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Abstrakt

Disertacni prace se zabyva chemorezistenci détskych nadorovych onemocnéni
a detekei cytogenetickych zmén, které sni souvisi. Ovlivnéni rizikovych forem
détskych nadorti vyzaduje pouziti vysokych davek chemoterapie, kterd v konecném
diisledku maze vést ke vzniku chemorezistence. Pritkkaz chromozomalnich aberaci miZze
prispét k ur€eni prognozy a predikce efektu 1é€by nadorii i odhaleni chemorezistence.

Vétsinu vysledkit jsme ziskali studiem neuroblastomu. Ostatni prezentované
vysledky pak predstavuji genetické zmény u Ewingova sarkomu a u détskych
feochromocytomti a paragangliomil. Ke studiu chromozomalnich aberaci byly pouzity
metody komparativni genomova hybridizace (CGH) a array CGH doplnéné o vySetieni
interfazni fluorescen¢ni hybridizaci in situ (FISH) pifipadné¢ mnohobarevnou FISH.
Zmény vexpresi na urovni mRNA byly vySetfeny expresni cipovou analyzou
doplnénou o kvantitativni polymerazovou fetézovou reakci, zmény v expresi proteinu
byly vySetfeny pomoci western blottingu nebo pratokovou cytometrii.

Predkladand disertace je komentovany soubor Sesti publikaci. Studium
chromozomalnich aberaci Ewingovych sarkomt ptedstavuje literarni reserSi doplnénou
o vlastni vysledky. Prace tykajici se feochromocytomt, kterd je jednim z nejvétSich
soubori podrobné¢ geneticky vysSetfenych détskych feochromocytomt, je zameétfena
na hledani chromozomalnich aberaci. Cilem je pfispét k odhaleni biologické povahy
tohoto nadoru, které neni mozné na zaklad¢ histopatologického vysetfeni. Nejobsahlejsi
cast celé prace je zalozena na sledovani cytogenetickych zmén u neuroblastomu.
Dlouhodobou kultivaci s rostoucim mnozstvim ellipticinu jsme piipravili linii
rezistentni k tomuto cytostatiku. Detekovali jsme cytogenetické zmény na irovni DNA,
zmény exprese mRNA a vybranych proteinli. Bylo zjisténo, ze ABC transportéry
se neuplatnuji v chemorezistenci k ellipticinu, naopak vyznamna je upregulace
topoizomeraz a Bcl-2. Posledni ¢ast se tyka amplifikace onkogenu MYCN -
zmény v poctu kopii a zmény exprese MYCN pii in vitro 1é€bé. Jako prvni jsme
prokéazali vypuzovani amplifikovanych kopii zhomogenné se barvicich oblasti
chromozému. Navic jsme zjistili, ze po dlouhodobé kultivaci s cytostatikem se zvySuje
exprese MYCN, kterou tak lze povazovat za charakteristiku chemorezistentnich

neuroblastomovych bunck. Tyto vysledky mohou byt klinicky vyznamné, protoze
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v terapii neuroblastomu se uvazuje o vyuziti onkogenu MYCN jako cile cilené 1écby

napt. zablokovanim genu nebo utlumeni jeho exprese RNA interferenci.

a mechanismech chemorezistence u détskych nddorovych onemocnéni. Prace potvrzuje,

ze chemorezistence nadorovych buncék je podminéna komplexem mechanismi, které

se vzdjemné dopliuji. Z tohoto divodu bude k jejich pfekonani nutny komplexni

pristup.
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Abstract

This thesis focuses on drug-resistance in childhood cancer and detection
of cytogenetic changes related to it. High-risk forms of childhood cancer often require
the use of high doses of chemotherapy, which can ultimately lead to drug-resistance.
Detection of chromosomal aberrations of drug-resistant tumors may contribute
to the prognosis and prediction of treatment.

Most of the results came from studying neuroblastoma. Other results represent
genetic changes in Ewing's sarcoma and pediatric pheochromocytomas
and paragangliomas. For the study of chromosomal aberrations we used comparative
genomic hybridization (CGH) and array CGH examination supplemented using
interphase fluorescence in sifu hybridization (FISH) or multicolor FISH. Changes
in mRNA expression were investigated using expression array analysis complemented
by quantitative polymerase chain reactions, changes in protein expression were
examined using western blotting or flow cytometry.

This thesis is an annotated collection of six articles. The study of chromosomal
aberrations in Ewing sarcomas represents a literature review, together with our results.
The study on pheochromocytoma, seeking the biological nature of this tumor (which
can not be based on histopathological examination) represents one of the largest sets
of chromosomal aberrations in pediatric pheochromocytomas. The most extensive part
of the thesis is based on monitoring cytogenetic changes in neuroblastoma. Long-term
cultivation, with increasing concentrations of ellipticine, has produced a cell line
resistant to this particular cytostatic. We detected cytogenetic changes at the DNA level,
as well as changes in mRNA expression and that of selected proteins. We found that
ABC transporters did not contribute to ellipticine-resistance, whereas up-regulation
of topoisomerases played a significant role as did up-regulation of Bcl-2. The last part
of the thesis focuses on the MYCN oncogene amplification - the most important
prognostic factor relative to neuroblastoma. We detected copy number variations
and expression changes in the MYCN gene during in vitro treatment. We demonstrated
the expulsion of amplified MYCN copies from the chromosomal homogeneously
staining regions. Additionally, we found that long-term cultivation with cytostatic
agents increased the expression of MYCN, which can be considered to be characteristic

of drug-resistant neuroblastoma cells. These results could be clinically significant
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because the MYCN oncogene is being considered as a target for neuroblastoma therapy
(e.g. blocking or suppression of gene expression by RNA interference).

The results presented in this thesis extend the knowledge regarding genetic
changes and mechanisms of drug-resistance in pediatric cancers. The work confirms
that drug-resistance of tumor cells is associated with complex mechanisms
that complement each other. Therefore overcoming this problem will involve

a comprehensive and multifaceted approach.

10
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Seznam zkratek

ABC
aCGH

AIDS

ATP
BAC
CGH
CNV
DAPI
DKK3
DNA
FISH
GN
GNB
HIV
HLA
HR NBL
HSR
iFISH

INRG
INSS
KDHO
LRP1
MDR1
mBAND

mFISH

ATP Binding Cassette

array comparative genomic hybridization, ¢ipova srovnavaci genomova
hybridizace

Acquired Immunodeficiency Syndrome, syndrom ziskané¢ho selhdni
imunity

amplifikovan

adenosine triphosphate, adenosintrifosfat

bacterial artificial chromosome, bakterialni artificialni chromozom
comparative genomic hybridization, srovndvaci genomova hybridizace
copy number variation, variabilita v po¢tu kopii geni
4',6-diamidino-2-phenylindole)

Dickkopf3

deoxyribonucleic acid, deoxyribonukleova kyselina

fluorescence in situ hybridization, fluorescen¢ni hybridizace in situ
ganglioneuron

ganglioneuroblastom

Human immunodeficiency virus, virus lidské imunitni nedostatecnosti
human leukocyte antigen, antigen lidskych leukoyct

high-risk neuroblastoma, neuroblastomem vysokého rizika
Homogenously Staining Regions, homogenn¢ se barvici oblasti
interphase fluorescence in situ hybridization, interfazni fluorescencni
hybridizace in situ

International Neuroblastoma Risk Group

International Neuroblastoma Staining System

Klinika détské hematologie a onkologie UK 2. LF a FN Motol

low density lipoprotein receptor-related protein 1

multidrug resistence protein 1

multicolor  chromosome  banding, = mnohobarevné  pruhovani
chromozému

multicolor  fluorescence in  situ  hybridization, mnohobarevna

fluorescencni hybridizace in situ

11
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MIBG
mRNA
MRP1
MYCN
NA
PNET

RNA
RT PCR
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1*'meta iodobenzyl guanidin

messenger Ribonucleic acid, informacni ribonukleova kyselina
multidrug resistence protein 1

V-myc myelocytomatosis viral related oncogene, neuroblastoma derived
neamplifikovan

peripheral primitive neuroectodermal tumor, periferni primitivni
neuroektodermalni nador

Ribonucleic acid, ribonukleova kyselina

Reverse transcription polymerase chain reaction, reverzné transkripéni

polymerazova fetézova reakce
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Uvod

Téma své disertacni prace Sledovani chemorezistence détskych nadort
molekularn¢ cytogenetickymi metodami jsem si vybral na zdkladé zdjmu o tuto
problematiku daného mym plisobenim v Laboratofi biologie solidnich nadort Kliniky
détské hematologie a onkologie UK, 2. LF a FN Motol, kdy jsem se v ramci
vypracovavani diplomové prace sezndmil s problematikou studia experimentalni
chemorezistence a molekularni genetiky naddord. Téma mé velmi zaujalo a polozil jsem
si otazkou, které bunécné a molekularni mechanismy chemorezistenci zpiisobuji

a v jaké mife jsou podminéné cytogenetickymi zménami nadorové buiiky.

13
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Cile disertaéni prace

Cilem disertacni prace je studium cytogenetickych zmén u détskych nadorovych

onemocnéni a s tim spojenych expresnich zmén na trovni mRNA a proteinu. Snahou

je nalézt znaky umoziujici stanoveni progndzy a/nebo predikci efektu 1é¢by s ohledem

na vznik rezistence.

Dil¢imi cili bylo:

>

Posoudit vyznam sekunddrnich chromozomalnich aberaci u nédort

ze skupiny Ewingova sarkomu.

U détskych feochromocytomil a paragangliomti metodami molekularni
cytogeneticky popsat chromozomalni zmény, které mohou pfispét

k urceni biologické povahy téchto nadori.

U neuroblastomu prokazat molekuldrni mechanismy chemorezistence
k ellipticinu scilem vyhledat znaky predikujici rezistenci k tomuto

cytostatiku.

Zjistit ucinky inhibitort histon deacetyldz (kyseliny valproové
a trichostatinu A) na bunky lidského neuroblastomu a piispét tak
k objasnéni mechanizmi jejich U¢inkdi na nadorové builkky a pokusit

se vyhledat znaky predikujici jejich ucinek.

Studovat zmény v poctu kopii onkogenu MYCN a jeho expresi v buitkach
lidského neuroblastomu po experimentdlnim navozeni chemorezistence
a pfi chemoterapii. Vyznam je v tom, Ze v soucasnosti jsou testovany
ruzné formy cilené terapie zamétené viici MYCN a tyto poznatky mohou

prispét k predikei ucinku této terapie.

14
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1 Literarni Gvod

1.1 Vybrana nadorova onemocnéni détského véku

Nadory déti tvofi 1- 3 % vSech nadord. Od nadord dospélych se lisi
v epidemiologii, histogenetickém pivodu 1 v biologickém chovani. Proto
je problematika détskych nadorG svébytnym medicinskym oborem, ktery je odliSny
od onkologie dospélych. Nékteré nadory se vyskytuji jak u déti tak i u dospélych,
mnohdy vSak maji jiné chovani [1].

Typickym nadorem casného détského veéku je neuroblastom se zastoupenim
piiblizn€ 7-10% nadora détského veku, jeho incidence je 8 — 9 na 1 milion déti mladSich
patnacti let s primérmym vékem osmndact mésicti v dobé stanoveni diagnozy [2].
Neuroblastom je maligni embryondlni extrakranidlni nador odvozeny z nezralych
a nediferencovanych bunék neuralni liSty osidlujicich paravertebralni sympaticka
ganglia, dfen nadledviny a paraganglia. Pro tento nddor je charakteristicky velmi
variabilni prabé¢h, pohybujici se od spontanni regrese nebo vyzrdvani v benigni
ganglioneurom po vysoce rizikové formy s rozsdhlym onemocnénim a casto
s metastazami, kde pteZiti dosahuje maximaln€ 30 %. Neuroblastomové buiiky vykazuji
fadu genetickych zmén, které se li$i u jednotlivych forem a jejichz priikkaz ptispiva
k zatazeni do rizikovych skupin. Nejcast¢jsi jsou ztrata oblasti 1p36 (25 - 35% ptipadl)
nasledované amplifikaci onkogenu MYCN (asi 20% pftipadl) a ztratou oblasti 11923
(15 —20% ptipada) [3].

Vyznamnou skupinou nadorti u déti jsou nadory skupiny Ewingova sarkomu
(dale jen Ewingiiv sarkom). V dneSnim pojeti patii do této skupiny vlastni Ewinglv
sarkom kosti, extraskeletalni Ewinglv sarkom a téz periferni primitivni
neuroektodermalni nador (peripheral primitive neuroectodermal tumor, PNET)
postihujici kosti nebo mékké tkané. Nadory této skupiny jsou po osteosarkomu druhymi
nejcastéj$imi primarnimi malignimi nadory kosti starSich déti a mladSich dospélych [4].
Ewingliv sarkom postihuje nejcastéji panevni kosti, dlouhé kosti dolnich koncetin
a skelet hrudniku i mékké tkané v téchto lokalizacich. Na rozdil od osteosarkomu
vychézi kostni Ewingliv sarkom z diafyzy. Metastazuje do plic, kosti a kostni dfeng,
vzacnéji do uzlin, jater a mozku. Metastazy jsou pfitomny asi u 1/4 pacientd v dobé
stanoveni diagnézy. Pro Ewingiv sarkom jsou typické chromozomalni aberace

postihujici gen EWS lokalizovany na 22. chromozému. Jedna se zejména o translokaci

15
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t(11;22) (q24:;q12) spojujici gen FLI1 lokalizovany na 11. chromozému s genem EWS
(Obrazek ¢. 1). Déle se u Ewingova sarkomu vyskytuji translokace t(21;22)(q22;q12)
a sporadicky t(7;22)(p22;q12), t(17;22)(q12;q12), t(2;22)(q33;q12) nebo komplexni
translokace zahrnujici 11. a 22. chromozom. Produktem téchto translokaci jsou

chimérické proteiny [5, 6].

EWS (22q12)

H,N

[ I | | || coon

alternativni
sestiih

EWS-FLI
t(11;22) der22

ETS DNABD

H,N COOH

1

FLI (11q24)

H,N

ETS DNAED

COOQH

Obrazek ¢. 1: Schéma translokace EWS-FLI1. Fuzni gen obsahuje vzdy N-
terminalni transkripéni aktivacni doménu génu EWS (NTD-EWS) a ETS DNA

vazebnou doménu génu FLI1, ale zlomova mista se mohou lisit.

16
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Feochromocytomy se u déti a dospivajicich vyskytuji vzacné, presto jsou
nejcastéjSimi endokrinnimi nddory détského veéku [7]. Feochromocytomy vychazeji
z chromaffinich bun€k neurdlni liSty. Tyto bunky jsou pfitomny v dfeni nadledviny.
V paraganglionalni tkéni nachazejici se podél patefe od baze lebky az po panevni dno
vznikaji paragangliomy. Tyto dva typy endokrinnich nadorti maji velmi podobnou
histologii a vyuzivaji se u nich stejné terapeutické postupy [8]. Feochromocytomy
1 paragangliomy jsou charakterizovany zejména syntézou, metabolismem a sekreci
katecholaminti. U téchto nadord je velmi obtizné urcit biologickou povahu na zakladé
histologického obrazu [9]. VétSinou jsou maligni formy odhaleny az na zakladé
pritomnosti metastaz. Proto je snahou vyhledat znaky umoziujici rozliSit benigni
a maligni nadory. Hlavni pozornost je vénovana genetickym znaklm. NejcastéjSimi
cytogenetickymi zménami u feochromocytomi détského véku jsou ztraty 1p, césti
nebo celého 3. chromozému, 11q, 17p a zmnoZeni oblasti 9pl2 a celého

17. chromozému [10].

1.2 Lécba détskych nadort

Terapie vétSiny détskych nadorti se zpravidla zahajuje chirurgickym vykonem.
Onkologické operace mohou byt radikalni, pti kterych je cely nador odstranén
nebo paliativni, které se uplatiiuji pfi urgentnich stavech a situacich, které¢ zhorsuji stav
nemocného. Operace diagnostické predstavujici bioptické excize nebo punkce vedouci
k ziskani tkdn¢ pro histopatologické eventualn¢ dalSi vySetfeni. Pomocné operace
jsou provadény pti zavadéni centralniho zilniho katetru, implantofixu aj. a umoznuji
dalsi 1écebny postup. Rekonstrukéni operace jsou provadény vétSinou az po ukonceni
1écby a maji za cil opravit nebo upravit misto s plivodni lokalizaci nddoru (napft.
rekonstrukce patra). Preventivni operace predchazi chirurgickému odstranéni
postizeného mista, protoze jejim cilem je odstranéni potencialné rizikového mista
a pokud mozno piedejit vyvoji nddorového onemocnéni. Preventivni operace
jsou indikované spiSe u dospélych pacienti napt. resekce tracniku pii familidrni
polypdze nebo excize kozniho loZiska rizikového pro vznik nédoru.

Vzhledem ktomu, Ze vétSina nadort détského veéku je chemosenzitivni
po chirurgickém vykonu vétSinou nasleduje chemoterapie. Ta se fidi rozsahem, stupném

malignity a piitomnosti pfiznivych ¢i  nepfiznivych prognostickych faktort.
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Radioterapie je vyhrazena pouze pro nékteré nadory, zpravidla pro oSetfeni zbytku
nadoru po operaci a po chemoterapii. Mezi radiosenzitivni nadory muzeme zatadit
dysgerminom, embryondlni rybdomyosarkom, Ewinglv sarkom, hemoblastozy,
hemoblastomy, meduloblastom, nefroblastom, neuroblastom a retinoblastom. Naopak
mezi radiorezistentni nadory patii osteosarkom, sarkomy mékkych tkani jiné
nez rabdomyosarkom a teratomy. V pediatrické onkologii je snaha omezit radioterapii
pouze na nejnutnéj§i indikace, protoze rostouci zdravé tkdné détského organizmu
jsou radiosenzitivni. Proto se u nékterych radiosenzitivnich nadorti tato 1écebna
modalita nepouziva nebo je vyhrazena pouze pro méné piiznivé formy jako je to
v soucasné¢ dobé u Hodgkinova lymfomu, kdy neni radioterapie pouzivana pii dobré
odpovédi na inicialni chemoterapii.

Détské nddory rostou rychle a Casné metastazuji, proto je nutné 1éCit nejen
primarni nador, ale i jeho metastazy, coz zajisti chemoterapie. Podminkou uspéSnosti
chemoterapie je chemosenzitivita nddoru. Nadory détského veku se déli podle této
citlivosti na &tyfi skupiny (Tabulka &. 1). Uéinky protinddorové chemoterapie zavisi na
velikosti nadoru, intenzit¢ davek cytostatik a jeji toxicité. Léciva obtizné pronikaji
do mist, kterd jsou nedostatecné prokrvena. Pro tyto oblasti je nutné pouzit vysokou
davku. Vysokodavkovana chemoterapie se pouziva u déti se Spatnou progndzou
predstavujici nadéji na vylé€eni pouhych 5-20%. Takova terapie je aplikovana na zavér
1écby déti s neuroblastomem vysokého rizika, recidivujicimi malignimi lymfomy,
pokrocilymi germinalnimi nadory a Ewingovym sarkomem. Do 1é¢by nejrizikovéjsich
forem Ewingovych sarkomi a neuroblastoml je zafazovana i megachemoterapie
s naslednou autologni transplantaci hematopoetickych progenitorovych bunék.
V soucasné dobé se 1 u nadorG détského veéku zaclinad testovat cilena 1écba (Casto
nazyvana ne zcela spravné ,,biologicka terapie), kterd nejcastéji vyuziva monoklonalni

protilatky a specifické inhibitory biologicky aktivnich molekul, tzv. ,,malé inhibitory*.
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Tabulka ¢. 1: Rozdéleni nadort détského veku podle citlivosti k chemoterapii

Chemoterapie Ptiklad nadoru

Chemoterapie Casto vyléci leukémie, maligni lymfomy, terminalni
nadory, nefroblastom

Chemoterapie ovlivni pouze ¢astecné neuroblastom vysokého rizika, osteosarkom

Citlivost k chemoterapii je rtizna nadory centrdlniho nervového systému
s vyjimkou  meduloblastomu,  maligni
melanom a sarkomy nadory mekkych tkéani

Nédory s nizkou citlivosti karcinom §titné Zlazy, karcinom ledviny,

hepatocelularni karcinom

1.3 Vznik chemorezistence a jeji mechanismy

Chemorezistence je vlastnost bunck, kterda umoznuje jejich pieziti béhem
cytostické 1écby. Tuto schopnost mohou mit buitky danou geneticky tj. vrozenou nebo ji
ziskavaji po pusobeni cytostatik. Za vyssi citlivosti nadort na cytostatika stoji obvykle
poskozeni DNA opravnych mechanizmii u nddorovych bunék [11]. Pokud
je cytostatikem zasazena zdrava buiika, je pravdépodobné, ze mensi poskozeni opravi.
Naopak nadorova bunka ma Sance na opravu nizsi a s vétsi pravdépodobnosti podlehne
programované bunécné smrti. V chemorezistentnich buinikich se mohou v pribéhu
terapie zefektivnit opravy DNA [12] ¢imz se chemoterapie stdva neucinnou. Pravé
individualni schopnost oprav DNA [13] miize piedstavovat geneticky danou schopnost
chemorezistence. Dal§im faktorem, ktery se uplatiiuje u chemosenzitivity je vyssi
proliferacni frakce v nadorech ve srovnani se zdravymi tkanémi. VéEtSina cytostatik totiz
poskozuje prevazné proliferujici bunky [14].

Nejcastéji uvadénym mechanismem chemorezistence je vypuzovani cytostatika
z buiikky pomoci membranovych transportérti. NejznadméjSimi jsou tzv. ABC (ATP
Binding Cassette) transportni proteiny (Tabulky ¢. 2a a 2b). V literatuie je nejcastéji
zminovany ABC transportni protein - P-glykoprotein, ktery je produktem genu ABCBI1
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[15]. P-glykoprotein zplsobuje rezistenci k antracyklinim, vinka alkaloidim,
aktinomycinu D, mitomycinu, 5-fluorouracilu, taxaniim 1 k cilenému léku imatinibu
[16]. Schopnost transportovat vice 1€kt a zplsobit rezistenci k vice cytostatikim mu
dala pojmenovéani multidrug resistence protein 1 (MDRI1). Druhym mechanismem
chemorezistence muze byt modifikace cilové drahy nebo cilové struktury
pro cytostatikum a také zmény nebo mutace v genech ¢i signalnich molekulach fidicich
bun&éné déleni a ovlivitujicich pribéh bun&éné smrti. Casto se v lékové rezistenci
uplatiiuje 1 aktivace drah zabranujicich spuSténi programované bunécné smrti
nebo naopak deaktivace drah spoustéjicich apoptéozu [17]. VétSina téchto zmén ma
geneticky zaklad, ktery je mozny detekovat na trovni DNA v podobé deleci
nebo zmnozeni genti. Tyto zmény genomu ovliviiuji expresi prisluSného genu a méni
tim vlastnosti buiiky. Pfehled mechanismt 1ékové rezistence a genti v nich zahrnutych
shrnuje Tabulka ¢. 3. Odhaleni mechanismi chemorezistence a jejich piekonani

je jednim z kli¢ovych boda ispéchu chemoterapie nadort.
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Tabulka €. 2a: Chromozomalni lokalizace a funkce ABCA a ABCB transportnich
proteintl.

Gen chromozomalni funkce proteinu
lokalizace

ABCAI 9931 transport cholesterolu, fosfolipidii a apoptorickych télisek

ABCA2 9q34 mnohocetna 1ékova rezistence, transport cholesterolu a fosfolipidd,

ABCA3 16p13 transport lipidl a pfispivani k produkei surfaktantii

ABCA4 1p22 transport fosfolipidu specifickych pro sitnici

ABCAS 17q24 zatim nejasna funkce v lysozomalnim systému

ABCA6 17924 transport lipidil

ABCA7 19p13 transport cholesterolu a fosfolipidu

ABCAS 17924 neznama funkce

ABCA9 17q24 transport lipida

ABCAI10 17q24 transport lipidi

ABCAI2 2q34 export lipidu zavislych na lamelarnich granulich

ABCAI3 17p312 neznama funkce

ABCBI1 7921 mnohocetna 1ékova rezistence, zachyt digoxigeninu, tiloha v migraci
dendritickych bunék, regulace stievniho vstiebavani, hepatobiliarni vylu€ovani, renalni
sekrece

ABCB2 6p21 transport peptidi do endoplasmatického retikula, vyznam v expresi HLA I proteinu,

sekrece kyseliny zlucové v jatrech

ABCB3 6p21 heterodimer s ABCB2

ABCB4 7921 mnohocetna 1ékova rezistence, transport fosfatidylcholinu

ABCBS5 Tpl4 1ékova rezistence, vyznam v regulaci bunééné fuze progenitorovych bunék
ABCB6 2q35 transport Fe/S slozek do cytosolu

ABCB7 Xq22 transport Fe/S slozek do cytosolu

ABCBS 7936 transport Fe/S slozek do cytosolu

ABCBY 12924 neznama funkce

ABCBI10 1q42 transport Fe/S slozek do cytosolu

ABCBI1 2q24 sekrece kyseliny zlucové do jater

Upraveno podle Hlavata a kol. [18].
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Tabulka ¢. 2b: Chromozomalni lokalizace a funkce ABCC, ABCD, ABCE, ABCF
a ABCG transportnich proteint.

Gen chromozomalni funkce proteinu
lokalizace
ABCC1 16p13 mnohocetna lékova rezistence, transport leukotrienll, vyznam v migraci
dendritickych bunék
ABCC2 10p24 mnohocetna lékova rezistence, transport zlu¢ovych kyselin
a organickych aniontil
ABCC3 17921 mnohocetna lékova rezistence, transport zlu¢ovych kyselin
a organickych aniontil
ABCC4 13q32 mnohocetna lékova rezistence, efflux nukleotidi
ABCCS 3q27 mnohocetna lékova rezistence, efflux nukleotida
ABCC6 16p13 transport glutathionovych konjugati
ABCC7 7931 chloridovy kanal zavisly na protein kinaze A
ABCCS 11pl5 receptor sulfonylurey
ABCC9 12p12 receptor sulfonylurey, vychytavani glukézy v kosternim svalu
ABCCI10 6p21 transport lipofilnich anionti, 1ékova rezistence, potencialni ucast v potlacovani NK
bunck
ABCC11 16q12 mnohocetna lékova rezistence, efflux nukleotidi,
ABCCI12 16ql12 neznama funkce
ABCCI13 21ql1 bez aktivity (pseudogen)
ABCDI1 Xq28 transport dlouhych mastnych kyselin v peroxizomech
ABCD2 12q11 transport dlouhych mastnych kyselin v peroxizomech
ABCD3 1p21 transport dlouhych mastnych kyselin v peroxizémech
ABCD4 14q24 transport dlouhych mastnych kyselin v peroxizomech
ABCE] 4931 formovani kapsid viru HIV, inhibice centralni drahy aktivity interferonu
ABCF1I 6p21 zvySovani syntézy proteini v zanétlivém procesu, aktivace pomoci TNFa
ABCF2 79336 neznama funkce
ABCF3 3925 neznama funkce
ABCGI 21q22 transport cholesterolu
ABCG2 4q22 mnohocetna lékova rezistence
ABCG4 11923 neznama funkce
ABCGS 2p21 transport sitosterolti
ABCGS 2p21 transport sitosterol

Upraveno podle Hlavata a kol. [18].
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Tabulka €. 3: Znamé mechanismy rezistence k cytostatikim a geny, které se na ni

podili.

Gen lokace protein funkce zména pii chemorezistenci
ABCBI  7q21.12 P-gp efflux cytostatika z buniky overexprese
ABCC1  16pl3.1 MRP1 efflux cytostatika z buniky overexprese
ABCG2  4q22 BCRP efflux cytostatika z buiiky overexprese
APEXI  14qll1.2 APEX1 bazova excizni oprava DNA overexprese
BAX 19q13.3-q13.4 BAX aktivace apoptozy downregulace
BCL2 18q21.3 Bel-2 blokace apoptozy overexprese
BRCAI 17921 BRCALI homologni rekombinace overexprese
BRCA2 13ql2.3 BRCA2 homologni rekombinace overexprese
CYPIBI 1p22.2 CYPIBI1 metabolismus doxorubicinu overexprese
ERBB2 17q21.1 c-erb B2/neu EGFR receptor ovlivitujici vnitrobun&né procesy overexprese
ERCCI  19ql13.32 ERCC1 nukleotidova excizni oprava overexprese
ERCC4 16pl3.12 XPF nukleotidova excizni oprava overexprese
LRPI 12q13-q14 LRP1 receptor pro pienos signalu a endocytozu overexprese
MIR344 1p36.22 - zvysena citlivost k apoptdze downregulace
MIR214 1q24.3 - deregulace PTEN vedouci k aktivaci AKT overexprese
MIR451 17ql11.2 - regulace exprese P-glykoproteinu downregulace
MLHI 3p21.3 MLHI1 oprava chybného parovani bazi metylace
MSH?2 2p21 MSH2 oprava chybného parovani bazi metylace
RADS514 15q15.1 RADS1A homologii rekombinace a opravy DNA overexprese
TOP24  17q21-q22 TOP2A enzym zodpovédny za topologii DNA downregulace
P53 17p13.1 p53 regulace bunééného cyklu, apoptézy, DNA oprav mutace

XPA 9q22.3 XPA nukleotidova excizni oprava overexprese
XPB 2q21 XPB nukleotidova excizni oprava overexprese

Upraveno podle Rodrigues a kol. [19] a databaze Pubmed (http://www.ncbi.nlm.nih.gov/pubmed/).

