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Abstrakt

Nadorova onemocnéni jsou i pies veskeré pokroky v onkologické diagnostice a terapii druhou
nejcastéjsi pricinou umrtnosti. Proto je nasSi snahou pfispét ke zlepSeni této situace. Cilem
disertacni prace bylo studium vlivu dvou protinadorovych 1é¢iv ellipticinu (Elli) a
doxorubicinu (DOX) na vybrané nadorové i zdravé bunécné linie. Zvlastni ztetel byl kladen
na rozSifeni soucasnych znalosti o metabolismu a cytostatickych ucincich Elli v
neuroblastomovych bunéénych liniich. Jednalo se také o objasnéni mechanismu vzniku
resistence nadorovych bunék vici Elli a vysvétleni, jaky vliv na protinadorovou 1é¢bu mohou
vykazovat inhibitory histondeacetylas. V neposledni fad¢ bylo cilem vyvinout apoferritinovy
(Apo) nanotransportér, ktery by byl vhodny pro transport cytostatik do nadorovych bunck. V
disertacni praci bylo zjiSténo né€kolik zasadnich poznatkli. Cytochrom P450 (CYP) 3A4
oxiduje Elli na metabolity, jez tvoii dva kovalentni adukty s DNA. Tvorba aduktii byla
pozorovana také v piipadé, kdy byl CYP3A4 enkapsulovan do nanocésticovych systému,
konkrétng systémi liposomi &i Supersomt' ™. Mnozstvi aduktil bylo zavislé na koncentraci
enkapsulovaného CYP3A4. Supersomalni' ™' CYP3A4, ve srovnani s liposomalnim CYP3A4,
generuje vetsi mnozstvi aduktii s DNA diky ptitomnost urcitych typi lipida a proteinti nebo
cytochromu bs. Nanocasticové formy CYP3A4 mohou byt ucinné pro pienos enzymu do
nadorové tkané, kde mohou efektivné aktivovat ellipticin. Zjistili jsme, Ze jednim
z mechanismti, které piispivajici ke vzniku resistence neuroblastomovych bunék vii¢i Elli je
sekvestrace cytostatika v lysosomech téchto bunék. Elli je tak pfitomny v jadrech a
cytoplasmé bun¢k v nizkych koncentracich a jeho cytotoxické ucinky jsou snizeny.
Sekvestrace je zavisla na expresi vakuolarni (V)-ATPasy. Inhibitory V-ATPasy snizuji
vakuolizaci Elli v lysosomech, a tim zvysuji jeho cytostatické ucinky v nddorovych bunkach.
Pti studiu vlivu inhibitoru histondeacetylas valproatu (VPA), s cilem potencovat cytotoxické
ucinky Elli v neuroblastomovych bunéénych liniich, jsme zjistili synergisticky u¢inek obou
léciv. Jejich synergicky ucinek byl patrny pouze pfi soucasném podani obou l€kid nebo
v ptipad¢ plsobeni nejprve samotného Elli nasledovaného VPA. VPA zvySuje acetylaci
histontt H3 a H4, kter4 je dilezita pro zptistupnéni DNA metabolitim ellipticinu, vedoucimu
k tvorbé kovalentnich aduktii s DNA, které jsou hlavnim mechanismem t¢inku tohoto 1é¢iva.
Jako jeden z pfistupli, jak redukovat nezadouci Ucinky cytostatik, bylo studium pouZiti
nanocastic Apo pro cileny transport cytostatik. Apo je selektivné rozpoznan membranovymi
receptory SCARAS a TfR1, jeZ jsou exprimovany mnoha nddorovymi buikami. Elli

enkapsulaci neztrati svou cytotoxickou aktivitu. Zarovenn je schopen vstupovat do jader



neuroblastomovych bunék, kde poskozuje DNA. Naopak v nenddorovych fibroblastech je Elli
uvolnény z Apo sekvestrovan v lysosomech a jeho cytotoxické ucinky jsou tak vyrazné
snizeny. Povrch Apo lze navic konjugovat protilatkami proti specifickym antigenim
exprimovanym na povrchu nadorovych bunék. Proto byl v praci navrzen, pfipraven a
charakterisovan nanotransportér (s enkapsulovanym DOX), ktery byl selektivné cileny
protilatkou proti specifickému prostatickému membranovému antigenu, jez je exprimovan
prostatickymi nddorovymi bunikami. Pfipraveny nanotransportér specificky ,cilil“ na
testované nadorové buiiky. Navic, modifikace jeho povrchu protilatkou snizila toxické u€inky

DOX ve zdravych buiikach.

Kli¢ova slova: apoferritin, chemoresistence, cytochromy P450, doxorubicin, ellipticin,
inhibitory histondeacetylas, nddorové bunéné¢ linie, nador prostaty, nanocastice,

neuroblastom



Abstract

Despite advances in cancer diagnosis and therapy, cancer is the second leading cause of death
globally. The improvements of cancer treatment are the major challenge in this research. The
aim of the thesis was studying of effects of two anticancer drugs ellipticine (Elli) and
doxorubicin (DOX) on some cancer and healthy cell lines. Specific consideration was given
to expand current knowledge about the metabolism and cytostatic effects of Elli in
neuroblastoma cell lines. Another part of this study was focused on mechanisms contributing
to the development of ellipticine-resistance in cancer cells and influence of histone
deacetylase inhibitors on anticancer therapy was investigated. Moreover, the aim was to
develop apoferritin (Apo) nanocarrier suitable for the active transport of cytostatics to cancer
cells. Several essential data were found in this doctoral thesis. Anticancer efficiency of Elli
depends on the CYP3 A4-mediated metabolism in cancer. The CYP3A4 enzyme encapsulated
into two nanoparticle forms, liposomes and Supersomes'", was tested to activate ellipticine to
its reactive species forming covalent DNA adducts. The formation of adducts seems to be
dependent on concentrations of CYP3A4 in nanoparticle systems. A higher effectiveness of
CYP3A4 in Supersomes' ™ than in liposomes to form ellipticine-DNA adducts was caused by
the presence of all spectrum of membrane-making lipids, proteins and cytochrome bs.
Nanoparticle forms of CYP3A4 seem to be suitable for delivery of the enzyme to cancer cells.
The results found in this study demonstrate that sequestration of Elli into lysosomes of
neuroblastoma cells is one of the mechanisms contributing to the development of Elli-
resistance in these cells. This sequestration resulted in lower cytoplasmic concentrations of
Elli and less nuclear accumulation and therefore also lower toxic effects to these cells. We
demonstrated that this resistance is dependent on upregulation of the vacuolar (V)-ATPase.
Pretreatment with V-ATPase inhibitors decreased sequestration of Elli in lysosomes and
enhanced the cytotoxicity of this anticancer drug. The influence of histone deacetylase
inhibitor valproate (VPA) combined with Elli on neuroblastoma cells was investigated. The
synergism of their efficacy was detected only after either simultaneous exposure to these
drugs or after pretreatment of cells with Elli before VPA. VPA increases the acetylation of
histones H3 and H4 that is important to improve binding of Elli to DNA leading to the
formation of covalent adducts with DNA which is the most important mechanism of
anticancer effect of Elli. One of the approaches to decrease the adverse effects of drugs is
their encapsulation inside a suitable nanocarrier, Apo, allowing for a targeted delivery to

tumor tissue whereas avoiding healthy cells. Apo is selectively recognized by membrane



receptors SCARAS and TfR1, highly expressed in many cancer cells. Elli either free or
released from Apo was concentrated in the nuclei of neuroblastoma cells. In fibroblasts the
higher amounts of Elli were sequestrated in lysosomes that resulted in the lower cytotoxic
effect of cytostatic. In addition, to enhance the nanoparticle specificity, targeting antibodies
can be bind to Apo. Herein, we describe a novel approach for targeting of Apo (encapsulating
DOX) to prostate cancer using antibodies against prostate specific membrane antigen that is
overexpressed in prostate cancer cells. Prepared nanocarrier specifically targeted cancer cells.

