PREHLEDOVY
CLANEK

Tkanové kultury

Simon Cipro', Tomas Groh?

'Ustav patologie a molekuldrni mediciny 2. LF UK a FN Motol, Praha
2Klinika détské hematologie a onkologie 2. LF UK a FN Motol, Praha

SOUHRN

Bunécné ¢i tkanové kultury (oba terminy jsou prakticky zaménitelné) predstavuji zplsob, jak in vitro kultivovat eukaryotni buriky mimo jejich pfirozené pod-
minky. Jejich vyuziti zdaleka nespada pouze do akademické sféry, nebot bunécné kultury predstavuji nejvyznamnéjsi zpGsob produkce monoklonélnich pro-
tilatek vyuzivanych jak diagnosticky, tak terapeuticky. Vedle toho se uplatnuji jako,kultivacni médium” ve virologii a jako prostredek pro ziskani proliferujicich
bunék v cytogenetické diagnostice. Své nezastupitelné misto maji i na poli vyzkumu, kde poskytuji finanéné i technicky relativné snadno dostupny model.
Mimo to jsou neocenitelnym zdrojem materidlu v podobé nukleovych kyselin ¢i proteind pro fadu molekularné biologickych metod. Clanek ve stru¢nosti
shrnuje vyznam bunécnych kultur, metodiku a tskali jejich kultivace a nové trendy na tomto poli.
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Cell cultures

SUMMARY

Cell or tissue cultures (both terms are interchangeable) represent a complex process by which eukaryotic cells are maintained in vitro outside their natural
environment. They have a broad usage covering not only scientific field but also diagnostic one since they represent the most important way of monoclonal
antibodies production which are used for both diagnostic and therapeutic purposes. Cell cultures are also used as a “cultivation medium”in virology and for
establishing proliferating cells in cytodiagnostics. They are well-established and easy-to-handle models in the area of research, e.g. as a precious source of

nucleic acids or proteins. This paper briefly summarizes their importance and methods as well as the pitfalls of the cultivation and new trends in this field.
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Tkanové nebo také bunécné kultury (oba terminy jsou prak-
ticky zaménitelné) reprezentuji zplsob, jakym Ize eukaryotni
bunky udrzovat mimo jejich pfirozené podminky. Rozsah je-
jich soucasného vyuziti je enormni. Bunécné kultury opustily
v poslednich 50 letech laboratofe zdkladniho vyzkumu a Siroce
se uplatnuji i na poli diagnostiky a farmaceutického pramyslu
a jakkoliv se to mUze zdat malo pravdépodobné, setkava se s je-
jich existenci, byt neptimo, i kazdy diagnostikujici patolog.

VYZNAM BUNECNYCH KULTUR

Existuje nékolik oblasti vyuziti savéich bunécnych kultur. Na
poli diagnostiky se jedna prevazné o produkci monoklonalnich
protilatek, kterou buné¢né kultury umozniuji v odpovidajicim
mnozstvi a Cistoté. V minulosti se k produkci protildtek vyuzi-
valy tzv. hybridomy, tedy bunécné linie vzniklé fizi nddorovych
bunék myelomu s nenadorovymi B-lymfocyty, které byly pred
fazi imunizované antigenem, proti kterému méla byt zamysle-
na protildtka namifena. Myelomové bunky poskytovaly takto
vzniklé kultufe ,nesmrtelnost” a lymfocyty antigenni specifitu.
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V soucasné dobé se viak stale vice pouzivaji rekombinatni tech-
nologie, kdy se do specidlné upravenych sav¢ich bunék (nejcas-
t&ji bunék morcecich ovarii) vnese uméle pfipravena geneticka
informace koédujici konkrétni monoklonalni protildtku. Touto
technologii se vyrabi jak diagnosticky, tak i terapeuticky vyuzi-
vané protilatky. Za vSechny uvedme napfiklad rituximab (anti-
-CD20) nebo trastuzumab (anti-HER2/neu) (1).

Bunécné kultury se Siroce uplatnuji i v oblasti vyzkumu, kde
slouzi jako snadno dostupny a v porovnani s pouzitim Zivych zvi-
fati pomérné levny model in vivo podminek. Rozsah jejich vyuzi-
ti na tomto poli ma Siroky zabér a saha od hajemstvi zdkladniho
vyzkumu nadorové biologie po zcela rutinni aplikace pfi prekli-
nickém testovani novych protinadorovych IéCiv, kterému jsme
se vénovali i v nasi laboratofi (2). Tim vSak moZnosti pouziti bu-
nécnych kultur zdaleka nekonci; hojné se vyuzivaji pfi produkci
slozitych proteina (napfiklad vakcin), ve virologické diagnostice,
kde se slouzi jako kultiva¢ni médium pro pomnozeni viru a v cy-
togenetice pro pfipravu délicich se bunék pro karyotypovani.

PUVOD BUNECNYCH KULTUR

Ziskani bunécné kultury je principidlné jednoduchy proces,
pfi kterém se z organismG explantuje tkan obsahujici bunky
naseho zajmu. Tu nasledné podrobime Setrnému enzymatic-
kému ¢ mechanickému rozvolnéni za ucelem ziskani buné¢né
suspenze, kterou je jiz mozné smichat s kultiva¢nim médiem
(viz nize). Timto zpUsobem ziskand bunééna kultura se oznacuje
jako primarni. Pochazi-li bunky z jiné nez nadorové tkané, je je-
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jich Zivotaschopnost a tim i délka, po kterou je mGzeme in vitro
kultivovat, zna¢né omezena. Naproti tomu u bunék pochézeji-
cich z malignich nadord, je toto obdobi prakticky neomezené
a mluvime o tzv. bunécnych liniich.

Pfiprava bunéénych kultur, at uz z nddorové ¢i nenadorové
tkané, viak piindsi fadu technickych obtizi, je ¢asové nakladna
a vysledek je nejisty. VétSina zavedenych a Siroce pouzivanych
linii je proto dostupna i komercné.

V praxi se mizeme Cas od Casu setkat s pozadavkem na zalo-
Zeni kultury fibroblastl a to napt. pfi pitvach pacientd s pode-
zfenim na vrozenou metabolickou vadu. Takovy proces obndsi
pouze odebrani malého vzorku kize a jeho vlozeni do kultiva¢-
niho média, které nam zpravidla poskytne specializovana labo-
ratof metabolickych vad, kterd se rovnéz postard o nasledné
zpracovani kultury. Jediny pozadavek kladeny na patologa je
absolutni sterilita odbéru, nebot i mald kontaminace muze cely
odbér znehodnotit (viz nize).

TECHNIKA PRACE S BUNECNYMI KULTURAMI

At uz bunky ziskdme nakupem nebo ,vlastni vyrobou’, udrzuji
se v uzavienych nadobdch v kultivaénim médiu, které je smési
vsech zakladnich nutri¢nich latek, ristovych faktord a pH pufrd.
Kultivacnich médii je celd fada, lisi se slozenim, pfitomnosti
krevniho séra i dalSimi parametry. Volbu urcitého typu média
pak urcuji potteby konkrétni bunécné linie, napf. pro kultivaci
kmenovych bunék se ¢asto vyuzZivaji bezsérova média.

Nezbytnym nastrojem pro préaci s bunécnymi kulturami je la-
mindrni box, ve kterém se odehrava veskera pfima manipulace
s burikami. Tento pfistroj o velikosti primérné 3atni skfiné je
mozné jednak pravidelné sterilizovat UV zarenim, jednak vytvafi
takové proudéni vzduchu, které zamezi nezadouci kontaminaci
kultury z okolniho prostfedi (viz nize).

Nadoby s buné¢nymi kulturami se uchovavaji v inkubatorech,
které udrzuji stalou teplotu 37°C a vysokou vlhkost atmosféry,
ktera zamezuje vysychani kultiva¢niho média.

Prlbéh kultivace se pravidelné sleduje pomoci inverzniho mi-
kroskopu, coz je bézny opticky mikroskop, jehoz objektivy jsou
vsak umistény pod posuvnym stolem a zdroj svétla se nachazi
nad pozorovanym objektem. To ndm umozni sledovat prabéh
kultiva¢niho procesu, morfologii bunék a potfebu vymény mé-
dia. Buriky se prohlizi nativné, zpravidla ve fazovém kontrastu
(obr. 1). Inverzni mikroskopy existuji i ve fluroscen¢nim nebo
konfokalnim provedeni (obr. 2).

Kazda bunécnd kultura prochdzi pravidelné se opakujicim
cyklem (graf). Bezprostfedné po zalozeni kultury se burky po-

Obr. 1. Obrazek z inverzniho mikroskopu pofizeny ve fazovém
kontrastu v prabéhu kultivace neuroblastomové bunécné linie
UKF-NB-4 (originalni zvétseni 200x).
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Obr. 2. Fotografie z konfokalniho inverzniho mikroskopu zobra-
zujici neuroblastomovou bunécnou linii UKF-NB-4. Cytostatikum
ellipticin zeleny signal, lysozomy ¢erveny signal, Zluta barva pak
znadi jejich kolokalizaci (origindlni zvétseni 400x).

stupné adaptuji na nové prostredi a celkovy pocet bunék v kul-
tufe je zhruba konstantni nebo mirné poklesne. Buriky, které fazi
dobi exponencialniho rdstu. BEhem toho dochazi nejen k rychlé
konzumpci Zivin, kterych je v uzavieném prostiedi kultivacni
nadoby jen omezené mnozstvi, ale i k rychlému snizovani pH.
Oba faktory zpuUsobi zpomaleni az Uplnou zastavu proliferace
a prechod celé kultury do platé faze.

Kultury, které se do této faze dostanou, jsou vystaveny znac-
nému nutri¢nimu a metabolickému stresu, ktery nevyhnutelné
vede k aktivaci alternativnich metabolickych drah.V platé fazi se
tedy bunécna kultura, ktera je uz z podstaty pouze experimen-
talnim modelem, jesté vice odlucuje od redlnych podminek in
vivo. Navic dochdzi k akumulaci celé fady odpadovych produk-
tl metabolismu, které mohou vyznamné ovliviovat nasleduji-
ci experimenty (napf. PCR) a vnaset do vysledkd zna¢nou miru
nejistoty. Vysledky experimentl provedenych na burikach po-
hybujicich se na hranici preZiti jsou z uvedenych dlvodu zcela
nereprodukovatelné.

Ve snaze zabranit pfechodu z exponencialni faze do faze plato
se bunky tzv. pasadzuji. Jedna se o postup, kdy se v kultiva¢ni
nadobé ponechd jen mald c¢ast z celkového mnozstvi bunék
a ostatni se odstrani. Zaroven s tim se staré kultiva¢ni médium,
které je jiz zcela prosté zivin a obsahuje vysokou koncentraci ne-
zadoucich metabolitl, vyméni za cerstvé. Tim se kultura ,restar-
tuje” a cely cyklus jejiho rdstu zacind od zacéatku.

Proces pasazovani bunék, nejedna-li se o permanentni na-
dorovou linii, vSak neni mozné opakovat donekonec¢na. Mohou
za to predevsim pfi kazdém cyklu se zkracujici telomery, jejichz
zmenseni pod kritickou hranici zpUsobi, ze burika v lepsim pfi-
padé do dalsiho replikacniho cyklu nevstoupi, v tom horsim se
indukuje apoptdza a burika zahyne (3).

Vlastni kultivace bunék je viak pouze prostiedkem nikoliv ci-
lem a hlavni ¢ast prace zpravidla pfichdzi az po ni. Buriky je moz-
né zpracovat jako jakoukoliv jinou tkan. Z mnoha moznosti patfi
mezi ty nejcastéjsi pfiprava suspenze pro pritokovou cytometrii
nebo izolace nukleovych kyselin ¢i proteind, které se stavaji ma-
teridlem pro dalsi metody (napf. PCR nebo Western blot). Izolace
proteinl i nukleovych kyselin zacind rozrusenim - chemickym
¢i mechanickym - bunéénych membrén a naslednou extrakci
DNA, RNA ¢i proteinl za pomoci jakékoliv z mnoha dostupnych
metod.
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Graf 1. Graf rlistového cyklu bunécné kultury. Expo. - exponen-
cialni faze. Sipka ukazuje vhodnou dobu pro pasazovani bunék
(viz text).

Jedna-li se o buriky uréené pro produkci protilatek, pak se tyto
izoluji pfimo z kultiva¢niho média. Buriky je vsak mozné zpra-
covat i pro patologa obvyklym zplsobem a to jejich zalitim do
parafinového cytobloku s moznosti naslednych morfologickych
nebo imunohistochemickych vysetfeni.

USKALI KULTIVACE

Jednim z nejvétsich problémd, ktery techniku kultivace bunék
provazi, je kontaminace kultur plisnémi a bakteriemi (4). Konta-
minace v lepsim pfipadé znamena znehodnoceni pravé probiha-
jiciho experimentu, v horSim pfipadé pfijde laboratof o cennou
buné¢nou kulturu. Z toho dlvodu je nezbytné dodrzovat pfi
manipulaci s bunkami sterilni podminky, pfipadné obohacovat
kultiva¢ni médium o antibiotika, kterd neZzddouci kontaminaci
eliminuji hned v pocatku.

Plosné a trvalé pouzivani antibiotika ma vsak i své stinné stranky.
Jednak bakteridlni kmeny vyskytujici se v té které laboratofi ziskaji
(dive ¢i pozdéji) rezistenci na pouZivana antibiotika a vedle toho
vstupuji antibiotika do experimentalniho modelu jako dalsi faktor
potencialné ovliviujici kone¢ny vysledek experimentu (5).

Mimo mikroskopicky dobfe detekovatelnych agens je vsak
mozn4, a nanestésti pomeérné Castd, i kontaminace mykoplasma-
ty. Ta pfi rutinnim prohlizeni buné¢né kultury v inverznim mikro-
skopu unikaji detekci a mohou tak byt po dlouhou dobu,¢ernym
pasazérem®. Udava se, Ze 5 - 35 % bunécnych kultur je kontami-
novano mykoplasmaty (6). Takto postizené kultury nevykazuji na
prvni pohled zadné napadné zndmky infekce, nicméné vysledky
na nich provedenych experiment( Ize povazovat za zcela nevy-
povidajici a nereprodukovatelné. Je proto nezbytné bunécné
kultury na pfitomnost mykoplasmat pravidelné testovat (dnes
nejcastéji pomoci PCR) a pfipadnou kontaminaci fesit antibiotiky
¢i lépe postizenou kulturu znicit (7).

V laboratorni praxi je tfeba vétSinu experimentd opakovat
a Casto se k nim i v budoucnu vracet, a to idedlné za pouziti stej-
nych bunék jako v experimentech plvodnich. Jinymi slovy, je tre-
ba mit bunky ,stejné 3arze’, aby byly vysledky relevantni a repro-
dukovatelné. Z toho dlvodu se nepostradatelnym pomocnikem
vsech laboratofi pracujicich s buné¢nymi kulturami stala metoda
kryoprezervace. Pfi ni se bunky ve specidlnim médiu zabraruji-
cim tvorbé vodnich krystal( zamrazi v tekutém dusiku, ve kterém
potom mohou byt nékolik mésic(i az let uchovavany a byt pripra-
veny pro dalsi pouziti, aniz by doslo k vyrazné zméné jejich vlast-
nosti oproti dobé pred zamrazenim.