1.4 Prognoéza a predikce

Prognostické klasifikace nadorti jsou zalozeny zejména na klinickych

a histopatologickych nalezech. Tyto klasifikace vSak plné neodrazi celou §ifi biologické
rozmanitosti nadort. I kdyz je urCeni progndzy nejisté, maji 1ékaii k dispozici rizikové
faktory ptedpovidajici mozny budouci prabéh choroby. Z hlediska pfiistupu
k pacientovi jsou prognoéza a predikce dilezitymi informacemi. V centru zdjmu

se ocitaji markery, které predikuji chovani daného nadoru a jeho odpovédi na zvolenou
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terapii. Standardni metodou stanoveni stupné malignity je rozdéleni podle histologické
diferenciace tzv. grading. Progndéza onemocnéni je stanovovéana podle lokalizace
tumoru, rozsahu postiZeni a gradu.
Neuroblastom je jednim z prvnich nadorti u kterého porozuméni klinickym
a biologickym faktoriim umoznilo volbu 1é¢by a vyhled pteziti pacientti. Neuroblastom
se obvykle §ifi do lymfatickych uzlin, kosti a kostni dien¢. Nicmén¢é u nejmladsich déti
je mozné se setkat 1 s metastdzami do jater a kuze (stadium 4S ). Tyto déti maji obvykle
velmi dobrou prognézu navzdory pfitomnosti metastdz v dobé stanoveni diagnozy
(pétileté preziti 92%) [20]. Naproti tomu star§i déti maji mnohem hor$i prognézu a to
1 pokud nemaji v dob¢ stanoveni diagndzy prokazatelné metastazy [1]. Pfi volbé
optimalni 1écebné strategie musi byt zvazeno mnozstvi prognostickych faktora
zahrnutych do rozhodovaciho procesu. Obecné plati, Ze ¢im vice prognostickych faktori
je vybrano, tim lepsi rozhodnuti pro lécebnou strategii je mozno zvolit. Pro lékate
je vhodné drzet se univerzalniho protokolu a pouzivat standardni diagnostické a 1é¢ebné
postupy. Proto byla zahéjena spoluprace v rdmci the International Neuroblastoma Risk
Group (INRG) [15] a byl definovan mezindrodni sytém stagingu International
Neuroblastoma staining system (INSS) [21]. VySe zminéna amplifikace onkogenu
MYCN u neuroblastomu, poprvé popsana Manfredem Schwabem roku 1984 [22] se stala
prvnim molekuldrné genetickym znakem vyuzitym v détské onkologii ke stratifikaci
1écby [23]. Terapeuticky postup pro konkrétniho pacienta s neuroblastomem je tak
podle soucasnych poznatkli zaloZzeny na kombinaci parametrii: vék pacienta, rozsah
onemocnéni dle INSS, ptipadnd amplifikace MYCN, ploidita nddoru a histopatologicka
klasifikace dle Shimady [24] (Tabulka ¢. 4). Na zaklad¢ téchto parametrii pacienty
rozdelujeme do rizikovych skupin a podle nich provadime vybér terapie tak, aby vysoce
rizikovi pacienti dostali vysoce intenzivni 1écbu a na druhé strané nizce rizikovi nebyli
zbytecné zatizeni nezadoucimi ucinky.

Moznost vytipovani ucinné latky na zakladé jednoduchého ex vivo testu je z vice
divodl znac¢né limitovana a po vice nez dvou desetiletich testovani na fadé pracovist
nebyla nikde zavedena jako standard. Jedinou vyjimkou je sledovani inicialni odpovédi
na prvni fazi 1éCby (tedy testovani chemosenzitivity in vivo) u déti s akutni
lymfoblastickou leukémii. Nasi snahou je proto nalézt takové znaky v nadorovych,
ale 1 zdravych bunikach umoznujici predpovidat citlivost k vybranym lékiim. Stejné tak

nas zajima vyskyt nezaddoucich uc¢inki. Prediktivni markery umoziuji zvolit co mozna
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nejefektivnéjsi 1écbu nadorovych onemocnéni za soucasné minimalni zatéze pacienta.
Tim se tedy naplnuje alesponn z prvni ¢asti moto Ceského narodniho onkologického

programu ,,spravna 1écba spravnému pacientovi ve spravny ¢as a na spravném miste*.

Tabulka €. 4: INRG postup volby terapeutického postupu.

INRG vek histopatologicka Stupen diferenciace 11q Terapeuticky postup
stadium kategorie nadoru MYCN  aberace ploidie dle rizikové skupiny
L1/L2 vyzravajici GN; A velmi nizky
smiseny GNB
L1 jakykoli mimo NA B velmi nizky
vyzravajiciho GN nebo Amp K vysoky
smiSené¢ho GNB
L2 jakykoli mimo ne D nizky
NA
<18 vyzravajiciho GN nebo ano K stredni
smiSeny GNB
ne E nizky
diferencovany NA
<18 nodularni GNB; ano
H stfedni
neuroblastom slabé diferencovany NA

nebo nediferencovany

Amp N vysoky
M <18 NA hyperploidni F nizky
<12 NA diploidni I stfedni
12az<18 NA diploidni J stfedni
<18 Amp O vysoky
>18 P vysoky
MS ne C velmi nizky
NA
ano Q vysoky
<18
Amp R vysoky

Amp, amplifikovan; GN, ganglioneuron; GNB, ganglioneuroblastom; L1, lokalizovany tumor u kterého nejsou pfitomny rizikové
faktory detekovatelné zobrazovacimi metodami (jsou definovany protokolem napt. zavzeti karotid, aorty nebo v. cava do nadoru,
komprese trachey nebo hlavnich bronchit); L2, lokoregionalni tumor; M, vzdalené metastatické onemocnéni s vyjimkou stadia MS;
MS, onemocnéni s metastazami omezenymi na kuzi, jatra a/nebo kostni dfen u déti do 18 mésici véku; NA, neamplifikovan;

Upraveno podle Cohn a kol. [25].

1.5 Metody molekularni cytogeneticky

Klinickd cytogenetika zjistuje piedevSim strukturni a pocetni odchylky
chromozéml v bunkich scilem diagnostikovat rizné patologické procesy vcetné
nadort. Jeji rozvoj v poslednich letech umoznilo zejména zavedeni novych zpusobil

kultivace bun¢k a barveni chromozému. Dal§i vyznamny rozvoj umoznila molekularni
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cytogenetika, kterd studuje geneticky podminéné zmény na molekularni urovni. Jednou
ze zékladnich metod pro studium molekul DNA je fluorescen¢ni hybridizace in situ
(FISH) (Obrazek ¢. 2). Metoda vychazi ze sedmdesatych let minulého stoleti, kdy byly
poprvé pouzity izotopem znacené sondy vysoce repetitivni DNA k prukazu jeji
momentem pro Siroké vyuziti metody FISH a jejich dalSich modifikaci se stal pfechod
od radioaktivniho znaceni DNA sond k znaeni neradioaktivnimu - fluorescenénimu.
V pribéhu nekolika poslednich let se metody hybridizace in situ staly rutinni soucasti
vySetfeni pocetnich a strukturalnich zmén lidskych chromozémi v klinické genetice.
Metoda FISH je vhodna pro pouziti na histologickych fezech jak ze zmrazeného, tak
do parafinu zalit¢ého materidlu, tkanovych preparatech ptipravenych z kultivovanych
1 nekultivovanych bunék, izolovanych bunéénych jadrech a zejména chromozémovych
preparatech. Sondy pouzivané pro FISH je mozné rozdélit na sondy, které hybridizuji
se specifickymi chromozémovymi strukturami, coz jsou obvykle centromérické oblasti
obsahujici repetitivni sekvence DNA. Druhou skupinu sond piedstavuji genomické
klony hybridizujici s jedine¢nymi sekvencemi DNA. Posledni skupinou sond jsou tzv.
malovaci sondy (chromosome painting probes), které hybridizuji s mnohocetnymi
chromozomalnimi sekvencemi a s jejich pomoci je mozno oznacit cely chromozom.
[27]. Kombinaci vySe uvedenych sond mizeme vyuzit k prikazu deleci, translokaci,
aplikaci FISH je pfimé mapovani genl. Pii kombinaci tifi dostupnych fluorochromi
(zeleny, Cerveny a modry) muzeme urcit i potfadi jednotlivych genti v konkrétnich

oblastech a zkonstruovat fyzické mapy chromozoému [27].

26



Disertacni prace Sledovani chemorezistence détskych
nadord molekularné cytogenetickymi metodami

Vysetfovana DNA Fluorescentné znatena proba
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Obrazek ¢. 2: Schéma metody FISH. Vysetiovand dvouvladknova DNA
je denaturovana, stejn¢ tak i1 dvoufetézcova fluorescenéné znacend sonda (proba).
Denaturovana proba hybridizuje ke komplementarnim tsekim vySetfované DNA pokud
jsou pouzité vhodné podminky (teplota, slozeni hybridiza¢niho pufru). Po obarveni
veskeré DNA pomoci barvicky 4',6-diamidino-2-phenylindole (DAPI), ktera se vaze
k AT bohatym oblastem DNA, dostdvame ve fluorescenénim mikroskopu modry signal
pro interfazni jadro nebo pro jednotlivé chromozémy v mitéze. Dle pouzitého
fluorescen¢niho znaCeni proby (v nasem piipadé cervené barvicky napiiklad
rhodaminu) dostavame odpovidajici signdl. Pro zdravou buinku v GO a Gl fazi
bunécéného cyklu, ve kterych je nejvétsi podil bunééné populace, vyjma pohlavnich

chromozoému, ziskdme dva signaly.
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Modifikaci hybridizacnich technik umoziujici v jednom hybridizacnim
experimentu vySetiit cely karyotyp vcetné¢ pohlavnich chromozémt piedstavuje
mnohobarevnd FISH (multicolor FISH, mFISH). Oproti vySetfeni interfaznich jader
v tzv. interfazni FISH (iFISH) je nutné pro analyzu mFISH ziskat mitotické buiky
a obarvenim vsech jejich chromozoémi 1ze posoudit vSechny prestavby ve vySetfované
bunice. Vzhledem k riznym kombinacim flourochromi, které poskytuji rtizné barevné
signaly nam pro pokryti celého karyotypu staci pouze 5 fluorochromu. Citlivost metody
se pohybuje v rozmezi 1 — 2,5 Mb. Metodou je mozné detekovat kryptické translokace
a inzerce, které jsou jinymi metodami nezachytitelné. Metoda vychazejici z mFISH
a ktera ji vhodné¢ doplnuje a zptesiiuje se nazyva mnohobarevné pruhovani chromozomu
(multicolor chromosome banding, mBAND) umoznujici na vytypovaném chromozému
mnohobarevné pruhovani s vysokou rozliSovaci schopnosti [28].

Jednou z moznych alternativ FISH v klinické cytogenetice mize byt metoda
srovnavaci genomova hybridizace (comparative genomic hybridization, CGH) (Obrazek
¢. 3) poprvé popsana pred dvaceti lety Kallioniemim a kol. [29]. Metoda vyuziva
soucasn¢ hybridizace rozdiln¢ fluorescenéné znacenych DNA, vySetfované/nadorové
s kontrolni DNA. Hybridizace probihd na metafazické chromozémy odpovidajici
karyotypu 46,XX nebo 46,XY. Pfi pocitacovém vyhodnoceni detekujeme pomér
intenzit obou fluorescenci podél vSech chromozémit. Pi1 vyssi fluorescenci referencni
DNA software vyhodnoti ndlez jako ztratu (deleci) a pfi vyssi fluorescenci vysetfované

DNA jako zmnozeni v dané oblasti.
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Obrazek €. 3: Schéma metody CGH. U klasické CGH jsou kontrolni DNA
(referencni DNA, znacCend Cervenc) a vySetfovand DNA (nadorovd DNA, znacena
zelen€) souCasné hybridizovany na normalni metafazické chromozomy pfipravené
klasickym cytogenetickym zptsobem. Po hybridizaci jsou tyto mitdzy vizualizovany
a preneseny pomoci fluorescencniho  mikroskopu a  Cernobilé  kamery
do karyotypovaciho softwaru, kde jsou zpracovany. Pfi CGH vyhodnoceni ziskavame
pomérem intenzit fluorescence jednotlivych chromozomalnich oblasti kiivku, kterou
odpovidajici software vyhodnoti jako ztradtu genetického materialu (ptevaha referencni

DNA) nebo zmnozZeni (pfevaha vySetrované DNA).
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Vyhodou této metody je vySetfeni celého genomu v ramci jednoho vysetfeni
a moznost vyuzit k analyze DNA izolovanou z nativnich nebo zmrazenych bunék
1 z materialu zalit¢ého do parafinu. Nevyhodou je nemoZznost pokryti variability v ramci
bunécné populace. Metoda prokaze pouze zmény, které jsou pifitomny na nejméné
72 bun€k (nezachyti tedy zmény v minoritnim klonu). Druhou nevyhodou je nemoznost
detekce balancovanych aberaci. Jednd se o metodu, kterd je casové naro¢na, protoze
vyzaduje del$i hybridizaci a nasledné karyotypické zpracovani a vyhodnoceni. Tato
technika je schopna detekovat zmény postihujici useky o velikosti nejméné 10 Mb [29].
Dalsi technikou, ktera je v soucasnosti pouzivdna je array CGH (aCGH), ktera mapuje
genom pomoci hybridizace vySetfované a kontrolni DNA k jednotlivym znamym
hybridiza¢nim ciliim, které tvoii kratké useky (bacterial artificial chromosome, BAC)
DNA pfichycené ke sklicku. Ve srovnani s CGH tento postup odstranil karyotypovani
a zvysil rozliSovaci schopnosti metody (Obrazek ¢. 4). aCGH je Siroce rozsifena metoda
k detekci zmén v poctu kopii (copy number variation, CNV), které by mohly mit
vyznam v fad¢é dédicnych i sporadicky se vyskytujicich onemocnéni véetné nadorovych.
Napftiklad systém NimbleGen CGH microarrays dosahuje pii pouZiti 4.2 miliénu sond
a prumérné vzdalenosti sond 284 bp vysokého rozlisSeni az 14 kb

(www.nimblegen.com).
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Obrazek €. 4: Porovnani CGH a aCGH. Oproti klasické CGH jsou v ptipadé
aCGH kontrolni i vySetfovand DNA hybridizovany ke kratkym piesné definovanym
usektim DNA (BAC DNA), které¢ jsou prichyceny (naspotovany) na sklenény podklad
Cipu. Pozice na Cipu jsou pifesné urCeny a citlivost Cipd souvisi s mnozstvim
pfichycenych tsekii DNA na konkrétnim ¢ipu. Po hybridizaci jsou Cipy skenovany
pomoci specializovanych c¢teCek Cipd a vysledek je prenesen do pocitace.
K vyhodnoceni Cipu je nezbytny software, ktery ptislusnému spotu piitadi pozici, a tim
ho pfesn¢ identifikuje a vyhodnoti pomér intenzit fluorescence obou hybridizovanych
DNA. Stejné jako u klasické CGH ziistdvd nemoZznost odhaleni balancovanych
translokaci. Vyhodou oproti klasické CGH je u aCGH kratsi doba analyzy a vétsi
citlivost, kdy pfi dostatecn¢ velkém mnozstvi spotd jsem schopni detekovat zmény

na urovni jednotlivych gent.
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2 Vysledky (Publikace in extenso)

Tato disertacni prace se zabyva studiem cytogenetickych zmén u détskych
nadorovych onemocnéni a stim spojenych expresnich zmén na Urovni mRNA
a proteinu. Smyslem je nalézt znaky umoziiujici stanoveni progndzy a/nebo piedpo-
veédét efekt 16cby s ohledem na mozny vznik rezistence.

Pro studium chromozomalnich aberaci byl vybran Ewingliv sarkom ptedstavujici
druhy nejcastéjSi primarni maligni nador kosti starSich déti a mladSich dospélych.
Primérni zmény a jejich vyznam pro Ewinglv sarkom jsou popsédny, ale vyznam
sekunddrnich chromozomalnich aberaci Ewingova sarkomu by mohl skryvat
diagnosticky, prognosticky a prediktivni vyznam. Sumarizace vysledkli ze studii
zahrnujici pacienty s diagnostikovanym Ewingovym sarkomem je piedmétem
prehledového ¢lanku ,,Nadory ze skupiny Ewingova sarkomu — molekuldrni biologie
a genetika“, kde uvadime 1 vlastni dosud nepublikované vysledky. Pro Ewingtv sarkom
jsou charakteristicka castd zmnozeni oblasti 1q21-22 a dale trizomie nebo tetrazomie
8. a 12. chromozému. Pro vétSinu pacientd je dale typickd nebalancovana translokace
t(1; 16) vedouci ke ztraté¢ dlouhého raménka 16. chromozomu.

Pivodni prace ,,Molecular cytogenetic characterization in four pediatric
pheochromocytomas and paragangliomas®, vyuzivajici metody molekularni
cytogenetiky jako jsou CGH a aCGH, je zaméfena na popis chromozomdlnich zmén
u détskych feochromocytomi a paragangliomd. Podobnych studii popisujicich
chromozomalni zmény u feochromocytomti a paragangliomi je mozné nalézt vice,
ale prace popisujici chromozomadlni zmény u détskych feochromocytomi jsou ojedinélé.
Hlavni vyznam spocivd v mozZnosti nalézt nové genetické markery, které mohou
pomoci k uréeni biologické povahy téchto nadorti. Jednim z téchto novych markert
by mohla byt ztrata celého 11. chromozému nebo pouze jeho kratkého raménka, protoze
tyto zmény jsou castéjs$i u feochromocytomi détského véku nez u dospélych pacienti
a pravdépodobné¢ mohou mit dilezitou utlohu v kancerogenezi détského feochromo-
cytomu.

Stézejni prace celé disertace ,,Mechanisms of ellipticine-mediated resistance
in UKF-NB-4 neuroblastoma cells* zabyvajici se popisem molekularnich mechanismi

chemorezistence k ellipticinu v buiikéch lidského neuroblastomu (vice viz Tabulka ¢. 5)
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je prvni zvetfejnénou praci zaméfenou na rezistenci k tomuto cytostatiku. Ellipticin
je potencidlné pouzitelny v terapii neuroblastomu. Jsou popsané jeho cytotoxické
uc¢inky na bunky neuroblastomu a tato prace vyznamné rozSifuje znalosti
o chemorezistenci neuroblastomovych bunék k tomuto cytostatiku. Byly nalezeny
mechanismy odpovédné za chemorezistenci k ellipticinu. Jedna se o downregulaci
topoizomeraz (ellipticin je krom¢ jiného inhibitor topoizomeraz), upregulaci Bcl-2
a vypuzovani nebo degradaci léCiva. Jako pfidruZzené mechanismy rezistence byly
identifikovany upregulace enzymu podilejicich se na oxidativni fosforylaci, bunécném
dychani a aerobni respiraci, V-ATPazy, spermine syntetdza, stejn¢ tak pomalejsi
rychlost riistu rezistentnich bunék. Molekularni mechanismy rezistence k ellipticinu
byly porovndny s molekularnimi mechanismy rezistence k doxorubicinu, cytostatika
podobného svymi Ucinky ellipticinu. Zatimco mechanismus ucinku 1é¢iv je podobny,
mechanismy rezistence k témto 1é¢iviim jsou rozdilné. V rezistenci k ellipticinu nemaji
vyznam ABC transportéry zatimco zvysSend exprese P-glykoproteinu je pro rezistenci
napfiklad k doxorubicinu dominantni. Prace piispiva 1 k poznadni mechanizmi

chemorezistence obecné a umozni volbu optimalni 1é¢ebné strategie.

Tabulka €. 5: Mechanismy rezistence k ellipticinu

Nazev genu Symbol lokace mechanismus rezistence

topoizomeraza (DNA) I TOP! 20q12-q13.1 downregulace genu kodujiciho enzym zodpovédného
za topologii DNA

topoizomeraza (DNA) Il alfa  TOP24 17q21-q22 downregulace genu kodujiciho enzym zodpovédného
za topologii DNA

spermin syntetaza SMS Xp22.1 upregulace genu kodujiciho enzym metabolismu
polyamint

spermidine syntaza SRM 1p36-p22 upregulace genu kodujiciho enzym syntetizujici
spermidine, ktery ovliviiuje bunéény rist a diferenciaci

B-cell CLL/lymphoma 2 BCL2 18q21.3 upregulace genu kodujiciho antiapoptoticky regulator

RAD23 homolog A RAD234 19p13.2 upregulace genu kdodujiciho protein zahrnuty

(S. cerevisiae) v nukleotidové excizni oprave.

xeroderma pigmentosum XPA 9q22.3 upregulace genu kddujiciho protein zahrnuty

v nukleotidové excizni oprave.

ATPéza transportujici H+ ATP6AP1 Xq28 upregulace genu kdodujiciho slozku vakuolarni ATPazy
ATPaza transportujici H+ ATP6VOD1 16922 upregulace genu kodujiciho slozku vakuolarni ATPazy
ATPéaza transportujici H+ ATP6VOEL 5q35.2 upregulace genu kodujiciho slozku vakuolarni ATPazy
ATPaza transportujici H+ ATP6VIF 7932 upregulace genu kodujiciho slozku vakuolarni ATPazy
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V experimentalni praci ,,Histone deacetylase inhibitors valproate and trichostatin
A are toxic to neuroblastoma cells and modulate cytochrome P450 1A1, 1B1 and 3A4
expression in these cells* bylo zjisténo, ze inhibitory histon deacetylaz v buiikach
lidského neuroblastomu ovliviluji expresi cytochromt, které se podileji
na biotransformaci fady 1é¢iv nebo chemickych substanci v bunikach. Jednim z téchto
1é¢iv je naptiklad ellipticin. Lze pfedpokladat, Ze priikaz exprese vybranych cytochromt
v nadorovych buiitkéch pfispéje k predikei efektu ti€inku inhibitorti histondeacetyldz.

Jak jiz bylo zminéno v literarnim uvodu, onkogen MYCN je kliCovy
prognosticky marker u neuroblastomu. Studium zmén poctu kopii MYCN je velmi
dilezité, protoze jeho amplifikace determinuje maligni potencidl bunky. V piivodnim
¢lanku ,,Expulsion of amplified MYCN from homogenously staining chromosomal
regions in neuroblastoma cell lines after cultivation with cisplatin, doxorubicin,
hydroxyurea, and vincristine® bylo pouzito nékolik rtiznych neuroblastomovych linii
a od nich odvozenych linii rezistentnich k nékterym cytostatikim. Tyto linie
s amplifikaci MYCN (IMR-32, UKF-NB-2, UKF-NB-3, UKF-NB-4) i bez amplifikace
MYCN (SK-N-AS) byly vystaveny u¢inkiim hydroxyurey a dal$im cytostatikiim
uzivanym k 1é€bé neuroblastomu (cisplatingé, doxorubicinu a vincristinu). Pomoci
cytogenetickych metod (CGH a FISH) byl sledovan pocet kopii MYCN v prib¢hu
pasazovani bun¢k. Ukézalo se, Ze G¢inkem chemoterapeutik postupné klesd pocet kopii
genu MYCN v senzitivnich buiikkdch a blizi se poctu kopii v buiikach rezistentnich
k cytostatikim. Napiiklad linie UKF-NB-4 ztratila po kultivaci s hydroxyureou
primérné 20 kopii a linie IMR-32 15 kopii (p < 0.001). JiZ po druhé pasazi bylo mozné
najit bunky bez nadbyte¢nych kopii. Rezistentni buiiky ztratily primémé 17 kopii
ve srovnani se senzitivni kontrolou. Tento ucinek byl jiz diive v literatufe popsan
u MYCN amplifikovaného ve form¢ double minutes. Nyni se podafilo poprvé prokazat
ubytek kopii téZ u bunck s amplifikovanym MYCN ve form& homogenné se barvici
chromozomalni oblasti.

Navazujici rukopis ¢lanku s ndzvem ,,Cisplatin impacts the number of MYCN
gene copies and corresponding expression in human neuroblastoma cell lines*
se zaméfuje na zmény exprese onkogenu MYCN po navozeni experimentalni
chemorezistence a porovndva zmény v expresi v zavislosti na délce chemoterapie in
vitro a na poctu kopii MYCN. V experimentu byly pouzity linie s amplifikaci MYCN
(UKF-NB-3, UKF-NB-4) a bez amplifikace (SK-N-AS). Vyznamné je zvySeni poctu
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kopii MYCN u diploidni linie SK-N-AS po dlouhodobé kultivaci s cisplatinou.
Zmnozeni kopii MYCN u bun¢k neuroblastomu po 1écbé cytostatikem je nalezeno
poprvé. S navySenim poctu kopii u této linie souvisi 1 vyznamn& zvySend exprese
mRNA MYCN, coz se zdd byt charakteristické pro neuroblastomové buiky
chemorezistentni k cisplatiné. Zatimco v senzitivnich buiikdch neuroblastomu cisplatina
expresi spiSe snizuje, v rezistentnich bunkach je exprese vysoka bez ohledu na
pfitomnost nebo nepiitomnost cisplatiny v kultivaénim médiu. Vyznam tohoto ¢lanku je
v tom, Ze rozSifuje poznatky o vztah 1ékové rezistence k poctu kopii MYCN a jeho
expresi. Studium vlastnosti a chovani MYCN i1 jeho mRNA a proteinu nabyva na
vyznamu, protoze v soucasné dob¢ jsou testovany rizné formy cilené terapie zaméeiené
vuci genu MYCN 1 jeho mRNA. Poznatky o zménéch v poctu kopii a expresi MYCN

mohou pfispét k predikei ucinku terapie.
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NADORY ZE SKUPINY EWINGOVA SARKOMU - MOLEKULARNI BIOLOGIE
A GENETIKA

EWING SARCOMA FAMILY OF TUMORS - MOLECULAR BIOLOGY
AND GENETICS

PROCHAZKA P, VICHA A, KODET R., KODETOVA D, ECKSCHLAGER T.

KLINIKA DETSKE HEMATOLOGIE A ONKOLOGIE, UK 2. LF A FN MOTOL, PRAHA
USTAV PATOLOGICKE ANATOMIE A MOLEKULARNI MEDICINY. UK 2. LF A FN MOTOL, PRAHA

Souhrn

K nidorim skupiny Ewingova sarkomu (dale jen Ewinglv sarkom) patii Ewingiliv sarkom kosti i extraskeletilni a periferni primitiv-
ni neuroektodermalni nador. Nadory 2o skupiny json pe osteosarkomu druhymi nejéastéjEimi primdarnimi malignimi nédory kost
stariich diti a mladvch dospélych. Postihuji £asto panevni kosti, dlouh# kosti dolnich konéetin a hrudnika a mekke tkans. Metastazu-
ji nejéastéji do plic, kosti a kostni dfené, vzacndji do uzlin, jater a moeku. Ofedingle byly popsiny nadory ze skupiny Ewingova sar-
komu vychdrejici 2 riznych orgind. Ewingiliv sarkom se vyznafuje specifickymi chromozomalnimi eberacemi postihujicimi 22. chro-
mozom - translokact #{11:22), méne Zasto (21;22), sporadicky se mohou vyskytnout i tak zvané minoritni translokace. Translokace
specifické pro zafazeni do skupiny Ewingova sarkomu spojuji €ist genu EWS lokalizovaného na 22, chromozomu s nékterym z gend
rodiny ETS {(FLI-1, ERG, ETY- |, EIAF, FEV}. Kromé techio specifickych translokaci nachazime u Ewingova sarkomu sekundami
zmény jako jsou trizomie a tetrazomie &, a 12, chromozomu a nebalancovani translokace {13 16), vedouci k deleci 16q a ke zmnode-
ni lg. ¥yznam prikazu téchto sckundémich aberaci pro progndeu je predmeétem intenzivoiho vyzkumuo. Nicméns jif nvni se zdi, e
translokace t1; 16} a trizomie & tetrazomie 8. chromozomu jsou znamkou neprizniveé progndey.

Klitova slova: Ewingly sarkom, PNET, translokace (11;22) a{21; 22, EWS/FLIL, EWS/ ERG, sekundarni chromozomalni aberace

Summary

Ewing sarcoma of the bones, extraskeletal and peripheral primitive neuroectodermal tumaors all belong to the Ewing sarcoma family
of tumors. Ewing sarcoma is the second most common primary malignant bone tumor in older children and voung adalts following
ostepsarcoma. Pelvic bones, the long bones of lower extremities, as well as the thorax and soft tissue of the above mentioned locati-
ons are often affectsd. They often metastasize into the lungs, bones and bone marrow, but rarely into the nodes, the liver and the bra-
in. Ewing sarcoma was only sporadically reported from different organs. Specific chromosomal aberrations affecting chromosome 22
- translocation {11;22), fewer 8(21:22), and the rarely occurring so-called minor translocation - are typical of Ewing sarcoma. Trans-
locations, specific for the Ewing sarcoma family of tumors combine a part of the EWS gene, localized on chromosome 22, with some
of the ETS family of genes (FLI-1, ERG, ETV-1 and others). Besides these specific translocations in Ewing sarcoma secondary chan-
ges are revealed, such as trisomy and tetrasomy of chromesome B and 12 and often nonbalanced translocation {1; 16} leading to dele-
tion of 16g and amplification of 1g. The significance of establishing these secondary aberrations for prognosis is the focus of intensi-
ve research, However, t(1;16) translocation and trisomy or tetrasomy of chromosome B are appear to be indications of unfavorable
prognosis of the disease.

Key words: Ewing sarcoma, PNET. translocation (1 1;22) and (21; 223, EWS/FLI1, EWS! ERG, secondary chromosomal aberration.