Modification of its surface reduced toxic effects of DOX in healthy cells.

Key words: apoferritin, chemoresistance, cytochromes P450, doxorubicin, ellipticine, histone
deacetylase inhibitors, cancer cell lines, prostate cancer, nanoparticles, neuroblastoma

(In Czech)



1. UVOD A PREHLED LITERATURY

1.1. Karcinogenese a znaky nadorovych bunék

Nadorova onemocnéni jsou jednim z hlavnich problémi vetejného zdravi na celém svéte a
druhou nejéastéjsi pii¢inou umrtnosti. Kazdy rok je v Ceské republice nové diagnostikovano
kolem 80 tisic pacientii se zhoubnym novotvarem a rocné na né umird 30 tisic osob
(www.linkos.cz; www.szu.cz, www.svod.cz).

Nadorové onemocnéni je zptisobeno kombinaci genetickych faktorti a faktorti okolniho
prostiedi (chemickych, fyzikalnich a biologickych). Vicestupiiovy proces karcinogenese, pti
kterém nador vznika a vyviji se, je vysledkem interakce genetickych a epigenetickych zmén
ve zdravé bunce, kterd se postupné meéni na buitku nddorovou. Proces karcinogenese lze

Charakteristickymi znaky nadorovych buné€k je neomezeny replikaéni potencial,
nezavislost na rtstovych faktorech, necitlivost vii¢i antiapoptotickym signalim, resistence
vuci apoptose, zvySeny anaerobni metabolismus, zvySena angiogenese, tkanova invasivita a

metastasovani (Hanahan a Weinberg, 2011).

1.2. Chemoterapie

Chemoterapie je protinddorova lécba vyuzivajici terapeutickych u¢inki chemickych latek
toxickych pro buiikky — cytostatik. Jedna se o systémovou lécbu, kdy chemoterapeutika
obvykle zasahuji do bunééného cyklu a/nebo metabolickych procest nadorovych bunék, a tim
brani bunkam v dal§im déleni. Cytostatika ptisobi neselektivné. Na 1é¢bu jsou citlivéjsi rychle
se d¢lici buiiky, coz nezahrnuje jen bunky nadorové, ale téz bunky fysiologicky se vyznacujici

rychlym délenim a vysokou incidenci mitos (Klener, 2011).

1.2.1. Ellipticin

Ellipticin (5,11-dimethyl-6H-pyrido[4,3-b]karbazol) je rostlinny alkaloid vykazujici
vysokou protinddorova aktivitu a relativné nizké vedlejsi toxické ucinky (Stiborova et al.,
2003; DeMarini, 1983). Pfesny mechanismus, jakym ellipticin navozuje apoptosu, neni znam.
Predpoklada se, Ze plisobi kombinovanym mechanismem zpusobujicim zastavu bunééného

cyklu zaloZenym na:



1) interkalaci do dvousroubovicové struktury DNA, kterd vyplyva z tvaru a velikosti
molekuly ellipticinu (Stiborova et al., 2004, Stiborova et al., 20006),

2) inhibici topoisomerasy II, kterd vede k tvorbé dvouvlaknovych zlomt DNA (Froelich-
Ammon et al., 1995),

3) inhibici fosforylace proteinu p53, kdy nahromadéni defosforylovaného p53 muze
indukovat apoptosu (Ohashi et al., 1995),

4) inhibici oxidacni fosforylace, kdy ellipticin snizuje mnozstvi ATP v mitochondriich a
naruSuje tak energetickou rovnovahu bunky (Schwaller et al., 1995),

5) inhibici telomeras (Auclair, 1989),

6) tvorbé aduktt s DNA, kdy je ellipticin v prubéhu metabolismu aktivovan na
metabolity, které se kovalentné vazou na DNA, ellipticin tedy mize plsobit jako
alkyla¢ni Cinidlo (Stiborova et al., 2001; Stiborova et al., 2003; Stiborova et al.,
2004).

Ellipticin je vorganismu biotransformovan cytochromy P450 (CYP) na 5
hydroxylovanych metaboliti - 7-hydroxyellipticin, 9-hydroxyellipticin, 12-hydroxyellipticin,
13-hydroxyellipticin a N-oxid ellipticinu (Stiborova et al., 2004) (Obr. 1). Z lidskych CYP se
na detoxikaci ellipticinu podili zejména 1A1, 1A2, 1B1 a na aktivaci pak 3A4, 2C9, 2D6 a
1A2 (Stiborova et al., 2003; Stiborova et al., 2006). Detoxika¢ni metabolity ellipticinu (7-
hydroxyellipticin a 9-hydroxyellipticin) vstupuji do II. fdze biotransformace a jsou z téla
vylutovany, zatimco aktivaéni metabolity (12-hydroxyellipticin, 13-hydroxyellipticin a N°-
oxid ellipticinu) jsou zodpovédné zejména za tvorbu kovalentnich aduktti s DNA (Stiborova

et al.,2007).
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Obr. 1: Oxidace ellipticinu lidskymi cytochromy P450 a peroxidasami na metabolity
ellipticinu, které tvori adukty s DNA. Slouceniny v zavorkdach nebyly dosud experimentalné
prokazany (prevzato ze Stiborova et al., 2008).

1.2.2. Doxorubicin

Ackoli je antracyklinové antibiotikum doxorubicin rozsahle klinicky vyuzivano, ptresny
mechanismus jeho protinadorového ucinku neni znam. Piedpoklada se, ze klicové budou

ucinky doxorubicinu zaloZené na:

1) interkalaci do DNA vedouci k inhibici syntesy DNA, RNA a proteinli (Gewirtz,
1999);

2) tvorbé volnych radikali a reaktivnich forem kysliku (ROS), které zpiisobuji poskozeni
DNA nebo peroxidaci lipidii, pfedpokladd se, Ze tvorba ROS je odpovédna za
kardiotoxicitu antracyklinli (Marnett et al., 2003);

3) vazbé na DNA a jeji alkylaci (Minotti et al., 2004);

4) ,cross-linkingu® DNA (Gewirtz, 1999);



5) inhibici topoisomerasy II vedouci k tvorbé dvouvldknovych zlomi DNA a indukci

apoptosy (Binachi et al., 1997; Binachi et al. 2000).
1.2.3. Inhibitory histondeacetylas v 1é¢bé nadorovych onemocnéni

Inhibitory histondeacetylas (HDAC) jsou dobife tolerovany a klinicky ucinné proti
hematologickym malignitdm, ale nejsou U¢inné u solidnich nadort, pokud jsou pouzity
samostatné (Duvic et al., 2007; Modesitt et al., 2008; Luu et al., 2008). Vykazuji vSak
aditivni nebo synergické protinddorové ucinky v kombinaci s chemoterapeutiky, cilenymi
Iéky a radiac¢ni 1é¢bou (Rosato a Grant, 2004; Bhalla, 2005; Marks a Dokmanovic, 2005;
Bolden et al., 2006).