BUDOUCNOST TKANOVYCH KULTUR

Prace s bunécnymi kulturami je ve své podstaté velice jednodu-
chd a tato vlastnost je vitadna viude tam, kde se buné¢né kultury
pouzivaji k rutinnim diagnostickym tcellim nebo k produkci pro-
tildtek. Naproti tomu tam, kde maji byt bunky vyzkumnym mo-
delem a vérné simulovat realné podminky zivych organismd, je
jejich jednoduchost na skodu. Z pohledu solidnich nadord, které
in vivo pfedstavuji slozZity trojrozmérny systém, jsou totiz bunécné
kultury az pfilis nedokonalym modelem (8).

Jiz vice nez tfi dekady se proto setkdvdme se snahou vyvinout
trojrozmérnou bunéénou kulturu, kterd by svym prostorovym
usporadanim a sloZzenim vice odrazela realitu Zivych organismd.
Jeden z prvnich trojrozmérnych modeld, ktery je dodnes Siroce
pouzivan, predstavila Hynda Kleinmanova se svym tymem uz
v roce 1982 (9) a dnes je zndm pod pojmem Matrigel. Jedna se
0 smés izolovanou z extraceluldrni matrix mysiho nadoru, kterd je
v teplotach nizSich nez 4°C kapalna a pfi zahtivani se proménuje
v gel. Tato substance obsahuje celou fadu strukturdlnich protei-
nQ, rGstovych faktord a sloucenin, které simuluji podminky in vivo
a umozniuji burikdm trojrozmérny rist. Tento model ma vsak ce-
lou fadu omezeni, jejichz popis presahuje rdmec tohoto sdéleni.

Nové moznosti na poli trojrozmérnych bunéénych kultur ote-
virel nedavny rozmach nanotechnologii, s jejichz pomoci je dnes
mozné vyrabét trojrozmérné ,sité”, po kterych se studované bun-
ky 3ifi obdobné jako po strukturdlnich proteinech extracelularni
matrix. Do téchto siti jsou navic zabudovany rlstové faktory a dal-
$i pfesné definované latky, které vérné napodobuji plvodni sloze-
ni studované tkéné.

Takové technologie oteviraji nové moznosti vyzkumu, Zel
svou metodickou i finan¢ni naro¢nosti jsou v ramci tkérovych
kultur spiSe okrajovou zalezitosti a podobné jako je tomu se
svételnou mikroskopii v molekularni éfe patologie, zlistavaji
standardni bunécné kultury pro vétsinu aplikaci dobfe citelnou
a robustni metodou a jejich odchod ze scény v nejblizsich letech
zcela jisté nehrozi.
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Abstract OBJECTIVES: Etoposide (Vepesid, VP-16), an inhibitor of topoisomerase II,

is a chemotherapeutic drug commonly used for treatment of different types of
malignant diseases. By inhibiting the topoisomerase II enzyme activity in cancer
cells, this drug leads to DNA damage and subsequently to cell death. In this study,
we investigated the effect of this anticancer drug alone and in combination with
a histone deacetylase (HDAC) inhibitor, valproic acid (VPA), on a human UKF-
NB-4 neuroblastoma cell line. METHODS: The effects of etoposide and VPA on
UKF-NB-4 cells were tested under the normoxic and also the hypoxic (1% O,)
cultivation conditions. The cytotoxicity of etoposide and VPA to a UKF-NB-4
neuroblastoma cell line was evaluated with MTT assay. Apoptosis of the cells was
analyzed by flow cytometry using an Annexin V and propidium iodide binding
method. The effect of etoposide and VPA on the cell cycle distribution was deter-
mined by flow cytometric analysis using propidium iodide staining. RESULTS:
The results of the study demonstrate that UKF-NB-4 neuroblastoma cells are
sensitive both to etoposide and to VPA. They also indicate that the impact of VPA
on cytotoxicity of etoposide in these tumor cells varies depending on the sequence
of cultivation of the cells with the drugs. As a suitable sequence of cultivation, with
a high rate of suppression of neuroblastoma cell growth was found the preincuba-
tion of the cells with etoposide, which was followed by their cultivation with VPA.
In contrast, the reversed combination (preincubation of the cells with VPA before
their treating with etoposide) did not give any increase in etoposide cytotoxicity.
The effect of such combined treatment can be explained by measuring the cell
cycle distribution, which shows that both etoposide and VPA change the cell cycle
phase distribution. CONCLUSION: Etoposide and VPA were found as cycle phase
specific drugs that are cytotoxic to human UKF-NB-4 neuroblastoma cells used
either as single drugs or both together. However, whereas VPA might sensitize the
cells to etoposide, inappropriate sequence of cultivation of the cells with VPA can
decrease the etoposide cytotoxic efficacy. The results found here warrant further
studies of combined treatment of neuroblastoma cells with etoposide with HDAC
inhibitors and may help in the design of new protocols geared to the treatment of
high risk neuroblastomas.

..................................................................................................
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Abbreviations:

AP-1 - activating protein-1

ATM - ataxia telangiectasia mutated

ATR - ataxia telangiectasia and Rad3-related protein
CYP3A4 - cytochrome P450 3A4

ERK - extracellular-regulated kinase

GSK-3beta - glycogen synthase kinase-3beta

HDAC - histone deacetylase

HR - homologous recombination

CHK - Csk homologous kinase

ICs0 - half maximal inhibitory concentration

IMDM - Iscove’s modified Dulbecco’s medium

MDR - multidrug resistance

MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide
NHEJ - non-homologous end-joining

PKC - protein kinase C

PPAR - peroxisome proliferator-activated receptor
VPA - valproic acid

INTRODUCTION

Etoposide (Vepesid, VP-16) belongs to a component of
basic anticancer regimens used in modern oncology. It
is a standard part of treatment with highly significant
clinical activity against a wide variety of neoplasms (e.g.
Small cell lung cancer, Testicular cancer). Etoposide is
a semisynthetic derivate of the natural product podo-
phyllotoxin. Of the natural products, podophyllotoxins
belong to an important class of compounds extracted
from roots and rhizomes of the plants genus Podophyl-
lum (Imbert 1998). Two important compounds were
synthesized and selected for clinical trials — etoposide
and teniposide (Li et al. 2012). Etoposide prevents cells
from entering into mitosis, accumulates cells in a G2
phase and is a phase specific cytotoxic drug (Krishan et
al. 1975). The first significant breakthrough in under-
standing of a mechanism of etoposide action was real-
ized in 1976, when Loike and Horwitz suggested that
etoposide induces single-strand breaks in DNA of HeLa
cells and showed that these cells can repair such breaks
within 150 minutes (Loike & Horwitz 1976). After this
finding, it was also demonstrated that etoposide gener-
ates not only single-strand breaks, but the double-strand
DNA breaks, too. Furthermore, it was found that DNA
breakage can be detected in isolated nuclei, but such
DNA damage was not induced in purified DNA (Woz-
niak & Ross 1983). Therefore, some nuclear enzymes
should be involved in generation of breaks in DNA.
These observations led to exploring a detailed mecha-
nism of action of etoposide and identifying the main cell
target of this drug, topoisomerase II (Chen et al. 1984).

DNA topoisomerases solve the topological problems
associated with DNA replication, transcription, recom-
bination and chromatin remodeling by introducing
temporary single- or double-strand breaks in the DNA
in an ATP-dependent reaction (Champoux 2001). The
topoisomerase II enzyme changes its conformation
particularly due to a binding of ATP, then allows the
separation of the two strands of DNA and the passage
of a second helix through the enzyme-bound DNA in
the produced break. Finally, topoisomerase II religates

the cleaved strands via the transesterification reac-
tion, followed by a DNA release (Meresse et al. 2004).
Topoisomerase II is a well established target in cancer
therapy and its inhibition by etoposide leads to forma-
tion of DNA double-strand breaks and subsequently to
cell death (Walker & Nitiss 2002). Besides etoposide,
certain other antitumor agents acting as inhibitors of
this enzyme are widely used for treatment of neoplasms
(e.g. amsacrine, mitoxantrone, doxorubicin) (Nelson et
al. 1984; Tewey et al. 1984; van der Graaf & de Vries
1990). They are targeting topoisomerase II, covalently
attach it and increase double-strand breaks in DNA.
The exact mechanism resulting from double-strand
break formation to cell death is still a matter of debate.
Cells react to DNA damage via cell cycle arrest, DNA
repair or trigger apoptosis. Two processing pathways
leading to double-strand break repair have, however,
been described recently: non-homologous end-joining
(NHE]J) and homologous recombination (HR) (Schonn
et al. 2010). Etoposide can activate also two impor-
tant initiators of cell cycle arrest (ataxia telangiectasia
mutated - ATM and ataxia telangiectasia and Rad3-
related protein — ATR) via phosphorylation of Csk
homologous kinase (CHK) proteins that can inhibit
DNA replication (Agner et al. 2005; Tanaka et al. 2007).
As Schonn and co-workers (Schonn et al. 2010) showed
in their study, 10 uM etoposide cause massive block in
G2/M phase of cell cycle. It was also found that etopo-
side is approximately threefold more toxic when added
to cells in late S and G2 phases than when added in G1
phase (Stacey et al. 2000). Another study demonstrated
that cells with S-phase DNA content showed about 2-3
times less DNA damage caused by etoposide than cells
with G1- or G2/M-phase DNA content (Olive & Banath
1993). Another study detected resistance to etoposide
in G1 phase cells (Obata et al. 1990).

As it is the case for the most anticancer drug regi-
mens used for treatment of tumor cells, the resistance
to etoposide, a major obstacle to the clinical use of eto-
poside, may develop (Meresse et al. 2004). Two main
mechanisms of resistance have been identified yet:
multidrug resistance (MDR) and specific resistance to
topoisomerase II inhibitors by alteration of this enzyme
(Robert & Larsen 1998; Schroeder et al. 2003). In addi-
tion, several mechanisms are based on metabolism of
etoposide, which can generate the inactive forms of this
drug. One of its major metabolic pathways involves
O-demethylation to etoposide catechol (etoposide-OH)
that is catalyzed by cytochrome P450 3A4 (CYP3A4)
(Zheng et al. 2006). The data found in in-vitro studies
utilizing human liver microsomes suggest that CYP3A4
predominantly catalyzes the metabolism of etoposide
and also another topoisomerase II inhibitor, ellipticine,
thereby dictating their anticancer effects in humans
(Zhao et al. 1998; Stiborova et al. 2010, 2011).

Etoposide is used in monotherapy, but mostly com-
bined with other antitumor agents such as carboplatin,
cisplatin or cyclophosphamide (Belani et al. 1994).
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Recently, a promising chance to combine clinically used
drugs with selected inhibitors of histone deacetylase
(HDAC) has been found. HDAC inhibitors may con-
tribute to recurrence of the tumor cells by affecting the
chromatin structure, thereby increasing the expression
of critical tumor suppressor genes [for a summary, see
(Stiborova et al. 2012)]. Cancer cells have often hypo-
acetylated histones, due to overexpression of HDACs
(Santini et al. 2007).

Valproic acid (VPA) has been extensively studied
in the last decades because of its potential to inhibit
HDAC: [for a summary, see (Hrebackova et al. 2010)].
VPA can be taken orally and is commonly used for
epilepsy treatment. This inhibitor of HDACs increases
acetylation of histones H3 and H4, both under the nor-
moxic and the hypoxic conditions (Hrebackova et al.
2010). An exact mechanism of anticancer effect of VPA
is however still unclear. VPA not only suppresses tumor
growth and metastatic processes, but it also induces
tumor differentiation and apoptosis. Several mecha-
nisms might be relevant for the biological activity of
VPA: VPA increases the DNA binding of activating
protein-1 (AP-1) transcription factor, and the expres-
sion of genes regulated by the extracellular-regulated
kinase (ERK)-AP-1 pathway; VPA downregulates pro-
tein kinase C (PKC) activity; it inhibits glycogen syn-
thase kinase-3beta (GSK-3beta), a negative regulator
of the Wnt signaling pathway; and it also activates the
peroxisome proliferator-activated receptors PPARga-
mma and delta (Blaheta & Cinatl 2002; Hrebackova et
al. 2010; Stiborova et al. 2012).

Inhibitors of HDACs can also increase the cytotox-
icity of topoisomerase II inhibitors (Marchion et al
2004; Marchion et al. 2005; Stiborova et al. 2012). This
phenomenon is not well understood and it seems to be
dependent on many factors, being also dependent on
a sequence of cultivation of cells with used drugs. The
example of the different effects of combination of topoi-
somerase II inhibitor (etoposide) with an inhibitor of
HDACs (VPA) was shown by Das and co-workers (Das
et al. 2010). These authors used two different neuro-
blastoma cell lines and different times of their cultiva-
tion with the drugs. The influence of another HDAC
inhibitor, karenitecin, to increase the effect of inhibitor
of topoisomerase I was also found, in the work of Daud
et al. (2009). The increased effect of treatment of cells
with combined regimens containing inhibitors of topoi-
somerases could be connected with possible changes in
levels of topoisomerase I and II mRNA by the HDAC
inhibitors. The enhanced expression of genes of DNA
topoisomerase II can be associated with increased eto-
poside sensitivity (Uesaka et al. 2007).

Neuroblastoma is the most common extracranial
solid tumor in infancy. It originates from undifferen-
tiated cells of the sympaticus nervous system and it is
very biologically heterogeneous. Neuroblastomas are
ranged to low risk neuroblastoma tumors, which can
spontaneously regress, and to high risk neuroblasto-

mas, which are typical with early metastasis and poor
prognosis (Brodeur 2003). Despite of a great progress
in modern oncology, some forms of neuroblastoma dis-
ease are still found very difficult to treat (Brodeur 2003;
Poljakova et al. 2011). In this study, we investigated the
effect of etoposide and VPA and their combination, on
a human UKF-NB-4 neuroblastoma cell line.

MATERIAL AND METHODS

Cell cultures and chemicals

The UKF-NB-4 cell line, established from bone marrow
metastases of high risk neuroblastoma, was a gift of
Prof. J. Cinatl, Jr. (J. W. Goethe University, Frankfurt,
Germany). This neuroblastoma cell line was derived
from recurrent disease. VPA and etoposide were pur-
chased from Sigma Chemical Co. (MO, USA). All
other chemicals used in experiment were of analytical
purity or better. Cells were grown at 37°C and 5% CO,,
cultivated in Iscove’s modified Dulbecco’s medium
(IMDM) with 10% fetal bovine serum. For hypoxia
experiments, cells were maintained in modular incu-
bator chamber (Billups-Rothenberg Inc., CA, USA)
flushed with 1% O,, 5% CO, and balance N, at 37°C
(hereafter referred to as hypoxia).

MTT assay

The cytotoxicity of etoposide and valproic acid to
UKF-NB-4 cells in exponential growth was deter-
mined in a 96-well plate. For a dose-response curve,
cells in exponential growth were seeded in 100ul of
medium with 104 cells per well. To investigate the effect
of etoposide, VPA and their combination on UKF-
NB-4 cells, the cells were treated with 0.125-64 uM or
0.125-32uM for etoposide and 0.25-128 mM VPA. In
experiments where both drugs were applied, the pre-
incubation medium containing one of the drugs was
removed and replaced with a fresh medium contain-
ing both drugs. Tumor cell viability was evaluated by
MTT test as previously described (Cinatl et al. 1997;
Poljakova et al. 2011). Briefly, after 72 hours incubation
at 37°C in 5% CO, the MTT solution (2 mg/ml PBS)
was added, the plates were incubated for 3 hours and
cells lysed in solution containing 20% of SDS and 50%
N,N-dimethylformamide pH4.5. The absorbance at
570 nm was measured for each well by multiwell ELISA
reader Versamax (Molecular Devices, CA, USA). The
ICs, values were calculated from at least 3 independent
experiments using the linear regression of the dose-log
response curves by SOFTmaxPro.

