééného dé€leni, apoptdzy, genové
exprese, motility a metabolismu (Gerits et al. 2007, Mundi et al. 2016). Uvedené buné¢né

procesy jsou vSak také regulovany i1 dalSimi drahami, kdy pfenaSeCem signalu mohou byt
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napf. fosfolipaza y (PLCy), proteiny STAT (signal transducer and activator of transcription) ¢i

FAK kinaza (focal adhesion kinase) (Lemmon et Schlessinger 2010).

Navazujici signalni drahy

Obecné je MAP kindzova draha sestavena z kaskady tfi na sebe navazujicich druht
kinaz (Obr. 7), pticemz MAP3 kinaza (MAPKKK) fosforyluje a aktivuje MAP2 kindzu
(MAPKK), ktera nésledné fosforyluyje MAP kinazu (MAPK). MAP kinazy pak mohou

fosforylovat cilovy protein (typicky transkripcni faktor po transferu do jadra) nebo jinou

kindzu (Gerits et al. 2007). Mezi MAP kinazy nejcastéji aktivované prostfednictvim RTK

patii predevsim ERK1/2 (extracellular signal-regulated kinase), JNK1-3 (c-Jun N-terminal

kinase) a Ctyti izoformy proteinu p38 (a, B, v, 8).
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Obr. 7. MAP kinazové signalni drahy. V levém sloupci je znazornéno obecné schéma MAPK
signalizace, dale jsou uvedeny tfi pfiklady konkrétnich signalnich drah. Pfevzato a upraveno
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Serin/treoninové proteinkindzy ERK1/2 jsou povazovany za kanonické MAP kinazy
regulujici zakladni biologické procesy. ERK 1/2 se aktivuji fosforylaci MAP2 kinaz MEK1/2,
jez jsou tyrozin/treoninovymi proteinkindzami esencialnimi pro vyvoj a proliferaci bunck.
Serin/treoninové proteinkinazy z rodiny RAF (RAF-1, B-RAF a A-RAF) patii do skupiny
MAP3 kindz a fosforyluji MEK1/2. Signalni osa RAF/MEK/ERK je iniciovana malym
G-proteinem RAS, ktery je lokalizovan na vnitini strané plazmatické membrany a aktivuje se
po kontaktu se signialnim komplexem (obsahujicim Grb2/SOS proteiny) navazanym na
cytoplazmatickou ¢ast fosforylované RTK (Cristea et Sage 2016).

Druhou z vyznamnych signalnich drah aktivovanych prakticky v§emi RTK je signalni
draha PI3K/AKT. Fosfatidylinositol-3 kinazy (PI3K) tvoii soubor kooperujicich signalnich
proteint, které lze na zékladé molekularni struktury rozdélit do tii tfid. Ttida I PI3 kinaz je
tvofena heterodimery sestavenymi z katalytickych a regulaénich podjednotek. V ramci
podskupiny IA se mohou kombinovat katalytické podjednotky pl110a, pl110f a pl110o
s regulacnimi podjednotkami p85a, p85P a p55y, podskupina IB obsahuje jen jeden komplex
sestaveny z katalytické podjednotky p110y a regula¢ni podjednotky p101 (Blachly et Baiocchi
2014). Aktivované fosfo-tyrozinové zbytky cytoplazmatické domény RTK interaguji s SH2
(src-homology 2) doménou regula¢ni podjednotky PI3K. Poté, co je regula¢ni podjednotka
aktivovana — at uz RTK nebo G-proteinem spfazenym s receptorem — Kkatalyticka
podjednotka PI3K katalyzuje konverzi fosfatidylinositol (3,4)-bisfosfatu (PIP2) na molekuly
tzv. ,,druhého posla®, kterym je fosfatidylinositol (3,4,5)-trifosfat (PIP3). Molekuly PIP3 jsou
lokalizovany na vnitini strané¢ plazmatické membrany a mohou aktivovat mnoZstvi proteint,
které ve své struktufe obsahuji PH (pleckstrin homology) doménu, napi. PDK
(phosphoinositide-dependent kinase), AKT a dalsi serin/treoninové kinadzy. AKT nasledné
fosforyluje - a tim aktivuje nebo inhibuje - velké mnozstvi cilovych proteini. Mezi hlavni
substraty AKT patfi zejména mTOR (mammalian target of rapamycin), IkB kinaza, Mdm2
homolog (mouse double minute 2), Bad, p27, GSK3 (glycogen synthase kinase-3)
a transkripéni faktory FOXO1 a FOXO4. Spektrum procesti regulovanych signalni drahou

vvvvvv

a glukézovy metabolismus (Mundi et al. 2016).
Onkogenni role receptorovych tyrozin kinaz
Klicova role RTK v fizeni bunécnych procest je ziejmd zejména ze skutecnosti, Ze

tyto mitogenni receptory patii do skupiny proteinovych tyrozin kinaz, coz je nejvétsi skupina

4 / CILENA MOLEKULARNI BIOLOGICKA LECBA e 25



dominantnich onkogenti, ktera vykazuje strukturni homologii (Blume-Jensen et Hunter 2001).
Soucasné bylo prokézano, ze ptiblizné 30 % RTK je mutovano nebo dysregulovano v riznych
typech malignit (Amit et al. 2007). Podle jedné z uznavanych teorii je vznik a maligni rast
nadorh asociovan s urCitymi molekularnimi a biologickymi vlastnostmi nadorové
transformovanych bunék (Hanahan et Weinberg 2000), pii¢emz nékteré z téchto
charakteristik (indukce angiogeneze, schopnost metastazovani, odolnost vii¢i apoptotickym
signalim) jsou piimo regulovany prostiednictvim RTK. Rovnéz nezavislost nadorové
transformovanych bunc¢k na externich ristovych faktorech je mozna diky autokrinnim
smyckam, kdy pro vlastni produkei rastovych faktort je nutnéd aktivace MAP kinaz. Podobn¢
mize byt vyssi proliferacni aktivita nadorovych bunék zpisobena aktiva¢ni mutaci v genech
kédujicich RTK nebo jiné signdlni proteiny. Tyto onkogenni mutace jsou detekovany
v molekulach regulujicich jak signalni drahu RAS/RAF/MAPK (typicky v genech pro RAS
a B-RAF), tak signalni drahu PI3K/AKT, kde jsou ¢asté mutace v katalytické podjednotce
PI3K nebo v genu pro tumor-supresorovy protein PTEN (phosphatase and tensin homolog),

ktery je hlavni negativnim regulatorem této signalni drahy (Amit et al. 2007).

Deregulace RTK signalizace u vybranych solidnich nadori détského
veku

Nejcastéjsimi solidnimi nadory u déti a mladych dospé€lych (do 19 let véku) jsou
v Ceské republice neurogenni nadory s téméf 30 % z celkového poétu piipadii, piicemz
vétsinu z nich tvofi nadory CNS a ostatni intrakranidlni a intraspinalni neoplazie
(http://detskaonkologie.registry.cz/). U meduloblastomu, coz je histogeneticky embryonalni
neuroektodermdlni nador mozecku a obecné predstavuje nejrozsirenéj$i nador mozku u déti,
bylo identifikovano mnoho signalnich drah spojenych s tvorbou a riistem nadoru, vcéetné
vyvojovych signalnich drah (napt. Hedgehog, Notch a Wnt), drah aktivovanych RTK (c-Met,
ErbB2, IGF-R a TrkC) a onkoproteinu Myc (Guessous et al. 2008). Za vysokou malignitu
tohoto onemocnéni je patrné¢ zodpovédna signalni draha IGF/IGF-IR (insulin like growth
factor 1 receptor), ktera se podili pfedevSsim na patogenezi podskupiny SHH (Sonic
Hedgehog). Signalni draha IGF/IGF-IR aktivuje PI3K, coz vede k potlaceni degradace
n-Myc, pficemz zvySena transkripce genu MYCN koreluje se snizenym prezitim pacientd.
Jednou ze strategii 1é¢by meduloblastomu je proto pouziti inhibitord PI3K. Vedle aktivace
PI3K/AKT drahy déale dochézi i k aktivaci RAS/MAPK signalnich drah. Jednou z pfic¢in mize
byt nadmérnéa exprese receptorit PDGFR [ (platelet-derived growth factor receptor ) nebo
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ErbB2, jehoz exprese byla prokazana v piiblizné 80 % vzorkti nadorové tkané odebranych od
pacientt trpicich meduloblastomem se Spatnou progndzou (Stimer-Turanligil et al. 2013).

Podobn¢ u neuroblastomu, coz je embryondlni tumor vznikly z nediferencovanych
bunék neuralni liSty, byla popsana deregulace signalnich drah umoziujici pieziti nadorové
transformovanych bunék. Naptiklad fosforylace AKT kinazy korelovala se stupném
onemocnéni, nepfiznivou histologii a s amplifikaci onkogenu MYCN. Zrodiny RTK
podporuje ptezivani neuroblastomovych bunék kindza ALK (anaplastic lymphoma kinase),
ktera se fyziologicky podili na bunécném riistu a vyvoji nervovych tkani, ale jeji nadmérna
exprese byla detekovana ve vice nez 90 % vzorkd neuroblastomu soué¢asné s mutacemi genu
ALK. Dalsimi receptory, jejichz zvySena exprese je popisovana v souvislosti
s neuroblastomem, jsou napt. IGF-R, PDGFR, VEGFR a EGFR, ktery je také signifikantné
vice exprimovan v neuroblastomovych liniich s rezistenci vii¢i chemoterapeutikiim (Megison
etal. 2013).

Role RTK a navazujicich signalnich drah byla rovnéz zkoumana u high-grade gliomu
V souvislosti se zadsadnimi procesy tumorigeneze, kterymi jsou iniciace a progrese nadoru
a angiogeneze. Vyznamnou roli zde hraji receptory EGFR, PDGFR a VEGFR rodiny
a navazujici signalni drahy RAS/RAF/MAPK a PI3K/AKT/mTOR, které jsou potencidlnim
cilem protinadorové 1€€by (Ren et al. 2007). Deregulovana signalizace prostfednictvim RTK
vede u gliomu k maligni progresi a mize byt vyvolana aktiva¢nimi mutacemi v genech EGFR
a MET, nadmérnou expresi rastovych faktorti a odpovidajicich receptorti (napi. FGF/FGFR
a PDGF/PDGFR) nebo pfiliSnou aktivaci autokrinni smyc¢ky TGFo/EGFR (Kapoor et
O'Rourke 2003, Mellinghoff et al. 2012, Skoda et al. 2014). Vedle toho miZze mutantni forma
EGFR transaktivovat dalsi receptory, coz spole¢né vede ke konstitutivni aktivaci navazujicich
signalnich drah (Kalman et al. 2013). V ramci signalni drahy RAS/RAF/MAPK se na
patogenezi gliomu také podileji poruchy v genu BRAF, a to jak mutace, tak fuze s jinymi geny
(Louis et al. 2016).

Dalsi skupinou nadori, u nichZ se intenzivné studuji signalni drahy, jsou sarkomy,
které predstavuji tieti nejcastéjsi skupinu solidnich nadorti détského veéku a lze je rozdelit na
dv¢ hlavni kategorie: sarkomy kosti (osteosarkom, Ewingtiv sarkom, aj.) a sarkomy mékkych
tkdni (rabdomyosarkom, fibrosarkom, leiomyosarkom, liposarkom, synovialni sarkom, aj.)
(Spector et al. 2006). U Ewingova sarkomu, ktery je typicky nékolika chromosomalnimi
aberacemi — az 85% ptipadd je postizeno translokaci t(11;22) za vzniku fuzniho proteinu
EWS-FLI1 — byly popsany dysregulace rtiznych signdlnich drah vcetné RTK. V nékterych

pfipadech byla zaznamenéna aktivace signalni drahy IGF/IGF-IR fuznim proteinem
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EWS-FLII1, ktery piimo inhibuje promotor genu IGFBP-3 (insulin like growth factor binding
protein 3), ¢imz dojde ke zvySeni dostupnosti IGF-I a nésledné podpote proliferace
nadorovych bunék (Wagner et Maki 2013). V souvislosti s patogenezi Ewingova sarkomu
jsou vsak v literatufe zminovany téméf vSechny vyznamné rodiny RTK. Receptory spadajici
do rodiny ErbB vykazovaly vyssi expresi v nadorové tkani i derivovanych buné¢nych liniich
(Fleuren et al. 2014, Mendoza-Naranjo et al. 2013), podobn¢ jako VEGF - ligand VEGF
receptort (Kreuter et al. 2006, Ackermann et al. 2012). Mezi dalsi aktivni signalni drahy
popsané u Ewingova sarkomu patii draha FGF2/FGFR1, ktera v kostnim mikroprostiedi hraje
vyznamnou roli v procesech invazivity a metastazovani nadoru (Kamura et al. 2010), a dale
aktivované receptory rodiny PDGFR, jejichz fosforylace vSak neni v nadorovych bunkéach
Ewingova sarkomu zplsobena aktivaéni mutaci (Bozzi et al. 2007). Podle soucasnych
vyzkumt se na patogenezi Ewingova sarkomu také podileji receptory c-KIT a MET vcetné
odpovidajicich ligandl a jejich signalizace piispiva k regulaci bunééného rlstu, piezivani
a schopnosti metastazovat (Mora et al. 2012, Fleuren et al. 2013).

Také u rabdomyosarkomu, ktery je nejcastéj$im typem sarkomt mékkych tkani, byly
zaznamenany zmeény vV regulaci signalnich drah aktivovanych RTK. Jednou ze dvou
zakladnich variant rabdomyosarkomu je alveolarni rabdomyosarkom, ktery je charakteristicky
ptitomnosti translokace t(2;13) a naslednym vznikem fzniho proteinu PAX3-FOXO1 (Barr
et al. 1996). Tento flzni protein je schopen zvySovat transkripci genli kodujicich receptory
IGF-IR, PDGFRa a FGFR4 (Cao et al. 2010, Blandford et al. 2006, Crose et Linardic 2011).
Popsand zvySena exprese IGF-IR, ale i receptori VEGF a jejich ligandi ve tkani
rabdomyosarkomu naznacuje, Zze nadorové builky jsou nezavislé na externich ristovych
faktorech a signalizace podporujici proliferaci a angiogenezi nadort je regulovana autokrinni
smyckou (Cao et al. 2010, Gee at al. 2005). Rozdily mezi jednotlivymi variantami
rabdomyosarkomu lze najit u exprese receptorii rodiny ErbB: pro embryondlni typ je
charakteristickym znakem zvySend exprese EGFR, zatimco ErbB2 je castéji detekovan
u alveolarniho typu rabdomyosarkomu (Ganti et al. 2006). Aktualn¢ byla u rabdomyosarkomu
popsana nadmérn¢ zvySena exprese MET, kdy deregulace tohoto receptoru se jevi jako
klicovy prvek metastatického potencialu konkrétniho nadoru, pficemz hyperaktivace MET

koreluje se schopnosti metastazovat i u jinych typt nadora (Miekus et al. 2013).
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RTK signalizace jako cil protinadorové lécby

Soucasné terapeutické pristupy pro 1é¢bu vysoce rizikovych solidnich nddort détského
véku jsou primarné zaloZzeny na chirurgickém odstranéni nédoru, rGzné intenzivnich
protokolech chemoterapie a popiipadé na aplikaci radioterapie, ale s pomérné¢ malym
zastoupenim cilené¢ 1écby. Celkové preziti ve skupiné pacientl trpicich metastatickymi
sarkomy a dal$imi refrakternimi solidnimi nadory je nizké (napt. 10 — 30 % pro sarkomy)
a konvencni 1écbu navic doprovazeji zavazné casné 1 pozdni vedlejsi ucinky. Z toho vyplyva
potifeba zavedeni efektivnich 1éCebnych piistupti zalozenych na principech personalizované
mediciny (Quesada et Amato 2012, Hegde et al. 2015).

Inhibice vybranych signalnich drah, at’ uz s pouzitim monoklonalnich protilatek nebo
nizkomolekularnich inhibitort, je v soucasné dobé jednou z perspektivné se vyvijejicich
strategii v cilené 1é€bé naddorovych onemocnéni. Povrchové RTK a na né navazujici kinazy,
které zprostfedkovavaji intracelularni signalizaci indukovanou zejména rastovymi faktory,
predstavuji idedlni cile pro tento druh terapie. Kromé latek jiz schvalenych pro klinické
pouziti existuje celd fada dalSich novych inhibitort v riznych fazich klinického testovani
(Fleuren et al. 2014). Ptehled dostupnych nizkomolekularnich inhibitort a monoklonéalnich
protilatek proti RTK, poptipad¢ jejich ligandim ¢i dal§im kindzam, které jsou registrovany
jako 1éky v Ceské republice u Statniho ustavu pro kontrolu 16¢iv (SUKL), je uveden v tabulce
1, respektive 2.

Tab. 1. Piehled nizkomolekularnich inhibitorii proteinkinaz registrovanych jako lééiva v Ceské
republice u Statniho ustavu pro kontrolu léciv.

Nazev inhibitoru  Nazev léku v CR Molekularni cile inhibitoru

Afatinib Giotrif EGFR; ErbB2

Alektinib - ALK

Axitinib Inlyta VEGFR1/2/3; PDGFRB; c-Kit

dBosutinib Bosulif Src; Abl

Cabozantinib Cometriq VEGFR2; c-Met; Ret; c-Kit; VEGFR1/3; FLK2; Tie2; AXL

Cediranib - VEGFR1/2/3; PDGFRB; c-Kit

Ceritinib Zykadia ALK

Dabrafenib Tafinlar B-Raf (mut. V600)

Dasatinib Sprycel Abl; Src; c-Kit,

Erlotinib Tarceva EGFR

Everolimus Afinitor, Votubia mTOR

Gefitinib Iressa EGFR

Ibrutinib Imbruvica Btk

Imatinib Glivec, Imakrebin, v-Abl; c-Kit; PDGFR
Imanitec, Latib, Meaxi

Kobimetinib Cotellic MEK1
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Tab. 1. Pokracovani

Nazev inhibitoru

Nazev léku v CR

Molekularni cile inhibitoru

Krizotinib
Lapatinib
Lenvatinib
Masitinib
Midostaurin

Nilotinib
Nintedanib
Osimertinib
Palbociklib
Pazopanib
Ponatinib
Regorafenib
Ridaforolimus
Rociletinib
Ruxolitinib
Sorafenib
Sunitinib
Temsirolimus
Tivozanib
Trametinib
Vandetanib
Vemurafenib

Xalkori
Tyverb
Lenvima

Tasigna
Ofev, Vargatef

Votrient
Iclusig
Stivarga

Jakavi
Nexavar
Sutent
Torisel
Mekinist
Caprelsa
Zelboraf

c-Met; ALK

EGFR; ErbB2

VEGFRT, 2, 3

c-Kit; PDGFRa/B

PKCa/B/y; Syk; Flk-1; Akt; PKA,; c-Kit; c-Fgr; c-Src;
FLT3; PDFRB, VEGFR1/2

Ber-Abl

VEGFR1/2/3; PDGFRa/B; FGFR1/2/3
EGFR

CDK4/6

VEGFR1/2/3; PDGFR; FGFR; c-Kit; CSF-1R
Abl; PDGFRa; VEGFR2; FGFR1; Src
VEGFR1/2/3; PDGFRB; c-Kit; RET; Raf-1
mTOR

EGFR

JAK1/2

Raf-1; B-Raf; VEGFR-2

VEGFR2; PDGFRp; c-Kit

mTOR

VEGFR1/2/3; PDGFR,; c-Kit

MEK1/2

VEGFR2

B- Raf (mut. V600E)

Tab. 2. Prehled monoklonalnich protilatek proti receptorovym tyrozinkinazam a jejich ligandim
registrovanych jako lééiva v Ceské republice u Statniho tstavu pro kontrolu légiv.

Nazev protilatky

Nazev léku v CR Molekularni cil inhibitoru

Bevacizumab
Cetuximab
Necitumumab
Panitumumab
Pertuzumab
Ramucirumab
Trastuzumab

Trastuzumab emtansin

Avastin VEGF-A

Erbitux EGFR

Portrazza EGFR

Vectibix EGFR

Perjeta ErbB2 (HER2/neu)
Cyramza VEGFR2
Herceptin ErbB2 (HER2/neu)
Kadcyla ErbB2 (HER2/neu)

Nevyhodu v aplikaci nékterych nizkomolekularnich inhibitort miZe ptedstavovat

jejich nespecificita a nejednotny pohled na strategii jejich klinického pouZiti — nabizi se

moznost cilené 1écby jedinou latkou, kombinaci n€kolika inhibitord nebo pouZiti inhibitorQ

jako soucasti standardniho 1éCebného protokolu zahrnujiciho i chemoterapii a/nebo

radioterapii. V kazdém ptipad¢ je vSak zakladnim krokem personalizovaného pfistupu k 1é€bé

zalozené na pouziti nizkomolekularnich inhibitorti kindz i monoklonalnich protilatek proti
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RTK ¢i jich ligandim dtkladna charakterizace konkrétniho nadoru z hlediska exprese
a aktivace RTK, stejné jako aktivity navazujicich signalnich drah.

Vétsina studii citovanych v této kapitole popisuje souvislost expresni hladiny mRNA
nebo celkového obsahu vybraného proteinu s patogenezi urcitého typu nddoru, a to pievazné
ve FFPE (formalin-fixed paraffin embedded) vzorcich. Nicméné plo$ny screening fosforylace
RTK poskytuje celkovy prehled o aktivovanych signalnich drahach daného nadoru
a fosforylacni profil kindz v ptislusném nadoru tak mize byt voditkem k vybéru vhodného
léCebného postupu (Fleuren et al. 2014). Ackoliv byly proteinové arrays pro detekci
fosforylace RTK v praxi n¢kolikrat pouzity pro charakterizaci vybranych nadort u dospélych
pacientd (Yu et al. 2008, Dewaele et al. 2010, Strobel et al. 2010, Chen et al. 2010, Montero
et al. 2014), vyuziti stejného metodického pfistupu u pediatrickych nadort je vSak dosud stale
vyjimecné (Sikkema et al. 2009, Melicharkova et al. 2015, Mudry et al. 2017).

Jedna z mala praci, ve které byly vyuzity proteinové arrays pro detekci fosforylace
signalnich proteint k vyhledani potencidlnich cilii v ramci personalizované terapie u ditéte,
byla publikovana v ramci naSeho vyzkumu (Melicharkova et al. 2015). V této ptipadové studii
je popsan klinicky prabéh onemocnéni u pacientky trpici Maffucciho syndromem, jenz je
typicky vyskytem mnohocetnych enchondromil a progredujicich hemangiomi, které
U pacientky zptsobovaly rizné zdravotni komplikace (napt. omezeni hybnosti, poruchy rustu,
bolesti, fluidothorax nebo ascites). Dosavadni zvolené zplisoby konvenc¢ni 1écby vedly ke
smiSené odpovédi, popiipadé k zachovani stacionarniho stavu s periodickou potiebou
odstranéni ascitu a fluidothoraxu. Po vySetfeni fosforylaéniho profilu RTK, MAP kinaz
a dalSich signdlnich proteinii se jako jeden z moznych cili jevila signdlni dréha
PDGFR/ERK. Ve vySetiené tkani byla detekovana zvySena fosforylace obou forem PDGFR
(a1 B), stejné jako ERK1 a ERK2. Nov¢ byl proto do 1é€ebného schématu ptidan sunitinib,
coz je nizkomolekularni inhibitor primarné zasahujici receptory pro rustovy faktor krevnich
desticek (PDGFR-a a PDGFR-B) a receptory pro vaskularni endotelialni rastovy faktor
(VEGFR-1, VEGFR-2 a VEGFR-3). Tato zména v 1é¢bé vedla ke klinicky vyznamné
odpovédi trvajici Sest mésict.

V druhé ptipadové studii, kde jsme pouzili analyzu fosforylacniho profilu kinaz, byl
vySetien pacient trpici infantilni myofibromatézou (Mudry et al. 2017). Onemocnéni patii do
skupiny sarkomt mékkych tkani, ale v tomto pifipadé postihovalo mekké tkané i kosti,
pfi¢emz léze byly nalezeny také intrakranidlné. Po aplikaci n¢kolika cykll chemoterapie byla
u pacienta zaznamenana pouze ¢aste¢na odpovéd’ doprovazend negativnimi vedlej$imi G€inky

1éCby. Nasledné byla ve vzorku bioptované nadorové tkdn€ provedena analyza fosforylace 49
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RTK, pricemz relativné nejvyssi fosforylace byla detekovana u PDGFRp. Navic sekvenace
genu PDGFRB odhalila zdrodecnou heterozygotni mutaci ¢.1681C>T (p.Arg561Cys), ktera je
asociovana s infantilni myofibromatozou (Arts et al. 2016). Na zakladé ziskanych poznatkl
byla aplikovana cilend Iéc¢ba sunitinibem v kombinaci s nizkodavkovym vinblastinem, ktera
vedla k pretrvavajici pozitivni odpovédi bez toxicity doprovazejici predchozi 1é¢bu.

Z pohledu vyse zminénych kazuistik se metoda detekce fosforylacnich profilii RTK
a navazujicich signalnich proteinii jevi jako vhodny prostfedek pro identifikaci cilti na Grovni
proteinit a signalnich drah. Navic tim, ze RTK maji zasadni vliv na mnoho bunécnych
proces, které jsou deregulované v nadorovych buiikach, mize inhibice jedné RTK postihnout
vice d&ji, nez jen bunécnou proliferaci (Crose et Linardic 2011). Na druhou stranu volba
spravného cile predpoklada dikladnou znalost genetického pozadi aktivace specifickych
signdlnich drah. Mutaéni screening jednotlivych RTK a analyza navazujicich signélnich drah
tak mize predstavovat optimalni strategii pro volbu vhodného 1é¢ebného postupu. Cilena
molekularni biologicka terapie tedy diky potlaceni specifickych signalnich drah muze zlepsit
vysledky 1é¢by, snizit u pacienta mnozstvi komplikaci a celkové redukovat naklady na 1é¢bu

vlastniho onemocnéni (Kalia 2013).

Vlastni publikace vztahujici se k tématu

» Mudry P, Slaby O, Neradil J, Soukalova J, Melicharkova K, Rohleder O, Jezova M,
Seehofnerova A, Michu E, Veselska R, Sterba J. Case report: rapid and durable response to
PDGFR targeted therapy in a child with refractory multiple infantile myofibromatosis and a
heterozygous germline mutation of the PDGFRB gene. BMC Cancer 17: 119, 2017.

» Melicharkova K, Neradil J, Mudry P, Zitterbart K, Obermannova R, Skotakova J, Veselska R,
Stérba J. Profil aktivace receptorovych tyrozinkindz a mitogenem aktivovanych
proteinkinaz v terapii Maffucciho syndrome. Klinicka Onkologie 28 (Suppl 2): 2S47-51,
2015.

» Skoda J, Neradil J, Zitterbart K, Sterba J, Veselska R. EGFR signaling in the HGG-02
glioblastoma cell line with an unusual loss of EGFR gene copy. Oncology Reports 31: 480-7,
2014.
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5. NADOROVE KMENOVE BUNKY A JEJICH ROLE
V PROTINADOROVE LECBE

Buné¢na heterogenita je obvyklym rysem celého spektra lidskych malignit — jak
solidnich, tak hematologickych — pficemz tato heterogenita piedstavuje zasadni komplikaci
Vv protinadorové 1é¢bé (Visvader et Lindeman 2008). Podobné jako tomu je u normalnich
tkani, mnoho solidnich nadorti vykazuje hierarchické uspotradani, kdy tumorigenni nadorové
kmenové buiiky (cancer stem cells, CSCs) diferencuji do riznych bunécnych typu, které
puvodni schopnost tumorigenity ztraceji. Mnoho studii potvrdilo, ze ac¢koliv CSCs a z nich
derivované netumorigenni nadorové bunky mohou vykazovat stejny genotyp, tyto dvé
skupiny bun¢k se odliSuji na Urovni epigenetické regulace, coz se fenotypoveé odrazi
pfedevs§im v aktivaci riznych signdlnich drah. Jak bylo popsdno v ptedchozi kapitole, tyto
drédhy reguluji bunécnou adaptaci na stresové podnéty véetné zanétu, hypoxie, nizkého pH
a metabolické starvace, ale také protinadorové terapie (Cojoc et al. 2015). Detailni studium
CSCs izolovanych z riznych typt nadorti ukazuje, ze pravé CSCs mohou byt hlavni pfic¢inou
selhani konvenéni protinadorové terapie. Ta je zaméfena na rychle proliferujici buiky
nadorové masy, které vSak jiz nemaji schopnost tumorigeneze, zatimco CSCs s nizkou
proliferacni aktivitou a G¢innymi reparacnimi mechanismy (napt. DNA reparacni aktivita,
transmembranové pumpy) pusobeni zareni a chemoterapeutik unikaji. Proto identifikace
CSCs a terapie cilend prav€ na tyto bunky jsou jednim z hlavnich smérli soucasné
experimentalni onkologie. Za nejslibnéjsi strategii ve vyvoji efektivnich protokold
protinadorové 1écby je pak povaZzovana kombinace konvencni terapie postihujici nadorovou

masu a cilené terapie proti CSCs (Chen et al. 2016).

Nadorové kmenové bunky a jejich funkce v karcinogenezi

CSCs jsou popisovany jako klicova komponenta heterogenni nadorové bunééné masy,
ktera si zachovava schopnost sebeobnovy a lezi na vrcholu hierarchického uspotadani vSech
typt bun€k v rdmci nadoru. Jinymi slovy, CSCs tedy ptedstavuji diferencia¢ni prekurzory
vSech bunécnych populaci v ramci nddoru. Mnoho studii obecné definuje CSCs na zakladé
jejich schopnosti iniciovat vznik nddoru, coz lze experimentdlné ovéfit funkénim testem
tumorigenity v imunodeficientnich mySich. U nékterych typt malignit, napf. u leukémii nebo

karcinomt prsu, plic a stieva je mnozstvi bun¢k schopnych iniciovat vznik nadoru relativné
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malé a podoba se zastoupeni ,,normalnich* (tedy nenadorovych) adultnich kmenovych bunék
ve vétsine tkani, které je obvykle nizsi nez 1 % z celkového poctu bunék Vv prislusné tkani.
Oproti tomu se vyskytuji i nadory (typicky napf. melanom), u nichz vétSina naddorovych
bunék nese totoznou schopnost tumorigeneze, coz by naznacovalo, ze specificka a pocetné
omezena subpopulace CSCs u téchto nadorti nemusi existovat. Obecné vSak lze shrnout, ze
jednotlivé subpopulace bun¢k v ramci konkrétniho naddoru se mohou liSit mirou schopnosti
sebeobnovy a tumorigeneze a také svym diferenciacnim potencidlem, pficemz na zakladé
zmén v téchto schopnostech Ize definovat fenotypovou plasticitu, kterd umoziuje dynamicky
pfechod mezi ,kmenovym* a ,,nekmenovym* fenotypem nadorovych bunék (Ravasio et al.
2016).

Dalsi charakteristickou vlastnosti CSCs je rezistence vic¢i konvenéni radioterapii
a chemoterapii. Vysvétleni rezistence viuci xenobiotikim spociva v expresi ABC (ATP-
binding cassette) transportért, kterd se u CSCs zvySuje po aplikaci chemoterapie. Mezi
nejlépe charakterizované transportéry, které jsou v lidském genomu kodovany 49 geny, patii
piedevsim ABCBI1 (znamy téz jako P-glykoprotein, Pgp nebo také multidrug resistence
protein, MDR1), ddle ABCBS5, ABCC1 ¢i ABCG2. Napiiklad nadmérna exprese ABCBI1
zvySuje rezistenci nadorovych bunék vici chemoterapeutikiim, jako jsou Kkolchicin,
doxorubicin, etoposid, vinblastin a paclitaxel, které¢ zptsobuji poskozeni DNA, inhibici
funkce cytoskeletalnich komponent nebo tvorbu kyslikovych radikalti (Carnero et al. 2016).
Zakladnimi mechanismy radiorezistence CSCs je spusténi reparacnich procesti po poskozeni
DNA a vyssi aktivita mechanismil neutralizujicich reaktivni kyslikové radikaly, které zateni
muze indukovat (Beck et Blanpain 2013).

Chovani a vlastnosti nddorovych bun¢k vyznamné ovlivituji jejich vzajemné interakce,
stejn€ jako interakce s buikami pilivodem z okolnich tkédni, pficemZ vSechny tyto buiky
spole¢n¢ vytvareji nadorové mikroprostiedi. Nadorové mikroprostiedi je tedy komplexni
bunétna struktura nejCastéji tvorend lymfocyty, myeloidnimi bunikami, endotelovymi
buiikami a fibroblasty, kterd ovliviluje invazivitu nadorovych buné€k, angiogenezi, hypoxii,
epitelialné-mezenchymalni tranzici a rezistenci k chemoterapii (Boesch et al. 2016, Carnero et
al. 2016). CSCs — podobné¢ jako jiné kmenové bunky — jsou pak lokalizovany ve specifickém
mikroprostfedi zvaném niche, které je fizeno pfedevsim mezibunéénou komunikaci, adherenci
na extracelularni matrix, parakrinni, juxtakrinni a hormonalni signalizaci, pficemz vSechny
zminéné faktory reguluji prezivani, sebeobnovu a diferenciaci CSCs (Carnero et al. 2016).

Teorii o hierarchickém uspofadani nadoru, regulaci jeho riistu a bunééné heterogenité

riznych populaci v ramci nadoru existuje nékolik (Obr. 8). V historicky ptvodnim, tzv.
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stochastickém modelu se pfedpoklada, ze vSechny nadorové buiiky maji stejny tumorigenni
potencidl, pfi¢emz ndhodné ¢ast bun€k proliferuje a jina ¢ast podléha diferenciaci. Druhy, tzv.
CSC model, popisuje nador jako hierarchickou strukturu organizovanou podobné jako
normalni zdravé tkané, kde pouze specificka ¢ast bunécné populace (kmenové buiky) ma
schopnost sebeobnovy, piicemz vice diferencované progenitory maji rastovy potencial
omezeny. Analogicky ke tkanové-specifickym adultnim kmenovym bunkam, které jsou
zodpovédné za obnovu tkani v organismu, se predpoklada, ze CSCs vykazuji schopnost
dlouhodobé proliferace a sebeobnovy a jsou zodpovédné za zachovani nadoru i za vznik
ostatnich vice diferencovanych bunécnych typt. V rdmci obou modela vSak mize dochazet ke
klonalni evoluci, kdy se v n¢kterych nddorovych buitkédch akumuluji nové somatické mutace,
které mohou pfinasSet selektivni vyhody zvySujici jejich schopnost proliferace a preziti (Beck

et Blanpain 2013, Akbari-Birgani et al. 2016).

(a) stochasticky model (b) CSCs model
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Obr. 8. Modely nadorového ristu. (a) Stochasticky model, (b) CSCs model, (c) klonalni evoluce

CsC

ve stochastickém modelu, (d) klonalni evoluce v CSCs modelu. Prevzato a upraveno dle Beck et
Blanpain (2013).
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Teorie vzniku nadorovych kmenovych bunéek

Vyse zminény CSC model popisuje tlohu CSCs v udrzovani a ristu nadoru, samotny
zpusob vzniku a ptivod CSCs vsak zatim neni zcela objasnén. Jednou z hypotéz je vznik CSC
z tkanové specifické adultni kmenové bunky (Obr. 9), ktera nese velmi podobné fenotypové
znaky, tj. zejména schopnost sebeobnovy a diferenciace. Tuto hypotézu podporuje fakt, ze
CSCs vykazuji podobné primitivni fenotyp a exprimuji markery typické pro adultni kmenové
bunky v piislusné zdravé tkéni. Navic adultni kmenové buiikky mohou béhem pomérné
dlouhého ptezivani ve tkani akumulovat mutace iniciujici nddorovou transformaci (Foreman

et al. 2009, McDonald et al. 2009).

sebeobnova

C mutace

kmenové bunky
v niche

l mutace O

sebeobnova

propagace

; nadoru
@ =

faktory mikroprostiedi

. ;i nadorova
progenitorové kmenova
buriky burika

1 mutace

<S>
S0 SIS

diferencované buriky

Obr. 9. Hypotézy vzniku CSCs. CSCs se podle rliznych hypotéz mohou vyvinout z adultnich
kmenovych bunék, progenitorovych ¢i diferencovanych bunék na zakladé somatickych mutaci.
Vyznamnou roli v iniciaci nadoru vSak hraje mikroprostredi a faktory v ném obsazené. Prevzato
a upraveno dle Bjerkvig et al. (2005).
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Podle dalsi z hypotéz proces nadorové transformace vyviji silny selek¢ni tlak na
diferencované bunky, ktery umoziiuje preziti takové bunétné populace, u niz prob&hly
epigenetické zmény vedouci k obnoveni fenotypu kmenovych bunék. Tato hypotéza
predpokladd, ze znovunabyti schopnosti sebeobnovy je soucasti transformacniho procesu.
Jedna se v podstaté¢ o modifikovany klasicky model nadorové transformace, v némz porucha
diferenciace a rustové regulace je vysledkem selekéniho procesu v populaci geneticky
nestabilnich bunék (Foreman et al. 2009).

Tieti hypotéza piedpoklada vznik CSCs z omezeného mnozstvi bunéénych populaci
zahrnujicich adultni kmenové buiiky i nezralé progenitorové buiiky, které jsou v diferenciacni
hierarchii nize a jsou schopné omezené sebeobnovy. Experimentalné byla tato teorie
podpoiena nékolika studiemi, kdy zavedeni a exprese onkogenniho fizniho genu do
hematopoetickych progenitorovych bunék vedlo na mys$im modelu k rozvoji akutni myeloidni

leukémie (Foreman et al. 2009).

Detekce nadorovych kmenovych bunek

Jak bylo popséano vyse, zakladnimi a typickymi vlastnostmi CSCs jsou tedy schopnost
tumorigeneze, sebeobnovy a diferenciacni potencial pro vznik riznych bunéénych populaci
tvoticich nadorovou masu. Dal$i vlastnosti CSCs v riiznych typech nadord se v§ak mohou
vzajemné liSit. Béhem posledni dekddy proto byly vyvinuty rizné metody pro ovéieni
zejména schopnosti sebeobnovy a iniciace vzniku nadoru, kterymi lze v podminkach in vitro
nebo in vivo potvrdit fenotyp CSCs (Skoda et al. 2014, Akbari-Birgani et al. 2016).

Za ,zlaty standard® detekénich testd fenotypu CSCs se povazuje test tumorigenity in
vivo (Clarke et al. 2006). Jeho podstatou je ovéfeni schopnosti sebeobnovy nadorovych bunék
a schopnosti tvofit nador po injikaci testovanych bun¢k do imunodeficientniho zvifete.
Nejcastéji se pouziva kmen mysi NOD/SCID (non-obese diabetic/severe combined
immunodeficiency), poptipadé odvozené kmeny NSG a NOG (McDermot et al. 2010).
Tumorigenita je poté stanovena podilem zvifat s nadorem k celkovému poctu injikovanych
zvitat. Pokud se srovnava vice bunéénych frakci ¢i populaci, mohou byt dal§imi kritérii jejich
hodnoceni napft. velikost vytvofen¢ho nadoru, doba od injikace do vytvofeni nadoru o urcité
velikosti nebo mnozstvi injikovanych bunék. Schopnost sebeobnovy testovanych bunék je
nasledné¢ nutné ovefit sériovou transplantaci, tzn. izolovanim CSCs z nadoru vytvoreného
v my$i a opakovanou injikaci téchto bunck dalsi sérii imunodeficientnich zvitat (O’Brien et

al. 2010).
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Z diivodu rychlejsiho provedeni (a také nizsi finanéni narocnosti) lze ovéfit fenotyp
CSCs pomoci riznych test in vitro, které rovnéz maji dostate¢nou citlivost pro detekci fidce
zastoupené populace CSCs a umoznuji i kvantitativni zhodnoceni experimentu. Mezi
nejcastéjsi testy patii metody zalozené na detekci tvorby kolonii z jediné buiiky (colony-
forming unit [CFU] assay), detekci tvorby bunécnych sfér (sphere assay), detekci schopnosti
zadrzeni detekéni znacky v bunice (label-retention assay), stanoveni vedlejsi populace (side
population analysis) a na hodnoceni aktivity aldehyddehydrogenazy (ALDH assay).