Bufiky v lidském t&le jsou vystaveny celé Fade fyzikilnich,
chemickych nebo biclogickych vlivil, které mohou indu-
kovat poskozeni jejich genomu. Tyto chromozomdaini abe-
race a mutace gend se viznamné podileji na vzniku nido-
mi, pfitem# pro vznik a vyvoj urfitych nadord jsou
specifické konkrétni chromozomdlni aberace a genové
mutace. Z toho vychil molekulimé genetickd diagnosti-
ka a kombinovand morfologickd a genetickd klasifikace
niddori. V dneinim pojeti patfi k nadorim skupiny Ewin-
gova sarkomu (déle jen Ewingiiv sarkom) viastni Ewinglv
sarkom kosti, extraskeletdlni Ewingiv sarkom a 167 peri-
ferni primitivni neurocktodermélni nddor postihujici kosti
nebo mekké thing (PPNET, zkricent PNET)! . Ewinglv

sarkom postihuje nejtastéji pinevni kosti, dlouhé kosti dol-
nich konfetin a hrudniku i mékke thing v tchto lokaliza-
cich. Ma rozdil od osteosarkomu vychdzi kosini Ewinglv
sarkom z dizfyzy. Metastaruje do plic, kost a kostni dfe-
ni, vzdentji do uzlin, jater a mozku. Metastizy jsou pH-
tommny asiu 1/4 pacientu v dob# stanoveni diagndey. V lite-
ratufe byly popsiny kazuistiky Ewingova sarkomu
vychidrejici z riznych orgdnd naptiklad ledviny, motové-
ho mEchyTe, vajetniku, varlete, délohy, plic, Zaludku, sli-
nivky, slinn¥ch #14z nebo mesenteria. Na naem pracovis-
ti jsme diagnostikovali PNET ledviny, u kterého jsme
prokédzali specifickou translokaci 4115 22) metodou BT
PCR nejen v niddoru, ale i v kostni dfeni, co svedEilo pro
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minimalni metastatické postizeni®. Ewinglv sarkom patfi
k prognosticky méng priznivim onemocnénim déti a mla-
distvych aza posledni roky se, na rozdfl od Fady jinych nido-
i této vEkove kategorie, nepodafilo viraznéji zlepsit jeho
it .
gﬁngﬁv sarkom je po osteosarkomu druhym nejCastéjiim
primarnim malignim nddorem kosti starfich déti a mladych
dospelych. U dospElych nad tFeet let a détl do piti let je
vzdcny?. Incidence Ewingova sarkomu v populaci mladsi
dvaceti let je uddvdana pFibli¥ng 2,9 pacientd / milion za rok.
Ewingiv sarkom se vice vyskytuje u mui, ktefi tvoli 55%
pacienti s timto nédorem?. Vyznamné rozdily viskytu jsou
patmé v niznych populacich. Plevadfuje postiZeni bElogské
populace. Naopak u asiatd a populace afroamerické
i u pivodnich obyvatel subsaharske Afriky je viskyt Ewin-
gova sarkomu Sestkrat niZsi ned u belochd. VysvEtlenim
mife byt délka repetitivnich Alu sekvenci intronu 6, naché-
zejicich se blizko oblasti translokaniho zlomu Ewingova
sarkomu. Alu sekvence jsou retropseudogeny (geny venik-
1€ zpitnou transkripciz mBENA transkripti struktumich geni
pemisfovanych transpozicl v rdmci genomu ) o velikosti
pribliZng 300 nukleotidi, tvofici 5% lidské DNA. Repeti-
tivni DMA sekvence, jako naptiklad Alu elementy, jsou
oblastmi vysoké frekvence zlomai a tedy translokaci. Veli-
kost této sekvence v intronu 6 genu EWS je u Edsti osob
afrického plvoduo zkricena na polovinu homologn! translo-
kaci mezi dvEmi Alu sekvencemi®. Nadruhé strani z vysled-
kil japonsko - némecké studie vyplivd, e progndza Ewin-
gova sarkomu u bElochd je pHznivEjs ne? u Japonci®.
Dlouhou dobu panovaly rogpory v ndzorech na venik Ewin-
gova sarkomu. V soutasné dob® pfevlddd ndzor, #e nadoro-
vié bufiky Ewingova sarkomu maji pived v prekurzorovych
bufikich parasympatiku. Hlavnim dikazem je prikaz cho-
lecystokininu v bufikdch Ewingova sarkomu a experimen-
télni studie in vitro, kde cAMP, nervovy ristovy faktor
(MOF) nebo forbol-myTistil acetdt indukovaly v bun&nych
liniich odvozenych od Ewingova sarkomu tvorbu newrofi-
lament®. Variabilni lokalizace nddorového onemocnini
v kosti nebo mekkych thinich nizné lokalizace je zphsobe-
napfitomnosti pluripotentnich kmenovych bunik parasym-
patického nervového systému na mnoha mistech organis-
mu. MNa plved 7 neurdlni thing je u Ewingova sarkomu
moEné usuzovat také z pHtomnosti Homer-Wrightovyich
rozet, neurosekretorickych granul a imunocytochemicky
detekovanych znaki typickych pro neurdlnf thafi’.
Pro Ewinguy sarkom jsou typické chromozomdlni aberace
postihujici gen EWS lokalzovany na 22. chromozomu-
t(11;22) (g24:q12), méni Casto £(21;22){g22-q12) a sporadic-
ky t(7:22)(p22:q12), 4(17;22)q1 2:q12), 4 2:22)(g33:q12)mebo
komplexni translokace zahmujici 11. a 22, chromozom. Tyto
translokace specifické pro zaFazeni do skupiny Ewingova sar-
komu spojuji Sist genu EWS s nikterym z gend modiny ETS.
Gen FLI-1 jelokalzovanna 1 1. chromozomu, gen ERG na 21.
chromozomu, ETV-1 na 7. chromozomu, ELAF na 17. chro-
miowomua FEV na 2. chromozomu®2®, U ES bylapopsina také
inv 22 postihujici geny EWS a Z3G" Gen EWS se podili
na fiznich gemech i u jinych nidord- EWS/ATFI
(812;22)0q1 3201 2)) u sarkomi z jasnych bunBk a EWS/WTI
(t11: 22)p13:q1 2)ju desmoplastickych nddori. Méné nez 1%
nddori klasifikovanych jako Ewingliv sarkom obsahuje fini
gen FUS/ERG odpovidajici translokaci 1(16:21)p1 1:g22)1!.
U translokace 1 11:22)(g24;q12) je podle zlomovych mist
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popisovino vice typi. Mejtastejsi je Ltyp ktery spojuje exon
7 genu EWS s exonem 6 genu FLIIL. 2. typ pfedstavuje fizi
exonu 7 genu EWS s exonem 5 genu FLIL Typ 1 se vysky-
tuje pribliZng u poloviny a typ 2 asi u Etvrtiny nidoni, zby-
tek tvofi vzdcnijsi typy. Z literdmich ddaji i natich zkuse-
nosti vyplyvid, Fe u nadord s translokaci 2. typu se Castéji
vyskytuji metastizy!2,
Ex‘pe:l’]mﬂi‘]l,fllnéb\’l]]IEL.&Iﬁn\'}'fInammIn[l:thnﬂn]]-lﬁL
proteini pro maligni zvrat. Transformaci bunék a inhibici
apoptdzy vyvold transtekee fibroblast v tkafiové kultufe
fiznim genem EWS/FLIL - 1(11;22)(g24;q12) nebo EWS/
ERG-121;22)(g22; q12). MiniméIni velikost fizniho pro-
leinu postatujici k transformaci obsahuje prynich 22 ami-
nokyselin EWS a Bist proteinu kddované poslednim {devi-
tym) exonem genu FLII . Vice vizkumnych tfmi ji uinilo
P“k‘-'st o vyuFiti poznatkd molekuldmi biologic Ewingo-
va sarkomu v jeho terapii. V experimentech in vitro a in
vivo byly testoviny antisense nukleotidy a siRNA inhibu-
jici fizni geny EWS/FLI1 nebo EWS/ ERG. Vysledk
potvrzuji, Fe inhibice téchto finich gend brzdi rist bunék
Ewingova sarkomu'*14,

Kromé uvedenych translokaci, které jsou povafoviny za
primémi, s¢ u Ewingova sarkomu vyskytuji také sekunddmni
chromozomalnd aberace. Nejtasteji je detekovana trizomie
a tetrazomie 8. a 12, chromozomu a translokace t(1;
16)(g10-21; g10-13). Tato translokace je Easto nebalanco-
vand a vede k deleci 16g a ke zmnoZeni 1q. Zda se tylo
sekundimi chromozomédlni aberace podileji na vivoji cho-
vini Ewingovych sarkomi neni dosud zcela jasné. Trizo-
mie 8. a 12. chromozomu je podle nékterych autord proka-
rovina Castdji v nédorech relabujicich ne? v nddorech
vySetfenych v dobé stanoveni diagndzy =17,

Vy#etfeni Ewingova sarkomu metodami molekulirni
cytogenetiky

Jedna z prvnich studii zamETend na vySetfovani pacientd
postitenych Ewingovym sarkomem analyzovala 20 vzorkd
Ewingovych sarkomi od 17 pacienti®. Metodou srovndva-
ci genomové hybridizace (CGHY bylo identifikovino u 75
% vySetfovanych nadori zmnoFeni amebo chybéni genetic-
kého materidlu. NejCastéjsi zminou bylo zmnofent celého
chromozomidlniho raménka nebo dokonce celého chromo-
zomu. U 35% nador byl smnofeny geneticky materidl &.
chromozomu, u 25% rmnoZeni 1g21-22 au 25% zmnofent
celého 12, chromozomu'®, Podobné visledky mla i rozsi-
Tend studie této pracovni skupiny. U 75% z 28 vySeffovanych
Ewingovych sarkomi byly prokizdny genetické zmény. Nej-
CastEjsi bylo zmnoFen 8. chromozomu detekované u 36%
nadorii. U 5 nadori byl zmnoZeny dsek 1g21-22 a 5 nddorl
milo rmnofenou oblast Tg, 11% nadord mélo smnofeni
6p21.1-pler, zmnodeni | 2. chromozomu aztrdu 16g. 'V jind
studii bylo pomoci CGH vyieffeno 62 (52 nadorl primér-
nich a 10 recidiv) Ewingovych sarkomi. Nejéast®jsi zmény
zahmovaly ymnofeni 8., 12, a 20. chromozomu a g, Zirity
16q a 19g. Byly zjistény tasté kombinace zmnoFeni 8. a 12,
chromozomu, zmnofeni 20. chromozomu s zmnoZenim
raménka 8q nebo 18q a zinita 16q a 17p. Univariantni ana-
Wzy ukizaly, Ze pacienti se zmnoZenim 1q, 2q a 12. a 20
chromozomu nebo seztritou 16g= a 1 7pmaji vznamne niZ-
8 celkové pleditl neX pacienti bex tichto aberaci. V multi-
variantni analyze bylaztrita | 6g nezdvislym prognostickym
faktorem®, Brisset a spolupracovnici porovnali 21 lokalizo-
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Tabulka 1.: Chromozomové zmény u Ewingovych sarkomil prokirand
metodon CGH.
Porn: Tufnk zvyraznéné jsou Easté zmény. N- podet vyieffenych

Studie N | CGHrmodbe COH sizata
Ammengal (1957) | 30 | 1g2I-2L 8 12

Tarkianen (199%) | 28 | 1q2I-I%; 6p2l 1ples; T ;12 | Ty

Ok (2001} 62 |l #:12:20 Lig; 19p
Brisset (2001} £ | 2581505 150 16

vanych nadon s 22 metastazujicimi nddory. U 63% nadord
{12 lokalizovanych a 14 metastarujicich) zjistili genetické
Fmény. Viechny zmény se tykaly celych chromozomi nebo
celych ramének chromozomil, U lokalizovanych nddon bylo
nejastEjs minou zmnofeni 8., 12., 20, a 2. chromozomu.
Meéné Eastou zmeénou bylo smnofeni 5. a 15, chromozomu.
W metastazujicich nadorech bylo nejastejsi imEnou zmno-
Feni 8. nebo 12, chromozomu a lg, méni Easté bylo zmno-
#eni 18, a 20. chromozomu. Jedenkrdt byla zjiSténa ztrita
16 e soulasnym mnodenim g predstavujici nebalanco-
vanou translokaci (1;16)*. Amiel se spolupracovniky se
zaméfil na korelaci zmién genomu detekovanych metodami
FISH a CGH s telomeriovou aktivitou zjistovanou pomo-
cimetody TRAPez. V celém souboru prokérali smény geno-
muu 12z 15 pacientil. ZvySend telomerizovi aktivita byla
prokdzdnau 10z 15 testovanych nddor. 80% nédori se zvy-
fenou telomerizovou aktivitou vykazovalo geneticke zmé-
ny. Nebyl tedy rozdil ve viskytu zmén genomu v zdvislosti
na telomerdzove aktivite. Z pacientl s aneuploidnimi néddo-
1y, na rozdil od dét s nddory diploidnimi, nepfedil nikdo 5
let®, Tym japonskych a némeckych autorl porovndval chro-
mozomdlni zmény u Ewingova sarkomu detekované meto-
dou CGH u Japonct &bﬁh‘ﬂ:ﬁlfl. LI Japonch nalezli Sasteji dele-
ci 19p i 19q neZ u be¥lochi. RovngZ byl nalezen rozdil ve
viskytu jednotlivych typd fizniho genu EWS/FLI- u Evro-

panii byl méné casty Ityp .

Vyketfeni Ewingvych sarkomi na KDHO
Ma klinice d#tské hematologie a onkologie UK 2.LF a FN

Motol jsme v letech 1999-2005 vySetfili metodou BT PCR2®
38 vzorki histologicky verifikovanych Ewingovych sar-
komi. 31x { 81, 6 %) jsme prokdrali fizni transkript
EWS/FLI_ 4x (10.5 %) EWS/ERG a 3x (7.9 %) jsme ftiz-
ni gen nedetekovali®™. Nake ndlezy jsou ve shode se zahra-
ni¢nimi literdrnimi adaji®.®.

Ewingovy sarkomy a nediferencované sarkomy morfo-
logicky phipominajici Ewingovy sarkomy jsme vySetfili
metedos CGH a BT PCR pro pritkaz specifickych trans-
lokaci. U dvou nddord Ewingova sarkomu hrudni stény
jsme prokdzali specifickou translokaci (11;22) a nasli
zmnoZeni 8. chromowomu, kterd je povadovino za sekun-
ddrni zménu provizejici horsi prognézu. U pacienta
s PNETem Zebra jsme detekovali specifickou translokaci
t(11;22), deleci 16q a zmnodeni 1q 9g32-gter, které mohou
odpovidat nebalancované translokaci (1:16). Dva ze tH
nediferencovanych sarkomi, u kterych nebyla zjisténa
translokace t{ 11:22), méli zmnofeni 8. chromozomu. Tato
zména tedy neni specifickd pro Ewingovy sarkomy a je
nejspise sekunddrni. U naSich pacient s Ewingovymi sar-
komy jsme nalezli metodou CGH zminy popsané v lite-
ratufe - smnoZeni 8.chromozomu, deleci 164 se smnoZe-
nim Iqg.

Domnivime se, fe pHitomnost nékterych sekunddmich zmén
mite byt v pordEjEi dobe pouivana k hodnoceni progndey
onemocnéni a volba 16Eby tim bude bliZe stratitikovina.
U nddori skupiny Ewingova sarkomu lze ofekdvat naleze-
ni molekuldmé genetickych znaki s prediktivnim vyzna-
mem a patrmé i uplatn®ni nékteré z forem genové terapie
{antisense nukleotidy nebo siRNA).

Price vznikla za finanini podpory vyzkumnych ziméri
MZCR 0021620813 a MSMT 0021620813
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AUGUSTIN PROCHOTSKY:
KARCINOM HRUBREHO CREVA A KONECNIKA.

Litera Medica, Bratislava 2006, naklad [5300 vyuska, ISBN BO-
967 139-4-0

Monografie o 632 strandch, 1. vydini, predmluve napsal prof.
MUDr. Jiri Hoch, CSc.

Kniha je pfehledné Elenéna do 36 kapitol, ve ktervch postupuje
nutor systematicky od incidence a epidemiclogie, etiopatogene-
zy, rizikovych skupin a rizikovych fakiori, pies prevenci, scree-
ning, symptomatologii, diagnostiku, diferencidini diagnostiku,
polypektomie, patologickoo anatomii, klasifikaci, progresi a pro-
gnosticke faktory. Pokratuje dlohou patologa a origindlnimi ana-
tomickymi studiemi, riznymi terapeutickymi modalitami vietng
leeby lokilni, paliativni a adjuvantni. Mepominul pokrodila sta-
dia, 1écbu bolesti. & chirurgickych postupd se vénuje hodnoceni
riznych typd anastomde, technice stomii a rovnez hodnoti prinos
laparoskopickych pristupd. Dale zmifuje faktory, oviiviujic
vysledky [cby, otizky prevence trombembolické choroby, rizi-
kowé faktory a konei dispenzarizaci nemocaych.

Docent Prochotsky dokonéil obdivehodné dilo, které v Seské i slo-
venske literatufe v podobném rozszhu dlouho chybélo. Pravds-
podobng posledni slovenska monografie na podobné téma ban-
skohystrického Antona Pelikina je z roku 1985, V Cesku vyilo
v poslednich letech nekolik struénigjZich publikaci s tématem kolo-
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24. Brisset, 5., G. Schieicrmacher, M. Peter, et al., OCGH analfysiy of secon-
dary genetic changes in Ewing tumors: correlalion with melasiatic
disease ina series of 43 cases. Cancer Genet Cytogened, 2001, 13001
p. 57-61.

25, Amsel, A, A Ohali, M. Fejgin, et al., Molecular cyfogenefic parameters
in Ewing sarcoma. Cancer Genet Cytogenet, 2003, 14042} p. 107-12
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27 Bumerauer, I, A Vicha, A. Hruba, et al. Vigram dereboe minimaing
ndderove charoby i pacienti s nddory Ewingova sarkoma/pPNETy
metodou RT-PCR. in 1 5. konference détskych hematologi a onkolopd
CRa SR 2005, Ceskié Buddjovice.

Dolo- 2. 7. 2006
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rektalnd &i rektalnd karcinom (L. Holubec 2004, Marketa Jablon-
ska 2000, 2004, Kamil Vyslow#il 2005).

Ma monografii je obdivuhodné, #e bylaz pracovana jedinym suto-
rem {kromé kapitoly o 166bé bolesti, na které se podilela L. Nem-
cikova

Kniha je formatu A4, velmi kvalitng provedend. Je velice pre-
hledna a navic obsahuje § CD verei. Podet citact je rovnéd hodny
obdivu: (1930). Je bohaté doprovizend schématy i barevnymi
obrazky (330} a pfehlednost zvySuje | polet tabulek (90},
Publikace je urena nejen zadinajicim & zkuienym chirurgim, ale
i gastroenterologiim a Sirsi 1ekarske vefejnosti. Mnohid pouteni
v najdou i patologove a onkologove, jako? i dalsi specialiste.
Kniha mi i nékters drobné nedostatky. Jako vé&Eina slovenskych
a ¢eskych publikaci vénuje malou pozornost vlastnimu pise-
mnictvi. Stejnou mérou opomiji publikace naSich sousedi
a vychodni Evropy vibec. Nékteré kapitoly jsou prilis strucneé
{kalkulace operaénihorizika, karcinom analnibo kanalu), jiné zase
naopak svym rozsahem prevyiuji vyznam tématu (mechanicka
priprava stteva pred operaci), kam je zafazena navic i antibiopro-
fylaxe. V kapitole o adjuvantni redioterapii ze tate zamifuje s tera-
pii neoadjuvantni.

Publikace A. Prochotského by neméla chybet v Zadng knihovng
chirurgického pracoviste a jiste najde cestu k fadé kolegi s hilub-
iim zajmem o kolorektalnd karcinom, ktery je svoji incidenci
ravainym medicinskym a spoletenskym problémem v Ceskuina
Slovensku. SkrickaT.
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Abstract Pheochmmocyvtomas (PCCs) are rare (umors
among children and  adolescents and therefore are not
genetically well characterized. The most frequently
observed chromosomal changes m PCC are losses of Ip,
3g and/or 3p, 6g, 17p, 11g, 22q, and gains of 9q and 17g.
Aberrations mvolving chromosome 11 are more common in
malignamt tumors. Unfortunately  mfrmation about gene
aberrations in childhood PCC's 15 hmited. We wsed
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comparative genomic  hybridization (CGH) and  array
comparative penomic hybridieation (2CGH) to screen for
copy mumber changes in four children suffering from
pheochromocytoma or paraganghionm. Patients wene ding-
nosed at the age 13 or 14 years, Bilseral pheochmomocy-
toma was associated with von Hippel-Lindan syndmome
(VHL). Multipls paragmglioma was associated with a
germling mutation in SDHB. We found very good
concordance betwesn the resubts of CGH and aCGH
technigques, Losses wene observed more frequently than
guins. All cases had a boss of chromosome 11 or 1ip. Other
ahemations were loss of chromosome 3 and 11 i sporadic
pheochromooytoma, and loss of 3p and 1lp in pheochm-
mocvtoma, which caried the VHL mutation. The deletion
of chromosome 1p and other changes were observed
parazangliomas, We conclude that both amray CGH and
CGH analysis identified similar chromosomal regons
invalved in tumongenesis of pheochromocytoma and para-
ganghiomas, but we found 3 discrepancies between the
methods. We didn't find any, of the proposed, molecular
markers of malignancy in our benign cases and therefore
we speculate that molecular cytogensdic examination may
be helpful in separating benign and malignant forms in the
future.

Kevwords Pheochromocytoma - Paraganglioma -
Comparative genomic hybridieation - Pediatric - Microarmy

Abbreviations

CGH Comparative genomic
hybridization

aCGH Array comparative Senomic
hybridization

POCS Pheochmmocytomas

WVHL Won Hippel-Lindau syndmme
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PGL Paragangliomas Table 1 Charscteriatics of genes asoclsed with familial forms of
NF1 Neumfibromatosis type | gene  Pheschromocylona
SDHE, SDHD and SDHC  The genes encoding the Gene Chiisaome Protein
suecinate dehvdrogensse of
mitochondrial subunits B, VHL Ip2s-26 pVHLID and pVHL3)
D, amd C SDHE 1p36.13 Catlytic inon-zulfur protein
VA Vanil lylmandelic acid SDHD 11923 CybS{membrane-spanning subumit)
SDHC 1g21 CybL {Large subunit)
SDHAFT 19g13.12 Assembly Bacior |
Inirod uction RET gl 2 Tyrosme-kime mooppor
NF1 17gl12 Newnfibroanin

Pheochromocytomas {POCs) are mre tumors among chil-
dren and adolescents, despite being the mest common
pediatric endocring tumor [1]. They're derived fom
chromaffin cells that originate from the neural crest. These
cells are located in the adrenal medulla (pheochmmocytes)
amd in the paraganglia along the sympathetic chain, and
nzar the aorta, Tumors from exra-adrenal chromaffin tissne
ame referred o as extm-adrenal pheochromocytomas or
paragngliomas (PGL). Thess two tvpes often shame the
same o imcal course and ans histologeally equivalent [2, 3].
Twenty percent of all pheochromocytomas occur in
childhood [4]. In stdies describing pedistric patients,
multifocal disease, extra-adrenal disease, and familial
association are maore frequently  described  compared 1o
adults. The majority (95%) of pediatnic pheochromocyto-
mas ane intra-abdominal [5], #0% are bilaterl, and 7% are
multifocal [4-6]. Although the prevalence of malimancy s
commanly cited to be about 10%, other estimates sugpest
mtes of between 3% and 36% of pheochmmocytomas/
prragmgliomas are malignant [7, 8]. Among pediatric
patients, appmoximately 0% of pheochromocytomas are
wssoviated with known gendic mutations [9]. At present,
the RET, von Hippel-Lindau gene (VHL), newrofibromatosis
twpe | gene (NFI), succinate dehydrogenase complex
avsembly factor ((SDHAFT), md the genss encoding the
B, I} and C subunits of mitochondnal succimate dehwdro-
genase (SOME, SDHD and SDHC) are lmown to be
rsponsible for tumor formation. The chromosomal loca-
tims of these genes are summarized m Table 1. Gemmnline
mutations in thess penes increass the risk of developing
pheochromocytomas and/or paraganghomas, which van-
ahly associate with other tumors and characterize diffensnt
clinical syndromes such as Multiple Endocrine Meoplasia 2
(usually MEN 24, ramly MEN 2B}, von Hippel-Lindau
(VHL), and NF 1, or the PGL syndromes. The SDIE
mutation predisposes patients o extm-adrenal locations and
metastatic disease and has been mone frequently reported in
children [1, 10-12].

D to the Frequency of POCs in childhood, it has been
hvpothesized that germline motations in BET, FHL, SDAR,
and SOAD cause POCs morne frequently among pediatric
patients [9, 13, 14].

21 Springer

A major problem in PCC melates to the unpredictability
of climical outcomes. Presently there are no defined
histological markers to differentiate between benign and
malignant PCCs, Features which amuse suspicion of
maligmancy melude lage umor siee, small wmor eslls,
extensive necrosts, vascular mvasion, and ansuplowdy [15-
17]. Omly the presence of distant metastases, derived from
large pleomomphic chromaffin cells, is widely accepted as a
eriterion of malignancy [18]. The most frequently observed
chromosomal changes in POC are losses of Ip, 3g andior
ip,6q, 17p, 11g, 22q, and gains of 9q and 17q. Aberrations
involving chromosome [ are mors common i mali mant
turmnors. Unfortmately, mformation about gene abarrations
in childhood PCC"s is limited [19-22].

Apphing chmmosomes comparative genomic hybndiza-
tion (CGHY), we fimst screened tumor specimens from four
pediatric patients to identife genomic abermtions, Next, we
validated these fndings using array comparative genomic
hvbridization (2CGH) to increase mappmg resolution. This
was done because CGH resolution is limited to 10-20 Mhb.
When we compared results from both techniques, we found
some diserepancies. These discrepancies can't be completely
explained by limited resohation, indicating that tumor hetemo-
gengity plaved a role in the discrepancies observed in owr
resul .

Paticnts and Methods

A totl of four cases were digmosed and treated in the
Department of Pediatic Hematology and  Oncology of
Motol Univemsity Hospital, Znd Medical Faculty of Chares
Univemity, Pmgus, CZ, between 2003 and 20035,

Case Histories

Case f

An asymptomatic | 3-year-old boy was referrad 1o our hospital
for hypertension (blood pressure 19070110 mmHg). The
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physicl examination wos entirey normal except for hyper-
tension. A computed wmogmphy (CT) scan examination
revenled bilateral adrenal masses (lat, 4 cm =35 cm=5 cm;
nght, 5 em=4 em*4.5 cm). Biochemical mvest gation
showed an elevated 24-hour urine vanillybmandehc acid
(WMA) level of 52.2 mmaol/maol of creatinine per day (nommal
mnge (440 mmol'mol of creatinine per dav ). Fundoscopic
examination revealsd a capillary ingoma.

A hilateral resection of the adrenal glands was performed
and histological examination of the tissues confirmed
pheochmmocytoma. Von Hipple-Lindau  syndrome was
confirmed, DNA sequence analysis mevealed a novel germ-
lineg, heterozygous transversion M 0005510 374450
{p.His125Pm) in exon 2 of the FHL gene. The mother of
the patient was negative for the FAE mutation; the father
was not examined The family history was negative for
WHL syndrome and PCCs. The patient remains n complete
remission (CR) 79 months after diamosis.

Case 2

A M-vear-old boy presented to the emergency department
with a history of a single, 2 min, episode of syncope with
tmsmus. He was found, incidentally, o be hypenensive
{blood pressure, 1607100 mmHg) with a history of head-
aches, fatigue, and vomiting. An abdominal CT scan
mevealed a mass on the right adrenal gland (4 em»
42 em=4 cm) Biochemical mvestigntion showed an
elevated 24-hour urine VMA level of 19.2 mmolmaol of
creatining per day (nommal mnge 0440 mmolmol of
creatining per day). A right adrenal gland mesedion was
performed.  Histopathological exammation of the tissue
confimed pheochromocytoma.

A permling mutation of the FAE gene wasn't identified
in this cass; however, we found a new somatic heteroay-
pgous mutation in the second exon of the FHE pene ¢ 389
T=G (p. Vall30Gly). We use the Multiplex Ligation-
dependent Probe Ampli fication (MLPA) method to screen
for lage gene deletions in the VHL and SDH penes. This
method was wsed because loge pene dddions account for a
considemble proportion of PCC syndromes. A large
deletion in the VHL and SDH pgene wasn’t identified in
this case. The fmily history was negative for VHL
syndrome and PCCs. The patient remains in CR 57 months
after diagnosis.

Case 3

A routine, preventive are, examimation by 2 local pediatrican
of a 13-vear old boy revealed palpated resistanes in the
abdomen. A CTsan showed a sphenical tumor on the left side
of the abdomen (10 cm=8 cm= 10 cm) with small local

caleifications and hemorrhagic necrosis. Blood pressume was

9550 mmHg. Twentv-four hour unne YMA was within
normal rangs. A totel sugical ressction of the wmor was
perdfommed. Pathological examination of the tumor tissue
confimned pragmglioma. No gemling or somatic mutation
of FHL, RET, SDHE, or SDHD were foumd. MLPA was used
for detecting large gene deletions in the VHL and SDH
genes. While a laorge deletion in the VHL and SDH genss
wisn't identified in peripheral blood, we found loss of one
copy of SDHB, and guin of SDHC in the tumor tissue. The
patient remaing in CR 53 months after diagnosis. The fmily
history was negtive for POCs,

Case 4

A 1}yearold gil was examined for a 3 vear history of,
unilateral (night side), sweating. Owver the last 2 years she
had suffered from headaches with vomiting two to thres
times per month. She was found to have hematuria and
proteinunia, amsocoria, acute hypetension retinopathy, and
hypertension (blood pressure, 223/153 mmHg). The child
wis refirred to pediatic oncology with hypertension and a
palpable abdominal mass, CT scan of chest md abdomen
revealed a mediastinal mass (4.5 cm=4.5 cm=4.5 cm) and
a left retroperitoneal mass (3.5 em=3 cm=3.5 em). A total
surgical msection of both tumors was performed. The
histopathologcal examination of the two lesions confirmed
parazanglioma in both tumors. A germline heterozvgous
mutation in the SOAE gene was identified as SOAE 6 ¢ 589
600 dup (pCys 196 Cys 200 dup) [23]. The sume four-
codon duplication was found in her older sister, her father,
her paternal uncle, and the wnele’s children. All of them
were without history of any neoplastic disease. The patient
remains i CR 49 months affer diagnosis,

Methods
Comparative Genomic Hybridization

Tested DMNA was extmoted from fresh froeen samples o
reference DMNA came from 20 male to 20 fermale peripheral
blood samples of healthy vohmtesrs, Bolated DNA was
mixed together (male or fermale). DNA was labeled with
different fluorochromes wsing a commercially available kit
andl carried out according to the manufctura’s mstructions
(Abbott Molecular, Abbott Park, Qlinois, U.8.A.), with a
minor modification [24]. Fluonsscence imaging and analy-
si8 were parformed wsing an Obmpus BX S0 micmoscope
{Obympus; Tokyo, Japany and 318 sofbware (MetaSystems;
Altlussheim, Germany ). Thirty metaphases were captured
and analyzed from each sample Chromosomal regions
were comsidered to be oversrepmsented if the average
grem-to-red fluomrscence ratio excesded a cutoff of 1.25

&1 Springer
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{again) and as under-represented if the mbo was below a
cutoff of 0.75 (a loss).

Amay Comparative Genomic Hybridization

We used a commercially available genomic DNA micro-
aray kit (GenoSensor Array 300, Abbott Molecular),
which contnined DNA representing 287 penss from the
BAC, PAC, to P1 libraries. Each cloned DNA was spotted
on slides, n trplicate. CGH was performed acconding to
manufictura’s mstructions  (Abbott-Molecular) and ana-
hveed with o microamay reader and analysis software
{GenoSensor Amay 300 svstem, Abbott-Molecular). Spots
with (/R ratics more than the mean plus two standand
deviations (=1.2) were considersd as gainsg, while spots
with /R mtios less than the mean mimus teo standards
deviations (0.8 wens considered as lossss in copy number.