Annexin V/propidium iodide labeling

To determine apoptosis, 1.6 x 10¢ cells were plated in
100 mm dishes and treated with individual drugs or
their combinations (using 1 mM VPA and 8 uM eto-
poside). For detection of apoptosis Annexin V-FITC
Apoptosis Detection kit (Biovision, CA, USA) was used
according to manufacturer s instructions and samples
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were analyzed using flow cytometry (FACSCalibur BD,
San Jose, CA, USA).

Cell cycle analysis

To determine cell cycle distribution, 7 x 10> cells were
plated in 60 mm dishes and treated with individual
drugs or their combinations for various incubation peri-
ods. In experiments where both drugs were applied, the
preincubation medium containing one of the drugs was
removed and replaced with a fresh medium containing
both drugs. After treatment, the cells were collected
by trypsinization, washed in PBS, stained using DNA
PREP Reagents kit (Beckman Coulter Inc., CA, USA),
incubated in the dark for 30 min at room tempera-
ture, measured by flow cytometry (FACSCalibur BD,
San Jose, CA, USA) and the data were analyzed using
ModFit LT software (Verity Software House, ME, USA).

Determination of doubling time

Defined amounts of neuroblastoma cells were cultivated
with 1 mM VPA and after three days of cultivation they
were collected and counted. Cells were counted using
a Biirker chamber. Values of doubling time for control
cells and cells cultivated with VPA were determined
using a freeware program Doubling time (http://www.
doubling-time.com/download.php).

Tab. 1. 1C;, values for UKF-NB-4 neuroblastoma cells treated with
etoposide or VPA.

IC;, for etoposide (uM) 1C5, for VPA (mM)

Normoxia Hypoxia Normoxia Hypoxia
Exp. | 1.8 3.0 1.7 1.1
Exp. Il 3.1 3.7 1.6 1.4
Exp. Ill 2.1 3.0 13 1.1
Mean value 233 3.23 1.53 1.20
Stand. dev. 0.56 0.33 0.17 0.14

L. ; _'. .._'_"- e
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RESULTS

The effect of etoposide on UKF-NB-4 human neuroblas-
toma cells

The effects of etoposide on UKF-NB-4 cells were evalu-
ated by MTT test after treating these cells with differ-
ent concentrations of etoposide for 72 hours under the
normoxic (aerobic) and the hypoxic conditions. ICs,
values for the used neuroblastoma cell line determined
in three independent experiments are shown in Table
1. Hypoxic culture conditions (1% O,) reduced etopo-
side toxicity to this tumor cell line, increasing the ICs,
values of etoposide from 2.33+0.56 uM to 3.23+0.33 pM
(Table 1).

To investigate the mechanism explaining the cyto-
toxicity of etoposide to neuroblastoma cells, we evalu-
ated the effect of this drug on induction of apoptosis in
the cells. Etoposide is capable of inducing apoptosis in
UKEF-NB-4 cells in time- and concentration-dependent
manner. Etoposide-mediated apoptosis in UKF-NB-4
cells was measured using Annexin V and propidium
iodid staining at 3, 6, 12, 24 and 48 hours, after addition
of 2-8 uM etoposide. The increased levels of apoptotic
cells were found after 24 hours of the cells growth in
the medium containing 8 uM etoposide and after the 48
hours cell growth in the presence of all used concentra-
tions of etoposide (data not shown).

Cultivation of UKF-NB-4 cells with 8 uM etoposide
for 48 hours changed their morphology as compared
with that of the control, untreated cells (Figure 1). Cells
treated with etoposide, which did not undergo apopto-
sis, were flatter than normal (untreated) cells and con-
tained an increased amount of vacuoles.

We investigated the effect of etoposide treatment on
the cell cycle distribution of UKF-NB-4 neuroblastoma
cells. Compared to controls, treatment of cells with
various concentration of etoposide resulted in an appre-
ciable arrest of the cells in G2/M and/or S phases of cell
cycle with a concomitant decrease in GO/G1 phase (Fig-

Fig. 1. Neuroblastoma cell line UKF-NB-4 (200 fold magnification) (A) and this cell line treated with 8 uM etoposide for 48 hours (B). Flatter
and bigger cells with an increased amount of vacuoles can be seen in UKF-NB-4 cells treated with etoposide (200 fold magnification).
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ures 2 and 3). These changes in cell cycle were time-
dependent, early after adding of etoposide increased
percentage of S phase and later it was replaced by
increasing of G2/M phase (Figure 3).

The effect of valproic acid on UKF-NB-4 human neuro-
blastoma cells

The effects of VPA on UKF-NB-4 human neuroblas-
toma cells were evaluated by MTT test after treating
these cells with different concentrations of VPA for 72
hours under the normoxic (aerobic) and the hypoxic
conditions. The analyzed neuroblastoma cells were
sensitive to VPA. IC;, values for the UKF-NB-4 neu-
roblastoma cell line determined in three independent
experiments are shown in Table 1. Hypoxic culture
conditions (1% O,) had essentially no effect on cyto-
toxicity of VPA to these cells (see the IC;, values shown
in Table 1).

To determine whether 1 mM VPA induces apopto-
sis in UKF-NB-4 cells, flow cytometry using Annexin
V and propidium iodide staining was used in further
experiments. Exposure of the cells to 1 mM VPA for
3-48 hours had practically no effects on viability of the
cells (data not shown). However, treatment of UKF-
NB-4 neuroblastoma cells resulted in changes of the cell
cycle distribution of these cells. Compared to controls,
treatment of cells with 1 mM VPA for various time
periods resulted in an appreciable arrest of the cells in
G2/M phase of cell cycle, mainly after more than 12
hour incubations (Figure 4).

Exposure of UKF-NB-4 cells to 1 mM VPA also led
to a ~1.4-fold increase in a doubling time of the cells
(data not shown). These results correspond to changes
in cell cycle of the cells treated with 1 mM VPA.

The combined effect of etoposide and valproic acid on
UKF-NB-4 human neuroblastoma cells

Because VPA is known to modulate response of several
tumor cells to chemotherapy using different anticancer

drugs, we investigated the ability of this HDAC inhibi-
tor to alter response of UKF-NB-4 neuroblastoma cells
to etoposide. The UKF-NB-4 neuroblastoma cells were
treated with various concentrations of etoposide and
constant concentration of VPA for 72 hours after their
24 hour pretreatment with the drugs under their vari-
ous combinations. For evaluation of the effect of etopo-
side combined with VPA on UKF-NB-4 cells, the MTT
assay was again used. Several combinations of treating
the UKF-NB-4 neuroblastoma cells with the drugs were
used: i) the cells were preincubated with 1 mM VPA
for 24 hours and then treated with various concentra-
tions of etoposide for 72 hours (combination assigned
as V/E), ii) the cells were preincubated with various
concentrations of etoposide for 24 hours and then
with 1 mM VPA for 72 hours (combination assigned
as E/V), iii) the cells were preincubated with various
concentrations of etoposide for 24 hours and after that
with various concentrations of etoposide in the pres-
ence of 1 mM VPA for 72 hours (combination assigned
as E/V,E), iv) the cells were preincubated for 24 hours
with 1 mM VPA and then treated with various concen-
trations of etoposide in the presence of 1 mM VPA for
72 hours (combination assigned as V/V,E), v) the cells
were treated with medium without any drug added for
24 hours and then treated with various concentrations
of etoposide in the presence of 1 mM VPA for 72 hours
(combination assigned as 0/V,E) and vi) the cells were
treated with medium without any drug added for 24
hours and then treated with various concentrations of
etoposide for 72 hours (control incubations with etopo-
side only) (assigned as 0/E). ICy, values for the cells in
the presence of etoposide alone or etoposide and VPA
under the various incubation combinations with the
drugs are shown in Figure 5.

The results found in these experiments indicate that
in most cases VPA decreases the value of ICs, thereby
increasing the toxic effects of etoposide as compared
with the effect of etoposide used for treating the cells
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Fig. 2. Effect of various concentrations of etoposide (E) on cell
cycle distribution in human UKF-NB-4 neuroblastoma cells after
48 hours etoposide treatment. C - control cells treated with
medium without any drug added. The results shown in this
figure are means and standard deviations of three experiments.

Fig. 3. Effect of 2 uM etoposide (E) on cell cycle distribution
in human UKF-NB-4 neuroblastoma cells after 3 - 48 hours
etoposide treatment. C - control cells treated with medium
without any drug added. The results shown in this figure are
means and standard deviations of three experiments.
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for 72 hours alone (0/E). These results suggest that VPA
sensitized cells to etoposide. However, in the case of pre-
incubation of the cells with 1 mM VPA followed by their
treating with etoposide (V/E), an increase in the 1Cj,
value for etoposide was found (Figure 5). This finding
suggests that VPA antagonizes the effect of etoposide
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Fig. 4. Effect of T mM VPA (V) on cell cycle distribution in human
UKF-NB-4 neuroblastoma cells after 3 - 48 hours VPA treatment.
C - control cells treated with medium without any drug added.
The results shown in this figure are means and standard
deviations of three experiments.
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Fig. 5. Cytotoxicity of etoposide (E), VPA (V) and their combinations
to human UKF-NB-4 cells expressed as IC;, values and standard
deviations of three independent experiments determined by
the MTT assay. The following combinations of treating the
UKF-NB-4 neuroblastoma cells with the drugs were used: i)
the cells were preincubated with 1 mM VPA for 24 hours and
then treated with various concentrations of etoposide for
72 hours (V/E), ii) the cells were preincubated with various
concentrations of etoposide for 24 hours and then with 1 mM
VPA for 72 hours (E/V), iii) the cells were preincubated with
various concentrations of etoposide for 24 hours and after that
with various concentrations of etoposide in the presence of
1 mM VPA for 72 hours (E/V,E), iv) the cells were preincubated
for 24 hours with T mM VPA and then treated with various
concentrations of etoposide in the presence of 1 mM VPA for
72 hours (V/V,E), v) the cells were treated with medium without
any drug added for 24 hours and then treated with various
concentrations of etoposide in the presence of T mM VPA for 72
hours (0/V,E) and vi) the cells were treated with medium without
any drug added for 24 hours and then treated with various
concentrations of etoposide for 72 hours (control incubations
with etoposide only) (0/E).

on UKF-NB-4 cells at early time points of incubation.
Even though we can only speculate how to explain this
phenomenon, this sequence of cell incubations seems
to slow cell cycle of the cells, thereby decreasing their
sensitivity to etoposide.

The effect of combined treatment of UKF-NB-4
neuroblastoma cells with etoposide and VPA under
the various combinations of treatment of these cells on
their viability was also investigated using the Annexin
V and propidium iodide staining. As shown in Figure 6,
the most effective combination of the drug treatment to
decrease viability of neuroblastoma cells was the com-
bined treatment of cells with etoposide and VPA (cells
pretreated with 8 uM etoposide for 24 hours and then
treated with 1 mM VPA for 48 hours). These results
indicate the synergistic effect of this combined treat-
ment (see E/V in Figure 6).

DISCUSSION

The poor response of high risk children neuroblastoma
cancer to current treatment protocols indicates that
novel therapeutical strategies are needed to be devel-
oped. Therefore, in this study, we investigated whether
treatment of human UKF-NB-4 neuroblastoma cells
with etoposide combined with the HDAC inhibitor,
VPA, will increase the cytotoxicity of these drugs. Uti-
lizing etoposide combined with VPA can, depending
on the treatment regimens, both increased cytotoxicity
of these drugs and decrease their effects on the treated
cells (Das et al. 2010). Therefore, we also investigated
various treatment regimens of these drugs in combina-
tion on UKF-NB-4 cells.

Etoposide, used as one of drugs in the study alone
covalently binds to topoisomerase II enzyme stabilizing
a cleavage complex, which subsequently leads to gen-
eration of double-strand breaks and cell death (Baldwin

viable cells (%)
o
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C E/E 0/v E/0 E/V v/0 0/E V/E

Fig. 6. Viability of neuroblastoma cells expressed as % of viability.
C - cells treated with medium without any drug added, after
combined treatment with 8 uM etoposide (E) and 1 mM VPA (V).
Cells were pretreated for 24 hours either with medium without
the drug (0) or with etoposide (E) or VPA (V) and then treated
with the compounds for 48 hours. The results shown in this
figure are means and standard deviations of three experiments.
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& Osheroft 2005). Here, we demonstrate that this drug,
when used at therapeutically relevant concentrations
(~10 uM), modifies morphology of the UKF-NB-4 neu-
roblastoma cells. The cells also contain higher amounts
of vacuoles. This finding is consistent with results found
by Pérez et al. (1994), who found similar effects of eto-
poside on U-937 human promonocytic leukemia cells.
This phenomenon can be caused by cell cycle arrest
induced by etoposide in the cells, before they undergo
apoptosis.

Etoposide kills UKF-NB-4 neuroblastoma cells in
a time- and concentration-dependent manner. A high
degree of apoptosis is produced by this drug after 48
hours of cultivation of these cells. This anticancer
drug also causes an appreciable arrest of the cells in
G2/M and/or S phases of cell cycle with a concomitant
decrease in GO/G1 phase in UKF-NB-4 cells.

The second drug used in this study, the inhibitor of
HDAC, VPA, is known to sensitize several cancer cells
to chemotherapeutic agents (Hajji et al. 2010; Stiborova
et al. 2012). This compound increases acetylation of
specific lysine residues of chromatin-associated his-
tones H3 and H4, and decreases chromatin compaction
thus making DNA more accessible to DNA damaging
agents (Stiborova et al. 2012). VPA can also influence
the levels of DNA repair proteins, induce DNA damage
or induce cell cycle arrest (Catalano et al. 2005; Kaiser
et al. 2006; Lee et al. 2010; Hrebackova et al. 2010; Sti-
borova et al. 2012). As we found in this study, VPA used
at the well clinically tolerated concentrations (1 mM)
(Hrebackova et al. 2010), is cytotoxic to UKF-NB-4
neuroblastoma cells and causes an arrest of the cells in
G2/M and later in GO/G1 phase.

In the case of the use of both drugs in combination
examined in this study, we found that VPA can influ-
ence cytotoxicity of etoposide to a human UKF-NB-4
cell line, when VPA is used in a pre-incubation, co-
incubation and post-incubation treatment manner. The
preincubation of the cells with etoposide, which was
followed by their cultivation with VPA, was found to
be a suitable sequence of cultivation producing a high
degree of suppression of neuroblastoma cell growth. In
contrast, the reversed combination (preincubation of
the cells with VPA before their treating with etoposide)
did not give any increase in etoposide cytotoxicity. The
effect of such combined treatment can be explained by
changes of the cell cycle distribution because etopo-
side is more effective in proliferating S-phase cells. In
addition both VPA and etoposide assessed in combi-
nation treatments are metabolized by biotransforma-
tion enzymes that might influence their cytotoxicity.
Moreover, expression levels of transporters that medi-
ate drug efflux can protect cancer cells against both
damaging agents. Recently, it has been found that the
activities of these enzymes and transporters and their
expression can be changed by several HDAC inhibitors
(Stiborova et al. 2012). Indeed, VPA, is an inducer of
CYP3A4 (Cerveny et al. 2007; Poljakova et al. 2011),

which metabolizes etoposide (Kawashiro et al. 1998;
Zheng et al. 2006), and CYP24, the enzyme important
in vitamin D homeostasis (Vrzal et al. 2011). Likewise,
one transporter protein that mediates drug elimination
from cells, P-glycoprotein (encoded by MDR gene), is
induced by VPA (Eyal et al. 2006; Cerveny 2007; Polja-
kova et al. 2011).