CFU assay zvana téZ clonogenic assay (test klonogenity) ovéfuje schopnost
jednotlivych adherentnich bun€k tvofit kolonie. Po vyseti suspenze jednotlivych bun¢k na
kultiva¢ni misku, kterd mtze byt pfipadné osetfena ptipravkem Matrigel™, se hodnoti vznik
a narast kolonii, které je mozno opakovan¢ pasazovat (Clarke et al. 2006, Cao et al. 2011).
Kultivace v tomto piipadé probiha v dvourozmérnych podminkach a v médiu s piidavkem
séra. Ttirozmérnou alternativou tohoto testu je kultivace bun€k v bezsérovém tekutém nebo
semisolidnim médiu s definovanym obsahem rastovych faktord, kdy je pfi vzniku kolonie
Z jediné bunky potvrzena vedle schopnosti sebeobnovy a klonogenity i nezavislost bunék na
substratu (Tirino et al. 2008). Kulovité kolonie jsou oznacovany jako sféry a pro potvrzeni
uspéSnosti testu je nutné jednotlivé sféry enzymaticky rozvolnit na bunéénou suspenzi. Po
prevedeni takto ziskané bunétné suspenze do vhodnych podminek se pak v ptipad€ Gspésné
verifikace z jednotlivych bunék opét vytvoii nové sféry.

Vysledkem label-retention assay je rozliSeni populaci s rozdilnou délkou bunééného
cyklu v ramci testované bunééné suspenze. Vyuziti této metody pouzivané pro detekci CSCs
je zalozeno na predpokladu, ze kmenové bunky se od ostatnich bunéénych typt odlisuji
prodlouZzenym bunéénym cyklem. Vlastni metoda se sklada ze dvou navazujicich fazi.
V prvni z nich se do bunck inkorporuje znacka, kterd se miZe vézat na DNA (napf.
bromodeoxyuridin nebo H3-thymidin), fosfolipidy membran (nap. Dil nebo PKH26) & po
enzymatickém Stépeni esterdzami na intracelularni proteiny (napt. carboxyfluorescein diacetat
succinimidyl ester). Ve druhé fazi pak dochazi ke snizovani obsahu znacky piimo
umérné rychlosti bunééného deleni: pomaleji se délici bunky vykazuji silngjsi signal, na jehoz
zaklade je lze odlisit, pfipadné separovat (Moore et al. 2012, Skoda et al. 2014). Novou
modifikaci tohoto testu je pouziti histonu H2B spojeného s fluorescenénim proteinem pod
kontrolou tetracyklinového responsivniho elementu, kdy Vv pfitomnosti doxycyklinu je
u rychle se délicich bunék fluorescencni histon nahrazen nefluorescenénim, zatimco pomalu

se délici bunky udrzuji fluorescenéni histon navazany na DNA. (Hsu et Fuchs 2012).

5 / NADOROVE KMENOVE BUNKY A JEJICH ROLE V PROTINADOROVE LECBE e 38



Jak bylo popsano vyse, dalsi ztypickych vlastnosti CSCs je zvySend rezistence
K riznym xenobiotikim z divodu exprese a aktivity membranovych ABC transportéri
(Richard et al. 2013). Testem pro stanoveni jejich ptitomnosti a funkce je detekce tzv. vedlejsi
populace (side population, SP), kterd je definovana schopnosti vyloucit z cytoplazmy
fluorochrom Hoechst 33342, ktery se vaze na DNA. Test je koncipovan pro vyuziti pritokové
cytometrie, kdy je pfi soucasné detekci v modré i Cervené Casti spektra (odpovidajici emisnim
maximiim volného 1 navazaného fluorochromu) lokalizovdna populace s nizkym
fluorescen¢nim signdlem posunutym smérem k modré Casti spektra. Pro ovéreni specificity
a presnosti oznaceni vedlejsi populace je vzdy nutné provadét kontrolni experiment s aplikaci
vhodného inhibitoru transportérit ABC (Hoe et al. 2014).

Pro kmenové buiiky vetné nadorovych je rovnéz typickd exprese enzymi rodiny
aldehyddehydrogenaz (ALDH), u nichz bylo popsano 19 izoforem a které se podileji na
metabolické obran¢ bunky pied negativnimi G€inky aldehydl a reaktivnich kyslikovych
radikald. Enzymy rodiny ALDH proto hraji vyznamnou tlohu v chemorezistenci CSCs (Xu et
al. 2015). Funk¢ni test aktivity ALDH v CSCs je zalozen na intracelularnim $té€peni substratu
BAAA (BODIPY aminoacetaldehyd), ktery volné difunduje z kultiva¢niho média do bunék.
Po vzniku fluorescen¢niho produktu BAA (BODIPY amino acetate) je v bunikdch s aktivni
ALDH detekovana fluorescence, kterou lze kvantifikovat s pouzitim pratokové cytometrie.
Soucasné je vhodné provést kontrolni experiment s aplikaci specifického inhibitoru ALDH
(napf. diethylaminobenzaldehyd) slouzici pro stanoveni intenzity fluorescence pozadi.

Pfes vySe zminéné vyhody testd in vitro je vzdy vhodné a zadouci ziskané vysledky
ovérit testem tumorigenity in vivo, protoze testy in vitro nemohou zcela napodobit podminky

tumorigeneze v zivém organismu.

Markery nadorovych kmenovych bunék

Identifikace a profilovani exprese specifickych markert v populaci nddorovych bunék
patii mezi vyznamné a Casto pouzivané metody detekce, selekce a charakterizace CSCs
(Akbari-Birgani et al. 2016). Vedle detekce jednoho nebo kombinace nékolika
membranovych proteini (CD markeril) je moZzné vyuzit 1 identifikaci CSCs na zakladé
exprese cytoplazmatickych nebo jadernych proteind. S pouzitim protilatek konjugovanych
s fluorochromy proti povrchovym markerim lze pomoci metod pritokové cytometrie

a sortrovani izolovat bunétné populace exprimujici sledovany fenotyp CSCs. Piehled
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markert, které¢ byly identifikovany u bunék s fenotypem CSCs v rtiznych typech nadorovych

onemocnéni, je uveden v tabulce 3.

Tab. 3. Prehled membranovych markeri CSCs. Prevzato a upraveno dle Akbari-Birgani et al. (2016),
Boesch et al. (2016), Schmohl et Vallera (2016), Hadjimichael et al. (2015), Neradil et Veselska
(2015), Veselska et al. (2012) a Ding et al. (2010).

Membranovy marker

Typ nadoru

ABCB5
ABCG2

CcD13
CD15 (SSEA1)
CD17
CD19
CD20
cD24

CD26
CD27
CD29
CD34

CD38
CD44

CD47
CD90

CD105
CD117
CD133

CD166
CD271
c-Met
CXCR4
EpCAM
ErbB2
LGR5
Trop-2
a2p1 integrin
a6 integrin
B-catenin

karcinom kolorekta, melanom

karcinom plic, hepatocelularni karcinom, adenokarcinom pankreatu,
retinoblastom, melanom

hepatocelularni karcinom

gliom

karcinom ovarii

akutni lymfoblasticka leukémie

melanom

karcinomy prsu, kolorekta, ovarii, adenokarcinom pankreatu,
hepatocelularni karcinom

karcinom kolorekta, chronicka myeloidni leukémie

Hodgkinlv lymfom

karcinom kolorekta

akutni myeloblasticka leukémie, akutni lymfoblasticka leukémie,
chronicka myeloidni leukémie

akutni myeloblasticka leukémie

karcinomy prsu, kolorekta, Zaludku, mo¢ového méchyre, plic, prostaty,
ovarii, pankreatu, hepatocelularni karcinom, sarkomy kosti
karcinom prsu, mocového méchyre

karcinom plic, hepatocelularni karcinom, chronicka myeloidni
leukémie

sarkomy kosti, karcinom ledvin

karcinom ovarii, plic

karcinomy prsu, kolorekta, plic, prostaty, ovarii, adenokarcinom
pankreatu, hepatocelularni karcinom, gliom, melanom, sarkomy kosti
a mékkych tkani, meduloblastom

karcinomy kolorekta, prostaty

melanom

adenokarcinom pankreatu

karcinomy prsu, plic, adenokarcinom pankreatu, gliomy
karcinomy kolorekta, prsu, hepatocelularni karcinom

karcinomy prsu, ovarii

karcinom kolorekta

karcinom prostaty

karcinom prostaty

karcinom prsu, gliomy

karcinom kolorekta

Cytoplazmaticky marker

26s proteasom
ALDH1

nemalobunécny karcinom plic
karcinomy prsu, plic, ovarii, kolorekta, adenokarcinom pankreatu,
prostaty, melanom, Hodgkin(v lymfom
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Tab. 3. Pokracovani

Cytoplazmaticky marker Typ nadoru

Hedgehog-Gli karcinom prsu

Krt19 karcinom kolorekta

Nestin gliomy, meduloblastom, ependymom, sarkomy kosti a mékkych tkani,

karcinomy prostaty, prsu, ovarii, kolorekta, zaludku, plic, mocového
méchyre, adenokarcinom pankreatu

Nodal-Activin adenokarcinom pankreatu

Stro-1 sarkomy kosti

Jaderny marker

Nanog karcinomy prsu, ovarii, plic, gliom

Kif4 karcinomy prsu, kolorekta, gliom

Sox2 meduloblastom, gliom, adenokarcinom pankreatu, karcinomy
prostaty, ovarii, plic, melanom

Oct4 karcinomy ovarii, melanom

V ramci naSeho vyzkumu jsme se zaméfili na detekci bunék s fenotypem CSCs
pfedev§im u sarkomd détského véku - a to jak vpavodni nadorové tkani, tak
Vv odpovidajicich buné¢nych liniich derivovanych z téchto vzorkid nadorové tkané. V deseti
tkanovych vzorcich od sedmi pacienti S rabdomyosarkomem jsme detekovali vysoké
zastoupeni bunck exprimujicich nestin a sporadické zastoupeni bun€k exprimujicich CD133.
V péti liniich derivovanych z téchto nadorii byly nalezeny buiky exprimujici oba detekované
CSC markery a u sledovanych linii byla navic potvrzena exprese genu typicky
exprimovanych v kmenovych buiikkach (Oct3/4, nucleostemin). Z toho divodu byly
provedeny funkéni testy detekce CSCs in vitro a in vivo, které u bunék linie NSTS-11
potvrdily schopnost klonogenity a tumorigenity (Sana et al. 2011).

VysSe zminény membranovy glykoprotein CD133 (prominin-1) je jednim z nejCastéji
uvadénych markerd, které jsou vyuzivany pro identifikaci kmenovych bunék obecné, a jeho
glykosylovana forma s epitopem oznac¢ovanym jako AC133 se povazuje za marker vhodny
pro identifikaci CSCs v riznych typech nadort. Pti studiu exprese CD133 u pediatrickych
sarkomil jsme jako prvni zaznamenali a detailné¢ popsali atypickou lokalizaci CD133
V jadrech bun¢k celkem 5 linii derivovanych =z rabdomyosarkomi. Incidence jaderné
lokalizace CD133 se u jednotlivych linii pohybovala od 3 do 8 % a nezéavisela na typu pouzité
protilatky. Vysledky byly nasledné verifikovany konfokalni a transmisni elektronovou
mikroskopii se tfemi raznymi specifickymi protildtkami, dale byla provedena separace jader
a ovéfeni intracelularni lokalizace CD133 pomoci imunoblotingu (Nunukova et al. 2015).

V podrobné studii na modelu nejéastéji se vyskytujicich sarkomi u déti (tj. Ewingtv

sarkomu, osteosarkomu a rabdomyosarkomu) jsme analyzovali expresi tii kandidatnich
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markertt CSCs, které jsou v literatufe zminovany pravé v souvislosti se sarkomy. Proteiny
ABCG2, CD133 a nestin jsme detekovali jak v nadorové tkani, tak v buné¢nych liniich
derivovanych z této tkdn¢ a byla porovndvéana exprese jednotlivych markert vzdy v pivodnim
nadoru a v odpovidajici bunécné linii. Obecné byla vyssi frekvence bunék exprimujicich
ABCG2 a CDI133 zaznamenana v derivovanych bunécnych liniich ve srovnani s ptivodni
nadorovou tkdni, coz by mohlo souviset se selekéni vyhodou bun¢k s timto fenotypem
Vv prostfedi in vitro. Naproti tomu funk¢ni test in vivo v imunodeficientnich NGS mysich
prokazal, ze tumorigenni potencidl nadorovych bunék neni asociovan s expresi vysoké
hladiny ABCG2 a CD133. Naslednou analyzou exprese markerti buné¢né sebeobnovy jsme
prokazali pifimou souvislost mezi tumorigenezi nadorovych bun¢k a zvySenou expresi Sox2.
Nejvyssi exprese tohoto transkripéniho faktoru byla zaznamenana pravé u bunéénych linii,
které byly schopny po injikaci do imunodeficientni mySi vytvaret nddory. Nésledné byla
ptitomnost Sox2-pozitivnich bunék zpétné prokazana i v odpovidajicich primarnich naddorech
a dale ve vSech xenograftovych nadorech vzniklych z téchto buné¢nych linii, kde navic jejich
Cetnost byla mnohem vys$i nez v ptivodni nadorové tkani. Z uvedenych vysledku je tedy
ziejmé, Ze bez ohledu na miru exprese ABCG2, CD133 nebo nestinu pouze buriky se
zvySenou expresi Sox2 maji schopnost iniciovat vznik nadoru, a tudiz se shoduji s fenotypem
nadorovych kmenovych bunék (Skoda et al. 2016a).

Vedle studia solidnich nadort u déti jsme se rovnéz zabyvali i jednim vysoce
malignim typem nadoru, ktery typicky postihuje dospélou populaci a patfi k nddorovym
onemocnénim s nejvy$si mortalitou — duktalnim karcinomem pankreatu (pancreatic ductal
adenocarcinoma, PDAC). Horsi progndza se pii tomto onemocnéni pficita pozdni diagnostice
z divodu absence Casnych symptomd, typického rozsifeni metastaz a vysoké rezistence
primarniho tumoru na chemoterapii i radioterapii (Seufferlein et al. 2012). Podobné jako
u jinych solidnich nadorti, i u PDAC byly popsany CSCs, pro jejichz identifikaci se vyuziva
specificka kombinace markerd, kterou vSak publikované studie definuji rozdiln¢ (Li et al.
2007, Hermann et al. 2007). Zabyvali jsme se proto — jako viibec prvni — Spole¢nou expresi
markerd CD24, CD44, EpCAM a CDI133 a naSe vysledky prokdzaly pfitomnost
CD24/CD44/EpCAM/CD133-pozitivni subpopulace bun¢k ve tiech bunéénych liniich
derivovanych ze vzorkti nadorové tkan¢ PDAC. Bunécna linie P28B, v niZz zastoupeni této
subpopulace presahovalo 70 %, byla derivovana ze vzorku nadoru pacienta, ktery vykazoval
nejkrat§i dobu pteziti, a expresni profilovani navic potvrdilo u této bunétné linie zvySenou

expresi protumorigennich gent oproti ostatnim zkoumanym liniim (Skoda et al. 2016b).
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Terapie cilena na nadorové kmenové bunky

Klinicky vyznam pfitomnosti populace CSCs v solidnich nadorech spoc¢iva ve dvou
zasadnich vlastnostech CSCs. Jednak bylo prokazano, ze CSCs jsou schopné indukovat
tumorigenezi v imunodeficientnich mysich, coz vede k domnénce, Ze CSCs jsou Vv organismu
zodpovédné za tvorbu metastdz. U nékteré typi CSCs je jejich fenotyp navic ovliviiovan geny
asociovanymi s epitelialné-mezenchymalni tranzici (Beck et Blanpain 2013, Mani et al.
2008). Vedle toho vykazuji CSCs i rezistenci vici riznym cytotoxickym latkam i vaéi
radioterapii, ¢imz snizuji t¢innost konvencéni protinddorové 1é¢by a mohou byt zodpoveédné za
relaps onemocnéni. Tyto hypotézy jsou v souladu s dosud publikovanymi studiemi, které
ukazuji, ze stavy remise nebo minimalni rezidualni nemoci, které ¢asto uniknou klinické
pravdépodobné dochazi k vyselektovani bunééné populace s vysokym zastoupenim CSCs
a relabujici nadory tak obsahuji vice CSCs nez nadory primarni. Dale bylo prokazéano, ze
u riznych nddorovych onemocnéni koreluje Cetnost bunék exprimujicich specifické markery
CSCs s horsi klinickou prognézou a rovnéz predikuje horsi odpovéd’ vici protinadorové
terapii (Boesch et al. 2016).

Vedle aktivnich obrannych mechanismt, kterymi jsou exprese ABC transportéri
a aktivita ALDH, pfispiva k celkové chemorezistenci CSCs také jejich schopnost dormance,
tedy zastavy bunéného cyklu, poptipadé jeho prodlouzeni, coz snizuje citlivost CSCs
k chemoterapeutikiim a inhibitorim tyrozinkinaz, které primarn¢ cili na proliferujici nadorové
bunky (Visvader et Lindeman 2008, Li et Bhatia 2011). Tento terapeuticky problém lze
vyfesit aktivaci bunééného cyklu dormantnich CSCs napt. pomoci As;O3 nebo interferonu-o a
naslednou aplikaci konvenéni protinadorové 1é€by. Dalsi moZnosti je pouZiti epigenetickych
modulatorti - napt. HDACi - v kombinaci s tyrozinkinazovymi inhibitory, coZ se osvédcilo pfi
eradikaci dormantnich leukemickych kmenovych bunék (Trumpp et al. 2010, Zhang et al.
2010).

Dal8imi ptistupy v hledani latek a postupli vhodnych pro terapii cilenou na CSCs je
,»high-throughput screening® potencialné i¢innych molekul, nebo kombinace znamych 1é¢iv
se syntetickymi protilatkami, oligonukleotidy ¢i rekombinantnimi proteiny. U nové
popsanych, ale 1 u konventnich chemoterapeutik pravdépodobné existuji zatim
neprozkoumané tzv. ,off-target” Uc¢inky, které by se mohly v protinadorové terapii také

uplatiiovat. V soucasné dob¢ se rovnéz rozviji terapie s pouzitim nanotechnologii, zalozena
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predev§im na snaze dopravit G¢innou latku ptimo k cilovym bunkam, tedy k CSCs (Carnero
et al. 2016).

Vlastni publikace vztahujici se k tématu
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6. ZAVER

I ptfes neustalou snahu o vyvijeni efektivnich terapeutickych ptistup a rezimi v 1é¢be
mnoha typd malignit détského veéku, zlistdvaji nddorova onemocnéni druhym nejcastéjSim
diivodem tmrti (po tirazech) u déti mladsich 15 let, pficemz vyznamné procento piezivajicich
trpi pozdnimi nasledky protinadorové 1é¢by. Z tohoto duvodu je jednim z hlavnich cilt détské
onkologie porozuméni biologickym vlastnostem nddorovych onemocnéni, ktera se typicky
vyskytuji v tomto vékovém obdobi, protoze rychla a presnd diagndza nasledovand vhodnou
a efektivni 1écbou mtize vést k vyléceni nebo alespon k vyznamnému prodlouzeni doby pteziti
pacientl a soucasn¢ mize snizit terapeutickou zatéz, ktera S sebou Casto pfindsi riziko
pozdnich nasledka 1é¢by (Smith et Reaman 2015).

SouCasna prumérma mira pieziti nadorového onemocnéni dosahuje u déti
a adolescentd priblizné¢ 80 % za pouziti multimodalni terapie vcéetné konvencnich
chemoterapeutik. U mnoha malignit vSak bylo dosaZeno jist¢tho maxima a soucasna l1écba
nepiinasi dalsi zlepSeni (Rossig et al. 2011). Né&kterd nadorova onemocnéni (napf. akutni
lymfoblasticka leukémie, Wilmstv tumor, nékteré typy lymfomu aj.) se dafi 1é¢it s vysokou
uspésnosti, kdy pétiletého preziti dosahuje 90 % pacientl, ale u jinych (napi. high-grade
gliomy, rabdomyosarkom, osteosarkom, Ewingtv sarkom) je pokrok v I1é¢bé omezen
predev§im z divodu rozvinuti rezistence vuc¢i pouzité 1éCbé a omezenému mnoZstvi
klinickych studii na détskych pacientech (Pui et al. 2011, Smith et Reaman 2015).

Aktualné se jako velmi perspektivni pfistup jevi personalizovana terapie, jejimz cilem
je zvySovani efektivity a snizovani toxicity 1€cby jejim specifickym zacilenim na nadorové
buriky nebo okolni podplrné stroma. Cilena terapie vychazi z predpokladd, ze jsou popsany
specifické markery nebo biologické vlastnosti, které odliSuji maligni buiiky od bunék zdravé
tkané. Podatilo se identifikovat signalni drdhy, které jsou vyrazné aktivni v nadorovych
tkanich, a nékteré z nich hraji vyznamnou roli v mnoha typech nadorti nezavisle na véku
pacienta. Urcité povrchové markery jsou relativné specifické pro maligni bunky a tim padem
jsou i vhodnymi kandidaty na tzv. tumor-associated antigens, jez lze vyuzit jako cile
Vv personalizované protinadorové terapii. Je vSak tfeba podotknout, Ze nadorova onemocnéni
v détském veéku cCasto vykazuji odlisné histologické vlastnosti oproti stejnému typu
onemocnéni v dospélosti, podobné se muize lisit toxicita 1é¢by v zavislosti na véku. Na druhou

stranu vzristajici mnozstvi znalosti o biologické podstaté nadorii a zjiSténi, Ze protinddorova
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1é¢iva urCena pro dospélé zasahuji stejné cile (drahy) i u déti a adolescenti, mohou urychlit
vyvoj cilené terapie i pro tuto skupinu pacientd (Bernstein 2011).

U n¢kterych druhti nddorovych onemocnéni byly zaznamendny dédi¢né predispozice
a specifické germindlni mutace, které vyrazné zvysuji riziko vzniku téchto nemoci (napf.
karcinom prsu, familiarni adenomatdzni polypdza aj.). V poslednich dekadach byla odhalena
geneticka podstata n¢kolika naddorovych onemocnéni a nédvazné byly spustény diagnostické
a screeningové programy zamétrené na mutace rizikovych gent (napi. BRCA1, BRCA2, PTEN,
APC). Mutaéni analyza vybranych genud je proto dilezita pro genetické poradenstvi, nebot’
pomaha zvySovat pravdépodobnost prezivani, upiesiiuje progndézu u prenaseCli a umoziuje
volbu vhodného preventivniho opatfeni (Kamps et al. 2017).

Soucasné se zvySuje mnozstvi testovanych latek se slibnymi vysledky pro cilenou
terapii riznych malignit u déti i dospélych, pticemz zasadni vyznam spoc¢iva v molekularni
charakterizaci naddoru kazdého pacienta. Vyvoj novych cilenych 1é¢iv by nemél vést pouze
ke zvyseni piezivani pacientd, ale také ke snizeni 1é¢ebnych davek a tim k omezeni vedlejsich
ucinkt cytotoxické chemoterapie. Vyznamnym ukolem je také optimalni kombinace cilenych
1é¢iv s konvenénimi chemoterapeutiky (Macy et al. 2008). Otazkou vsak ziistava, jak spravné
sestavit a zavést klinické studie, které odhali efektivni strategie ke zlepSeni vysledkt 1é¢by
u skupiny rezistentnich malignit vykazujicich genetické zmény. Nartstajici mnozstvi novych
cilenych 1é€iv vyzaduje vetSi mezinarodni spolupraci v testovani téchto latek a v pfipadnych
modifikacich terapie. Navic individudlni rozdily ve farmakodynamice protinddorovych 1éciv,
které mohou byt ovlivnény prostiedim ¢i podminény geneticky, vedou k rozdilim v t¢innosti
a toxicite 1écby (Pui et al. 2011).

Vyzkum biologickych vlastnosti solidnich nadorti u déti tak predstavuje zakladni
vychodisko k ziskavani poznatkli o specifickych odliSnostech od nadorti dospélych a mize

pfispivat k vyvijeni inovovanych postupt, které zlepsi ucinnost soucasné protinadorové 1é€by.
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Abstract

Background: Infantile myofibromatosis belongs to a family of soft tissue tumors. The majority of these tumors have
benign behavior but resistant and malignant courses are known, namely in tumors with visceral involvement. The
standard of care is surgical resection. Observations suggest that low dose chemotherapy is beneficial. The treatment
of resistant or relapsed patients with multifocal disease remains challenging. Patients that harbor an actionable
mutation in the kinase domain are potential subjects for targeted tyrosine kinase inhibitor therapy.

Case presentation: An infant boy with inborn generalized infantile myofibromatosis that included bone,
intracranial, soft tissue and visceral involvement was treated according to recent recommendations with low dose
chemotherapy. The presence of a partial but temporary response led to a second line of treatment with six cycles
of chemotherapy, which achieved a partial response again but was followed by severe toxicity. The generalized
progression of the disease was observed later. Genetic analyses were performed and revealed a PDGFRB gene c.
1681C>A missense heterozygous germline mutation, high PDGFRB phosphokinase activity within the tumor and
the heterozygous germline Slavic Nijmegen breakage syndrome 657del5 mutation in the NBN gene. Targeted
treatment with sunitinib, the PDGFRP inhibitor, plus low dose vinblastine led to an unexpected and durable
response without toxicities or limitations to daily life activities. The presence of the Slavic NBN gene mutation
limited standard chemotherapy dosing due to severe toxicities. Sister of the patient suffred from skull base tumor
with same genotype and histology. The same targeted therapy led to similar quick and durable response.
Conclusion: Progressive and resistant incurable infantile myofibromatosis can be successfully treated with the new
approach described herein. Detailed insights into the biology of the patient’s tumor and genome are necessary to
understand the mechanisms of activity of less toxic and effective drugs except for up to date population-based
chemotherapy regimens.
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Background

The family of fibroblastic-myofibroblastic tumors con-
sists of more than 30 distinguished entities, such as
inflammatory myofibroblastic tumor (IMT), aggressive
fibromatosis and infantile myofibromatosis (IM). These
tumors have uncertain biologic behaviors that range
from low grade, locally aggressive and rarely metastasiz-
ing to a highly aggressive course that eventually evolves
to a true high-grade sarcoma after recurrences. IM is a
rare tumor that affects infants with a median age of
3 months; approximately 100 solitary lesion cases have
been published in the literature during the past decade
[1]. Soft tissue lesions of IM can arise at any time during
life and, intriguingly, can regress spontaneously. How-
ever, visceral lesions are associated with high morbidity
and mortality. The standard of care is the surgical resection
of a single lesion. Multiple lesions and surgically unresect-
able lesions could be treated with anti-inflammatory drugs,
interferon alpha, or distinct chemotherapeutic regimens
that are based on low dose metronomic or maximum toler-
ated doses (MTD) of chemotherapeutics, such as the vinca
alkaloids vincristine, vinorelbine and vinblastine; the alkylat-
ing agents cyclophosphamide and ifosfamide; or others,
such as actinomycine D, doxorubicin or methotrexate
[2—4]. The results of such treatments are under in-
vestigation in ongoing observational clinical trials of
cooperative groups, such as European Soft Tissue
Sarcoma Study Group (EpSSG) or Children’s Oncol-
ogy Group (COG). Several studies of desmoid-type
fibromatosis with response rates of 33-49% were
reviewed elsewhere [4]. Nevertheless, the treatment of
resistant patients, particularly those with visceral in-
volvement, remains challenging.

For patients with progressive disease after MTD based
chemotherapy, there are no established standards of
care, and these patients are, thus, subjected to experi-
mental treatments. One of the most promising agents
with proven activity for IMT is the ALK tyrosine kinase
inhibitor crizotinib [5]. Patients with ALK rearrange-
ment are reportedly rapidly responding to crizotinib, but
those without the detected fusion are not [5]. A recent
work by Lovly et al. on IMTs revealed multiple fusion
partners of ALK, and newly reported ROS1 and
PDGERp fusions with projected TKI sensitivity were
demonstrated in a patient with an ROS1 fusion [6].
Similar to IMTs, IMs may harbor missense mutations in
the PDGFRP kinase that constitutively alter PDGFR
activity. Moreover, in several families, the c.1681C>T
(p-Arg561Cys) mutation in the PDGFRB gene was found
to cause familial infantile myofibromatosis [7]. A phase
II study of sunitinib in 19 patients with aggressive fibro-
matosis has been published and described a 26.3% over-
all response, but the analysis of the kinase pathway was
lacking [8]. A case report of aggressive fibromatosis that
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favored the PDGERP inhibitor sunitinib against imatinib
was published that described a good response with
sunitinib which was interrupted after 13 months and
substituted by imatinib. But reactivation of painful
lesions occurred within several days and re-growth of
aggressive fibromatosis led to successful re-treatment
with sunitinib [9].

Herein, we report the case of a patient with refractory
multiple infantile myofibromatosis who was confirmed
to harbor the PDGFRB germline mutation and who
responded well to treatment with the PDGFRp tyrosine
kinase inhibitor sunitinib.

Case presentation

The newborn boy with microtia and meatal atresia and
with family history of two spontaneous missed abortions
and myofibroblastic lesions with spontaneous regression
in his older sister and father, was diagnosed with gener-
alized myofibromatosis that affected the calva and radius
bones, the spleen and subcutaneous tissue of face, the
head, inguina and arm. Histopathology, with regard to
the family history, revealed the presence of infantile
familial myofibromatosis. Immunohistochemistry (ICH)
and FISH did not reveal any pathological staining for
ALK. The patient was treated according to the EpSSG
2005 observational trial recommendation with the metro-
nomic vinblastine/methotrexate combination, which was
expected to be less toxic than MTD based regimens.
Despite this, severe neutropenia had been observed; there-
fore, a dose reduction was necessary down to 10%/30% of
the original doses of vinblastine/methotrexate, respect-
ively. The therapy was stopped after 8 weeks due to clearly
progressive disease in the soft tissues and in the spleen
and with the appearance of new FDG PET positive lesions
in the bones. Thereafter, the standard MTD based therapy
with vincristine/actinomycine D/cyclophosphamide — the
“VAC” regimen with doses based on body weight (vincris-
tine 0.05 mg/kg, actinomycine D 0.05 mg/kg, cyclophos-
phamide 50 mg/kg) had been initiated. Such treatment
after the second course (the first course was given with a
75% reduction of cyclophosphamide) had led to severe
febrile neutropenia, gastrointestinal toxicity with gastric
palsy, subileus and bilateral bronchopneumonia. However,
a reassessment after those 2 cycles revealed a partial
response. Due to the previous toxicity, we decided to
substitute vincristine with vinblastine at 10% of the
recommended dose and cyclophosphamide at 75% of the
recommended dose. The patient received the treatment
without dose limiting toxicities up to six cycles and
continued to respond. The patient was still in partial
remission according to CT and MRI images and the FDG
PET of the remaining measurable lesions was negative.
Unfortunately, the first follow-up re-assessment con-
firmed the presence of progressive disease just 3 months
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after the last chemotherapy dose and several new lesions
were detected in the humerus, head, lungs and skin, and
all were FDG-PET positive.

A new biopsy was carried out to obtain tumor tissue
for phosphoproteomic analysis of the new lesion. The
Human Phospho-RTK Array Kit was used to determine
the relative levels of tyrosine phosphorylation of 49
different RTKs. The analysis was performed as previously
described [10]. In addition to the antibodies (spotted in
duplicate) against individual RTKs, each membrane
contained three positive reference double spots and one
negative control that was also spotted in duplicate and
contained phosphate-buffered saline only. Furthermore,
we also performed the following negative control experi-
ment in each run: the membrane treated with lysis buffer
only (without protein lysate) to ensure the specificity of
the spotted antibodies. In such a design, a healthy control
sample is not necessary for the determination of the RTK
phosphorylation profile of the examined tumor tissue
[11-13]. The phosphorylation profile of receptor tyrosine
kinases showed that PDGFRp kinase exhibited the highest
level of activity and less intense positivity was observed for
EGER, M-SCFR, Axl and PDGFR« (Fig. 1). Targeted DNA
analysis of the PDGFRB gene and next generation sequen-
cing (NGS) were performed on genomic DNA from per-
ipheral blood samples. We performed Sanger sequencing
of the two PDGFRB regions to detect the presence of the
c.1978C>A (p.Pro660Thr) and c.1681C>T (p.Arg561Cys)
mutations [6] and uncovered a germ-line heterozygous
c.1681C>A missense mutation that had previously been
shown to be an IM causing mutation [14, 15]. To obtain
the complex picture of the genetic background of the case
we performed DNA analysis from peripheral blood with
the Illumina TruSight Cancer panel, which enabled the
sequencing of the hotspots in 94 predisposition can-
cer genes, according to the standard Illumina protocol
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(Ilumina Inc., USA) and identified the heterozygous
Slavic mutation 657del5 in the NBN gene of the NBS.

In the meantime, and based on parental request, the
patient was observed for the next 4 months. He was
doing very well clinically, with a Lansky performance
status of 90% and with respect to his treatment history
with toxicities after chemotherapy; we did not initiate
another chemotherapy regimen but were awaiting the
results of genetic analyses, which have revealed potential
therapeutic targets. Further follow-up confirmed that the
disease continued to progress; several new lesions were
detected within the head and the left orbit, a new one
was detected in the spine, and the spleen lesion had
increased in size.

Due to clear clinical and radiologic progression and
new molecular genetic findings, and with respect to the
history of the disease, we initiated the single agent off-
label treatment with sunitinib 12.5 mg once a day. This
dose corresponded to 2/3 of the recommended adult
dose. An unexpected and dramatic reduction of the
palpable soft tissue and bony lesions on the head was
observed during the 4 weeks of treatment with the single
agent sunitinib. An MR scan confirmed the regression of
intracranial and intraorbital lesions as well (Figs. 2, 3
and 4). However, this dosing schedule led to grade 3-4
neutropenia, and the drug was stopped for 4 days. After
only 4 days, we could observe the reactivation of the
skin and soft tissue lesions; therefore, the sunitinib was
given at the same dose every other day. Reactivated
reddish swollen and painful sentinel lesions responded
again to lower doses of sunitinib, but three more weeks
of reduced doses of the single agent sunitinib did not
lead to any further regression of the regressed but still
palpable skin lesions. A low dose of vinblastine was
added to the sunitinib. The starting vinblastine dose was
2 mg/m? however, based on the further hematological
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Fig. 1 The relative phosphorylation of kinases in the tumor tissue sample
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sunitinib treatment. b Day + 56 of sunitinib. ¢ Day + 156 of sunitinib

Fig. 2 MRI Frontal view (seq. eFLAIR_long_TR_CLEAR). Two lesions of the left orbit and the skull in the fronto-parietal region (bars). a Before

toxicity, the dose was tapered down to a 0.4 mg/m* dose
once weekly.

An unexpected toxicity of sunitinib occurred after 4
months of treatment when accidental hypoglycemia led to
a coma and the patient had to be admitted for glycemia
corrections. Thereafter, the parents were educated on regu-
lar feeding before sunitinib administration. Further episodes
of hypoglycemia were not noted. The patient remained on
the treatment paradigm with a marked continuing response
with no disease activity 1 year after the initiation of the
treatment and without any dose limiting toxicities.

Interestingly, the 8 year old sister of the patient, who
had a history of spontaneous regression of subcutaneous
lesions, suffered from the symptomatic re-activation of
the disease when the patient was receiving treatment.
She presented with tumor size of 29 x 24 x 16 mm on
the skull base with night pain. Histopathological and
detailed mutation analyses found the same IM histopath-
ology and the same genotype in the PDGFB and NBN
genes. As with the index case, the sister is doing well on
sunitinib and vinblastine treatment and has exhibited a
rapid response. The nigh pain relieved after 2 weeks on
sunitinib + vinblastine. Initial tumor volume shrinked by
44% after 97 days of combined treatment without any
adverse events requiring reduction of doses. Timeline of
both cases is shown on Additional file 1.

Discussion and conclusions

Despite the finding that the patient exhibited a partial
response to systemic VAC treatment, the disease con-
tinued to progress; moreover, the patient experienced
severe, life threatening dose-limiting toxicities.

Inflammatory myofibroblastic tumors that harbor an
ALK/ROS1 or PDGFR kinase fusion are potentially target-
able with TKIs due to the presence of a constitutively active
kinase domain that drives cellular proliferation [6, 16]. A
response to the ALK inhibitor crizotinib is reported in
tumors that harbor any of the ALK kinase fusions. Patients
with IMT and ALK negative rearrangements are unlikely to
respond to such targeted treatment.

PDGFRB mutations are reported to be involved in the
pathogenesis of infantile myofibromatosis in a proposed
autosomal dominant pattern with incomplete penetrance
and variable expressivity [7]. The missense PDGFRB
¢.1681C>T (R681C) mutation is located in exon 12 and
is predicted to decrease the autoinhibition of the JM
domain (an autoinhibitory domain that masks the cata-
lytic cleft when the receptor is not bound by its ligand)
at baseline, which leads to increased kinase firing and
promotes the formation of myofibromas in tissues with
high PDGFRp signaling activity. More recently, it was
demonstrated in a cell culture model that the R561C
mutation activates signaling pathways that are normally

Fig. 3 MRI Axial view (seq. esTTW_3S_FFE post-contrast). Intracranial lesions of the right temporal and right parieto-occipital regions (bars).
a Before sunitinib treatment. b Day + 56 of sunitinib. ¢ Day + 156 of sunitinib
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Fig. 4 MRI Sagittal view (seq. esTTW_3S_FFE post-contrast). Frontal and
sunitinib. ¢ Day + 156 of sunitinib

parieto-occipital lesion (bars). a Before sunitinib treatment. b Day + 56 of

activated by the stimulated wild-type PDGFRp receptor
in the absence of PDGF [14]. PDGEFR is the immediate
NOTCHS3 target gene [17]. If these two signaling path-
ways are linked and the IM disease-causing mutations in
either PDGFRB or NOTCH3 are demonstrated to be
activating, theoretically, the inhibition of PDGFRB or
NOTCH3 would result in a targeted therapeutic strategy
[7]. Our case report shows the clinical efficacy of such
an approach. Targeted therapy against altered PDGFRf}
with a TKIs inhibitor can overcome tumor growth and
can lead to tumor shrinkage. Compared to the toxicity
of conventional chemotherapy, treatment with sunitinib
was tolerated well except for the occurrence of asymptom-
atic granulocytopenia and one episode of symptomatic
hypoglycemia. However, the cessation of the drug lead to
increased tumor activity and a decreased drug dose of the
single agent sunitinib led to a stable disease only.

The analysis of tumor tissue or a patient’s samples and
the use of a subsequent results driven treatment provide
a new opportunity for personalized medicine as opposed
to a population based study. Such treatments are sup-
ported by new insights into the molecular pathology of
rare diseases, such as IM. A similar strategy would at
least justify the off-label use of new drugs when the indi-
vidual tumor biology and data about the safety of such
drugs is well defined. TKIs could be an example, as these
drugs are not available to orphan disease patients
because of the absence of appropriate clinical trials. The
careful management and regular observation of the
patient is mandatory, however, in situations where stand-
ard approaches are either exploited or ineffective or
absent, the prudent use of targeted agents based on the
mechanism of action might lead to impressive results.