Kyselina valproova (VPA) se pouziva pfedevSim pii 1é€bé epilepsie, migrény, bipolarni
poruchy a dalSich psychiatrickych poruch (Chateauvieux et al., 2010). V poslednich letech je
testovana v klinickych studiich jako protinadorovy €k, protoZe plsobi jako inhibitor HDAC
(Terbach a Wiliams, 2009). Mechanismus ucinku valproatu na nadorové buiky neni zcela
objasnén. VPA piisobi jako inhibitor HDAC ttidy I a I (Gottlicher et al., 2001; Phiel et al.,
2001), aktivuje proteasomalni degradaci, inhibuje protein-kinasu C (Blaheta et al., 2002),
demethyluje DNA a ma antiangiogenni ucinky (Michaelis et al., 2004). Dilezitym
mechanismem protinadorového uc¢inku VPA je pravdépodobné hyperacetylace histonu H3 a
H4 a dalSich ,,nehistonovych® proteinti v disledku inhibice HDAC (Phiel et al., 2001).
Kyselina valproova je v poslednich letech zkouména zejména kvuli jejimu potencidlu v

protinadorové 1é¢bé kombinované s cytostatiky.

1.2.4. Nanotransportéry jako nosi¢e protinadorovych léciv

Nanotransportéry jsou submikronové c¢astice (obvykle < 500 nm) (Neubert, 2011), které
maji vzhledem k jejich velkému poméru povrchu k objemu schopnost ménit vlastnosti a
bioaktivitu 1éCiv. Jejich pouziti pii protinddorové 1écbé mlze vyznamné zlepsit
farmakologické a farmakokinetické vlastnosti cytostatik, zlepSit jejich biodistribuci, zvysit
stabilitu a rozpustnost léCiva, a snizit tak toxické neziddouci U€inky. Navic mohou
nanotransportéry nést soucasné i vice latek (Mishra et al., 2010).

Apoferritin (Apo) se fadi do skupiny proteinovych (peptidovych) nanocéstic. Apo se
ptirozené vyskytuje jako proteinova slozka ferritinu, kterd tvoii ,klec* kolem ionti Zeleza.
Tento intracelularni protein se sklada z 24 podjednotek s dutinou o priméru 8 nm. Vnitini

prostor je vhodny pro enkapsulaci protinddorovych léciv. Vyhodou apoferritinového



nanotransportéru je jeho internalisace do bun¢k prostfednictvim transferrinového receptoru
T{R1 nebo receptoru SCARAS (z angl. ,,scavenger receptor class A member 5°), které jsou
nadmérné exprimovany nékterymi nddorovymi bunikami. Navic tento pfirozené se vyskytujici
protein nevyvolavd zadnou imunitni odpovéd’ organismu a jeho povrch muze byt dale
modifikovan ligandy (Gallois et al., 1997; Kilic et al., 2012; Blazkova et al., 2013; Mendes-
Jorge et al., 2014).
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2. CIL DISERTACNI PRACE

I ptes veskery pokrok v nddorové diagnostice a terapii je 1é¢ba nadorovych onemocnéni
obtizna a terapeutické pristupy jsou ¢asto nedostacujici. Cilem predkladané disertacni prace
bylo proto studium vlivu protinadorovych IéCiv ellipticinu a doxorubicinu na vybrané
nadorové i nenadorové bunécné linie. Zvlastni zfetel byl kladen na rozsifeni soucasnych
znalosti o metabolismu a cytostatickych ucincich ellipticinu v neuroblastomovych bunéénych
liniich. Jednalo se také o objasnéni mechanismu vzniku resistence nadorovych bunck vici
ellipticinu a vysvétleni, jaky vliv na protinddorovou lé¢bu mohou vykazovat inhibitory
histondeacetylas. V neposledni fad¢ bylo cilem vyvinout apoferritinovy nanotransportér, ktery
by byl vhodny pro transport cytostatik do nddorovych bunék.

V réamci disertacni prace byly feSeny nasledujici problematiky:

e Metabolismus ellipticinu cytochromy P450 3A4 enkapsulovanymi

v r . I r o . o O TM
do nanocasticovych systémil liposomti a Supersomi .

e Mechanismus vzniku chemoresistence neuroblastomovych bunécnych linii

vici ellipticinu.

e Vliv kyseliny valproové, inhibitoru histondeacetylas, na cytotoxické ucinky ellipticinu
v neuroblastomovych buiikach, objasnéni mechanismu soucasného ptlisobeni obou

testovanych latek.

e Piiprava apoferritinového nanotransportéru pro enkapsulaci ellipticinu a testovani jeho

ucinkii na neuroblastomové linie a zdravé buiiky fibroblastii.

e Piiprava apoferritinového nanotransportéru pro enkapsulaci doxorubicinu cileného
do nadorovych bunék prostaty a testovani jeho ucinkd v nadorovych i1 zdravych

bunéénych linii.
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3. MATERIAL A METODY

Pii vypracovani disertacni prace byla pouzita tfada biochemickych a molekuldrng-
biologickych metod. Jejich podrobny popis je uveden v publikacich a rukopisu, které jsou
soucasti disertacni prace jako ptilohy ¢. 1 — 6.

Pro studium cytotoxicity a mechanismi ucinkl testovanych latek byly pouzity nadorové a
zdravé tkanové kultury. Stézejni Cast disertacni prace je zalozena na analyse bunck
pritokovym cytometrem a metodé **P-postalabeling.

Pritokova cytometrie je metoda zaloZend na méfeni fyzikalné-chemickych vlastnosti
buné¢k béhem jejich prichodu laserovym paprskem. Principem je pouziti fluorescenéné
znacenych latek pro sledovani pozadovanych povrchovych nebo intracelularnich znakt
bunék. Pred detekci je nutnd piiprava bunééné suspenze dle pozadovaného typu analysy.
V disertacni praci to byla detekce apoptosy zna¢enim Annexinu V (Apronex s.r.0., Jesenice u
Prahy, CR) a DAPI, priikaz bunék s aktivni caspasou-3 (Cell Signaling Technology, Danvers,
MA, USA), detekce dvouvlaknovych zlomii DNA (Biolegend, San Diego, CA, USA) a
analysa distribuce bunééného cyklu. Byly pouzity riizné ptistupy znaceni bunck vzdy dle
doporuceni vyrobce — nativni buniky pro detekci apoptosy a pro ostatni analysy byly bunky
permeabilizovany 90% methanolem a nasledné fixovany 4% formaldehydem. Bunécné
vzorky byly analysovany na zéklad¢ hydrodynamické fokusace v kapilafe cytometru LSR II
(BD, Franklin Lakes, CA, USA), kde jsou fluorescen¢ni znacky konjugované na protilatkach
excitovany lasery a emitované svétlo je detekovano a zaznamenano pro kazdou buiiku zvIast’.
Data byla vyhodnocena programem FlowLogic (Inivai Technologies, Mentone, Australia).