Giene Analyses

Grenomic DMNA was extracted from peripheral leukocytes or
tumor cells psing a salting out method modified according
to Miller et al. (1988). We amplified exons 10, 11, and 13
thmough 16 of the RET proto-oncopens according to
Mewnann et al. (2002} Mutation analysis was carnied out
wsing DGGE (Denaturing Gradient Gel Electrophoresis) as
previoushy deseribed [25],

The six exons of the RET wem amplified in a 25 pl
maction volume with 0.5 pM of each pnmer, 1x PCR
buffer, 1.5 mM MgCls, 100 pM of each dNTF, between 50
and 300 ng of genomic DNA (as a template), and 1 unit of
Tag DNA polymemse. PCR was performed for 35 cveles
30 s 94°C, 45 5, 57-62°C, 40 s; 72°C) with a final
extension of 10 min at 72°C. DGGE
available on request. DNA fragments with an aberrant shift
on DGGE were analveed on an antormatic fluorescent ABI
Prism™ 310 Genetic Amalyeer (PE Applied Biosystens)
acording to the manufacture’s instructions,

conditions are

Exoms 1 to 3 of the FHL pgene and exon-intron
bhoundaries were amplified (primer sequences available on
mequast). PCR was performed i a 30 pl reaction containing
Ix PCR boffer, 1.0 mM MgCl, 100 pM of each dNTF,
0.5 uM of each primer, and [ unit of Tag DNA polymerasse
{Fermentas, Lithuania). The PCE conditions were as
follows: 32 owles of densturation for | min at &°C,
ammgaling for | min at 38°C and extension for 2 min at 72°C,
followed by a final extension for 7 min at 72°%C. PCR
products were then purified using Quick-Clean purification
solution {Bioling), and both forwand ad reveme stmnds
were sequenced using the appropriate PCR-primer and
BigDyve Termimator v. 3.1 Cycle Sequencing Kit ( Applied
Biosysterns) and analveed on a ABI Pnsm 3100 Avant
Gienetic Anabyzer (PE BioSystemns),

i) Springes

Eight SR exons and four SDAD exons wene screened
using DGGE. Primers were designed hased on GenBank
sequences using Primer 3 software (available a: htps/
www. hgmp.mre.ac.uk/Genome Web/nuc-primer.html)
including mtron-exon boundaries. The melting pofile of
DM A fragments, location of primers and GC clamps were
analywed vsing MacMeht™ software (Bio-Rad, Califomia).
The PCR reaction mixture {530 pl) contained 1x PCR buffer
(MBI Fermentas), between 50 and 300 ng of penomic DNA
{as template), 1.5 mb MgClz (MBI Fermentas), 25 pmaol of
each primer, 200 pM of each deoxynucleotide triphosphate
(Promega, USA), and 1.0 units of TagDNA polymemss
(MBI Fermentas). The amplification conditions meluded an
mitial denaturation at ®°C for 3 min, @llowed by 35
cveles of 45 5 at 94°%C, 45 st 55-65°C (optimal annealing
tempemture according to the pimers conditions), | min at
72°C and final extension step rurming for 5 min at 72°C.
DMA  fagments exhibiting abermmt band shifts were
re-umplified and sequenced in both directions using an
automatic luorscent ABL Prism™ 310 Genetic Analyeer
(PE Applied Biosystems) according to the mamufacturer’s
InETuEtions .

MLPA

Multiplex Ligation-dependent Probe Amplification {MLPA)
mnalysis was wsed o detect deletions or duplications
in the VHL or SDHBE, SDHC, SDHD and SDHAFI
gengs. The SALSA MLPA POIGE FHL and the P226-
BI SDHD probe kits (MRC-Holland, Amsterdam,
Metherdands) were wed. The POIGB kit contains eight
probes to the FHL pane (four inexon 1, two in exon 2 and
two in exon 3}, additional probes to other genes on 3p and
control pmbes to regions telomeric and centromenc from
FHE. The P226-B1 kit contains nine probes to SDHE,
seven probes to SOHC, five probes to SDAD and one
probe to SOAAF] Detiled information on probe sequen-
ces, peng loci and chmmosome locations can be found at
www.mipa.com.

Genomic DNA (50-200 ng) was denatured and the
probes wene allowed to hybridize (16 h at 60°C). PCR was
performed on the samples in a volume of 50pl contaning
10l of the ligation meaction mixture and using a thermal
cyecler Mastemeweler ep gmdient (Eppendor, Hamburg,
Germany). Aliquots of 1pl of the PCR reaction were
combined with 050 ROX-labelled internal size standard
(Applied Biosystems, Foster City, CA, USA) and 12l
deionized formamide. Fragments were separated by
electrophoresis on an Apphied 3 130XL capallary sequencer
and guantified wing GeneMarker vemion L6 software
(SoftGenetics). For copy-number detection, nommal control
DMNA samples were included in sach sst of MLPA
experiments. Interpretation was based on the comparison
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of peak heights betwesn the conrol DNA and the mmor
sample. Cut-off levels for loss of relative copy number

Fallow- up
{year)

CR {6.58)
CR{(4.75)
CIL(441)
CR {4041

were set at 0.75.

Results

gain SDHC

Bgligd nd

1%

Chlinical data and CGH/ACGH results are summarized
Table 2 and Fig. . Chromosomal imbalances were
observed m all 4 cases. The avempe amount of penetic
ahermtions was CGH/CGH 2.75 and 2.5 changes, nespec-
tively {range 2—4) per case. Losses wens as common as
ming. A companson of our CGH/AOGH datm with dats
from adult to pediaric patients reported in the lterature,
together with the Progenetin CGH database (hitp:/fwoww
progenstic net'progenstic; 149, 2009} showed high con-
cordance of the shermtion pattern [19-21],

A deletion on chromosome 11 was found in all cases
(3=11p, 1=11). Patients with pheochromocytoma showed
an abemation pattern distinet from paraganglioms patients,
In both pheochromocvtomas, there were losses of chmomo-
some 3 or 3p, Paragangliomas showed lossess of Ip. In case 4,
aCGH detected a 1p deletion, while CGH only detected a
partial deletion (Ep3f 3-ter). Patient 2 had a deletion on
chromosome 3 and 11; we didn't find a constitutive FHL
point mutation, wing DNA  sequencing, in the DNA
extracted from penpheral blood leokoovtes, Therefons, we
sequenced the DNA from the tumor tissue to detected a new
FHL mutation, FHL ¢. 389 T=G (p. Vall 30Gly). The patent
with the largest tumor, 416 cm® (@se 3), showed the most
extersive penetic changss including deletion of 17pl 1. 2-pler
and gan of Igli-gter. In this case, we didn't find a
constitutive or somatic mutation. In case 4, we found a
diserepancy betwesn CGH and aCGH mesults on chromo-
some 17, Thersfore, fluomscence i sitn hyvbridization
(FISH) was used for validation of these resuls. We used
ON p33 (17pl 3YMPO (17922) 130 17q" probe (Kreatech
Dagmostic) and RARA (17921.1) probes. Testing of nucle
showed diploid status in 45% of R4R4 and 37% of p33/
MPQ, In the majonty of nuclei thers was ansuploidy,
tetmploidy (RARA 3%, pSIAMPO 205%), and triploidy
(RAR 5%, pS3AMPO 12%). An imbalance was detected n
nly 25% of nuclei (MPOp53). This is probably due to the
heterogeneity of the wmor cell population [26]. Another
discrepancy between the techniques utilized in this study
wie found on chmomosome 13, where CGH daected a gain
of 131324, which was at odds with 00GH results. The
difference might be explainad by a low density of gens, on
the chip, at chromosome 13,

We did not observe any cormelation between genomic
changes and prognesis of the disease. All patients are in the
first complete remission following surgical treatment with 2
median follow up of 55 months.

GliA, negtive
GGA negative
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il
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Discussion

In agreement with other studies [4, 19-22], we found
unbalanced chrmomosomal ahermtions in POCs, wsimg CGH.
This sugessts that chmmosomal changes might be an
imporant tumorigenic event. Data from the litemture shows
that the most common copy number chanpss in PCC
include loss of chromosomes 1p, 3g, 3p, 1ip11lg, 6g, 17p,
22 md gain of chromosome 9q, 17q, and 20g [19-22, 27).
In our pediatric study, the most commonly observed
chromosomal imbalances in PCCs inchuded Ip, 3p, and
Ip. All cases had mome than one wbalanced change.
Thess findings suppart the hypothesis of Koshla et al. [28]
reganding involvement of multiple genes n the pathogen-
esis of thess tumors,

Lui et al. [22], in a study of adult patients with PCC,
reportsd a strong assocation between FHE mutations and
loss of chromosomes 3 md 11, Hering's md our data
sugpest that mutations in FIFL, which are sither hereditary
ar somatic i orign, are also associated with 3p and ip
deletions. Hening et al. [21] identified a combined deeion
of 3p ad 11p in only 40%, md combined deletion 3 and 11
in the remaining @ses of VHL-associated PCC. In our
study, we found loss of chromosome 11 or Hlp in all cases
(FHL-melated  pheochromocytoma and also in paragn-
glioma). Dannenberg et al. [19] detected the loss of 1lp
in two out of nine sporadic paramngliomss using CGH.
Furthermore, loss of 11p has been reported in 5 of 11
sporadic abdominal paragangliomas [20], We also detected

€1 Springes

deletion of 1lp mn a case of abdominal pamganglioma
invobving a mutation of the SDHE gene.

Mumerous cases of deletion of chromosome 11 or Hp
suppart the lvpothesis that penes, relevant to PCC, ar on
the p arm of chromosome 11, Polential condidate genes are
numerous and include WTE, IGF2, BW1, CDENIC, HI9
and others. Inprnnting effects are imporant in some of
these penes [21, 29].

Malignant pheochromocytomas represent very  rare
childhood tumors. Older age, ahsence of genetic syndromes
in the @mily history, and DMNA diploid mmors are
favorshle, melative o outoomes in padiatie POC. The
distinetion betwesn benign and malignant PCC cinnot be
made on the basis of chnical, binchemical, or histopatho-
logic chamcteristics [4]. Data on genetic events, which
could determing the malignant potential of PCCs are, so fr,
unsatisfactory, but some chromosomal changss (deletion
1 1g22-gter, deletion 6g) and ansuploidy are found more
often in malignant tumaors,

Edstrim et al. [20] showed that the man difference
hetween benign and malignant tumons was partial deletion
or gain of chromosome 11, as observed in 9 out of 12
malignant cases and 3 of 16 benign tumors, Among nine
patients which developed metastusis, sight showed involve-
ment of chromosome 11 Loss of 11g22-23 was signifi-
cantly more common in malignant tumors than in benign
ones [20], Deletion of 11g22-23 has been described, by
Hering, in patients with metastatic disense, which might
stomgly sugmest the malignamt potential of PCCs [21],
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Mone of the tumaors in our study showed loss of 11g22-gler
a5 a solo aberration.

Frequent allelic imbalances at 6g have been reponted in
other malignancies and appear to be related to a poor
progmosis or metastatic disease [30-32]. Dennenberg et al.
[19] detected a loss of 6g in 3% of sporadic pheochro-
mocyiomas. These deletions were stmongly associated with
metastatic disease, although, Lemeta et al. [3] found thm
T2% of pheochromocytomas, including tumors classified as
either benign or borderling, showed allzle loss at 6g i two
commaonly affected regions (6g14 and 6g23-24). All cases
were spomdic PCCs and the authors didn®t find any
significant difference in the allele loss between benign
amd borderding tumom. August et al [33] was unable to
confirm that a loss of 6g was an imporant event in tumaor
progression. CGH and aCGH did not revealed chromosomal
changes on chmmasome 6 in our cass.

Gain of penetic matenial is more frequently associated
with malignant courses. The total nunber of genetic
ghermtiong is higher in malimant tumors compared o
benign tunors. Edstram et al. [20] found a wide rangs in a
mumber of penetic aberrations in both malignant tumors
{mean = 6} and benign tumors {mean = 2.5). Dannenberg
et al. [19] observed only a marginal association batween the
meun number of chromosomal alterations and malignancy
(5.3=2.7 versus 82+6.1). August et al. [33] showed that
turnoms with 10 or more copy number changes were always
associated with the development of metastees at a later
stuge, the presence of B chromosomal aberrations was
wssociated with the occumence of metastises i 85% of
cses, while 606 of metastatic tumaors showed less than 6
chromosomal abemations. In owr study the average of
penetic abermtions, as revealed by CGH2CGH, was 2.75
and 2.5 (range 2—4) per case, respectively. Additionally, we
didn’t find any of the ‘supposed” molemlar markes of
mmulignancy in our patients.

In conclusion, our results showed which copy number
changes, were the most common copy number changes in
PCC s, Reganding the most common changes { Ip, 3, 3p, 11,
11p), both techmgques vielded similar results, however, we
found 3 diserepancies betwesn the methods. These discrep-
ancies can't be completely explained by limited resolution,
indicating that tumor heterogenaty plaved a mle i the
diserepancies observed in our results,

Ohr observations lead s to suggest that the incidence of
deletion of chmmsome 11 or lip i mom common in
childhood PCC, than in adult PCC. Thess copy number
alterations may play a significant role in PPC tumaorigenesis,
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Most high-risk neuroblastomas develop resistance to cyiostatics
and therefore there is a need to develop new drugs. In previous
studies, we found that ellipticine induces apoptosis in human
neumblas toma cells. We also inmvestigated w hether ellipticine was
ahle to induce resistance in the UKF-NB-4 neuroblastoma line and
concluded that it may be possible after long-term treatment with
increasing concentrations of ellipticine. The aim of the present
study was to investigate the mechanizms responsible for ellipticine
resistance. To elucidate the mechanisms imvolved, we used the
ellipticine -resistant subline UKF-NE-4™ and performed compara-
tive genomic hybridization, multicolor and interphase FISH, expres-
sion microamay, real-time RT-PCR, flow cytometry and westem
blotting analysis of proteins. On the basis of our results, it appears
that ellipticine resistance in neurchlastoma is caused by a combina-
tlon of overexpression of Bd-2, efflux or degradation of the drug
and downregulation of topoisomerases, Other mechanisms, such
as upregulation of enzymes involed in oddative phosphorylation,
cellular res piration, V-ATPases, aerobic respiration or spermine syn-
thetase, as well as reduced growth rate, may also be imvolved.
Some changes are expressed at the DNA level, induding gains,
amplifications or deletions. The present study demonstrates that
resistance to ellipticine is caused by a combination of mech anisms.
(Cancer Scf 2012; 103: 334-341)

euroblastormna (NBL) is the most common extracranial

solid tumar in children. Neumblastomas are biologically
heterogeneous and differ in their genetic characteristics. Prog-
nostic groups are charscterized by genomic changes. -
mwlysm‘ﬁrl::f MBL are in the hig?ll-iid: MBL quﬁl‘lﬁﬁﬁi}
which is characterized by structural changes."’ Improvements in
the treatment of HR-NBL in the past decade have not substan-
tially improved osis  com with other pediatric
nﬂ%mu:fics.m dp'mnm?;dﬂapy s mwly hlcffmiwg in cur
ing HR-NBL because drueg resistance arises in most patients,
despite intensi dm'aF)'. “ Recent studies have provided a
link between inc metastatic potential and dmg-resistant
wtﬂgm indicating that, in addition to the development of
resistance, checmull!m'np?' may cause changes in the biolog-

jcal characteristics of tumars.™ Treatment of older children with
disseminated NBL continues to be a considerable challenge for
pediatric oncologists. The drugs used in the treatment of NBL
mclude platinum compounds, alkylating agents, topoisomerase
Il {TOPZ) inhibitors, anthreyclines and vincristine.""” Recently,
we suggested anovel treatment for NBL using the alkaloid el lip-
ticine. We found that exposure of buman MBL cell lines,
msulted in the induction of apoptosis."*” These effects were
associated with the formation of covalent ellipticine-derived
DNA adducts formed by cytochrome P450 (CYF) and peroxi-
dase-derived ellipticine metabolites. In addition to DNA
adducts, the toxicity of ellipticine against MBL also involves the

Cancer %1 | Februsry 2012 | wl 102 | mo.2 | 33434

intercalation  of DNA™® and ihibition of TOP2A ™'
Because drug resistance is a feature of HR-NBL, the mecha-
nisms imvolved in the development of resistance by NBL to anti-
cancer drugs has been hmg.umd.“""} However, there is
little information available reganding the resistance to ellipticine
in NBL. Previously, we determined that ellipticine was able to
induce resistance in the NBL cell line UKF-NB-4; specifically,
we found that ellipticine may induce resistance in EGCK_LNBJ
cells after long-term treatment with increasing concentrations,

The aim of the study was to investigate the mecha-
nisms nsible for ellipticine-induced resistance in UKF-NB-
4 ocllsm wis determined by analyzing the genetic programs
in these cells. Several appmaches were used, including molecu-
lar cytogenctic (comparative genomic hybridization [CGH],
multicolor {m) and interphase (i) FISH, mENA ex i
detection (microarry mnd real-time quantitative [g] RT-PCR),
flow cytometry, western blotting aa.'|1|]I membrane lipid packing
detection.

Materials and Methods

Cell lines. The UKF-NB-4 cell line that was established from
recurrent bone mamow metastases of HB-NBL™™ and the
doxorubicin-resistant line UKF-MB-4"""" were provided by
Dr 1. Cinatl Jr (Johann Wolfgang Goethe University, Frank furt
am Mein, Germany). The ellipticine-resistant cell line, desig-
nated UKF-MB-47"", was established by us by incubating
UKF-NB-4 cells with increasing concentrtions of ellipticine
from 0.2 to 2 pM for one year. Lines weme grown in Iscove's
modified Dulbeco medium (IMDM; Lonza Inc., Allendale, NI,
USA) supplemented with 10% FCS (PAA Labomtories,
Pasching, Austria). The medium for UKF-NB-4"™ cells com-
tained 100 ng/ml doxorubicin, whereas that for UKF-NB-4"
cells contained 25 uM ellipticine. The drug resistance of
UEF-NB-4""" and UKFNB4""*? cells to ellipticine and
doxorubicin was verified using the MTT test."™' Resistant cell
lines were defined as those showing at least a twofold increase
in resistance to ellipticine and doxorubicin. There was cross-
resistance  between doxorubicin and ellipticine in UKF-NB-
4POXD calle that was not observed between doxorubicin and
ellipticine in UKF-NB-47 cells '

Drugs. Solutions of doxomubicin {EBEWE Pharma, Unterach,
Austria) md el lipticine {Sigma-Aldrich, Deisenbofen, Gemmany)
were prepared according to manufacturers” instructions.

Cytometry. To determine protein expression, cells were pla-
ted in dishes mnd treated with ellipticine (0.1, 1.0 and 10,0 ph)
for 48 h. Controls werne cultured under the same conditions,

*To whom cormespondence chould be addee sed_
[E-maiit e kzchiagertomas@yahoo.com
i dedicine, Academty of Scences of the

“Fresent address of E i
Czech Bepublic, Prague, Crech Republic

ok 101111513 4870 08 301102 137.x
& 2011 japanese Canoer Acniation
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Membrane lipid packing measurement.

Cells in PBS containing BSA (fatty seid-free: Sigma, St Loais,
MO, USA) were incubated for 10 min with a final concentrat ion
of 5 :E.l'ml of merocymine 544 (MOS0 before being cells
wished with phosphate buffered saline/bovine serum albumin
{PBS/BSA) and diluted with 500 pl of PBS for flow cytometry
{fluorescence inlensity measured at 575 nm.

Anfigen detection
Cells were stained for 15 min with specific antibodies (anti-P-
lycoprotein  [P-gp] oerythnn  (PE), anu-CD56  PE,
f.T!J‘;.‘"l:-(EEDST FITC ﬁnmﬁﬁ:ﬂh MNyon, Switzerland]: anti-lung
resistance-nelated an (LEP) PE anti-multiple resistance
rotein | {MREP1) PE, anti-multiple esistance in 2 (MRPZ)
EE [I)Products, Gromingen, The Netherlunds]), diluted with 500
pl of PBS and measured by FACS Calibur flow cytometer (BD
Bivsdences, Franklin Lakes, NI, USA). For the detection of
Bel-2 (ant-Bel-2 FITC: Caltag, Buckingham, UK), cells were
pemmeati lized with a FixdPerm kit (Caltag, Buckingham, UK).
Ex ion of above mentioned pmteins (P-gp, CDS6, CDAT,
LEP, MEPI, MREF2, Bcl-2) was evaluated as the mean intensity
of Avomscence (MIF). The cytometer was calibrated before
every measurement. The amoumnt of ellipticine in muclei was
determined wsing an Cys laser scanning eytometer (Compu-
Cyte, Westwood, MA, USA). Hoechst 34580 was used to seg-
ment the nucled. These segments were then separated according
to their size and ciculanty to represent smgle miclei and
analyzed later for mean ellipticine fluorescence. At least 1000
segments were used for analysis and samples were measured
triplicate.

Comparative genomic hybridization. Genomic DNA  was
extracted using a Wizard DNA [zolation kit (Promega, Madison,
WL USA) and its concentmtion was determined using a Bio-
mated Spectmphotometer (Thermo Scienti fic, Wilmington, DE,
USA) the edures for CGH used in the present study have
been descri bed in detail elsewhere 1%

Multicolor ASH. The mFISH analysis was performed using a
24 Cyte, 24-color wholechromosome painting  probe kit
(MetaSystems, Althssheim, Germany) acconding to the manu-
facturer's instnctions,

Interphase ASH. The (FISH analysis was peformed per
manufacturer's instructions. The probes used for iFISH in the
resent stady are given in Table 51, available ax Supportin
Fnﬁ.lrmaﬁ.uu for this paper. Genetic findings from alLTc.nsl 4%
cells were usad in analyses. To evaluate MYCN (myc m}tkucﬁ-
tomatosis viral related oncogene, neurblastoma denved ) amplhi-
fication, 200 cell nuclei wene assessed and the number of

MYCN copies per cell was determined as the arithmetic mean.

RNA isolation and reabtime RT-PCR. [n the present study,
RMNA was extracted using TRIzol reagent (Invitrogen, Carlshad,
CA, USA) The guality of the RNA obtained was controlled

Fig. 1. Cam

UKF-HE-4 cells. Phae contrast. Original magn ification <100,

Prchiria ef al

uzing electrophomesis and the quantity was assessed using a
Nanodrop 1000 (Thermao Scientific). The RT and PCR condi-
tions used in the present stady were as described prwiumly."‘""
The meaction mixture contained 2 pb. cDNA, 10 pL Taghian
Gene Expression Master Mix (Apphed Biosystems, Foster City,
CA, USA), 2 pL primer, a 6-carboxy-fluorescein (FAM Habeled
probe mixiun: ufF]mnm CYPIAL CYPIBI, CYP3A4, COX-1,
COX-2 and BCL-2 as target genes and POLR24 as the reference
ene {Generi Biotech, Iﬁ aﬂq Kralove, Czech Repoblic) and
‘AM-lgbeled probe and primers for the human MYCN tarpet
ene and GAPDH as the reference gene {Applied Biosystems).
ples were analyzed in wmiplicate. Datg were evaluated using
the comparative cycle threshold {Ct) method for melative quanti-
tation of expression {2446 y (5
Microamray analysis. Both the pament and resistant cell lines
were analyzed i triplicate. A I-pg aliguot of RNA from each
RMA sample was amplified and labeled using an Amino Allyl
MessageAmp aRNA kit { Ambion/Applicd Biosystems, Austin,
TX, USA). The yield of amplification and dye incorpomtion was
checked on a Nmodrop 1000 (Thermo Scientific), We per-
formed two labels halanced experiment; one experiment was
done with RNA from sensitive line labeled with cyanine 3, and
RMNA from resistant line labeled with cyanine 5 and in second
experiment, the labeling was performed with opposite labeling
(sensitive labeled with cyanine 5, msistant with cyanine 3.
Microarmy slides (Micmamray, Nashville, TN, USA) wer pre-
hybridized in buffer with BSA and then 2 pg labeled antisense
amplificd REMA (aRMA) that underwent fra.gnmmtim WS
hybrdized for 16 h at 42°C. The hybridized slides were washed
amd scanned on 2 GenePix 40008 (Molecular Devices, Sunny-
vale, CA USA). Image anal ysis was performed using GenePix
Pro 5§ software (Molecular E}'i{ﬁ. Sumnyvale, CA, USA).
Datn were analyzed using the B {httpferere.r-project.org’,
ccessed 15 Jan 2009) and limma packages (The Walter
and Elisa Hall Institute of Medical Research, Melboume,
Australia) %20
In vivo tumorigenicity assay. Nineteen female CD-1 mode
mice were used in these studies, The care and use of ammals
was in accordance with institutional guidelines, Mice wemn
ini,ni:wd suhcmms&uudﬂ: 1% 107 UKF-NB-4 cdls (n=19
mice) or UKE-NB-4 cells {n=10 mice) suspended in
100 pL. Matrigel (BD, Frnklin Lakes, NI, USA). Every 3 days,
the mice wemr: weighed and the tumors were measured and their
volume caleul ated.
Western blotting.  Protein concentrations were assessed using
a DC protein assay kit (Bio-Rad, Hercules, CAL USA). A 10-45-
pg sample of protein was subjected to SDS-PAGE. After migra-
tion, proteins were tmnsfered o nitrocellulose membranes and
incubated with non-fat milk {Bio-Rad). The membrnes wen
exposed to antibodies (see Table 52) ovemight st 4°C, Mem-
bmnes were then washed three times with PBS and once with

an of the momphology of (8} UKF-NE-4 (parertal cell line}, (b} elliptidne-resistant UKF-NE-4™ and ([ doxorubicin-resstant

CancerSa | Febmay 2092 | wol 103 | no.20 | 335
= 3011 Japane s Cancer Assocation
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Table 1. In vitre and in Wie growth characterstics of parental and ellipticinesesistant UKF-NE-4 cells

Droubling time in vitro

Call line Tumor volume in wes (emT} Tumaor formation in vivo
Stardard condition Hypoxi conditions

LIKF-NE-4 29.69 + 0.24 3257 + 0.75% 1365 + 1.504 5/9

UKF-NE-4™Y 34.5% + 0617 4563 + 160" 0.766 + 0.686 3410

Tumar volume and formation were 50 days after subcout aneous np

tion of tumor cells. There were no significant differences in either

parameter betwesn mice injected with UKF-NE-4 and UKF-NE-4™" @ik, Unless indicated otherwise, data are shown as the mean + SD of four
expafiments. *P< 0,001 compared with cell grown under standard conditions; P < 0,001 cmpared with the UKFE-NB-3 parental cell line

(Student's f-test)

Tween/PBS and exposed to HRP-conjugated goat ant-rabbit
anti-Igl (H + L) secomdary antibodies or HRP-conjugated goat
anti-mouse ant-lgG (H 4 L; Bio-Rad). The antigen-antibody
complex was visualized using chemiluminescence (mmmn-Star
HEF Substrute; Bio-Rad), Films were scanned using an image
analyzer (Semecky, Prague, Crech Republic).

Statistical analysis. Numerical data are presemted as the
mean £ S0 and were analyveed using Student’s rest.

Results

morphology and wmorigenicity of UKFENB-4*“ cells. The
UKF-NB-4 cells wer incubated for 36 months with increasin
concentrations of ellipticing (1-25 pM) to induce resistance.”
After exposure to ellipticine, cells exhibited changes i cell
morphology to a fibroblast-like phenotype, with spindle-s haped
morphology. the formation of neurite process and o lower cyto-
plasm : nucleus mto. This change was observed i most cells
(Fig. 1} and was invariable for five passapes in ellipicine-free
medium. As an ellipticine-resistant cell hne, UKF-NB-4T0%0
cells did not exhibit any marked changes, with preservation of
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Fig. 2. (&) In vivo growth of tumors and (b} the body weight of mice
with injeced newnsblastama cells

the characteristics of S4ype NBL but with mom oval-shaped
cells and a less flat oytoplasm,

The growth mte of UKFNB-4™Y cells was slower than that
of UKF-NB-4 cells, with doubling times of 3.4 +06 v
26.7 = 02 h, respectively, The levels of drug resistance of lines
UKF-NB-4"" and UKFNBA™™ compared with UKE-NB-4
ex a5 B0 s wem described ® There were differences in the
growth of UKF-NB-4 and UKE-NB-4"" cdls in vivo
{Table 1). Specifically, UKF-NB-4""" cells exhibited lower
tumaorigenicity and slower growth in vive compared with UKE-
NB-4 cells (Fig. 2a). In the case of UKE-NB-4 cells, tumoms
grew in five of nine mnimals injected with these cell, wherss
only three of 10 mice injected with UKF-NB-45" cells had
tumars, The weights of mice with UKE-NB-45"" cells were
higher thun those of mice with UKFE-NB-4 (Fig. 2h).

Genomic imbalances in UKF-NB-2**" cells. Cienctic chanpes in
“‘premesistant UKE-NB-47""" cells (UKF-NB-4 cells resistant
to 1.5 pM e1|i]]:lti.cinc, S pussuges with ellipticine) and resistant
UKF-NB-4" cells fresistant to 2.5 pM ellipticine, 100 pas-
sages) ware examined wing CGH to exclude changes that may
have been acquired during culture. ™! No changes were detected
in individual chmmosome levels in these two lines. After CGH
analyses, mFISH was used to detect balanced aberrations and
iFISH was used to verify pemetic changes (Tobles 53, 54:
Fig. 3). Except for 2p24 {(MFCN), ther was a decresse in the

number of 4 chromosomal gain on chromosome 7 in UKE-
NB4EY cdls, The UKF-NB-4 gained a chromosome 7,
wheras UKF-NB-4""" cells lost Tgl1.2-31.3 (Fig. 4a). For
vernfication of changes at chromosome 17, iFISH probes p53
(17p13yMPO (17923) and TOP2ZA (17g21) were used to
describe the areas in which penes related to drug mesistance are
located. The UKFNB-4 cells had a TP33 deletion, whereas
UKF-NB-4" cells had three copies of TP53. The UKE-NB-4
cells hod five copies of the MPO gene, whereas the UKFE-NB-
45 colls lost one copy, but still had a 17923 gain {Fig. 4h).
Furthermore, mFISH analyses mevealed disomy of chromosome
17 and other parts of chromosome 17 translocated onto chromo-
somes 1 and 10 (Fig. 3).

Expression characteristics of UKF-NB-4™Y cells. The chrmomo-
some  expression  profile was  detected  wsing  migroamuys
(Fig. 51). The datasets were further subjected to significance
analysis of microarrays (differences of gene expression between
UKFE-NB-4"" and UKE-NB-4) 10 highlight candidate penes
induced by prolonged ellipticine treatment. One of the mecha-
nizms thut may explain resistance to ellipticine in UKE-NB-
4FT el s is downregulation of TOP2A and TOP1 (Fig. 5). Fur-
ther anulysis using gRT-PCR confirmed downmegulations that
comesponded 1o the loss of one gene copy of TOP1 and TOP2A,
demonstrated using iFISH {HE' 4b). Differences in mENA
expression of enzymes involved n the metsbolism of ellipticine
(CYPIAL, CYP3A4, COX-1 and C0OX-2; Table 85) were not
found by microarmy. Conversely, using qRT-PCR, a twofald
increase in the mENA exprssion of CYPIA4 and COX-1 was
found in UKE-NB- cells (Table 2). Westem blotting
revealed decressed expression of CYPIBI protein in UKE-NB-
4 o, whercas the expression of other enzymes correspond
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Fig. 3 Karyotype of the UKF-NE-S cel line
evaluated by multicolor FISH A lst of markes
dhromosomes is given in Table 54

(=)

(b)

HIBLEI

i &

T2 17 (48 1.’|T"a|

Fig. 4 (a) Comparative genomic hybridization (OGH) profile of dvromosome 7 in UKF-NE-1 and UKF-NE-1™ ¢elk. The CGH analysi of UKF-NE-4
cells revealed a whole chrommome gain of dhiomosame 7 with higher-level gain of 7421.1-31.1 (four green signak on the FISH picune),
wheres in UKF-NE-4™ cells there was a los of gain of TqiL2-q21.3 (three green dignals) compared with the paremtal dhromosome 7. (b} The
CGH profile of dhromosome 17 in UKF-NE-4 and UKF-NE-4"" cels. The CGH analysk of UKF-NE-4 ek revealed a los of 17p13 (two red signak)
and a gain of 17q (five green signakl whereas in UKF-NE-4™" cells one lost wpy of 17p13 B restored (three red signals) and the gain of 17 &
partially lost (four red signaks)

to the results obtained for mBENA expression (Fig. 6). In addi-
tom, there was a sigmficantly upmegulation of the gene expres-
sion of protens associated wath DNA - repair, especially
nucleobide-excision repair (Table 55) and oxdative phosphory-
lation, cell respiratory chmn and aerobic respiration ency mes
{Table 56). In contmst, significant downregulation was found
tor nes  enooding  double-strand  break  repair  poteims
{Table 55).