The rapid tumor re-growth that occurred when the
patient was off of the sunitinib during the induction
treatment indicates that metronomic dosing should be
maintained at a lower dose with limited toxicity rather
than being interrupted. The successful use of low dose
vinblastine that is described here, together with the use
of sunitinib at a dose of approximately 1/3 of the usually
recommended dose per kg or m* in adults, could be at
least in part explained by the fact that targeted agents

could act as biology response modifiers and lower doses
of biological agents and chemotherapy could be nontoxic
and advantageous [18, 19]. This theory is supported by
our observation of the clear disease progression when
sunitinib therapy was interrupted. Regular observa-
tions of the patient and preemptive measures such as
the after-feeding dosing of sunitinib should be consid-
ered during treatment.

The finding of the Slavic mutation of the NBS was noted
as accidental during NGS sequencing and the relevance
for the disease course is unknown. The toxicity of chemo-
therapy might be at least in part conditioned by the NBS
mutation As known, the intensity of chemotherapy in
NBS patients must be adapted to individual risk factors
and tolerance. The use of radiomimetics, alkylating agents,
and epipodophyllotoxins should be avoided, and the dose
of methotrexate should be limited [20].

However, the overall duration of such clinically effect-
ive treatment remains speculative, especially in patients
with germline mutations. Different approaches that con-
sider cancer to be a chronic disease, such as diabetes,
should be considered in instances in which pathogenic
germline mutations are in place. Should such targeted
agents be maintained for a very long time, e.g., main-
tenance therapies in childhood acute leukemia, where
other mechanisms of action, not only the cytostatic
effect are in place? [21]. Should some pulses of targeted
agents be considered?

These are only a few of the new questions that arose
by the increased availability of diagnostic methods, such
as NGS and functional proteomics.

The patients with an orphan disease like IM could
benefit from detailed insights into the biology of their
tumor and genome. Such approach is necessary to bet-
ter understand the molecular pattern of disease and
mechanisms of action of less toxic and effective drugs
except for up to date population-based chemotherapy
regimens. Morover, an unexpected finding of germline
mutation can be important for treatment decisions.
Progressive and resistant incurable infantile myofi-
bromatosis can be successfully treated with the new
approach described herein.
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Additional file

Additional file 1: Timeline. This file shows timeline of both described
cases. (PDF 466 kb)
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Background: For decades, methotrexate (MTX; amethopterin) has been known as an antifolate inhibitor of
dihydrofolate reductase (DHFR), and it is widely used for the treatment of various malignancies and autoimmune
diseases. Although the inclusion of MTX in various therapeutic regimens is based on its ability to inhibit DHFR and
consequently to suppress the synthesis of pyrimidine and purine precursors, recent studies have shown that MTX
is also able to target other intracellular pathways that are independent of folate metabolism.

Scope of review: The main aim of this review is to summarize the most important, up-to-date findings of studies
regarding the non-DHFR-mediated mechanisms of MTX action.

Major conclusions: The effectiveness of MTX is undoubtedly caused by its capability to affect various intracellular
pathways at many levels. Although the most important therapeutic mechanism of MTX is strongly based on the
inhibition of DHFR, many other effects of this compound have been described and new studies bring new insights
into the pharmacology of MTX every year.

General significance: Identification of these new targets for MTX is especially important for a better understanding
of MTX action in new protocols of combination therapy.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Mammalian cells cannot synthesize folates de novo and are depen-
dent on a supply of fully reduced folates to drive a series of 1-carbon re-
actions. Folates are hydrophilic anionic molecules that do not cross
biological membranes by diffusion. The best-characterized folate trans-
porter is the ubiquitously expressed reduced folate carrier (RFC) [25].
Importantly, in addition to its role in transporting folates, RFC is a
major transporter of antifolate drugs used for cancer chemotherapy,
such as MTX [24].

Abbreviations: ADA, adenosine deaminase; AICAR, 5-aminoimidazole-4-carboxamide
ribonucleotide; ALL, acute lymphoblastic leukemia; ATIC, AICAR transformylase; ATRA,
all-trans retinoic acid; DHF, dihydrofolate; DHFR, dihydrofolate reductase; E2F1, E2F
transcription factor 1; FAICAR, 5-formaminoimidazole-4-carboxamide ribonucleotide;
FGAR, formylglycinamide ribonucleotide; FPGS, folylpolyglutamate synthetase; GAR,
glycinamide ribonucleotide; GART, GAR transformylase; Glo1, glyoxalase [; HATs,
histone acetyltransferases; HDACI, histone deacetylase inhibitor; HDACis, histone
deacetylase inhibitors; HDACs, histone deacetylases; MAT, methionine
adenosyltransferase; MITF, microphthalmia-associated transcription factor; MTHFR,
methylenetetrahydrofolate reductase; MTX, methotrexate; MTXPGs, methotrexate
polyglutamates; PP2A, protein phosphatase-2A; RFC, reduced folate carrier; ROS,
reactive oxygen species; SAH, S-adenosylhomocysteine; SAHA, suberoylanilide
hydroxamic acid; SAM, S-adenosylmethionine; THF, tetrahydrofolate; TMECG, 3-0O-
(3,4,5-trimethoxybenzoyl)-(-)-epicatechin; TS, thymidylate synthase.
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0304-4165/© 2016 Elsevier B.V. All rights reserved.

Intracellular folates are predominantly long-chain polyglutamate
derivatives. Inside the cell, folylpolyglutamate synthetase (FPGS) adds
glutamate molecules to folate, which is important for the retention of
folates in cells [57]. The same mechanism is involved in MTX conversion
to active methotrexate polyglutamates (MTXPGs) by FPGS [47]. Catabo-
lism of MTXPGs is dependent on the rate of entry of polyglutamates into
lysosomes and hydrolysis by the lysosomal enzyme gamma-glutamyl
hydrolase. Effective intracellular levels of MTX are reduced by various
transport mechanisms, including ABC transporters such as ABCB1,
ABCG2 [46] and many others [20].

MTX and MTXPGs block the activity of the key enzyme DHFR (Fig. 1),
which converts folates to their active forms - dihydrofolate (DHF) and
tetrahydrofolate (THF). MTXPGs also potently inhibit thymidylate syn-
thase (TS). Furthermore, during dTMP synthesis, TS utilizes the cofactor
5,10-methylene THF, which serves as a donor of the -CH,OH group. As a
result of this reaction, 5,10-methylene THF is oxidized to DHF, which
cannot be reduced back to THF due to the inhibition of DHFR [21]. In ad-
dition, MTXPGs and DHF polyglutamates that are accumulated after
DHEFR inhibition exert an inhibitory effect on GAR transformylase
(GART). MTXPGs further inhibit 5-aminoimidazole-4-carboxamide ri-
bonucleotide (AICAR) transformylase (ATIC). The inhibition of ATIC pro-
motes the accumulation of AICAR, a potent inhibitor of adenosine
deaminase (ADA) [7].

Overall, it is well known that MTX interferes with purine and pyrim-
idine synthesis, which is required for DNA replication and cell
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Fig. 1. Overview of MTX effects. The enzymes that are inhibited by MTX/MTXPGs are in bold and underlined. Dashed line - multiple enzymatic steps. Abbreviations: AICAR - 5-
aminoimidazole-4-carboxamide ribonucleotide; ATIC - AICAR transformylase; DHF - dihydrofolate; DHFR - dihydrofolate reductase; E2F1 - E2F transcription factor 1; FAICAR - 5-
formaminoimidazole-4-carboxamide ribonucleotide; FGAR - formylglycinamide ribonucleotide; GAR - glycinamide ribonucleotide; GART - GAR transformylase; HDACs - histone
deacetylases; MAT - methionine adenosyltransferase; MTHFR - methylenetetrahydrofolate reductase; PP2A - protein phosphatase-2A; SAH - S-adenosylhomocysteine; SAM - S-

adenosylmethionine THF - tetrahydrofolate; TS - thymidylate synthase.

proliferation [30]. The inhibition of DHFR and other enzymes by MTX re-
sults in the depletion of reduced forms of DHF and nucleotides, which
strongly affects the proliferation of treated cell populations and also in-
duces cell death [33,35]. However, there are also many non-DHFR-me-
diated effects of MTX (Fig. 1), which are discussed below.

2. Oxidative stress

Although the cytotoxic effects of MTX are often induced by nucleo-
tide depletion, non-DHFR-mediated effects of MTX are also important,
as MTX can interfere with glyoxalase and antioxidant systems. It has
been shown that MTX affects ct-oxoaldehyde metabolism. The inhibi-
tion of glyoxalase I (Glo1) by MTX leads to the accumulation of
methylglyoxal, a highly reactive ci-oxoaldehyde, which causes glycation
of biomolecules. This action contributes to the anticancer activity and
toxicity of MTX [4]. Regarding oxidative stress, some reports show
that MTX-induced anti-proliferation and pro-apoptotic effects depend
on alterations of the intracellular reactive oxygen species (ROS) levels
[13,34]. Indirect evidence for MTX-induced actions through increased
ROS production was demonstrated by studying the role of ornithine de-
carboxylase. The proposed mechanism of action is that MTX indirectly
inhibits polyamine-producing enzymes. As a consequence, decreased
polyamine production leads to increased intracellular ROS levels [51].
Furthermore, MTX is able to induce both apoptosis, through oxidative
stress by reducing NO and increasing caspase-3 levels [8], and oxidative
DNA damage, which can be lethal to tumor cells with defects in the
MSH2 DNA mismatch repair gene [23].

3. Cell differentiation

It has also been described that MTX acts as a strong differentiation
factor for immature and undifferentiated monocytic cells [39] and is

able to induce differentiation in human keratinocytes [38]. Moreover,
MTX has the ability to trigger cellular differentiation in tumor cells, in-
cluding human and rat choriocarcinoma cells, HL-60 human
promyelocytic cells and other human leukemia cell lines, LA-N-1
human neuroblastoma cells, HT29 colon cancer cells and A549 human
lung adenocarcinoma cells [30]. Recently, it has been described that in
human melanoma cells, MTX promotes differentiation and prevents in-
vasion [37], whereas it also induces differentiation of human osteosar-
coma cells [44].

These effects of MTX may be caused by the depletion of thymine de-
oxyribonucleotides [38] or by the depletion of purines [42]. Although a
reduction of nucleotides seems to be a clear explanation of this effect, it
is hard to distinguish the precise mechanisms by which induced differ-
entiation is achieved. Non-DHFR-mediated mechanisms of MTX can
also be involved in the differentiation process. For example, MTX can in-
duce a decrease of S-adenosylmethionine (SAM) by multiple mecha-
nisms, and reduction in SAM concentrations may contribute to the
decrease in cell proliferation as well as to the induction of differentiation
by MTX [42]. Interestingly, it has been found that SAM is a key regulator
for maintaining undifferentiated pluripotent stem cells and regulates
their differentiation [41]. An important feature of MTX is its ability to af-
fect the expression of genes or proteins that are directly or indirectly in-
volved in the differentiation process [15,44]. To be more specific, some
differentiation markers of epithelial cells, e.g., E-cadherin, involucrin,
and filaggrin, are selectively induced by MTX in human squamous cell
carcinoma cell lines [2]. MTX also promotes E-cadherin expression in
the SW620 colorectal adenocarcinoma cell line and in the SK-MEL-28
melanoma cell line [15]. Another study showed that MTX upregulates
the mRNA and protein expression of MITF (microphthalmia-associated
transcription factor), which prevents the invasion of human melanoma
cells. Importantly, through this effect of MTX, human melanoma cells
are further sensitized to a tyrosinase-processed antifolate pro-drug 3-
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0-(3,4,5-trimethoxybenzoyl)-(-)-epicatechin (TMECG), which inhibits
DHFR; thus, an MTX and TMECG combination treatment effectively in-
duces apoptosis in human melanoma cells [37]. In human osteosarcoma
cell lines, MTX affects the expression of genes involved in all-trans
retinoic acid (ATRA) metabolism and in the regulation of gene expres-
sion. The combined treatment of osteosarcoma cells with MTX and
ATRA subsequently enhances matrix mineralization, which is consid-
ered a marker of osteogenic differentiation [44].

4. Anti-inflammatory effects of MTX

In addition to cytotoxic and cytostatic effects, the anti-inflammatory
activity of MTX was also described by several studies. Inhibition of
ATIC by MTX has been found to result in the accumulation of 5-
aminoimidazole-4-carboxamide-1-p-d-ribofuranosyl 5’-monophosphate
and its metabolites, which inhibit ADA and adenosine monophosphate
deaminase, resulting in an increase in adenosine and adenine nucleotide
levels. Elevated levels of extracellular adenosine through adenosine re-
ceptor activation result in a reduction of inflammation [9]. Other impor-
tant regulators of inflammation are cytokines, and there is evidence that
their biosynthesis is also influenced by MTX. For example, MTX inhibits
the production of cytokines induced by activation of T-cells: the inhibition
of IL-4, IL-13, IFNy, TNFq, granulocyte-macrophage colony-stimulating
factor and other cytokines was previously described [10]. Furthermore,
MTX reduces the production of the proinflammatory IL-6 cytokine
in patients with juvenile rheumatoid arthritis [1]. Patients suffering
from rheumatoid arthritis with good or excellent responses to MTX
treatment had a lower ratio of IL-1ra/IL-1p cytokines constitutively
produced by peripheral blood mononuclear cells [11]. In contrast,
another research group described that MTX can promote inflamma-
tion by influencing cytokine production, demonstrating that in the
U937 monocyte cell line, MTX upregulates the production of the
proinflammatory cytokines IL-1, IL-6 and TNFa, which may explain
the mechanisms of some MTX side effects, such as mucositis and
pneumonitis [32].

5. DNA and protein demethylation

As reviewed above, MTX and MTXPGs not only block DHFR but also
inhibit a number of other enzymes. Some of these enzymes are involved
in the metabolism of SAM, which plays a pivotal role as the universal
methyl donor in many metabolic pathways and regulation mechanisms
including methylation of proteins, lipids, and nucleic acids.

Regarding SAM metabolism, both DHFR- and non-DHFR-mediated
effects of MTX can be involved. On one hand, inhibition of DHFR de-
creases THF levels. This can affect SAM metabolism since the reduced
derivative of 5,10-methylene THF, 5-methyl THF, provides the methyl
group to regenerate methionine from homocysteine. On the other
hand, MTXPGs and DHF polyglutamates have an inhibitory effect on
methylenetetrahydrofolate reductase (MTHFR), which catalyzes the
conversion of 5,10-methylene THF to 5-methyl THF [5]. Moreover,
MTX inhibits methionine adenosyltransferase (MAT) expression and
MAT enzyme activity. MAT is a key enzyme for SAM metabolism, as it
catalyzes the synthesis of SAM from methionine and ATP [50].

Several studies showed that MTX also affects DNA methylation. Fo-
late deficiency is associated with hypomethylated DNA in rat liver
cells [3]. In mice, the total level of DNA methylation showed a significant
reduction compared to the control group when different doses of MTX
were used [12]. In zebrafish embryos, treatment with MTX reduced
overall methylation levels and altered gene-specific methylation pat-
terns [26]. In humans, administration of MTX is unable to induce geno-
mic DNA hypomethylation in patients with inflammatory arthritis, but
this disease is associated with a significant degree of systemic DNA hy-
pomethylation [18]. In cutaneous T-cell lymphoma cells, MTX treatment
significantly reduces SAM levels, and this effect is accompanied by re-
duction in promoter methylation at CpG islands and by an increase in

the expression of Fas protein [54]. Treatment with MTX also decreases
global DNA methylation in A549 human lung carcinoma cells [19] and
reduces the FAS promoter methylation in melanoma cell lines, which
is associated with increased levels of Fas protein [31]. In patients suffer-
ing with rheumatoid arthritis, treatment with MTX restores defective
Treg cell function through demethylation of the FOXP3 locus, leading
to the subsequent increase in FoxP3 expression [6]. Very recently,
MTX was shown to decrease global DNA methylation in several osteo-
sarcoma cell lines [44].

Methylation of DNA is not the only situation in which MTX can
change the methylation status of biomolecules. For example, MTX in-
hibits Ras carboxyl methylation. Ras is a prototypic GTPase that func-
tions as a molecular switch to control cell growth and differentiation.
After MTX treatment of DKOBS cells, Ras methylation is decreased by al-
most 90%. This hypomethylation is accompanied by mislocalization of
Ras to the cytoplasm and a substantial decrease in the activation of
p44 mitogen-activated protein kinase and Akt [53]. Another example
is the methylation of phosphatase-2A (PP2A). MTX reduces the levels
of methylated PP2A in primary rat neurons. This effect is accompanied
by an increase in phosphorylation of Tau-protein because methylated
PP2A is the active form of PP2A [56]. There is also evidence that MTX
is able to promote demethylation of the transcription factor E2F1 [36].

6. Protein acetylation

Several reports show that MTX is able to induce acetylation of his-
tones and other proteins. Extensive studies have established that his-
tone acetylation is primarily associated with gene activation.
Acetylation occurs at lysine residues on the amino-terminal tail of the
protein molecule. This process is highly dynamic and is regulated by
the opposing action of two enzyme families, histone acetyltransferases
(HATs) and histone deacetylases (HDACs). Numerous correlative stud-
ies have demonstrated aberrant expression of HDACs in human tumors,
and histone deacetylase inhibitors (HDACis) are used for treatment of
many cancer diseases, such as thymoma, melanoma, B cell malignan-
cies, various solid tumors, and cutaneous T-cell lymphoma [52].

Molecular modeling suggests that MTX is a potential histone
deacetylase inhibitor (HDACi). The MTX molecule consists of a hydro-
phobic pteridine ring and a carboxylate-containing para-aminobenzoic
acid tail similar to the structure of well-known HDACis such as
trichostatin A, suberoylanilide hydroxamic acid (SAHA) and butyrate.
This prediction was later confirmed, as MTX was shown to inhibit
HDAC activity and to induce acetylation of histone H3 in A549 human
lung carcinoma cells and in HelLa cervical carcinoma cells [55]. More-
over, MTX is able to increase the expression of E-cadherin through the
downregulation of HDACs. This effect is associated with an inhibition
of the expression of the methyltransferase enzyme enhancer of zeste
homolog 2: this inhibitory effect was the same as observed after the
treatment with SAHA [17]. In addition, MTX can have a positive impact
on the accumulation of acetylated histone H3 in osteosarcoma cells [44].

Considering the acetylation of non-histone proteins, MTX induces an
increase in p53 acetylation, and this effect is correlated with higher nu-
clear accumulation and stability of p53 [17]. Another study showed that
treatment with MTX induces hyperacetylation of the transcription fac-
tor E2F1 in melanoma cells [36].

7. Effects of MTX on other proteins

Although many molecular mechanisms and targets of MTX have
been identified so far, many others have yet to be revealed. Several re-
cently published studies showed that MTX can even influence some
protein kinases and other signaling proteins. For instance, MTX sup-
presses human JAK/STAT signaling without affecting other phosphory-
lation-dependent pathways. MTX significantly reduces STAT5
phosphorylation in cells expressing JAK2 V617F, a mutation associated
with most human myeloproliferative neoplasms [48]. Another study
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showed that in human T-cell lines, MTX inhibits the activation of NF-xB
via depletion of tetrahydrobiopterin and increases Jun-N-terminal ki-
nase-dependent p53 activity. MTX also inhibits NF-kB activity in fibro-
blast-like synoviocytes via the release of adenosine and adenosine
receptor activation [43]. In human skin fibroblasts, MTX induces an in-
crease in phosphorylation of ERK1/2 and expression of MMP-1 through
the ERK1/2 pathway [27]. These effects are not limited to human cells.
Treatment of mice with MTX leads to the phosphorylation of AMP-acti-
vated protein kinase o, the induction of manganese superoxide dismut-
ase in the aorta and the subsequently reduced expression of cell
adhesion molecules [49]. Very recently, MTX was shown to induce post-
translational nitrosative modification of proteins; however, it is not
known which target proteins are involved in this process [28].

8. Dose effects of MTX treatment

The diverse effects of MTX described above are apparently concen-
tration-dependent. The non-DHFR effects summarized in this review
are achievable using MTX concentrations detectable in human plasma
during the treatment of oncologic patients, particularly the high-dose
MTX treatment, which is defined as a dose >1 g/m? of body surface
and contributes to high plasma concentrations of MTX. It has been
shown that concentrations of MTX of approximately 40 uM are reached
during high-dose MTX treatments of pediatric solid tumors [29,45], and
MTX concentrations of 100 UM or higher can be achieved in human plas-
ma several hours after the administration of MTX in osteosarcoma pa-
tients [16]. However, the situation varies for other diseases as well as
for low-dose MTX treatment [ 14]. For example, low-dose MTX is a stan-
dard regimen for the treatment of rheumatoid arthritis, and the maxi-
mum plasma concentration of MTX in rheumatoid arthritis patients
who take an average MTX dosage of 7.2 mg/week ranges from 0.04 to
0.38 UM [40]. Therefore, it is important to reflect the concentrations of
MTX that are needed to achieve a desired effect.

For example, 200 nM MTX markedly stimulates the differentiation of
the monocytic U937 cells [39], but only 10 nM MTX is sufficient for the
inhibition of clonogenicity in the ALL and APL cell lines [22]. Further-
more, an even lower concentration of MTX (2 nM) selectively induces
the expression of p27 and E-cadherin, which are markers of growth ar-
rest and differentiation, in SCC13 and HEK1 carcinoma cell lines [2]. In
contrast, 50 pM MTX induces the expression of E-cadherin in A549
cells [17].

In addition to cell differentiation, other non-DHFR-mediated effects
were also observed at various concentrations that can easily be achieved
in human plasma. For example, 50 nM MTX inhibits the activity of MAT
in hepatocellular carcinoma Hep G2 cells [50], 1 pM MTX induces de-
methylation and hyperacetylation of E2F1 in melanoma cells [36] and
50 uM MTX induces histone H3 acetylation in A549 cells [55]. Regarding
DNA methylation, treating CD4+ T cells with 50 nM MTX leads to de-
methylation of the FoxP3 upstream enhancer [6], whereas 40 uM MTX
induces hypomethylation of DNA in osteosarcoma cells, although 1 pM
MTX is sufficient to decrease DNA methylation in osteosarcoma cells
[44]. In contrast, a high concentration of MTX is needed to inhibit the
glyoxalase system. The mean ICsq value of 125 uM MTX was determined
for Glo1 [4]. Altogether, it is obvious that some of the non-DHFR-medi-
ated effects of MTX can be relevant in vivo only when patients are treat-
ed with high-dose MTX.

9. Conclusion

In human medicine, MTX has been used as a potent folate antagonist
for almost 70 years, especially for treating cancer diseases and autoim-
mune disorders. As described above, the effectiveness of MTX is un-
doubtedly caused by its capability to affect various intracellular
pathways at many levels. Although the most important therapeutic
mechanism of MTX is strongly based on the inhibition of DHFR, many
other effects of this compound have been described and new studies

bring new insights into the pharmacology of MTX every year. Identifica-
tion of these new targets for MTX is especially important for a better un-
derstanding of MTX action in new protocols of combination therapy.
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal malignancies. Its
dismal prognosis is often attributed to the presence of cancer stem cells (CSCs) that have
been identified in PDAC using various markers. However, the co-expression of all of these
markers has not yet been evaluated. Furthermore, studies that compare the expression lev-
els of CSC markers in PDAC tumor samples and in cell lines derived directly from those
tumors are lacking. Here, we analyzed the expression of putative CSC markers—CD24,
CD44, epithelial cell adhesion molecule (EpCAM), CD133, and nestin—by immunofluores-
cence, flow cytometry and quantitative PCR in 3 PDAC-derived cell lines and by immuno-
histochemistry in 3 corresponding tumor samples. We showed high expression of the
examined CSC markers among all of the cell lines and tumor samples, with the exception of
CD24 and CD44, which were enriched under in vitro conditions compared with tumor tis-
sues. The proportions of cells positive for the remaining markers were comparable to those
detected in the corresponding tumors. Co-expression analysis using flow cytometry
revealed that CD24*/CD44*/EpCAM*/CD133* cells represented a significant population of
the cells (range, 43 to 72%) among the cell lines. The highest proportion of CD24*/CD44"/
EpCAM*/CD133* cells was detected in the cell line derived from the tumor of a patient with
the shortest survival. Using gene expression profiling, we further identified the specific pro-
tumorigenic expression profile of this cell line compared with the profiles of the other two cell
lines. Together, CD24*/CD44*/EpCAM*/CD133" cells are present in PDAC cell lines
derived from primary tumors, and their increased proportion corresponds with a pro-tumori-
genic gene expression profile.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy that represents the
fourth leading cause of cancer-related deaths in Western countries [1]. PDAC has no early
warning signs or symptoms; therefore, most patients present with advanced disease. The dis-
mal prognosis of PDAC is primarily due to its late diagnosis, which is often accompanied by
metastatic disease and high resistance of the primary tumor to chemotherapy and radiotherapy
[2]. Despite recent advances in the diagnosis and treatment of pancreatic cancer, its incidence
almost equals its mortality rate, and the 5-year survival rate does not generally reach 5% [1].

PDAC is a type of solid tumor in which transformed cells with stemness properties, termed
cancer stem cells (CSCs), have been identified [3-5]. CSCs represent a subpopulation of tumor
cells that can self-renew and undergo multilineage differentiation and that possess high tumor-
igenic potential in vivo. CSCs are highly resistant to conventional chemotherapy and radiother-
apy and are considered a cause of tumor relapse after eradication of the tumor bulk.

The first evidence for the existence of CSCs in PDAC was reported by two groups in 2007
[3,4]. First, Li et al. demonstrated that the combination of cell surface markers CD44, CD24,
and epithelial cell adhesion molecule (EpCAM,; epithelial-specific antigen, ESA) identified a
highly tumorigenic subpopulation of PDAC cells with stem cell properties [3]. Later, Hermann
et al. reported pancreatic CSCs that were defined by the expression of prominin-1 (CD133) [4].
Since then, other putative markers of pancreatic CSCs have been found, including nestin,
CXCR4, c-Met, and aldehyde dehydrogenase 1 [1, 6]. Some of these putative markers were also
tested in combination with those first described. For example, c-Methish
more tumorigenic if they co-expressed CD44 [7]. CD133"/CXCR4" cells were reported to have
increased migration ability in vitro, and they also demonstrated metastatic potential in a
mouse model [4]. However, a comprehensive study that has evaluated the co-expression of
CD44, CD24, EpCAM and CD133 has not yet been conducted. Although Hermann et al. noted
a 14% overlap among CD44%/CD24"/EpCAM™ and CD133™ cell populations in their pioneer-
ing study, this result was obtained in only one pancreatic cell line that was derived from a meta-
static tumor and not from a primary tumor [4]. Similar to other combinations of CSC markers,
the CD247/CD44"/EpCAM*/CD133" phenotype might more accurately identify true pancre-
atic CSCs. Thus, in the first step, the possible overlap among CD24"/CD44*/EpCAM" and
CD133" cell populations in cell lines derived from primary PDAC should be determined. Addi-
tionally, it remains unknown to what extent the expression levels of CSC markers change
under in vitro conditions because no study has compared the expression levels of CSC markers
in PDAC tumor samples and in cell lines derived directly from those tumors.

Therefore, we performed a detailed expression analysis of the most frequently discussed
putative markers of CSCs in PDAC (i.e., CD24, CD44, EpCAM, CD133, and nestin) in both
human primary tumor samples and in the respective cell lines derived from those tumors. For
the first time, we also examined the co-expression of CD24, CD44, EpCAM, and CD133 in cell
lines derived from primary PDACs. Furthermore, these cell lines were subjected to expression
profiling analysis to identify genes, the functions of which may correlate with the presence of
CSC markers. We found that CD24"/CD44"/EpCAM*/CD133" cells represented a significant
subpopulation in these cell lines, and their increased proportion corresponded to a pro-tumori-
genic gene expression profile.

cells were found to be

Materials and Methods
Primary cell lines and tumor samples

Three PDAC primary cell lines were included in this study: P6B, P28B and P34B. These cell
lines were derived from tissue samples of corresponding primary tumors. These tumor samples
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Table 1. Description of patient cohort and derived cell lines.

Tumor sample Gender Age Diagnosis Grade Stage oS PFS Cell line
P6 M 66 PDAC 3 pT3N1MO 33 21 P6B
P28 M 49 PDAC 3 pT3NOMO 9 9 P28B
P34 F 62 PDAC 2 pT3N1MO 21 11 P34B

Gender: M, male; F, female. Age at the time of diagnosis: years. Localization: Head, head of the pancreas; Body, body of the pancreas. Grade: 2, moderately
differentiated; 3, poorly differentiated. OS, overall-free survival: months. PFS, progression free survival: months.

doi:10.1371/journal.pone.0159255.1001

were obtained from patients undergoing pancreatic resection surgery as a part of standard
diagnostic therapeutic procedures for PDAC, and they were de-identified to comply with the
Czech legal and ethical regulations governing the use of human biological material for research
purposes (Act No. 372/2011 Coll. on Health Services, paragraph 81, article 4, letter a). The
patients signed a written consent containing information on this issue. Resection specimens
were routinely processed at the department of pathology and during the gross inspection, the
pathologist (MH) obtained the tumor tissue samples for a derivation of cell lines. For immuno-
histochemical (IHC) analysis, formalin-fixed, paraffin-embedded (FFPE) tumor tissue samples
primarily taken for diagnostic purposes were used and selected by the pathologist (MH) who
also performed the standard histopathological diagnostic procedures. A previously described
protocol was used to generate the primary cultures [8]. A description of the cohort is provided
in Table 1.

Cell cultures

The cell lines were cultured in DMEM supplemented with 20% fetal calf serum, 2 mM gluta-
mine, 100 IU/ml penicillin, and 100 pg/ml streptomycin (all purchased from GE Healthcare
Europe GmbH, Freiburg, Germany). The cells were maintained under standard conditions at
37°C in an atmosphere containing 5% CO, and were subcultured one or two times per week.

Immunohistochemistry

IHC detection was performed on FFPE samples of primary tumors, as mentioned above. Sec-
tions that were cut at a thickness of 4 pm were applied to positively charged slides, deparafti-
nized in xylene and rehydrated through a graded alcohol series. Antigen retrieval was
performed in a calibrated pressure chamber Pascal (Dako, Glostrup, Denmark) for each anti-
body as follows: for nestin and CD133, the sections were heated in Tris/EDTA buffer (Dako) at
pH 9.0 for 40 min at 97°C; for CD24, CD44 and EpCAM, the sections were heated in citrate
buffer (Dako) at pH 6.1 for 4 min at 117°C. Endogenous peroxidase activity was quenched
with 3% hydrogen peroxide in methanol for 20 min, followed by incubation at room tempera-
ture (RT) with the primary antibody (S1 Table). For nestin, the Vectastain Elite ABC kit using
a streptavidin-biotin horseradish peroxidase (HRP) detection method was used (Vector Labo-
ratories, Burlingame, CA, USA). For CD133 and EpCAM, the EnVision+ Dual Link system-
HRP without avidin or biotin was used for detection (Dako). The expression of CD44 was visu-
alized using an EXPOSE Rabbit-specific HRP/DAB detection kit (Abcam, Cambridge, UK),
while the expression of CD24 was visualized using an ImmunoCruz ABC Staining system
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA). 3,3 '-diaminobenzidine (DAB) (Dako) was
used as the chromogen. Samples that were incubated without the primary antibodies served as
negative controls. CD133- and nestin-positive endothelial cells in the tumor tissue samples
served as internal positive controls, while glioblastoma multiforme tissue served as an external

PLOS ONE | DOI:10.1371/journal.pone.0159255 July 14,2016 3/18



@’PLOS ‘ ONE

Co-Expression of CSC Markers in Pancreatic Adenocarcinoma

positive control for nestin. For EpCAM, CD44 and CD24, colon carcinoma, urinary bladder
tissue and lymph node tissue, respectively, served as the positive controls. An evaluation of all
IHC results was performed using an Olympus BX51 microscope and an Olympus DP72 cam-
era with uniform settings. All immunostained slides were evaluated at 400x magnification.

Immunofluorescence

Indirect immunofluorescence (IF) was performed as previously described [9]. The primary and
secondary antibodies that were used in these experiments are listed in S1 Table; a mouse mono-
clonal anti-o.-tubulin served as the positive control. An Olympus BX-51 microscope was used
for sample evaluation; micrographs were captured using an Olympus DP72 CCD camera and
were analyzed using the CellAP imaging system (Olympus, Tokyo, Japan).

Flow cytometry

Flow cytometry was performed on either fixed or live cells. Briefly, cells were detached from
the culture flask with Accutase (Life Technologies, Carlsbad, CA, USA) and were washed in
PBS. Regarding cell surface labeling, live cells were incubated in 3% BSA for 10 minutes. For
both cell surface and intracellular labeling, cells were fixed in 3% paraformaldehyde (Sigma)
for 30 minutes, washed twice in PBS and incubated in 3% BSA for 10 minutes. All subsequent
labeling was performed at 37°C for fixed cells or at 4°C for live cells. Each sample was divided
into two, and in the parallel sample, the respective isotype controls were used instead of the pri-
mary antibodies. A list of antibodies used in this study is provided in S1 Table. Briefly, the sam-
ple was washed twice with 3% BSA, incubated with the mouse monoclonal CD133 antibody for
30 minutes, and washed twice in 3% BSA. A secondary donkey anti-mouse Alexa488-conju-
gated antibody was applied in the same manner. After two additional washes, primary conju-
gated antibodies against CD24, CD44 and EpCAM were added to the sample and incubated for
30 minutes. Finally, the sample was washed four times with PBS and was subjected to analysis
using FACSVerse (BD Biosciences, San Jose, CA, USA). Side scatter and forward scatter pro-
tiles were used to eliminate cell doublets. At least 10,000 events were collected per sample, and
the data were analyzed using FlowJo X software (Tree Star, Inc., Ashland, OR, USA). Positive
cells were evaluated relative to the respective isotype control; Boolean gating was applied to
determine the cells that co-expressed the CSC markers.

Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)

Regarding qRT-PCR of PDAC cell lines, total RNA was extracted and reverse transcribed as
previously described [10]. Quantitative PCR was performed in a volume of 10 ul using the
KAPA SYBR™ FAST qPCR Kit (Kapa Biosystems, Wilmington, MA, USA) and 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). At least three technical
replicates were analyzed for each sample. For microarray validation experiments, three biologi-
cal replicates (different cell passages) of each cell line were used. The data were analyzed by
7500 Software v. 2.0.6 (Applied Biosystems) and relative quantification (RQ) of gene expres-
sion was calculated using 2724CT method [11]; heat shock protein gene (HSP90ABI) was used
as the endogenous reference control. The primer sequences used are listed in S2 Table.

Gene expression profiling

Total RNA was extracted using the GenElute™ Mammalian Total RNA Miniprep Kit (Sigma-
Aldrich; St. Louis, MO, USA). Total RNA with a purity ratio of 260/280>>1.7 and an integrity
(RIN)>7.5 (as measured by an Agilent 2010 Bioanalyzer; Agilent Technologies, Santa Clara,
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CA, USA) was transcribed into cDNA (Ambion WT Expression Kit), labeled and hybridized to
the Affymetrix GeneChip® Human Gene ST 1.0 array and processed through a complete Affy-
metrix workflow (all from Affymetrix, Santa Clara, CA, USA). Raw microarray data are avail-
able in the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number
E-MTAB-4055. Affymetrix power tools were used to normalize raw CEL files at the gene level.
Robust multiarray averaging (RMA) normalization and complete annotation files were
selected. Gene ontology analysis was performed using the GOTERM_BP_FAT database in the
DAVID functional annotation tool [12, 13]. Cytoscape v. 3.1.1 [14] with the Reactome Func-
tional Interaction (FI) plug-in was used for functional protein interaction network analysis.
The Reactome FI plug-in gene set analysis tool was selected to include interactions from the
Reactome FI network 2013 version and FI annotations.

Statistical analysis

The qRT-PCR validation data were analyzed using one-tailed Mann-Whitney U test. P < 0.01
was considered statistically significant.

Results

CSC markers were highly expressed in PDAC-derived cell lines
compared with PDAC tumor tissues

To address the expression of the putative CSC markers CD24, CD44, EpCAM, CD133, and
nestin in pancreatic cancer, we used three cell lines (P6B, P28B, and P34B) derived from
PDAC tumor tissues and three corresponding FFPE tumor samples (Table 1). Initially, the
expression of individual CSC markers in the cell lines was assessed by IF (Fig 1). Using this
method, the expression of all of the examined CSC markers was determined in all three cell
lines. The observed pattern of expression of each marker was in accordance with the expected
cellular localization of these molecules (Fig 1). Subsequently, the exact quantification of the
proportion of cells that were positive for these markers was performed solely by flow cytometry
(see below), with the exception of nestin. This was because approximately 95% of the cells in all

CD24 CD44 EpCAM CD133 Nestin

Fig 1. IF and IHC analysis of CSC marker expression in PDAC cell lines and corresponding tumors. Representative images of
immunofluorescence (IF) and immunohistochemical (IHC) detection of CD24, CD44, EpCAM, CD133, and nestin expression are shown. For IF analysis,
the cells of each PDAC cell line were stained with the appropriate antibodies against the CSC markers (green) and were counterstained with DAPI (blue)
to visualize the nuclei. IHC was performed on tumor samples with antibodies that recognize specific markers; positive cells were visualized by DAB
staining. Scale bars, 40 ym.

doi:10.1371/journal.pone.0159255.g001
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Table 2. IHC analysis of CSC marker expression in PDAC tumor samples.

CD24
CD44
EpCAM
Nestin
CD133

P6
++
+++
+++

++

Positive cells®

P28
+
+/-
+++
+++

+++

Localization of marker expression

P34 P6 P28 P34
apical cytoplasmic, luminal apical cytoplasmic -
- poorly differentiated component -
+++ membranous membranous membranous
+++ cytoplasmic cytoplasmic cytoplasmic
+ cytoplasmic cytoplasmic, rarely membranous cytoplasmic

3The percentage of positive tumor cells was categorized into five levels:—(0%), +/- (1-5%), + (6—20%), ++ (21-60%), and +++ (61-100%).

doi:10.1371/journal.pone.0159255.t002

three cell lines were nestin-positive as detected by IF; thus, nestin was omitted from the flow
cytometric analysis. ITHC was used to evaluate the expression levels of the CSC markers in the
corresponding FFPE tumor samples (Fig 1; Table 2). IHC revealed a high percentage of tumor
cells that expressed nestin and EpCAM in all of the tumor samples. In addition, CD133 was
highly expressed in P6 and P28 tumors, although only a small number of positive cells was
identified in P34 tumor tissue. Similarly, CD24 was expressed solely in P6 and P28 tumors. By
contrast, CD44" cells were identified in a poorly differentiated component of P28 tumor tissue
but not in the other two tumor samples. Based on the IHC results, the P28 tumor was the only
one that expressed all of the tested CSC markers.