Analysy kovalentnich aduktii metaboliti ellipticinu s DNA byly provedeny prof. RNDr.
Marii Stiborovou, DrSc. na pracovisti Némeckého centra pro vyzkum rakoviny v Heidelbergu

metodou 32P—postlabeling (Stiborova et al., 2004).
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4. VYSLEDKY A DISKUSE

4.1.1. GENOTOXICITA ELLIPTICINU

4.1.2. Metabolismus ellipticinu cytochromy P450 3A4 ve formé nanocastic

Produktem oxidace ellipticinu CYP3A4 jsou zejména 12-hydroxy- a 13-hydroxyellipticin,
reaktivni metabolity, které tvoii dva kovalentni adukty s DNA (Stiborova et al., 2004;
Stiborova et al., 2011; Stiborova et al., 2015). V disertacni praci jsme se zaméfili na ptipravu
CYP3A4 enkapsulovaného v systému liposomi a Supersomi’ V. Nano&asticové formy tohoto
enzymu mohou byt totiz dalezité pro prenos CYP3A4 do nadorovych tkéani, kde budou
aktivovat ellipticin na efektivnéj$i metabolit.

Z vysledkli experimentii studujicich aktivaci ellipticinu na metabolity tvofici adukty
s DNA za vyuZiti liposomalnich a mikrosomalnich systémi CYP3A4 je patrné, Ze ellipticin
po aktivaci tvofi dva kovalentni adukty s DNA. Ty byly detekovany metodou
32p_postlabeling (Reddy a Randerath, 1986; Schmeiser ef al., 2013). Z tabulky 1 je patrné, 7e
tvorba aduktu 1 (Obr. 1) je zavisla na koncentraci CYP3A4 v enzymovém systému. CYP3 A4

hTM

v Supersomec aktivoval ellipticin efektivnéji pravdépodobné diky pfitomnosti cytochromu

bs a Sirokému spektru lipidi a proteinti, které v pripravenych liposomalnich nanocasticich

absentuji.

Tab. 1: Mnozstvi aduktit DNA s ellipticinem (100 nM) po jeho aktivaci lidskym CYP3A4
enkapsulovanym do liposomdlnich a Supersomdlnich™ nanoédstic. Analysa aduktii s DNA
byla provedena pomoci metody *’P-postlabeling. Uvedené hodnoty jsou priimérem 3
nezavislych mereni.

Koncentrace CYP3A4 v liposomech | CYP3A4 v Supersomech' "
CYP3A4 v MnoZstvi adukti ellipticinu s DNA (RALY/10")
nanocasticich Adukt 1 Adukt 2 Adukt 1 Adukt 2
0 pmol nedetekovano | 0.20+0.03 | nedetekovano 0.21+0.03
10 pmol nemeieno 0.75+0.05 0.21+0.03
50 pmol 1.42+0.08 0.21+0.03 2.10+0.12 0.21+0.03
100 pmol 2.31+0.15 0.20+0.03 3.82+0.26 0.20+0.03
200 pmol 4.22+0.31 0.21+0.03 5.31+0.33 0.21+0.03
250 pmol 4.53+0.34 0.20+0.03 5.60+0.32 0.21+0.03

*Relative adduct labeling* - relativni zna¢eni aduktu.

13



4.1.3. Chemoresistence neuroblastomovych bunék indukovana vakuolizaci

ellipticinu

Ellipticin indukuje v neuroblastomovych liniich apoptosu. Dlouhodobé vystaveni
neuroblastomovych buné¢k rostouci koncentraci ellipticinu vede ke vzniku linie resistentni
k tomuto 1é¢ivu (UKF-NB-4"""). V linii UKF-NB-4""" je ellipticin v jadrech bun&k pfitomen
v niz$i koncentraci nez je tomu v piipad¢é parentdlnich bunck, coz vede ke snizeni toxicity
ellipticinu vic¢i témto bunkam (Prochazka et al., 2012).

Inkubace sensitivni neuroblastomové bunécné linie (UKF-NB-4) a od ni odvozené linie
resistentni vii¢i ellipticinu (UKF-NB-4""") s 5 uM ellipticinem vedla k indukci tvorby vakuol
v téchto buikdch (Obr. 2B, E). Sekvestrace ellipticinu v lysosomech pfispiva ke vzniku
resistence neuroblastomovych linii vi¢i tomuto 1éCivu. Resistence je zavisld na expresi
V-ATPasy, exprese tohoto proteinu je vys§i v linii UKF-NB-4"" nez v UKF-NB-4 (Obr.
3A). Ellipticin se tak v cytoplasmé a jadrech vyskytuje v mnohem mensich koncentracich. To
vede k tvorbé niz§iho mnozstvi adukti ellipticinu s DNA (Obr. 3B) a jeho cytotoxické uéinky
jsou tak snizeny. Inhibitory V-ATPasy bafilomycin A nebo chloroquin snizuji akumulaci
ellipticinu v téchto kompartmentech, a tim vyrazn¢ zvySuji toxicitu ellipticinu pro

neuroblastomové bunécné linie (Obr 2C, D).

Obr. 2: Obrazky sensitivni neuroblastomova linie (A-C) a linie resistentni viici ellipticinu (D-
E) analysované pouzitim transmisniho elektronového mikroskopu. A) kontrolni bunky UKF-
NB-4, B) UKF-NB-4 kultivované s ellipticinem, C) UKF-NB-4 kultivované s ellipticinem a
bafilomycinem A, D) kontrolni buitky UKF-NB-4"" | E) UKF-NB-4"""' fkultivované s
ellipticinem, F) UKF-NB-4""" kultivované s ellipticinem a bafilomycinem A.
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Obr. 3: A) Exprese vakuolarni (V)-ATPasy v sensitivni neuroblastomové linii (UKF-NB-4) a
v neuroblastomové linii resistentni viici ellipticinu (UKF-NB-4"*"')  stanovend metodou
Western blot. B) Mnozstvi kovalentnich aduktu ellipticinu s DNA (soucet aduktii 1, 2, 6 a 7
zobrazenych ve vloZeném obrazku — autoradiografie aduktii ellipticinu s DNA) v bunécnych
liniich UKF-NB-4 (Sedé sloupce) a UKF-NB-4"""" (erné sloupce) po 24 h inkubaci bunék
s ellipticinem (ELLI) bud’ s, nebo bez predchozi 20 min inkubace s bafilomycinem A (BAF)
nebo chloroquinem (CQ).