The effects of VPA combined with etoposide on
other types of human neuroblastoma cells, SK-N-
AS and SK-N-SH cells, was investigated by Das et al.
(2010). The effect of this combined treatment was also
dependent on exposure regimens. Although the combi-
nation of drugs modestly enhanced cell-death in SK-N-
SH cells at longer incubation periods (72 and 96 hours),
it caused a decline in etoposide-mediated cell killing at
shorter exposure times (48 hours). In contrast, VPA
synergistically increased the cytotoxicity of etoposide
in SK-N-AS cells. The modest increase in topoisomer-
ase-II B expression upon VPA treatment was suggested
by Das et al. (2010) to potentially explain the additive
increase in cell-death in SK-N-SH cells in the presence
of both agents.

In summary, the combination of etoposide and VPA
increases their anti-tumor effects on human UKF-
NB-4 neuroblastoma cells. The results found suggest
that impact of VPA on anticancer effect of etoposide
on these cells depends on a variety of factors, mainly on
the sequence of cultivation of the cells with these drugs.
Nevertheless, because the combination of both drugs
at the clinically relevant doses and in suitable sequence
regimens increases their toxic effects on human neuro-
blastoma UKF-NB-4 cells, such combination regimens
might be utilized for treatment of patients suffering
from high risk neuroblastomas.
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Abstract. Cells of solid malignancies generally adapt to
entire lack of oxygen. Hypoxia induces the expression of
several genes, which allows the cells to survive. For DNA
transcription, it is necessary that DNA structure is loosened.
In addition to structural characteristics of DNA, its epigen-
etic alterations influence a proper DNA transcription. Since
histones play a key role in epigenetics, changes in expression
levels of acetylated histones H3 and H4 as well as of hypoxia-
inducible factor-la. (HIF-1a)) in human neuroblastoma cell
lines cultivated under standard or hypoxic conditions (1%
0,) were investigated. Moreover, the effect of hypoxia on the
expression of two transcription factors, c-Myc and N-myc, was
studied. Hypoxic stress increased levels of acetylated histones
H3 and H4 in UKF-NB-3 and UKF-NB-4 neuroblastoma
cells with N-myc amplification, whereas almost no changes
in acetylation of these histones were found in an SK-N-AS
neuroblastoma cell line, the line with diploid N-myc status.
An increase in histone H4 acetylation caused by hypoxia in
UKF-NB-3 and UKF-NB-4 corresponds to increased levels of
N-myc transcription factor in these cells.

Introduction

Neuroblastoma is an embryonal cancer of the postganglionic
sympathetic nervous system, which most commonly arises in
the adrenal gland. It is the most frequent malignant disease
of infancy and is a major cause of mortality from neoplasia
at this age (1). These tumors are biologically heterogeneous,
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with cell populations differing in their genetic programs,
maturation stage and malignant potential. As neuroblastoma
cells seem to have the capacity to differentiate spontaneously
in vivo and in vitro (2), their heterogeneity may affect treat-
ment outcome, in particular the response to apoptosis induced
by chemotherapy. Low-risk neuroblastoma is one of the rare
human malignancies that are known to demonstrate sponta-
neous regression in infants from an undifferentiated state to
a benign ganglioneuroma, whereas high-risk neuroblastoma
grows relentlessly and may be rapidly fatal. Prognosis of the
high-risk form of this type of cancer is poor, since drug resis-
tance arises in the majority of the patients initially responding
well to chemotherapy (3).

Approximately 40% of patients suffering from neuro-
blastoma belong to the high-risk group. Unfavorable tumors
are characterized by structural chromosomal changes,
including deletions of 1p or 11q, unbalanced gain of 17q and/
or amplification of the N-myc proto-oncogene. Among them,
amplification of the N-myc is a marker for high-risk neuroblas-
toma (3). Indeed, N-myc overexpression in neuroblastomas
with amplified N-myc is associated with poor prognosis (3).
Among the prognostic indicators of neuroblastoma, N-myc
amplification is strongly associated with advanced disease
stages, rapid tumor progression and the poorest disease
outcome. N-myc amplification occurs in ~20 to 25% of all
neuroblastoma cases and it leads to N-myc overexpression at
both the mRNA and protein levels (4,5). However, the high
N-myc expression confers the opposite biological conse-
quence in neuroblastoma, depending on N-myc gene status.
Indeed, high-level of N-myc expression is associated with
favorable outcome in neuroblastoma lacking N-myc amplifi-
cation. Forced expression of N-myc significantly suppresses
growth of neuroblastoma cells lacking N-myc amplification
by inducing apoptosis and enhancing favorable neuroblastoma
gene expression. Hence, it may be postulated that high-level
N-myc expression in neuroblastoma lacking N-myc ampli-
fication results in a benign phenotype (4). Whereas N-myc
overexpression in neuroblastoma cells with N-myc amplifica-
tion induces the malignant phenotype of these neuroblastoma
cells (3), overexpression of the other genes of the Myc family
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induces unrestricted cell proliferation, inhibits differentiation,
cell growth, angiogenesis, reduces cell adhesion, metastasis
and induces genomic instability (6). In human neuroblastoma
cells with inducible N-myc expression, the N-myc increases
apoptosis induced by cytostatics. Furthermore, neuroblastoma
cells with N-myc amplification can resist treatment only when
there is additional dysfunction in the apoptosis pathways (7).
Another mechanism of drug resistance in neuroblastoma
cells, to which N-myc may contribute, is the regulation of
ABC transporter genes (8).

A reduction in the normal level of tissue oxygen tension,
hypoxia, produces cell death if severe or prolonged (9). In solid
tumors it is a consequence of structurally and functionally
disturbed microcirculation and the deterioration of diffusion
conditions (10). Although hypoxia is toxic to both cancer cells
and normal cells, cancer cells undergo genetic and adaptive
changes that allow them to survive and even proliferate in the
hypoxic environment (9). Therefore, tumor hypoxia appears
to be strongly associated with tumor progression and resis-
tance to chemo- and radio-therapy, and has thus become an
important issue in tumor physiology and cancer treatment (10).
However, the mechanisms explaining how cancer cells can
survive hypoxia more efficiently than normal cells remain to
be explored.

The epigenetic structure of DNA in chromatin plays a role
in the origin of neuroblastomas (11). Dynamic formation of
DNA leads not only to transcription of different genes but DNA
is also more accessible for DNA-targeted chemotherapeutics.
Approximately 75 genes are described as epigenetically
affected in neuroblastoma cells (12). DNA hypermethylation
and gene silencing is generally associated with the abundance
of deacetylated histones, the other essential actors of epigen-
etic mechanisms (13). Indeed, histones are key players in
epigenetics and their status dictates accessibility of chromatin
DNA for binding of transcription factors that regulates DNA
transcription (14).

The core histones H3, H4, H2A and H2B around which
147 base pairs of DNA are wrapped are predominantly globular
except for their N-terminal tails, which are unstructured (15).
There are at least eight distinct types of modifications. One
of the most important histone modifications is acetylation
of lysine residues, which regulates various cell processes
such as transcription, repair, replication and condensation
of DNA (15). Histone acetylation is regulated by the equi-
librium of two groups of enzymes: histone acetyltransferases
(HATs) and histone deacetylases (HDACs) (13). Watson et al
showed significant alterations in the global levels of histone
acetylation and DNA methylation in response to chronic
hypoxic exposure, where cells were permanently maintained
at 1% oxygen, i.e., specifically consistent and sustained
global increases in H3K9 acetylation and DNA methylation
in the absence of hypoxia-inducible factor hypoxia-inducible
factor-la (HIF-1a) (16). Therefore, since acetylation of
histones is an important epigenetic mark that may be influ-
enced by hypoxia, investigation of changes in expression
levels of acetylated histones H3 and H4 in human neuroblas-
toma cell lines by hypoxia is one of the aims of the present
study. The effect of hypoxia on amounts of HIF-1a protein
was also examined. In addition, levels of N-myc protein and
another member of the Myc family of transcription factors,
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c-Myc, may be influenced by the chromatin structure that
is dictated by acetylation of histones H3 and H4 and recruit
other co-factors to activate gene expression (17-19). Therefore,
the present study also investigated the effect of hypoxia on the
relationships between acetylation of histones H3 and H4 and
expression of N-myc and c-Myc in neuroblastoma cells. Since
heterogeneity of neuroblastoma cells may affect their respon-
sibility to hypoxia, three neuroblastoma cell lines were tested
in the present study: UKF-NB-3, UKF-NB-4 and SK-N-AS
cell lines.

Materials and methods

Chemicals and materials. AA mix (acrylamide:bisacrylamide
29:1), natrium butyrate, natrium deoxycholate, natrium dodecyl
sulfate (SDS), 1,2-bis(dimethylamino)ethane (TEMED),
polyoxyethylene-sorbitan monolaurate (Tween-20), ammo-
nium peroxodisulfate (APS) and glycine were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 4-(2-Hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), dithiothreitol
(DTT), phenylmethylsulfonyl fluoride (PMSF) were obtained
from Gibco-BRL (Life Technologies, Carlsbad, CA, USA).
Phosphate-buffered saline (PBS), trypsin and SeeBlue®
Plus2 Pre-Stained Standard were purchased from Invitrogen
(Life Technologies, Carlsbad, CA, USA). Natrium hydrogen
carbonate, hydrogen chloride and methanol were acquired
from Penta (Prague, Czech Republic). Tris [1,1,1-Tris (hydroxy-
methyl) aminomethane (TRIS)] was obtained from Lachema
(Brno, Czech Republic). Blotting Grade Blocker non-fat dry
milk was purchased from Bio-Rad (Hercules, CA, USA). All
these and other chemicals used in the experiments were of
analytical purity or better.

Cell cultures. The human neuroblastoma cells lines UKF-NB-3
and UKF-NB-4 with N-myc amplification, established from
bone marrow metastases of high-risk neuroblastoma, were
a gift from Professor J. Cinatl Jr (J.W., Goethe University,
Frankfurt, Germany). SK-N-AS cells with diploid N-myc
status were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultivated in Iscove's
modified Dulbecco's medium (IMDM) (Lonza, Basel,
Switzerland), supplemented with 10% fetal calf serum and
2 mM L-glutamine, (PAA Laboratories, Pasching, Austria) at
37°C and 5% CO,. For experiments with hypoxia, a hypoxic
chamber purchased from Billups-Rothenberg (Del Mar, CA,
USA) was prepared with an atmosphere containing 1% O,,
5% CO, and 94% N,.

Estimation of contents of acetylated histones H3 and H4
in neuroblastoma cells. Cell pellets were re-suspended in
10 mM HEPES buffer pH 7.9 containing 1.5 mM MgCl,,
10 mM KCl, 0.5 mM dithiothreitol and 1.5 mM PMSF for
preparation of acid extraction of proteins as introduced in
the anti-H4 antibody datasheet. To each sample, hydro-
chloric acid was added to a final concentration of 0.2 M. The
samples were incubated on ice for 30 min and centrifuged
at 11,000 x g for 10 min at 4°C. The supernatant fraction,
which contains the acid soluble proteins, was dialyzed against
0.1 M acetic acid, twice for 1 h each, and against distilled
water for 2 h and overnight. Protein concentrations were
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Figure 1. The effect of hypoxia on expression of HIF-1a and acetylated histones H3 and H4 in human neuroblastoma cell lines determined by western blotting.

Actin was used as loading control. HIF-1a, hypoxia-inducible factor-1a.

assessed using the DC protein assay (Bio-Rad) with serum
albumin as a standard. Five and/or 15 ug of extracted proteins
were subjected to SDS-PAGE electrophoresis (20,21) on a
17% gel for analysis of histone H3 and/or H4 acetylation,
respectively. After migration, proteins were transferred to
a nitrocellulose membrane and incubated with 5% non-fat
milk to block non-specific binding. The membranes were
then exposed to specific rabbit polyclonal anti-H3 (1:10,000)
and anti-H4 (1:20,000) (both from Upstate, Lake Placid, NY,
USA), antibodies overnight at 4°C. Membranes were washed
and exposed to peroxidase-conjugated anti-IgG secondary
antibodies (1:3,000) and the antigen-antibody complex was
visualized by enhanced chemiluminescence detection system
according to the manufacturer's instructions (Immun-Star
HRP Substrate) (both from Bio-Rad), using X-ray film from
MEDIX XBU (Foma, Hradec Krédlové, Czech Republic).
Antibody against actin (1:1,000; Sigma, St. Louis, MO, USA)
was used as loading control.

HAT and HDAC activity. Activity of HATs and HDACs was
assessed according to the manufacturer's instructions by
HAT Activity and HDAC Activity Colorimetric Assay Kkits
(BioVision, Milpitas, CA, USA). Briefly, 68 ul of assay mix
containing 40 ul 2X HAT assay buffer, 5 ul HAT substrate,
15 ul HAT substrate IT and 8 ul NADH generating enzyme
were added to 50 ug of nuclear extract in 40 ul of distilled
water. Each well of the 96-well plate was mixed. The plate
was incubated at 37°C for 1 h and then read in a VersaMax™
microplate reader (Molecular Devices, Sunnyvale, CA, USA)
at 440 nm. Alternatively, 50-200 pg of nuclear extract were
diluted in 85 ul of distilled water. Ten microliters of 10X HDAC
assay buffer and 5 ul of an HDAC colorimetric substrate was
added to each well. After thorough mixing, plates were incu-
bated at 37°C for 1 h. The reaction was stopped by adding
10 pl of Lysine developer. After mixing well, the plate was
incubated at 37°C for 30 min. Samples were read in plate
reader VersaMax™ microplate reader at 400 nm.

Estimation of contents of HIF-1a, c-Myc and N-myc in
neuroblastoma cells. To determine the expression of HIF-1a,

c-Myc and N-myc proteins, cell pellets were resuspended in
25 mM Tris-HCI buffer pH 7.6 containing 150 mM NaCl,
1% detergent Igepal® CA-630 (Sigma), 1% sodium deoxy-
cholate and 0.1% SDS and with solution of Complete™
(protease inhibitor cocktail tablet; Roche, Basel, Switzerland)
at concentrations described by the provider. The samples
were incubated for 60 min on ice and thereafter centrifuged
for 20 min at 14,000 x g and 4°C. Supernatant was used for
additional analysis. Protein concentrations were assessed
using the DC protein assay (Bio-Rad) with serum albumin as
a standard. Then, 50 ug of extracted proteins were subjected
to SDS-PAGE electrophoresis on an 11% gel for analysis of
HIF-1a, c-Myc and N-myc protein expression. After migra-
tion, proteins were transferred to a nitrocellulose membrane
and incubated with 5% non-fat milk to block non-specific
binding. The membranes were then exposed to specific rabbit
polyclonal anti-HIF-1a (1:3,000; Zymed Life Technologies,
Carlsbad, CA, USA), rabbit monoclonal anti-c-Myc (1:500)
antibodies and to specific mouse monoclonal anti-N-myc
(1:1,000) (both from Santa Cruz Biotechnology, Inc., Dallas,
TX, USA) antibody overnight at 4°C. Membranes were washed
and exposed to peroxidase-conjugated anti-IgG secondary
antibodies (1:3,000; Bio-Rad), and the antigen-antibody
complex was visualized by enhanced chemiluminescence
detection system according to the manufacturer's instruc-
tions (Immun-Star HRP Substrate), using X-ray film from
MEDIX XBU. Antibody against actin (1:1,000; Sigma) was
used as loading control.