Next, multicolor flow cytometry was used to evaluate the percentage of cells that were posi-
tive for CD24, CD44, EpCAM, CD133, and their combinations in three tumor-derived cell
lines (Fig 2; Table 3). For multicolor flow cytometry, we used both live cells and cells fixed in
paraformaldehyde. Surprisingly, using the fixed cells, we detected very high percentages of
CD24", CD44", EpCAM", and CD133" cells in all of the cell lines examined (Table 3). Addi-
tionally, cells that were positive for the combinations of these markers were very common.
The CD247/CD44%/CD133" phenotype was present in approximately 80% of the cells irre-
spective of the cell line. The percentages of CD24"/CD44"/EpCAM"* and CD24"/CD44"/
CD133"/EpCAM" cells varied more among the cell lines, but the percentages of each ranged
from 43 to 72%. Compared with their respective tumor tissues, the cell lines were markedly
enriched for CD24" and CD44" cells. In accordance with the IHC results, the highest fre-
quency of the cells that expressed CD24, CD44, EpCAM, and CD133 was found in the P28B
cell line.

Live cells differed greatly from fixed cells with respect to positivity for
CSC markers

Due to the surprising prevalence of cells in the PDAC cell lines that were positive for CSC
markers, we next used live cells for subsequent flow cytometric analyses. Because fixation itself
can permeabilize the cell membranes, this approach enabled us to evaluate the expression of
CSC markers only on the cell surface. Using live cells for flow cytometric analyses of the
expression of CD24, CD44, EpCAM, and CD133 in the PDAC cell lines, we observed a
marked decrease in positivity for these markers in compared with fixed cells (Fig 2; Table 3).
In the samples of live cells, CD44 was the only marker that was detected at levels that were
similar to those in fixed cell samples. However, the proportions of CD24*/CD44"/EpCAM ™"
and CD24"/CD44%/CD133" cells were markedly lower and ranged from 0.4 to 1.14% and
from 0 to 1.43%, respectively. CD24"/CD44"/CD133"/EpCAM" cells were detected only in
the P34B cell line.
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Fig 2. Flow cytometric analysis of the expression of CSC markers in fixed and live PDAC cells. (A) Dot plot diagrams depict the differences in CSC
marker expression in PDAC cells when fixed or live cells were used in the flow cytometric analysis. The percentages of cells that were positive for specific
markers are marked by numbers in the gated areas. (B) A Boolean gating approach was used to determine the proportion of cells that co-expressed CSC
markers. An illustrative Boolean gate of the CD24*/CD44*/EpCAM*/CD133" population (black) is shown in the dot plot diagrams. Cells stained with
matched isotype control antibodies (gray) were used as controls for each CSC marker antibody (red) in both experimental designs (fixed cells and live
cells). Representative data for the P6B cell line are shown. For detailed results of CSC marker expression, see Table 3.

doi:10.1371/journal.pone.0159255.g002
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Table 3. Flow cytometric analysis of CSC marker expression in PDAC cell lines.

Marker

CD24*

CD44*

EpCAM*

CD133*

CD24*/CD44*/EpCAM*
CD24*/CD44*/CD133*
CD24*/CD44*/CD133*/EpCAM*

Fixed cells® Live cells®

P6B P28B P34B P6B P28B P34B
80.70 79.10 79.10 3.03 13.00 2.52
98.70 96.10 96.70 99.80 98.50 98.20
44.00 78.60 57.50 1.83 4.08 2.28
91.40 94.90 89.60 0.09 0 6.70
43.20 72.10 55.10 0.40 0.76 1.14
79.70 78.10 78.00 0.06 0 1.43
43.20 71.90 55.00 0 0 1.14

@Proportions of cells positive for expression of individual CSC marker or combination of markers are indicated as percentages.

doi:10.1371/journal.pone.0159255.t003

Gene expression profiling identified a pro-tumorigenic profile of the
P28B cell line that highly co-expressed CSC markers

To verify the expression of CSC markers observed at the protein level and investigate possible
differences among the PDAC cell lines, we next evaluated gene expression at the mRNA level.
In the first step, we performed qRT-PCR for the genes that encode the CSC markers (Fig 3).
qRT-PCR revealed upregulated mRNA expression of the proteins CD24, CD44, and EpCAM
in P28B cells. As clinical data show, the P28B cell line was derived from the tumor of the
patient with the shortest overall survival (P28, Table 1). IHC, flow cytometry and qRT-PCR
results all revealed that P28B cells also expressed the highest levels of CSC markers among the
tested cell lines. To investigate this phenomenon more thoroughly, we employed gene expres-
sion profile analysis. Using this method, we detected 344 genes that were upregulated (fold-
change > 2), and 258 genes that were downregulated (fold-change < 0.5) in the P28B cells
compared with the expression profiles of P6B and P34B cell lines.

To analyze the biological functions of the differentially expressed genes in P28B cells, we
performed gene ontology analysis (Table 4; S3 Table). Most of the upregulated genes were
found to be associated with cell surface receptor signaling (18.8% of the upregulated genes) or

P6B
H P28B
M P34B

Relative mRNA expression (RQ)

CD24 CD44 EpCAM CD133 Nestin

Fig 3. qRT-PCR analysis of CSC marker expression. P6B cell line served as the arbitrary calibrator of the
gene expression. The error bars indicate the calculated maximum (RQMax) and minimum (RQMin)
expression levels that represent the standard error of the mean expression level (RQ value).

doi:10.1371/journal.pone.0159255.9g003
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Table 4. Gene ontology analysis of genes differentially expressed in P28B cells.

Biological process Number of genes P value
Upregulated genes (fold-change > 2)

Cell surface receptor linked signal transduction 65 <0.001
Cell adhesion 32 <0.001
G-protein coupled receptor protein signaling pathway 30 0.049
lon transport 29 <0.001
Cell-cell signaling 28 < 0.001
Regulation of cell proliferation 26 0.007
Response to wounding 22 0.001
Immune response 20 0.061
Cell motion 16 0.034
Downregulated genes (fold-change < 0.5)

Regulation of cell proliferation 29 <0.001
Cell motion 20 <0.001
Regulation of apoptosis 18 0.039
Immune response 17 0.022
Cell adhesion 17 0.024
Mitotic cell cycle 11 0.026
Vasculature development 10 0.006

Upregulated (fold-change > 2) and downregulated (fold-change < 0.5) genes in P28B cells compared with
P6B and P34B cells were analyzed for gene ontology. Gene ontology analysis was performed using
GOTERM_BP_FAT database in DAVID functional annotation tool.

doi:10.1371/journal.pone.0159255.t004

cell adhesion (9.3%). Downregulated genes were linked to the regulation of cell proliferation
(11.2% of the downregulated genes), cell motility (7.6%) or regulation of apoptosis (7%). Fur-
thermore, a review of the literature revealed that the vast majority of the upregulated genes
have been reported to have pro-tumorigenic potential, whereas about one-third of the downre-
gulated genes were found to suppress tumorigenesis (Table 5; S4 Table). To validate the results
obtained by expression profiling, we performed qRT-PCR analysis of five pro-tumorigenic and
five anti-tumorigenic genes in samples from three different passages of each cell line (Fig 4). In
agreement with the microarray data, all selected anti-tumorigenic genes were significantly

(P < 0.001) downregulated in P28B cells, whereas the expression of pro-tumorigenic genes was
significantly (P < 0.001) upregulated compared with that of P6B and P34B cells. Taken
together, these analyses revealed a specific pro-tumorigenic profile of the P28B cell line that
was highly enriched in cells that co-expressed CSC markers. By contrast, the lower expression
of CSC markers in the P6B and P34B cell lines reflected differences in the expression profiles of
these cell lines compared with the profile of P28B cells.

To further analyze the expression profile of P28B cells compared with that of P6B and P34B
cells, we performed a functional protein interaction network analysis of the differentially
expressed genes. Using Cytoscape software with the Reactome FI plug-in, we created an inter-
action network that enabled us to visualize expression profiling data combined with informa-
tion on the interactions of the proteins encoded by the respective genes (Fig 5). This approach
clearly showed the most prominent genes whose expression was upregulated or downregulated
in P28B cells compared with the other two cell lines. Downregulated genes included FYN,
RAC2, GNG2, PLK1 and MET. Of the upregulated genes, LYN, WNT2, KIT, TEK (TIE2) and
ARRBI were identified.
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Log2 fold-change (RQ) of mMRNA expression

relative to P28B cells

-6

-8

-10

Table 5. Differentially expressed genes in P28B cells grouped by their role in tumorigenesis.

Role in
cancer

Number of
genes

Genes

Upregulated genes (fold-change

>2)

Pro- 62 ABCC4, ADAMTS7, ADM, ANO1, BAMBI, CD24, CP, CSF1, CXCL14,

tumorigenic CXCR7,CYP1A1, EDN1, ELMO1, ENTPD1, EPHAS, F3, FGFR4, FZD6,
FzD7, GFRA1, GPR183, GPR56, GPR65, GRIA4, CHRMS3, IL6R, ITGBS,
JAM2, KIT, LAMAS, LPARS3, LYN, MCAM, MITF, NCAM2, NLK, NOG,
NOX4, P2RY1, PMP22, PREX2, PTGER4, PTHLH, RPS6KA5, SCN5A,
SEMA4D, SEMAGA, SHC3, SLC4A4, SMAD9, SORT1, TEK, TFAP2C,
TRPA1, TRPC3, TRPC6, TRPV2, UCP2, VTN, WFDC1, WNT2, WNT2B

Anti- 10 DSC2, DSC3, FOXF1, GBP2, PENK, PPAP2A, RELN, RGS6, TNFSF10,

tumorigenic TXNIP

Mixed 9 ADAMTSS, CD9, DSG2, F11R, CHL1, ITGA8, NPY, SMURF2, UNC5C

Downregulated genes (fold-change < 0.5)

Pro- 28 ADRA2A, ARHGEF2, BGN, CENPF, CTSS, DLGAP5, ENPP2, GLI3,

tumorigenic HORMAD1, CHST11, IL1A, IL1B, IL6, JAG1, KCNMA1, MET, MSX2,
NFIB, NRP1, PLAUR, PLK1, PTX3, SEMA3C, SERPINE1, SPOCK1,
TPBG, VASH2, VCAN

Anti- 18 CCND2, CDH13, CLDN11, EMILIN2, EPHB2, GAS1, CHST11, KLF4,

tumorigenic KYNU, NEFL, PCDH10, PLA2G4A, RARB, SERPINB2, SLIT2, SRPX,
TGFBR3, UNC5B

Mixed 16 ASPM, BUB1B, CD74, CDC6, CDKN3, CLU, CTH, ENPEP, FYN, ITGA2,

ITGA3, POSTN, PRRX1, RAC2, TOP2A, UACA

The role of individual genes in tumorigenesis was determined based on the literature review (S4 Table).

doi:10.1371/journal.pone.0159255.t005

P6eB
*
] * M P34B
* *
*
- * * x *
* . .
Pro-tumorigenic genes

CXCL14 FzD6 KIT WNT2

1

T T T T T

CCND2 CDH13 GAS1 KLF4 SLIT2

Anti-tumorigenic genes

LYN
1
*

*

Fig 4. Validation of pro-tumorigenic expression profile of P28B cells by qRT-PCR. Five anti-tumorigenic and five pro-
tumorigenic genes were selected based on the microarray data and their expression was validated by qRT-PCR. The
graph shows the expression levels of the respective genes in P6B and P34B cells relative to thatin P28B cell line, which
served as the arbitrary calibrator. The bars represent the mean expression level (RQ value) of three biological replicates;
the data are presented in log2 scale. The calculated maximum (RQMax) and minimum (RQMin) expression levels are
indicated by error bars. ¥P < 0.001, indicates significant differences from P28B cell line.

doi:10.1371/journal.pone.0159255.9004
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Fig 5. Functional protein network analysis based on a set of differentially expressed genes in P28B cells. A set of upregulated (fold-
change > 2) and downregulated (fold-change < 0.5) genes in P28B cells compared with P6B and P34B cells was visualized with Cytoscape.
A Reactome FI plug-in was used to analyze the functional network of proteins that are encoded by the respective genes. The fold-change
values of gene expression are depicted as tints of blue (downregulated genes) or red (upregulated genes) color.

doi:10.1371/journal.pone.0159255.g005
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Together, our results indicated that a high proportion of cells that expressed CSC markers
corresponded with a pro-tumorigenic expression profile. In addition, the highest expression of
CSC markers was found in the tumor sample taken from the patient with the shortest survival
and also in the P28B cell line that was derived from this tumor.

Discussion

Although pancreatic CSCs were described nearly ten years ago as CD44"/ CD24"/EpCAM”"
cells [3] or CD133™ cells [4], no study has determined the co-expression of all of these markers
in PDAC either directly in the tumor samples or in the human PDAC cell lines derived from
primary tumors. Therefore, the present study was focused on a detailed analysis of the expres-
sion of putative CSC markers (CD24, CD44, EpCAM, CD133 and nestin) in 3 pairs of matched
primary PDAC tissue samples and derived cell lines.

We detected the expression of all of the examined markers in each tumor cell line. Markedly
high levels of nestin were detected in all cell lines and corresponding tumors. Because nestin
was expressed in most of the cells, these results suggest that nestin is not suitable as a CSC
marker in PDAGC, a finding that is in accordance with the results of our previous study [15].
Therefore, we omitted nestin from further flow cytometric co-expression analyses. In the cell
lines, flow cytometric analysis of fixed cells revealed a high proportion of cells that expressed
CSC markers. IHC confirmed that the expression patterns of the CSC markers were similar in
the corresponding tumor tissues, although CD24 and CD44 expression levels were consider-
ably lower. An increased proportion of CD24" and CD44" cells in PDAC cell lines compared
with the original tumor tissues might indicate that these cells had a selective advantage in cell
culture. This finding is in agreement with other studies that reported high percentages of
CD44" cells in pancreatic cell lines compared with PDAC tumor tissues [16, 17]. However, in
these studies, the cell lines that were used were not derived from the examined tumors; there-
fore, it is difficult to determine the baseline expression levels of these markers in the original
tumor tissues for comparison. Our study is the first to show that the proportion of CD44" and/
or CD24" cells increases in PDAC-derived cell lines compared with the corresponding tumor
tissues. This phenomenon should be considered when performing in vitro studies of CSCs in
PDAC.

Surprisingly, flow cytometric analysis of fixed cells showed that CD24, CD44, CD133, or
EpCAM, as evaluated separately, are expressed in more than 80% of cells irrespective of the cell
line and marker (except EpCAM in P6B and P34B cells). These values are much higher than
those that have been previously reported [16, 17]. However, when live cells were used in the
flow cytometry experiments, we detected a significant decrease in the proportion of CD24",
CD133" and EpCAM cells (Table 3). Using this approach, the levels of positivity for each of
these markers were comparable to those in the aforementioned studies [16, 17]. Only CD44
expression in live cells was detected at the same level as in fixed cells (Table 3). Nevertheless,
the reason for this discrepancy is obvious. It is widely known that fixation with paraformalde-
hyde permeabilizes the cell membranes and therefore enables the antibody to bind to the pro-
teins that are localized within the cell. By contrast, live cells have intact membranes, and
antibodies can bind only to extracellular epitopes of the proteins. This means that when fixed
cells were used for flow cytometry, we could also detect cells that expressed the CSC markers
within the cell.

It was previously thought that most CSC marker proteins performed their functions at the
cell surface. However, growing evidence has indicated that the subcellular localization of CSC
markers can vary greatly, possibly leading to completely different effects of these proteins on
cell signaling, proliferation, invasiveness, and metastatic potential. Therefore, the distinct
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subcellular localization of CSC markers may result in different patient outcomes. For example,
several studies have reported cytoplasmic localization of CD24 in PDAC [18, 19] as well as in
other tumor types [20-27]. Cytoplasmic CD24 expression has been identified as a marker of
poor prognosis in gastric cancer [25], colorectal cancer [22, 23], ovarian cancer [20, 21] and
malignant neoplasms of the salivary glands [26]. However, little is known concerning the func-
tional role of CD24 within the cell. It has been reported that intracellular CD24 may inhibit the
invasiveness of PDAC cells [19]. Nevertheless, a recently published study showed that intracel-
lular CD24 promotes the growth of prostate cancer cells through the inhibition of p14ARF,
resulting in decreased levels of p53 and p21 [27]. In that study, the authors also reported that
CD24 positivity increased substantially when detection was performed with fixed cells.
Recently, very similar findings have also been shown in breast cancer [28]. These observations
are in agreement with our results and indicate that a significant amount of CD24 protein may
be located in the cytoplasm of PDAC cells.

CD133 is another marker that we examined, and the cell surface immunoreactivity of this
protein was significantly lower than the intracellular immunoreactivity. Originally, CD133 was
introduced as a marker of pancreatic CSCs that is expressed in approximately 2% of PDAC
cells [4]. Several flow cytometric studies then reported a similar low proportion of CD133*
cells (0-28%) in PDAC [16, 17]. However, these results are in contrast with the high (up to
100%) CD133 positivity of cells detected by IHC even in the aforementioned studies [16, 17,
29]. IHC analysis also demonstrated that a significant amount of CD133 was localized within
the cytoplasm of PDAC cells [29], a finding that is in agreement with our results (Tables 2 and
3). We and other groups have recently shown that membranous localization of CD133 may be
altered in tumor cells and that intracellular CD133 may be involved in cell signaling pathways
[9, 30-33]. Furthermore, the correlation of high intracellular CD133 expression with poor
prognosis has been found in different types of tumors [33-36]. The results of the present study
note the need for better understanding of the role of the intracellular expression of CSC mark-
ers in PDAC. Considering that flow cytometric analyses in previously published studies were
typically performed to detect cell surface expression in live cells, these studies might have sig-
nificantly underestimated the expression levels of CD24 (a maximum of 30% CD24" cells were
reported [3, 16, 17]) and CD133 in PDAC cells, which may lead to misinterpretation of the
results as discussed by other authors [37].

In the present study, we showed for the first time that cells co-expressing CD24, CD44,
EpCAM, and CD133 are present in human PDAC cell lines derived from primary tumors.
Moreover, CD24"/CD44"/EpCAM"/CD133" cells represented a significant population of cells
(range, 43.2 to 71.9%) among the cell lines. By contrast, the proportion of cells that co-
expressed these markers at the cell surface was very limited (range, 0 to 1.43%) as indicated by
flow cytometry with live cells (Table 3). These differences in subcellular localization represent a
practical restriction in the isolation of CD24/CD44/EpCAM/CD133-positive and -negative cell
populations. Sorting the cells based on cell surface labeling alone could be problematic because
a large proportion of cells that express CSC markers within the cell would be sorted into nega-
tive fractions, likely compromising the results of further experiments. In a recent comprehen-
sive study, Huang et al. reported that both CSC marker-positive (CSC™) and -negative (CSC")
populations of cells could initiate tumors in immunodeficient mice [38]. For various tumor
types, they showed that not only were CSC" cells able to produce CSCcells but CSC™cells
could produce CSC" cells over long-term period in culture. These results suggested that tumor-
igenic cells might not be able to be distinguished by common CSC markers due to the pheno-
typic plasticity of tumor cells. However, the expression of CSC markers was evaluated only by
flow cytometry followed by cell sorting. Because the authors used only live (non-permeabi-
lized) cells in their experiments, they might have overlooked the cells that expressed CSC
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markers localized in the cytoplasm or cell nucleus. This might also explain why the expression
of CSC markers was detected in CSC cells by PCR. We speculate that the shift of CSC marker
proteins from the cytoplasm to the plasma membrane and vice versa could, to a certain extent,
explain the phenotypic plasticity of the FACS-sorted cells observed by Huang et al. and other
groups [38-40]. Nevertheless, we suggest that the detection of CSC markers located within the
cell should be included in future studies to validate and extend the data that are based solely on
cell surface expression.

Our results revealed that the proportion of CD24"/CD44"/EpCAM*/CD133" cells differed
among the cell lines and that the highest number of cells that co-expressed all of these markers
was detected in the P28B cell line, which was derived from the tumor of the patient with the
shortest overall survival. Therefore, we decided to further analyze the differences among the
cell lines using gene expression profiling to identify genes that may be associated with high
expression levels of CSC markers. For this reason, the expression profile of P28B cells was com-
pared with the profiles of P6B and P34B cells. Gene ontology analysis and a review of the litera-
ture revealed a specific pro-tumorigenic expression profile of P28B cells (Table 5; S4 Table). As
high tumorigenic potential is a widely accepted hallmark of CSCs, this result clearly corre-
sponds to the increased proportion of cells that co-express CSC markers in the P28B cell line.
However, it should be noted that the pro-tumorigenic expression profile of P28B cells does not
imply stemness of CD24"/CD44"/EpCAM*/CD133" cells and subsequent functional in vivo
assays are needed to determine whether CD24"/CD44"/EpCAM*/CD133" phenotype specifi-
cally identifies PDAC cells which fulfill all the criteria defining CSCs. Of the 602 differentially
expressed genes in P28B cells, the 10 most prominent genes were identified using functional
protein network analysis. These genes could represent potential targets in PDAC because their
expression was associated with the co-expression of CSC markers.

Fyn and Lyn are non-receptor tyrosine kinases that belong to the Src family. It has been
reported that LYN expression is downregulated during embryonic stem cell differentiation,
whereas FYN expression remains constant [41]. Lyn facilitates glioblastoma cell survival [42],
and LYN expression is associated with migration and invasion in breast cancer [43]. In a study
on pancreatic cancer, the downregulation of Lyn kinase activity reduced invasiveness and
migration of the cells [44]. In the present study, we found that LYN expression was notably
upregulated in P28B cells. In a colorectal cancer study, Su et al. reported that the overexpres-
sion of CD24 promoted cancer cell invasion through the activation of Lyn and its interaction
with Erk1/2 [45]. Patients whose tumors had a lower expression of CD24 or Lyn had a higher
survival rate. In accordance with these results, we showed the upregulation of CD24 and LYN
in P28B cells, which were derived from the tumors of patient with the shortest overall survival.
This indicates that the overexpression of the CD24/Lyn axis might also play a role in PDAC.
By contrast, the expression of Fyn kinase was downregulated in P28B cells. The overexpression
of Fyn has been detected in various cancers, but its role in cancer is controversial [46-48]. Fyn
has been reported to correlate with the metastasis of PDAC, while the inhibition of Fyn
decreased liver metastasis in nude mice [47]. By contrast, the expression of Fyn kinase induces
the differentiation and growth arrest of neuroblastoma cells [46]. Moreover, Fyn is downregu-
lated in advanced tumor stages, and its downregulation predicts the short-term survival of
patients with neuroblastoma. This is in agreement with our results where the downregulation
of Fyn was observed in the P28B cell line. However, the exact role of Fyn kinase in PDAC has
yet to be determined.

Of the other downregulated genes in P28B cells, GNG2 was the most prominent. This gene
encodes the Gy2 subunit that forms GBy dimers of heterotrimeric G proteins [49]. Although it
was reported that the overexpression of GNG2 inhibits the migration and invasiveness of mela-
noma cells [50], little is known about the function of GNG2 in PDAC or in other tumor types.
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Our study presents the first evidence that the downregulation of GNG2 is associated with
CD24"/CD44"/EpCAM*/CD133" cells and might indicate a poor prognosis in patients with
PDAC.

Recently, Yu et al. published a study that analyzed the expression profiles of circulating pan-
creatic tumor cells [51]. They determined that the expression of WNT2 was upregulated in
these cells. Their additional functional experiments showed that Wnt2 promotes anchorage-
independent cell survival and the metastatic potential of pancreatic cancer cells. These results
are in accordance with our findings as follows: WNT2 was overexpressed in the P28B cell line,
which contains the highest proportion of cells that express CSC markers and is derived from
the tumor of the patient with the shortest overall survival. Moreover, expression profiling
revealed that inhibitors of Wnt (i.e., DKK1 [52] and SFRP4 [53]) were downregulated in P28B
cells compared with the other two cell lines. We also showed the upregulation of WNT2B,
FZD7 and FZD6, which are other components of the Wnt signaling pathway. Recently,
WNT2B was found to correlate with poor prognosis in PDAC [54], FZD6 expression was
reported to be a marker of tumorigenic stem-like cells [55], and FZD7 was required for the
maintenance of an undifferentiated phenotype of embryonic stem cells [56]. The upregulation
of these genes in P28B cells indicates that the Wnt pathway was activated in cells that were
highly positive for CSC markers. These results support the hypothesis that Wnt pathway sig-
naling is of high importance in PDAC tumorigenesis [57].

Conclusions

Our study showed that putative CSC markers (i.e., CD24, CD44, EpCAM, CD133, and nestin)
are highly expressed in PDAC. Although the expression of these markers was enhanced in
PDAC-derived cell lines, the expression pattern of each individual cell line corresponded to
that of the original corresponding tumor specimen. We demonstrated that a large proportion
of cells expressed some typically membranous CSC markers (i.e., CD24, EpCAM and CD133)
solely within the cell. Thus, these proteins may also play other currently unknown roles in the
cytoplasm of PDAC cells, and further research is necessary to determine the biological signifi-
cance of this finding. Most importantly, our study is the first to show that CD24"/CD44"/
EpCAM?/CD133" cells are present in human PDAC cell lines derived from primary tumors.
Although CD24"/CD44"/EpCAM"/CD133" cells were common under in vitro conditions, we
showed that a higher proportion of these cells in the PDAC cell line corresponded with a pro-
tumorigenic gene expression profile. Upregulated Wnt signaling, upregulated expression of
LYN, and downregulation of FYN expression were primarily associated with the proportion of
cells that co-expressed CSC markers. In summary, these results suggest that CD24"/CD44"/
EpCAM'/CD133" cells may be of further interest in the research of PDAC and emphasize the
need for further studies that would investigate whether CD24"/CD44"/EpCAM"/CD133" phe-
notype specifically identifies pancreatic CSCs.
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Non-DHFR-mediated effects @

of methotrexate in osteosarcoma cell lines:
epigenetic alterations and enhanced cell
differentiation
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Abstract

Background: Methotrexate is an important chemotherapeutic drug widely known as an inhibitor of dihydrofolate
reductase (DHFR) which inhibits the reduction of folic acid. DHFR-mediated effects are apparently responsible for

its primary antineoplastic action. However, other non-DHFR-mediated effects of methotrexate have been recently
discovered, which might be very useful in the development of new strategies for the treatment of pediatric malignan-
cies. The principal goal of this study was to analyze the possible impact of clinically achievable methotrexate levels on
cell proliferation, mechanisms of epigenetic regulation (DNA methylation and histone acetylation), induced differen-
tiation and the expression of differentiation-related genes in six osteosarcoma cell lines.

Methods: The Saos-2 reference cell line and five other patient-derived osteosarcoma cell lines were chosen for this
study. The MTT assay was used to assess cell proliferation, DNA methylation and histone acetylation were detected
using ELISA, and western blotting was used for a detailed analysis of histone acetylation. The expression of differenti-
ation-related genes was quantified using RT-qPCR and the course of cell differentiation was evaluated using Alizarin
Red S staining, which detects the level of extracellular matrix mineralization.

Results: Methotrexate significantly decreased the proliferation of Saos-2 cells exclusively, suggesting that this
reference cell line was sensitive to the DHFR-mediated effects of methotrexate. In contrast, other results indicated
non-DHFR-mediated effects in patient-derived cell lines. Methotrexate-induced DNA demethylation was detected in
almost all of them; methotrexate was able to lower the level of 5-methylcytosine in treated cells, and this effect was
similar to the effect of 5-aza-2’-deoxycytidine. Furthermore, methotrexate increased the level of acetylated histone
H3 in the OSA-06 cell line. Methotrexate also enhanced all-trans retinoic acid-induced cell differentiation in three
patient-derived osteosarcoma cell lines, and the modulation of expression of the differentiation-related genes was
also shown.

Conclusions: Overall non-DHFR-mediated effects of methotrexate were detected in the patient-derived osteosar-
coma cell lines. Methotrexate acts as an epigenetic modifier and has a potential impact on cell differentiation and the
expression of related genes. Furthermore, the combination of methotrexate and all-trans retinoic acid can be effective
as a differentiation therapy for osteosarcoma.

Keywords: Methotrexate, Osteosarcoma, Epigenetic regulation, DNA methylation, Histone acetylation, All-trans
retinoic acid, Osteogenic differentiation
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Background

Methotrexate (MTX; amethopterin; 4-amino-10-methyl-
folic acid), a structural analogue of folic acid, is a chemo-
therapeutic drug which is still very frequently used as a
treatment of osteosarcomas—the most common primary
malignant bone tumors affecting both children and adults
[1]. MTX has been included in therapeutic protocols for
many years, but its dosage and administration schedules
are still being optimized [2, 3].

MTX enters the cell through an active transport mech-
anism and by facilitated diffusion, and once inside, it is
converted into polyglutamate MTX by folylpolyglutamyl
synthase [4—6]. Polyglutamate MTX reversibly inhibits
dihydrofolate reductase (DHFR) but also inhibits other
enzymes, for example, phosphoribosylaminoimidazole-
carboxamide formyltransferase (AICAR transformylase)
or thymidylate synthase (TS). Inhibition of DHER affects
the reduction of folic acid and consequently leads to a
lack of 5,10-methylenetetrahydrofolate, which is used as a
coenzyme in the biosynthesis of thymidine. Moreover, TS
is directly blocked by MTX and by unmetabolized dihy-
drofolate. Purine precursor biosynthesis is also affected
by the deficiency of another folate co-factor, 10-for-
myltetrahydrofolate and by MTX inhibition of AICAR
transformylase. The inhibition of dTMP and purine syn-
thesis causes MTX-induced cell death [7].

Although MTX is able to inhibit proliferation and/
or induce apoptosis in neoplastic cells, there is also evi-
dence that it induces differentiation. MTX was able to
induce differentiation in colon cancer cells primarily due
to the intracellular depletion of purines [8], in immature
and undifferentiated monocytic cells [9] and in rat cho-
riocarcinoma cells [10]. Overall, cytostatic, cytotoxic and
differentiation effects are mediated by the functional sup-
pression of DHFR and nucleotide biosynthesis.

In addition to the cytostatic and differentiation effects
of MTX, non-DHFR-mediated effects concerning the
modulation of important epigenetics determinants have
also been described, such as DNA methylation [11] and
histone acetylation [12]. The mechanism of the methyla-
tion of biomolecules is not always clear because both the
DHFR- and non-DHFR-mediated effects of MTX can
contribute to the decreased methylation of molecules
in the cell. On one hand, inhibition of folate metabo-
lism as described above can affect the intracellular lev-
els of 5-methyltetrahydrofolate which transfers methyl
groups to methionine synthase to generate methionine
from homocysteine [13]. Methionine can be utilized for
the synthesis of the universal methyl donor S-adenosyl-
methionine (SAM) which plays a pivotal role in the gen-
eration of 5-methylcytosine. On the other hand, MTX
directly inhibits methionine adenosyltransferase (MAT)
mRNA expression and reduces MAT protein levels which
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significantly decreases MAT activity [13]. This is of par-
ticular importance because MAT is a key enzyme that
catalyzes the only reaction that produces SAM. Moreo-
ver, MAT expression and activity can be inhibited even
by a very low concentration of MTX (50 nmol). Regarding
histone acetylation, molecular modeling suggested that
MTX is a potential histone deacetylase inhibitor due to its
shared structural similarity with some histone deacetylase
inhibitors (e.g., butyrate or trichostatin A), and it has been
shown that MTX directly inhibits histone deacetylase
activity and induces histone H3 acetylation in vitro [12].

It has been shown that the induced differentiation of
tumor cells is a promising strategy in cancer therapy [14].
Especially, all-trans retinoic acid (ATRA) and its deriva-
tives are widely used differentiation drugs that can induce
the osteogenic differentiation of osteosarcoma cells [15].
The main disadvantage of retinoid usage is the occur-
rence of resistance [16]. On one hand, DNA methylation
has a significant role in preventing normal differentiation
in pediatric cancers [17], and on the other hand, DNA
demethylation can contribute to cell differentiation; for
example, the expression of the retinoic acid receptor beta
(RARB) can be activated by the hypomethylating action
of 5-aza-2'-deoxycytidine [18]. Histones are involved in
the regulation of chromatin structure and gene expres-
sion as well as in DNA methylation. Histone H3 acety-
lation is also associated with gene expression. Therefore,
due to its impact on nucleotide synthesis, as well as DNA
methylation and histone acetylation, MTX could modu-
late gene expression and enhance the ATRA-induced dif-
ferentiation of osteosarcoma cells.

In the present study, we focused on MTX action in six
cell lines derived from osteosarcomas. The MTX effect
on DNA methylation was compared with the effect of
the known DNA methyltransferase inhibitor 5-aza-2’-
deoxycytidine (5AZA), and the accumulation of acetyl
histone H3 after MTX treatment was compared with
the effects of the known histone deacetylase inhibitors
sodium butyrate (BUT) and sodium valproate (VAL).
We also studied the MTX impact on the expression of
selected genes related to cell differentiation, and we
assessed cell differentiation induced by MTX, ATRA or
a combination of the two. Therefore, our work repre-
sents the first complex study of the non-DHFR-mediated
effects of MTX in cancer cells with special attention to
the modulation of epigenetic information in terms of
DNA methylation and histone acetylation.

Results

Our results showed that the non-DHFR mediated effects
of MTX were detectable, especially in patient-derived cell
lines and that MTX act as an epigenetic modifier with an
impact both on DNA demethylation and the accumulation
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of acetylated histones. Moreover, the combination of
MTX and ATRA may represent a new therapeutic option
in the differentiation therapy of osteosarcoma.

Patient-derived cell lines are more resistant to MTX

than Saos-2 cell line

Using the MTT assay, an analysis of proliferation activity
was performed on day 6 of MTX treatment at concentra-
tions from 0.0001 to 100 puM. Significant differences in
the sensitivity of cell lines used in this study (Fig. 1) were
noted. On one hand, MTX showed a strong cytotoxic
effect on the Saos-2 reference cell line at concentrations
ranging from 0.1 to 100 uM. On the other hand, all five
patient-derived OSA cell lines were significantly more
resistant to MTX action, and even the very high concen-
tration of 100 pM was not sufficient to reach the ICy,

MTX induces DNA demethylation in a majority

of osteosarcoma cell lines

Despite the mild effect of MTX on cell proliferation, we
continued to study the non-DHFR-mediated effects of
MTX on DNA methylation. Significant DNA demethyla-
tion was observed in Saos-2, OSA-03, OSA-05, OSA-06
and OSA-08 cells at day 3 of the MTX treatment, espe-
cially at a concentration of 40 uM (Fig. 2). The MTX-
induced DNA demethylation was most obvious in the
OSA-06 cells—the level of 5-methylcytosine decreased
to 86 % at 1 uM MTX and to 76 % at 40 uM MTX in
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Fig. 1 Proliferation activity of osteosarcoma cell lines after treatment
with MTX. Proliferation activity was measured using MTT assay at day
6 of incubation with various concentrations of MTX and compared
with those of untreated control cells. Untreated controls were set

as 100 %. The data represent the mean = SD. Experiments were
repeated three times in duplicates. **P < 0.01, indicates significant
differences from the respective cell lines
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comparison with untreated control cells. As expected,
the positive control 5AZA induced DNA demethylation
in Saos-2, OSA-03, OSA-05, OSA-06 and OSA-08. Sur-
prisingly in Saos-2, OSA-03, OSA-05 and OSA-06 cells,
40 pM MTX induced DNA demethylation comparable
to the effect of 5AZA at the same concentration. We did
not observe any changes in DNA methylation in OSA-02
cells.

MTX increases the global histone H3 acetylation in OSA-06
cells

Given that MTX is a possible histone deacetylase inhibi-
tor, we determined whether MTX could increase histone
H3 acetylation. Treatment with BUT and VAL served as a
positive controls and, in some cases, treated cells showed
the significant accumulation of acetylated histone H3 in
comparison with an untreated control (Fig. 3). We did
not detect an increase in the global acetylation of histone
H3 at day 3 of the MTX treatment in Saos-2, OSA-02,
OSA-03, OSA-05 and OSA-08 cells (Fig. 3a—d, f); how-
ever, we observed an increase of histone H3 acetylation
in OSA-06 cells (Fig. 3e), and therefore, this cell line was
further analyzed using western blotting. Cells were incu-
bated with MTX, VAL or BUT, and the nuclear protein
fractions were harvested and immunoblotted on day 3 of
the treatment (Fig. 4). Our data demonstrated that MTX
increased histone H3 acetylation in OSA-06 cells in a
concentration-dependent manner.

MTX alters the expression of differentiation-related genes

To further explore the importance of epigenetic altera-
tions induced by MTX, we decided to assess the MTX
impact on the expression of selected genes involved in
cell differentiation. The expression of genes encoding
known markers of osteogenic differentiation (COLLI,
ALPL) as well as genes involved in ATRA metabolism
and the regulation of gene expression were evaluated
using RT-qPCR on day 3 of MTX treatment at con-
centrations of 1 uM and 40 pM (Fig. 5). In Saos-2 cells,
we observed a significant increase in the expression of
RARA, CRBPI1 and CRABP2. Interestingly, the expres-
sion of CRABP2 was increased approximately ten-fold,
but the expression of RARB and ALPL was significantly
lower (Fig. 5a). In OSA-02 cells, MTX at both concentra-
tions significantly increased the expression of RARA and
also the expression of COLLI at 40 pM. In contrast, the
expression of CRBPI was at a very low level (Fig. 5b). In
OSA-03 cells, COLLI expression was significantly higher
after treatment with 40 uM MTX, but the same concen-
tration of MTX significantly decreased the expression of
CRABP2 and ALPL (Fig. 5¢). In OSA-05 cells, 1 uyM MTX
significantly increased the expression of RARA, RARB
and RXRA (Fig. 5d). In OSA-06 cells, MTX significantly
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decreased the expression of CRABP2 only (Fig. 5e). In
OSA-08 cells, the expression of RARA and CRBPI was
significantly increased after MTX treatment (Fig. 5f).

Osteogenic differentiation is enhanced by combined
treatment with MTX and ATRA

As indicated by the previous analyses, MTX treatment
significantly increased the expression of some genes
involved in ATRA metabolism and the regulation of gene

expression. This observation led us to explore whether
MTX could enhance ATRA-induced differentiation. After
21 days of cultivation, all cell lines formed calcium-pos-
itive nodules in control cell populations as well as under
all experimental conditions. In the Saos-2 cell line, MTX
significantly enhanced the extent of this mineralization
(Fig. 6a), but MTX-induced mineralization was less appar-
ent in all five OSA cell lines (Fig. 6b—f). ATRA significantly
enhanced the mineralization in Saos-2 cells in a manner
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similar to MTX. In all OSA cell lines ATRA was always
more effective in enhancing mineralization than MTX and
in all cases significantly enhanced the extent of the min-
eralization. The combination of ATRA (0.1 or 1 uM) and
MTX (1 or 40 pM) did not have an additional effect on
the amount of calcium sediments in Saos-2, OSA-02 and

OSA-08 cell lines. Interestingly, in the OSA-03, OSA-05
and OSA-06 cell lines, a combined treatment with ATRA
and MTX significantly enhanced the mineralization in
comparison with the untreated control by 21-28 %. The
greatest increase in mineralization with the combined
treatment was found in the OSA-06 cell line (Fig. 6e).
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Fig. 4 Effect of MTX on histone H3 acetylation in OSA-06 cells. Cells
were incubated with 1 or 40 uM MTX, VAL or BUT. At day 3, nuclear
protein extracts were harvested and immunoblotted by anti-acetyl-
histone H3 antibody. PCNA served as a loading control

Discussion

For decades, MTX was a commonly used therapy in
osteosarcoma patients [19]. MTX interferes with folate
metabolism but its other antineoplastic effects are still
being discovered, and these effects can be helpful in the
development of new strategies for osteosarcoma treat-
ment [20]. The principal goals of this study were to ana-
lyze the non-DHFR-mediated effects of MTX in cell lines
derived from osteosarcomas and to determine whether
MTX acts as an epigenetic modifier in terms of DNA
demethylation, histone acetylation, subsequent changes
in gene expression and induced cell differentiation. The
Saos-2 osteosarcoma cell line was chosen as the refer-
ence cell line for this study, and it was compared with five
other cell lines that were derived in our laboratory from
biopsy samples taken from patients suffering with osteo-
sarcoma [21].