4.2. KYSELINA VALPROOVA, INHIBITOR HISTONDEACETYLAS,
SYNERGIZUJE UCINKY ELLIPTICINU NA NEUROBLASTOMY

VPA potencuje cytotoxické tcinky ellipticinu v neuroblastomovych bunéénych liniich
UKF-NB-4 a SH-SYS5Y. Potenciace je zavisld na sekvenci podéani 1éCiv. Synergicky ucinek
obou 1é¢iv byl vSak pozorovan pouze v pripad¢ jejich soucasného podani nebo v ptipade, ze
buiiky byly nejprve vystaveny pusobeni ellipticinu a pot¢ VPA (Obr. 4). Po kultivaci obou
linii soucasn¢ s ellipticinem a VPA byla patrnd zéastava bunck v S fazi bunécného cyklu
(oproti kontrolam), coz naznacuje, ze ellipticin ma pievladajici tc€inek a snizuje vliv VPA na
zastavu cyklu ve fazi GO/G1. Valproat zvysuje acetylaci histoni H3 a H4 (Obr. 6), ktera je
dalezita pravé pro tuto potenciaci, hlavnim mechanismem ucinku ellipticinu je totiz tvorba

aduktt s DNA (Obr. 5).

UKF-NB-4 SH-SYSY UKF-NB-4 SH-SYSY
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Fa o @v*“,\f“ oo S
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Obr. 4: Viabilita bunék A) UKF-NB-4 a B) Obr. 5: Mnozstvi aduktii ellipticinu s DNA

SH-SY5Y po inkubaci s ellipticinem (elli), vytvorenych v linii A) UKF-NB-4 a B) SH-

kyselinou valproovou (VPA) a jejich riznymi SY5Y po inkubaci s ellipticinem (elli)

kombinacemi. samotnym nebo v kombinaci s kyselinou
valproovou (VPA).
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Obr. 6: Vliiv ellipticinu (elli), valproatu (VPA) a jejich kombinaci na acetylaci histonu H4 v
liniich UKF-NB-4 a SH-SY5Y. Exprese byla analysovana metodou Western blot.

4.3. APOFERRITIN JAKO VHODNY NANOTRANSPORTER ELLIPTICINU
Apoferritin (Apo) je ferritin, ktery ve své dutiné neobsahuje ionty zeleza. V kyselém pH je

Apo disociovan na podjednotky, po smichani s ellipticinem a nasledném zvySeni pH jsou

molekuly 1éCiva uzavieny v ¢asticich apoferritinu (ApoElli) (Obr. 7).

Apoferritin
Ellipticine
Shaking
Apoferritin
subunit
Centrifuge

Centrifuge
tube

ApoElli

E=G=0e @

Obr. 7: Schéma enkapsulace ellipticinu do apoferritinu.

Volny ellipticin i1 jeho ApoElli forma jsou schopny vstupovat do cilovych bunék a jejich
organel, véetn¢ jadra (Obr. 8). Volny ellipticin 1 ellipticin uvolnény z ApoElli je v jadrech
neuroblastomové linie zodpovédny za poskozeni DNA tvorbou kovalentnich adukttii s DNA
(Obr. 9C) a dvouvldknovych zlomu. Pravé tvorba aduktii ellipticinu s DNA se zda byt
klicovym faktorem cytotoxicity ellipticinu. ApoElli je toxicky pro nadorové butiky (Obr. 9A),
ale jeho toxicita pro nenadorové fibroblasty je signifikantné niz8i (Obr. 9B). Ellipticin a
ApoElli jsou v neuroblastomovych buiikdch internalisovany do jadra, zatimco v lidskych

fibroblastech jsou sekvestrovany v lysosomech.
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Obr. 8: A) Intensity fluorescence ellipticinu v celych bunkach. B) Intensity fluorescence
ellipticinu v bunécnych jadrech.
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Obr. 9: Apoptosa v bunkach A) UKF-NB-4 a B) lidskych fibroblastech HDF indukovana Elli
a ApoElli. C) Mnozstvi aduktii ellipticinu s DNA v neuroblastomové linii UKF-NB-4
indukovana ellipticinem (Elli) a ellipticinem enkapsulovanym v apoferritinu (ApoElli).
4.4. APOFERRITIN KONJUGOVANY PROTILATKOU JAKO
NANOTRANSPORTER DOXORUBICINU CIiLENY NA PROSTATICKE
NADOROVE BUNKY

Doxorubicin byl enkapsulovan do Apo, jehoZ povrch byl dale modifikovan zlatymi
nanoCasticemi, heptapeptidem HWRGWVC a protilaitkou proti specifickému
prostatickému membranovému antigenu (PSMA). Vliv kazdého z ligandli na geometrii a
,»cilici® schopnosti pfipraveného nosice byl testovan metodou ELISA.

Prokazali jsme, Ze takto pfipraveny nanotransportér specificky ,,cili“ na prostatické

nadorové buitky LNCaP, které exprimuji na svém povrchu PSMA (Obr. 10A). Modifikace
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povrchu nanotransportéru zaroven snizila toxické ucinky doxorubicinu ve zdravych

bunkach, které neexprimuji PSMA (Obr. 10B).
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Obr. 10: Viiv DOX, APODOX a APODOX-anti-PSMA na A-a) prostatickou
nadorovou linii LNCaP a B-a) nenadorovou linii HUVEC, stanoveny metodou
xCELLigence. Exprese PSMA v bunkach A-b) LNCaP a B-b) HUVEC (azurova —
kontrola, fialova — bunky s protilatkou) detekovand priitokovou cytometrii.
Schématické zndzorneni interakci mezi protilatkami navazanymi na APODOX-anti-
PSMA a A-c) antigeny na povrchu bunék LNCaP nebo B-c) buiikami HUVEC, které

PSMA neexprimuji.
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5. ZAVER

Predkladana disertacni prace pfispiva k rozSifeni znalosti metabolismu protinadorového
léciva ellipticinu a jeho ucinkd na nddorové bunécéné linie. Prohlubuje také znalosti

vvvvvv

ziskané poznatky lze shrnout nasledovné:

e (Cytochrom P450 3A4 enkapsulovany v liposomalnich a mikrosomalnich systémech

oxiduje ellipticin na aktiva¢ni metabolity, které tvofi adukty s DNA.

e Indukce resistence neuroblastomovych bun¢k vici ellipticinu je zptisobena zvySenou

expresi vakuolarni ATPasy.

e Kyselina valproova, inhibitor histondeacetylas, potencuje cytotoxické ucinky

ellipticinu v neuroblastomovych buiikéach.

e Apoferritin je vhodnym nanotransportérem pro transport ellipticinu do nadorovych

bunék.

e Apoferritin  konjugovany s protilatkou proti  specifickému  prostatickému
membranovému antigenu (PSMA) specificky ,,cili na prostatické nadorové bunky,

které na svém povrchu exprimuji PSMA.
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1. INTRODUCTION

1.1. Carcinogenesis and hallmarks of cancer cells

Cancer is one of the leading public health problems and the second most common cause of
death in human population. About 80,000 patients with malignant neoplasm are newly
diagnosed in Czech Republic and about 30,000 patients die because of cancer every year
(www.linkos.cz, www.szu.cz, www.svod.cz).