Cell cycle analysis. To determine cell cycle distribution
analysis, 5x10° cells were plated in 60 mm dishes and treated
under hypoxic conditions for 24 h. After treatment, the cells
were collected by trypsinization, stained with DNA PREP
reagent kit (Beckmann Coulter, Fullerton, CA, USA), that
contains permeabilization reagent and propidium iodide solu-
tion with RNase, according to the manufacturer's instructions,
and at least 30,000 cells were analyzed by flow cytometry on
a FACSCalibur cytometer (BD, San Jose, CA, USA). The data
were analyzed using ModFit LT software (Verity Software
House, Topsham, ME, USA).
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Figure 2. The effect of hypoxia on activities of (A) histone acetyltransferases (HATSs) and (B) histone deacetylases (HDACS) in neuroblastoma cells. Hypoxia,

24 h exposure to 1% O,.

Results and Discussion

The effect of hypoxia on acetylation of histone H3 and H4
in neuroblastoma cells. Epigenetic processes are involved
in causation and progression of many types of malignancies,
including neuroblastoma. Therefore, we decided to explore
how commonly emerging state in neoplasia regions, hypoxia
affects chromatin-associated proteins and post-translational
modifications of histones regulated transcription. Using
western blotting, different levels of acetylated histones H3
and H4 in individual human neuroblastoma cell lines culti-
vated under normoxic or hypoxic conditions (1% O,) were
found. Cultivation of the tested neuroblastoma cells for 6,
12, 24 or 48 h in hypoxia increased acetylation of histone H4
in UKF-NB-3 and UKF-NB-4 cell lines, the lines derived
from high-risk neuroblastomas with N-myc amplification.
In contrast to these results, decreased levels of histone H4
acetylation after 24 h exposure to hypoxia were detected in an
SK-N-AS neuroblastoma cell line having diploid N-myc status.
Therefore, it may be assumed that an increase in acetylation
of histone H4 is related to N-myc amplification. Acetylation of
the only histone H3 was increased under hypoxic conditions
in a UKF-NB-3 cell line. With the exception of 48 h hypoxia,
where histone H3 acetylation was increased in UKF-NB-4
and SK-N-AS, almost no changes in histone H3 acetylation
were produced by hypoxia in UKF-NB-4 and SK-N-AS cells

(Fig. 1).

Activity of HATs and HDACs. Although the activities of
HATs were slightly lowered by 24 h hypoxia cultivation of
UKF-NB-3 and SK-N-AS cells, no effect of such conditions
of cultivation was found on these enzymes in a UKF-NB-4
cell line. In addition, essentially no differences in activities
of HDACs were produced by hypoxia in tested neuroblastoma
cells (Fig. 2). These findings suggest that increased acetyla-
tion of histones H3 and H4 in UKF-NB-3 and UKF-NB-4
neuroblastoma cells and decreased acetylation of the histones
in SK-N-AS cells (see Fig. 1) is not directly connected with
activities of these enzymes and follows from the other, still
unknown, mechanism(s).

UKF-NB-3 | UKF-NB-4 | SK-N-AS

Normoxia
Hypoxia
Normoxia
Hypoxia
Normoxia
Hypoxia

Myc S S v —
| [
m— e

N-myc -

| |
actin  E———— T e — ————

Figure 3. The effect of hypoxia on expression of ¢-Myc and N-myc proteins
in human neuroblastoma cell lines determined by western blotting. Actin was
used as loading control.

Hypoxia influences expression of N-myc but not c-Myc in
neuroblastoma cells. Different levels of N-myc protein were
found in either studied neuroblastoma cell line cultivated
both under hypoxic and normoxic (standard) conditions. Of
all tested cell lines cultivated under standard conditions, the
N-myc protein was expressed in detectable amounts only in
the UKF-NB-4 cells (Fig. 3). However, hypoxic conditions
of cultivation of the neuroblastoma cells (24 h) resulted in
increased expression of protein of this transcription factor
in these neuroblastoma cells and even in expression of this
protein in UKF-NB-3 cells. However, N-myc protein was
undetectable in the SK-N-AS line, neither in normoxia nor
in hypoxia. The increased levels of proto-oncogene N-myc
protein mediated by hypoxia in UKF-NB-3 and UK-NB-4
neuroblastoma cell lines with N-myc amplification were paral-
leled with an increase in histone H4 acetylation in these cells
(compare Figs. 1 and 3). Histone's lysine residue acetylation
leads to decreased interactions between distinct chromatin
fibres and to a decondensation of chromatin and increased
accessibility of DNA to the transcriptional machinery due to
the DNA uncoiling (22). These results indicate that hypoxia
induces an increase in gene transcription activation in the
neuroblastoma cells with N-myc amplification. Since N-myc
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Figure 4. Cell cycle distribution in human neuroblastoma cell lines assessed by flow cytometry; the effect of 24 h hypoxia on cell cycle of these cells in

comparison with the standard cultivation conditions.

also both activates and represses the expression of several
miRNAs and long non-coding RNAs that play important
roles in neuroblastoma progression (23), an increase in its
expression may be involved in the higher aggressive prop-
erty of these neuroblastoma cells. Indeed, regardless of cell
cultivation conditions, no N-myc expression was detected by
western blotting in an SK-N-AS cell line that lacked N-myc
amplification. It may be speculated that increased acetylation
of histone H4 caused by hypoxia is involved in cancer progres-
sion of neuroblastoma cells with N-myc amplification. Since
most tumors contain hypoxic area, N-myc overexpression
induced by hypoxia may decrease response of neuroblastoma
with N-myc amplification to chemotherapy.

In contrast to N-myc protein, essentially no differences in
c-Myc protein expression were found in neuroblastoma cells
cultivated under normoxic or hypoxic conditions (Fig. 3),
which corresponds to the findings of Huang ez al, who found an
inverse relationship between N-myc and c-Myc expression in
various neuroblastoma derived cell lines and that both N-myc
and c-Myc overexpression accelerates tumor cell proliferation
and tumorigenesis directly through BMII (polycomb ring
finger oncogene) gene transcription (24).

Influence of hypoxia on HIF-la protein expression in
neuroblastoma cells. The transcription factor HIF-1a is a
key mediator of the cellular response to hypoxia affecting
expression of many genes that may inhibit apoptosis (25).
Although HIF-1f is constitutively expressed in the nucleus,
HIF-1la is maintained at low levels under normoxic condi-
tions (26). In the presence of oxygen, the HIF-1a subunits
undergo hydroxylation by oxygen-dependent prolyl hydroxy-
lases allowing their binding to the von Hippel-Lindau (VHL)
protein and targeting for ubiquitination and degradation (27).
Overexpression of HIF-1a protein has been described in
many different types of human malignancies, but not in
benign tumors or normal tissues (28,29). In addition, over-
expression of HIF-1a correlates with p53 accumulation, cell
proliferation, and direct activation of vascular endothelial
growth factor (VEGF) promoter, which suggests important
roles for HIF-1a in cancer progression (28,30). As in other
tumors, overexpression of HIF-1a protein has been found

in all neuroblastoma cell lines tested in this study, with the
highest being in an SK-N-AS cell line. Only a slight increase
in levels of HIF-1a protein was found after 6 h of cultivation of
all tested neuroblastoma cells in hypoxia, but at longer inter-
vals (12, 24 and 48 h), no such increase was observed (Fig. 1).

Hypoxia affects cell cycle distribution of neuroblastoma
cells. The cell cycle distribution of tested neuroblastoma cells
measured by flow cytometry was slightly altered by oxygen
deprivation (1% O,, for 24 h) in comparison to the cell cycle
distribution of cells cultivated under the standard (aerobic)
conditions (Fig. 4). An increase in the GO/G1 phase with
a concomitant decrease in the S phase of the cell cycle was
produced by cultivation of all tested human neuroblastoma cells
for 24 h under hypoxic conditions. It is evident that cancer cells
cultivated under low levels of oxygen (1% O,) require more time
to be entered into the S phase of the cell cycle. This may be a
consequence of a shift of cell metabolism from the oxidative
to anaerobic one. It is known that the anaerobic metabolism is
less effective in production of energy essential for biosynthesis
of components of DNA such as deoxynucleoside triphosphates
needed for biosynthesis of DNA in the S phase of the cell cycle.
Another mechanism of decreased proliferation in hypoxia is
the effect of HIF-1a that inhibits DNA replication and induces
cell cycle arrest in various cell types (31).

In conclusion, in the present study, we have demonstrated
that hypoxic stress increased levels of acetylated histones H3
and H4 in UKF-NB-3, and histone H4 in UKF-NB-4 neuro-
blastoma cell lines derived from high-risk neuroblastoma,
both cell lines possessing N-myc amplification. In contrast,
almost no changes in acetylation of these histones were
found in an SK-N-AS neuroblastoma cell line with diploid
N-myc status.

Hypoxia-induced acetylation of histones in tested neuro-
blastoma cell lines was not associated with expression of the
transcription factor HIF-1a in these cells or with changes in
HAT and HDAC activities. Although HIF-1a protein was over-
expressed in all neuroblastoma cell lines tested in this study,
essentially no differences in its expression were produced by
hypoxia. Of note, the highest levels of HIF-1a protein were
found in SK-N-AS neuroblastoma cells.
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The increase in histone H4 acetylation mediated by hypoxia
in UKF-NB-3 and UKF-NB-4 neuroblastoma cell lines was
paralleled with the increased levels of proto-oncogene N-myc
protein expression in these neuroblastoma cells with N-myc
amplification. In addition, expression of this protein was
not detectable in an SK-N-AS neuroblastoma cell line, the
line with diploid N-myc status. These findings suggest that
acetylation of histone H4 in neuroblastoma cells with N-myc
amplification determines expression of transcription factor
N-myc. The results showing the hypoxia-induced increase in
levels of histone acetylation found in this study in UKF-NB-3
and UKF-NB-4 neuroblastoma cells are the opposite of those
demonstrated by Li and Costa (19), who examined the effect of
hypoxia on human A549 lung carcinoma cells. These authors
found that exposure of this cancer cell line to hypoxia caused
a decrease in acetylation of histones H3 and H4. Moreover,
the authors showed that a decreased level of c-Myc expression
was consistent with the effect of hypoxia on global histone
H4 acetylation in A549 cells (19). These findings, which are
different from those found in the present study, may be caused
by the different type of cancer cells they used, human A549
lung carcinoma cells, in which N-myc amplification is missing.
A decrease in acetylation of H3 and H4 by hypoxia in SK-N-AS
neuroblastoma cells, a line without N-myc amplification, was
also observed in the present study.

The results found in the present study indicate that insight
into changes in levels of acetylated histones H3 and H4 and
N-myc protein generated by hypoxic stress in the studied
neuroblastoma cell lines may be important for partial expla-
nation of the aggressive property of these cells. This is true
predominantly for UKF-NB-4 neuroblastoma cells, the line
with N-myc amplification and high P-glycoprotein expression
that was prepared from chemoresistant recurrence (32,33).
The N-myc protein is overexpressed in these cells and is
even induced by hypoxia in these and UKF-NB-3 cells. An
increased acetylation of histones allows N-myc to be easily
bound to DNA, thereby inducing efficient transcription
processes resulting finally in accelerated cell growth and
proliferation. Therefore, among the genetic changes which
allow high-risk neuroblastoma cells with N-myc amplifica-
tion to survive hypoxia and to efficiently grow and proliferate
under these conditions, may be the high expression of N-myc
proto-oncogene and its induction by hypoxia.
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The synergistic effects of DNA-damaging drugs cisplatin
and etoposide with a histone deacetylase inhibitor
valproate in high-risk neuroblastoma cells
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Abstract. High-risk neuroblastoma remains one of the most
important therapeutic challenges for pediatric oncologists.
New agents or regimens are urgently needed to improve the
treatment outcome of this fatal tumor. We examined the effect
of histone deacetylase (HDAC) inhibitors in a combination
with other chemotherapeutics on a high-risk neuroblastoma
UKF-NB-4 cell line. Treatment of UKF-NB-4 cells with
DNA-damaging chemotherapeutics cisplatin or etoposide
combined with the HDAC inhibitor valproate (VPA) resulted
in the synergistic antitumor effect. This was associated with
caspase-3-dependent induction of apoptosis. Another HDAC
inhibitor trichostatin A and a derivative of VPA that does
not exhibit HDAC inhibitory activity, valpromide, lacked
this effect. The synergism was only induced when VPA was
combined with cytostatics targeted to cellular DNA; VPA does
not potentiate the cytotoxicity of the anticancer drug vincris-
tine that acts by a mechanism different from that of DNA
damage. The VPA-mediated sensitization of UKF-NB-4 cells
to cisplatin or etoposide was dependent on the sequence of
drug administration; the potentiating effect was only produced
either by simultaneous treatment with these drugs or when the
cells were pretreated with cisplatin or etoposide before their
exposure to VPA. The synergistic effects of VPA with cisplatin
or etoposide were associated with changes in the acetylation
status of histones H3 and H4. The results of this study provide
a rationale for clinical evaluation of the combination of VPA
and cisplatin or etoposide for treating children suffering from
high-risk neuroblastoma.
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Introduction

Neuroblastoma is the most common extracranial solid tumor
of childhood. These tumors are biologically heterogeneous,
with cell populations differing in their genetic programs,
maturation stage and malignant potential. Neuroblastoma
cells seem to have the capacity to differentiate spontaneously
in vivo and in vitro, they may regress spontaneously in infants,
mature to benign ganglioneuroma, or grow relentlessly and be
rapidly fatal (1,2). This heterogeneity could affect treatment
outcome, in particular the response to apoptosis induced by
chemotherapy. Even though a great progress has recently been
made in pediatric oncology, all accessible approaches have
still failed to cure the high-risk neuroblastoma (3). Indeed,
little improvement in therapeutic options has been made in the
last decade, requiring the development of new therapies.

The chromatin structure plays a role in the origin of neuro-
blastomas (4). Dynamic formation of chromatin leads not
only to transcription of different genes but DNA is also more
accessible for DNA-targeted chemotherapeutics. Several genes
are described as epigenetically influenced in neuroblastoma
cells (5). DNA hypermethylation and gene silencing is usually
associated with the abundance of deacetylated histones, the
other essential actors of epigenetic mechanisms (6). Therefore,
histones are key players in epigenetics, and their status dictates
accessibility of transcription factors that regulates DNA tran-
scription (7).

The core histones H3, H4, H2A and H2B around which
147 bp of DNA are wrapped and predominantly globular
except for their N-terminal tails, which are unstructured (8).
There are at least eight distinct types of modifications. One
of the most important histone modifications is acetylation of
lysine residues, which regulates various cell processes such
as transcription, repair, replication and condensation of DNA
(8). Histone acetylation is regulated by the equilibrium of two
groups of enzymes: histone acetyltransferases (HATSs) and
histone deacetylases (HDACs) (6). HDACs also play an impor-
tant role in post-transcriptional modifications in a variety of
non-histone proteins such as transcription factors, chaperones
or signaling molecules (9).
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In the last decades, numerous compounds that act as
inhibitors of HDACSs have been studied as potential anticancer
drugs. Various HDAC inhibitors initiate cancer cell death by
different processes, depending on the cell types, because they
have a variety of cellular targets. These mechanisms include
changed gene expression and alterations of histone and also
of non-histone proteins by epigenetic and post-translational
modifications (10). The results found in several studies testing
the efficiency of HDAC inhibitors alone or in a combination
with chemotherapy and/or radiotherapy demonstrated that
HDAC inhibitors can have additive and/or even synergistic
effects when used with some cytotoxic reagents or ionizing
radiation (11-14). Even though various molecular mechanisms
were shown to be responsible for the observed higher sensitivity
of tumor cells towards therapeutic agents elicited by HDAC
inhibitors (reviewed in refs. 10,15-22), these mechanisms need
to be further investigated.