The MTT assay indicated that Saos-2 cells were very
sensitive to MTX treatment, which showed a strong
cytotoxic effect in these cells at 0.1 uM. This observa-
tion is in full accordance with our previous study [22]
and with results obtained by other research groups
studying the sensitivity of Saos-2 cells to MTX [23]. All
five OSA cell lines, which were derived from diagnostic
biopsies of primary tumors without any previous neo-
adjuvant chemotherapy, were significantly more resist-
ant to the DHFR-mediated effect of MTX than Saos-2
cell line. The resistance of the OSA cell lines is surpris-
ing when we consider that 40 pM MTX is comparable
with the peak of the MTX plasma concentration achieved
during high dose-MTX treatments of pediatric hemato-
logical malignancies. In osteosarcomas, the peak MTX
levels are approximately 1000 uM but rapidly decline
within hours. Altogether, these results show that lower
levels of MTX could not fully inhibit DHFR and nucleo-
tide biosynthesis in all OSA cell lines despite prolonged
exposure [24]. Furthermore, all OSA cells showed a low
doubling time in comparison with Saos-2 cells that could
diminish the proliferation-dependent cytotoxicity of
MTX [25]. Other possible mechanisms of MTX resist-
ance are an augmented drug efflux, impaired intracellular
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polyglutamation or alterations in the activity of target
enzymes [6].

Because we did not observe any profound negative
DHFR-mediated impact of MTX on cell proliferation in
almost all of the cell lines included in this study, we con-
tinued with experiments that focused on other possible
non-DHFR-mediated effects of MTX on osteosarcoma
cells. MTX decreases the concentration of 5-methyltet-
rahydrofolate [26, 27] and reduces MAT expression and
activity [13], which can further affect methylation in
treated cells. 5-methyltetrahydrofolate and homocyst-
eine are two important molecules in methionine bio-
synthesis [28]. Methionine reacts with ATP, and SAM
is formed as a product. This key reaction is catalyzed by
MAT. A methyl group from SAM is enzymatically trans-
ferred to the 5-position of cytosine to generate 5-methyl-
cytosine in genomic DNA. Our data demonstrate that
MTX significantly decreased 5-methylcytosine levels in
genomic DNA and induce global genomic DNA dem-
ethylation. Surprisingly, significant DNA demethylation
was observed in almost all of the cell lines used in our
experiments.

Due to the similar structure of MTX and known his-
tone deacetylase inhibitors, e.g., butyrate and trichosta-
tin A, MTX can inhibit histone deacetylase activity and
induce histone H3 acetylation [12]. Nevertheless, the five
cell lines in our study including Saos-2 showed a poor
response to MTX in this aspect. Only the OSA-06 cell
line has a higher level of acetyl histone H3 after MTX
treatment. Therefore, OSA-06 cells were further analyzed
by western blotting to confirm this effect and the results
showed that MTX increased the level of acetylated his-
tone H3 in this cell line. As expected, most of cell lines
showed a significant increase in the amount of acetylated
histone H3 after treatment with BUT or VAL.

In contrast, MTX changed the methylation status of
DNA in almost all of the studied cell lines. This finding
led us to explore two important issues: (i) alterations of
expression of the selected genes in MTX-treated cells and
(ii) effect of MTX on differentiation in osteosarcoma cells
after a combined treatment with ATRA because ATRA is
a widely used inducer of differentiation in osteosarcoma
cells [15, 29, 30].

Both of these aspects are important and mutually inter-
connected. Inducing differentiation of tumor cells by reti-
noids seems to be a very promising strategy, but it can
be complicated by the resistance of tumor cells [16, 31—
33]. The regulation of cell differentiation by retinoids is
mediated by two types of nuclear receptors: retinoic acid
receptors (RAR) and retinoid X receptors (RXR). DNA
methylation patterns could affect the normal course of
the expression of genes involved in cell differentiation
[34]. For instance, RARB is methylated in many breast
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Fig. 5 Changes in expression of differentiation-related genes in osteosarcoma cell lines after treatment with MTX. The relative expression of
selected genes in Saos-2 (a), OSA-02 (b), OSA-03 (c), OSA-05 (d), OSA-06 (e) and OSA-08 (f) cells measured using RT-qPCR at day 3 of incubation
with 1 uM MTX (TMTX) or with 40 uM MTX (40MTX). The levels of relative gene expression are presented as fold changes compared to the levels
detected in control samples. The data represent the mean =+ SD. Experiments were repeated three times. *P < 0.05, **P < 0.01, indicate significant

differences from the respective control groups




Sramek et al. Cancer Cell Int (2016) 16:14

Page 8 of 12

a Saos-2
X 140
c
.O
g 130
®
3 120 ok
£ *% *%
£ I I T
Q
£ 110 +—
5 |
o
< 100 . . )
= 1uM MTX 0.1 uMATRA 1 pM MTX +
0.1 uM ATRA
(o OSA-03
140
130

k%
120
*¥k
110 -
100 j ; ;

40UMMTX  1uMATRA 40 uM MTX +
1 uM ATRA

Extent of the mineralization [%]

(1]

OSA-06

140

*%
130 T
120 *
110 x i
100 j . .

40 yM MTX 1 uM ATRA 40 pM MTX +
1uM ATRA

Extent of the mineralization [%]

control groups

Fig. 6 Changes in matrix mineralization in osteosarcoma cell lines after treatment with MTX. Saos-2 (a), OSA-02 (b), OSA-03 (c), OSA-05 (d), OSA-06
(e) and OSA-08 (f) cell lines treated with MTX and/or ATRA were measured using staining with Alizarin Red S at day 21 of incubation. The extent of
mineralization is presented as a percentage change compared to the levels found in untreated control cells. Untreated controls were set as 100 %.
The data represent the mean =+ SD. Experiments were repeated three times. *P < 0.05, **P < 0.01, indicate significant differences from the respective

b OSA-02

g 140

c

‘O

B 130

N

®

[

E 120 =

@ - x

£ 110

: | 78

S

< 100 - . .

x 40 UM MTX 1 UM ATRA 40 uM MTX +
1 uM ATRA

d OSA-05

g 140

c

_O

.E 130 *ok

g 120 ok

£

s T

[}

£ 110

= -

o

< 100 - . .

8

5 40 uM MTX 1 puM ATRA 40 uM MTX +
1 uM ATRA

f OSA-08

.e\_°| 140

=

(=]

£ 130

N %3k

E %3k -|-

g 120 T

£ 110 -

=

=]

S

£ 100 - . .

x 40 UM MTX 1 uM ATRA 40 uM MTX +

1 uM ATRA

cancer cell lines and treatment of these cell lines with a
demethylating agent can restore inducibility of RARB by
ATRA [35]. Other studies have demonstrated that the
RARB promoter is hypermethylated in colorectal and
lung carcinomas and that this methylation could account
for the RARB downregulation [18, 36].

At first, we studied whether MTX could modulate the
expression of genes involved in retinoid/ATRA metabo-
lism and signaling and whether MTX alone could induce

differentiation in osteosarcoma cells. After treatment
with MTX, we observed that the RARA was significantly
highly expressed in Saos-2 and OSA-02 cells. Another
interesting observation was the significantly increased
expression of CRABP2 in Saos-2 cells. CRABP2 encodes
the cytosol-to-nuclear shuttling protein, which facili-
tates the binding of retinoic acid to its receptor and the
transfer of this complex to the nucleus. Furthermore, the
expression CRBPI, which encodes the carrier protein
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involved in the transport of retinol from liver storage site
to the peripheral tissue was also significantly elevated in
Saos-2 cells as well as in OSA-08 cells.

Regarding osteogenic differentiation, we examined the
expression of known osteogenic differentiation markers,
i.e., collagen type I (COLLI) and alkaline phosphatase
(ALPL) [30]. Increase in COLLI expression is typical in
the early stages of differentiation whereas levels of ALPL
usually increase during the process of mineralization,
i.e., during the late stages of induced differentiation [37].
Nevertheless, we did not observe a marked increase in
expression of these markers.

Because the expression of some differentiation-related
genes was modulated after 3 days of MTX treatment, we
decided to evaluate a long time course of osteogenic dif-
ferentiation using mineralization measured by Alizarin
Red S staining [30]. MTX and ATRA alone increased the
extent of matrix mineralization in all cell lines but ATRA
was apparently more effective. Interestingly, MTX alone
was able to induce cell differentiation effectively in the
Saos-2 cell line; this finding is in accordance with previ-
ously published results on choriocarcinoma cells [38].
Our data also demonstrated that a combined treatment
with ATRA and MTX enhanced matrix mineralization
most greatly in the OSA-03, OSA-05 and OSA-06 cell
lines, so the combined administration of MTX and reti-
noids could be effective in differentiation therapy of some
osteosarcomas.

Conclusions

To summarize, our study represents the first complex
analysis of the non-DHFR-mediated effects of MTX on
cell lines derived from osteosarcomas. We showed that
MTX treatment significantly decreased the prolifera-
tion activity in the Saos-2 reference cell line, but all five
patient-derived OSA cell lines were much less sensitive
to MTX action. These results suggest that all OSA cell
lines were not sensitive to the DHFR-mediated effects
of MTX at concentrations used. More importantly,
our results provide the evidence for non-DHFR-medi-
ated effects of MTX in both Saos-2 and OSA cell lines.
MTX could act as an epigenetic modifier because (1) it
induced significant DNA demethylation in almost all of
the studied osteosarcoma cells and (2) it increased the
global acetylation of histone H3 in OSA-06 cells. Our
findings also demonstrated the modulation of the expres-
sion of differentiation-related genes by MTX at certain
concentrations. The most important result of our study
showed that ATRA-induced cell differentiation might be
enhanced by the combined treatment of cells with MTX;
this implies new possibilities in administration of these
drugs in clinical practice.
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Methods

Cell culture

The Saos-2 cell line (No. HTB-85) was purchased from
the American Type Culture Collection (Manassas, VA,
USA). The OSA-02, OSA-03, OSA-05, OSA-06 and OSA-
08 cell lines were derived in our laboratory from tumor
samples obtained from patients surgically treated for
osteosarcoma as previously described [21]. A description
of the cell lines included in this study and their responses
to MTX is provided in Table 1. The Research Ethics Com-
mittee of the School of Medicine (Masaryk University,
Brno, Czech Republic) approved the study protocol and
a written statement of informed consent was obtained
from each patient or his/her legal guardian.

Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % (Saos-2)
or 20 % (OSA-02, OSA-03, OSA-05, OSA-06 and OSA-
08) fetal bovine serum, 100 IU/ml penicillin, 100 mg/ml
streptomycin, and 2 mM glutamine (all purchased from
GE Healthcare Europe GmbH, Freiburg, Germany). Cell
culture was performed under standard conditions at
37 °C in a humidified atmosphere containing 5 % CO,,.

Chemicals

MTX (Sigma-Aldrich, St. Louis, MO, USA) was prepared
as a stock solution at a concentration of 20 mM in 1 M
NaOH (Sigma) and stored at —20 °C under light-free
conditions. BUT and VAL (both from Sigma) were pre-
pared as stock solutions at concentrations of 50 mM in
sterile PBS and 5AZA (Sigma) was prepared as a stock
solution at a concentration of 1 mM in sterile PBS. All
three stock solutions were prepared freshly for each use.
ATRA (Sigma) was prepared as a stock solution at con-
centration of 100 mM in DMSO (Sigma) and stored at
—20 °C under light-free conditions.

For the determination of proliferation activity, seven
different concentrations of MTX ranging from 0.0001
to 100 uM were tested. For all other experiments, con-
centrations of 1 and 40 uM MTX were used. 5AZA, VAL
and BUT served as positive controls and were used at the
same concentration as MTX, i.e., 1 and 40 uM.

In experiments on matrix mineralization, 1 uM ATRA
was used as in previously published experiments con-
cerning the ATRA-induced differentiation of osteosar-
coma cells [30]. For the treatment of Saos-2 cells lower
concentrations (i.e.,, 1 pM MTX and 0.1 pM ATRA) were
used due to the previously reported sensitivity of these
cells [30].

MTT assay
To evaluate cell proliferation, the MTT assay was used to
detect the activity of mitochondrial dehydrogenases in
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Table 1 Description of the cell lines and characterization of their responses to MTX

Cell line Gender Age Tumor type Time of biopsy DNA demethylation Increased histone H3 MTX + ATRA enhanced
acetylation differentiation
Saos-2 F 11 N/A N/A Y N N
OSA-02 M 21 HGCC DG N N N
OSA-03 M 15 HGCC DG Y N Y
OSA-05 M 9 T DG Y N Y
OSA-06 F 16 @) DG Y Y Y
OSA-08 M 10 ¢) DG Y N N

Gender: M male, F female; Age at the time of diagnosis: years; Tumor type: HGCC high grade conventional-chondroblastic, T teleangiectatic, O osteoblastic, N/A
information not available; Time of biopsy: DG diagnostic, N/A information not available; Responses to MTX, i.e. DNA demethylation, histone H3 acetylation; enhanced

matrix mineralization: Y yes, N no

living cells. 96-well plates were seeded with 1 x 10* cells
per well in 200 ul of culture medium, and the cells were
allowed to adhere overnight. The medium was removed
and fresh medium containing the selected concentra-
tions of chemicals described above or a control medium
was added. The plates were incubated under standard
conditions. To evaluate changes in cell proliferation, the
medium was removed and replaced with 200 pl of fresh
DMEM containing 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide (MTT) at 0.5 mg per ml
The plates were then incubated at 37 °C for 2.5 h. The
medium was carefully removed, and the formazan crys-
tals were dissolved in 200 pl of DMSO. The absorbance
with a reference absorbance at 620 nm was measured
at 570 nm using a Sunrise Absorbance Reader (Tecan,
Mainnedorf, Switzerland).

DNA methylation analysis

Total DNA was extracted using a DNeasy Blood & Tis-
sue Kit (Qiagen, Hilden, Germany), and its concentra-
tion and purity was determined spectrophotometrically.
Levels of 5-methylcytosine were detected using a 5-mC
DNA ELISA Kit (Zymo Research Corporation, Irvine,
CA, USA) according to the manufacturer’s instructions.
The absorbance was measured at 450 nm with the Sun-
rise Absorbance Reader.

Global histone H3 acetylation

For the specific measurement of global histone H3 acety-
lation, an EpiQuik Global Histone H3 Acetylation Assay
Kit (Epigentek Group Inc., Farmingdale, NY, USA) was
used according to the manufacturer’s instructions. The
absorbance was measured at 450 nm using the Sunrise
Absorbance Reader.

RT-qPCR

The relative expression levels of selected genes were
studied using RT-qPCR. Total RNA was extracted using
the GenElute” Mammalian Total RNA Miniprep kit

(Sigma), and its concentration and integrity was deter-
mined spectrophotometrically. For all samples, equal
amounts of RNA (i.e., 25 ng of RNA per 1 pl of total reac-
tion volume) were reverse transcribed into cDNA using
M-MLV (Top-Bio, Prague, Czech Republic). RT-qPCR
was carried out in 10 pl using KAPA SYBR® FAST qPCR
Kit (Kapa Biosystems, Wilmington, MA, USA) and ana-
lyzed using 7500 Fast Real-Time PCR System and 7500
Software v. 2.0.6 (both Life Technologies, Carlsbad, CA,
USA). Changes in the transcript levels were calculated
using Cq values standardized to a housekeeping gene
(HSP90ABI), used as an endogenous reference gene
control. Primers used for retinoic acid receptor alpha
(RARA), retinoic acid receptor beta (RARB), retinoid X
receptor alpha (RXRA), retinol binding protein 1 (RBP1I),
cellular retinoic acid binding protein 2 (CRABP2), col-
lagen type I (COLL I), alkaline phosphatase (ALPL) and
heat shock protein (HSP90ABI) are described in Table 2.

Table 2 Sequences of the primers used for qPCR

Gene Primer sequence Product
length (bp)
RARA F: 5'-CGACCGAAACAAGAAGAAGAAGG-3' 166
R: 5-TTCTGAGCTGTTGTTCGTAGTGT-3’
RARB F: 5"-TGATGGAGTTGGGTGGACTT-3 288
R: 5"-GCTTGGGACGAGTTCCTCAG-3/
RXRA F: 5'-CTCAATGGCGTCCTCAAGGT-3’ 1
R: 5/-CACTCCATAGTGCTTGCCTGA-3’
RBP1 F: 5"-TGACCGCAAGTGCATGACAA-3’ 142
R: 5-GACCACACCTTCCACTCTCA-3’
CRABP2 F: 5-TGCTGAGGAAGATTGCTGTG-3’ 183
R: 5/-CCCATTTCACCAGGCTCTTA-3’
COLLI F: 5'-CAGACTGGCAACCTCAAGAA-3' 180
R: 5/-GGAGGTCTTGGTGGTTTTGT-3/
ALPL F: 5'-CCACGTCTTCACATTTGGTG-3 196
R: 5"-AGACTGCGCCTGGTAGTTGT-3/
HSP90ABT F: 5-CGCATGAAGGAGACACAGAA-3’ 169

R: 5/-TCCCATCAAATTCCTTGAGC-3/
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Western blot analysis

Nuclear protein extracts were harvested using NE-PER"™
Nuclear and Cytoplasmic Extraction Reagents (Life Tech-
nologies, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Total proteins (15 pg) were loaded
onto 10 % polyacrylamide gels, electrophoresed, and
blotted on polyvinylidene difluoride membrane (Bio-
Rad Laboratories, Munich, Germany). The membranes
were blocked with 5 % nonfat dry milk in PBS with 0.1 %
Tween-20 (Sigma) and incubated overnight either with
rabbit polyclonal anti-acetyl-Histone H3 (Ac-Lys’) (No.
H9286, Sigma, dilution 1:1000) or with mouse monoclo-
nal anti-Proliferating Cell Nuclear Antigen (anti-PCNA)
(No. P8825, clone PC10, Sigma, dilution 1:3000). Anti-
mouse IgG antibody peroxidase conjugate (No. A9917,
Sigma, dilution 1:10,000) or anti-rabbit IgG HRP-linked
antibody (No. 7074, Cell Signaling Technology, Danvers,
MA, USA, dilution 1:2000) was used as the secondary
antibodies. ECL-Plus detection was performed according
to the manufacturer’s instructions (GE Healthcare, Little
Chalfont, UK).

Alizarin Red S staining

Levels of extracellular matrix mineralization were evalu-
ated using Alizarin Red S staining, which detects cal-
cium compounds both in tissue sections and in vitro.
The cells were seeded onto 12-well plates at concentra-
tions of 1 x 10* (Saos-2 cell line) or 5 x 10 (all OSA cell
lines) cells per well and were cultivated in the presence
or absence of ATRA and/or MTX for 21 days. The culti-
vation medium with these substances was renewed every
7 days. After 21 days of incubation, the medium was
removed, the cells were washed with PBS and fixed with
3 % paraformaldehyde in PBS at room temperature for
20 min. Subsequently, the cells were incubated with 2 %
Alizarin Red S (Sigma) at room temperature for 45 min.
Thereafter, the cells were washed five times with deion-
ized water and then with 70 % ethanol for 30 s. Red Aliz-
arin dye was then dissolved via incubation with 100 mM
cetylpyridinium chloride (Sigma) at 50 °C for 60 min. The
absorbance was measured at 450 nm also using the Sun-
rise Absorbance Reader.

Statistical analysis

The quantitative data are shown as mean & SD of three
independent experiments. Data from MTT assays were
analyzed using two-way ANOVA followed by the Scheffé
post hoc test. P < 0.01 was considered significant. The
other data were analyzed using Student’s t test. P < 0.05
(two-sides) were considered statistically significant.
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Abstract The three most frequent pediatric sarcomas, i.e.,
Ewing’s sarcoma, osteosarcoma, and rhabdomyosarcoma,
were examined in this study: three cell lines derived from
three primary tumor samples were analyzed from each of
these tumor types. Detailed comparative analysis of the ex-
pression of three putative cancer stem cell markers related to
sarcomas—ABCG2, CD133, and nestin—was performed on
both primary tumor tissues and corresponding cell lines. The
obtained results showed that the frequency of ABCG2-
positive and CD133-positive cells was predominantly in-
creased in the respective cell lines but that the high levels of
nestin expression were reduced in both osteosarcomas and
rhabdomyosarcomas under in vitro conditions. These findings
suggest the selection advantage of cells expressing ABCG2 or
CD133, but the functional tests in NOD/SCID gamma mice
did not confirm the tumorigenic potential of cells harboring
this phenotype. Subsequent analysis of the expression of com-
mon stem cell markers revealed an evident relationship be-
tween the expression of the transcription factor Sox2 and the

D4 Renata Veselska
veselska@sci.muni.cz

Department of Experimental Biology, School of Science, Masaryk
University, Brno, Czech Republic

Department of Pediatric Oncology, University Hospital Bro and
School of Medicine, Masaryk University, Brno, Czech Republic

International Clinical Research Center, St. Anne’s University
Hospital Bmo, Bmo, Czech Republic

Ist Institute of Pathologic Anatomy, St. Anne’s University Hospital
and School of Medicine, Masaryk University, Brno, Czech Republic

Department of Histology and Embryology, School of Medicine,
Masaryk University, Brno, Czech Republic

tumorigenicity of the cell lines in immunodeficient mice: the
Sox2 levels were highest in the two cell lines that were dem-
onstrated as tumorigenic. Furthermore, Sox2-positive cells
were found in the respective primary tumors and all xenograft
tumors showed apparent accumulation of these cells. All of
these findings support our conclusion that regardless of the
expression of ABCG2, CD133 and nestin, only cells
displaying increased Sox2 expression are directly involved
in tumor initiation and growth; therefore, these cells fit the
definition of the cancer stem cell phenotype.

Keywords Cancer stem cells - Pediatric sarcomas - Markers -
Tumorigenicity - Sox2

Introduction

Malignancies are the second most frequent cause of death
(after injuries) in children under the age of 15 worldwide.
For this reason, one of the main goals in pediatric oncology
is to understand the biological features of cancers that typical-
ly appear during childhood because prompt and precise diag-
nosis together with specific and effective treatment may lead
to a complete cure or to a marked prolongation of life expec-
tancy among these patients.

In this context, cancer stem cells (CSCs) represent a very
important research topic in pediatric oncology. In heteroge-
neous tumor tissue, only CSCs are able to initiate tumor
growth after grafting into immunodeficient mice. Therefore,
CSCs are undoubtedly key drivers of tumor initiation, pro-
gression, metastasizing, and treatment failure [1-3]. Thus, a
detailed understanding of the characteristics of particular tu-
mor types and biological features of CSCs may be of great
importance for the development of new effective antineoplas-
tic therapies designed specifically for children [4, 5].
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Pediatric sarcomas represent a very heterogeneous group of
tumors with varying molecular, pathological, and clinical fea-
tures: osteosarcoma, Ewing’s sarcoma, and rhabdomyosarco-
ma are the most frequent of them. In addition to common stem
cell markers, such as Oct3/4, Sox2, and Nanog, special atten-
tion is paid to the identification of additional markers that
enable the positive detection of CSCs in these tumors. A com-
bination of the cell surface antigens prominin-1 (CD133) and
ABCG2 (CD338) together with the intermediate filament pro-
tein nestin is the marker expression profile most frequently
discussed as a CSC phenotype specific to sarcomas [6-9].

Despite the publication of several studies aimed at the iden-
tification and characterization of CSCs using established cell
lines and standardized functional assays, little is known about
the “previous step” of cancer stem cell biology: which cell
subpopulations expressing putative CSC markers predomi-
nate after successful derivation of a cell line from a tumor
sample. For this reason, our study focused on a detailed com-
parative analysis of the expression of the most frequently
discussed putative CSC markers in pediatric sarcomas, i.c.,
ABCG2, CD133, and nestin, in both primary tumor tissues
and their respective derived cell lines. Three most common
pediatric sarcomas, i.e., osteosarcoma, rhabdomyosarcoma,
and Ewing’s sarcoma, were included in this study: three cell
lines derived from three primary tumor samples were analyzed
for each of these tumor types. This experimental design pro-
vided an important opportunity to compare the pattern of the
expression of the markers mentioned above in nine tumor
samples paired with nine cell lines. Additionally, in both the
cell lines and the tumor samples, special attention was paid to
the intracellular localization of CD133 because this character-
istic may be relevant to the biological features of tumor cells
[10, 11]. Furthermore, all cell lines were tested for tumorige-
nicity in NOD/SCID mice, and the resulting xenograft tumors
were analyzed.

Materials and methods
Tumor samples and primary cell lines

Nine tumor samples collected from patients suffering from
pediatric sarcoma and nine corresponding cell lines derived
from these tumors were included in this study: a brief descrip-
tion of the cohort is provided in Table 1. The OSA-05 and
NSTS-11 cell lines were originally described in our previous
studies [12, 13]; all other cell lines were derived using the
same procedure to generate primary cultures [14]. The cell
lines were maintained under standard conditions as described
previously [13]. The Research Ethics Committee of the
School of Science (Masaryk University) approved the study
protocol, and a written statement of informed consent was
obtained from each participant or his/her legal guardian prior
to participation in this study.

Immunohistochemistry

Immunohistochemical (IHC) detection was performed on
formalin-fixed paraffin-embedded (FFPE) samples of primary
or xenograft tumors. The 4 um thick tissue sections were
applied to positively charged slides, deparaffinized in xylene,
and rehydrated using a graded alcohol series. For nestin and
CD133, antigen retrieval was performed in a calibrated Pascal
pressure chamber (Dako, Glostrup, Denmark) by heating the
sections in Tris/EDTA buffer (DAKO) at pH 9.0 for 40 min at
97 °C. For ABCG2, the sections were not subjected to any
pretreatment. Endogenous peroxidase activity was quenched
by incubating the sections in 3 % hydrogen peroxide in meth-
anol for 20 min, followed by incubation at room temperature
(RT) with a primary antibody (Table 2). For nestin and
ABCGQG?2, the Vectastain Elite ABC kit and the streptavidin-
biotin horseradish peroxidase (HRP) detection method were

Table 1  Description of patient cohort, corresponding cell lines, and xenograft tumors

Tumor sample Gender Age Diagnosis Time of biopsy Primary cell line Xenograft tumors

1 M 17 EWS DG ESFT-03 -

2 M 2 EWS DG ESFT-04 -

3 M 25 EWS/PNET DG ESFT-09 -

4 M 9 OS teleangiectatic DG OSA-05 -

5 F 16 C-OS osteoblastic DG OSA-06 -

6 F 6 C-0S DG OSA-13 LTB17 LTB18 LTBI19
7 F 16 RMS embryonal NACHT NSTS-11 LTB1 LTB2 LTB3
8 F RMS alveolar DG NSTS-22 —

9 M 8 RMS alveolar PROG NSTS-28 -

Gender: M male, F' female. Age at the time of diagnosis: years. Diagnosis: EWS Ewing’s sarcoma, PNET primitive neuroectodermal tumor, OS
osteosarcoma, C-OS conventional osteosarcoma, RMS rhabdomyosarcoma. Time of biopsy: DG diagnostic, NACHT after neo-adjuvant chemotherapy,

PROG progression of the disease
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Table 2 Antibodies and primers used in this study
Primary antibodies
Antigen Type/host Clone (catalog no.) Manufacturer Dilution
HC IF WB
ABCG2 Polyclonal/Rb — (bs-0662R) Bioss 1:400 - -
ABCG2 Monoclonal/Mo 5D3 BD Pharmingen - 1:50 -
ALDHI Monoclonal/Mo 44/ALDH BD Biosciences - - 1:1000
CD133 Monoclonal/Mo 17A6.1 Millipore 1:100 1:100 -
Nanog Polyclonal/Rb —(ab21624) Abcam - - 1:100
Nestin Monoclonal/Mo 10C2 Millipore 1:200 1:100 -
Oct4 Polyclonal/Rb — (ab19857) Abcam - - 1:500
Sox2 Monoclonal/Rb EPR3131 Abcam 1:100 1:10 -
Sox2 Monoclonal/Rb D6D9 Cell Signaling - - 1:500
Sox2 Polyclonal/Rb — (ab137385) Abcam - - 1:1000
a-tubulin Monoclonal/Mo TU-01 Exbio - 1:100 1:500
[3-actin Monoclonal/Mo AC-15 Sigma - - 1:10,000
Secondary antibodies
Host Specificity Conjugate Manufacturer Dilution
HC IF WB

Goat anti-Rb IgG Alexa Fluor 488 Life Technologies - 1:200 -
Goat anti-Mo IgG Alexa Fluor 488 Life Technologies - 1:200 -
Goat anti-Rb IgG HRP Cell Signaling - - 1:5000
Horse anti-Mo IgG HRP Cell Signaling - - 1:5000
Primers
Gene Gene symbol Primer sequence
ABCG2 ABCG2 F: 5-TCACTACTTCCTTCCTTACCCCT-3’

R: 5-ACAGAAACACAACACTTGGCTG-3'
CD133 PROM1 F: 5'-CCATTGACTTCTTGGTGCTGT-3'

R: 5-TGGAGTTACGCAGGTTTCTCT-3'
Nestin NES F: 5-~AGTGATGCCCCTTCACCTTG-3'

R: 5-GCTCGCTCTCTACTTTCCCC-3'
Oct4 POUSFI F: 5-GCAAAGCAGAAACCCTCGT-3'

R: 5-ACACTCGGACCACATCCTTC-3’
Nanog NANOG F: 5'-AATACCTCAGCCTCCAGCAGAT-3'

R: 5-TGCGTCACACCATTGCTATTCTTC-3’
Sox2 SOX2 F: 5"-TCCCATCACCCACAGCAAATGA-3'

R: 5-TTTCTTGTCGGCATCGCGGTTT -3’
Aldehyde dehydrogenase ALDHIAI F: 5- GTCAAAGGCTTCCTGCCCTA-3'

R: 5- GGTTCTGATAGAGCACTTGGCT-3’
Heat shock protein HSP 90-beta HSP90ABI F: 5'-CGCATGAAGGAGACACAGAA-3'

R: 5-TCCCATCAAATTCCTTGAGC-3'

Rb rabbit, Mo mouse, HRP horseradish peroxidase, F forward primer, R reverse primer

used (Vector Laboratories, Burlingame, CA, USA). For
CD133, EnVision+ Dual Link system-HRP without avi-
din or biotin was applied for detection (Dako). For
Sox2, the EXPOSE Rabbit-specific HRP/DAB detection
kit (Abcam) was used. 3,3’-diaminobenzidine (DAB)
was used as a chromogen. Positive controls were ob-
tained by staining sections of glioblastoma multiforme
or breast carcinoma; nestin- or CD133-positive endothe-
lial cells in tumor tissue samples were used as internal

positive controls. For Sox2, sections of fetal lung tissue
were used as a positive control. Negative controls were
prepared by incubating samples in the absence of a
primary antibody. Evaluation of all IHC staining results
was performed using an Olympus BX51 microscope and
an Olympus DR72 camera with uniform settings. All
immunostained slides were evaluated at x400 magnifi-
cation independently by two observers (IZ and MH).
The percentage of positive tumor cells (TC) and the
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average intensity of immunostaining (i.e., immunoreac-
tivity, IR) were assessed in at least five discrete foci of
neoplastic infiltration.

Immunofluorescence

Indirect immunofluorescence (IF) was performed as pre-
viously described [13]. The primary and secondary an-
tibodies used in the experiments are listed in Table 2;
mouse monoclonal anti-x-tubulin served as a positive
control. An Olympus BX-51 microscope was used for
sample evaluation; micrographs were captured using an
Olympus DP72 CCD camera and analyzed using the
Cell’P imaging system (Olympus). At least 200 cells
were evaluated in total within discrete areas of each
sample, and the samples were prepared from at least
three independent passages of all examined cell lines.
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The mean percentage of cells showing positivity for
the examined antigen and the IR for the antigen were
determined. Finally, for each cell line, the total
immunoscores were calculated for individual antigens
as described previously [15]. The immunoscore values
were classified as low (=100), middle (101-200), or
high (201-300).

Western blotting and immunodetection

We also used a previously described procedure [13] to
analyze expression of Sox2, Oct4, Nanog, and aldehyde
dehydrogenase 1 (ALDH]1) in sarcoma cell lines. The pri-
mary and secondary antibodies used are listed in Table 2;
mouse monoclonal anti-x-tubulin or mouse monoclonal
anti-3-actin served as a loading control.

(2]

Tumor 2 (ESFT-04)

e L f
i o] B

3
»
-
Tumor 6 (OSA-13)

Tumor 9 (NSTS-28) =

Fig. 1 Expression of ABCG2, CDI133 and nestin in tumor tissues as detected by IHC. Ewing’s sarcoma (a—c), osteosarcoma (d—f), and
rhabdomyosarcoma (g—i) tissue samples were analyzed. Tumor sample and corresponding cell line (in brackets) are indicated. Scale bars, 50 um
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Real-time quantitative reverse transcription PCR
(qRT-PCR)

For qRT-PCR of sarcoma cell lines, total RNA was ex-
tracted and reverse transcribed as previously described
[13]. Quantitative PCR was performed in a volume of
10 ul using the KAPA SYBR® FAST qPCR Kit (Kapa
Biosystems, Wilmington, MA, USA) and 7500 Fast
Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). The data were analyzed by 7500
Software v. 2.0.6 (Applied Biosystems) and relative
quantification (RQ) of gene expression were calculated
using 2 2T method [16]; heat shock protein gene
(HSP90ABI) was used as the endogenous reference con-
trol and ESFT-03 cell line served as the arbitrary cali-
brator. The primer sequences used are listed in Table 2.

ABCG2

V]
o

ESFT-04
ESFT-04

OSA-13
OSA-13

«Q
=

NSTS-11
NSTS-11

Fig.2 Expression of ABCG2, CD133 and nestin in sarcoma cell lines as
detected by IF. Ewing’s sarcoma (a—c), osteosarcoma (d—f), and
rhabdomyosarcoma (g—i) cell lines were analyzed. Each marker was

CD133

In vivo tumorigenicity assay

Enzymatically dissociated cell suspensions of all nine primary
cell lines were each injected subcutaneously into three 8-
week-old female NOD/SCID gamma mice at a concentration
of 1x10° cells (for Ewing’s sarcoma and osteosarcoma cell
lines) or 3 x 10° cells (for rhabdomyosarcoma cell lines) per
100 pl. The mice were examined every 3 days for the presence
of subcutaneous tumors. After the appearance of a tumor, the
mice were sacrificed, and the tumor tissue was dissected. This
study was approved by the Institutional Animal Care and Use
Committee of Masaryk University and was registered by the
Ministry of Agriculture of the Czech Republic as required by
national legislation. Each tumor was divided into two equal
portions: one portion was processed for primary culture [14],
and the second portion was fixed in 10 % buffered formalin

Nestin

(2}

ESFT-04

OSA-13

NSTS-11

visualized by indirect immunofluorescence using Alexa 488-conjugated
secondary antibody (green); nuclei were counterstained with DAPI
(blue). Scale bars, 25 pm
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Table 3  Analysis of ABCG2, CD133, and nestin expression in tumor samples and corresponding cell lines

Tumor sample  Cell line ABCG2 CD133 Nestin
THC (tumor) IF (cell line) THC (tumor) IF (cell line) THC (tumor) IF (cell line)
% TC IR %PC  I-sc %TC IRTC %PC I-sc %TC IRTC %PC I-sc
Ewing’s sarcoma
1 ESFT-03 +/— + 93 %  201.00 + + 67 %  106.00 - - 45%  83.00
2 ESFT-04 + + 95 % 23500 ++t 97 % 17400 + ++ 65%  131.00
3 ESFT-09 ++ ++ 92 %  197.00 +++ 70 % 11500 - - 53%  98.00
Osteosarcoma
4 OSA-05 +/—- + 98 %  249.09 +++ ++ 56 %  99.90 +++ +++ 51%  93.50
5 OSA-06 +++ ++ 97 %  231.58 +++ ++ 86 %  149.87 +++ +++ 94 %  230.00
6 OSA-13* +/— + 86 %  199.25  +++ ++ 94 %  215.65 +++ -+ 74 %  160.00
Rhabdomyosarcoma
7 NSTS-11* +/— + 50%  82.32 ++ + 51%  88.52 -+ ++ 67 %  141.67
8 NSTS-22 + + 47 %  72.00 + + 50 %  94.09 -+ ++ 65%  164.79
9 NSTS-28 +/— ++ 44 %  69.55 ++ + 54%  100.08  +++ ++ 61%  101.77

The percentage of positive tumor cells (% TC) was categorized into five levels as follows: — (0 %), +/— (1-5 %), + (6-20 %), ++ (21-50 %), and +++
(51-100 %). The immunoreactivity of tumor cells (IR TC) was graded as — (none), + (weak), ++ (medium), and +++ (strong). For cell lines, the mean
percentage of cell positive for the respective antigen (% PC) is given. Immunoscores (I-sc) were determined by multiplying the percentage of positive

cells by the respective immunoreactivity
IHC immunohistochemistry, /F' immunofluorescence

*Primary cell lines proved to be tumorigenic in NOD/SCID gamma mice

for 24 h, routinely processed for histological examination and
embedded in paraffin. Tissue sections of FFPE samples were
stained with hematoxylin-eosin and examined. Alternatively,
IHC detection was performed as previously described.

Results

In general, comparison of the results from IHC staining of the
primary tumor samples (Fig. 1) and from IF of the correspond-
ing cell lines (Fig. 2) showed a selection of cells expressing
ABCG?2, CD133 and nestin under in vitro conditions. All cell
lines included in this study showed at least approximately
50 % positive cells for each of these markers, although the
respective immunoscore values varied from low to high
(Table 3).

ABCG2 was found relatively rarely and at a low intensity
in all tumor samples independent of the sarcoma type (Table 3,
Fig. 1a, d, g), although the Ewing’s sarcoma (Fig. 2a) and
osteosarcoma (Fig. 2d) cell lines showed strong expression
of this molecule in almost all cells. However, in the rhabdo-
myosarcoma cell lines (Fig. 2g), only approximately half of
the cells were positive for ABCG2 and ABCG2 IR was scored
as middle (Table 3).

CD133 was more frequently detected in the tumor samples
of all sarcoma types, but the intensity of immunostaining was

@ Springer

weak in Ewing’s sarcomas and rhabdomyosarcomas and was
middle in osteosarcomas (Table 3, Fig. 1b, e, h). In all exam-
ined cell lines, the frequency of CD133-positive cells was
greater than 50 %, and the IR appeared to be higher than that
in the primary tumors (Table 3, Fig. 2b, e, h). The atypical
nuclear localization of CD133 was observed in some tumor
samples and in all cell lines at various frequencies (Table 4,
Fig. 3a—c), but the most surprising result was in the ESFT-04
cell line, in which absolute nuclear positivity for CD133 was
observed (Fig. 3d, ¢). These cells clearly exhibited a strong
selection advantage because nuclear positivity for CD133 was
found only sporadically in the corresponding primary tumor
tissue (Fig. 3f).

Quite different results were achieved for nestin: although it
was expressed very intensively in all osteosarcoma and rhab-
domyosarcoma tumor samples (Table 3, Fig. 1f, i), one
Ewing’s sarcoma tumor sample showed a markedly low pro-
portion of nestin-positive cells (Fig. 1c), and the other two
Ewing’s sarcoma tumor samples were nestin-negative
(Table 3). In contrast, cell lines, including those derived from
Ewing’s sarcomas, contained more than 50 % nestin-positive
cells and displayed medium or high IR (Table 3, Fig. 2c, f, i).