Microarray analysis revealed a tendency for decreased MYCN
SAPresson  in UKF-NB-4™ calls, 1I|hnuuh the differsnce
tailed to reach statistical significance (Table 55). This decrease
m MYCN mBEMA was confirmed using gRT-PCR and was found
to be sigm ficant (P < 0001, f-test). -!\Ilhﬂu"h the expressuomn of
MYCN mBENA was higher in UKF- NB-47 cells cultured in
the pmesence of ellipticine than in its absence, its expression
remained lower than in UKF-NB-4 cells, Mevertheless, MYCN
DM SXPression in UKE-NB-4™ colls remuined higher thin in
the MBL hne without M FCN mmphfication {SK-N-A%) or in les-
kocytes (data not shown). Levels of the M-myc protein come-
sponded to mEMNA levels {Table 2; Fig. &).

Frochazia et al

Expression of the regulatory members of apoptotic pathways,
namely BAX and BCL-2, amalyzed usmg micmamray, did mot
change sigmficantly, but gl T-PCE mevealed that the expression
BCL-2 was twofold preater im UKF NB4F cells than in
UKF-NB-4 cells (Table 2} Western blottmg showed no change
in Bux and an increase in Bel-2 expression in UKE-NB-4F-U
cells (Fig. 6

Multidrug-resistance phenotype of UKF-NE-4""" cells compared
with UKF-NE-4"°* gells. During cytometric snalysis, we
ohserved an increase in the intensity of ellipticine Auorescence
in resistant cells cultivated for 1 h i lower concentrations of (0.1
and [ pM of elliptcine, but not at the highest concentration of
10 pM (Fig. Ta). There was a dimect relationship between UKE-
NB4 cells cultured i the presence of higher concentrations of 1
and 10 pM of dlipticine and higher nuclear Auorescence

{Fig. Th: 18 h culture). Cytometric anal vsis of P-gp detecied a
sigmificant decrease m P-gp expression in UKE-MB I-F'” cetls
compared with UKE-NB-4 cells, wheras in UKF-NB-47™F p_

Ep expression was more than threetold greater than in UKE-NB-
4 cells (Table 3). Increased expression of LRP, MRP, and Bel-2
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proteins, messured using cytometry, was detected in UKF-NB-
45 colls, Those antigens, as well as MRPI, were also overex-
pressed in UKF-NB- cells. Decroased expression of
NCAM {('.'D‘iﬁ;] was detected inboth drug-resistant lines (e
UKF-NB-4" and UKE-NB4™™%) compared with the parent
cell line, The level of lipid packing, evalumted az the MIF of
MC540-stained cells, was 111923 2458+ 1.1, and
§9.4 =3.2 in UKF-NB-4, UKE-NB-4™", and UKE-NB-4""
cdlls, respectively. This il lustrates that, in UKE-NB-4""% cells,
there waus increased packing of the lipid bilayer compured with

Fig. 5. WVokano plot of gene expression between cell resktant to
allipticine and the parental cell The waxii shows fold changes on a
logarithmic scale fhae 2), wheres the p-axi shows the Bayesian (B}
statistic "V P The expression of topolkomerses TOP2ZA and TOPI is
gy Bl gt

UKF-NB-4 cells, whereas in UKE-NB-47™ cells it was the
oppasite.

Discussion

The mechunisms undedying drug resistance ame: (i) increased
drug efflux; (i) downregulation, overexpression, or modi fication
of m:%ct molecules; (iii} changes n drug activating and/or
detoxifying enzymes: {iv) the induction of anti-apoptotic mecha-
nisms or the inactivation of pro-apoptotic mechanisms; and
{v) pharmacological and physiological factors, such as chinpges
in drug metabolism md excretion, and inadequate access of the
drug to the wmor™ Cell lines have genetic abnormulities
because they have been derived from tumors. Lines with
induced drug msistance are used o investigate the chmges
accompanying drug resistance regardless of genetic abnomalki-
ties caused by multiple passages apd/or by oytostatics, which
are not elated to dmg resistance. -+

Cytogenctics of dmg-resistant lines cannot determine which
abnomalities occurmed in the selection process and which are
intringic to the parental line. Therefore, we hybrdized DNA
from the resistant line and companed it with that of the parental
line in CGH, thus id:ntif}'i.n% only genetic abnormalitics specific
to the selection process only. 2 [glur detections of balanced aber-
rations we used mFISH. Genetic shermtions were verified using
iFISH. On chromosome 2, we found o loss of 2p2 I-pter. The
UKF-NB-45" cells lost 24 MYCN copies compared with UKF-
NB- cells. This phenomenon of lost MFCN copies in drog-
resistant colls we explain as expulsion of amplified MYCN
caused by eytostatic £u <. "™ Both preresistant UEE-NB-45
and mesistamt UKF-NB-} cells had the same MYCN co
number. This finding supports the argument that loss of MYCN
copies occurs dunng the first nm of culture with the oytostatic
drug and then remuins stable.™ We can conclude that neady all

Table 2. Expression of mRNA related to ellipticine activation and apoptotic pathways in the parental and ellipticineresistant sublines

S
Cell line
MYCH CYP1AT CYPIBT CYPIAd cax-1 cox2 sa-2
UKF-NE-4 100+ 013 100 £ 02 100 + 018 100 + 033 100+ 0.27 100 + 016 1.00 +0.12
UKF-NE-4™ .46 + (.06 .88 + 018 032 + .06 180 + 0.78 1M £0.78 055 £ 117 217 £ 028

Data are the mean + 5D of three experiments and are expressed as fold changes compared with the sersitive cell line.

LIKF-HE UF 8- Pt L

P .-“""" - -
e —
Dur  ————
- —
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LPO
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i

Fig. 6. Immuncblots of N-mye, Pglycoprotein (Pgpl, Bol2, Bax, oytochrome PASD (CYP) 1A1, CYPIAA, Cox-1 and lactoperoxidase (LPO} in LKF-
NE-4 and UKF-NE-9™Y cells. f-Actin and GAPDH were wied & internal controls KF-NE-S, serditive cell line cultured in the absence of ellipticire;
UKF-HE-4™" resistant cell line cultured |n the absene of ellipticine; UKF-NE-A™", resistant line cultured in the presence of ellipticine

dod: 1011114 1345.7006 2011 02137 x
= I011 Japanese Cancer Asmpcaton

56



Diserta¢ni prace

Sledovani chemorezistence détskych

nadord molekularné cytogenetickymi metodami

() 8000
O Sansithve line
00 B Resistantline
8000
5000
E
= 4000
3000
2000
1000 I
4]
Magafen a1 1 L]
oondml
th] AL 0 Sensdtve line
B Resistantline {|}
2000
+
N rL%
a.
o ’_X—|_
Hegatvs o 1 10
camml

Ellipticine {uM)

Fig. 7. (a)} Mean fluorestence interdity (MFI} of cell lines incubated
far 1 hwith ellipticine, as determined by flow cytometry. () Nudear
fluorescence imensity mesured by l=er s@nning cytometry. Celk
were intubated for 18 hin the presence of ellipticine.

Table 3. Expression of proteins related to cell resistance in parental,
doxorbicin- and ellipticine-resistant UKF-NE-4 cells

Relative MIF

Protein

UKF-NE-4 LK F-ME 4" LIKF -NEB-47°%2
P-ap 1000 + 0.004 0.ABE + 0.0BD 3A1E + Q157
LRP 1.000 + 0.037 1472 £ 0.000 1410 £ 0.124
MRP1 1.000 + 0.032 0975 £ 0.009 1170 £ 0.055
MRP2 1000 + 0.040 1.403 £ 0.147 1.A08 + 0.044
CD5E/NCAM 1.000 = 0.012 0871 £ 0.070 0731 = 046
D57 LO00 + 0.011 1.713 £ 0.144 2459 £ 0.144
Bek2 1000 + 0.014 1.060 + 0.5 1386 + 0098

Walues are mean + 5D of ot lest three expariments Results ane shown
as the relative mean intersity of fluorescence (MIF), where the MIF of
the LKF-NB- ol line was set as 1 and the relative MIF of the
domorubicin- and elliptidne-resitant UKF-NE-2 @11 lines (UKF-NE-
472 and UKF-NE-4, respectively) were calculated wing the
formula Relative MIF = MIFusxes see MIFucrsms PGp,
Poglycoprotein LRP, lung resistance-relsted protein; MRPY, multiple
resEtance proteln 1) MRP2, multiple resistance protein 2; NOAM,
reural cell adhesion molecule (CDSE).

chmomosome changes were identified using OGH and mFISH.
Differences between mFISH and FISH or CGH may be
explained by minority cell populations that can be detected in
mitosis using mEPISH. Note that mFISH describes not only
changes in the number of chromosomes, but also translocations
and mversions, A combination of these technigues seems o be

Pmodhirka et al

suitehle for the detection of genomic sbemrations in cell lines.
In the present study, iIFISH was used as 1 method to confirm the
exnct number of gene copies or numbers of chromosome arms
{i.e. as venfication of OGH and/or mFISH results).

The gain of 7gq1 1.2—g21.3 in UKF-NB-4 cells and the loss of
7q11.2-q21.3 in UKF-NB-4"" cells pred us to speculate
that the MOR! gene does not cause e lipicine resistunce. The
MDRT gene encodes P-gp, a member of the ABC tnsporter
sugrfamﬂy. Expression of MIOK! mENA and P-gp in UKF-
NB-4FH cells was lower than in UKF-NB-4 cells iFig. 6).
Moreover, array analysis indicated that expression of most ABC
transporiers was unchanged in UKF-NB-4517 cells. Studies of
the mechanism of doxorubicin resistance in our labomtory indi-
cate that amplification of 7g21 (MO gc:r:c]”' has importance
in donorubicin resistance. The UKFE-NB<4™" cells show fewer
genetic changes than UKFE-NB-4™%% oolls. Conversely, some
chanpes were the same for both resistunt lines. Increased expres-
sion of LRP and MEP? proteins, found in UKF-NB-4 and
UEE-NB-4™%% olls, may Pﬂrﬁcipﬂtcin the expulsion of dugs.
Both MREP1 and, in particular, P-gp are important in 1?::
resistance 0 doxorubicin/™ neither was overexpressed in
UKE-NB-4"T colls and overexpression was noted only in
UKF-NB-4""" colls, Accumnulation of ellipticine in the nuclei
of UKE-NB-4¥ cells was decreased, as determined using laser
scanming cytometry, whereas total Auorescence of UKFE-NB-4,
a5 determined by How cytometry after exposure of the cells 1o
i!LleilM ellipticine, was not significantly lower than in UKF-NB-
¥ cells, We suppose that intracellular sequestration and/or
degradation muyﬁq mole i ellipticine resistunce rther than
mcreased efflux. The hypothesis that intracellular sequestmbion
of ellipidne plays a mle in dug mesistance is supported by
increased expression of V-ATPases. It has been reported that
ATPase subunits are upmgulated in drug mesisant cell
lines, ***" The extracellular pH in solid tumors is significantly
muwre acidic than in nomal tssue, This increased acidity inter-
feres with the sbsompton of hasic chemothempemic drgs,
reducing their effect on tumors, It is believed that V-ATPase is
largely responsible for the regulation of the acidity of the tamor
micmenvironment,”"’ The inducton of V-ATPase expression
also has ant-apoptotic effects and V-ATPase inhibitors fe.g.
omeprzole) in combination with cytostatics may offer 1 new
thempeutic approach.

Increased Bel-2 prtein expression that suppresses caspase
activation muy also be important; it has been associmed with
drug resistance in sevenl tumors. Preclinical studies have shown
that agents targeting Bel-2 have anticancer acti 1-'1'1:,'1!31:!:_3:1:' cularly
in combination with other antineoplastic agems'™ Interst-
ingly, the expression of CYP3A4 and COX-1, enzymes imvolved
in the metabolism of ellipicne, was higher in UKE-NB-4®-1
cells, Surpnsingly we detected low ex ion of CYP1B1 pro-
tedn, thc-Fh. with CYPIAT and 1A2, d:’lpi;m ellipticine. ™ P

The decreased expression of CDS6 found in UKE-NB-4F-11
cells has also been described in doxorubicin- and vincristine-
resisunt NBL cell lines.®™? Decreased expression of CDS6
results in increased adbesion and ransendothelisl penetmtion,
which increases the ability to metastasize. Dugs do not move
weross the cell membrne freely and the status of the plasma
membrne may contribute to dug resistance.™ The accurmula-
ton of drugs in cells with P-gp could be asccompamed by
changes in membmane pm]:lm'tiu;.':'m Ingessed binding  of
MC540 ix a co uence of the probe’s pmperty of binding
more strongly to a loosely packed lipid bilayer than to a mom
tghtly packed laver.” ™ Reduced pu.ckink'; of the membrane lip-
ids of sensitive AS49 cells compared with a cisplatin-resi stant

subline has heen ted. ¥ We found similar mesults in the
parental NBL lines UKF-NB-3 and UKF-NB-4 and the doxomu-
bicin- and cisplatin-resistant  sublines derived from  them

{Eckschlager T, unpublished observation, 200101, Thenefore, the
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loosely packed lipid bilayer in UKF-NB-4 cells was a surpnise,
but it may be connected to the decreased expression of P-gp.

We found that the spermine synthetase gene was upregulated
(Table 55). This gene encodes the enzyme that catalyses the
conversion of putmscing to sparmidine. Spermine, formed from

iding, stabilizes the hadical structure of nucleic acids. Cur
finding supports the idea that upregulation of DN A repair mech-
umisms could play a mle m ellipticine resistance. it hos been
orted that spermine deficiency sensitizes cells o the antipro-
literative effects of etoposi and his-chloroethyinitrosoures
{BCNUL™ This may explain why increased spermine synthetuse
may decrease the effidency of ellipiane, which acts @ a topo-
isomerase inhibitor similar o etoposide. Polyamines have beon
described to be associated with resistmnee.* Doxonthicin
und ellipticine act by inhibiting TOP2. There are two mechs-
nisms u]f]rcxism!:c to TOP2 intubitors: (1) changes TOP2 activ-
ity, or {ii) gene mutation.*’ In the Bzmscm study, we found
decreased expression of TOPL and TOP2ZA

Lewvels of DNA adducts wemne cormelated with the toxicity of
ellipiane aguinst NBL cells. The mamn adducts were Adducts 1
and 2 derived from 13-hydmxy- and 12-hydmxyellipticine,
mspectively. Two additional adducts, namely Adducts 6 and 7,
formed in DNA by cllim:i.ci:lc actvated by peronidases, were
alsn detected after incubation with ll]}ji_ldg ellipticine, but not
with 1 pM cllipti.cim.m In UKF-NB-4 cells, adduct levels
were lower than levels in the parental cell line after incubation
with the same concentration of ellipticine.’™ The reason for this
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Table S1. List of used iFISH probes

chromosome iFISH probe manufacturer

1 ON 1p36 / SE 1 Kreatech
1 ON 1921/ SRD (1p36) Kreatech
1 ON MDM4 (1932) / SE 1 Kreatech
2 ON MYCN (2p24) / LAF Kreatech
3 ST 3pter Kreatech
3 SE 3 (D3Z21) Kreatech
6 SE 6 (D6Z1) Kreatech
7 ON EGFR, Her-1 (7p11) / SE 7 Kreatech
7 ON MDS 7g- (7922; 7q35) Kreatech
8 LSI C-MYC Vysis
8 Chromosome 8 alpha satellite Cytocell
9 ST 9pter Kreatech
9 ON p16 (9p21) / SE 9 Kreatech
10 ST 10pter Kreatech
10 SE 10 (D10Z1) Kreatech
11 ON ATM (11923) / SE 11 Kreatech
12 ON GLI (12913) / SE 12 Kreatech
12 ON MDM2 (12915) / SE 12 Kreatech

13, 21 SE13/21 Kreatech
13 LSI 13/ RB1 Vysis

14,18 ON BCL2/IGH t(14;18) Fusion Kreatech
16 ST 16pter Kreatech
16 ST 16qter Kreatech
17 ON p53 (17p13) / MPO (17g23) "ISO 17q" Kreatech
17 ON ERBB2, Her-2/neu (17q12) / SE 17 Kreatech
17 ON TOP2A (17921) / SE 17 Kreatech
19 ST 19pter Kreatech
19 ST 19qter Kreatech
20 ST 20pter Kreatech
20 ST 20qgter Kreatech
22 ST 22qgter Kreatech
X SE X (DXZ1) Kreatech
Y SE Y (DYZ3) Kreatech

Kreatech, Kreatech Biotechnology B. V., Amsterdam, Netherlands; Vysis, Vysis,
Downers Grove, IL, USA; Cytocell, Cytocell Ltd., Cambridge, UK.
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Table S2. List of antibodies used for western blot

Antigene | Dilution | Producer

CYPI1AT1|1:1000 |Millipore, Billerica, USA

CYPIBI |1:1000 |AbCam, USA

CYP3A4|1:2500 |AbD Serotec, Oxford, UK

LPO 1:2000 |AbCam, MA, USA

Bax 1:750 Cell Signaling, Danvers, USA

Cyb5 1:750 AbCam, USA

P-gp 1:800 Millipore, Billerica, USA

Cox-1 1:2000 | AbCam, Cambridge, UK

Cox-2 1:1000 |Exalpha Biologicals, Shirley, USA
N-myc |1:20 000 | BD Pharmingen, Franklin Lakes, USA
bcl-2 1:1000 |Millipore, Billerica, USA

actin 1:3000 |Sigma-Aldrich, Deisenhofen, Germany
GAPDH |1:750 Millipore, Billerica, USA
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Table S4. List of marker chromosomes detected by mFISH

M1 | der(3)t(3;16)(p24.1;?) 9x
M 2 | der(3)t(3;11)(p14.3;9?)t(3;18)(q26.1;q12) 6x
M 3 | der(18)t(12;18)(q11.2;q?) Ix
M 4 | der(6)t(6;8)(q22.1;q?) 4x
M 5 | der(6)t(6;8)(q22.1;g)t(X;6)(p21;?) Ix
M 6 | der(7)t(7;19)(p11.2;?) 5x
M 7 | der(7)t(3;7)(?;q11.2) Ix
M 8 | der(7)t(7;15;21)(p13;?;?)ins(7;15)(q11.2;q?)ins(7;15)(q?;9?) 11x
M 9 | der(8)t(8;18)(q11.2;?) 4x
M 10 | der(9)t(1;9)(?;p36.3)t(9;17)(q34;?) 10x
M 11 | der(14)t(4;14)(?;q932) 2x
M 12 | der(6)t(3;6;17)(?;q12;?) 8x
M 13 | der(17)t(13;17)(q?;922) 2x
M 14 | der(16)t(16;22)(p12;q?)del(16)(q12.1) Ix
M 15 | der(1)t(1;17)(p21;?) 10x
M 16 | der(5)add(5)(p)t(5;11)(q32;?) 2x
M 17 | der(6)t(X;6)(?;927) 2x
M 18 | der(2)t(2;11)(p13;97)t(2;11)(q31;?) Ix
M 19 | ider(19)t(19;21)(q13.3;9?) Ix
M 20 | der(20)t(8;20)(?;q13.3) 3x
M 21 | der(22)t(1;5;22)(?;?;p11.1) Ix
M 22 | der(X)t(X;5)(p22.1;?) 2x
M 23 | dic(X)t(X;13)(p22.1;p11.1) Ix
M 24 | der(6)t(6:8)(q22.1;)t(6;17)(p21.3;?) Ix
M 25 | der(17)t(17;18)(p11.1;q11.2) Ix
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M 26 | der(3)t(3;18)(q26.1;q12)ins(3;11)(p13;?) 2x
M 27 | der(22)t(12;22)(?;p11.1) Ix
M 28 | der(22)t(8;22)(q11.2;q11.1) 4x
M 29 | der(8)t(2;8)(?;q22) 3x
M 30 | der(8)t(X;8)(?;p12) 4x
M 31 | der(9)t(1:;9;11)(?;921;?) Ix
M 32 | der(11)ins(11;2)(p11.1;5?) 8x
M 33 | der(16)t(8;16)(p12;p11.1) 4x
M 34 | der(10)t(5;10)(p12;q11.1) 2x
M 35 | der(1)t(1;15)(p21;925) Ix
M 36 | der(Y)t(Y;4)(q11.22;q?) 9x
M 37 |i(21)(q10) 7x
M 38 | der(21)t(19;21)(q?;q921) Ix
M 39 | der(1)t(1;2;17)(p21;?;?) Ix
M 40 | der(12)t(2;12;15)(?;q24.1;?) Ix
M 41 | dic(2;13)(?;933) Ix
M 42 | der(2)t(2;17)(q22;?) 2x
M 43 | der(10)t(6;10)(?;q25) 3x
M 44 | der(18)t(2;12;18)(?;q97;q12) Ix
M 45 | der(2)t(2;15)(q34:9?) 1

M 46 | der(15)ins(15;2;7)(q12;?2;7)t(15;7)(q26;7?) Ix
M 47 | i(5)(p10) Sx
M 48 | del(5)(q?) 4x
M49 | der(12)del(12)(p12)del(12)(q22) 8x
M50 | del(12)(p12) 8x
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Prace IV: Histone deacetylase inhibitors valproate and trichostatin A
are toxic to neuroblastoma cells and modulate cytochrome P450
1A1, 1B1 and 3A4 expression in these cells

Hiebackova J, Poljakova J, Eckschlager T, Hrabéta J, Prochazka P, Smutny S,
Stiborova M. Interdiscip Toxicol. 2009 Sep;2(3):205-10. Epub 2009 Sep 28.
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Histone deacetylase inhibitors valproate and
trichostatin A are toxic to neuroblastoma
cells and modulate cytochrome P450 1AT,
1B1 and 3A4 expression in these cells
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ABSTRACT

Histone deacetylase Inhibitors such as walproic ackd (VPA) and trichostatin A {T3A) were shown o exsert antebemor activity. Hare, the
1oty of both dnsgs to human neusobdastoma cell lines was imvestigated using MTT test, and 1050 values for both compounds were
determined. Anotihar tasget of this work was to evaluate the effects of both dregs on expression of cytochsome P4s0 (CYF) 181, 181
and A4 engymes, which are known to be expressed in neurcblastoma cefis, A malignant subset of neurcblastoma cells, so-called
N-type calls (UF-NE-3 cefls) and the more benign 5-type neurcblastoma cefls {LKF-NB-4 and SK-N-AS ol lines) weare studied from
both two points of view. VPA and T3A Inhibated the growth of neuroblastoma cells in a dose-dependent mannar. Tha g, values
ranging from 1.0 1o 28 mM and from 9.8 10 1294 nM were found for VA and T5A, respectively. OF the newoblastoma tested here,
thie W-typee UKF-NE-3 el line was the most sensitive 1o both diugs. The different effects of Vi and T5A were found on exgression
of CYPLAL, 181 and 344 enzymes in incividual neurcblastoma cells testad in the study. Protein expression of all these CYP enzymes In
e S-type S-N-AS ced Bne was not influenced by esther of studied drugs. On the contrary, in another 5-type cell line, UEF-NB-4, V3,
and T5A indured exprassian of CYP1AT, depressad levek of CYPET and had no effect on axpeession levels of CYP3A4 enzyme. In the
B-typea UKF-NB-3 call line, the axpression of CYP1A1 was srongly Induced, while that of OYP181 depressed by VP and T5A WPA also
mduced the axpression of CYF3AL In this neuroblastoma cell line.

KEY WORDS: histone deacetylase inhibitors; valroate; trichostatin A; newobiastoma; oytotoxdcity

Introduction

Meuroblastoms is the major causa of death from neoplasiain
infancy {Maris and Mathay, 1999). Thesas salid extracranial
tumors zre biologically heterogenesus, with cell popula-
tions differing in their genetic programs, maturation stage
and malignant potential (Brodeur, 2003). Low-risk neuro-
blastoma is ane of the rare human malignancies that are
known to demonstrate spontaneous regrassion in infants
from an undifferentiated state to a completely benign
cellalar formation {ganglioneuroma), whereas high-risk
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neuroblastoma grows relentlessly and may be rapidly fatal.
Prognosis of high-risk form of cancer is poor, because drug
resistance arises in the majority of thoss patients, initially
responding to chemotherapy (Brodeur, 2003).

Meuroblastoma consists of two principal neosplastic cells
(Voigt ef al, 2000; Hopkins-Donaldson ef al., 2004} i) neu-
roblastic or M-type: undifferentiated, round and small scant
cytoplasm cells; and ii} stromal or 5-type: large hyaline, flat-
tened and adherent differantizted cells. As neuroblastoma
colls ssem to have the capacity to differentiate spontane-
ously in vivo and in wiiro (Morgenstern ed al., 2004), their
heterogeneity could affect trestment outcome, in particular
the response to apoptosis induced by chemotherapy.

To achieve the most suitable concept of treatment, drogs
are usually used in various combinations. Agents commonly
used in newroblastoma treatment are platinum compounds
{cisplatin, carboplatin), alkylating agents (cyclophospha-
mida, ifosfamide, melphalan), topoisomerase [1 inhibitors
{etoposide), anthracycdline antibiotics {doxorubicin and
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vinca alkaloids (vincristine). Some novel regimen include
also topoisomerase | inhibitors ftopotecan and irinotecan)
that zra effactive against recurrent disease (Brodewr, 20031

Because the epigenetic structure of DMA and its lesions
play a robe in the origin of human neuroblastomas, phar-
maceutical manipulation of the epigenome may offer other
treatment options also for nearoblastomas (Furchert ef al,
2007). Histone deacetylases (HDAC) and histone acetyl
transferases modify histone proteins and contribute to an
epigenetic code recognized by proteins involved in regula-
tion of gene expression (Marks et al, 2003 2004; Hooven
et al, 2005). Indeed, former studies demonstrated the
cyitodoxicity of HDAC inhibitors to several neuroblasioma
cells, resulting in growth inhibition of thess tumor cells
{Cinatl et al, 1996; Michaelis ef i, 2004; 2007; Farchert et
al, 2007). In neoplastic cells, where overexpression of dif-
ferent HDACSs was frequently detected (for summary see,
Bolden ef al, 2006}, the sbundance of deacetylated histones
is usually associated with DNA hypermethylation and gene
silencing {Santini ef al, 2007). Treatment with HIJAC
inhibitors induced the reactivation of growth regulatory
genes and conseguently apoptosis in these cells. One of the
HDAC inhibitors, valproic acid (VPA), inhibits growth and
inducss differantiztion of human neuroblastoma UKF-ME-2
and UKF-NE-3 cells i witro at concentrations ranging from
0.5 to 2 mM that have been achieved in human with no
significant adverse effects (Gnatl ef al, 1996). Howavar,
information on effects of VPA and other HDAC inhibitors
on additional neuroblastoma cells are scarce. Tharefore,
here we extended this study by investigating the effect of
VPA and another HDAC inhibilor, trichostatin A (TSA),
on other neuroblastoma cell lines. Becanse heterogeneity of
neuroblastoma cells could affect their treatmant, two types
of neuroblastoma cell lines were tested for their response
to VPA znd TSA treztment. Besidas the effect of VPA and
TSA on UKF-MB-3 cells {the invasive M-type), that on the
UEF-NE-4 and SKE-M-AS cell lines (the non-invasive and
less-aggrassive S-type) was investigated in this work.

In addition, VPA and TSA are known to be metabolized
by cvtochrome P450 (CYP) biotransformation enzymes
and can increass and/or decrease their activitiss andfor
expression, thereby atfecting mechanisms that control
drug disposition (Fisher ef al., 1991; Rogiers &t al., 1997;
1995 [sofirvi ef ai, 2001; Wen et al. 2001; Bort ef al,
2004; Cerveny et al, 2007: Malson-DeGrave et al., 2004;
Hooven et al, 2005; Snykers et al, 2007; Kizng ef al, 2006).
Because several CYP enzymes metabolizing a variety of
drogs (CYPIAL 181 and 3A4) were found to be expressed
in neuroblastoma cells (Poljakovd et al, 2009), here wo also
investigated whather thair sxpression is influenced by VPA
and T5A in thesa colls.

Material and methods

(Chemicals

Valproats and trichostztin A were obtained from Sigma (St
Louis, MO, USA) All other chemicals used in the experi-

ments were of analytical parity or better.

BSSME 13075053 i wvmiond | 1337-T9550 deler bonic wenioy

Cell cultares

The UKF-ME-3 and UKF-MB-4 neuroblzstoma cell lines,
established from bone marrow metzstzses of high-risk
nevroblastoma, were a gift of prof. . Cinatl, Ir. (. W. Goethe
Univarsity, Frankfurt, Garmany). Cell line UKF-MB-4 was
established from infiltrzted bone marrow of chemorasistant
high-risk neuroblzstoma recorrence and have high expres-
sion of P-glycoprotein. SK-N-AS, darived from bone marrow
metzstasas of neuroblastoma, was of the commarcial sourca
{ECACC, Salisbury, UK. Cells were grown at 37C and 5% OO,
in Iscove's modified Dulbecco’s medium (IMDM) (KlinLab Lid,
Prague, Czech Republic), supplemented with 10% fetal bavine
serum, 2 mM L-ghitamine, 100 units/ml of penicilline and 100
pg/ml streptomycine (PAA Laboratories, Pasching, Austria).