In this study, we investigated the combined effects of two
HDAC inhibitors, valproate (VPA) and trichostatin A (TSA),
with two DNA-damaging drugs, cisplatin and etoposide,
on a human high-risk neuroblastoma UKF-NB-4 cell line.
Cytotoxicity of cisplatin is based on cisplatin-induced DNA
adducts that include protein-DNA cross-links, DNA monoad-
ducts, and interstrand or intrastrand cross-links (23), as well
as on the generation of reactive oxygen species (ROS) in cells
(24,25). Etoposide acts as a DNA intercalator and an inhibitor
of topoisomerase II activity generating the single- and double-
strand DNA breaks (26-28). VPA, an inhibitor of class I
and ITA HDAC:s (29), is used as an anti-epileptic drug, but it
also exhibits antitumor activity. TSA is a pan-HDAC inhibitor
efficient in nanomolar concentrations (30,31) that induces cell
cycle arrest and apoptosis in several cell lines, suggesting its
potency to be used as an anticancer drug (32).

The combined effects of VPA and TSA with DNA-damaging
drugs (cisplatin and etoposide) on UKF-NB-4 neuroblastoma
cells were evaluated using the pro-apoptotic effects of these
drugs and apoptosis-involved mechanisms underlying the anti-
cancer activity of these drugs. In addition, we also examined
the effects of the combination of the HDAC inhibitors with
vicristine, the drug that is used to treat neuroblastomas (1),
but acts via a different mechanism of anticancer action. The
results found in this report suggest that integrating VPA into
the DNA-damaging conventional chemotherapy of high-risk
neuroblastoma may improve treatment efficacy.

Materials and methods

Cell cultures and chemicals. The UKF-NB-4 cell line, estab-
lished from bone marrow metastases of recurrent high-risk
neuroblastoma, was a gift of Professor J. Cinatl Jr (J.}W. Goethe
University, Frankfurt, Germany). Valproic acid sodium salt
(VPA), valpromide (VPM), trichostatin A (TSA) and etoposide
(ETO) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Vincristine (VCR) sulfate was from Teva
Pharmaceuticals, Prague, Czech Republic and cisplatin was
Platadiam 50 from PLIVA-Lachema, Brno, Czech Republic.
All other chemicals used in experiments were of analytical
purity or better. Cells were grown at 37°C and 5% CO,, culti-
vated in Iscove's modified Dulbecco's medium (IMDM) with
10% fetal bovine serum (both Life Technologies, Carlsbad,

CA, USA). The cells were cultivated for at least 48 h with
tested drugs, because this time period essentially corresponds
to the time for two cycles of cell division. Moreover, such a
time period is sufficient for the drugs used in this study to
enter the tested cells, affect cell cycle and trigger apoptosis
(17-20,33,34).

Annexin Vipropidium iodide double staining assay. For detec-
tion of apoptosis, Annexin V-FITC Apoptosis Detection kit
(Biovision, Milpitas, CA, USA) was used according to the
manufacturer's instructions and samples were analyzed using
flow cytometry (LSR II, BD, Franklin Lakes, CA, USA).
Briefly, 0.8x10° UKF-NB-4 cells were plated in 60-mm dishes
and treated with individual drugs (VPA dissolved in an IMDM
medium), TSA and VPM (dissolved in dimethyl sulfoxide,
DMSO), water solution of cisplatin prepared according to the
manufacturer's instructions (PLIVA-Lachema, Brno, Czech
Republic), etoposide (dissolved in a small volume of DMSO;
final volume of DMSO did not exceed 0.5%), vincristine
sulfate (Teva Czech Industries, Prague, Czech Republic)
or their combinations. After exposure to these compounds
for 48 h, cells were washed with cold PBS, trypsinized and
collected by centrifugation; cells were further re-suspended
in 100 pl of Annexin binding buffer containing 5 ul of FITC
Annexin V and 5 ul of PI. Then cells were gently vortexed and
incubated for 20 min at room temperature in the dark. Binding
buffer (400 ul) was added to each tube and centrifuged. Pellets
of cells re-suspended in this buffer were then collected and
measured using an LSR II flow cytometer (BD) and analyzed
with FlowLogic software.

Detection of active caspase-3. To detect cells with active
caspase-3, 0.8x10° neuroblastoma UKF-NB-4 cells were
plated in 60-mm dishes and treated with individual drugs
or their combinations for 48 h. Percentage of active caspase-
3-positive cells was detected using the CaspGLOW™
Flourescein Active Caspase-3 Staining kit (eBioscience,
San Diego, CA, USA). The procedure used was as described
in the manufacturer's instructions and samples were analyzed
using flow cytometry (LSR II, BD, Franklin Lakes, CA,
USA). Briefly, after exposure to the compounds, control or
treated cells were washed with cold PBS, trypsinized and
collected by centrifugation. Cell pellets were washed with
PBS and after spinning re-suspended in 300 ul of a complete
medium containing 1 ul of FITC labeled DEVD-FMK. Then
the cells were incubated for 30 min at 37°C and 5% CO.,.
Cells were collected by spinning and pellet was washed with
wash buffer (according to the manufacturer's instructions).
Re-suspended washed cells were measured using the LSR 11
flow cytometer (BD, Franklin Lakes, CA, USA) and analyzed
with FlowLogic software.

Real-time monitoring of cell viability. The xCELLigence
RTCA DP Instrument (ACEA Bioscience Inc., San Diego, CA,
USA) placed in a humidified incubator at 37°C and 5% CO,
was used for real-time label-free monitoring of cell-viability
(37). UKF-NB-4 cell line (20,000 cells) were seeded into
16-well plates for impedance-based detection. Each condition
(control, 1 mM VPA, 4 uM cisplatin and combination of 1 mM
VPA with 4 uM cisplatin) was tested in duplicate. Cell index
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(CI) was monitored every 30 min for 140 h and data recorded
by the supplied RTCA software.

Estimation of contents of acetylated histones H3 and H4. To
estimate an acetylation status of histones H3 and H4,4x10° cells
were plated in 100-mm dishes and cultivated and treated with
tested drugs. Namely, cells were treated with 1 mM VPA, 40
or 150 nM TSA, or 4 mM VPM for 8 h or with 20 M cisplatin
or 8 uM etoposide for 24 h. Cells were also treated with
cisplatin and etoposide in a combination with 1 mM VPA in
two different regimens: i) cells were incubated with cisplatin
or etoposide for 24 h prior to incubation with VPA for 8 h and
ii) cells were incubated with VPA for 8 h prior to incubation
with cisplatin or etoposide for 24 h. Cells were harvested and
histones were isolated from the cell pellets. The acid extrac-
tion followed by precipitation of histones using trichloracetic
acid (TCA) method described by Shechter ef al was used (35).
The concentration of proteins was measured using a Lowry
method (36) with DC Protein Assay (Bio-Rad, Hercules, CA,
USA). Histones (5 ug) were electrophoretically separated
using 4-20% TGX precast gels (100 mA). After migration,
histones were transferred to a nitrocellulose membrane and
incubated with 5% non-fat milk to block non-specific binding.
The membranes were then exposed to specific rabbit poly-
clonal anti-acetyl-histone H3 (1:4,000) and anti-acetyl-histone
H4 (1:1,000) antibodies (both from Upstate Biotechnology
Inc., Lake Placid, NY, USA) overnight at 4°C. Membranes
were washed and exposed to peroxidase-conjugated anti-IgG
secondary antibodies (1:2,000) and the antigen-antibody
complex was visualized by enhanced chemiluminescence
detection system according to the manufacturer's instructions
(Immun-Star HRP Substrate, Bio-Rad), using X-ray film
MEDIX XBU (Foma, Hradec Kralove, Czech Republic). The
anti-histone H3 antibody (1:10,000; Millipore, San Diego, CA,
USA) was used as a loading control.

Histone H2AX phosphorylation status. To determine phos-
phorylation of histone H2AX, 0.8x10° cells were plated in
60-mm dishes and treated with individual drugs or their
combinations. After exposure to the compounds, control or
treated cells were washed with cold PBS, trypsinized and
collected by centrifugation. Cell pellets were washed with
PBS and after spinning the cells were fixed in 2% form-
aldehyde in PBS for 10 min. After PBS washing, the cells
were re-suspended in ice-cold 90% methanol in PBS and
incubated for 60 min at -20°C. Then the cells were washed
three times with wash buffer (PBS containing 0.5% BSA and
0.2% Triton X-100). Cells were incubated in 50 pl of wash
buffer containing 5 ul of pH2AX antibody [Alexa Fluor® 647
anti-H2A . X-Phosphorylated (Ser139), Biolegend, San Diego,
CA, USA] for 60 min at 4°C. Cells were washed and measured
using the LSR II (BD, Franklin Lakes, CA, USA) and analyzed
with FlowLogic software.

Statistical analysis. Data are expressed as mean = SD. Student's
t-test was used when comparing two conditions. P-value <0.05
was considered as statistically significant. GraphPad Prism6
software was used for this statistical and graphical processing
of data. Two-one-sided-test (TOST) was used to test equiva-
lence, XLSTAT software was used.
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Figure 1. Apoptosis induction in UKF-NB-4 cells by 1 mM VPA (B), 20 uM
cisplatin (C), 8 uM etoposide (E), 20 nM vincristine (G) and their combina-
tion with 1 mM VPA [(D) VPA + cisplatin, (F) VPA + etoposide, (H) VPA
+ vincristine)]. (A) Control cells incubated in a medium without drugs.
Apoptosis was measured using Annexin V-FITC/PI labeling. Figure shows
representative data from one of three independent experiments.

Results

VPA synergizes cytotoxicity of cisplatin on UKF-NB-4
human neuroblastoma cells. The first step of this study was
to examine the apoptosis induced in UKF-NB-4 cells treated
with individual drugs. As translocation of phosphatidylserine
to the external membrane leaflet is one of the earliest features
of apoptosis, early apoptotic cells can thus be identified by the
Annexin V-FITC/PI double staining assay. Besides, double
staining with PI allows differentiation of early apoptotic cells
with intact membranes (Annexin V*/PI') from late apoptotic/
necrotic cells with leaky membranes (Annexin V*/PI*) and
normal cells (Annexin V/PI'). As a result, the different groups
of these stained cells can be distinguished and quantified by
flow cytometry.

As shown in Fig. 1, treatment of UKF-NB-4 neuroblas-
toma cells with a non-toxic concentration of VPA, 1 mM
VPA, for 48 h does not induce apoptosis in these cells (the
amount of Annexin V/PI cells is almost the same as in the
control sample, Fig. 1A and B). However, their treatment with
cisplatin alone and mainly with this drug simultaneously with
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Figure 2. Apoptosis induction in UKF-NB-4 cells by 1 mM VPA,
4 uM cisplatin and their combination. Apoptosis was measured using
Annexin V-FITC/PI labeling. Mean and SD from three independent experi-
ments is shown. “P<0.01, a significant difference between cells treated with
cisplatin combined with VPA and cisplatin alone (Student's t-test) (n=3).

VPA resulted in induction of apoptosis (Figs. 1C and D and 2).
The Annexin V-FITC/PI double staining assay showed that
treatment of UKF-NB-4 cells with 20 yM cisplatin for 48 h,
decreased the percentage of viable cells to 61.3% (shown in
a lower-left panel in Fig. 1C) with a concomitant increase
in percentage of early apoptotic cells to 15.5% (shown in a
lower-right panel in Fig. 1C), and late apoptotic cells to 22.2%
(shown in an upper-right panel in Fig. 1C). These results
confirmed that cisplatin plays a critical role in triggering apop-
totic cell death in cisplatin-treated UKF-NB-4 cells.

When cells were co-treated with cisplatin and VPA, a higher
decrease in the percentage of viable cells than by treatment
of cells with cisplatin alone was produced, <43.8% (Fig. 1D).
This decrease was concomitant with an increase in amounts of
early apoptotic cells, to 20.7% and mainly late apoptotic cells,
to 34.2% (Fig. 1D). These data indicate that VPA elevates a
potency of DNA-damaging agent cisplatin to induce apoptosis
in UKF-NB-4 cells. Similar trend in induction of apoptosis
in UKF-NB-4 cells was also seen after their treatment with
4 uM cisplatin (the dose exhibiting a low toxicity to the tested
cells, Fig. 2) and by this drug combined with VPA (Fig. 2 for
a decrease in the percentage of viable UKF-NB-4 cells caused
by cell treatment with cisplatin and VPA).

Caspases, a family of cysteine-aspartic proteases, are
known to be crucial mediators in the apoptotic-signaling
pathways (38). Since caspase-3 is the major executioner
caspase essential for activation of one of the primary apop-
totic signaling pathways (39) and its activation ultimately
leads to cell death (40), it is thus suited as a read-out in an
apoptosis assay. Therefore, in further experiments we evalu-
ated whether apoptosis induced by the above-mentioned
treatment regimens is associated with changes in caspase-3
activation. A trend similar to that found using Annexin V, the
induction of apoptosis caused by a combined effect of VPA
and cisplatin was detected by measuring the percentage of
cells with active caspase-3 (Fig. 3). Exposure of UKF-NB-4
cells to 1 mM VPA simultaneously with 4 or 20 uM
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Figure 3. The percentage of UKF-NB-4 cells with active caspase-3 when
treated with 1 mM VPA, 4 (A) and 20 uM cisplatin (B) and their combina-
tion for 48 h. Mean and SD from three independent experiments is shown.
“P<0.05, a significant increase in percentage of cells with active caspase-3
treated with cisplatin combined with VPA, as compared to cells treated with
cisplatin alone (Student's t-test) (n=3).

cisplatin increased levels of cells with active caspase-3, by
up to 2-times as compared with cells treated with cisplatin
alone. These results indicate that apoptosis induced in the
UKF-NB-4 neuroblastoma cell line by cisplatin was trig-
gered by the activation of caspase-3 that is potentiated by
co-treatment of the tested cell line with VPA.

An increase in a cytotoxic potency of 4 M cisplatin by
1 mM VPA was also proved by analyzing cell growth with
the xCELLigence system (Fig. 4). In this method the relative
changes in electrical impedance (expressed as cell index)
due to coverage of bottom well by cells, corresponds to cell
viability (41). As shown in Fig. 4, the tested cells cultivated
with VPA grow slowly up till ~ 90 h of cultivation, while their
cell index was not increaed after this time period. UKF-NB-4
cells treated with cisplatin grow exponentially till 50 h of
cultivation, but after this time period, cisplatin caused a
decrease in their viability. However, after >100 h of cultiva-
tion, these cells incubated with 4 M cisplatin started to grow
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Figure 4. Viability of neuroblastoma UKF-NB-4 cells treated with 1 mM
VPA, 4 uM cisplatin, or with both drugs. Viability was measured by the XCEL-
Ligence system for real-time label-free monitoring of cells and expressed as
cell index. Representative data from one of three independent experiments
are shown.

again (Fig. 4). Hence, treatment of cells with 4 M cisplatin
alone is not sufficient to inhibit cell growth totally; after 90-h
treatment, a portion of viable cells were able to grow during
further cultivation. The most efficient cytotoxic effect on
UKF-NB-4 cells was produced by their co-cultivation with
VPA and cisplatin; when this combination was used, the value
of cell index decreased close to zero (Fig. 4).

Computation analysis of cell survival calculated by
Compusyn software (42,43) was used to estimate whether
activities of these two drugs are synergistic. Namely, we calcu-
lated the value of the combined effect of VPA and cisplatin
and expressed it as combination index (Col). When the values
of Col are <0.90, activities of two drugs are synergistic (the
combination index ranging from 0.70 to 0.89 corresponds to
a moderate synergism of drugs). However, the values of =0.9
indicate that the activities of two drugs are not synergistic
(42,43). The value of Col for the simultaneous effect of 4 uM
cisplatin and 1 mM VPA equals 0.70, which corresponds to a
moderate synergism of this combination.