In all cell lines, the expression of ABCG2, CD133 and
nestin was further examined at the transcriptional level by
gRT-PCR (Fig. 4a). For nestin, the mRNA levels nearly
completely correlated with the immunoscore as calculated



Tumor Biol. (2016) 37:9535-9548 9541
Table 4  Analysis of the subcellular localization of CD133 in tumor samples and corresponding cell lines
Tumor sample Cell line Localization THC (tumor) IF (cell line)
% TC IRTC % PC I-sc
Ewing’s sarcoma
1 ESFT-03 Me | Cy -+ -+ 67.00 106.00
Nu - - 11.20° 11.20
2 ESFT-04 Me | Cy — |+ -+ 97.00 155.00
Nu +- + 97.00° 232.00
3 ESFT-09 Me | Cy — |+ -+ 70.00 115.00
Nu - - 53.00° 53.00
Osteosarcoma
4 OSA-05 Me | Cy + |+ + | ++ 56.00 99.90
Nu + + 10.66° 10.66
5 OSA-06 Me | Cy = | -+ + | ++ 86.00 149.87
Nu +- + 16.91° 1691
6 OSA-13* Me | Cy +++ ++ 94.00 215.65
Nu - - 50.33° 50.33
Rhabdomyosarcoma
7 NSTS-11° Me | Cy —|++ -+ 46.40 83.92
Nu - - 4.60 13.80
8 NSTS-22 Me | Cy -+ -+ 44.00 88.09
Nu +/— + 6.00 18.00
9 NSTS-28 Me | Cy — |+ -+ 48.80 94.88
Nu - - 5.20 15.60

Localization of CD133 was classified as membranous (Me), cytoplasmic (Cy) or nuclear (Nu). The percentage of positive tumor cells (% TC) was
categorized into five levels: — (0 %), +/— (1-5 %), + (6-20 %), ++ (21-50 %), and +++ (51-100 %). The immunoreactivity of tumor cells (IR TC) was
graded as — (none), + (weak), ++ (medium), and +++ (strong). For cell lines, the mean percentage of cell positive for the membranous / cytoplasmic or
nuclear localization (% PC) is given. Immunoscores (I-sc) were determined by multiplying the percentage of positive cells by the respective

immunoreactivity

IHC immunohistochemistry, /F' immunofluorescence

# Primary cell lines proved to be tumorigenic in NOD/SCID gamma mice

® Cells were not exclusively positive for nuclear localization but represented a subset of membranous/cytoplasmic positive cells

for individual cell lines. However, no such trends were ob-
served for ABCG2 or CD133.

To detect a possible relationship between the expres-
sion of these markers and tumorigenic potential, all cell
lines were tested using an in vivo tumorigenicity assay.
Surprisingly, only two cell lines—OSA-13 and NSTS-
11—were able to form tumors in immunodeficient mice
(Table 3, Fig. 5a—c, g—i). Furthermore, the detected tu-
morigenicity of these cell lines did not correspond to
any comparable change in the expression of the markers
described above or to the atypical nuclear localization
of CD133 (Table 4). Only qRT-PCR showed increased
transcriptional levels of ABCG2 and CDI133; this pat-
tern was not observed at the protein levels, as detected
by IF (Fig. 4a, Table 3).

For this reason, we performed additional qRT-PCR exper-
iments to evaluate the levels of common stem cell markers

(Oct4, Nanog, Sox2, and ALDH1) to identify possible chang-
es associated with the tumorigenicity of OSA-13 and NSTS-
11 cell lines. Among these markers, only Sox2 showed ele-
vated mRNA levels in the tumorigenic cell lines but not in the
other cell lines (Fig. 4b, Table 5). Further analysis at the pro-
tein level showed identical results: Sox2 was highly expressed
exclusively in the two tumorigenic cell lines as detected by
Western blotting, whereas no differences in expression of
Oct4, Nanog and ALDH]1 were observed between tumorigen-
ic and non-tumorigenic cell lines (Fig. 4c). Furthermore, IF
analysis showed the highest immunoscores of Sox2 in the two
tumorigenic cell lines (Table 5, Fig. 6d—f), and the expression
of Sox2 was validated by Western blotting using two indepen-
dent antibodies (Fig. 6g).

In the last step of our study, we analyzed all primary
tumor samples and all xenograft tumors for Sox2 expres-
sion via IHC staining. Among the primary tumors, the
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highest proportion of Sox2-positive cells was found in the
tumor sample from which the tumorigenic NSTS-11 cell
line was derived, and these Sox2-positive cells were typi-
cally accumulated in small distinct clusters or striations
(Fig. 6¢). A rare incidence of Sox2-positive cells was iden-
tified in two additional tumor samples, but their corre-
sponding cell lines were non-tumorigenic (Table 5).
Finally, IHC analysis of all xenograft rhabdomyosarcoma
and osteosarcoma tumors showed a marked increase in the
frequency of Sox2-positive cells in all xenograft rhabdo-
myosarcoma and osteosarcoma tumors (Fig. 5d—f, j—1)
compared with the corresponding primary tumor samples.

Discussion

The initial aim of our study was to analyze the changes in the
expression of ABCG2, CD133, and nestin as putative CSC
markers in pediatric sarcomas, in both primary tumors and
corresponding cell lines derived from these tumors. We
intended to elucidate the selection process for these three
markers during the derivation process under in vitro condi-
tions because the findings published in this field bring to date
had reported partly contradictory results [6].

ABCG2, a plasma membrane ATP-binding cassette (ABC)
transporter responsible for the multidrug resistance of tumor
cells, was reported to be a specific marker of CSCs in osteo-
sarcoma cell lines, as only this ABC transporter family mem-
ber was detected in sarcospheres formed during a functional

Y]
o

OSA-13
NSTS-11

Q
o

ESFT-04
ESFT-04

Fig. 3 Alterations in the CD133 subcellular localization in sarcoma cell
lines and tumor tissues. (a—e) IF revealed nuclear localization of CD133
(green) in cell lines derived from all three types of sarcoma; nuclei were
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assay of the CSCs [17, 18]. However, the expression of other
ABC transporters was described in several osteosarcoma and
Ewing’s sarcoma cell lines, specifically in side populations
(SPs) detected within these cell lines [19, 20]. Our results
are in accordance with these findings: although ABCG2 ex-
pression was weak and infrequent in the primary tumors, the
immunoscore for ABCG2 was markedly increased in all six
cell lines derived from Ewing’s sarcoma or osteosarcoma. In
contrast, the expression of ABCG2 remained weak in all three
rhabdomyosarcoma cell lines under in vitro conditions. Other
research groups also reported the low expression of ABCG2
in thabdomyosarcomas [21]; however, increased ABCG2 im-
munoreactivity was found in the embryonal subtype com-
pared with the alveolar subtype of rhabdomyosarcoma [22].
CD133 is a pentaspan transmembrane glycoprotein with
unclear biological functions. The AC133, i.e., glycosylated
epitope of CD133 is widely discussed to be a putative
“universal” marker of CSCs in various human malignancies
[23]. Among our nine tumor samples, six of them showed a
high frequency of CD133-positive cells, but CD133 IR was
only weak to medium in all samples. Nevertheless, these cells
apparently maintain their selection advantage under in vitro
conditions because all cell lines contained at least 50 %
CD133-positive cells and because the immunoscore values
were middle or high. These results are in accordance with
previously published findings on rhabdomyosarcomas as well
as on thabdomyosarcoma and osteosarcoma cell lines [12, 13,
24]. Conversely, only low levels (up to 7.8 %) of CD133-
positive cells were reported in four cell lines derived from
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counterstained with DAPI (blue). (d—e) Nuclear positivity was detected
absolutely in the ESFT-04 cell line but sporadically in the corresponding
tumor (f). Scale bars, 50 um
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osteosarcomas and chondrosarcomas and in the correspond-
ing primary tumors [25]. This discrepancy could be explained

by either the use of different antibodies for CD133 detection
or by variances in the subcellular localization of CD133.
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Fig. 4 qRT-PCR and Western blot analysis of CSCs markers expression
in sarcoma cell lines. Gene expression levels of sarcoma-specific CSC
markers (a) and common stem cell markers (b) were determined using
qRT-PCR. Only tumorigenic cell lines (indicated by asterisks) but not
non-tumorigenic cell lines expressed Sox2 at mRNA level. The ESFT-
03 cell line served as the arbitrary calibrator; the data are presented in log2

scale. The error bars indicate the calculated maximum (RQMax) and
minimum (RQMin) expression levels that represent the standard error
of the mean expression level (RQ value). (¢) Western blotting of common
stem cell markers confirmed upregulation of Sox2 exclusively in
tumorigenic cell lines (indicated by asterisks). (-actin served as a
loading control
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Based on other recent studies, CD133 is also clearly detectable
in the cytoplasm of tumor cells, where it could be involved in
signal transduction, specifically in the canonical Wnt pathway
or the PI3K/Akt pathway [26-29]. Very recently, the nuclear
localization of CD133 in a stable proportion of cells in rhab-
domyosarcoma cell lines was clearly established [11]. For this
reason, we considered cells displaying apparent cytoplasmic
and/or nuclear positivity for CD133 as CD133-positive; thus,
the frequency of these cells must be higher than the reported
frequency of CD133-positive cells as detected by flow
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Fig.5 In vivo tumorigenicity assay and IHC analysis of Sox2 expression
in the resulting xenograft tumors. Only NSTS-11 (a—¢) and OSA-13 (g—i)
cells formed xenograft tumors in NOD/SCID gamma mice. (d—f, j-1)
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cytometry. Nevertheless, our results clearly showed that nei-
ther cytoplasmic nor nuclear localization of CD133 is clearly
associated with the tumorigenic potential of these cells: the
tumorigenic NSTS-11 cell line contained only up to 5 % of
cells displaying nuclear positivity for CD133, whereas the
non-tumorigenic ESFT-04 cell line displayed nuclear positiv-
ity for CD133 in nearly all cells.

Nestin, a class VI intermediate filament protein, is widely
described as an important marker of CSCs, especially in tu-
mors of neurogenic origin [9, 30]. However, our previous
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Table 5 Analysis of Sox2 expression in tumor samples and
corresponding cell lines
Tumor sample IHC —tumor  Primary cell line IF — cell line
% TC IRTC % PC I-sc
Ewing’s sarcoma
1 - - ESFT-03 95.00 % 95.00
2 +/— + ESFT-04 94.00 % 94.00
3 - - ESFT-09 94.00 % 94.00
Osteosarcoma
4 - - OSA-05 71.00 % 71.00
5 - - OSA-06 78.00 % 78.00
6 - - OSA-13* 94.00 % 145.00
Rhabdomyosarcoma
7 + + NSTS-11* 76.00 % 146.00
8 - - NSTS-22 25.00 % 25.00
9 +/— + NSTS-28 10.00 % 10.00

The percentage of tumor cells (% TC) positive for Sox2 was categorized
into five levels: — (0 %), +/— (1-5 %), + (6-20 %), ++ (21-50 %), and
+++ (51-100 %). The immunoreactivity of tumor cells (IR TC) was
graded as — (none), + (weak), ++ (medium), and +++ (strong). For IF
analysis, the mean percentage of cell positive for the Sox2 (% PC) is
given. Immunoscores (I-sc) were determined by multiplying the percent-
age of positive cells by the respective immunoreactivity

IHC immunohistochemistry, /F' immunofluorescence

*Primary cell lines proved to be tumorigenic in NOD/SCID gamma mice

studies reported a variable proportion of nestin expression in
high-risk osteosarcomas and corresponding cell lines, al-
though high levels of nestin tended to indicate a worse clinical
outcome in these patients [12, 31]. In contrast, rhabdomyosar-
coma primary tumors showed high levels of nestin expression,
but cell lines derived from these tumors contained only up to
10 % of nestin-positive cells [13]. Our recent results showed
strong expression of nestin in tumor tissue of both osteosar-
comas and rhabdomyosarcomas, but cell lines derived from
these tumors were primarily assigned a middle immunoscore.
Furthermore, nestin expression appears not to be associated
with the tumorigenicity of these cell lines. These findings are
in accordance with the previously published studies on bone
sarcoma cell lines, in which no clear relationship between
nestin expression and sarcosphere-forming capacity was
found [17, 25]. The weak or absent expression of nestin in
Ewing’s sarcomas is also in agreement with other studies of
this tumor type, which have reported negativity for nestin or
low expression levels of nestin [32, 33]. However, another
research group found 54 % positivity for nestin in tumor sam-
ples from their cohort [24].

In summary, our results showed that the frequency of pu-
tative CSC markers apparently changed after explantation of
the tumor tissues and their transfer to cell cultures. Although
the frequency of cells positive for ABCG2 and CD133

predominantly increased in the respective cell lines, the high
levels of nestin expression were reduced in both osteosarco-
mas and rhabdomyosarcomas under in vitro conditions. These
findings suggest the selection advantage of cells expressing
ABCG2 or CD133, but the in vivo functional tests did not
confirm the tumorigenic potential of the cells harboring this
phenotype.

In contrast, the most important finding of our study
was the evident relationship between the expression of
the transcription factor Sox2, as demonstrated by qRT-
PCR and Western blot analysis, and the tumorigenicity of
the OSA-13 and NSTS-11 cell lines. To confirm this
interesting result at the protein level, we performed fur-
ther analysis of Sox2 expression in cell lines via IF.
Similarly, the Sox2 levels were highest in the two tumor-
igenic cell lines, although the immunoscore values did
not display the same profile as the qRT-PCR results.
Subsequent analysis of Sox2 expression in primary tu-
mors via IHC staining confirmed the presence of Sox2-
positive cells in the tumor from which the NSTS-11 cell
line was derived. Interestingly, these Sox2-positive cells
tended to be accumulated in small areas of the tumor
tissue. This finding implies morphological similarity
among a stem cell niche. Moreover, IHC analysis of
the xenograft tumors showed a substantial increase in
the frequency of Sox2-positive cells in all tissue samples.

Our findings are in full accordance with the results
reported for human and murine osteosarcoma cell lines
[34]. Increased Sox2 levels were also detected in
sarcospheres derived from osteosarcoma [35] and rhab-
domyosarcoma cell lines [36], although the correlation
of Sox2 expression with tumorigenic potential was not
reported in these studies. Other recent studies showed
that Sox2 expression is required for self-renewal and
tumorigenicity of CSCs in other tumor types, including
glioblastoma [37, 38], melanoma [39], ovarian carcino-
ma [40], cervical carcinoma [41], prostatic carcinoma
[42], lung carcinoma [43, 44], and squamous-cell carci-
noma of the skin [45, 46]. Finally, the involvement of
Sox2 in sarcoma tumorigenesis was indirectly illustrated
via the targeting of Sox2 by miR-126, which acts as a
tumor suppressor in osteosarcomas [47].

All of these findings support our conclusion that cells
displaying elevated expression of Sox2 are key media-
tors of sarcoma tumorigenesis. Although the experimen-
tal data on these tumor types remain limited, our results
provide the first evidence that increased Sox2 expres-
sion is associated with the tumorigenic potential of not
only osteosarcomas but also rhabdomyosarcomas.
Regardless of the expression of ABCG2, CD133, and
nestin, only cell lines displaying increased Sox2 expres-
sion were tumorigenic, and the xenograft tumors
showed apparent accumulation of Sox2-positive cells.

@ Springer



Nel
wn
N
(o)}

Tumor Biol. (2016) 37:9535-9548

. - -
a 25 b #. §26 . &
b
1 £ P2 -
g gl 5 rse Y
= 2 = < S
IS T 3 & /
L g‘ A ¢ Y g
\ » o
W e - Yo oL »r $
~ [ A © & k-4 .4
. A éd L SRS e
5 \ . o F.¢
g £ £ & \: y
S » 4 ' S oy 4
= e [ » %4
% : 3 we s
DL C & e

Q
(]

ESFT-04
OSA-13*

Sox2 (D6D9) -

|
Sox2 (Polyclonal)

Tubulin

Fig. 6 Expression of Sox2 in sarcomas and derived cell lines. a—¢ ITHC
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corresponding cell lines are indicated in brackets. d—f Elevated Sox2
expression was detected using IF in tumorigenic cell lines (indicated by

Taken together, sarcoma cells displaying high levels of
Sox2 are undoubtedly directly involved in tumor initia-
tion and growth; therefore, these cells fit the definition
of the CSC phenotype. Thus, the Sox2 pathway could
be considered as a target for new anticancer drugs or
immunotherapies based on up-to-date approaches such
as chimeric antigen receptors or dendritic cell vaccines.
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Souhrn

Vychodiska: Maffucciho syndrom je vzacné kongenitaini nehereditdrni onemocnéni charak-
terizované pfitomnosti mnohocetnych hemangiomd a enchondrom s tendenci k malignimu
zvratu. Kauzalni terapie neexistuje a lIécba je zamérena na feseni komplikaci. Stanoveni vhod-
ného postupu je komplikované a ¢asto je nutnd multioborova spolupréce v péci o tyto pacienty.
Pripad: Autofi prezentuji ptipad 20leté pacientky s Maffucciho syndromem. V priibéhu Zivota
se u ni objevily mnohocetné enchondromy i progredujici hemangiomy, které postupem casu
plsobily fadu komplikaci jako napf. omezeni hybnosti, poruchy rastu, bolesti, fluidothorax
nebo ascites. Byl vysetien profil fosforylace vybranych tyrozinovych kinaz a MAP kinaz z pro-
gredujicich loZisek hemangiomd, coz vedlo ke zméné [é¢ebné strategie reflektujici vysledky
vysetteni. Personalizovand lé¢ba nasazena na zakladé profilu fosforylace kindz vedla ke klinicky
vyznamné lécebné odpovédi trvajici Sest mésic(l.

Klicova slova
enchondromatéza - hemangiom - protein-tyrozinkindzy - MAP kindzovy signéini systém -
individualizovana medicina - Maffucciho syndrom

Summary

Background: Maffucci syndrome is a rare congenital non-hereditary disease characterized by
multiple hemangiomas and enchondromas, which may progress into malignancy. The causal
therapy does not exist, and therapy is aimed at complications. The determination of appro-
priate therapy is complicated, and a multidisciplinary approach is often essential. Case: Authors
are presenting the case of a 20-year-old patient with Maffucci syndrome. During her life, multi-
ple enchondromas and progressing hemangiomas have been revealed and they have caused
many complications, such as limited movement, growth failure, pain, fluidothorax and ascites.
A profile of phosphorylation of selected tyrosine kinases and MAP kinases from progressing
hemangioma was performed and with consideration of the result, it led to change of treatment
strategy with encouraging clinical response lasting for six months.

Key words
enchondromatosis — hemangioma - receptor protein-tyrosine kinases - MAP kinases signaling
system — individualized medicine — Maffucci syndrome
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Uvod

Maffucciho syndrom je vzécné konge-
nitalni nehereditarni onemocnéni, které
patfi spolu s Ollierovou chorobou mezi
enchondromatézy. Toto onemocnéni je
charakterizovano pfitomnosti ¢etnych
hemangiom( a enchondromd, které
maji tendenci k malignimu zvratu az
u 40 % pacientd [1]. Standardni |éCebna
doporuceni, kterd by ovliviiovala pfiro-
zeny pribéh vzniku a progrese mnoho-
cetnych enchondrom® a hemangiomd,
nejsou k dispozici a doporucuje se jen
symptomaticka a podpUrna [é¢ba [2,3].

Pripad

Dvacetiletd mlada zena byla sledovana
jiz od kojeneckého véku pro pfitomnost
mnohocetnych enchondromi na konce-
tindch, genua vara a poruchu kostniho
rdstu s tézkou rlstovou retardaci. Jeji
stav vyzadoval opakované korekéni or-
topedické vykony. Ve dvou letech véku

L

se u ni objevil myelodysplasticky syn-
drom, ktery se nasledné rozvinul do
RAEB (refractory anemia with excess
blasts) s nutnosti terapie dle protokolu
pro akutni myeloidni leukemii zahrnuijici
i alogenni transplantaci kostni diené.

Ve véku 3esti let se u ni zacaly obje-
vovat postupné progredujici heman-
giomy na rukou (obr. 1), proto bylo pfi
podezieni na Maffucciho syndrom pro-
vedeno celkové presetieni. Vysledky
potvrdily pfitomnost chondromu/en-
chondromu pravé sfenoidalni kosti o ve-
likosti 3,4 x 2,5 x 1,7cm. V rdamci za-
kladni nemoci dochéazelo k postupné
progresi histologicky vietenobuné¢-
nych hemangiomi na pazich a vzniku
novych 1ézi na nohou i v parenchymo-
vych organech, proto bylo tfi roky po
transplantaci kostni dfené doporuceno
zahdjit 1é¢bu nizce davkovanou che-
moterapii. Byla zvolena terapie vincris-
tin 1,5mg/m?/tyden + cyklofosfamid

300 mg/m?/a 3 tydny, aviak vzhledem ke
$patné toleranci jiz vysoce predlécené
pacientky bylo nutné tuto lé¢bu po Sesti
mésicich prerusit.

Stav se postupné déle zhorsoval, ob-
jevilo se nové lozisko hemangiomu na
jatrech 4,8 x 3,8cm a dalsi loziska na
hrudniku a hornich koncetinach. Pro-
béhl pokus o ovlivnéni téchto lozisek
kortikoterapii, a to metylprednisolonem
30mg/kg/den D1, D3 a D5, 20mg/kg/den
D6 a v davce 10mg/kg/den D7 a déle
navdzano prednizonem 4 mg/kg/den
po 2 tydny [4]. Vysledkem této terapie
byla v nejlepsim prtipadé smisend od-
povéd. V pribéhu Iécby probéhly po-
kusy o ovlivnéni loZisek zafenim, lase-
rem i chirurgickymi korekcemi.

Od 18 let se pacientka potykala s opa-
kovanym chyléznim fluidothoraxem
a pfitomnosti chylézni ascitické teku-
tiny v dasledku aktivity hemangiom.
Tento stav vyzadoval opakované punkce

Obr. 1. Fotografie levé ruky (zdroj: archiv KDO) a RTG snimek levé ruky (zdroj: archiv KDR).
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ascitu, v priméru 21 ascitické tekutiny
kazdé dva tydny. Byl nasazen bevacizu-
mab 10mg/kg/a 2 tydny, po osmi mé-
sicich terapie bylo dosazeno pouze
stacionarniho stavu s pokracujici po-
tiebou punkci ascitu i fluidothoraxu.
V této dobé byla zménéna lécba na siro-
limus 1 mg/den a paclitaxel 12,5mg/m?¥/
/a 1 tyden [5]. Tato terapie byla poda-
vadna Sest mésicd s nutnosti redukce
paclitaxelu na 50 % davky pro hematolo-
gickou toxicitu. Vysledek byl pouze sta-
cionarni stav.

Nové byl vysetien profil fosforylace re-
ceptorovych tyrozinkinaz (RTK) a MAP
kindz (mitogen-activated protein kina-
ses) z loZiska na paté a dle téchto vy-
sledkld byla terapie upravena na suniti-
nib 12,5mg/den a taxol 5,5mg/tyden.
Mimo téchto 1ékl méla divka v dlou-
hodobé medikaci také B-blokatory
z kardiologické indikace, u nichz né-
které prace poukazuji na jejich anti-
neoplasticky potencidl [6]. Po nasazeni
této personalizované terapie doslo po-
stupné k prodluzovani intervall pro eva-
kuace ascitu ¢i chylothoraxu, s perio-
dou ¢tyf mésict bez potieby evakuace,
coz mélo vyznamny dopad na kvalitu zi-
vota pacientky. Po ¢tyfech mésicich od
posledni evakuace ascitu se i pfes nasa-
zenou lécbu obnovila potieba evakuace
chylothoraxu s potfebou opakovanych
chirurgickych intervenci a tedy i s pferu-
sovanim, az vysazenim antineoplastické
medikace na dobu témér tii mésic.
V prabéhu vyznamné redukované ¢i vy-
sazené antineoplastické 1é¢by progredo-
vala potreba chirurgické derivace chylu
charakteru jahodového mléka. Pacientka
zemfela ndhlou smrti na akutni krvaceni
do dutiny bfisni v disledku spontanni
ruptury jaterniho hemangioendothe-
liomu tii mésice po deeskalaci antineo-
plastické terapie, devét mésicl po zaha-
jeni personalizované terapie.

Metodika a vysledky

Pro detekci fosforylace RTK byl pouzit
Human Phospho-RTK Array Kit (R&D Sys-
tems) umoznujici soucasné stanoveni
fosforylace 49 kindz z 16 receptorovych
rodin, pfi¢emz u ¢lovéka bylo zatim po-
psano 58 RTK rozdélenych do 20 rodin
v zavislosti na podobnosti proteinové
struktury receptord [7]. Princip metody

detekce spociva v naneseni proteino-
vého lyzatu na nitrocelul6zovou mem-
branu, na niz jsou ve dvojicich bodu
imobilizovany specifické protilatky proti
dané kinaze. Fosforylované i nefosfory-
lované formy proteinu se na protilatku
navazi v ekvimoldrnim poméru a v na-
sledujicim kroku jsou pouze fosforylo-
vané formy proteinu oznaceny proti-
latkou proti fosforylovanému tyrozinu
konjugovanou s peroxiddzou. Po apli-
kaci chemiluminiscen¢niho substratu
na membranu Ize luminiscenci deteko-
vat na filmu nebo pomoci chemiluminis-
cen¢niho skeneru.

Fosforyla¢ni status MAP kinaz a vy-
branych serin/treoninovych kinaz a dal-
Sich signdlnich molekul byl analyzovan
pomoci Human Phospho-MAPK Array
Kit (R&D Systems) umoznujici soucasné
stanoveni fosforylace 26 kinaz vcéetné
zastupcu tfi hlavnich rodin (ERK, JNK
a p38). Princip metody je podobny jako
v pfedchozim v pfipadé, s tou vyjimkou,
ze pro odliseni fosforylovanych a nefos-
forylovanych forem kinaz je pouzito spe-
cifickych protilatek pfimo proti fosfory-
lovanym formam kinaz konjugovanych
s biotinem. Na biotin se nasledné na-
véze streptavidin konjugovany s peroxi-
dazou, jez aktivuje chemiluminiscencni
substrat.

Zmrazeny vzorek tkané byl rozdélen
na dvé casti a lyzaty pro obé analyzy
byly ptipraveny dle pokyn( vyrobce, na-
sledné bylo pouzito 300 ug celkového
proteinu pro kazdou z analyz. Mira fos-
forylace jednotlivych protein(i byla den-
zitometricky kvantifikovana softwarem
ImageJ, z duplikdt byl vypocitan pri-
mér a od néj odectena hodnota po-
zadi. Data byla normalizovana vztaze-
nim k maximalni hodnoté dosazené na
kazdé z pouzitych membran.

Fosforylace RTK byla vyrazna prede-
vsim u receptoru pro epidermalni rds-
tovy faktor (EGFR), inzulinového recep-
toru (InsR) a obou variant receptoru pro
rastovy faktor krevnich desticek (pla-
telet derived growth factor - PDGFRa
a PRGFRP) (graf 1A, Q).

V ramci analyzy fosforylace MAP kinaz
byla zaznamenana vysoka mira fosfo-
rylace ERK1 a ERK2 a ¢astec¢né i kinazy
p38y. Dale byla aktivovana kindza Akt-2,
jez patfi do rodiny nejvyznamnéjsich

signdlnich molekul serin/treoninovych
kindz Akt. Jednim z nejvice fosforylova-
nych protein0, jenz maze byt fosforyla¢-
nim cilem v ptipadé aktivace kinaz ro-
diny p38 [8], byl HSP27 (graf 1B, D).

Diskuze

Maffucciho syndrom patfi mezi velmi
vzacna onemocnéni a manifestuje se
v 78 % pred zacatkem puberty [9]. Je cha-
rakterizovan pfitomnosti enchondromd,
mnohocetnych hemangiomd a vzacné
také lymfangiom(. Standardni tera-
pie neexistuje a vybér vhodné strategie
muze byt velmi svizelny. Enchondromy
vznikaji nejcastéji v oblasti dlouhych
kosti dolnich koncetin, nohy a ruky [9].
V pfipadé, ze omezuji funkénost kon-
Cetiny, ovliviuji normalni riist nebo pa-
sobi bolest, je pfistoupeno k chirurgic-
kému feseni. Hemangiomy jsou benigni
cévni tumory, které mohou vznikat prak-
ticky kdekoliv v téle, v rdmci tohoto one-
mocnéni mohou postupné progredovat
a vyrazné omezovat kvalitu zZivota po-
stizeného jedince. V literatufe jsou po-
psany pfipady, u nichz bylo Uspésné vy-
uZito antiangiogenni terapie k ovlivnéni
hemangiomu u téchto pacientt [5].

V pfipadé této pacientky bylo tézké
vybrat vhodnou lé¢ebnou strategii,
mimo jiné predevsim z dlvodu komor-
bidit a rozsahu jejiho onemocnéni. Bylo
vyzkouseno nékolik, dfive v literatufe
popsanych, l1é¢ebnych modalit, aviak
vysledky lécby byly dosti nepfesvéd-
¢ivé. V ramci snahy nalézt vhodny tera-
peuticky cil na Urovni proteind, ktery by
odrazel skute¢nou aktivitu v patologic-
kych bunkach, byl vysetren profil fos-
forylace RTK a navazujicich signélnich
drah. Tato diagnostickd metoda se jevi
jako slibny prostfedek, ktery by mohl
umoznit podéavani cilené biologické
[écby pacientdm s prokazanou akti-
vaci signalni drahy na Urovni proteina.
Tento postup by v kone¢ném dsledku
mohl zlepsit vysledky 1é¢by, snizit mnoz-
stvi komplikaci a celkové snizit naklady
na lécbu vlastniho onemocnéni, které
mohou byt pfi empirickém podavani ta-
kovychto |ékl dosti vysoké.

Na zakladé vysledkd nasi analyzy byl
do lé¢ebného schématu pfidan suniti-
nib v kombinaci s paclitaxelem. Sunitinib
je multikindzovy inhibitor, ktery cili pre-
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Graf 1. Profil fosforylace receptorovych tyrozinkinaz (RTK), MAP kinaz a vybranych cytoplazmatickych protein( ve vzorku heman-
giomu odebraného pacientce s Maffucciho syndromem.

A. Denzitometrickd analyza fosforylace RTK. B. Denzitometricka analyza fosforylace MAPK a vybranych cytoplazmatickych protein(.
C. Proteinova array s oznacenymi RTK, jez vykazuji nejvyssi hodnotu denzity. D. Proteinova array s ozna¢enymi MAPK a vybranymi cyto-
plazmatickymi proteiny, jez vykazuji nejvyssi hodnotu denzity.

devsim proti receptoru pro rlstovy fak-
tor krevnich desticek (PDGFR) a proti re-
ceptoru pro cévni endotelidlni ristovy
faktor (vascular endothelial growth fac-
tor - VEGFR), ¢imz ovliviuje angiogenezi
a bunécnou proliferaci. FDA (Food and
Drug Administration — Ufad pro kontrolu
[éCiv) jej oficialné schvalila k 1é¢bé GIST, re-
nélniho karcinomu a neuroendokrinnich
tumord pankreatu, avsak pro silny antian-
giogenni potencial byl vyhodny i pro nase
Ucely. Paclitaxel je alkaloid, ktery blokuje
depolymerizaci mikrotubuld déliciho vie-

ténka a je pouzivan pro [é¢bu fady ma-
lignit. Pfi metronomickém davkovani
a v kombinaci s dalsimi léky prokazal vy-
znamny antiangiogenni potencial [10].
Prezentovand kazuistika dokumentuje
obtiZznost péce o pacienty s Maffucciho
syndromem, kdy interpretace klinického
pribéhu poslednich tydn( a vysvétleni
umrti pacientky zGstava spekulativni.

Zaveér
Terapie vzacnych onemocnéni je ne-
snadnd. Neexistuji ovéfené postupy a vét-

$ina poznatkd o takovych stavech je
znama pouze z kazuistik. Velké randomi-
zované klinické studie faze Ill zde nikdy
nebudou k dispozici, pfestoze je systém
registraci a Uhrad zdravotnich pojis-
toven vyzaduje i v téchto pfipadech.
Vysetteni signalnich drah aktivovanych
RTK by mohlo do budoucna pfispét
k sestavovani individualizované lécby
tam, kde standardni l1é¢ba neni znama
anebo neni dostatecné ucinna, jako jsou
vzacna, refrakterni nebo néktera pokro-
¢ild nddorova onemocnéni détského
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véku. Vytvareni a nasledna realizace per-
sonalizovanych |é¢ebnych postupl vy-
zaduji komplexni, multioborovou spolu-
praci a peclivé vyvaZzovani rizik a event.
piinosl takovych postupd.
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Abstract. CD133 (also known as prominin-1) is a cell surface
glycoprotein that is widely used for the identification of stem
cells. Furthermore, its glycosylated epitope, AC133, has
recently been discussed as a marker of cancer stem cells in
various human malignancies. During our recent experiments
on rhabdomyosarcomas (RMS), we unexpectedly identified
an atypical nuclear localization of CD133 in a relatively stable
subset of cells in five RMS cell lines established in our labora-
tory. To the best of our knowledge, this atypical localization of
CD133 has not yet been proven or analyzed in detail in cancer
cells. In the present study, we verified the nuclear localization
of CDI133 in RMS cells using three independent anti-CD133
antibodies, including both rabbit polyclonal and mouse mono-
clonal antibodies. Indirect immunofluorescence and confocal
microscopy followed by software cross-section analysis,
transmission electron microscopy and cell fractionation with
immunoblotting were also employed, and all the results unde-
niably confirmed the presence of CD133 in the nuclei of stable
minor subpopulations of all five RMS cell lines. The proportion
of cells showing an exclusive nuclear localization of CD133
ranged from 3.4 to 7.5%, with only minor differences observed
among the individual anti-CD133 antibodies. Although the
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role of CD133 in the cell nucleus remains unclear, these results
clearly indicate that this atypical nuclear localization of CD133
in a minor subpopulation of cancer cells is a common phenom-
enon in RMS cell lines.

Introduction

CD133 (also known as prominin-1) is a glycoprotein that is typi-
cally localized to the plasma membrane. The molecule consists
of five transmembrane domains, two large extracellular loops,
an extracellular N-terminus and an intracellular C-terminus.
Eight potential glycosylation sites have been identified within
the extracellular domains, with four per loop. Human CD133 is
encoded by the PROM1 gene, which is located in chromosomal
region 4pl15.32. At least seven CD133 isoforms resulting from
alternative splicing have been described in humans (1,2).

CD133 is widely used to identify stem cells, and its glycosyl-
ated epitope, AC133, has recently been discussed as a marker of
cancer stem cells (CSCs) in various human malignancies (2-4).
In our previous studies, we identified CD133-positive cells
that presented typical membrane positivity in two of the most
common types of pediatric sarcomas, osteosarcoma (5) and
rhabdomyosarcoma (RMS) (6). The expression of CD133
in these two solid tumors, as well as the tumorigenicity of
CD133-positive cells, has been confirmed by other research
groups (7-10). Therefore, CD133 is currently accepted as one
of the markers of a CSC phenotype in pediatric sarcomas,
including RMS (11-13).

During our recent study aimed at the analysis of CSC
markers in pediatric sarcomas, we noted a surprising result: a
stable subset of cells in each of five RMS cell lines examined
exhibited an exclusive nuclear localization of CD133 (these
data are published in this article). To date, a similar localiza-
tion of this antigen has been described only in one case report
of breast cancer (14) and in a large study on lung cancer (15)
using immunohistochemical methods, nevertheless, without
any verification or systematic description. For this reason, in
this study, we sought to analyze this interesting phenomenon
in detail using three independent anti-CD133 commercial
antibodies (Fig. 1).
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Materials and methods

Cell culture. Five cell lines derived from pediatric patients with
RMS were included in this study: NSTS-8, NSTS-9, NSTS-11,
NSTS-22 and NSTS-28. The first three cell lines were described
in our previous study (6), and the last two were derived using
the same procedure to generate primary cultures (16). All cell
lines were authenticated by the immunodetection of MyoD, and
the subtype was distinguished using FKHR break detection by
fluorescence in situ hybridization (FISH). Authentication using
MyoD detection was performed in the same passages as the
experiments; FISH analysis of the FKHR break was completed
up to passage 10. The cell lines were maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with
20% fetal calf serum, 2 mM glutamine, 100 IU/ml penicillin
and 100 pug/ml streptomycin (all purchased from GE Healthcare
Europe GmbH, Freiburg, Germany). The cells were maintained
under standard conditions at 37°C in a humified atmosphere
containing 5% CO, and were subcultured once or twice per
week. The Research Ethics Committee of the School of
Science (Masaryk University, Brno, Czech Republic) approved
the study protocol, and a written statement of informed consent
was obtained from each participant or his/her legal guardian
prior to participation in this study. A brief description of the
cohort of patients included in this study is provided in Table I.

Indirect immunofluorescence. The cells were cultivated on
coverslips in Petri dishes for one day and then rinsed with
phosphate-buffered saline (PBS) and fixed with 3% parafor-
maldehyde (Sigma-Aldrich, St. Louis, MO, USA) at room
temperature for 20 min. After washing again with PBS, non-
specific binding was blocked with 3% bovine serum albumin
(BSA; Sigma-Aldrich) in PBS for 10 min. The cells were
then incubated with primary antibody at 37°C for 60 min,
washed three times in PBS and then incubated with the
corresponding secondary antibody at 37°C for 45 min. Rabbit
polyclonal anti-CD133 (Cat. no. ab19898, dilution 1:70; Abcam,
Cambridge, UK), mouse monoclonal anti-CD133 (clone 17A6.1,
Cat. no. MAB4399, dilution 1:100; Millipore, Billerica,
MA, USA), mouse monoclonal anti-AC133 (clone AC133,
Cat. no. 130-090-422, dilution 1:4; Miltenyi Biotec, Bergisch
Gladbach, Germany), and mouse monoclonal anti-a-tubulin
antibody (clone: TU-01, Cat. no. 11-250, dilution 1:100; Exbio,
Vestec, Czech Republic), which served as a control, were
used as the primary antibodies. Anti-rabbit Alexa Fluor 488
(Cat. no. A11008, dilution 1:200) and anti-mouse Alexa
Fluor 488 antibody (Cat. no. A11001, dilution 1:200) (both from
Invitrogen, Paisley, UK) were used as the secondary antibodies.
After a final wash with PBS, the cell nuclei were counterstained
with 0.05% Hoechst 33342 (Life Technologies, Carlsbad, CA,
USA) for 10 min, and the coverslips were mounted using Dako
fluorescence mounting medium (Dako, Glostrup, Denmark).
An Olympus BX-51 microscope was used for sample evalu-
ation; micrographs were captured using an Olympus DP72
CCD camera and analyzed using the Cell P imaging system
(Olympus, Tokyo, Japan). At least 200 cells were evaluated
overall within discrete areas of each sample, and the samples
were prepared from at least three independent passages of all
examined cell lines. The mean percentages of cells showing
exclusive nuclear CD133 localization were determined for entire

samples of individual cell lines. For the detailed examination
of CD133 nuclear localization, the same protocol for indirect
immunofluorescence was employed, and the specimens were
then examined using an Olympus FluoView-500 confocal
imaging system combined with an inverted Olympus IX-81
microscope. The images were recorded using an Olympus
DP70 CCD camera and analyzed using analySIS FIVE soft-
ware (Soft Imaging System GmbH, Muenster, Germany) and
an Olympus FluoView Confocal Laser Scanning Microscope
System 4.3.