MTT assay

The cytotoxicity of valproate and trichostatin A was detaer-
mined by MTT test. For & dose-response curve, culture
medium stock solutions of valproate (200 mM) and DMS0
solutions of trichostatin A (1 mM) were dissolved in culturs
medium o final concentrations of 0 - 50mMand 0 -1 pM
for valproate and trichostatin A, respectively. Cells in expo-
nential growth were seaded at 1 = 10%per well in a 96-well
microplate. After incubetion (72 hours) et 37°C in 5% CO,
saturated atmosphere the MTT solution (2 mg/ml PES) was
added, the microplates were incubated for 4 howrs and cells
lysed in 50% N, M-dimethyllormamide containing 20% of
SDS, pH 4.5. The sbsorbance at 570 nm was measuored for
each well by multiwell ELISA reader Versamax (Molecular
devices, CA, USA)L Themean sbsorbance of medium controls
was subtracted as a background. The viability of control calls
was taken as 100% and the values of treated cells were calca-
lated as a percentage of control. The ICo; values were calou-
lated from at least 3 independent experiments using linzar
regrassion of the doss-log response curves by SOFTmazPro.

Estimation of comtents of cytochromes PA50 TA1, 181

anid 3A4 in newroblastema cells by Westemn blot

To determine the expression of CYP1AL 1B] and 3A4
protains, cells wers homogenized in RIPA buffer. Protein
concentrations were assessed using the DC protein assay
{Bio-Rad. Hercules, CA, USA) with serum albumin as a
stendard. 1045 pg of extracted proteins were subjected to
SDS-PAGE electrophoresis on a 10% gal. After migration,
proteins were transferred to a nitrocsllulose mambrane
znd incubated with 5% non-fat milk to block non-specific
binding. The membranas were then exposed to specific
anti-CYPLAT (1:1000, Millipore, MA, USA) anti-CYP1B1
(1500, AbCam, MA, USA) and anti-CYTP3A4 (15000, AbD
Serotec, Oxford, UK) rabbit polyclonal antibodies overnight
at 4°C. Mambranes wers washed and expossd to peroxidase-
conjugated anti-lgG secondary antibody (1:3000, Bio-Rad,
Harcules, CA, USAY, and the antigen-antibody complex was
visualized by enhanced chemiluminiscence’s detaction sys-
tem according to the manufacturer's instructions {Immun-
Star HRP Substrate, Bio-Rad, Hercales, CA, USA). Films
(MEDIX XBU, Foma, Hradec Krilovs, Czech Republic)
were scanned with a computerized image-analyzing system
(ElfoMan 2.0, Ing. Semecky, Prague, Czech Republic).
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Results calculated from the dose-log response curves are shown in
Figures 1B and 28

Cytotoxicity of walproate and trichostatin A Among the neuroblastoma cell lines tested in this study,

to human nearoblastoma cells the UKF-ME-3 call line was the most sensitive to bath drugs,

To evaluaste the cytotoxicity of VPA and TSA to human
newroblastoma cells {UKF-ME-3, UKF-ME-4 and
SK-M-AS), these cells ware treated with increzsing con-
centrations of both drogs (0-50 mM for VPA and 0-1 pM
for TSA). We first determined the effect of VPA and TSA
on growth of human neuroblastoma cell lines caltured
for 72 hours in the presence of both drugs, using MTT
assay. As shown in Figures 1 and 2, all three neuroblas-
toma cell lines wers sensitive to VPA and TSA. Both dregs
inhibited the growth of neuroblastoma cell lines in a
dose-dependent manner. The 10 values for VPAand TSA

"I.r"'
A

—=— UIFRE-3

VP [mM]

LKF-NE-3

Figure 1. Cytoboxicity {viable csfls as pesrentage of control] of val-
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compaund, deternined by the MTT assay () and the valoes of IC
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with [Cs, values of 1.02 mM and £9.8 nM for VPA and TSA,
respectively. The 1C., values indicating the toxicity of VPA
and TSA to UKF-MB-4 cells were similar to those found for
the SK-M-AS call line, being up to a 2.7-fold lower than for
the UKF-NEB-3 cell line (Figures 1 and 7). Mevertheless, the
curves showing the viability of 3K-M-AS cells under treat-
ment with increasing concentrations of VPA and TSA sig-
nificantly differed from those of UKF-MB-3 and UKF-NE-4
cell lines. At highar VPA and T3A concentrations, the
senisitivity of SK-M-AS colls was much lower than that of
other two neuroblastoma call lines analyzed in this work.
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artin A so LKF-RE-3, LKF-KE- and SK-N-ASafter 72 henposuretn the
compoird, determined by the MTT assay. (A) and the values of |G,
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Effect of VPA and T5A en expression of cytochrome:

P450 141, 181 and 344 prateins

Using Wastern blot analysis with antibodies raised against
CYP1AL 1B1 and 3A4, the effects of VPA and TSA on
protein expression levels of these enzymes were analyzed in
the tested neuroblzstoma cell lines.

Expression of CYPIA] protein in neuroblastoma
UKF-MB-3 and UKF-MB-4 cells was elevated by increasing
concentrations of VPA and/or TSA in a dose-depsndant
manner {Figure 3L A 1.7-, 4.0- and 8.1-fuld increasa in
CYT1A] expression was caused by treating the UKF-NE-3
cells for 48 hour with 0.5, 1.0 and 2.0 mM VPA, respec-
tively, while lower, only up to a 1.7-fold increase in lavals
of this CYP was produced by VPA in UKF-NE-4 calls. In
the SK-N-AS cells, even no effect of VPA on the CYPIAL
expression was detectabla,

Similar affects on CYP1A] expression in neuroblastoma
UEF-NE-3 and UKF-NE-4 cell lines were detacted when
cells were treated for 48 hours with TSA. Up to a 4.4-fold
increase in expression levels of CYPLAT was produced by
50-200nM T5Ain these cells (Figura 3). Mo effectsof TSA on
the exprassion of CYP1AL protein in SK-N-AS wers found.
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Figure 2. Expression of CYPTATL 1ET and 344 in fiuman neuobias
toma ced lines UKF-ME-3, UKF-NB-4 and 3K-H-AS by Westem blot.
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Expression of CYPIE] protein was decregsed in
UEF-MEB-3 and UKF-ME-4 cells after their 48-hour treat-
ment with increasing concentrations of VPA andfor TSA,
being decreasad in a dose-dependent manner. Similar to
CYPIAL no effect of both HDAC inhibitors on expres-
sion of CYPIR] was produced in SK-M-AS cells (Figure 3).
Interestingly, two protein bands detectable by antibody
against CYPIR] were found in SE-M-AS cells.

In the case of the effects of VPA and TSA on expres-
sion of CYP3A4 protein in neuaroblastoma cells, both
these drugs essentially did not influsnce its expression in
S-tvpe UKF-MB-4 and SK-M-A% cell lines. The N-type of
neuroblastoma cell line, UKF-NE-3, was only the axcep-
tion; whereas increased concentrations of VPA increased
CYP3A4 expression in this cell line, TSA had no effact
{Figure 3).

The results of this work show that human neuroblzstoma
UKF-MB-3, UKF-MB-4 and SK-M-AS cell lines are sensitive
to two tested HDAC inhibitors, VPA and TSA. In the case
of VA, its concentrations that were toxic to neuroblastoma
calls are clinically applicable, since concantrations between
.35-0.7 mM in patients serum are commonly therapeuti-
cally used (Dusnas-Gonzalez et al, 2007). The IC_ valves
for VPA and TSA indicate that a UKF-NE-3 cell line was
the most sensitive to both HDAC inhibitors, while their
toxicity to the UKF-NE-4 and SK-N-AS cell lines was up
to a 2.7-fold lower. Thus, the sensilivity to the two drugs
seems to be related to the phenotype, with the S-type cells
(UKF-MNE-4 and SK-M-AS) being less sansitive than the
M-type (UKF-HB-3), probably because of their partly lower
capability of undergoing apoptosis (Servidai et al., 2004).
Howaver, the results shown here indicate that it seems to
be questionable to evaluate the toxic effects of chemicals
to cells in culture using only the IC,; values. The question
arizes, whather tha 1C5; value is a real appropriate sensi-
tivity marker. Mamely, of the 5-type neuroblastoma cells
utilized in this study, the SK-M-AS cell line seems to ba
even less sensitive to VPA and TSA than the second S-type
cell line, UK F-ME-4, aven though the 1Cs, values for VPA
and T5A were similar for both these cell lines. At higher
VPA and TSA concentrations, the sensitivity of SK-M-AS
calls was much lower than that of UKF-NE-4. This lass
sensitive SK-M-AS line seems to be, at beast in part, capable
of svercoming trestment with VA and TSA at concentra-
tions that cause zlmost complete eradication of UKF-NE-4
calls. These results suggast that caution should be exarted
to sort neuroblastoma cells into their types. Even in one
type of neuroblastoma cells (S-type in this casel, biological
heterogensity should be taken into accoant. This suggestion
is also supported by further features found in this cell line.
Mamaly, the SK-M-AS cell line behaves differently from the
other 5-type cell ling, UKF-MB-4, from the point of view of
the effects of VPA and TSA on CYP expression; no effects of
both druegs was found on levels of individual CYP enzymas.
Moreover, in this cell line, the two CYPIBE] protein bands
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were detectable by antibody against this CYP. Mow, we can
only speculate on the origin of the second protein band in
SK-M-AS calls. The questions, whether it might follow from
a degradation of the CYPIET protein in this cell line or it
is the artifact cansed by the method used ("Western blot),
remain to be answared.

The expression of all CYP enzymes analyzed in this
work was modulated by VPA and TSA anly in the N-type
UKF-NB-3 call lina. Whareas tha CYP1ALl enzyme was
induced by both drugs, expression of CYP1E] was depressed
by bath drugs. The CYP2AL enzyme was increasad by VEA,
but T5A had no influsnce on the expression of this enzyme.
The expression of CYP1A] and 1Bl was also similarly
affected by VPA and TSA in the UXF-NB-4 cell line, but no
affect on exprassion levels of CYTP3A4 was produced in this
line. Similarity in response of UKF-NB-3 and UKF-NE-4
cells to the effects of WPA and TSA on CYPLATL and 1E1
expression might probably be caused by their similar effects
on state {dagree) of acetylation of histones and, thersfore,
transcription activity. But differences betwesn these two
cell lines and particularly SK-N-AS cells in response to
CYT enxyme axpression and its affecting by VPA and TSA
are still valuable. The question whether such differences
are caused by the fact that colls vary in the broad specirum
of matabolic and signalling pathways that might also be
affected by VPA and TSA in a different way, independently
of 2 cell type (M- or S-typel, remains to be answered.
Further studies with these and other neuroblastoma cell
lines and various HDAC inhibitors and broader spectrum
of CYP enzymes have to be performed in order to shed
mars light on this field.

Since CYP enzymas zre involved in biosynthesis and
metzbolism of many endogenous physiclogically active
substances and in biotransformation of xenobiotics with
pharmacological andior toxic effects (Myzsodeova, 2008),
a change in their expression might affect the cslls signifi-
cantly. In the cass of oncology, the participation of CYPs
in drug metabolism seems to be their most important rele.
A variety of CYP anzymes is involved in metabolism of 2
broad spectrum of drugs that can, moreover, sither increase
or decrease thair expression levels. The finding that VPA
and TSA are capable of inducing and depressing CYP
enzvme exprassion in neuroblastoma cells (CYPIAT 1B1
and 3A4 tested in our work) might have great importance.
This feature might be utilized mainly in the combination
tharapy with other drugs whose pharmacological effects
are dependent on thair CYP-medisted metabolism. Such a
study with one of these drugs, ellipticine, is under way in
our laboratory.
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Expulsion of amplified MYCN from homogenously staining
chromosomal regions in neuroblastoma cell lines after cultivation with
cisplatin, doxorubicin, hydroxyurea, and vincristine
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Abstract Amplified MYCN, common in neuroblastomas, can be detected as double minutes (dmin) or homoge-
nously staining chromosomal regions (hsr). Expulsion of amplified MYCN has only been described in
dmin. We used hydroxyurea (HU), which accelerates the expulsion of amplified genes and cytostatics
(used in neuroblastoma therapy). to describe MYCN amplification changes after chemotherapy. We used
IMR-32, SK-N-AS, UKF-NB-2, UKF-NB-3, UKF-NB-4, and derived sublines resistant to doxorubicin,
cisplatin, and vincristine. The loss of amplified MYCN copies was investigated using comparative
genomic hybridization and by fluorescent in situ hybridi zation. We found expulsion of amplified MYCN
from hsr in UKF-NB-4 and IMR-32 cell lines. and determined the exact number of amplified MYCN
copies. After the first cultivation with HU, some amplified MYCN was lost. UKF-NB-4 lost 20 copies
on average, and IMR-32 lost 15 copies (P < 0.001). After the second cultivation, cells without MYCN
amplification were found. In comparison to sensitive cell lines, drug-resistant cell lines lost 17 copies
on average. Our data show that expulsion of amplified MYCN genes is also possible from hsr and
may be induced, not only by HU, but by other cytostatics as well.  © 2010 Elsevier Inc. All rights
reserved.

1. Introduction During treatment, a reduction of amplified MYCN in one
NBL tumor sample was observed after chemotherapy, which
consisted of a combination of doxombicin (DOXO), cisplatin
(CDDP), cyclophosphamide, and vincristine (VCR). The
bone marrow—relapsed, drug-resistant clone showed
decreased MYCN amplification [13]. Development of resis-
tance is one of the major problems of cancer therapy. Resis-
tance to one agent is often accompanied by resistance to other
compounds and appears to be multifactorial [14]. Drug-resis-
tant lines prepared by exposing parental cells to increasing
concentrations of a particular drug are used as one of the in
vitro models for the study of changes accompanying drug-
resistance, regardless of genetic abnormalities, which are
unrelated to drug-resistance because they are caused by
multiple passages and/or by cytostatic drug treatment
[14—16]. From this point, changes in MYCN amplification
on drug-resistant cell lines were studied to substantiate and
extend the findings of Kuroda et al. [13].

The aims of our study were to examine the amplification
of the MYCN gene and its expulsion in (1) high-risk neuro-
blastoma (HR NBL) cell lines with hsr MYCN amplification
and (2) resistant sublines, and (3) to observe differences in
"+ Comesponding author Tel.: +420-224436474; fax: +420-224436417. MYCN amplification in cell lines treated with either HU or

E-mail address: proch.pavel @gmail.com (P. Prochazka). CDDP.

Amplification of MYCN is a common event in neuro-
blastoma (NBL) and predicts a poor prognosis [1]. The
human MYCN gene is located on the number 2 chromo-
some (2p24). Amplified MYCN can be detected by cytoge-
netics as extrachromosomal double minutes (dmin) or as
homogenously staining regions (hsr), which are located
on different chromosomes [2]. MYCN amplification in
NBL usually yields 50—100 copies [2.3]. Elimination of
amplified genes from tumor cells has been described in cell
lines as well as in tumor samples collected from patients
[4—9]. This phenomenon results through the formation of
micronuclei which discharge the supernumerary gene
copies to the cytoplasm [10]. Expulsion of amplified
MYCN from NBL lines and tumor samples can be acceler-
ated by hydroxyurea (HU) and has been described in dmin
amplification, but not in hsr amplification [10—12]. Elimi-
nation of amplified MYC genes from human colon cancer
cells has been shown to reduce tumorigenicity [11].

0165-4608/10/$ — see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.10 16/j cancergencyto. 2009.08.005
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Table 1
Growth rate of tested cell lines dunng HU treatment
Cell line IMR-32 SK-N-AS UKF-NB-2 UKF-NB-3 UKF-NB-4
NBL type N S N N S
Type of amplification HSR - hsr hsr hsr
HU concentration [pmol/L] 100 100 100 100 100

15t week ++ ot g ++ +++

2nd week ++ o + + +++

3rd week + 4 + + +++

4th week + +++ + ++ ++

5th week 4 +++ + +++ ++

6ih week - +++ - ++ +

Tth week - +++ - ++ i

Bth week = = +++ +

9th week = ==t = ++ +

10th week = +++ = ++ +

11th week = F # -+ 1+

+++, growth (two passages per week): ++, slow growth (one passage per week): +, living cells (only change of fresh medium containing HU without

passage); —, cell death.

2. Materials and methods
2.1. Cell lines

Cell lines UKF-NB-2, UKF-NB-3, and UKF-NB-4 were
established from bone marrow metastases of three HR NBL
with MYCN amplification, and UKF-NB-4 was derived from
material harvested after recurrence. The IMR-32 cell line was
established from an abdominal mass. The VCR-, DOXO-, and
CDDP-resistant sublines, designated UKFE-NB-4“""*, UKF-

NB-470%C UKF-NB-4Y“® and IMR-32"%°, were prepared
by incubation of parental cells with increasing concentrations
of the respective drugs [17]. The lines were kindly provided by
Dr. I. Cinatl, Jr. (Institute for Medical Virology, Johann Wolf-
gang Goethe University Hospital, Frankfurt am Mein,
Germany). Cells were grown in Iscove’s modified Dulbecco’s
medium with 105 fetal calf serum (PAA Laboratories, Pasch-
ing. Austria). The medium for resistant sublines contained the
appropriate drug (1,000 ng/mL CDDP, 50 ng/mL VCR, and

Fig. 1. Morphology of growing cell lines during cultivation with HU. The UKF-NB-3 cell line represents the N-type of NBL (A). Cells displayed no change
in morphology (B) durng cultivation with HU compared to growing UKF-NB-3 cultivated without HU. UKF-NB-4 represents the S-type of NBL (C). Cells
cultivated with HU showed minor changes in morphology. In the UKF-NB-4 cultivated with HU, it was often possible to find cells with an altered (flattened

and extended) shape (D). Magnification: =20,
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60 2.6. Fluorescent in situ hvbridization (FISH)
G OIMR32 oo :
50 % Emﬁﬁ;‘fco Cells were incubated in hypotonic solution and fixed with
% HORENEA Nl methanol and acetic acid. Cell suspensions were applied to
@ % glass specimen slides and heated. After cooling, the specimen
'k % slides were incubated with RNase (Promega, Madison, WI),
% washed twice with standard saline citrate (SSC) wash buffer
20 % (Oncor, Gaithersburg, MD), dehydrated with series of
% increasing ethanol concentrations, and dried. Then the slides
10 % were incubated in a pepsin solution (Sigma. Steinheim,
" % Germany), washed, fixed in formaldehyde, washed again, de-

s
cel cycle phase

Fig. 2. Effect of HU on cell cycle distribution. Cells were treated with
vehicle (CO) (UKE-NB-4°? and IMR-325") or HU for 3 days (UKF-
NB-4"" and IMR-32""), and cell cycle distribution was assessed using
flow eytometry. N = 3, values are means = S.D.

50 ng/mL DOXO). The SK-N-AS cell line, which does not
amplify MYCN, was purchased from the European Collection
of Cell Cultures (ECACC, Salisbury, UK).

2.2. Drugs

Solutions of HU (Sigma-Aldrich, Deisenhofen, Germany),
VCR (Gedeon Richter Ltd., Budapest, Hungary), DOXO, and
CDDP (EBEWE Pharma Ges.m.b.H. Nfg. KG, Unterach,
Austria) were prepared and stored according to the manufac-
turer’s instructions.

2.3. Hydroxyurea treatment

All tested lines were exposed to 100-pumol/L. concentra-
tions of HU, as described by the group in Ambros et al. [12].
Cells were controlled microscopically every 2 days and sub-
cultured into a new vessel (passage) if necessary (usually once
a week). If cells grew slowly with HU, the HU medium was
changed without passage at weekly intervals.

2.4, Viability and cell cycle analysis

Viability was evaluated by trypan blue exclusion and
measured using an FACSCalibur cytometer (Becton-Dick-
inson, San Jose, CA) [18]. For cell cycle analysis, cells
were stained with propidium iodide using the DNA-Prep
Reagent System (Beckman Coulter, Fullerton, CA),
measured with a cytometer, and analyzed using ModFit
LT software (Verity Software House, Topsham, ME).

2.5. Isolation of DNA and comparative genomic
hybridization (CGH)

Genomic DNA was extracted from cells using a Wizard
DNA Tsolation Kit (Promega. Madison, WI) according to the
manufacturer’s instructions. Concentrations were measured
with a Biomate 3 spectrophotometer (Thermo Scientific, Wal-
tham, MA). CGH was performed as described previously [14].

hydrated, dried, denatured in 70% formamide/2x SSC
(Roche, Mannheim, Germany) at 72 °C, dehydrated, and
dried. On MYCN (2p24)/LAF (2q11), FISH probes (Kreatech
Biotechnology B.V., Amsterdam, The Netherlands) were de-
natured at 74 “C and applied to the slides, covered with cover-
slips, and incubated overnight at 37 °C. On the day 2, the
coverslips were removed and the slides were washed, counter-
stained with 4°,6-diamidino-2-phenylindole (DAPI/Antifade
{Kreatech Biotechnology B.V.), and recovered with a glass
coverslip. Using a fuorescence microscope (Olympus
AXT0), copies of the MYCN gene and 2q11 were counted in
the nuclei of 200 cells. The amount of no. 2 chromosomes
(Le., 2q11 signals) was subtracted from the number of MYCN
copies for each nucleus observed.

2.7. Staristical analysis

All numerical data are presented as the mean * standard
deviations, and were analyzed statistically using the Student’s
t test and chi-square test with a 2 = 2 contingency.

3. Results

3.1. Impact of HU treatment on the growth and viability
of different NBL cell lines

Five lines were exposed to 100-pmol/L concentrations of
HU forup to 11 weeks (5—11 weeks). We observed marked
variation in the reaction pattern of the different lines after
exposure to HU (Table 1). All MYCN-amplified lines had
decreased growth rates during cultivation, and the IMR-32,
UKF-NB-2 and UKF-NB-3 lines stopped growing after 1
or 2 weeks. The IMR-32 and UKF-NB-2 lines died out
slowly. The UKF-NB-3 line didn’t grow for 2 weeks and then
became resistant (data not shown) and had stable growth,
although slower than controls. (Fig. 1, A and B). Only the
UKF-NB-4 line grew for the first 3 weeks without any
change. We found increased numbers of cells in the GO/G1
phase in UKF-NB-4, while we found S phase arrest in
IMR-32 after cell growth had stopped (Fig. 2). After 3 weeks,
the UKF-NB-4 growth rate slowed, and in the 8th week,
growth stopped altogether. After the 10th week, cells
resumed growth, and by the 11th week, cells were growing
normally again. UKF-NB-4 cultivated with HU showed
few morphologic changes compared to controls (Fig. 1, C
and D). The SK-N-AS line showed no change in growth rate
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C

Fig. 3. Expulsion of amplified MYCN from hsr. FISH displays nuclei
from the UKF-NB-4 cell line (A) with two hsrs and the IMR-32 cell line
(B) with two hsr. Chromosomes of the UKF-NB-4 cell line with two hsr
translocated outside the number 2 chromosome (C), and chromosomes
of UKF-NB-4 after 11 passages with HU, which experiences smaller hsr

or morphology during cultivation with HU. Viability of UKF-
NB-4 (89%) and IMR-32 (95%) was decreased by the third
day of cultivation with HU compared to untreated controls
(¢ test, UKF-NB-4, P < 0.001: IMR-32, P < 0.05).

3.2. Changes in the degree of the MYCN amplification in
UKF-NB-4 and IMR-32 cell lines after HU treatment

The number of MYCN copies in lines with MYCN ampli-
fication were verified using FISH: this allowed determination
of the exact number of MYCN copies in each nucleus, unlike
with other molecular techniques (Fig. 3) [19]. After the first
HU passage, there was a decrease in the number of MYCN
copies in the UKF-NB-4 and IMR-32 lines (¢ test,
P < 0.001 both lines: Fig. 4). The IMR-32 line died out
during the third passage, which is why only the first and
second passages were counted. The UKF-NB-4 cell line grew
in the presence of HU for a longer period of time. We counted
MYCN in the 6th passage (3rd week) and the 10th passage
(7th week). Dunng cultivation with HU, the number of
MYCN copies varied, butit was alwayslower than the number
in the control without HU. In both counted passages, we found
cells with only four MYCN copies; i.e., without any excessive
copies. In the 6th passage, two cells without any excessive
MYCN copy were found, and in the 10th passage, only 1 such
cell was found out of 200 cells (Fig. 5). During cultivation
with HU, cells lost not only separate MYCN copies, but also
the entire hsr (Table 2). MYCN expulsion from cells culti-
vated with HU was also observed (Fig. 3; Table 2). After the
10th passage. cells numbers stopped increasing, but the exist-
ing cells remained alive. During the depressed growth phase,
cells started to restore the lost amplified MYCN copies (the
average number of MYCN copies in the 10th passage was
34, and the average number in the 11th was 46; ¢ test,
P < 0.001; Fig. 4). We found signs of MYCN expulsions
more frequently in the second HU passage in IMR-32 (but
not in the first HU passage) than in the IMR-32 cultivated in
medium without HU. Line TMR-329*C did not have more
cells with MYCN expulsion than the parent line. UKF-NB-4
cultivated with HU had more cells with signs of expulsion in
the 1st, 10th, and 11th, but not in the 6th passage (Table 2).

3.3. Changes in the degree of the MYCN amplification in
resistant sublines

The average number of MYCN gene copies in resistant
sublines derived from UKF-NB-4 and IMR-32 were decreased

than the sensitive UKF-NB-4 line (D). Expulsion of amplified MYCN
from the nuclei in UKF-NB-4 line could be found after cultivation with
HU (11th passage; E). Cells that expelled MYCN could also be found in
the nuclet of the IMR-32 line after the first passage with HU (F). Many
cells have two hsr (G) or only one hsr (H) in their nucleus after cultivation
with HU. hsr are disrupted by the a ty of HU and have fewer MYCN
copies (G and H). All hsr were expelled after cultivation with HU (1 and
I). Nuclei without any hsr were very rare in the IMR-32 cell line cultivated
with HU because IMR-3

ells were not capable of prolonged growth in
the presence of HU. Magnification: x 100.
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IMR-32 IMR-32 IMR-32
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Fig. 4. Average number of excessive MYCN gene copies in tested cell lines. Copies of the MYCN gene were counted in 200 nuclei of each cell line studied.
The number of number 2 chromosomes, established using a centromere probe, was subtracted from the number of MYCN copies to get the number of extra

MYCN copies. The arithmetic means of the exc

s copies of MYCN as well as the standard deviations were calculated for each cell line (¢ test, p < 0.004).

UKE-NB-4"® 1% TDHY o) line UKF-NB-4 in the Ist (6th, 10th, 11th) passage with HU

UKF-NB-4""PF — el line UKF-NB-4 in the first passage with CDDP

UKF-NB-4°00F (ROXO, NER) _ col] line UKF-NB-4 resistant to cisplatin (doxorubicin, vincristine)
UKF-NB-4"PP"% — cell line UKF-NB-4 CDDP cultivated five passages without CDDP

IMR-32"""™ — cell line IMR-32 in the first (second) passage with HU
IMR-32"%? — cell line IMR-32 resistant to doxorubicin

compared to parental lines (¢ test, P << 0.001; Fig. 4). The
distribution of cells, based on the number of excessive copies,
is shown inFigs. 5 and 6. In the sensitive cell lines (UKF-NB-4
and IMR-32), a Gaussian-like distribution was observed, and
the same distribution of the MYCN copy number could also be
seen in resistant cells, but it was shifted to the left by about 20
copies in UKF-NB-4—resistant lines and by about 15 copiesin
IMR-32°%?, Out of 200 nuclei, the UKF-NB-4 line had 4
cellsand the IMR-32 line had 8 cells withamplification greater
than 100 copies per nucleus. These cells were only sporadi-
cally present (02 cells) in UKF-NB-4— and IMR-32—resist-
ant sublines.

3.4. Influence of CDDP on MYCN amplification

We compared the effect of HU and CDDP on MYCN
status. A one-shot addition of 1,000 ng/mL of CDDP

decreased the average number of MYCN copies from 62
to 53 (P < 0.005; Fig. 4). During prolonged cultivation
with CDDP, the average number of extra MYCN copies
in UKF-NB-4°PF was 45, and the MYCN status remained
stable (data not shown). After 5 weeks of cultivation
without CDDP, the average number increased from 45 to
51 copics in UKF-NB-4“""F (P < 0.01). MYCN cxpul-
sions were visible after incubation with CDDP, but were
not as common as with HU. By the third day of cultivation
with CDDP, viability of UKF-NB-4 cells had decreased
(controls and cells with CDDP, ¢ test, P < 0.001).

4. Discussion

The mechanism of MYCN amplification in NBL is still
unknown, but it seems to agree well with the
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Fig. 5. Distribution of cells according to the number of excessive MYCN copies. In the parental-sensitive cell lines (UKF-NB-4 and IMR-32). a Gaussian-
like distribution having few cells with high amplification (more than100 copies per cell) could be seen. These cells are either not present or are present
sporadically in drug-resistant cell lines or cell lines cultivated with cytostatics. The Gaussian-like distribution can also be seen in cell lines cultivated with
cytostatics or in drug-resistant sublines, but the distribution is shified to the left by about 20 copies.

UKF-NB4"® 19 1WHY _ o) line UKF-NB-4 in the 1st (6th, 10th, 11th) passage with HU

UKF-NB4"“""" _ cell line UKFE-NB-4 in the first passage with CDDP

UKF-NB4CPPP (DOXO. VER) _ pa) line UKF-NB-4 resistant to cisplatin (doxorubicin, vineristine)

UKF-NB-4"""* — cell line UKF-NB-4 CDDP cultivated five passages without CDDP

IMR-32"3HY — eell line IMR-32 in the first (second) passage with HU

IMR-32% — cell line IMR-32 resistant to doxorubicin

97



Diserta¢ni prace

Sledovani chemorezistence détskych
nadord molekularné cytogenetickymi metodami

102 P. Prochazka et al. | Cancer Genetics and Cytogenetics 196 (2010) 96—104
Table 2 first run of cultivation with HU or CDDP (Figs. 4, A and B,
Number of cells expelling MYCN and number of hsrs in tested cell lines and 5, A and E).
Observed All resistant sublines had hsr amplification, and the

Cell line expulsions 2 har 1 hgr Ratlg average number of MYCN copies compared with the
IMR-'JZIHU 53/200 158 42 3.76:1 parental line decreased [22]. Expelled MYCN copies could
mﬁ_ﬁ"*'“ gz&:rﬁ :f“" 3‘? ;i:; :: be seen around the nucleus. Using CGH, we found a relative
MR-32* 2004+ 55 5 A4:1 NS ¢ e y

: ss of 2p2 s P s
IMR_32D0%0 S4P00NS 139 P 3981 * loss of 2p24, which ve‘nﬁ?d the dec‘rcased ‘nllnlber‘(?f ampli
UKENB-4 541200 150 50 31 fied MYCN gene copies in the resistant lines derived from
UKE-NB-4™" 92/200%++ 144 56 2.57:1 NS UKF-NB-4 [14] and IMR-32. In the UKF-NB-4""", a rela-
UKF-N B--I-""l:‘u 51/200NS 135 65 2.08:1 NS tive loss of 2p24, which was confirmed by CGH, corresponds

- 10 ;5 R . Ao = - -

UKE-NB-4 ; BO/200%#+ 128 2 1.78:1 * with Yasuno’s findings [23]. We assume that cells with ahigh
UKF-NB-4'H! 119/200+++ 137 63 2.17:1 NS

Abbreviations: 2 hsr, no. of cells with two hsr; 1 hsr, number of
cells with one hsr; NS, not significant; *P < 0.05; *#* P < (0.005; ratio,
2 hsr/1 hsr.