Because the effect of the combination of cytostatic drugs
with HDAC inhibitors may depend on the treatment regimens,
causing either an increase or decrease in cytotoxic effects
(17,20,44), we also examined various treatment regimens for
a combination of the tested drugs with HDAC inhibitors.

In further experiments, several combinations of treating
the UKF-NB-4 cells with VPA and cisplatin were used
(Table I). The apoptosis induction in cells cultivated under
these treatment regimens is shown in Fig. 5. The most effec-
tive drug combination resulting in a decrease in viability
of neuroblastoma cells was their exposure to cisplatin and
VPA (the cells treated with 20 yM cisplatin for 24 h and then
with 1 mM VPA for 48 h) (see a combination cisplatin/VPA
in Fig. 5). On the contrary, the opposite sequence of drug
application (VPA/cisplatin) led to essentially no changes in
viability of cells as compared with cultivation of cells with
cisplatin alone (see VPA/cisplatin versus O/cisplatin regimens
in Fig. 5). These results demonstrate that VPA can potentiate
the toxic effects of cisplatin only if UKF-NB-4 cells are
primarily affected by this DNA-damaging drug.

In contrast to VPA, no effects of TSA, another HDAC
inhibitor tested in our study, at a non-toxic concentration for
UKF-NB-4 (40 nM), on cytotoxicity of cisplatin to UKF-NB-4

Table I. Combination regimens used for treatment of UKF-NB-4
cells with VPA and cisplatin.”

Designation 0-24 h 24-72 h
Control Medium Fresh medium
Cisplatin/cisplatin 20 uM cisplatin 20 uM cisplatin
O/cisplatin Medium 1 mM valproate
Cisplatin/O 20 uM cisplatin Fresh medium
Cisplatin/VPA 20 uM cisplatin 1 mM valproate
VPA/O 1 mM valproate Fresh medium
O/cisplatin Medium 20 uM cisplatin
VPA/cisplatin 1 mM valproate 20 uM cisplatin

“0 indicates medium cultivation without any drug added.
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Figure 5. Apoptosis induction in UKF-NB-4 cells by 1 mM VPA, 4 uM cis-
platin and their various combinations. Control, cells treated with a medium
without any drug. Experimental conditions for combined treatment of cells
are described in Table I. Mean and SD from three independent experiments
is shown. “P<0.01, a significant decrease in viable cells caused by their pre-
treatment with cisplatin before incubation with VPA as compared to the cells
incubated with cisplatin alone (Student's t-test) (n=3).

cells was found using Annexin V-FITC/PI double staining
assay or active caspase-3 assay (data not shown).

VPA synergizes cytotoxicity of etoposide on UKF-NB-4
human neuroblastoma cells. The effect of combined treat-
ment of UKF-NB-4 neuroblastoma cells with VPA and
etoposide was also investigated. Treatment of these cells with
8 uM etoposide, and predominantly with this drug together
with 1 mM VPA, resulted in induction of apoptosis (Fig. 1E
and F). Treatment of UKF-NB-4 cells with etoposide for 48 h
induced a decrease in the percentage of viable cells to 76.2%
(shown in a lower-left panel in Fig. 1E) with a concomitant
increase in percentage of early apoptotic cells, to 12.0%
(shown in a lower-right, panel in Fig. 1E) and late apoptotic
cells, to 10.9% (shown in an upper-right panel in Fig. 1). These
findings confirmed the results found in our previous study
(20) that etoposide induces apoptotic cell death in UKF-NB-4
cells.

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
1
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120



O 0 1 N L AW N =

l\):

13
14
15
16
17
18
19
20
21
22
23
24
25
26

43
44
45
46
47
48

[V, BNV, BV, BV, BV BV, BV BNV BV, )|
O 0 Nt AW N~ O

6 GROH et al: SYNERGISTIC EFFECTS OF CISPLATIN AND ETOPOSIDE WITH VALPROATE IN NEUROBLASTOMAS

- *k
2 30- e
w
o
(%]
[
=
s 20+
w
[=]
[=8
@
[ 1]
2 104
o
w
m
(5]
@
=
g 0-
< LY
¢ & & &
& N &L &L
& & &
o &3
Rl
@@‘

Figure 6. The percentage of UKF-NB-4 cells with active caspase-3 when
treated with 1 mM VPA, 8 uM etoposide or their combination for 48 h. Mean
and SD from three independent experiments is shown. “P<0.01, a significant
increase in percentage of cells with active caspase-3 treated with etoposide
combined with VPA, as compared to cells incubated with etoposide alone
(Student's t-test) (n=3).

Analogously to exposure of the tested neuroblastoma cells
to cisplatin combined with VPA, a 1.7-fold decrease in cell
viability (expressed as percentage of Annexin V/PI cells) was
generated in these cells by their exposure to VPA combined
with etoposide as compared to their exposure to etoposide
alone (Fig. 1E and F). This decrease was parallel with an
increase in amounts of early apoptotic cells, to 17.9%, and
predominantly late apoptotic cells, to 35.8% (Fig. 1F). These
data indicate that VPA also elevates the potency of the second
tested DNA-damaging drug, etoposide, to induce apoptosis in
UKF-NB-4 cells.

Using another method testing the effect of combined
treatment of UKF-NB-4 cells, measuring the activation of
caspase-3, an increase in the etoposide effect by VPA was also
found. Exposure of UKF-NB-4 cells to VPA simultaneously
with etoposide increased an amount of cells with the active
caspase-3, by <1.7-times (Fig. 6). All these results indicate the
enhanced effect of the combination of these drugs on induc-
tion of apoptosis mediated by caspase-3 activation.

Because several schedules of combined treatment (treat-
ment regimens) of the UKF-NB-4 neuroblastoma cell line
with VPA and etoposide have already been carried out in our
previous study (20), such experiments were not performed
in this study. It should be emphasized that the most effec-
tive treatment leading to the highest decrease in viability of
neuroblastoma cells was the combined exposure of cells to
etoposide followed by their treatment with VPA (cells treated
with 8 yM etoposide for 24 h and then with 1 mM VPA for
48 h) (20). Hence, the regimen analogous to that found to be
most efficient in treatment of cells with cisplatin combined
with VPA. These results demonstrate that VPA can exhibit the
potentiation effect only if UKF-NB-4 neuroblastoma cells are
primarily influenced either by cisplatin or by etoposide.

Computation analysis (42,43) was again used to estimate
whether activities of VPA with etoposide are synergistic. The
value of Col for the simultaneous effect of 8 uM etoposide
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Figure 7. The percentage of UKF-NB-4 cells with active caspase-3 when
treated with 1 mM VPA, 20 nM vincristine and their combination for 48 h.
Mean and SD from three independent experiments is shown.

and 1 mM VPA equals 0.52 that corresponds to a synergism
of these drugs.

When TSA at its non-toxic concentration (40 nM) was
used, cytotoxicity of etoposide to UKF-NB-4 cells was essen-
tially not influenced by this HDAC inhibitor (data not shown).

VPA does not potentiate cytotoxicity of a mitotic inhibitor
vincristine on UKF-NB-4 human neuroblastoma cells.Infurther
experiments, the influence of VPA and TSA on cytotoxicity of
vincristine, the anticancer drug acting by a mechanism different
from that of DNA damage, was investigated. Vincristine is
known to induce cell death in tumor cells including neuroblas-
toma cells by inhibiting the assembly of microtubule structures
and disrupting mitosis in the metaphase (45,46).

As shown in Fig. 1, treatment of UKF-NB-4 neuroblas-
toma cells with 20 nM vincristine led to induction of apoptosis
in these cells. The Annexin V-FITC/PI double staining assay
indicated that treatment of UKF-NB-4 cells with vincristine
for 48 h induced a decrease in the percentage of viable cells to
72.3% (shown in a lower-left panel in Fig. 1G), with a concomi-
tant increase in percentage of early apoptotic cells to 13.6%
(shown in a lower-right panel in Fig. 1G), and late apoptotic
cells to 12.5% (shown in an upper-right panel in Fig. 1G). These
results confirmed that vincristine is an important drug inducing
apoptotic cell death in vincristine-treated UKF-NB-4 cells.
However, when the cells were exposed to vincristine combined
with VPA, no further changes in cell viability as compared to
UKF-NB-4 cells treated with vincristine were found (Fig. 1H).
Likewise, in the case of measuring the activation of caspase-3
in the tested cells treated with vincristine simultaneously with
VPA, no increase in a toxic potency of vincristine was found
(Fig. 7). These findings demonstrate that the sensitizing effect
of VPA on the tested cells is produced only when they are
affected by the DNA-damaging drugs (cisplatin and etoposide)
before their treatment with this HDAC inhibitor. When TSA
at a 40 nM concentration was used, cytotoxicity of vincristine
to UKF-NB-4 cells was also not influenced by this HDAC
inhibitor (data not shown).
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Figure 8. The percentage of UKF-NB-4 cells with active caspase-3 when
treated with 4 mM VPM, 20 uM cisplatin and their combination for 48 h.
Mean and SD from three independent experiments is shown.

Treatment of UKF-NB-4 human neuroblastoma cells with
valpromide has no effect on cisplatin cytotoxicity. In addi-
tional experiments, we investigated cytotoxicity of valpromide
(VPM), a derivative of VPA which is also used as an anti-
epileptic drug, but does not exhibit HDAC inhibition activity
(47), on UKF-NB-4 neuroblastoma cells. We evaluated the
effect of this drug on induction of apoptosis (measured by
Annexin V/PI labeling) in these cells. Treatment of UKF-NB-4
neuroblastoma cells with different concentrations of VPM up
to concentrations of 4 mM did not induce apoptosis in these
cells (data not shown). When UKF-NB-4 cells were treated
with this non-toxic concentration of VPM simultaneously with
20 uM cisplatin, no increase in induction of apoptosis caused
by cisplatin was produced by VPM (data not shown).

When activation of caspase-3 in cells treated with VPM
together with cisplatin was determined, no increase in the
potency of cisplatin to activate caspase-3 by VPM was found
(Fig. 8). Exposure of UKF-NB-4 cells to 20 #M cisplatin
combined with simultaneous treatment with 4 mM VPM does
not increase amounts of cells with active caspase-3. These
results indicate that the sensitizing effect of VPA on cisplatin
toxicity in UKF-NB-4 neuroblastoma cells is related to its
HDAC inhibition activity.

Acetylation status of histones H3 and H4 in UKF-NB-4
cells treated with VPA, VPM, TSA, cisplatin, etoposide, and
cisplatin and etoposide combined with VPA. Acetylation
of histones is an important epigenetic phenomenon that is
dictated by HDAC activities. Therefore, here we investigated
the changes in acetylation of core histones H3 and H4 in
UKF-NB-4 cells treated with VPA and TSA, as well as with
VPM. Cultivation of UKF-NB-4 cells with VPA and TSA
at their non-toxic concentrations led to the different effects
on acetylation of histones H3 and H4. Whereas 1 mM VPA
increases acetylation of these histones in UKF-NB-4 cells,
confirming its HDAC inhibitory efficiency, a negligible effect
of 40 or 50 nM TSA on acetylation of these histones was
found (Fig. 9). The concentrations of TSA of 40 or 50 nM are

acH3

acH4

o
©w

Control
1 mM VPA

4 mM VPM
40 nM TSA
50 nM TSA
150 nM TSA

Figure 9. Western blot analysis of acetylated histones H3 and H4 in extracts
from cells treated with 1 mM VPA, 4 mM VPM, 40, 50 and 150 nM TSA for
8 h (H3 was used as loading control).

therefore insufficient to inhibit HDAC activities in UKF-NB-4
cells. However, when these cells were cultivated in a medium
containing a higher (toxic) concentration of TSA (150 nM), a
pronounced increase in acetylation of histones H3 and H4 was
detected. In contrast to these results, no increase in acetylation
of these histones was caused by VPM (Fig. 9). This confirms
the absence of HDAC inhibitory effects of this derivative of
VPA.

When UKF-NB-4 neuroblastoma cells were treated with
cisplatin or etoposide, a low decrease in acetylation of histone
H3 and essentially no effect on acetylation of histone H4
were found (Fig. 10). In further experiments, two combina-
tion treatment regimens of the cells with VPA and cisplatin
or VPA with etoposide were used to investigate the effects
of combined treatment on the histones H3 and H4 acetyla-
tion status. Only the regimen, where UKF-NB-4 cells were
pretreated with cisplatin or etoposide and then treated with
VPA produced an increase in acetylation of histones H3 and
H4 (Fig. 10). This increase in histone acetylation paralleled the
potentiation of toxic effects of cisplatin (Fig. 5) or etoposide
(20). Hence, only if UKF-NB-4 cells were primarily affected
by the tested DNA-damaging drugs prior to cultivation with
VPA, this HDAC inhibitor increases acetylation of histones
(Fig. 10) and potentiated cytotoxicity of both DNA-damaging
drugs on UKF-NB-4 cells (Fig. 1).

VPA does not influence etoposide-mediated phosphorylation
of histone H2AX. Etoposide is known to be the DNA-damaging
drug that acts, beside its intercalation into DNA, as an
inhibitor of topoisomerase II activity that leads to forma-
tion of double-strand breaks in DNA (26-28). Therefore, we
examined the effect of VPA on this mechanism of etoposide-
mediated cytotoxic action. Phosphorylation of histone H2A
on serine 139, termed YH2AX (pH2AX), by kinases sensing
the double-strand DNA break is a sensitive marker of this
type of DNA damage (48-51). Therefore, the levels of pH2AX
were determined to analyze whether treatment of cells with
etoposide is influenced by VPA. After 48-h cultivation of
cells in a medium containing 1 mM VPA, 4 uM etoposide
or their combination, the levels of pH2AX were examined
by flow cytometry. Representative histograms of pH2AX
fluorescence found in these experiments are shown in Fig. 11.

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
1
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
02
103
104
05
06
107
08
09
110
111
112
113
114
115
116
117
118
119
120



P — O O 0 d O AW —

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

[V, BV BV, BV BV, BV BV, BNV
R0 NN Nk = O

60

8 GROH et al: SYNERGISTIC EFFECTS OF CISPLATIN AND ETOPOSIDE WITH VALPROATE IN NEUROBLASTOMAS

acH3

acH4

I
o«
Control
20 pM cisplatin

20 pM cisplatin/1 mM VPA
1 mM VPA/20 uM cisplatin

acH3

acH4

T
(%]
Control
8 pM etoposide

8 pyM etoposide/1 mM VPA
1 mM VPA/8 uM etoposide

Figure 10. Levels of acetylated histones H3 and H4 in extracts from cells treated with 20 xM cisplatin and 8 M etoposide, and these drugs combined with
1 mM VPA under different regimens, analyzed by western blotting (H3 was used as loading control).
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Figure 11. The effects of 1 mM VPA (B), 4 uM etoposide (C) or their combina-
tion (D) on generation of pH2AX in UKF-NB-4 cells treated with these drugs
for 48 h. (A) Control cells that were incubated without any drug. Representative
histogram of pH2AX fluorescence as a marker of double strand breaks is
shown.

Whereas essentially no increase in pH2AX was induced by
VPA (Fig. 11B), a pronounced enhancement in pH2AX was
caused by cell exposure to etoposide (Fig. 11C). Co-cultivation
of UKF-NB-4 cells with etoposide and VPA (Fig. 11D) did not
change percentage of pH2AX-positive cells as compared with
cultivation of UKF-NB-4 cell with etoposide alone (Fig. 11C
and D).