Transmission electron microscopy (TEM). To perform the
immunodetection of CD133 in ultrathin sections, the cells
grown on coverslips were rinsed with PBS and fixed in
3% paraformaldehyde (Sigma-Aldrich) and 0.1% glutaral-
dehyde (AppliChem GmbH, Darmstadt, Germany) in PBS
at room temperature for 60 min. Following a PBS rinse
and dehydration, the cells were embedded in LR White
medium (Polysciences Inc., London, UK). The labeling of
the ultrathin sections was performed on grids. CD133 was
detected using mouse monoclonal anti-CD133 antibody (dilu-
tion 1:25; Millipore) and a gold particle-conjugated secondary
antibody (anti-mouse IgG 20 nm gold, Cat. no. ab27242,
dilution 1:40; Abcam). Ultrathin sections incubated without
primary antibody or with the TU-01 primary monoclonal
antibody against a-tubulin (dilution 1:200; Exbio) were used
as controls. Following immunodetection, the specimens
were contrasted with 2.5% uranyl acetate (PLIVA-Lachema,
Brno, Czech Republic) for 10 min and with Reynolds solution
(Sigma-Aldrich) for 6 min at room temperature. The specimens
were then observed under a Morgagni 268(D) transmission
electron microscope (FEI Co., Hillsboro, OR, USA). The
images were captured using an Olympus Veleta TEM CCD
camera and analyzed using iTEM Olympus Soft Imaging
Solution (Olympus).

Immunoblot analysis. To analyze the nuclear and cyto-
plasmic fractions, a Nuclear Protein Extraction kit (Thermo
Fisher Scientific, Rockford, IL, USA) was used according
to the manufacturer's instructions. A 20 ul sample of
protein extract was loaded onto an 8% sodium dodecyl
sulfate (SDS)-polyacrylamide gel and separated by electro-
phoresis. Subsequently, the proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad
Laboratories, Hercules, CA, USA), blocked in 5% non-fat milk
at room temperature for 60 min, and incubated with primary
antibodies, rabbit polyclonal anti-CD133 (Abcam), mouse
monoclonal anti-a-tubulin (Exbio), or rabbit monoclonal
anti-lamin B2 antibody (clone: D8P3U, Cat. no. 12255S; Cell
Signaling Technology, Danvers, MA, USA) at a 1:1,000 dilu-
tion overnight at 4°C. Anti-o-tubulin and anti-lamin B2 served
as the controls for the purity of the cytoplasmic and nuclear
cell fractions, respectively. After washing with Tris-buffered
saline (TBS)-Tween-20, the membranes were incubated with
the corresponding horseradish peroxidase (HRP)-conjugated
secondary antibodies anti-mouse IgG-HRP (cat. no. A9917,
dilution 1:5,000; Sigma-Aldrich) and anti-rabbit [gG-HRP
antibodies (cat. no. 7074, dilution 1:5,000; Cell Signaling
Technology) at room temperature for 60 min. Signal detection
was performed using ECL Prime Western Blotting Detection
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Table I. Description of patients from whom tumor samples were obtained to establish the rhabdomyosarcoma cell lines and the
results concerning the mean percentage of cells with an exclusive nuclear localization of CD133.

Mean percentage of cells with exclusive nuclear localization of CD133

Age RMS No.of passages Anti-CD133 antibody Anti-CD133 antibody ~ Anti-AC133 antibody

Cell line Gender (years) type analyzed (rabbit polyclonal)  (mouse monoclonal)  (mouse monoclonal)
NSTS-8 F 21 A 15-18 4.6 6.1 34
NSTS-9 M 17 A 13-18 4.6 52 4.1
NSTS-11 F 16 E 11-19 3.8 4.6 6.6
NSTS-22 F 5 A 11-15 4.0 6.0 6.4
NSTS-28 M 8 A 12-16 4.1 52 7.5

M, male; F, female; RMS, rhabdomyosarcoma. Tumor type: A, alveolar; E, embryonal.

W/ glycosylation sites 285 aa anti-AC133
Y antibody #130-090-422
Miltenyi Biotec

89 aa

anti-cD133 4L

#MAB4399
Millipore

anti-CD133
#ab19898
Abcam

Figure 1. Overview of epitopes of the anti-CD133 and anti-AC133 antibodies used in this study. For each antibody, the catalogue number and manufacturer are
indicated. Potential glycosylation sites, as well as length of the N-terminal region, the intracellular and extracellular loops and the C-terminal region of CD133
are depicted.

Reagent (GE Healthcare) according to the manufacturer's  nuclear CD133 positivity using indirect immunofluorescence

instructions. with three independent anti-CD133 antibodies (Fig. 1). A subset
of cells showed only nuclear CD133 positivity, i.e., no detect-
Results able membrane or cytoplasmic positive signal. The results were

markedly similar in all five cell lines analyzed, regardless of
For all five RMS cell lines examined in this study, we the primary antibody utilized, and the proportion ranged from
performed a detailed analysis of the presence of cells with 3.4 to 7.5%, with only minor differences observed among the
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A anti-CD133 (Abcam)

anti-CD133 (Millipore)

anti-AC133 (Miltenyi Biotec)

B NSTS-08 NSTS-09

anti-CD133
(Abcam)

anti-CD133
(Millipore)

anti-AC133
(Miltenyi Biotec)

NSTS-11 NSTS-22 NSTS-28

Figure 2. Nuclear localization of CD133 in rhabdomyosarcoma cells. (A) Example of the frequency of cells with CD133 nuclear positivity in the NSTS-11 cell
line, as detected using three independent primary antibodies. Cells with exclusive nuclear positivity for CD133 are indicated by arrows; cells with the typical
membrane positivity are indicated by arrowheads. (B) Details of cells that exhibited exclusive nuclear positivity for CD133 in all five rhabdomyosarcoma cell
lines. CD133 was stained by indirect immunofluorescence using Alexa Fluor 488-labeled secondary antibodies (green), and the nuclei were counterstained with

Hoechst 33342 (blue). Scale bars, (A) 50 ym and (B) 10 pgm.

individual anti-CD133 antibodies (Fig. 2A and Table I). We
also performed a detailed morphological analysis of the cells
that exhibited exclusive nuclear positivity for CD133 (Fig. 2B);
as can be seen on these micrographs, the pattern of CD133
nuclear positivity was markedly similar in all of the cell lines.

To confirm the presence of CD133 in the nuclei of the
RMS cells visualized using indirect immunofluorescence, we
employed confocal microscopy and software cross-section
analysis through these CDI133-positive nuclei (Fig. 3). As is
apparent from the results, the localization of the fluorescence
signal for CD133 was detected within the cell nuclei both on
the software cross-sections (Fig. 3B) and on the plot diagrams
of the fluorescence intensity (Fig. 3D).

Furthermore, we also used immunogold labeling with
TEM to verify the localization of CDI133 in the nuclei of the
RMS cells. To avoid any artifacts associated with this meth-
odological approach, the accumulation of three or more gold
particles together was considered to indicate a positive signal.
The results clearly indicated the presence of CD133 in both the
nuclei and nucleoli (Fig. 4A and B).

These results are all completely consistent with the micro-
scopic observations described above (Fig. 2): the software
cross-sections also showed clear, punctuate signals for CD133
within the nucleus (Fig. 3B and D), i.e., no diffuse positivity
throughout the entire nucleus was observed. Nevertheless,
the TEM micrographs also showed the presence of CD133
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Figure 3. Confocal microscopy analysis of CD133-positive cell nuclei. (A) The planes of software cross-sections through the CD133-positive nuclei are high-
lighted by simple yellow lines. (B) The cross-sections at these yellow lines are shown at the bottom. (C) The yellow arrows indicate lines drawn across individual
CD133-positive nuclei in the confocal image; (D) matching plots reporting the fluorescence intensity according to these arrows are given below. CD133 was
stained by indirect immunofluorescence using Alexa Fluor 488-labeled secondary antibodies (green), and nuclei were counterstained with Hoechst 33342 (blue).

Scale bars, 5 ym.

in the nucleoli (Fig. 4B), and this observation corresponds
with the diffuse positivity for CD133 observed in some of
the nucleoli (Fig. 2B). In addition to cells with the typical
membrane positivity or exclusive nuclear positivity for CD133,
we also sporadically noted clusters of positive signals in the
cytoplasm near the cell nucleus or very close to the nuclear
envelope (Fig. 4B).

Final confirmation of the results achieved through micro-
scopic methods was carried out by immunoblot analysis of the
cytoplasmic and nuclear fractions of all five RMS cell lines.
The presence of CD133-specific bands of various intensities
was detected in all nuclear fractions, in addition to the strong
CD133-specific bands in the cytoplasmic fractions (Fig. 4C).

The purity of both subcellular fractions was confirmed by the
presence/absence of a-tubulin and lamin B2. These results are
completely in accordance with our other findings (reported
above) achieved by indirect immunofluorescence and TEM,
i.e.,in all five RMS cell lines, the presence of a small subpopu-
lation of cells with CD133 in the nucleus was revealed.

Discussion

As described above, we unexpectedly identified an atypical
nuclear localization of CDI133 in a relatively stable subset of
cells in five RMS cell lines established in our laboratory. To
date, this atypical localization of CD133 was described in one
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Figure 4. Detection of CD133 in the nuclei of rhabdomyosarcoma cells using transmission electron microscopy and immunoblot analysis. (A) Presence of CD133
in cell nuclei and nucleoli; more detailed images of the positive signal for CD133 in the highlighted square areas are presented on the bottom row. (B) The
presence of CD133 in the cytoplasm near the nucleus (dashed square) and very close to the nuclear envelope (solid square). More detailed images of the positive
signal for CD133 in the highlighted square areas, as indicated above, are shown on the right side. Representative labeling of CD133 in NSTS-28 cells is shown;
CD133 was detected using 20 nm gold particles. Scale bars: (A) 250 nm and (B) 500 nm. (C) Nuclear/cytoplasmic fractionation followed by immunoblotting was
performed using a rabbit polyclonal anti-CD133 primary antibody; a-tubulin and lamin B2 were used to confirm the purity of the fractions.
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case report on breast cancer (14) and in a large study of prog-
nostic markers on lung cancer (15) using immunohistochemical
methods. Nevertheless, published data on CD133 expression
in human cancer cells are partly inconsistent, possibly due to
different analytical tools, as well as methodological limitations
and pitfalls (2). For this reason, results obtained by immu-
nohistochemistry or flow cytometry must be confirmed with
alternative antibodies and should be complemented by the
utilization of different detection methods of either protein or
transcript (2). Furthermore, the glycosylation of CDI133 epit-
opes in relation to the CSC phenotype should be also taken into
account, particularly if the antibodies against AC133 epitope
are commercially available (17).

In this study, we verified the nuclear localization of CD133
in RMS cells using three independent anti-CD133 antibodies,
including both rabbit polyclonal and mouse monoclonal anti-
bodies (Fig. 1). Indirect immunofluorescence and confocal
microscopy followed by software cross-section analysis,
TEM and cell fractionation with immunoblotting were also
employed, and all the results undeniably confirmed the pres-
ence of CDI133 in the nuclei of stable minor subpopulations of
all five RMS cell lines.

These results strongly support the hypothesis that a stable
subpopulation of cells with nuclear positivity for CD133 is a
common phenomenon in RMS cell lines. Surprisingly, and
to the best of our knowledge, similar results have not been
reported to date for RMS cells. Although certain micrographs
from our previous study showed cells with an accumulation of
fluorescent signal for CD133 in the nucleus (6), we assumed that
this finding was an artifact resulting from the use of a rabbit
polyclonal antibody against CD133, (which was the only anti-
CD133 antibody available at the time), although we had never
detected similar nuclear positivity for CD133 in osteosarcoma
or glioblastoma cell lines using the same antibody (5,18). Other
authors investigating CD133 expression in RMS and RMS cell
lines have not described the pattern of CD133 positivity in
detail, and no micrographs of the individual cells are available
in their published articles (9,10).

Very recently, one publication has mentioned the nuclear
localization of CD133 in triple-negative breast cancer cells as
revealed by immunohistochemistry; nevertheless, this study is
a case report based on only one simple descriptive method and
therefore does not include any continuing systematic analysis
of this apparently interesting finding. Moreover, two of three
methods listed in this article, quantitative RT-PCR and flow
cytometry, are not suitable for identifying the cell surface,
cytoplasmic or nuclear localization of any protein (14).

To date, another study concerning the possible value of
CD133 as a prognostic indicator of survival in patients with
non-small cell lung cancer (NSCLC) was just published. These
interesting results suggest that CD133 expression in the nucleus
of NSCLC cells was related to tumor diameter, tumor differ-
entiation and the TNM stage. Kaplan-Meier survival and Cox
regression analyses revealed that a high CDI133 expression in
the nucleus, as well as in the cytoplasm also predicted the poor
prognosis of NSCLC (15).

As mentioned above, in addition to cells with the typical
membrane positivity or exclusive nuclear positivity for CD133,
clusters of positive signals in the cytoplasm near the cell
nucleus or very close to the nuclear envelope were also sporadi-

cally noted. This finding is in accordance with our previously
published observations of sporadic cytoplasmic positivity for
CD133 in RMS cells (6), as well as with the deposition of
CD133 in cytoplasmic vesicles that has been described in osteo-
sarcoma (19) and the recently suggested mechanism of CD133
internalization and trafficking into lysosomes through interac-
tions between CD133 and the histone deacetylase HDACG6 (20).

Taken together, our results undeniably confirmed the pres-
ence of CDI133 in the cell nuclei of stable minor subpopulations
in RMS cell lines. These results, although surprising and
novel, were achieved through three independent methods using
three independent antibodies purchased from three separate
suppliers.

Nevertheless, the main question of what is the exact role
of CD133 in the nucleus of RMS cells remains unanswered.
In a previous study on breast cancer, the authors suggested
that CD133 in the nucleus may act as transcriptional regulator
and is most likely associated with a poor prognosis; however,
this conclusion is largely speculative in this case report (14).
By contrast, the most recent findings on NSCLC undoubtedly
proved the association of nuclear positivity for CD133 poor
prognosis in these patients (15).

Although a similar function of another type of surface
molecule internalized into the cell nucleus, receptor tyrosine
kinases, has been reported (21-23), CD133 belongs to a distinct
class of cell membrane proteins, and the analogies to this
process are therefore limited. Furthermore, recent studies also
discuss the involvement of internalized CD133 in cell signaling
pathways, such as the canonical Wnt pathway (20), or report an
association between CD133 and the PI3K/Akt pathway (24-26).
Regardless, the elucidation of the possible role of CD133 in the
nucleus of cancer cells should be based on detailed descrip-
tions of the localization and interactions of CD133 with other
molecules in the cell nucleus. These experiments will be the
focus of our upcoming study on this interesting phenomenon.
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The crucial role of cancer stem cells (CSCs) in the pathology of malignant diseases
has been extensively studied during the last decade. Nestin, a class VI intermedi-
ate filament protein, was originally detected in neural stem cells during develop-
ment. Its expression has also been reported in different tissues under various
pathological conditions. Specifically, nestin has been shown to be expressed in
transformed cells of various human malignancies, and a correlation between its
expression and the clinical course of some diseases has been proved. Further-
more, the coexpression of nestin with other stem cell markers was described as a

CSC phenotype that was subsequently verified using tumorigenicity assays. The
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he role of cancer stem cells (CSCs) in the pathology of

malignant diseases has been extensively studied during the
last decade. At present, it is widely accepted that CSCs partici-
pate in the processes of tumor initiation, progression, metasta-
sis, and relapse.""* The intermediate filament (IF) protein
nestin is an extensively studied marker of neural stem cells
that is a putative marker of the CSC phenotype, as its expres-
sion has been identified in many human malignancies.>* The
primary aim of this review is to summarize the recent findings
in this interesting field of tumor biology.

Characteristics and Detection of CSCs

Cancer stem cells are defined as a small subpopulation of
undifferentiated cells in tumor tissue that are characterized by
their capacity for self-renewal and differentiation into various
lineages and clones that generate tumor masses. Due to their
ability to form a continuously growing tumor, the synonymous
terms “‘tumor-initiating” or “tumorigenic” have been used to
describe these cells.>

Published reports suggest three primary hypotheses regarding
the origin of CSCs. The first hypothesis is that CSCs develop
from tissue-specific adult stem cells, which show the same
capacity for self-renewal and differentiation and survive in the
organism for an extended period, rendering these cells as
vulnerable to the accumulation of oncogenic mutations. Fur-
thermore, CSCs showed similar primitive phenotypes, such as
the expression of specific stem cell markers.” The second

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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primary aim of this review is to summarize the recent findings regarding nestin
expression in CSCs, its possible role in CSC phenotypes, particularly with respect
to capacity for self-renewal, and its utility as a putative marker of CSCs.

hypothesis for the origin of CSCs is based on the transforma-
tion and dedifferentiation of mature or differentiating cells,
which have been reported to reacquire stem cell properties as
a consequence of transforming mutations.®® The third hypothe-
sis is that CSCs and, consequentially, tumorigenesis originate
as a result of an “aberrant deposit” of embryonic stem cells in
developing tissues during ontogenesis.(“

Cancer stem cells are typically characterized based on the
presence and/or absence of several cellular markers, a combi-
nation of which is specific for the CSC phenotype in a respec-
tive tumor. These markers include cell surface or membranous
proteins (CD15, CD24, CD44, CD133, CXCR4, NCAM, and
ABC transporters), cytoplasmic proteins (nestin, Musashi-1,
and aldehyde dehydrogenase) or nuclear proteins (Sox-2,
Oct3/4, and Nanog) that carry out various structural or meta-
bolic functions in the cell.

The immunodetection of CSC markers on the cell surface
has facilitated the identification and isolation of selected CSC
subpopulations using appropriate sorting methods (FACS or
magnetic-activated cell sorting (MACS)). Other frequently
used methods for the isolation of CSCs are based on the func-
tional characteristics of CSCs, for example, the expression of
cell adhesion molecules, cytoprotective enzymes, and mem-
brane transporters.”” These characteristics can be identified
using standardized in vitro functional assays: detection of the
side population, sphere formation assays, and clonogenicity
assays, for example. However, in vivo tumorigenicity assays
using immunodeficient mice represent the gold standard for
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the detection of CSCs because this method provides direct evi-
dence of self-renewal and of tumor-forming capacities in an
organism. A positive result on this test is considered to con-
firm the CSC phenotype in the observed cell population."”

Characterization of Nestin

Nestin (neuronal stem cell protein) was originally identified
using the Rat-401 monoclonal mouse antibody in 1985. This
antibody displayed specificity to an antigen that was transiently
expressed in specific regions of the developing central nervous
system (CNS) and in non-neuronal cells in the peripheral ner-
vous system.'”’ Subsequent analysis led to the classification of
nestin as a class VI IF protein." "

In general, IF represent one of the three main components of
cytoskeleton in animal cells. In contrast to microtubules and
actin filaments, which consist exclusively of highly conserved
globular proteins tubulin and actin, respectively, IF proteins
are fibrous and their expression is tissue- or cell-specific. All
IF proteins exhibit the same structural organization: a central
o-helical rod domain flanked by N- and C-terminal tail
domains;"? therefore, IF are homopolymers or heteropolymers
formed of two or more IF proteins. Intermediate filament pro-
teins are classified according their structure and localization as
follows: classes I and II encompass acidic and basic cytokera-
tins; class III embraces vimentin, desmin, glial fibrillary acidic
protein, syncoilin, and peripherin; class IV consists of neurofil-
aments and o-internexin; class V of lamins; and class VI of
nestin and synemin.'® Intermediate filaments are responsible
for mechanical integrity of the cell, they serve as an integrat-
ing scaffold for other cytoskeletal components and for some
organelles. They are also involved in formation of tissue archi-
tecture and in the process of tissue regeneration.'¥

The human nestin gene (Fig. 1) is located on the long (q)
arm of chromosome 1 at position 23.1. Its promoter resides in
a 5'-non-translated region containing two Sp-1-binding sites
and lacks a functional TATA box.'> The nestin gene consists
of four exons separated by three introns. Enhancer elements
were found in the first and second introns.'® The enhancer
located in the first intron specifically increases nestin expres-
sion in myogenic precursors; the mechanism underlying this
regulation is likely based on the presence of two E-boxes
within the enhancer sequence, to which the transcription factor

www.wileyonlinelibrary.com/journal/cas

MyoD cooperatively binds.""” The second intron contains two
neural precursor-specific enhancers, identified as a pan-CNS
enhancer and a midbrain-specific enhancer, both of which con-
tain at least two regulatory elements.'® These two enhancer
elements represent binding sites for different types of regula-
tory molecules, for example, nuclear hormone receptors and
transcrig)tion factors belonging to the SOX or POU fam-
ily."®19) The expression of the nestin gene is also regulated by
epigenetic mechanisms, that is, DNA methylation and histone
acetylation. Specifically, histone acetylation appears to be the
preferred mechanism of nestin regulation during neural differ-
entiation, *”

The human nestin protein (Fig. 2) consists of 1621 amino
acids and displays a predicted molecular weight of 177.4 kDa.
However, nestin is typically detected by Western blotting at a
higher apparent molecular weight, ranging from 200 to
240 kDa. This difference can be explained by the presence of
multiple phosphorylation sites and glycosylated side chains.*"
The structure of the nestin protein is similar to that of other IF
proteins: a conserved 306-amino acid o-helical rod domain,
which forms the protein core, 7-amino acid N-terminal and
1308-amino acid C-terminal tail domains. Within the rod
domain, helical coils play an important role in dimerization
and consecutive filament formation. Previous studies have sug-
gested that nestin is able to form heterodimers only with other
IF proteins, most favorably with vimentin.'®**

Nestin Expression in Transformed Cells

Nestin expression in the developing and adult human organism
under both physiOIO%ical and pathological conditions has been
well described.>* > Although nestin is primarily regarded as
a marker of neural stem/progenitor cells, its expression has
also been shown in various embryonic cells and tissues,
including skeletal muscle, cardiac muscle, umbilical cord
blood cells, Sertoli and interstitial testicular cells, odontoblasts,
hair follicle sheath cells, hepatic cells, and renal progeni-
tors.*> In adults, nestin-positive cells are localized to tissue
/organ-specific sites, where they serve as a quiescent resource
of cells capable of proliferation, differentiation, and migration
after their re-activation.*> The re-expression or upregulation
of nestin was observed in various tissues during reparation pro-
cesses after several types of injury, including the following: in
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reactive astrocytes after CNS damage,(%) during the fibrotic
response to ischemic heart disease,””” and in the context of
mesangial cell repopulation after induced nephritis.?® Special
attention has been paid to the detailed analyses of nestin
expression in many types of human malignancies because nes-
tin may serve as an important diagnostic or prognostic marker.

Increased nestin expression is typical for tumors generated
from undifferentiated precursor cells or immature %)rogenitors,
which rapidly proliferate during neurogenesis.?” Although
these precursor cells replace nestin with other IF proteins dur-
ing neuronal differentiation, nestin expression can be tran-
siently re-activated in transformed cells.*”

In our previous detailed review, we summarized the current
understanding of nestin expression in cancer cells and vascular
endothelial cells from various types of solid tumors.** Unsur-
prisingly, nestin was detected in neuroectodermal neuroepithe-
lial tumors, including tumors of astrocytic, oligodendroglial,
oligoastrocytic, ependymal, embryonic, neuronal, and mixed
neuronal-glial origin. Furthermore, nestin expression was found
in mesenchymal tumors (e.g. osteosarcoma, rhabdomyosar-
coma, gastrointestinal stromal tumor), germ cell tumors (e.g.
embryonal carcinoma, germinoma, choriocarcinoma, yolk sac
tumor), and epithelial tumors (e.g. pancreatic adenocarcinoma,
breast carcinoma, ovarian carcinoma, lung  carci-
noma), 24253031

In some tumor types, increased nestin expression correlates
with the tumor grade and indicates an immature and invasive
phenotype of transformed cells.®* Moreover, a correlation
between the levels of nestin expression in tumor tissue and the
clinical course of the disease was reported for breast carci-
noma, ovarian carcinoma, gastrointestinal tumors, germ cell
tumors, osteosarcoma, ependymoma, and melanoma.* 3%
Thus, nestin expression is considered to serve as a prognostic
marker in these cancer types; however, its prognostic value
should be verified in large cohorts of the patients. In contrast,
no such relationship was found for pancreatic adenocarci-
noma.“%*! Interestingly, the use of nestin as a predictive mar-
ker of a poor response to conventional therapy and to novel
therapeutic agents was recently reported for multiple mye-
loma.

The evidence regarding nestin expression in hematological
malignancies is limited to a small number of studies of multi-
ple myeloma. Nestin mRNA was detected in NCAM-positive
cells of human myeloma cell lines and in primary myeloma
cells.** The nestin protein was immunodetected in mature
plasma cells from multiple myeloma patients and in myeloma
cell lines.* Furthermore, an association between increased
nestin expression and the pathogenesis of multiple myeloma
has been reported.*?

Nestin as a Putative Marker of CSCs

At present, there is no consensus concerning a “universal’
marker for the identification of CSCs in various tumor types.”’
Clearly, a tumor-specific CSC phenotype should be character-
ized by the co-expression of several markers, both intracellular
and surface-associated. As mentioned above, one putative CSC
marker is nestin, which is often co-expressed with other stem
cell markers (Table 1), such as CD133, Oct3/4 and Sox-2
(Fig. 3).

Identification of nestin in CSCs of neurogenic tumors. The first
study of nestin in CSCs revealed its expression in brain tumor
stem cells (BTSCs) isolated from different types of human
CNS tumors (medulloblastoma, astrocytoma, ependymoma,
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and ganglioglioma). All of these CSC populations were formed
nestin-positive spheres, which were subsequently grown in vi-
tro. However, nestin was downregulated during the induced
differentiation of BTSCs. Moreover, BTSCs isolated from glio-
blastoma or medulloblastoma initiated tumor growth in the
brains of NOD/SCID mice.***” Detailed analyses of cell
lines derived from other types of pediatric brain tumors (i.e.,
ependymoma, medulloblastoma, glioma, and primitive neuro-
ectodermal tumors) revealed that the number of nestin-positive
CSCs is increased in spheres exhibiting a CSC phenotype
based on functional assays. Furthermore, sphere-derived cells
showed a higher capacity for multilineage differentiation and
greater resistance to etoposide than monolayer-derived cells.®
Other evidence of increased nestin expression in spheres was
described using glioblastoma and medulloblastoma cell
lines“’*® and cells derived from peripheral nerve sheath
tumor.“® This increase in nestin expression due to sphere for-
mation appears to be a common phenomenon associated with
the stemness of cells within the sphere. The studies mentioned
above reported the co-expression of nestin with CD133 or both
CD133 and Sox-2 as a common CSC phenotype in tumors of
neurogenic origin. 2?4649

Nestin-positive cells in xenografts from human astrocytoma-
and glioblastoma-derived CSCs showed significant co-expres-
sion of proliferating cell nuclear antigen (PCNA) indicating
proliferation activity of these cells, as well as co-expression of
vascular cell adhesion molecule-1, which may affect cell
migration and spreading.®”

In glioma-prone mice with nestin-GFP tagged transgene
expressed both in neural stem cells and in relatively quiescent
glioma cells, re-initiation of cell division and growth of nestin-
positive glioma cells were observed after eradication of prolif-
erating tumor cells by temozolomide.®" These results are in
accordance with cancer stem cell theory concerning relapses
after conventional chemotherapy aimed at proliferating tumor
cells.

Furthermore, neural stem cells and “more stem-like glioma-
initiating cells” showed similar biological features as well as
gene expression profiles, particularly enrichment of Ca* sig-
naling genes. High expression of Ca®* channels (i.e., AMPA-
selective glutamate receptor 1) correlated with expression of
nestin and brain lipid-binding protein as well as with sensitiv-
ity to Ca®* channel blockers in glioma-initiating cells. Nestin,
together with brain lipid-binding protein and glutamate recep-
tor 1, are thus considered a novel combination of glioma CSC
markers and the enhanced sensitivity to Ca®* could be included
in functional tests of glioma CSCs.®?

Identification of nestin in CSCs from mesenchymal
tumors. Surprisingly, the coexpression of nestin with CD133,
which was originally described as the CSC phenotype in neu-
rogenic tumors, was also found in tumors of mesenchymal ori-
gin. The first evidence of nestin-/CD133-positive cells in
rhabdomyosarcoma samples and cell lines (Fig. 3a) was fol-
lowed by verification of their tumorigenic potential based on
functional assays.®> The same group also described the pres-
ence of nestin-/CD133-positive cells in osteosarcoma cell lines
based on immunodetection and predicted the coexpression of
these markers as a putative CSC phenotype.®® An additional
study of osteosarcoma, chondrosarcoma, and fibrosarcoma cell
lines indicated that nestin mRNA is expressed in sphere-forming
subpopulations; however, adherent subpopulations of the same
cell lines were identified as nestin-negative.®” Alternatively,
one study of established osteosarcoma cell lines reported
contrasting results: the same pattern of nestin expression (i.e.,

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Table 1.
identification
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Overview of known cancer stem cell (CSC) phenotypes in various human solid tumors and functional assays used for their

Tumor type

Phenotype of CSCs

Functional assays

In vitro

In vivo

References

Neurogenic tumors

Medulloblastoma

Ependymoma

Glioma

Glioblastoma

CNS primitive

neuroectodermal tumor

Malignant peripheral
nerve sheath tumors

Mesenchymal tumors

Rhabdomyosarcoma

Osteosarcoma

Chondrosarcoma

Fibrosarcoma

Nestin, CD133

Nestin, Sox2, CD133

Nestin, Sox2, CD133, B-catenin

Nestin, CD133

Nestin, Sox2, CD133

Nestin, CD133

Nestin, Sox2, CD133

Nestin, CD133, Musashi-1, Sox2

Nestin, Sox2, CD133

CD133, Oct4, nestin, NGFR (CD271)

Nestin, CD133

Nestin, CD133

CD133, Oct3/4, Sox2, Nanog, nestin

ABCA5, CBX3, ABCG2, ALDH

CD133, Oct3/4, Sox2, Nanog, nestin

CD133, Oct3/4, Sox2, Nanog, nestin

Neurospheres,
differentiation assay

Neurospheres, differentiation
assay, drug resistance
Medullospheres

Neurospheres,
differentiation assay

Neurospheres,
differentiation assay,
drug resistance

Neurospheres,
differentiation assay

Neurospheres,
differentiation assay,
drug resistance

Neurospheres,
differentiation assay,
clonogenic assay

Neurospheres,
differentiation assay,
drug resistance

Spheres, differentiation assay

Clonogenic assay

Sarcospheres, clonogenic
test, in vitro tumorigenic
assay, side population,
differentiation assay

Spheres, clonogenic test,
drug resistance

Sarcospheres,
clonogenic
test, in vitro
tumorigenic
assay, side
population,
differentiation
assay

Sarcospheres,
clonogenic
test, in vitro
tumorigenic
assay, side
population

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

Xenograft formation

(29,45)

(46)

(47)

(29)

(46)

(29,45)

(46)

(48)

(46)

(49)

(53)

(54)

(55)

(56)

(55)

(55)
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Functional assays

Tumor type Phenotype of CSCs References
In vitro In vivo
Epithelial tumors
Ovarian carcinoma Nestin, Oct4, Nanog Spheroids, differentiation assay Xenograft formation (57)
Nestin, Nanog, Oct4, Sox2, Spheres, drug resistance Xenograft formation (58)
ABCG2, CD133, CD117
Nestin, Oct4, Nanog, Sox2, Spheroids, drug resistance Xenograft formation (59)
Bmi-1, CD133, CD44, CD24,
ALDH1, CD117, ABCG2
Oral squamous cell carcinoma Nestin, CD133, Oct4, Nanog, Spheres, soft-agar assay, Xenograft formation (60)
ABCG2, CD117 differentiation assay
Prostate carcinoma CD49b, CD49f, CD44, deltaNp63, Prostaspheres, clonogenic assay 61)
nestin, CD133, Nanog, Oct-4,
Bmi-1, Jagged-1, Hes-1, Patched,
Smoothened, CD201
CD117, ABCG2, Nanog, Oct4, Sox2, Drug resistance Xenograft formation (62)
nestin, CD133
Gallbladder carcinoma CD133, nestin, Oct4, Nanog Spheres, drug resistance, Xenograft formation (63)
differentiation assay
Non-small-cell lung Nestin, CD133 (64)
cancer
Lung cancers CD44, CD90, Nanog, Oct4 Spheres, irradiation Xenograft formation (65)
resistance, clonogenic assay
Colon cancer Nestin, Bmi1 Spheres, soft agar colony (68)
formation assay, invasion
assay, drug resistance
Breast cancer CD44, Oct4, nestin, CD24~ Mammospheres (69)
CDA44, ESA, nestin, CD24 Mammospheres, invasion assay Xenograft formation (70)
Nanog, Oct3/4, nestin, Sox2, CD34 (71)
Gastric adenocarcinoma Nestin, CD44 (72)
Pancreatic ductal ALDH1A1, ABCG2, nestin Spheres, invasion assay, (74)
adenocarcinoma side population,
CD133, CD44, Oct4, nestin Drug resistance Xenograft formation (76)

CNS, central nervous system.

Fig. 3.

Co-expression of nestin and other putative cancer stem cells markers in the NSTS-11 rhabdomyosarcoma cell line. Representative double

labeling for nestin and CD133 (a) and for nestin and Oct4 (b). CD133 (a) and Oct4 (b) were stained by indirect immunofluorescence using Alexa
568-labeled secondary antibody (red); nestin (a, b) was stained by the same method using Alexa 488-labeled secondary antibody (green); nuclei
were counterstained with DAPI (blue). Bar = 25 um.
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downregulation of nestin in adherent cells) was found in spheres
and adherent populations of CHAS59 cells based on real-time
PCR and Western blotting, whereas a reverse pattern (i.e., down-
regulation of nestin in sarcospheres) was described in the HuO9
cell line.®® Interestingly, both spheres and adherent cells were
detected as nestin-negative in the Saos-2 cell line,*® but strong
nestin expression was previouslsy identified in the same cell line
based on immunofluorescence.®

Identification of nestin in CSCs from epithelial tumors. Cells
coexpressing CD133 and nestin (a putative CSC phenotype)
were also found in several types of epithelial tumors.

Early studies of ovarian adenocarcinoma, including high-
grade serous ovarian carcinoma, identified a population of self-
renewing CSCs that grew as sphere-forming clusters. Further-
more, these cells were tumorigenic in vivo, showing increased
chemoresistance and expressed CSC markers, including nes-
tin. G759

Cultivation of oral squamous cell carcinoma cells in defined
serum-free medium led to the formation of spheres enriched
with cells exhibiting CSC phenotypes, including high expres-
sion of nestin and other stem cell markers (i.e., CD133, Oct-4,
and Nanog), differentiation capacity, enhanced migratory
capacity, and tumorigenicity. However, nestin was also found
in sphere-like bodies of basal cells that showed limited prolifer-
ation potential and reduced expression of self-renewal genes.*”

Similarly, stem-like prostate cancer cells expressing typical
stem cell markers, such as Nanog, Oct4, Sox-2, CD133, and
nestin, were isolated from prostate tumor tissue®” and from a
prostate cancer cell line.®” In the first study, the obtained
“prostaspheres” were maintained in vitro.®” The second study
verified the proposed chemoresistance and tumorigenicity of
these prostatic CSCs.©®® Additionally, CSCs were obtained
from human gallbladder carcinoma through sphere formation,
and the expression of nestin, CD133, Oct-4, and Nanog was
identified in these cells.*®

Nestin/CD133-positive cells were also detected in paraffin
blocks of 121 non-small-cell lung cancer samples based on
immunohistochemistry and immunofluorescence; the co-locali-
zation of these two markers was detected in 17% of the sam-
ples, although the double-stained cells represented <1% of all
positive cells. The authors concluded that CD133/nestin-posi-
tivity may serve as a marker of lung CSCs.®® Other relevant
studies did not refer to nestin expression in lung CSCs¢>¢®
and only mentioned the effect of nestin on cell proliferation.”

Treatment of an HCT-117 colon cancer cell line or primary
colon cancer cells with interleukin-1f promoted sphere forma-
tion, upregulated the typical stemness markers nestin and
Bmil, and increased drug resistance. Moreover, the observed
self-renewal status was accompanied by epithelial-mesenchy-
mal transition (EMT), the upregulation of the EMT activator
Zebl, and the downregulation or loss of E-cadherin expres-
sion. ¥

Breast CSCs are typically isolated according to their
ESA+/CD44+/CD24- phenotype. Interestingly, these cells also
express Oct-4 and nestin and display increased tumorigenicity
throu%h the formation of mammospheres under in vitro condi-
tions.®” The high expression of nestin is associated with a
100-fold increase in tumorigenicity in comparison with cells
showing weak nestin expression and ESA+/CD44+/CD24-
phenotype. Conversely, knockdown of nestin in breast CSCs
led to cell cycle arrest, apoptosis induction, repression of cell
migration, and inhibition of spontaneous EMT. On a molecular
level, silencing of nestin disrupted Wnt/B-catenin activation,
which is an important signaling pathway in breast CSCs.7?

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Furthermore, Oct-4/nestin-positivity in cancer tissues has been
associated with younger age, malignant tumor grades, lymph
node metastasis, and shorter survival.(¢>79 Co-expression of
nestin with other established stem cell markers (e.g., Oct3/4 or
Sox-2) was shown in circulating breast cancer cells.”"

A correlation between the expression of nestin and CD44
was recently found in gastric adenocarcinoma; this study pro-
vided the first evidence of the nestin+/CD44+ phenotype in
this type of tumor.”? In pancreatic ductal adenocarcinoma
(PDAC), the expression of nestin as a putative marker of CSCs
has recently been discussed.”*’® High levels of nestin
together with ALDH1A1 and ABCG2 were detected in meta-
static cells from human PDAC injected into NOG mice; more-
over, these cells showed typical features of CSCs such as
sphere formation and tumorigenicity. Downregulation of nestin
by shRNA in these cells resulted in decreased capacity of both
sphere formation in vitro and metastasizing in vivo.”® Nestin
modulates nestin-positive cell invasion, EMT, and metastasis
during the progression of PDAC. It was also shown that nestin
expression in PDAC cells is regulated by the transforming
growth factor-f1/Smad pathway: nestin expression is induced
in a Smad4-dependent manner and under hypoxic condi-
tions.””” Nestin was also detected in spheres together with
CDI133 and CD44,”% and the recently isolated Panc-1 stem-
like cell line demonstrated coexpression of CDI133, CD44,
Oct4, and nestin.”® In contrast, no significant correlation
between the CD133 and nestin expression patterns has been
detected in PDAC tumor samples,(4 ) and nestin expression did
not correlate with the clinical course of PDAC.“?

What is the Role of Nestin in CSCs?

In some tumor types, nestin expression correlates with aggres-
sive growth, metastasis, and poor prognosis.*> Nevertheless,
the role of nestin in transformed cells, especially CSCs, aside
from its participation in cytoskeleton formation, remains
unclear.

One primary hypothesis for the role of nestin in CSCs arose
from an in vivo experiment: nestin knockout mice showed
embryonic lethality and a reduced number of neuronal stem
cells. Moreover, the remaining neuronal stem cells exhibited
decreased self-renewal capacity and increased cell death, with
no apparent defects in proliferation, differentiation, or cyto-
skeletal integrity.”” A proposed relationship between nestin
expression and self-renewal is supported by the previous find-
ing that the nestin promoter is activated by Notch, which binds
to the second intron enhancer element of the nestin gene. The
combined activation of Notch and KRAS led to the prolifera-
tion of nestin/PCNA-positive cells in lesions along the subven-
tricular zone of mice, suggesting that these lesions may
represent premalignant stages of tumorigenesis and that
nestin/PCNA-positive cells may exhibit CSC phenotypes.”®

It has been shown in neuroblastoma cells that E-box
sequences in the regulatory second intron of the nestin gene
are specific regions to which N-myc transcription factors can
bind. Furthermore, an increase in N-myc protein levels subse-
quently enhances nestin expression and cell proliferation and
motility.””® In addition, N-myc regulates the expression of sev-
eral genes that encode stem-related factors, including lif, kif2,
kif4, and 1in28b.®” Thus, nestin unequivocally belongs to the
group of stemness genes regulated by N-myec.