Compared with untreated UKF-NB-4 or IMR-32, chi-square test using
a 2 x 2 contingency table.

replication—excision model. The DNA undergoes another
round of replication only locally, and the extrareplicated
DNA are excised and persist as dmin. This extrachromo-
somal DNA can integrate into any chromosome and may
undergo several cycles of amplification in situ [2]. Extrachro-
mosomally amplified MYCN, known as dmin, can be
expelled through micronuclei formation. This expulsion is
increased by HU [10—12]. but there is no information so
far regarding whether intrachromosomally amplified MYCN
can be expelled. Von Hoff and associates [11] reported
adecrease in the number of dmin MYC copies, as determined
by Southern blotting in HL-60 cell sublines after treatment
with HU: no change was reported for hsr MYC copies. Villa
et al. found dmin MYC extrusion from AML (acute myeloid
leukemia) blasts in three patients [20]. The group from Am-
bros et al. found that inducible loss of amplified MYCN was
restricted to lines with dmin and was not found in cells with
hsr [10,12]. In our study, however, we found expelled ampli-
fied MYCN copies from hsr in the UKF-NB-4 and IMR-32
lines. UKF-NB-4 was able to grow in the presence of HU with
high viability and expelled MYCN, while other MYCN
amplified cell lines except UKF-NB-3 grew for only 1 or 2
weeks and then died.

It is known that MYCN copies are possible to count in
dmin and hsr using FISH [19]; although it is not possible to
count the MYCN copy number in all cell lines with hsr
because some lines with hsr amplification have MYCN
copies in one or two groupin gs, making it impossible tocount
the number of copies accurately. For example, it was not
possible to count MYCN copies in UKF-NB-3, but MYCN
copics were countable in the UKF-NB-3“""F line. The
number of MYCN copies in IMR-32 (55 copies), which were
counted using FISH, is in agreement with the number of
MYCN copies measured (53 copies), using real-time PCR,
by De Preter et al. [21]. MYCN copies were numbered in
the 1st, 6th, 10th, and 11th passages of the UKF-NB-4, as
well as in the 1st and 2nd passages of IMR-32. Our results
show that the most significant decrease occurred during the

degree of MYCN amplification may have been cytostatically
killed, or these cells could expel large numbers of MYCN
copies from nuclei, because we did not find any nuclei with
more than 100 extra MYCN copies in resistant cells
(Fig. 5). Increased numbers of cells with signs of MYCN
expulsion in cells cultivated with HU compared to controls
without HU proved that MYCN expulsion can cause
a decrease in MYCN copies in cells cultivated with HU.
The number of copies counted in the 11th passage with HU
comesponds to the number of copies in resistant sublines
derived from UKF-NB-4. UKF-NB-4 in the 11th passage
with HU had an average of 46 extra copies and other resistant
UKF-NB-4 sublines had an average of 43 (UKF-NB-4"9%?),
44 (UKF-NB-4""%), and 45 (UKF-NB-4"""F) copies. We
surmised that resistant cells reduced the number of excessive
MYCN copies to a value of about 45 extra copies when culti-
vated in a cytostatic medium.

The decrease in MYCN amplification in resistant lines
or during cultivation with CDDP seems to be important.
Decreased MYCN amplification in NBL lines established
from the same patient before and after chemotherapy have
been described [13]. Mizushima reported a nonsignificant
decrease in MYCN amplification in two small-cell lung
carcinoma lines resistant to CDDP [24]. We used FISH
analysis, which measured the precise number of gene
copies and is more accurate than the **P labeling used by
Mizushima’s group [24]. Our findings agree with the results
of Yasuno et al., who described a decrease in the number
of MYCN amplified gene copies measured by Southem
blotting in NBL CDDP-resistant lines; the sensitive line
had 50 copies and the CDDP-resistant line had only 6
copies [23].

Three distinct cell types of NBL cell lines termed N (neu-
roblastic), S (Schwann-like or stromal type), and I (interme-
diate type) have been described. The biologic differences
between S and N subtypes may be of clinical relevance
[25]. S-type cells may be better able to persist after chemo-
therapy [26]. From the four MYCN-amplified cell lines used,
the S-type cell line (UKF-NB-4) had a greater ability to grow
in the presence of HU compared to the three N-type lines
(IMR-32, UKF-NB-2, and UKF-NB-3). These results
support the argument that S-type cells can potentially give
rise to resistant clones in NBL patients [26]. The reduced
sensitivity of UKF-NB-4 (established after recumrence) to
HU could also been induced by previous chemotherapy.
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Fig. 6. Distribution of cells according to the excessive MY CN copies. In the UKF-NB-4 cell line, the counted nuclei were separated into two groups of either
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significant (°, P < 0.001). In the comparison between cell line UKF-NB-4""""" and UKF-NB4“, the results, while still statistically significant, are less
dramatic (37, P < 0.01). In the IMR-32 cell line, the number of extra MYCN copies counted in 200 cell nuclei was also separated into groups of 50 copies or
more than 50 copies. Changes in the group of cells with more than 50 copies was statistically highly significant in the second passage with HU and in the cell
line resistant to DOXO (3%, P < 0.001; D), while the first passage with HU was statistically significant, but less so (%, P < 0.01). If we separated nuclei into
groups of 70 copies or more than 70 copies (E), it was possible to get a statistically highly significant change even in the first passage with HU (2,

P < 0.001).

UKF-NB-4!® 19 1UHY _ cal] Jing UKF-NB-4 in the 1st (6th, 10th, 11th) passage with HU

UKF-NB-4'“P2F _ cell ling UKF-NB-4 in the first passage with CDDP

UKF-NB4CU0F (DOXO. VER) _ po)] line UKF-NB-4 resistant to cisplatin (doxorubicin, vincristine)
UKF-NB-4“PPP* — gell line UKF-NB-4 CDDP cultivated five passages without CDDP

IMR-32" MY — cell line IMR-32 in the first (second) passage with HU
IMR-32P9%0 _ gl line IMR-32 resistant to doxorubicin

Our results with cell line SK-N-AS support the conclusions
of Ambros et al., that lines without MYCN amplification
are resistant to HU [12]. Therefore we can speculate that
the sensitivity of NBL cells may also depend on the MYCN
status.

In summary, IMR-32 and UKF-NB-4 showed a decrease
in the number of MYCN copies and expulsion of amplified
MYCN from nuclei. NBL cells could expel both single
MYCN copies or whole hsrs from nuclei during cultivation
with HU or CDDP in certain cell lines, and it is reasonable
to speculate that a similar phenomenon occurs in HR NBL
patients. To the best of our knowledge, no information
regarding the expulsion of amplified MYCN genes from
hsr was found in the literature. Resistant sublines have fewer
MYCN amplification copies and fewer hsrs than sensitive
ones.
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- High MYCN expression in cisplatin-resistant nevwroblastoma cells does not depend on
presence of CDDP
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Abstract
Neuroblastoma 15 a tumor accounfing for approximately 10% of all cluldhood

malignancies and 50% of all childhood cancer deaths and is derived from cells onginating
from the neural crest MTCN gene copy number variation represents the most important
prognostic factor in neuroblastoma. Prognostic significance of MTCN gene expression is more

complicated and depends on other factors such as MYCN gene copy nmumber stafus.

Here we addressed MTCN gene copy numbers (gain and amplification) and
corresponding mRNA expression in relation to the cisplatin treatment in three human
neuroblastoma cell lines (UKF-NB-3, UKF-NB-4 and SK-N-AS) and their cisplatin-resistant
counterparts. We examined MTCN gene status using fluorescent in situ hybridization and
corresponding mRNA  expression using real-time RT PCE. In  MTCN-amplified
neuroblastoma cells (UKF-NB-3 and UEF-NE-4) we observed a decreased number of MYCN
copies during cisplatin treatment. whereas MTCN-non amplified SK-IN-AS cells revealed an
increased number of MTCN gene copies caused by a 2p gain. Sensitive neuroblastoma cells
exhibited decreased MYCN expression following the cultivation with cisplatin. On the
contrary, cisplatin resistant cells increased MYCN expression irrespective of the number of
MTYCN copies or concentration of cisplatin in the medinm.

We postulated that MYCN overexpression may parficipate in cisplatin resistance
caused by long-term cultivation with cisplatin. Our findings mav contnibute to the
understanding of drug-resistance mn connection with MYCN amplification and expression in
neuroblastoma cells and may be of importance since targefing of MTCN 15 being tested as
neuroblastoma therapy.

Key Words:
high risk neuroblastoma cell line, drug-resistance, MYCN amplification. 2p gain. MYCN
expression, cisplatin
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1. Introduction
Neuroblastoma (NBL), a tumor of the sympathetic nervous system. is the most

common solid extracranial childhood fumeor. MTCN (V-myc myelocyvtomatosis viral related
oncogene, neuroblastoma derived) was the first amplified oncogene that tumed out fo be of
high clinical significance due to its association with the most aggressive form of WBL [1.2].
MTYCN belongs to the family of MYC genes (MTC, MYCN, MYCL) which encode transcription
regulators that participate in the control of both cell growth and apoptosis depending on the
cellular context [3]. In healthy humans, MYCN is expressed only in some embrvonal fissues
and m adult cells there is 1ts expression only very low or missing [4]. The mman MYCN gene
15 normally located on the short arm of the chromosome 2 (2p24). The term 2p24 gain is
suggested as a descriptive generic term for MTCN signal numbers exceeding up to a 4-fold the
number of reference signals on the chromosomal amm 2q. This pattern could reflect either a
gain of short arms of chromosome 2 (2p gain) or a gain of the MTCN gene (MTCN gain)
which is not an independent prognostic factor in NBL [5] and could indicate an “incipient™
MYCN amplification [6]. MYCN amplification is defined as more than 4-fold increase in the
MYCN signal mumber compared to the reference probe, located on the clhromosome 2q [6]
Amplified MYCN can take the form of either extrachromosomal double mimutes or as
homogenously staining chromosomal regions (HSRs), which are usually located on
chromosomes other than 2p (normal MYCN location) [7].

Three morphologically distinet cell types termed N (neuroblastic type), S (Schwann-
like or stromal tvpe) and I (mtermediate type) occur in NBL. The biological differences
between 5 and N subtypes may be of clinical relevance [8]; S-type cells are offen prone to
develop drug-resistance. [%]. An effective therapy for children with high-risk neuroblastoma
(HE. WBL) remains one of the greatest challenges for pediatric oncologists. Over the past two
decades, numerous attempts have been made to improve outcomes of those patients by
delivering intensive platinum cyfostatics based on induction therapy [10]. Unforfunately,
infensive chemotherapy, which is usually used for treatment of HR. NBL. can cause genefic
and expression changes in NBL cells. These cellular changes can cause development of drug-
resistance to the drugs used, thus ultimately making the chemotherapy ineffective. Dmg-
resistance has been described as common in children suffering from WNBL, particularly in
those whose tumors display amplification and high-level expression of the MYCN oncogene
[11]. High level MYCIN expression is associated with unfavorable outcomes and a poor
prognosis in tumors with amplified MYCN [12]. However., high level mRNA MYCN

109



Disertacni prace Sledovani chemorezistence détskych
nadord molekularné cytogenetickymi metodami

expression in NBL lacking MYCN amplification seems fo be associated with favorable
outcomes [13]. High levels of MYCN mRNA in NBL with MYCN amplification may be
explained by the fact that copies of the amplified gene are actively transcribed [14.153].
Orerexpression of the MYC genes family generally induces unrestricted cell proliferation
inhibition of differentiation. cell growth, angiogenesis, reduced cell adhesion, metastasis. and
genomic instability [16], while MYCN overexpression induces the malignant phenotvpe of
NEBL cells [14]. MYCN protein has been observed to induce apoptosis in different cells,
inchading NBL and cells with apoptosis induced by cytostatics. NBL cells with MITCN
amplification (and increased gene expression) can resist freatment only when there is
additional dysfunction in the apoptotic pathways. such as caspase deficiency [17]. MYCN
protein can also contribute in acquiring the drug-resistance phenotype of cancer cells by
modulating the regulation of a specific set of ATP-binding cassette transporter genes to
mediate the efflux of chemotherapeutic agents from cancer cells [18].

The aim of our study was to examine MYCN gene expression in different NBL cell
lines, including N and 5 types, following a wide range (100 — 3000 ng/ml) of different
cisplatin (CDDP) doses. An additional novel aspect of the study is a comparison of MYCN
gene expression and copies of MYCN gene in NBL cells, sensitive or resistant towards CDDP,
following single CDDP treatment (as above). MYCN gene copy numbers and its
corresponding expression attracted owr particular attention since this gene has become a
frequent therapeutic target of NBL at present [19-21].
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2. Materials and methods

2.1. Characteristics of the investigated cell lines
UEF-NB-3 and UKF-NB-4 cell lines with MTCN amplification (Fig. 1A and 1C) were

established from bone marmrow metastases of two patients with HR. WBL. The UEF-NB-4 line
that was established from recurrent disease already possessed the infrinsic multidmug
resistance phenotype including 7g21 gain [22]. The lines were kindly provided by Prof I
Cinatl Jr. (Institote for Medical Virology, Hospital of the Johann Wolfgang Goethe
University, Frankfurt am Main Germany). Cells were grown in Iscove’s Modified
Dulbecco’s Medivm (IMDM) with 10% fetal calf serum (PAA Laboratories, Pasching,
Austria). The SE-N-AS cell line was derived from bone marrow metastasis of a female
patient with HR. NBL. This cell line, which has nommal diploid MYCN status (Fig 1E). was
purchased from the European Collection of Cell Cultures (ECACC, Salisbury. UK) and was
culfivated according to the manufachurer's instructions.

The CDDP-resistant counterparts. designated as UKF-NB-3"""F and UKF-NB4"""F,
were also kindly provided by Prof J. Cinatl Jr. SK-N-AS“P™® was prepared in our laboratory
by incubation of parental SE-N-AS with increasing concentrations of CDDP either for 14 or
24 months. Solutions of CDDP (EBEWE Pharma Gesm b H. Nfg KG, Unterach, Austria)
were prepared according to the mamnufacturer’s instructions. CDDP-resistant cell lines were
cultivated in a medium confaining 1 pg'ml of CDDP.

2.2. Subsequent CDDP treatment
Finally, all above characterized cells were exposed to 100; 1000; 2000 and 3000 ng/ml

CDDP 24 hours after seeding. After the next 24 hours, cells were harvested by trypsinisation,
washed in sterile phosphate buffered saline and frozen with TRIzol reagent (Invitrogen,
Carlsbad, CA. USA) at -80°C until RNA isolation.

2.3. MTT test

The sensitivity of cell ines to CDDP was determined by using the MTT (3-(4.5-
Dimethylthiazol-2-v1)-2_ 5-diphenvltetrazolium bromide) test [23.24]. The ICs; was assessed
using MTT dye reduction assay as described in a previous report [25]. The ICs; values were
calculated from at least 3 independent experiments using linear regression of the dose-log
response curves using SOFTmax Pro microplate data software (Molecular Devices, CA,
USA).
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2.4. Fluorescent in situ hybridization (FISH) and karyotype
FISH analvses were performed by using an ON MYCN (2p24) / LAF (Kreatech

Biotechnology B. V., Amsterdam. The Netherlands) probe, in accordance with the
manufacturer s instructions. The use of a 2p specific probe simultaneously with 2q signals is
recommended by the International Neuroblastoma Risk Group Biclogy Commuttee [20].
slides were scored with a Olympus AXT0 (Olympus Optical Co. Lid, Japan) fluorescence
microscope with a CCD camera (Jenoptik, Jena, Germany). Pictures of the interphase nucled
were digitally captured by an appropriate software program (Metasystems, Alflussheim,
Germany). Two hundred nuclei were investigated from each cell line as recommend for
evaluation by FISH analyses [26].

For karvotype analysis, exponentially growing cells cultivated in a medivum without CDDP
were harvested with trypsin, freated with byvpotonic solution, and fixed with 3:1
methanol/acetic acid. Slides were banded wsing standard trypsin-Giemsa banding (GTG-
banding) or were used for metaphase FISH analvsis.

2.5. RNA isolation and real-time RT-PCR
Total ENA was extracted from all cell lines using TRIzol reagent (Invitrogen,

Carlsbad, CA, USA). The quality of isolated EMNA was venfied by horizontal agarose gel
electrophoresis and RNA quanfity was measured using a Biomate 3 UV - Vis
Spectrophotomether (Thermo Scientific, Waltham, MA). Isolated EINA (1 pg) was reverse
franscribed to cDNA using random hexamers and a Reverse Transcription kit (Applied
Biosystems, Foster City, CA) according to the manufacturer's instructions. Real-time BT PCR
was assessed using MTCN and Beta-2-microglobulin primers and probe kits from Generi-
Biotech (Generi-Biotech, Hradec Kralove, Czech Republic) and TagMan® Gene Expression
Master Mix (Applied Biosystems, Foster City, CA). Results were expressed using the
Relative Expression Software Tool (REST) [27] emploving Beta-2-microglobulin as the

reference gene as described earlier.

2.6. Statistical analysis
All oumenical data were presenfed as mean = standard deviation and analyzed

statistically vsing the Student’s t-test; mRINA expression results were analyzed using REST

software [27].
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3. Results:

3.1. The sensitivity of cell lines to CDDP
The sensitivity of cell lines to CDDP was verified using the MTT test. The resistant

cell lines showed at least a two fold increase in resistance to CDDP measured as ICsy. The
data presented in Table 1 indicate UKF-NB-3 line as the most sensitive and SK-N-ASP™® and
UKF-NB-4-PPF 35 the most resistant towards CDDP.

3.2. CDDP causes change in the number of MYCN copies
All tested WNBL cell lines, the SE-N-AS UEF-NB-3, UKEF-NB-4 and their CDDP-

resistant counterparts. were investigated for MYCN status using FISH We observed MYCN
amplification in all 200 mvestigated nuclei of UKF-NB-3, UKF-NB-4 and their CDDP-
resistant counferparts (Fig. 1A-D). UKF-NB-3 and UKF-INB-4 amplified MTCN in the form
of HSRs. UKF-NB-4"""F cells had apparently fewer MYCN copies than UKF-NB-4 cells. as
documented in Figure 1 C.D. Parental UEF-WNB-4 cells had on average 62 excessive MTCN

~4°TEP cells Jost on average 17 MYCN gene copies.

gene copies per nucleus, whereas UEKF-NB
In the UEF-NB-3 cell line, the aggregation of MTCN gene copies in the nucleus as clumps
precluded a copy number counting with the exception of UKF-NB-3“"°" which had
apparently less MTCN copies (24 excessive MTCN gene copies). as illustrated i Figure 1
AB

The MYCN-nonamplified SE-N-AS cell line showed nommal diploid MYCHN stams m
the majority of cells (Fig. 2A). After short-term (14 months) and long-term (24 months)
cultivation with CDDP, SK-N-AS“""® cells were examined again for the MFCN gene status
and for the ploidy of chromosome 2. The CDDP cultivation resulted in a substantial 2p gain.
since the SK-N-AS“PPP cells had 60% and 77% of cells with three 2p after short-term and
long-term cultivation, respectively (Fig. 1G and 2A). On the contrary. in the SKE-N-AS only
3.5% of cells were observed with three 2p (Fig. 2A). With regards to the MYCN-amplified
cell lines. UKF-NB-3 and UKF-NB-3“"F exhibited two signals for chromosome 2. while
UKF-NB-4 cells had four signals and UKF-NB-4"""" three signals for this chromosome (Fig.
1A-D).

Metaphase FISH analyses of SE-N-AS cells revealed a predonuinant occurrence of
cells with two chromosomes 2 in mitotic cells. On the other hand, in SK-N-AS"F cells
treated with CDDP, a substantial increase of cells with 2p gain had been recorded. We also
observed cells with tetraploidy or aneuploidy, but their proportion was rather minor (Fig. 2B).
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Above numeric changes in 2p may suggest the selection advantage of cells in the presence of
CDDP.

3.3. MYCN expression levels in CDDP-sensitive and resistant NBL cell
lines

Both MYCN-amplified UEF-NB-3 and UEF-NB-4 cell lines had significantly higher
MYCN mPNMNA expression as compared fo the MTCN non-amplified line SK-N-AS (14.8
respective 13.4-folds higher in 2-log scale, p< 0.001) (Fig. 3). SK-N-AS"F had MYCN
expression 3.8-fold higher (p< 0.01) than SE-N-AS. We did not find any distinguishable
change in MYCN expression between sensitive UKF-NB-3 and its CDDP resistant
counterpart (Fig. 3). but UKF-NB-4“""® had MYCN expression 1.6-fold higher (p< 0.05) in
comparison to sensitive UKF-NB-4. There were no significant differences in MYCN
expression between UKF-NB-3 and UKF-NB-4 nor between UKF-NB-3"""" and UKF-NB-
4°FEF cell lines. Regarding CDDP-resistant cell lines. the highest MYCN expression in
comparison with SK-N-AS"™ was found in UKF-NB-4“""" (11.3-fold higher; p< 0.01).
followed by UKF-NB-3"""" (10.8-fold higher: p< 0.01).

3.4. MYCN expression levels in CDDP-sensitive and resistant NBL cells
following short-term CDDP treatment

Sensitive UKF-NB-4 showed a significant decrease of MYCN expression affer
cultivation with CDDP concentrations of 1000 ng/ml and higher (p=0.001). All CDDP-
resistant cells showed significant up-regulation of MYCN expression (p=0.001) in
comparison with the sensitive cells, however, a single CDDP dose did not significantly
modulate MY CN expression levels in resistant lines (Fig. 44).

In the sensitive SE-IN-AS we did not observe any significant changes in MYCN
expression after cultivation with any CDDP dose (p=0.3). SK-N-AS“P™? cell line showed
significant increase in MYCN expression relative to the control maternal line independently
o CDDP presence or absence in the medivm (p=20.03).
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4, Discussion
In the present study, 6§ NBL cell lines (4 with MYCN amplification and 2 cell lines

without MYCN amplification) were analyzed. The cell line SK-N-AS“™™" (without MYCN
amplification), which may serve as a model for the development of drug-resistant WBL, has
been established and characterized in our laboratorv. In the context of CDDP-based NBL
therapy. we investigated the number of MTCN gene copies and mBEINA MYCN expression. In
the SK-N-AS cells and SK-N-AS“"" cells we found a clear link between the number of
MYCN gene copies and their expression. This finding is in agreement with the study of Valent
et al who found higher MYCN expression in three of four NBLs with 2p/MTCN gain in
comparison with SE-N-5H cell line that has 1 MYCN copy 1n the haploid genome [28]. The
cells with high-level MYCN amplification (UKF-NB-3. UKF-NB~ and their CDDP-resistant
counterparts) exhibit several-fold higher mRNA MYCN expression than those without MTCN
amplification. But further changes in MTCN copies number in cells with high-level
amplification were not accompanied by corresponding changes in mBNA expression. This
phenomenon mayv be explained by the fact that not all MTCN copies could be equally and
actively expressed. In this context. Schwab et al. described NBL cell lines in which the
amounts of MYCN mBNA were not proportional to the exact number of gene copies [29]. On
the other hand. in the case of NBL cell lines with normal number of MTCN copies and in
NBL cell lines with one extra MTCN copy. the difference in MYCN expression was
significant. The biological and clinical characteristics of 2p/MTCN gain have not been so far
as clearly defined as MYCN amplification [30]. Approximately 10% of diagnosed NBLs
contain MYCN gain [30.31]. Patients with MYCN-gain showed a significantly higher age at
the diagnosis and were according some studies associated with an advanced stage as
compared to the MYCN-normal [30.31]. In contrast to the study of Spitz et al., who reported
that NELs with MYCN gain displaved no increase in MYCN mRINA expression [31]. and in
agreement with Valent et al [28] who found in majority of NBLs with 2p/AMYCN gain
increased expression, we found a tendency of MFCN gain and higher MYCIN expression in
SK-N-AS“7 cells.

Our results showed that all fested CDDP-resistant cell lines had higher (or at least
equal) MYCN expression than their parental cells. We hvpothesize that this overexpression
may participate in the dmg-resistance cansed by long-term cultivation with CDDP. Decreases
in the MYCN copy number after cultivation with CDDP in the MYCN-amplified TTEF-NB-4
cell line might be explained by the expulsion of excessively amplified MTCN copies from
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nuclei [7.32] or by selection of cells with lower MYCN copies. Long-term cultivation with
CDDP leads to development of CDDP-resistance connected with decreased MTCN copy
numbers in comparison to sensitive WNBL cells [7.33]. However, decreases in the level of
MFCN amplification could paradoxically be accompanied by higher MYCN expression
[34.35]. This could explain why the decrease or increase in mENA| caused by amplification
15 not fully proportional fo the mumber of gene copies, but nught be influenced by other
factors as well [1].

In addition to clinical (clinical stage, age), biochemical (LDH levels) and genetic
(MTCN amplification, 1p36 deletion) prognostic parameters, the expressions of several genes
have also been reported to predict the outcome of NBL. Owerexpressed genes encoding
tyrosine kinase receptors (IrkA and EPHBG) and cell surface molecules (CD44, EFNB2. and
EFNB3) have been described as favorable markers [13]. but the sipnificance of MTCN
expression remains confroversial since survival of children suffering from WBL does not
correlate with its expression [13,36.37]. A high expression of MYCN in NBL cells may be
associated with both a favorable (cells without MTCN amplification) and adverse prognosis
(cells with amplified MWYCN) [12]. Similarly, MY C overexpression without amplification has
also been linked with a more favorable prognosis in patients with breast [38] and colorectal
cancers [39]. Befter outcomes in patients with tumors that overexpress MYC or MTCN are
caused either by increased apoptosis or by enhancement of dmg-sensifivity evoked by higher
proliferation [37]. Clindcal observation has also been confirmed in in vitro experiments such
as a transfection of cells with a vector containing MYCN which significantly decreased the
viability of NBL cells without MTCN amplification. MYCN protein induced apoptosis and
enhanced expressions of genes that were prognostically favorable [13]. In vitro studies with
MNBL cell line with a controlled MYCN expression system showed that NBL cells having
induced MYCN expression have higher cvtostatically induced apoptosis than NBL cells
without induction of MYCN expression. Cytostatic drmugs with various mechanisms of action
including CDDP were tested. All tested compounds were more effective in cells
overexpressing MYCN, except for betulinic acid. which mduces apoptosis by direct effects on
mitochondria [40]. The above-menfioned results seem to differ from our findings. reporting
equal or increased MYCN expression in CDDP-resistant cells. An explanation could be that
the induction of multiple changes in the genome of resistant cells mdicates that cytostatics
induce dmg-resistance through mmltiple mechanisms [22.41]. It is possible that NBL cells
without amplification of the MTCN used in the above mentioned study [40] have normally
functioning apoptotic pathways, but i relation to drug-resistance, there is a defect in one of
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these pathwways. possibly due to the increased MY CN expression. Van Noesel et al. analyvzed a
panel of NBL cell lines with MTCN amplification and showed that MYCN induces both
caspase-8 (CASPS) and caspase-9 (CASPY) mediated apoptosis. The authors concluded that
an epigenetic down-regulation of CASPE in WBLs 1s unlikely to be induced by overexpression
of MYCN. Additional defects in apoptosis may be involved in the CASPY route to apoptosis.
It appears that defects in apoptotic routes in NBL fumors do have a neutralizing effect on
MYCN [42].

As an jn vitro model of drug-resistance [24], we have chosen CDDP-resistant sublines
prepared by incubation of parental NBL cells with increasing concentrations of CDDP. We
found that NBL cells with MYCN amplification, when subjected to long-term cultivation with
CDDP, showed decreased mumbers of MYCN copies. On the other hand, the NBL cell line,
with mainly diploid status of the MYCN gene, had increased mumbers of cells with 2p gain
and increased MYCN expression Wasenius et al., described both deletion and gain of 2p in
CDDP-resistant ovary cancer cell lines [43] but our finding of 2p gain in NBL i connection
with dmug-resistance was described for the first ime. We studied MYCN expression in
sensitive and CDDP-resistant NBL cells after exposure to CDDP as an in vitro model of
chemotherapy. Our findings contribute to the understanding of the mfluence of chemotherapy
on MYCN expression in NBL cell lines. This is of particular importance since targeting the
MTCN gene mught be new therapeutic alternative for NBL [19-21].
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Figure Legends

Fig. 1.

MYCN gene in tested NBL cell lines.

FISH displavs MYCN amplification (red signals) in nuclei of the UEF-INB-3 and UEKF-NBE-4
(Fig. 1A, C, respectively) and their CDDP-resistant comnterparts (Fig. 1B, D). The SE-N-AS
cell line has two copies of MTCN gene and two chromosomes 2 (green signals) (Fig. 1E). In
the CDDP-resistant SE-N-AS cells after short term treatment with CDDP (14 months), the
nuclei exhibits an extra copy of the MTCN gene (red signals) representing either 2p gain or
MTCN gain or both (Fig. 1F). Mitotic chromosomes of the SK-N-AS™""" after long term
treatment (24 months) with CDDP showed an extra copy of the short arm of chromosome 2
containing the MYCN gene (red dots) and an extra copy of reference L4F gene (green dots)
(Fig. 1G). FISH analvses were performed using an ON MYCN (2p24) / LAF (Kreatech
Biotechnology B. V., Amsterdam, The Netherlands) probes. Magnified 100x

Fig. 2a.

Ploidy of chromosome 2 and percentage of cells with MYCN gain in the
SK-N-AS cells during cultivation with CDDP

For the assessment 200 inferphase muclei of the tested line were scored. Three signals
corresponding fo 2p24 were evaluated as 2p gain, more than 3 signals of 2p24 in relation to
the L4F gene signal were evaluated as MTCN gain. Ploidy of chromosome 2 was scored using
an ON MTCN (2p24) / LAF (Ereatech Biotechnology B. V., Amsterdam The Netherlands)
probe.

Fig. 2b.

Number of chromosome 2 in mitotic SK-N-AS cells
In each mitosis the number of chromosome 2 was scored and expressed as a percentage of

cells with normal and abnormal number of chromosome 2. The type of chromosome 2
gamn/loss 1s also indicated. Investigated cells were prepared by typical cytogenetic preparation
using coleemid for metaphase observation. Analyses were performed using an ON MTCN
(2p24) / LAF (Kreatech Biotechmology B. V., Amsterdam  The Netherlands) probes.
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Fig. 3.