Tumor diseases may result from combination of genetic and environmental (chemical,
physical and biological) factors. The multistep process of carcinogenesis can be divided into
at least three stages — initiation, promotion and progression (Pitot, 1993).

The hallmarks of cancer comprise biological capabilities acquired during the multistep
development of human tumors. They include sustaining proliferative signaling, evading
growth suppressors, resisting cell death, enabling replicative immortality, inducing

angiogenesis, and activating invasion and metastasis (Hanahan and Weinberg, 2011).
1.2. Chemotherapy

Chemotherapy is cancer treatment that uses anti-cancer drugs (cytostatics) as a part of
standardized chemotherapy regimen. The use of cytostatics constitutes systemic therapy.
Chemotherapeutic agents are cytotoxic by means of interfering with cell cycle and/or
metabolic processes of cancer cells. Their cytotoxic activity is non-selective. Cells that divide
rapidly including not only tumor cells, but also some healthy cells are sensitive to treatment

with anti-mitotic drugs (Klener, 2011).
1.2.1. Ellipticine

Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole) is an plant alkaloid that exhibits
high antineoplastic activity and relatively low side-effects (Stiborova et al., 2003; DeMarini,
1983). The mechanisms of ellipticine action have however not been exactly explained as yet.
Ellipticine acts by several mechanisms such as:

1) intercalation into a double helix structure of DNA, resulting from the shape and size of

the ellipticine molecule (Stiborova et al., 2004; Stiborova et al., 2006);
2) inhibition of topoisomerase II which results in the formation of double strand DNA

breaks (Froelich-Ammon et al., 1995);
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3) inhibition of p53 phosphorylation, the accumulation of dephosphorylated p53 may
induce apoptosis (Ohashi et al., 1995);

4) inhibition of oxidative phosphorylation dramatically decreasing ATP levels in
mitochondria and disturbing the energy balance of the cell (Schwaller ef al., 1995);

5) inhibition of telomerase (Auclair, 1989);

6) formation of DNA adducts; ellipticine after its metabolic activation to the
pharmacological more efficient metabolites, covalently binds to DNA. Therefore, it
can act as an alkylation (arylation) agent (Stiborova et al., 2001; Stiborova et al.,

2003; Stiborova et al., 2004).

Ellipticine is oxidized by cytochromes P450 (CYP) to five metabolites —
7-hydroxyellipticine, 9-hydroxyellipticine,12-hydroxyellipticine, 13-hydroxyellipticine and
N-oxide of ellipticine (Stiborové et al., 2004) (Fig. 1). Of the CYP enzymes investigated,
human CYP1Al, 1A2 and 1B1 are involved in the detoxification of ellipticine. CYP3A4,
2C9, 2D6 and 1A2 are involved in activation of ellipticine (Stiborova et al., 2003; Stiborova
et al., 2006). The detoxification metabolites of ellipticine (7-hydroxyellipticine and
9-hydroxyellipticine) enter the II. biotransformation phase and they are excreted from the
body. The reactive metabolites of ellipticine (12-hydroxyellipticine, 13-hydroxyellipticine and
N -oxide ellipticine) are responsible for the formation of covalent DNA-adducts (Stiborové et

al., 2007).
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Fig. 1: Metabolism of ellipticine by human cytochrome P450 showing the characterized
metabolites and those proposed to form DNA adducts. The compounds shown in brackets
were not detected under the experimental conditions (Stiborova et al., 2008).

1.2.2. Doxorubicin

Although anthracycline antibiotic doxorubicin is the drug, which is extensively clinically
used, the mechanisms of its anti-cancer effects have not exactly been explained as yet.
Doxorubicin exhibits several mechanisms such as:

1) intercalation into a double-helical structure of DNA resulting in inhibition

of macromolecule synthesis (Gewirtz, 1999);

2) formation of free radicals and reactive oxygen species (ROS) that cause DNA damage
or lipid peroxidation, that may be responsible for cardiotoxicity of anthracyclines
(Marnett et al., 2003);

3) binding to DNA and alkylation (Minotti et al., 2004);

4) DNA cross-linking (Gewirtz, 1999);
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5) inhibition of topoisomerase II leading to the formation of double strand breaks

in DNA and the induction of apoptosis (Binachi et al., 1997; Binachi et al., 2000).

1.2.3. Histone deacetylase inhibitors in anti-cancer therapy

Histone deacetylase (HDAC) inhibitors are well tolerated and clinically effective against
hematological malignancies, but they are not effective in solid tumors when used alone
(Duvic et al., 2007, Modesitt et al., 2008; Luu et al., 2008). However, they exhibit additive or
synergistic anti-cancer effects in combination with chemotherapy, targeted drugs and
radiation therapy (Rosato and Grant, 2004, Bhalla, 2005, Marks and Dokmanovic, 2005,
Bolden et al., 2006).

Valproic acid (VPA) is medication primarily used to treat epilepsy, migraine, bipolar
disorder and other psychiatric disorders (Chateauvieux et al., 2010). Nowadays, VPA has
been tested in clinical trials as an anti-cancer drug because of its inhibition of HDAC
(Terbach and Wiliams, 2009). The mechanism of effect of valproate on tumor cells is not
well-known. VPA acts as a class [ and Il HDAC inhibitor (Gottlicher ef al., 2001; Phiel et al.,
2001), activates proteasome degradation, inhibits protein kinase C (Blaheta et al., 2002),
demethyles DNA and exhibits antiangiogenic effects (Michaelis et al., 2004). An important
mechanism of anticancer effect of VPA is probably hyperacetylation of histone H3 and H4
and other "non-histone" proteins due to HDAC inhibition (Phiel ef al., 2001). Valproic acid
has been investigated in recent years mainly because of its potential in anti-cancer therapy

combined with cytostatic agents.
1.2.4. Nanotransporters as carriers of anticancer drugs

Nanotransporters are submicron particles (usually <500 nm) (Neubert, 2011), which have
the ability to alter the properties and bioactivity of drugs due to their large surface-to-volume
ratio. Their use in antitumor therapy can significantly improve the pharmacological and
pharmacokinetic effects of cytostatics, improve their biodistribution, increase the stability and
solubility of the drug, and reduce toxic side effects. In addition, nanotransporters can carry
multiple drugs or compounds at the same time (Mishra et al., 2010).

Apoferritin (Apo) belongs to the group of protein (peptide) nanoparticles. Apo naturally
occurs as a protein component of ferritin, which forms a cage, where iron ions can be stored.
This intracellular protein consists of 24 subunits with a cavity of diameter 8 nm. The internal

cavity is suitable for encapsulation of anticancer drugs. The advantage of the Apo nanocarrier
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is its internalization into cells via transferrin receptor TfR1 or scavenger receptor class A
member 5 (SCARAS) that are overexpressed by some tumor cells. In addition, this naturally
occurring protein does not induce any immune response of the organism and its surface may
be further modified by ligands (Gallois et al., 1997, Kilic et al., 2012, Blazkova et al., 2013,
Mendes-Jorge et al., 2014).
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2. AIMS OF THE STUDY

Despite all advances in cancer diagnosis and therapy, treatment of cancers is difficult and
therapeutic approaches are often inadequate. The aim of this thesis was to study effects of
anti-cancer drugs ellipticine and doxorubicin on selected cancer and healthy cell lines.
Specific consideration was given to expand current knowledge about the metabolism and
cytostatic effects of ellipticine in neuroblastoma cell lines. Moreover, the mechanism of
development of resistance to ellipticine and the effect of histone deacetylase inhibitors on
anti-cancer therapy were investigated. The aim of this study was also to develop an apoferritin
nanocarrier suitable for the active transport of cytostatics into cancer cells.