An additional mouse study indicated that nestin-positive
CSCs localized to the perivascular niche of medulloblastoma
tumor tissue and exhibited radioresistance through the

Cancer Sci | July 2015 | vol. 106 | no.7 | 808



www.wileyonlinelibrary.com/journal/cas

activation of the AKT/PI3K and p53 signaling pathways.
These characteristics are in contrast to those of the rest of the
tumor mass, which undergoes apoptosis. In medulloblastoma
displaying extensive nodularity, the loss of the PTEN gene in
combination with Sonic hedgehog overexpression induced the
formation of tumors from nestin-positive progenitor cells. Fur-
thermore, the activation of the AKT signaling pathway using
ionizing irradiation led to the proliferation of nestin-positive
CSCs, whereas the majority of cells in the tumor mass were
differentiated.®"

A cytoprotective function of nestin was shown in neuronal
stem cells, as overexpression of nestin inhibited oxidant-
induced apoptosis, including the activity of cyclin-dependent
kinase 5, which serves as an important regulator of neuronal
development and function.®” However, this mechanism of
nestin activity has not been demonstrated in CSCs.

The functions of many proteins are regulated by their cellu-
lar localization. Nestin is predominantly localized to the cyto-
plasm, where it participates in the formation of IFs as integral
components of the cytoskeleton in animal cells. However,
based on confocal microscopy and immunodetection using ul-
trathin sections by transmission electron microscopy, strong
nestin signals were detected in the nuclei of the GM7 glioblas-
toma cell line;®® this cell line was later characterized as posi-
tive for both nestin and CD133.*% Subsequently, the nuclear
localization of nestin was found in two neuroblastoma cell
lines and in one medulloblastoma cell line out of a total of 11
neurogenic patient-derived cell lines. These results suggest that
this phenomenon is not particularly rare in transformed cells.
However, the percentage of cells displaying nestin-positive
nuclei was approximately 10% in these cell lines, suggesting
that these cells show no great advantage in clonal selection.®
A role for nestin in the nucleus is not yet clear, although pre-
vious cross-linking experiments revealed that nestin binds to
DNA in N-myc-amplified N-type neuroblastoma cell lines.””

Recently, nestin was found on the cell surface of 14 glioma
stem cell lines, and the positivity for nestin at the cell surface
ranged from 1.4% to 70%. Isolated nestin-positive cells
showed increased sphere-forming capacity and sphere size.
The authors proposed that surface nestin underwent post-trans-
lational modification by v-secretase and that, after plasma
membrane exposure, nestin may be used as a marker for the
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isolation and characterization of CSCs in glioblastoma.®® Sur-
face nestin was originally identified in murine glioma stem
cells (GSCs) and it was reported as a ~60-kDa N-terminal iso-
type of nestin. Surface nestin was detectable with GSC-target-
ing peptide with selective binding affinity to undifferentiated
GSCs. Glioma stem cell-targeting peptide conjugated with
fluorochrome is able to undergo internalization and its colocal-
ization with nestin-positive GSCs was observed both in a gli-
oma cell population maintained in vitro as well as in a murine
glioblastoma model in vivo.®” Surface nestin thus seems to be
a suitable target molecule for identification of CSCs in some
types of brain tumors, especially in gliomas. In addition to the
detection methods described above, the application of specific
mAb against the N-terminal part of the nestin molecule or of
GSC-targeting peptide could also be used for eradication of
these cells because peptide- and antibody-based radiopharma-
ceuticals or cytotoxic conjugates are discussed as very promis-
ing strategies in cancer treatment.®%°%

In conclusion, nestin is undoubtedly a putative CSC marker
of both neurogenic tumors and tumors of epithelial or mesen-
chymal origin. The coexpression of nestin with other CSC
markers, particularly CD133, Oct3/4, and Sox-2, should be
considered as a specific CSC phenotype; however, the verifica-
tion of this phenotype using functional assays is required for
each tumor type. Some experimental results suggest that nestin
expression is closely associated with self-renewal capacity,
although the detailed mechanisms underlying this relationship
remain unclear.
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Abstract. Although methotrexate (MTX) is the most
well-known antifolate included in many standard thera-
peutic regimens, substantial toxicity limits its wider use,
particularly in pediatric oncology. Our study focused on a
detailed analysis of MTX effects in cell lines derived from
two types of pediatric solid tumors: medulloblastoma and
osteosarcoma. The main aim of this study was to analyze the
effects of treatment with MTX at concentrations comparable
to MTX plasma levels in patients treated with high-dose or
low-dose MTX. The results showed that treatment with MTX
significantly decreased proliferation activity, inhibited the cell
cycle at S-phase and induced apoptosis in Daoy and Saos-2
reference cell lines, which were found to be MTX-sensitive.
Furthermore, no difference in these effects was observed
following treatment with various doses of MTX ranging from
1 to 40 yM. These findings suggest the possibility of achieving
the same outcome with the application of low-dose MTX, an
extremely important result, particularly for clinical practice.
Another important aspect of treatment with high-dose MTX
in clinical practice is the administration of leucovorin (LV)
as an antidote to reduce MTX toxicity in normal cells. For
this reason, the combined application of MTX and LV was
also included in our experiments; however, this application of
MTX together with LV did not elicit any detectable effect. The
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expression analysis of genes involved in the mechanisms of
resistance to MTX was a final component of our study, and the
results helped us to elucidate the mechanisms of the various
responses to MTX among the cell lines included in our study.

Introduction

Methotrexate (MTX) is the most widely known antifolate
successfully used in oncology for a long time. MTX is
particularly effective in the treatment of acute lymphoblastic
leukemia, non-Hodgkin lymphoma, breast carcinoma, lung
carcinoma, osteosarcoma, choriocarcinoma, and some neuro-
ectodermal tumors (1). Although MTX has been included in
therapeutic protocols for more than 60 years, its dosage as well
as administration schedules are still being optimized.

The most important effect of MTX is based on the inhi-
bition of dihydrofolate reductase (DHFR), which blocks the
reduction of folic acid and, consequently, folic acid metabo-
lism. When the concentration of MTX exceeds the binding
capacity of DHFR, all available molecules of tetrahydrofolate
(THF) are gradually depleted in the cell, and the synthesis of
purine and pyrimidine precursors, which are necessary for
synthesis of nucleic acids, is reduced (2).

Although MTX is included in many standard therapeutic
regimens, its substantial toxicity limits its wider use, particu-
larly in pediatric oncology. The cytotoxic effects of high-dose
MTX (HD-MTX) on normal somatic cells could be reduced by
the administration of an antidote, with the most frequent being
leucovorin (LV). Another possibility of an MTX schedule is
the repeated administration of low-dose MTX (LD-MTX)
without LV (3,4).

Nevertheless, there is a fear in clinical practice that
HD-MTX chemotherapy can induce drug resistance, resulting
in a reduced treatment effect (5). The primary and the most
frequent mechanism of resistance to MTX is caused by
defects in reduced folate carrier (RCF)-mediated transport,
which are caused by mutations in the RCF gene or by the
downregulation of its expression (6). Other well-described
mechanisms of MTX resistance include the overexpression



2170

of DHFR or thymidylate synthase (TYMS) or mutations in
genes encoding these enzymes, decreasing their affinity for
antifolates. Another important aspect in resistance to MTX is
defective polyglutamylation, which substantially reduces the
cytotoxicity of MTX. Reductions in MTX polyglutamylation
usually result from the decreased expression of folylpolyglu-
tamate synthetase (FPGS) or from inactivating mutations in
the FPGS gene, as well as from the increased expression of
folylpolyglutamate hydrolase (FPGH) (7).

Our study focused on a detailed analysis of MTX effects
in cell lines derived from two types of pediatric solid tumors,
medulloblastoma and osteosarcoma, which were chosen on the
basis of their different histogenetic origin and because MTX
is typically included in therapeutic protocols for both. The
main aim of this study was to analyze the effects of treatment
with MTX at concentrations comparable to the MTX plasma
levels in patients treated with high-dose or low-dose MTX.
Furthermore, an extremely important part of the treatment
with high-dose MTX in clinical practice is the administration
of LV as an antidote to reduce MTX toxicity in normal cells.
Thus, the combined application of MTX and LV was also
included in our experiments. An analysis of the expression
of genes involved in the mechanisms of resistance to MTX
was the final component of our study; the results helped us to
elucidate the mechanisms of the various responses to MTX
among the examined cell lines.

Materials and methods

Cell lines. Two reference cell lines and two cell lines derived
in our laboratory were used in this study. Daoy (ATCC
HTB-186™) medulloblastoma and Saos-2 (ATCC HTB-85™)
osteosarcoma cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA). MBL-02 is
an in-house cell line derived previously from a biopsy sample
obtained from a 7-year-old girl suffering from desmoplastic
medulloblastoma (8). The OSA-08 cell line was newly derived
from a biopsy sample obtained from an 11-year-old boy surgi-
cally treated for conventional osteosarcoma. The Research
Ethics Committee of the School of Medicine (Masaryk
University, Brno, Czech Republic) approved the study protocol,
and a written statement of informed consent was obtained
from each patient or his/her legal guardian.

Cell culture. Cells were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% (Daoy and Saos-2)
or 20% (MBL-02 and OSA-08) fetal bovine serum, 100 IU/
ml penicillin, 100 mg/ml streptomycin, and 2 mM glutamine.
In addition, the medium for the Daoy cells also contained
1% nonessential amino acids (all cell culture reagents were
purchased from PAA, Linz, Austria). Experiments with
leucovorin (LV) application were performed in folate-free
DMEM (both reagents were purchased from Sigma-Aldrich,
St. Louis, MO, USA). Cell culture was performed under stan-
dard conditions at 37°C in a humidified atmosphere containing
5% CO,.

Chemicals. MTX (Sigma) was prepared as a stock solution
at a concentration of 20 mM in 1 M NaOH (Sigma). This
stock solution was diluted in DMEM or folate-free DMEM
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Table I. Sequences of the primers used for RT-PCR.

Gene Primer sequences Product
(bp)

RFC1 F: 5'-GCGGGCTTCGTGAAGATC-3' 330
R: 5-CTGGAACTGCTTGCGGAC-3'

DHFR F: 5'-CAGAACATGGGCATCGGCAAGAACG-3' 328
R: 5-AAACAGAACTGCCACCAACTATCCA-3'

TYMS F: 5'-CGGGAGACATGGGCCTCGGT-3' 353
R: 5-GCATCCAGCCCAACCCCTAA-3'

FPGS F: 5'-CACTGGGACGAAGGGGAA-3' 322
R: 5'-GTCATAAGCCCCGCCAAT-3'

FPGH F: 5-AAAGTACTTGGAGTCTGCAGGTGC-3' 327
R: 5-TGCAATTGACCTCCAGTGAAGTTCA-3'

HSP90AB1 F:5-CGCATGAAGGAGACACAGAA-3' 169

R: 5-TCCCATCAAATTCCTTGAGC-3'

to obtain the final concentrations used in the experiments.
For determination of the ICy, value, 7 different concentrations
of MTX ranging from 1x10** to 1x10? uM were tested. For
all other experiments, concentrations of 0.1, 1, 10 and 40 uM
MTX were used; these concentrations are in the range of MTX
plasma levels reached in patients suffering from cancer. The
maximum used concentration of MTX, i.e., 40 yM, is compa-
rable with the peak of the MTX plasma concentration achieved
during HD-MTX treatment of pediatric solid tumors (4). LV
was dissolved in deionized water to prepare a 1 mM stock
solution. LV at final concentrations of 10 and 100 nM was
prepared in folate-free DMEM.

MTT assay. To evaluate cell proliferation, an MTT assay to
detect the activity of mitochondrial dehydrogenases in living
cells was used; 96-well plates were seeded with 1x10* cells/well
in 200 ul of culture medium, and the cells were allowed to
adhere overnight. The medium was then removed and a new
medium containing the selected concentrations of MTX
described above or control MTX-free medium was added.
The plates were incubated under standard conditions, and
LV at the chosen concentrations was added after 42 h. To
evaluate changes in cell proliferation, medium with reagents
was removed and replaced by 200 ul of DMEM containing
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) at 0.5 mg/ml. The plates were then incubated at 37°C
for 2.5 h. Subsequently, the medium was carefully removed,
and the formazan crystals were dissolved in 200 xl of DMSO.
The absorbance at 570 nm with a reference absorbance at
620 nm was measured using the Sunrise Absorbance Reader
(Tecan, Mannedorf, Switzerland).

RT-PCR. Differences in the expression of MTX resis-
tance-related genes in the cell lines under standard conditions
were evaluated using RT-PCR. Total RNA was extracted using
the GenElute™ Mammalian Total RNA Miniprep kit (Sigma),
and its concentration and integrity were determined spectro-
photometrically. For all samples, equal amounts of RNA (i.e.,
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Figure 1. Dose-response curves and ICs, values of MTX. Cells were incubated with different doses of MTX for 6 days. Cell viability was analyzed using the
MTT assay. Data are presented as the means + standard deviations. x-axis, doses of MTX in uM. y-axis, percentage of viability relative to the untreated cells.

MTX, methotrexate.

25 ng of RNA per 1 ul of total reaction volume) were reverse
transcribed into cDNA using M-MLYV (Top-Bio, Prague, Czech
Republic) and oligo dT (Qiagen, Hilden, Germany) priming.
PCR was carried out in 25 ul reactions containing 12.5 ul of
PPP master mix, 0.5 ul of PCR enhancer (both from Top-Bio),
0.5 uM of each primer and 5 ul of diluted cDNA. The primers
used for RFCI1, DHFR, TYMS, FPGS, FPGH and HSP90ABI
are described in Table I. A total of 10 pl of the PCR product
was loaded onto a 2% agarose gel stained with Midori Green
(Nippon Genetics, Dueren, Germany) and examined after
electrophoresis. The optical density was stained and quanti-
fied using ImagelJ software (9). The data were normalized to
HSP90ABI expression.

Flow cytometry. To evaluate changes in the cell cycle,
1.2x10° cells were seeded in 25 cm? Petri dishes and allowed
to attach overnight. The cells were then treated with MTX
for 3 or 6 days. Both the detached and adherent cells were
harvested together, fixed with 70% ethanol and stained with
Vindelov's solution [0.01 M Tris, 10 yg/ml RNase, 50 pug/ml PI
and 1 mM NaCl (all from Sigma)] at 37°C for 30 min.

To quantify the rate of apoptosis, 1x10° cells were seeded
in 75 cm? Petri dishes and allowed to attach overnight. The
cells were treated with MTX for 1 or 3 days. Both the detached
and adherent cells were harvested together, fixed with 3%
paraformaldehyde (Sigma) at room temperature for 30 min,
permeabilized in 0.2% Triton X-100 (Sigma) for 1 min, and
incubated with 2% BSA (PAA) for 10 min to block nonspecific
antibody binding. The cells were then treated with a rabbit
polyclonal anti-cleaved caspase-3 (Asp-175) primary antibody
(dilution 1:250, cat. no. 9661; Cell Signaling Technology,
Beverly, MA, USA) at 37°C for 60 min. After washing with PBS
twice, goat anti-rabbit IgG conjugated with Alexa Fluor® 488
(dilution 1:300, cat. no. A-11008; Life Technologies, Carlsbad,
CA, USA) was applied at 37°C for 45 min.

The BD FACSVerse™ flow cytometer with BD FACSuite
software (Beckton Dickinson, San Jose, CA, USA) was
employed to analyze both the cell cycle and frequency of
caspase-3-positive cells at the intervals specified above. Ten
thousand events per sample were evaluated in all experiments.

Results

Determination of MTX ICs,. To confirm that the Daoy
and Saos-2 reference cell lines are useful models for the

examination of the MTX effects on medulloblastoma and
osteosarcoma cells, the ICs, values were first determined.
Using the MTT assay, we analyzed cell viability at day 6 of
MTX treatment in a range of MTX concentrations from 1x10*
to 1x10? uM. Both of these cell lines showed a very similar
IC,, value: 9.5x10 uM for Daoy cells and 3.5x102 yM for
Saos-2 cells (Fig. 1). In contrast, neither the MBL-02 medul-
loblastoma nor the OSA-08 osteosarcoma patient-derived cell
lines reached the ICs, value within the concentrations of MTX
used. The highest concentration of MTX used for experiments
with the reference cell lines, i.e., 100 yM, only led to 27 and
32% decreases in viability when compared with the untreated
MBL-02 and OSA-08 cells, respectively.

Effect of MTX and ‘leucovorin rescue’ treatment on cell
proliferation. To analyze the effects of MTX on cell prolifera-
tion, concentrations corresponding to MTX plasma levels were
used. Daoy (Fig. 2A) and Saos-2 (Fig. 2D) cell lines showed
evident cytostatic effects at day 6 of treatment with MTX at
all the chosen concentrations. For Saos-2 cells, no statistically
significant differences were observed among all the different
MTX treatments. It was also apparent that treatment with
0.1 uM MTX decreased the proliferation of Daoy cells to a
significantly lesser extent than the other MTX concentrations.
Both the MBL-02 and OSA-08 patient-derived cell lines did not
show any marked decrease in the number of viable cells within
the concentration interval from 0.1 to 40 M. Nevertheless,
the MBL-02 medulloblastoma cell line (Fig. 2G) appeared to
be more sensitive than the OSA-08 osteosarcoma cell line in
terms of cell viability (Fig. 2J).

To determine whether the application of LV influences
the observed cytostatic effects of MTX, we added LV at two
different concentrations, 10 and 100 nM, to the cultivation
medium at 42 h after treatment with MTX. The application
of 10 nM LV resulted in a slight but statistically significant
increase in the proliferation activity of Daoy (Fig. 2B) and
Saos-2 (Fig. 2E) cells pretreated with 0.1 yM MTX. In
contrast, the use of an elevated concentration of LV, i.e.,
100 nM, caused a statistically significant increase in prolif-
eration activity and an inhibition of MTX action in both
cell lines pretreated with 0.1 xuM MTX (Fig. 2C and F). The
cytostatic effects of higher concentrations of MTX were not
affected by LV in these cell lines, and the MTX-pretreated
in-house cell lines did not respond to the application of
LV (Fig.2H,I,K and L).
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Figure 2. Cell viability after treatment with MTX in combination with LV. Cell viability was measured using the MTT assay before treatment and at day 3
and 6 of incubation with MTX. LV was administered 42 h after the initial treatment with MTX. x-axis, days of treatment. y-axis, absorbance measured at
570 nm. The data represent the means + SEM and were analyzed using ANOVA followed by the Fisher-LSD post-hoc test (‘p<0.03, significant difference
between two treatments). MTX, methotrexate; LV, leucovorin.
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Figure 3. Analysis of gene expression of MTX resistance-related genes. (A) Representative agarose gel. (B) PCR analysis of the mRNA expression of MTX
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gene. x-axis, MTX resistance-related genes. y-axis, expression of the selected genes as related to HSP9OAB1. MTX, methotrexate.
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Figure 5. Flow cytometric analysis of caspase-3 positivity in (A) Daoy and (B) Saos-2 cells following MTX treatment. Cells were analyzed at day 1 and 3 of
incubation. x-axis, doses of MTX and days of treatment. y-axis, percentage of caspase-3-positive/negative cells in the cell populations. MTX, methotrexate.

Expression of MTX resistance-related genes. To understand
the strong differences in MTX toxicity between our in-house
cell lines (MBL-02 and OSA-08) and the reference cell lines
obtained from ATCC (Daoy and Saos-2), we examined the
expression of genes involved in the resistance of tumor cells
to MTX (Fig. 3). For this RT-PCR expression analysis, we
chose genes encoding the main membrane transporter of
MTX, i.e., RFC, two key enzyme targets for MTX, i.e., DHFR
and TYMS, and two enzymes catalyzing the glutamylation
of MTX, i.e., FPGS and FPGH. The Daoy medulloblastoma
cells showed higher relative expression of the RFCI, DHFR
and TYMS genes, whereas the expression of these genes was
very weak in the MBL-02 medulloblastoma cells. In contrast,

both osteosarcoma cell lines displayed similar expression
levels of MTX resistance-related genes, with the exception of
DHFR, the expression level of which was also decreased in the
OSA-08 cells.

Effect of MTX on the cell cycle and cell death. Based on the
results of previous experiments, both MTX-responding cell
lines, i.e., the Daoy and Saos-2 lines, were chosen for cell cycle
analysis. The cells were treated with different concentrations
of MTX, and the proportions of cells in sub-G,, G,, S and G,/M
phases were determined using flow cytometry at day 3 and 6 of
treatment with MTX. All MTX concentrations had the same
effect on the distribution of the cell cycle phases; an increase
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in cells in the S phase was accompanied by a decrease in cells
in the G, phase in the treated cell lines compared with the
untreated controls. Importantly, this phenomenon was noted
sooner in the Daoy cells, at day 3 of MTX treatment (Fig. 4A),
but was partially delayed in the Saos-2 cells (Fig. 4B). The
analysis of the sub-G, population revealed cytotoxic effects of
MTX on both cell lines (Fig. 4C). The population of cells with
reduced DNA content markedly increased at day 6 of treat-
ment. Furthermore, this trend was more apparent in the Saos-2
cells; the sub-G, population was >40% in the Saos-2 cells
and ~30% in the Daoy cells. The cytotoxic effect of MTX at
concentrations ranging from 1 to 40 uM was nearly the same
in both cell lines.

To prove whether the increase in the sub-G, proportion
after MTX treatment is caused by apoptosis induction, the
MTX-treated cell populations were labeled with an anti-active
caspase-3 antibody at day 1 and 3 of MTX application. Both
cell lines showed a >30% increase in caspase-3-positive
cells at day 3 of treatment with 1, 10 or 40 uM MTX. In
contrast, treatment with 0.1 uM MTX led to a 7-8% increase
in caspase-3-positive cells in comparison to the control
cells (Fig. 5).

Discussion

At present, the standard protocol for cancer treatment with
MTX includes the application of HD-MTX, defined as
>1 g/m? of body surface, in combination with leucovorin,
which enables reaching high plasma concentrations with
enhanced anticancer and cytotoxic effects (10). ‘Leucovorin
rescue’ is administered in a specific time schedule after
treatment with MTX, usually from 24 to 42 h, to protect non-
cancerous proliferating cells from the side effects of MTX.
Nevertheless, the toxicity of MTX may induce myelosuppres-
sion, mucositis, nephrotoxicity, hepatotoxicity, and, in severe
cases, multi-organ failure (11). Although MTX has long been
an integral part of many therapeutic regimens, a definite
agreement in regards to MTX dosage and timetables and/or
LV treatment is still lacking (12).

The main aim of this study was to analyze the effects of
MTX on cell lines derived from two types of pediatric solid
tumors, medulloblastoma and osteosarcoma, and to determine
how these cell lines respond to doses of MTX that correspond
to concentrations in a patient's plasma during administration
in clinical practice.

Daoy medulloblastoma and Saos-2 osteosarcoma cell
lines were chosen as reference cell lines for this study and
were compared to two other cell lines that were derived in
our laboratory from these tumors. The Saos-2 osteosarcoma
cells were apparently more sensitive to treatment with MTX
than the Daoy cells, as revealed by determination of the ICs,
value (Fig. 1); however, the IC;, value obtained for both of
these cell lines was within a similar range of concentrations,
i.e., 10°® M MTX. These results are in accordance with those
obtained by other research groups (5,13). The negative effect of
MTX on cell proliferation was clearly evident at day 6 of treat-
ment (Fig. 1) and importantly was in the same concentration
range, from 1 to 40 uM, for both of these cell lines. In contrast,
only a slight cytotoxic effect of 0.1 xM MTX was able to be
reverted by LV (Fig. 2). This finding can be explained by an
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incomplete inhibition of DHFR by a concentration lower than
1 uM of MTX, as described by Assaraf et al (14) on the basis
of computational simulation.

Both of our in-house cell lines, i.e., MBL-02 medulloblas-
toma and OSA-08 osteosarcoma cell lines, appeared to be
strongly resistant to MTX; 100 xuM MTX did not induce a 50%
inhibitory effect in these cells. One of the possible explana-
tions for this difference is the low proliferation rate of these
tumor cells in comparison with the reference cell lines (15). No
observable effect of LV in these cell lines could be explained
by the same mechanisms since treatment with MTX is targeted
to quickly proliferating tumor cells.

Other possible specific mechanisms of resistance include
impaired transmembrane uptake, alterations in the expression
or activity of target enzymes, or impaired intracellular poly-
glutamylation as a determining process of drug efficacy (6).
The RFCI gene, which encodes the transmembrane solute
carrier and is considered to be a main MTX transporting
pathway to the cytoplasm (16), was only expressed weakly in
our in-house cell lines (Fig. 3). Consequently, the low levels
of RCF may have caused a decrease in MTX intracellular
availability. Conversely, high levels of DHFR expression
were detected in both the Daoy and Saos-2 cells compared
with these levels in the in-house cell lines (Fig. 3). On the
one hand, increased levels of DHFR have been commonly
observed in cells exhibiting an MTX-resistant phenotype (17).
On the other hand, this key enzyme involved in the de novo
synthesis of purine and pyrimidine precursors plays a critical
role in cell growth and proliferation, and its high expression
in rapidly proliferating cells is thus expected (2,18). Although
the expression levels of TYMS in both osteosarcoma cell lines
were identical, marked differences in the expression of this
gene were detected between the medulloblastoma cell lines,
with higher levels of TYMS found in Daoy cells with higher
proliferation activity (Fig. 3). The product of the TYMS gene
catalyzes dUMP conversion into dTMP and thus provides the
sole source of deoxythymidylate for DNA biosynthesis (6). In
fact, ectopic TYMS expression has been shown to promote
cell proliferation in vitro, and the high expression of TYMS in
tumor tissue is also associated with poor clinical outcome in
some types of cancers (19). Another mechanism of resistance to
MTX affects the ratio of FPGS/FPGH since polyglutamylated
MTX has a substantially longer half-life than monoglutamated
MTX (20). Nevertheless, all four cell lines showed similar
expression levels of both FPGS and FPGH (Fig. 3); thus, the
differences in MTX effects on cell proliferation were not
caused by changes in MTX polyglutamylation.

The flow cytometric analysis of the MTX-sensitive cell
lines, i.e., Daoy and Saos-2 cells, clearly confirmed the two
main effects of MTX on tumor cells that are responsible for
its ability to restrict cell proliferation. First, the cell cycle was
arrested in S-phase due to the depletion of nucleotide precur-
sors; our results showed apparent MTX-induced cell cycle arrest
in S-phase (Fig. 4). Similar findings were previously described
for cell lines derived from adrenocortical carcinoma (21), glio-
blastoma (22) and lung carcinoma (23). Notably, we did not
observe any significant differences in the effects of the MTX
concentrations ranging from 0.1 to 40 #M on the distribution of
cell cycle phases (Fig. 4). Secondly, the induction of cell death
detected as the sub-G, fraction following treatment with MTX
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was also involved in proliferation failure (Fig. 4). Furthermore,
we noted a marked difference between treatment with 0.1 uM
MTX and the treatments with other concentrations (Fig. 4),
and these results were in accordance with those achieved by
the detection of activated caspase-3-positive cells (Fig. 5).
Caspase-3-dependent/p53-independent apoptosis induced by
MTX was previously described in MCF-7 breast carcinoma
cells (24). The apoptosis induced in the Saos-2 and Daoy cells
was also p53-independent since Saos-2 cells do not express
p53 (25) and the C242F mutation in the TP53 gene, which
disables the transactivation function of the p53 protein, was
proven in Daoy cells (26,27),

To summarize, our results showed that treatment with
MTX significantly decreased proliferation activity, inhibited
the cell cycle at S-phase and induced apoptosis in the Daoy
and Saos-2 reference cell lines. Such effects apparently belong
to the DHFR-mediated mechanism of MTX action and are
based on the depletion of purine and pyrimidine precursors
necessary for the biosynthesis of nucleic acids. Importantly,
we noted no difference in these effects after treatment with
various doses of MTX ranging from 1 to 40 yM. These find-
ings suggest the possibility of achieving the same outcome
with the application of low-dose MTX, which is an extremely
important result, particularly for clinical practice, and may
explain the lack of clinical advantage of HD-MTX in children
with advanced lymphoblastic lymphomas vs. low doses (28).
Moreover, the combined application of MTX together with
LV did not produce any detectable effect, with exception of a
partial reduction in MTX toxicity after the use of the lowest
concentration of MTX, i.e.,0.1 M.
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Abstract

Background: A detailed analysis of the expression of 440 cancer-related genes was performed after the combined
treatment of medulloblastoma cells with all-trans retinoic acid (ATRA) and inhibitors of lipoxygenases (LOX) and
cyclooxygenases (COX). The combinations of retinoids and celecoxib as a COX-2 inhibitor were reported to be
effective in some regimens of metronomic therapy of relapsed solid tumors with poor prognosis. Our previous
findings on neuroblastoma cells using expression profiling showed that LOX/COX inhibitors have the capability of
enhancing the differentiating action of ATRA. Presented study focused on the continuation of our previous work
to confirm the possibility of enhancing ATRA-induced cell differentiation in these cell lines via the application of
LOX/COX inhibitors. This study provides more detailed information concerning the mechanisms of the enhancement
of the ATRA-induced differentiation of medulloblastoma cells.

Methods: The Daoy and D283 Med medulloblastoma cell lines were chosen for this study. Caffeic acid (an inhibitor of
5-LOX) and celecoxib (an inhibitor on COX-2) were used in combined treatment with ATRA. The expression profiling
was performed using Human Cancer Oligo GEArray membranes, and the most promising results were verified using
RT-PCR.

Results: The expression profiling of the selected cancer-related genes clearly confirmed that the differentiating effects
of ATRA should be enhanced via its combined administration with caffeic acid or celecoxib. This effect was detected in
both cell lines. An increased expression of the genes that encoded the proteins participating in induced differentiation
and cytoskeleton remodeling was detected in both cell lines in a concentration-dependent manner. This effect was
also observed for the CDKNTA gene encoding the p21 protein, which is an important regulator of the cell cycle, and for
the genes encoding proteins that are associated with proteasome activity. Furthermore, our results showed that D283
Med cells are significantly more sensitive to treatment with ATRA alone than Daoy cells.

Conclusions: The obtained results on medulloblastoma cell lines are in accordance with our previous findings on
neuroblastoma cells and confirm our hypothesis concerning the common mechanism of the enhancement of
ATRA-induced cell differentiation in various types of pediatric solid tumors.
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Background

Medulloblastoma (MBL), an embryonal neuroectodermal
tumor of the cerebellum, is the most common type of ma-
lignant brain tumor in children. Although recent advances
in MBL therapy have led to a dramatic increase in survival
rate, the mortality rate is currently approximately 20-40%
[1]. Moreover, MBL survivors are often affected by treat-
ment-related side effects such as growth hormone deficiency,
gonadal alterations, hypo- or hyperthyroidism, and long-
term cognitive, neuropsychological and academic impair-
ments, etc. New approaches are thus needed to improve
the survival rate and to reduce the negative side effects of
MBL treatment [2].

The induced differentiation of tumor cells has become
a promising strategy in modern antineoplastic therapy.
Retinoids, which are derivatives of vitamin A, are the most
frequently used group of cell differentiation inducers. The
regulation of relevant cell signaling pathways via retinoids
is based on the activation of two groups of nuclear recep-
tors, RAR and RXR [3,4]. These activated receptors can
influence the transcription either directly by binding to
the DNA or indirectly by interacting with other transcrip-
tion factors [5,6].

In general, retinoids play an important role in cell
proliferation and differentiation, and their efficacy in
the treatment of various types of tumor cells has been
described both iz vivo and in vitro [7-11]. However, the
toxicity of and intrinsic or acquired resistance to retinoids
substantially limit their use in clinical protocols [12].

Therefore, special attention has been paid to treating
cancer cells with a combination of retinoids and other
compounds that may enhance or prolong their antineo-
plastic effects. The enhancing effects of these modulators
were described in several clinical trials focused on the
treatment of leukemia [13-16]; they were also demon-
strated under in vitro conditions using tumor cells of a
neurogenic origin [17-20].

To date, many studies on various cancer cell lines have
reported the additive or synergistic effects of combined
treatment with retinoids and inhibitors of lipoxygenases
(LOX) [21-24] or cyclooxygenases (COX) [25-27]. The
molecular mechanisms of this modulation remain un-
known, but the published data suggest the inhibition of
the retinoid degradation pathways [28] or the cooperation
of compounds that are utilized in cell signaling inhibition
(through the PI3K/Akt pathway) or the induction of the
mitochondrial apoptotic pathway [25].

Our previous studies were also focused on how to
enhance the differentiation effect of all-trans retinoic
acid (ATRA) through its combination with LOX/COX
inhibitors in neuroblastoma cell lines [20,29]. In these
experiments, we used caffeic acid (CA) as an inhibitor
of 5-LOX and celecoxib (CX) as an inhibitor of COX-2.
Our results clearly confirmed that the ATRA-induced
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differentiation of neuroblastoma cells can be enhanced
via the combined application of these inhibitors [20,29].
Furthermore, data from the expression profiling of the
treated cells showed an increase in the expression of the
genes involved in the process of retinoid-induced neuronal
differentiation, especially in cytoskeleton remodeling after
combined treatment [20].

To verify these findings, we used a different type of
neurogenic tumor cells, i.e. established medulloblastoma
cell lines but the same experimental design for the treat-
ment of these cells. Our new data from the gene expression
profiling of medulloblastoma cells also demonstrated the
capability of CA or CX to enhance the cell differentiation
induced via ATRA.

Methods

Cell lines and cell culture

Daoy (ATCC HTB-186™) and D283 Med (ATCC HTB-185")
medulloblastoma cell lines were used in this study. These
cell lines were chosen according their different origin
(primary tumor vs. metastatic site) and their different
biological features as described by supplier in the docu-
mentation to cover known heterogeneity in this disease.
Both of these cell lines are widely used in medulloblastoma
research. These cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM)/Ham’s F-12 medium
mixture (1:1) supplemented with 20% fetal calf serum, 1%
non-essential amino acids, 2 mM L-glutamine, 100 [U.ml ™"
penicillin, and 100 mg.ml™" streptomycin (all purchased
from PAA Laboratories, Linz, Austria). Cell culture was
performed under standard conditions at 37°C in a humidi-
fied atmosphere containing 5% CO,. Both of these cell
lines were subcultured 1-2 times weekly. The Research
Ethics Committee of the University Hospital Brno approved
the study protocol.

Chemicals

ATRA (Sigma-Aldrich, St. Louis, MO, USA), CA (Sigma),
and CX (LKT Laboratories, St. Paul, MN, USA) were pre-
pared as stock solutions at concentrations of 100 mM in
dimethyl sulfoxide (DMSO) (Sigma). For experiments,
these stock solutions were diluted in fresh cell culture
medium to obtain final concentrations as follow: 0.05 and
0.1 uM of ATRA for the treatment of D283 Med cells, 1
and 10 pM of ATRA for the treatment of Daoy cells, 13
and 52 uM of CA, as well as 10 and 50 pM of CX for the
treatment of both cell lines.

Experimental design

The experimental design was the same as that in our
previous studies [20,29]: the cell populations were treated
with ATRA alone or with ATRA and an inhibitor (CA or
CX) at the concentrations mentioned above. The concen-
trations of ATRA and inhibitors were chosen on the basis
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of previously published data, and they corresponded to
the plasma levels obtained using these compounds
therapeutically [23,30-33]. However, lower concentra-
tions of 0.05 and 0.1 pM ATRA were used for treating
the D283 Med cells due to the predominant cytotoxic
effect on the cell populations at higher concentrations
[34]. In all experiments, the cells were seeded into Petri
dishes or culture flasks 24 h prior to the treatment. Un-
treated cells were used as controls in all experiments.

Expression profiling

The total RNA of the treated cell populations was isolated
using the GenElute™ Mammalian Total RNA Miniprep
Kit (Sigma), and its concentration and integrity were
determined using a spectrophotometer. This isolation
of RNA was performed at day 3 after treatment. The
conversion of the experimental RNA into ¢cDNA and its fur-
ther transcription and biotin-UTP labeling was performed
using TrueLabeling-AMP™ 2.0 cRNA (SABiosciences,
Frederick, MD, USA). After purification with the Super-
Array ArrayGrade cRNA Cleanup Kit, the labeled target
cRNA was hybridized to Human Cancer OHS-802 Oligo
GEArray membranes that profile 440 genes (both SABios-
ciences). The expression levels of each gene were detected
via chemiluminescence using the alkaline phosphatase-
conjugated streptavidin substrate. The membranes were
then recorded using the Multilmage™ II Light Cabinet
DE- 500 (Alpha Innotech, CA, USA). The image data were
processed and analyzed using the GEArray Expression
Analysis Suite software (SABiosciences) with background
subtraction. All data were standardized as a ratio of the
gene expression intensity to the mean expression intensity
of the selected HSP90ABI housekeeping gene, which was
chosen using the GeNorm [35] and NormFinder [36]
software tools. Standardized spot intensity ratios (treated/
control samples) were calculated and data filtering criteria
were as follows: genes with ratio higher than 2 were rated
as upregulated and genes with ratio lower than 0.5 were
rated as downregulated. The expression of the specific
gene was evaluated as changed if the same trend of
change, i.e. upregulation or downregulation was detected
at least in four experimental variants (of six in total) re-
gardless the concentrations used for treatment. Cluster
analyses were performed using the GEArray Expression
Analysis Suite software according to the design of the ex-
periments, i.e., separately for each cell line and inhibitor
type. DAVID software tool [37] was used for primary de-
tection of relevant pathways.

RT-PCR

The changes in the expression of the two selected candidate
genes were evaluated using RT-PCR. The RNA was isolated
as described above. A total of 0.25 pg RNA was then
reverse transcribed using M-MLV reverse transcriptase
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(Top-Bio, Prague, Czech Republic) according to the
manufacturer’s protocol. RT-PCR was performed on
4 ul cDNA using Taq DNA polymerase 1.1 (Top-Bio)
with human primers for the CDKNIA and GDF15 candi-
date genes as well as the HSP90ABI housekeeping gene
(Table 1) in 20 pl of the reaction volume. The PCR reac-
tion was performed with denaturation at 94°C for 4 min,
annealing at 60°C for 30 s, and elongation at 72°C for
1 min (35 cycles for all primers) (Table 1). A total of 10 pl
of the PCR product was loaded on the 1% agarose gel and
examined using electrophoresis. The optical density was
stained and quantified using Image] software [38], and the
data were normalized to HSP90OABI expression.

Results

The present study was focused on a detailed analysis of
Daoy and D283 Med medulloblastoma cells after the
combined application of ATRA and LOX/COX inhibitors.
CA as the specific inhibitor of 5-LOX and CX as the spe-
cific inhibitor of COX-2 were used in these experiments.
The changes in the expression of cancer-related genes
were evaluated using expression profiling. Furthermore, a
detailed analysis of the expression of five candidate genes
was performed using RT-PCR to verify the microarray
results. We used the same experimental design as our
previous studies on neuroblastoma cells [20,29].

In Daoy cells, changes in the expression of 80 cancer-
related genes were detected after combined treatment
with ATRA and inhibitors (Figure 1A). A total of 29 of
these genes demonstrated changed expressions after
combinations of A