MYCN expression in NBL cell lines and their CDDP-resistant
counterparts
The data are expressed as relative expression levels following the comparison to the reference

NBL line SE-N-AS. Expression analysis of reference gene Beta-2-microglobulin was carried
out parallel with all experiments and mRINA levels were not different in anv expression
analvsis for particular cell line.

Fig. 4a.

MYCN expression in UKF-NB-4 and UKF-NB-4“""F cells after treatment
with CDDP.
Sensitive-maternal UEF-NB-4 cells are represented by black bars, CDDP-resistant UKF-NE-

4 cells are represented by grav bars. The dose of CDDP s depicted on % axis. Untreated
CDDP-sensitive UKF-NEB-4 cells were used as a reference value. Experiment was repeated
three-times with concordant outcomes.

Fig. 4b.

MYCN expression in SK-N-AS and SK-N-AS®PPF cells after treatment with
CDDP.
Sensitive-maternal, MTCN non-amplified, SK-N-AS cells are represented by black bars,

CDDP-resistant SE-N-AS cells are represented by gray bars. The dose of CDDP is depicted
on x axis. Untreated CDDP-sensitive SE-N-AS cells were used as a reference value.

Experiment was repeated twice.
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Table 1 — Level of drug-resistance of tested NBL cell lines

expressed as ICx

Cell line NBL type ICs; (UM) CDDP
SK-N-AS S 371067
SK-N-AS‘TD? S 11.68+284
UKF-NB-3 N 0.09 =0.01
UKF-NB-3“P°F N 7.68=137
UKF-NB-4 g 460=02
UKF-NB-4“°F S 1133112

ICsg walues were calculated from the linear regression of the dose-log response curves after 96
hours exposure to CDDP, deternuned by the MTT assay. Values are mean + 5D of at least 3
independent experiments. 5, S-type of NBL; N. N-type of NBL.
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Figure1
Click here to download high resolution image
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Figure2
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Figure3
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3 Diskuze

3.1 Genetické zmény Ewingova sarkomu a feochromocytomu u
déti (Prace l a ll)

3.1.1 Genetika Ewingova sarkomu a jeji vyuziti v Ié¢bé

Ewingovy sarkomy, PNET a nediferencované sarkomy jsme na Klinice détské
hematologie a onkologie UK 2. LF a FN Motol (KDHO) vysetfovali metodou CGH
a reverzn¢ transkripéni polymerdzovou ftetézovou reakci (Reverse Transcription
Polymerase Chain Reaction, RT PCR) pro prikaz specifickych translokaci. U dvou
nadord Ewingova sarkomu hrudni stény jsme nalezli specifickou translokaci (11;22)
a zmnozeni 8. chromozému. Zmnozeni 8. chomozému je povazovano za sekundarni
zménu provazejici horsi prognozu [30]. U pacienta s PNETem zebra byla detekovana
specificka translokace t(11;22), ztrata 16q a zmnozeni 1q a 9q32-qter, které mohou
odpovidat nebalancované translokaci (1;16). Dva ze tii nediferencovanych sarkomd,
u kterych nebyla zjiSténa translokace t(11;22), méli zmnozeni 8. chromozému. Tato
zména tedy neni specificka pro Ewingovy sarkomy a je nejspise sekundarni. U pacientd
1é¢enych na KDHO s Ewingovymi sarkomy jsme nalezli metodou CGH zmény popsané
v literatufe - zmnoZeni 8. chromozému, deleci 16q se zmnozenim 1q [31]. Pfitomnost
sekunddrnich zmén mulze byt pii pouziti technik s vysokym rozliSenim, jako je
napiiklad aCGH, pouzivano k hodnoceni prognézy onemocnéni a volbé optimalni
1é€by. V soucCasné dobé se zvazuje pouziti genotypického profilovani a RNA
interference [32] k identifikaci novych cili 1é€by Ewingovych sarkomi. Napiiklad
ve studii Arora a spolupracovnikii byly nalezeny dvé kindzy, STK10 a TNK2, které
maji potencial stat se terapeutickym cilem novych 1é¢iv [33]. Stejn¢ tak downregulace
EWS/Fli-1, produktu vysSe zminéné translokace t(11;22) (q24;q12), pomoci RNA
interference miize byt novym a u¢innym pfistupem v 1é¢bé Ewingova sarkomu. Bylo
zjisténo, ze utlumeni EWS/Fli-1 snizuje i expresi proteinu c-Myc, které inhibuje
proliferaci nadorovych bunék [34]. Proto prikaz téchto zmén mize poslouzit k predikei

efektu cilené 1&Cby.
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3.1.2 Genetické zmény détskych feochromocytom

Maligni feochromocytomy jsou u déti velmi vzacné. Faktory signalizujici
priznivou prognoézu u détskych feochromocytomi jsou vys$si veék, nepfitomnost
genetickych syndromli v rodinné anamnéze, diploidni stav. RozliSeni benigniho
a maligniho feochromocytomu neni mozné na zéklad€ klinickych, biochemickych
ani histopatologickych vlastnosti [35]. Udaje o genetickych zménéach, které mohou uréit
biologickou povahu feochromocytomi jsou dosud nedostatecné, ale nékteré
chromozomalni zmény (ztrata oblasti 11g22 — qter a delece 6q) a aneuploidie jsou
nalézany c¢astéji u zhoubnych nadora.

U vSech ¢tyt déti s feochromocytomem jsme detekovali deleci postihujici 11p
(tfikrat pouze 11p a jednou celého 11. chromozému). Delece 1p a casti 3p respektive
celého 3. chromozomu byla nalezena u dvou pacientd. Ztraty Ip a 3q patii
k nejcastéjSim zméndm nachdzenym u feochromocytomii dospélych [36]. Riizné zmény
v oblasti 11. chromozému (del 11p nebo 11q, zmnozeni 11q) a del 17p jsou udavany
prevazné u malignich forem feochromocytomi dospélych [10]. My jsme nalezli deleci
I1p utiia celého 11. chromozému u ¢tvrtého z naSich pacientii a u jednoho navic deleci
17p ptestoze neméli zndmky malignity (metastazy). Otdzkou je, zda metastazy nebyly
pfitomny, protoze onemocnéni bylo zachyceno relativné vcas nebo se jednalo o benigni
formu. Druhou moznosti mtize byt odlisSnost genetickych zmén u feochromocytomi déti
a dospélych. Rada nadort, které jsou typické pro dospély vék, ale vzacngji se vyskytnou
1 u déti, mad v obou téchto vékovych skupinich odliSnosti biologické, klinické
1 genetické. Nejvetsi pocet genetickych zmén byl nalezen u chlapce s mutaci genu VHL
a oboustrannym feochromocytomem. Pokud je ndm znamo, tato nami prokazana mutace
dosud nebyla u von Hippel Lindauova syndromu popsana.

U détskych feochromocytomt byla prokazéana souvislost mezi lokalizaci nadoru,
mutovanym genem a chromozomalnimi zménami. Zajimava je Cast¢jsi delece v oblasti
11. chromozomu. V této oblasti se nachazi fada gent, které by mohly mit vliv
na inicializaci nadorového onemocnéni [37]. Pro vznik feochromocytomt bude
pravdépodobné nutnd vice nez jedna genetickd zména a tyto zmény jsou Casto odlisné

u paragangliomt a feochromocytomi.
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3.2 Mechanismy rezistence neuroblastomovych bunék

k ellipticinu (Prace Ill)

3.2.1 Ellipticin a jeho lé¢ebné vyuziti

Ellipticin  (5,11-dimethyl-6H-pyrido[4,3-b]carbazole) je alkaloid, izolovany
z rostlin Celedi Apocyanaceae (jako jsou (Ochrosia borbonica, Excavativa cocinea).
Poprvé byl izolovan vroce 1959 zlisthi stile zeleného stromu Ochrosia elliptica
rostoucitho v Oceénii. Jeho protinadorova aktivita je popsdna experimentdlné [38]
1 v klinickych studiich [39]. Od 70. let 20. stoleti byly polarné;si derivaty ellipticinu (9-
methoxyellipticin a 2-methyl-9-hydroxyellipticin) ve form¢ acetaitu (NMHE) uspésné
pouzivany ve Francii k 1é¢bé karcinomu prsu s kostnimi metastazemi, akutni
myeloblastické leukémie a anaplastického karcinomu §titné zlazy [39]. Ellipticin také
inhibuje retrovirovou integrazu viru HIV a je proto zkouman jako mozny 1¢k u AIDS
[40]. Za hlavni cytotoxicky a protinadorovy ucinek ellipticinu a jeho derivati
je povazovana interkalace do DNA a inhibice topoizomerazy II alfa (TOP2A) [41, 42].
Dale bylo zjisténo, Ze ellipticin je schopen aktivovat mutantni p53 a selektivné inhibuje
fosforylaci proteinu p53, coZ by mohlo mit vyznam u zhoubnych nadorti s mutaci p53
[43]. Rovnéz narusuje energetickou rovnovahu bun¢k odprahovanim oxidativni
fosforylace v mitochondriich [44] a zabranuje proliferaci bunck regulaci exprese
cyklinu B1 a Cdc2 a fosforylaci Cdc2 [45]. Haag a spolupracovnici popsali ellipticinem
zprostfedkovanou apoptézu indukovanou stresem endoplasmatického retikula [46].
Divodem zajmu o ellipticin je jeho vysoka Uc¢innost proti nadorovym bunkam jiz
v koncentracich od 0,1 — 1 uM [47] a jeho relativné nizké toxické ucinky. Limitujici
toxicitou je xerostomie (asialie), kterd miize vyvoldvat dals§i nezddouci U€inky jako jsou
monilazy nebo anorexie. S vyjimkou nefrotoxicity, kterd je svym mechanismem vzniku
podobna nefrotoxicité¢ cisplatiny, jsou dalsi vedlejsi nezadouci ucinky ellipticinu
minimalni. Hematologickd toxicita, kterd limituje davkovani vétSiny cytostatik, je
prakticky nulova [48]. Ellipticin a jeho 9-hydroxyderivat vykazuji mutagenni aktivitu
vici kmentim Escherichia coli, Neurospora crassa, Salmonella typhimurium 1 vici
buitkam savéim [49]. Pii 1écbé byla pozorovana individudlni variabilita v odpovédi
pacientli na podané 1é¢ivo. Vysvétlenim miize byt rozdilna individualni vybava enzymy

dilezitymi pro Dbiotransformaci ellipticinu (cytochromy P450, cyklooxygendza,
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myeloperoxidaza). Tyto enzymy aktivuji 1é¢ivo na terapeuticky ucinnéjsi derivaty, které

vytvareji s DNA kovalentni adukty poskozujici nadorové buiiky [50].

3.2.2 Genetické zmény vyvolané kultivaci s ellipticinem a jejich

srovnani s ostatnimi cytostatiky

Cytogenetické zmény nadorovych bunéénych linii vzniklé v pritbé¢hu pasazovani
bunék je obtizné rozlisit od cytogenetickych zmén indukovanych cytostatikem [51].
Bunééné linie odvozené od solidnich nador vykazuji mnozstvi cytogenetickych zmén,
stejn¢ tak od nich odvozené chemorezistetni dcetiné linie [52]. OdliSeni zmén, které
jsou charakteristické pro parentalni bunécnou linii a nové vzniklé zmény u dcetiné linie
umoziuje pouziti modifikace CGH soucasné hybridizace ridzné fluorescencné
znacenych DNA z mateiské a rezistentni linie (Obrazek ¢. 5). Timto postupem
se zachyti pouze zmény vzniklé selekénim procesem [53]. VySetfeni pomoci CGH
a doplnéné¢ o analyzu mFISH a iFISH (Obrazek ¢. 5) detekuje jak balancované,
tak nebalancované zmény napti¢ genomem [54].

U chemorezistentnich nadorovych bunék je Cast¢é zmnozeni nebo amplifikace
oblasti 7q21, kde se nachazi gen MDRI kodujici P-glykoprotein [52]. U bunécné linie
UKF-NB-4 piipravené z chemorezistentiho relapsu je zmnozena oblast 7q21. Po jeji
dlouhodobé inkubaci v médiu s ellipticinem se naopak pocet kopii 7q21 snizuje
a rezistentni linie jiz zadné nadbytecné kopie nevykazuje. Analyza exprese na urovni
proteinu odhalila snizenou expresi P-glykoproteinu. Na rozdil od linie rezistentni
k doxorubicinu, kterd vykazuje 3,5 nasobek nariistu exprese, exprimuje linie rezistentni
k ellipticinu P-glykoprotein v poloviénim mnozstvi ve srovnani s parentalni linii [54].

Kratké raménko 16. chromozému s lokalizaci genu ABCCI kodujici jeden
z ABC transportéri (multidrug resistence protein 1, MRPI1, 16pl13.1) byva
v neuroblastomovych buitkdch zmnozeno [55] a jeho souvislost s rezistenci
k doxorubicinu je zdokumentovana [56]. Obdobné byva v neuroblastomovych butikach
zmnozena oblast 12. chromozomu s lokalizaci genu LRPI (low density lipoprotein
receptor-related protein 1, 12ql13-14) [55]. Zadna ztéchto cytogenetickych zmén
se v linii rezistentni k ellipticinu nevyskytuje. N&které zmény exprese nemaji podklad
ve zménach genému. Naptiklad snizeni exprese CD56 (NCAM, neural cell adhesion

molecule) nalezené v rezistentni linii k ellipticinu, které je popisovano i u linii

132



Disertacni prace Sledovani chemorezistence détskych
nadord molekularné cytogenetickymi metodami

rezistentnich k vinkristinu a doxorubicinu [57], neni u linie rezistentni k ellipticinu

provazeno zvySenim poctu kopii oblasti 1123 (lokalizace genu pro NCAM) [54].

Obrazek ¢. 5: Detekce zmén u chemosenzitivni a jeji dceriné linie rezistentni
k ellipticinu. Metodou CGH byl ziskan pomér intenzit fluorescence mezi senzitivni
UKF-NB-4 (znacena zelen€) a kontrolni DNA (znacena cCerven¢). Linie UKF-NB-4
vykazuje ztratu oblasti 17p13 a zmnoZeni oblasti 17q. Rezistentni linie UKF-NB-4""1
(znacena zelen€) vykazuje zmnozeni oblasti 17p13 a ztratu dlouhého raménka 17.
chromozomu (ve srovnani s UKF-NB-4 znacCenou cerveng). VySetteni iIFISH sondami
ON ERBB?2, Her-2/neu (17q12) / SE 17 (KREATECH Diagnostics, The Netherlands),
ur¢i pocty kopii u obou vySetiovanych linii. Linie maji trizomii 17. chromozému
(centromérickd sonda SE 17 znacena zeleng), UKF-NB-4 ma& zmnoZenou oblast 17q
(5 &ervenych signalii) zatimco linie UKF-NB-4"' ztratila nadbyteéné kopie 17q
(3 cervené signaly) a pocet kopii odpovida trizomii 17. chromozomu. VySetfeni iIFISH

koresponduje s CGH profilem.
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3.3 Zmény poctu kopii onkogenu MYCN a jeho exprese
ovlivnéné pusobenim cytostatik v neuroblastomovych burikach
(Prace V a Vi)

3.3.1 MYCN

Produktem genu MYCN (V-myc myelocytomatosis viral related oncogene,
neuroblastoma derived) je jaderny fosfoprotein N-myc s vazebnou afinitou k DNA
ovlivitujici transkripci. N-myc se podili na regulaci bunééného cyklu, na bunéc¢ném
ristu, na programované bunééné smrti [58] a je nezbytny pro vyvoj a diferenciaci
neuroektodermu. Ve zdravych buiikdch je N-myc exprimovan pouze v embryondlnich
tkanich, v dospélych nenadorovych buiikach je jeho exprese velmi nizka nebo zcela

chybi [59].

3.3.2 Numerické zmény onkogenu MYCN v prubéhu in vitro

chemoteparie

MYCN patii do MYC genové rodiny zahrnujici MYC, MYCN a MYCL. MYCN
byl prvnim popsanym onkogenem jehoz amplifikace byla nalezena v naddorech. Prikaz
jeho amplifikace ziskal velky klinicky vyznam diky vztahu s velmi Spatnou prognézou
u neuroblastomu [60, 61]. MYCN je lokalizovan na 2. chromozému v oblasti 2p24.
V pribéhu vzniku nddoru miZe dochazet k mnohonasobné duplikaci gent, které
nadorové buiice pomahaji v rychlejsim déleni a mohou téz zptisobit odolnost buiky viici
u¢inkim cytostatik. Mechanismus vzniku amplifikace MYCN v neuroblastomu je stale
nezndmy, ale zda se, Ze nejlépe odpovida tzv. ,replication - excision” modelu [62].
Pii kterém je DNA opakované replikovand pouze v jedné chromozomalni oblasti,
nadbytecnd DNA je nasledné¢ vystfizena a pietrvava ve formé malych parovych
acentrickych extrachromozomalnich chromatinovych télisek, tzv.,double minutes*
(double-minute chromatin bodies). Tato extrachromozomalni DNA milze byt
integrovana do jiného chromozému v podobé intrachromozomalni homogenné
se barvici oblasti (Homogenously Staining Regions, HSR) [63], kde muze byt dale
amplifikovana. ,,Double minutes* piedstavuji nejcastéjsi usporddani amplifikované¢ho
genu MYCN v buiikkdch neuroblastomu, ale vbun&nych liniich odvozenych
od neuroblastomu je amplifikace MYCN ve form¢ ,,double minutes® méné Casta.

Amplifikace MYCN piedstavuje obvykle 50-100 kopii [64]. Prognosticky vyznam
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presného poctu kopii amplifikovaného MYCN nebyl dosud prokézan, protoze nadorové
bunky obsahujici nejméné ctyfi kopie MYCN na jeden 2. chromozom, jsou vzdy
agresivni. ZmnoZeni poctu kopii genu MYCN Kklasifikujeme do dvou skupin. Gain
pfedstavuje zmnozeni kopii nepifesahujici ctyfndsobek poctu referencnich signala
odpovidajici kontrolni sondé¢ na dlouhém raménku 2. chromozému (2q signal)
pii vySetfeni FISH. Gain mize byt podminén jak zmnoZenim samotného genu MYCN,
tak celého kratkého raménka 2. chromozému (2p gain), které je u neuroblastomu
nezéavislym prognostickym faktorem [5].

MYCN amplifikuje v ¢asném stadiu vyvoje nddoru a v dalSim pribéhu
onemocnéni se amplifikace zpravidla neméni. Presto existuji experimentalni i1 klinické
prace popisujici po¢etni zmény MYCN v nadorovych buiikach. Casto se jedna o reakci
bunck na chemoterapii [65]. Vypuzovani amplifikovanych kopii gend bylo v minulosti
popsano pouze u amplifikace typu ,,double minutes* [66, 67]. Ztraty nadbytecnych
amplifikovanych kopii genu MYCN ve formé& double minutes byly pozorovany jak
v bunkéach ziskanych od pacientd, tak v buiikach z linii [68-70]. Nejpravdépodobnéj$im
mechanismem ztrdt kopii je formovani tzv. mikrojader obsahujicich nadbyte¢né
kopie MYCN. Tato ,,mikrojadra“ jsou vypuzena do cytoplasmy, kde jsou degradovana
[67]. Spontanni vypuzovani mikrojader je zpravidla pomalé, ale mize byt zrychleno
pusobenim cytostatik, zejména hydroxyurey. Bylo zjisténo, Ze ubytek amplifikovanych
kopii snizuje tumorigenicitu nadorovych bun€k [66]. Vypuzovani nadbyte¢nych kopii
MYCN z oblasti HSR pii kultivaci s cytostatiky jsme jako prvni popsali az v roce 2010
[63]. Na druhé strané jsme také nalezli zvySeni poctu kopii MYCN u diploidni
neuroblastomové linie jako nasledek in vitro chemoterapie, ktera navodila
chemorezistenci (Prochdzka P., submitted 2012). Tento nalez by mohl vysvétlit
popsanou hor$i prognézu pacientli se zmnozenim MYCN [71, 72]. Wasenius a kol.
nalezli zmnozeni MYCN v bunéénych liniich odvozenych od nadort vajeéniki
s rezistenci k cisplatiné [73], ale zmnozeni MYCN u linie neuroblastomu pii vzniku
chemorezistence dosud neni v literatufe uvadéno. Vys§i exprese mRNA MYCN

u neuroblastomové linie se zmnozenim MYCN je v souladu s praci Valenta a kol. [74].

3.3.3 Vyznam onkogenu MYCN v chemorezistenci neuroblastomu

Efektivni terapie déti s neuroblastomem vysokého rizika (HR NBL) ziistava

jednou znejvétsich vyzev pro détské onkology. Za dvé posledni desetileti bylo

135



Diserta¢ni prace Sledovani chemorezistence détskych

nadord molekularné cytogenetickymi metodami
zavedeno mnoho novych lécebnych postupti zalozenych na indukéni terapii platinovymi
cytostatiky [75]. Bohuzel intenzivni chemoteparie muze vyvolat genetické nebo
expresni zmény u neuroblastomovych bunék. Tyto zmény pak mohou zplsobit vznik
rezistence k pouzitym lé¢ivim a chemoterapie se pak stdva neucinnou. Resistence
nadorovych bunck k platinovym cytostatikim je v souCasné dob¢ predmétem
intenzivniho zajmu [76-78]. Lékova rezistence je Castd u déti s diagnostikovanym
neuroblastomem zejména pokud neuroblastomové bunky obsahuji amplifikovany nebo
zmnozeny onkogen MYCN spojeny s jeho vysokou expresi [79]. Vysoka exprese mRNA
MYCN je asociovana s nepfiznivou progndézou u nadord s amplifikaci MYCN [2],
ale v nadorech bez amplifikace MYCN naopak ptedstavuje znamku ptiznivejsi prognozy
[80]. Vysoka exprese MYCN v neuroblastomech s amplifikaci MYCN muze byt
vysvétlena faktem, ze kopie amplifikovanych genil jsou aktivné piepisovany a zvySeny
pocet genovych kopii zplsobuje vyssi expresi [81, 82]. ZvySena exprese gend z rodiny
MYC navozuje rychlé bunécné déleni, proliferaci, inhibuje diferenciaci, stimuluje
angiogenesi, snizuje bunécnou adhezi, zvySuje genomickou nestabilitu a indukuje
maligni vlastnosti neuroblastomovych bun¢k [81, 83]. N-myc je zodpovédny za fizeni
apoptdzy v riznych bunkach zahrnujicich buniky neuroblastomu a buiiky s navozenou
apoptdézou pomoci cytostatik. Neuroblastomové buinky s amplifikaci MYCN, a s tim
spojenou zvysSenou expresi, mohou odolavat 1é¢bé pouze tehdy, pokud maji porusené
apoptotické dréhy, naptiklad downregulaci kaspaz [84]. N-myc miiZze také pfispivat
ke vzniku chemorezistence nddorovych bunék regulaci exprese specifickych gent

kodujicich ABC transportéry, které ovlivituji efflux cytostatik z nddorovych bunék [85].

3.3.4 Terapeutické vyuziti MYCN/N-myc

Chemorezistentni vlastnosti bun¢k neuroblastomu vysokého rizika predstavuji
zévazny problém pii pouziti klasické cytostatické 1écby. Jak jiz bylo vyse uvedeno,
amplifikace MYCN a jeho zvySena exprese zpusobuji agresivni chovani
neuroblastomovych bun¢k spojené s ovlivnénim fady dilezitych bunécnych procest.
Proto se MYCN a jeho protein N-myc stavaji cilem nové vyvijenych terapeutickych
postupti [86]. V soucasné dobé se vI1écbé neuroblastomu pouzivad intenzivni
chemoterapie, chirurgicka resekce nadoru, myeloablativni chemoterapie s autologni
transplantaci, radioterapie, 13-cis retinovd kyselina, v nékterych protokolech

i systémové radioterapie I'*'meta iodobenzyl guanidinem (MIBG) nebo monoklonalni
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protilatky proti disialogangliosidu GD2. V klinickych studiich u neuroblastomi
s amplifikaci MYCN se nyni testuje pouziti napt. temozolamidu, fenretinidu, inhibitora
proteazdmu, nifurtimoxu, cixutumumabu [87]. SniZzeni exprese N-myc by mohlo
obnovit genomickou stabilitu buné€k a pii odpovidajici funkci proteinu p53 v kombinaci
s vysokymi davkami cytostatik mize zlepsit vysledky 1é€by neuroblastomu. Ke snizeni
exprese je mozné pouzit RNA interferenci, ktera eliminuje nadmérnou expresi mRNA
MYCN [88]. Z experimentalnich vysledki vyplyva, ze RNAi je spojena s aktivaci
kaspazy 3, upregulaci p27 a downregulaci Bcl-2 a MDM2. SniZeni exprese MYCN
navozené pomoci lentivirového vektoru v bunikdch neuroblastomovych linii IMR-32
a LAN-1 vyznamné snizuje rist nadoru in vitro i in vivo [89]. Dal§i moznosti
je downregulace cilovych proteint, kter¢ N-myc ovliviiuje. Jako potencialné vhodné
cile terapie se jevi Dickkopf3 (DKK3), MDM2 a SKP2, spolecné s ovlivnénim
signalizanich drah CDC42 a WNT [90]. Exprese tumor supresorového genu DKK3
se zvysuje po deaktivaci MYCN v neuroblastomovych liniich IMR-32 a SK-N-BE [91].
Pouzitim RNA interference proti MDM2 bylo zjisténo, ze MDM2 pozitivné ovliviiuje
expresi MYCN v neuroblastomovych liniich LA1-55N (p53-null) a NB-1691 (p53 wild
type) s amplifikaci MYCN pomoci p53 nezévislé regulace jak na trovni stabilizace
mRNA, tak translace. Na druhou stranu v linii SHEP-Tet/21N, kterd nema amplifikaci
MYCN, RNA interference proti MDM2 expresi MYCN neovlivituje [92]. Vysoka
exprese regulatoru bunéného cyklu SKP2 ma velky vyznam ve vyvoji a progresi
neuroblastomd bez ohledu na pocet kopii genu MYCN [93]. Pokud je MYCN
deregulovan, dochazi k aktivaci a overexpresi SKP2, coz ovliviluje bunééné déleni
neuroblastomovych bunék [94]. U linii SHEP-2, SHEP-21N a SK-N-AS byl popsan
mechanismus inaktivace CDC42 pomoci RNA interference a naznaceny moznosti jeho
vyuziti v klinické praxi [95]. Jiz od devadesatych let minulého stoleti, kdy byla aktivace
WNT signalizace poprvé prokazdna u melanomu a karcinomu tlustého stfeva,
se farmaceuticky a biotechnologicky pramysl zacal zabyvat vyvojem efektivnich
inhibitort WNT signalizace. Navzdory tomuto dlouhému vyvoji stile jeste nebyly

vyvinuta lé¢iva pouzitelnd ke klinickym zkouskam [96].
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4 Zaveéry

Tato prace se =zabyvad chemorezistenci détskych nadori a detekci
cytogenetickych zmén které s ni souvisi. Prikaz téchto chromozomalnich aberaci mize
prispét k uréeni progndzy a predikce efektu 1écby. VétSinu vysledkli jsme ziskali
studiem neuroblastomu.

V prvni ¢asti této prace byla zpracovana literarni reSerSe genetickych zmén
u Ewingova sarkomu v souvislosti se zavadénim novych molekuldrné cytogenetickych
metod jako je CGH a aCGH doplnénd o vlastni vysledky. V druhé ¢asti prace byly
metodami CGH a aCGH popsany cytogenetické zmény u détskych feochromocytomii
a paragangliomi. Byly identifikovany bézné popisované cytogenetické zmeény
v chromozomovych oblastech 1p, 3, 3p, 11, 11p. Piestoze byli do studie zahrnuti pouze
4 pacienti, jedna se o jeden znejvétSich soubori podrobné geneticky vysSetfenych
détskych feochromocytomt.

Stézejni ¢asti celé prace je studie, kterd navazuje na analyzu ucinku ellipticinu
na bunky neuroblastomu a rozSifuje ji o poznatky tykajici se chemorezistence
k ellipticinu, 1é¢ivu vyuZzitelnému u neuroblastomu. V laboratofi biologie solidnich
nadort Kliniky détské hematologie a onkologie byla pfipravena dlouhodobou kultivaci
neuroblastomové linie UKF-NB-4 v mediu s cytostatikem dcefind rezistentni linie.
Porovnali jsme rustové charakteristiky in vitro 1 in vivo parentalni (senzitivni)
1 rezistentni linie a detekovali cytogenetické zmény na urovni DNA, zmény exprese
mRNA a vybranych proteini. Bylo zjisténo, ze ABC transportéry se neuplatiuji
v chemorezistenci k ellipticinu, naopak vyznamna je upregulace topoizomeraz a Bcl-2.
Jako doplitkkové mechanismy byly identifikovany upregulace enzymi oxidativni
fosforylace, bunécného dychéani, V-ATPazy, aerobni respirace, spermine syntetdzy
v kombinaci s pomalejsim rtstem. Studie potvrzuje, Ze chemorezistence naddorovych
bunék neptedstavuje jeden mechanismus, ale komplex mechanismi, které se vzajemné
dopliuji. Z tohoto divodu bude k jejich piekonani nutny komplexni ptistup.
amplifikace onkogenu MYCN. V této praci byly detekovany zmény v poctu kopii
a exprese mMRNA MYCN pfi kratkodobé nebo dlouhodobé in vitro 1é€bé. U linii IMR-
32 a UKF-NB-4 jsme prokazali vypuzovani amplifikovanych kopii z oblasti HSR
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po ucinku cytostatik cisplatiny, doxorubicinu, vikristinu a zvlast¢ hydroxyurey.
Vypuzovani MYCN amplifikovaného ve formé double minutes je zndme, ale jako prvni
jsme prokazali vypuzovani amplifikovaného genu z HSR vyvolavajici ztratu
jednotlivych kopii nebo i celého HSR. Naproti tomu u linie SK-N-AS, kterd nema
MYCN amplifikovan, jsme nalezli po inkubaci zvySeni poctu kopii MYCN.
Po dlouhodobé kultivaci s cisplatinou, ktera indukuje chemorezistenci, se zvySuje
exprese MYCN pietrvavajici 1 behem kultivace bez cisplatiny. Vyssi expresi MYCN lze
povazovat za charakteristickou vlastnost chemorezistentnich neuroblastomovych bunék.
Tyto vysledky jsou vyznamné, protoze v terapii neuroblastomu se uvazuje o vyuZziti
onkogenu MYCN jako cile cilené 1écby napt. zablokovanim genu nebo utlumeni jeho
exprese RNA interferenci.
Vysledky prezentované v této praci rozsifuji poznani o chemorezistenci détskych
nadorovych onemocnéni, kterda je jednou znejvyznamnéjSich pfi¢in selhani

Ay

zménach spojenych s jejim vznikem.
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