The aims of the present work are as follows:

e To investigate the metabolism of ellipticine by cytochrome P450 3A4 encapsulated

in liposomal and Supersomal"™ nanoparticle systems.

e To investigate the mechanism of development of ellipticine-resistance

in neuroblastoma cells.

e To investigate the effect of wvalproic acid, histone deacetylase inhibitor,
on the cytotoxicity of ellipticine in neuroblastoma cells and the mechanism

of simultaneous treatment of both tested substances.

e To prepare apoferritin  nanotransporter  with  encapsulated ellipticine

and to characterize its effects on neuroblastoma lines and healthy fibroblasts.

e To prepare apoferritin nanotransporter with encapsulated doxorubicin targeted

to prostate cancer cells and to investigate its effects in tumor and healthy cell lines.
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3. MATERIALS AND METHODS

Various biochemical and molecular-biological methods were used during the experimental
work. These methods are described in papers and the manuscript attached to this thesis as
attachments no. 1 -6 in details.

Cancer and non-malignant cell lines were used to study the cytotoxicity and mechanism of
action of tested drugs. The majority of experiments carried out in the thesis utilized the flow
cytometry analysis and the **P-postalabeling method.

The flow cytometry is a method based on the measurement of chemicophysical properties
of cells during their laser beam passage. Using a flow cytometer, cells or other particles
suspended in a liquid stream are passed through a laser light beam in single file fashion, and
interaction with the light is measured by an electronic detection apparatus as light scatter and
fluorescence intensity. If a fluorescent label, or fluorochrome, is specifically and
stoichiometrically bound to a cellular component, the fluorescence intensity will ideally
represent the amount of that particular cell component. Cell suspensions were prepared
according to the type of analysis prior to detection. The analysis of apoptosis using Annexin
V (Apronex sro, Jesenice u Prahy, Czech Republic) and DAPI double staining assay,
detection of cells with active caspase-3 (Cell Signaling Technology, Danvers, MA, USA),
detection of double-strand DNA breaks (Biolegend, San Diego, CA, USA) and cell cycle
distribution assays were used in this doctoral thesis. To analyze protein expression levels,
intracellular and extracellular antigens were stained in tested cells. Before staining, cells were
fixed using 2 % formaldehyde and when measuring intracellular proteins also permeabilized
in solution of 90 % methanol in PBS. In experiments, LSR II (BD, Franklin Lakes, CA, USA)
was used to detect fluorescent labels conjugated with antibodies of proteins of our interest.
Emitted light was detected according its wavelength for every single cell. Acquired
cytometric data were analyzed by Flow Logic (Inivai Technologies, Balcombe, Australia).

DNA adducts were analyzed by 32P-postlabeling by prof. RNDr. Marie Stiborova, DrSc,

in German Cancer Research Center in Heidelberg (Stiborova et al., 2004).
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4. RESULTS AND DISCUSSION

4.1. GENOTOXICITY OF ELLIPTICINE

4.1.1. Oxidation of ellipticine by cytochrome P450 3A4 enzyme systems in

nanoparticles

Of the CYP enzymes investigated, human CYP3A4 is one of the most active enzymes
oxidizing ellipticine to 12-hydroxy- and 13-hydroxyellipticine, the reactive metabolites that
dissociate to ellipticine-12-ylium and ellipticine-13-ylium, which bind to DNA (Stiborova et
al., 2004; Stiborova et al., 2011; Stiborova et al., 2015). In the study, we aimed to prepare
CYP3A4 encapsulated in liposomal and Supersomal™ nanoparticles. Enzyme nanoparticles
may be suitable for delivery of the CYP3A4 enzyme to the cancer cells.

Both nanoparticle systems containing CYP3A4 activated ellipticine to metabolites
forming DNA adducts. Using the **P-postlabeling assay found to be suitable to detect and
quantify the ellipticine-derived DNA adducts (Reddy and Randerath, 1986; Schmeiser et al.,
2013), we analyzed the formation of these adducts formed by the nanoparticle enzyme
systems. As shown in table 1, the formation of adduct 1 (Fig. 1) seems to be dependent on
concentrations of human CYP3A4 in nanoparticle enzyme systems. The effectiveness of
CYP3A4 present in the Supersomal'™ system is higher than that of CYP3A4 in the liposomal
nanoparticles probably due to the presence of cytochrome bs and all spectrum of lipids and

proteins in the membrane of Supersomes' ™.

Tab. 1: Levels of ellipticine-derived DNA adducts formed from ellipticine after activation with
human CYP3A4 present in liposomal and Supersomal™ nanoparticles. Analyses were
performed by the *’P-postlabeling assay. Averages of three determinations in separate
experiments are shown.

Concentration CYP3A4 in liposomes | CYP3A4 in Supersomes' "
of CYP3A4 in Levels of ellipticine-derived DNA adducts (RAL*/10")

nanoparticles Adduct 1 Adduct 2 Adduct 1 Adduct 2
0 pmol not netectable | 0.20+0.03 | not netectable 0.21+0.03
10 pmol not measured 0.75+0.05 0.21£0.03
50 pmol 1.42+0.08 0.21+0.03 2.10£0.12 0.21+0.03
100 pmol 2.31+0.15 0.20+0.03 3.82+0.26 0.20+0.03
200 pmol 4.22+0.31 0.21+0.03 5.31+0.33 0.21£0.03
250 pmol 4.53+0.34 0.20+0.03 5.60+0.32 0.2140.03

“Relative adduct labeling
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4.1.2. Sequestration of ellipticine contributes to drug resistance in neuroblastoma

cells

Ellipticine induces apoptosis in neuroblastoma cell lines. Long-term exposure of these
cells to increasing concentrations of ellipticine leads to a drug-resistant cells (UKF-NB-4"1),
where ellipticine is present at a lower concentration in the cell nuclei than in the parental cells,
resulting in a reduction of ellipticine toxicity to these cells (Prochazka et al., 2012).

Treatment of neuroblastoma cells, both sensitive (UKF-NB-4) and resistant to ellipticine
(UKF-NB-4"""Y, with 5 uM ellipticine induced extensive cytoplasmic vacuolization in these
cells (Fig. 2B, E). The sequestration of ellipticine in lysosomes contributes to the
development of ellipticine-resistance in these cells. We demonstrated that this resistance is,
among other mechanisms, dependent on upregulation of the V-ATPase gene. We found that

AL el

the V-ATPase protein expression is enhanced in the ellipticine-resistant UKF-NB
line (Fig. 3A). This sequestration results in lower nuclear accumulation of ellipticine and
lower DNA damage by ellipticine and therefore also lower toxic effects to neuroblastoma
cells (Fig. 3B). Bafilomycin A- and chloroquine-mediated inhibition of ellipticine
sequestration into vacuoles led to higher concentrations of ellipticine in cytoplasm and nuclei

that results in significantly increased cytotoxicity of ellipticine (Fig. 2C, D).

Fig. 2: Transmission electron microscope images show a significant vacuolization of
cytoplasm in (A-C) UKF-NB-4 ellipticine-sensitive and (D-F) UKF-NB-4"""' ellipticine
resistant cell lines after exposure to ellipticine. UKF-NB-4 cell line (A) control; (B) treatment
with ellipticine; (C) treatment with bafilomycin A and ellipticine; UKF-NB-4"""" cell line (D)
control; (E) treatment with ellipticine; (F) treatment with bafilomycin A and ellipticine.
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Fig. 3: A) Expression of vacuolar (V)-ATPase protein detected by western blotting in UKF-
NB-4 ellipticine-sensitive and UKF-NB-4""*"ellipticine-resistant cell lines. B) Levels of
covalent DNA adducts (sum of adducts 1, 2, 6 and 7 shown in insert) formed in UKF-NB-4
(grey columns) and UKF-NB-4""" (black columns) neuroblastoma cells after treatment with
ellipticine (ELLI) either without pretreatment or pretreatment with bafilomycin A (BAF) or
chloroquine (CQ).

4.2. THE HISTONE DEACETYLASE INHIBITOR VALPROIC ACID

EXERTS A SYNERGISTIC CYTOTOXICITY WITH ELLIPTICINE IN

NEUROBLASTOMA CELLS

Treatment of neuroblastoma cells VPA combined with ellipticine resulted in their
synergistic antitumor effect in UKF-NB-4 and SH-SYS5Y cell lines. However, the VPA-
mediated sensitization of neuroblastoma cells to ellipticine was dependent on the sequence of
drug administration; the potentiating effect was only detected when the cells were pretreated
with ellipticine before their exposure to VPA (Fig. 4). Both UKF-NB-4 and SH-SYS5Y cells
accumulated in the S phase of cell cycle when treated with ellipticine in combination with
VPA. This finding indicates that influencing of S phase of cell cycle by ellipticine with VPA
is the predominant effect, which diminishes the influence of VPA on the arrest of GO/G1
phase. Exposure of tested cells to VPA resulted in an increase in acetylation of histones H3
and H4 (Fig. 6), which dictates an easier accessibility of DNA to ellipticine in cells and
resulted in increased levels of ellipticine-derived DNA adducts (Fig. 5).
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(elli) or valproic acid (VPA) and their  B)SH-SY5Y cell lines after treatment with
various combinations. ellipticine (elli) and with this drug combined
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Fig. 6: Western blot analysis of acetylated histone H4 (AcH4) in extracts from UKF-NB-4 and
SH-SYS5Y cells treated with ellipticine (elli), VPA and their combination.

4.3. APOFERRITIN NANOCARRIER AS A SUITABLE
NANOTRANSPORTER OF ELLIPTICINE

Apoferritin (Apo), the iron-free form of ferritin, is known to reversibly dissociate and
associate, which are processes dependent on pH. When Apo is disassembled after mixing it
with ellipticine (Elli), these drug molecules can encapsulate within the Apo cavity once

reassembled (ApoElli) (Fig. 7).

F-G=o10

Fig. 7: Scheme of preparation of ApoElli nanoparticles.

Apoferritin can be used to effectively delivery the anticancer agent ellipticine into cancer
cells. We showed that ellipticine is able to be encapsulated by apoferritin and subsequently be
released from its ApoElli form. Both forms of ellipticine entering UKF-NB-4 neuroblastoma
cells (Fig. 8) generated covalent DNA adducts (Fig. 9C) and caused DNA double strand
breaks. ApoElli was toxic in UKF-NB-4 neuroblastoma cells (Fig. 9A), but showed
significantly lower cytotoxicity in non-malignant fibroblast HDFn (Fig. 9B). Ellipticine either
free or released from ApoElli was concentrated in the nuclei of neuroblastoma cells. In HDFn

cells the higher amounts of ellipticine were sequestrated in lysosomes.
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Fig. 8: A) Fluorescence intensities (RFU, relative fluorescence units) of ellipticine in the
whole cells. B) Fluorescence intensities of ellipticine in cell nuclei.
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Fig. 9: Apoptosis in A) neuroblastoma UKF-NB-4 and B) HDFn cells induced by ellipticine
(Elli) and ApoElli. C) Ellipticine-derived DNA adduct formation in neuroblastoma UKF-NB-
4 cells treated with ellipticine (Elli) or ApoElli determined by 32P—p0stlabeling.

4.4. CONJUGATION OF ANTIBODIES TO APOFERRITIN NANOCARRIER WITH
ENCAPSULATED DOXORUBICIN FOR TARGETED DRUG DELIVERY TO
PROSTATE CANCER CELLS

Doxorubicin was encapsulated into Apo and its surface was modified with gold
nanoparticles, HWRGWVC peptide and monoclonal antibody against prostate specific
membrane antigen (PSMA). The influence of each component on nanocarrier ability to bind

selectively to the target molecule was studied using a method similar to direct ELISA.
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We proved, that PSMA, which is present on the surface membrane of LNCaP cells,
enables the targeted nanocarrier to enter these prostate cancer cells and deliver the drug
inside. However, the entry of targeted nanocarrier to nonmalignant cells expressing no PSMA

antigens is hindered.
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Fig. 10: Effect of DOX, APODOX, and APODOX-anti-PSMA on A-a) prostate cancer line
LNCaP and B-a) non-malignant line HUVEC determined by xCELLigence. PSMA expression
in cells A-b) LNCaP and B-b) HUVEC (cyan - control, purple - cells with antibody) analysed
by flow cytometry. Schematic depiction of interactions between nanocarrier and A-c) LNCaP
expressing PSMA antigen and B-c) HUVEC cells with limited expression of PSMA antigen.
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5. CONCLUSIONS

The doctoral thesis contributes to our knowledge on the metabolism of anticancer drug
ellipticine and its effect on cancer cell lines. It also increases our knowledge of anti-cancer
therapy in general. Aims of this doctoral thesis were met and results found in the thesis can be

summarized as follows:

e Cytochrome P450 3A4 encapsulated in liposomal and microsomal systems activates

ellipticine to metabolites forming DNA adducts.

e FEllipticine-resistance in neuroblastoma cells is dependent on enhanced protein

expression of vacuolar ATPase.

e The histone deacetylase inhibitor valproic acid potentiates the cytotoxic effect

of ellipticine in neuroblastoma cells.

e Apoferritin is a suitable nanocarrier for ellipticine transport into cancer cells.

e Apoferritin conjugated with antibody against prostate specific membrane antigen

(PSMA) targets prostate cancer cells expressing PSMA on their surface.
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