Discussion

The poor response of high-risk neuroblastomas to current
treatment regimens suggests that novel therapeutic strategies
should be developed. The inhibitors of HDACs, used either
individually or in the combination with other drugs, were

found to be promising anticancer regimens efficient against
several cancer cells including neuroblastomas (reviewed in
refs. 10,15,17-21).

The results found in this study demonstrate that VPA used
at the clinically relevant dose (1 mM) has potentiating effect
on cytotoxicity and caspase-3-mediated induction of apoptosis
caused by the tested DNA-damaging drugs cisplatin and
etoposide. Analyzing the combination index, VPA combined
with cisplatin or etoposide was found to act synergistically.
However, no sensitizing effect due to VPA was produced with
the mitotic inhibitor vincristine. These results indicate that
HDAC inhibitor-mediated capability of increasing cytotoxic
efficiency of anticancer drugs is connected with the drugs that
target cellular DNA. These findings correspond to the results
found in the study of dos Santos et al (52) that also investigated
the effect of a combination of etoposide or vincristine with
the HDAC inhibitor (sodium butyrate, an HDAC inhibitor
of the same group as VPA) on human lymphoblastic T-cells.
The authors demonstrated that from these two drugs, only
etoposide, but not vincristine, was sensitized by the used
HDAC inhibitor (52). In their study, the sensitizing effect of
the HDAC inhibitor on doxorubicin, another DNA-damaging
drug, was also proved (52).

The mechanisms of the potentiating effects of HDAC
inhibitors on the efficiency of DNA-damaging drugs have
not yet been fully elucidated. It was suggested that HDAC
inhibitors promote increased lysine acetylation in nucleo-
somal histones and are thought to relax chromatin, thereby
allowing increased access of transcription factors and
DNA-damaging agents to DNA (reviewed in refs. 10,15). In
our study, the increased toxicity of cisplatin and etoposide
was indeed dependent on the acetylation status of core
histones H3 and H4 dictated by HDAC inhibitors. VPA
increased amounts of acetylated histones H3 and H4 and the
elevated levels of these acetylated histones correlated with
sensitization of UKF-NB-4 cells to cisplatin and etoposide.
TSA, another HDAC inhibitor, at a concentration that essen-
tially did not influence acetylation of these histones (40 nM),
was ineffective. Likewise, VPM, a structural analogue of
VPA, which however does not increase acetylation of histones
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H3 and H4 (Fig. 9), did not enhance cytotoxicity of the tested
DNA-damaging drugs (Fig. 8).

It should be, however, emphasized that a sequence of drug
application is the crucial feature for sensitizing neuroblastoma
cells to cisplatin and etoposide by VPA and the degree of
acetylation of histones H3 and H4. Namely, this HDAC inhib-
itor potentiated the cytotoxic effect of cisplatin or etoposide
and acetylation of histones only when added simultaneously,
or when cells were preincubated with cisplatin or etoposide
before their cultivation with VPA. Only these regimens were
appropriate to suppress viability of neuroblastoma cells and
to increase acetylation of histones. In contrast, the reversed
sequence (pretreatment of cells with VPA before treatment
with cisplatin or etoposide) did not give any further increase
in cytotoxicity of the DNA-damaging drugs and acetylation
of histones. All these findings suggest that DNA damage is
crucial for the additional effects of VPA, arguing against the
hypothesis based on relaxed chromatin that increases acces-
sibility of DNA-damaging drugs to DNA (10,15). Similarly,
the results found by Luchenko er al (44) indicated that DNA
relaxation is not required for the synergy of two HDAC inhibi-
tors they tested, belinostat and romidepsin, with cisplatin and
etoposide. One can speculate that the changes in the structure
of DNA caused by cisplatin and etoposide [i.e., formation of
DNA adducts or DNA cross-links by cisplatin, intercalation
of etoposide into DNA, and/or formation of reactive oxygen
species by both drugs (44,53-56)] increase accessibility of
nucleosomal core histones to their acetylation, which addition-
ally determines transcription of some genes involved in DNA
repair or apoptosis. This suggestion needs, however, to be
further investigated.

Despite the observed synergy of the combination where
UKF-NB-4 cells were initially treated with etoposide before
VPA in cell survival and apoptosis (20), we found no evidence
for enhancement of etoposide-mediated H2AX phosphorylation
when etoposide was combined with VPA (Fig. 11). Double-
strand DNA breaks markedly increased in UKF-NB-4 cells
treated with etoposide, but after simultaneous treatment of these
cells with etoposide and VPA no further increase in the pH2AX
foci formation was detected. Therefore, instead of inhibition of
topoisomerase-II activity by etoposide, leading to formation of
double-strand-breaks in DNA, the changes in the structure of
DNA mediated by intercalation of etoposide into DNA seem to
be responsible for the results found in UKF-NB-4 cells.

One of the challenges in conducting a clinical trial
when combining an inhibitor of HDACs VPA with DNA
damaging agents will be to achieve optimal DNA damage in
a given tumor tissue. The results found in the present study
demonstrate that treatment of cells with VPA potentiates the
cytotoxicity of DNA damaging agents, cisplatin and etoposide,
on UKF-NB-4 cells without increasing their access to DNA.
The data presented here show that treatment with cisplatin or
etoposide prior to addition of VPA is superior to alternative
schedules and supports the development of clinical trials using
these combinations for neuroblastoma cells. The clinical use of
such combined treatment utilizing DNA-damaging drugs with
this HDAC inhibitor could reduce frequent problems, such as
dose reductions and temporary discontinuation of treatment as
a result of toxicity, and thus could improve the treatment itself
and the patient's quality of life.
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Exposure to ellipticine induces apoptosis in human neuroblastoma cells and inhibits their
growth. However, ellipticine induced resistance in these cells. The up-regulation of a vacuolar
(V)-ATPase gene is one of the factors associated with resistance development. In accordance
with this finding, here we found that levels of V-ATPase protein expression are higher in the
ellipticine-resistant UKF-NB-4"""' line than in the parental ellipticine-sensitive UKF-NB-4
cell line. Treatment of ellipticine-sensitive UKF-NB-4 and ellipticine-resistant UKF-NB-4"""!
cells with ellipticine induced cytoplasmic vacuolization and ellipticine is concentrated in these
vacuoles. Confocal microscopy and staining of the cells with a lysosomal marker suggested
these vacuoles as lysosomes. Transmission electron microscopy and no effect of an autophagy
inhibitor wortmannin ruled out autophagy. Pretreatment with a V-ATPase inhibitor
bafilomycin A and/or the lysosomotropic drug chloroquine prior to ellipticine enhanced the
ellipticine-mediated apoptosis and decreased ellipticine-resistance in UKF-NB-4""' cells.
Moreover, pretreatment with these inhibitors increased formation of ellipticine-derived DNA
adducts, one of the most important DNA-damaging mechanisms responsible for ellipticine
cytotoxicity. In conclusions, resistance to ellipticine in the tested neuroblastoma cells is
associated with V-ATPase-mediated vacuolar trapping of this drug, which may be decreased

by bafilomycin A and/or chloroquine.
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Introduction

Neuroblastoma is a malignant tumor consisting of neural crest derived undifferentiated
neuroectodermal cells. These tumors are biologically heterogeneous, with cell populations
differing in their genetic programs, maturation stage and malignant potential."? As
neuroblastoma cells seem to have the capacity to differentiate spontaneously in vivo and in

vitro,(3)

their heterogeneity could affect treatment outcome. Recent studies have provided a
link between increased metastatic potential and drug-resistant phenotypes, indicating that in
addition to the development of drug resistance, chemotherapy of tumors may cause changes in
their biological characteristics.*” Unfortunately, little improvement in therapeutic options in
high risk neuroblastoma has been made in the last decade, requiring a need for the
development of new therapies.

Recently, we suggested a novel treatment for neuroblastomas, utilizing a drug targeting
DNA, the plant alkaloid ellipticine. We found that exposure of human neuroblastoma IMR-
32, UKF-NB-3 and UKF-NB-4 cell lines to this agent resulted in strong inhibition of cell
growth, followed by induction of apoptosis.®'"? These effects were associated with formation
of two major covalent ellipticine-derived DNA adducts, identical to those formed by the
cytochrome P450 (CYP)- and peroxidase-mediated ellipticine metabolites, 13-hydroxy- and
12-hydroxyellipticine.”'*!*1®

The levels of covalent ellipticine-derived DNA adducts correlated with ellipticine toxicity
in IMR-32 and UKF-NB-4 cell lines. Cells of both lines accumulated in S phase, suggesting
that ellipticine-DNA adducts interfere with DNA replication. We therefore concluded that
formation of ellipticine-DNA adducts was the predominant DNA-damaging mechanism of
ellipticine action, resulting in its high cytotoxicity to these neuroblastoma cells. (71011

Nevertheless, this drug is unfortunately capable of inducing resistance in neuroblastoma
cells. Exposure of UKF-NB-4 cells to increasing concentrations of ellipticine resulted in a
resistant line assigned as UKF-NB-4""1. ") 1n the UKF-NB-4""" cells, lower accumulation
of this drug was found in the nuclei after treatment of these cells with ellipticine than in the

parental line,"'”

which consequently leads to lower levels of DNA adducts and decreased
ellipticine toxicity in these cells. Ellipticine resistance in neuroblastoma is caused by a
combination of overexpression of Bcl-2, efflux or degradation of the drug, downregulation of
topoisomerases and the up-regulation of vacuolar (V)-ATPase.(”) The mechanism of V-

ELLI

ATPase contribution to induction of resistance to ellipticine in the UKF-NB-4 cell line

was investigated in this work.



Vacuolar V-ATPase is the multi-subunit membrane protein complex(18) responsible for the
acidification of some intracellular compartments such as trans-Golgi network, endosomes,
lysosomes, and secretory granules. The V-ATPase-dependent acidification of Golgi complex
is essential for the synthesis and delivery of the lysosomal hydrolases from endoplasmic
reticulum/Golgi to lysosomes.""”" The acidic microenvironment caused by changes in the
pH gradient between the intracellular and the extracellular compartments as well as the pH
gradient between the cytoplasm and the intracellular organelles can be significantly involved
in the mechanism of drug resistance.***® These changes in pH lead to neutralization of
weakly basic drugs by the acidic tumor microenvironment or the sequestration of drugs into
lysosomal vesicles.*?® The questions whether these mechanisms and if so, which of them
are responsible for V-ATPase-dependent development of resistance of UKF-NB-4 cells to

ellipticine need to be answered. Therefore, this feature was studied in this work.



Materials and methods

Cell lines and cell culture. UKF-NB-4 neuroblastoma cell line, established from
recurrent bone marrow metastases of high risk neuroblastoma, was a gift of Prof. J. Cinatl (J.
W. Goethe University, Frankfurt, Germany). The ellipticine-resistant cell line, designated
UKF-NB-4"" was established by exposing UKF-NB-4 cells to increasing concentrations
from 0.2 to 2.5 puM ellipticine over 36 months. The drug resistance of UKF-NB-4""" cells to
ellipticine was verified using the MTT test.!” Each cell line was cultivated in Iscove’s
modified Dulbecco’s medium (IMDM) (LifeTechnologies, Carlsbad, CA, USA)
supplemented with 10% (v/v) fetal bovine serum (LifeTechnologies, Carlsbad, CA, USA),
maintained at 37°C and 5% CO,. The medium for UKF-NB-4 cells was the same, but
contained 2.5 pM ellipticine.) Before experiments, UKF-NB-4""! cells were cultivated for
at least one passage without ellipticine, in order to remove ellipticine from these cells.
Ellipticine, chloroquine, wortmannin and bafilomycin A were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Electron microscopy. UKF-NB-4 and UKF-NB-4""" cells (5 x 10’ cells) were grown on
glass 60 mm dishes either untreated or treated with 5 uM ellipticine and 100 nM bafilomycin
A as well as combination of 5 uM ellipticine and 100 nM bafilomycin A for 1 h at 37°C. In
the case of a combined treatment, bafilomycin A was added to the incubations 20 minutes
before adding ellipticine. Cells were mechanically re-suspended, washed, centrifuged and
fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 for 90 min.
Samples were centrifuged (16,000 g/5 min) and pellets were postfixed for 60 min with 2%
OsO4 in 0.1 M sodium cacodylate buffer pH 7.4, dehydrated in graded series of alcohol and
embedded in a Durcupan-Epon mixture. Ultrathin sections were prepared on Leica EM UC6
ultramicrotome (Leica Microsystems, Vienna, Austria), contrasted with uranyl acetate and
lead citrate and examined by a JEM 1011 transmission electron microscope (Jeol, Tokyo,
Japan).

Fluorescence microscopy. Acidic vesicular organelle staining: UKF-NB-4 cells [5 x 10
cells grown on 35 mm glass bottom culture dishes (In Vitro Scientific, Sunnyvale, CA, USA)
for 24 h before adding the compounds] were treated either with 5 uM ellipticine alone or in
combination with either 100 nM bafilomycin A or 25 uM chloroquine for 1 h at 37°C, then
incubated with 75 nM LysoTracker Red (LifeTechnologies, Carlsbad, CA, USA) for 30 min.
After washing with Hanks’ balanced salt solution (Sigma-Aldrich, St. Louis, MO, USA), cells

were observed with a laser-scanning confocal microscope Olympus FV 1000 (Tokyo, Japan).
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For excitation of the LysoTracker” red, laser with an excitation wavelength of 559 nm was
used; emitted light was collected in the range of 570-670 nm. For excitation of green-
ellipticine fluorescence, solid-state laser with an excitation wavelength of 473 nm was used
and emmited light was collected in the range of 485545 nm. All images were recorded with a
40x objective using a zoom factor of 2x and the Olympus FluoView FV1000 system. Each
fluorescence channel was scanned individually (sequential scanning). Fluorescent channels
were pseudocolored with RGB values corresponding to each of the fluorophore emission
spectral profiles.

Western blot analysis of V-ATPase (ATP6VOD1 membrane domain) protein
expression. In order to analyze V-ATPase (ATP6VODI1 membrane domain) protein
expression, Western blotting was used. UKF-NB-4 and UKF-NB-4""" cell (1.5 x 10 ®cells)
pellets were re-suspended in 25 mM Tris-HCI buffer pH 7.6 containing 150 mM NaCl, 1%
detergent Igepal® CA-630 (Sigma Chemical Co., St. Louis, MO, USA), 1% sodium deoxy-
cholate and 0.1% sodium dodecyl sulfate (SDS) and with solution of Complete™ (Roche,
Basel, Switzerland) at concentrations described by the provider. The samples were incubated
for 30 min on ice and thereafter centrifuged for 20 min at 20,000 x g and 4°C. Supernatants
were used for additional analysis. Protein concentrations were assessed using the DC protein
assay (Bio-Rad, Hercules, CA, USA) according to Lowry method. 15 pg of proteins were
electrophoretically separated using 4 - 20% TGX precast gel (100 mA). After migration,
proteins were transferred to a nitrocellulose membrane and incubated with 5% non-fat milk to
block non-specific binding. The membranes were then exposed to specific anti-ATP6V0ODI
mouse monoclonal antibody (1:500, Abcam, Cambridge, UK). Membranes were washed and
exposed to peroxidase-conjugated anti-IgG secondary antibodies (1:2000; Bio-Rad, Hercules,
CA, USA), and the antigen-antibody complex was visualized by enhanced
chemiluminescence detection system according to the manufacturer's instructions (Immun-
Star HRP Substrate, Bio-Rad, Hercules, CA, USA), using X-ray film (MEDIX XBU, Foma,
Hradec Kralove, Czech Republic). Antibody against actin (1:1000; Sigma-Aldrich, St. Louis,
MO, USA) was used as loading control.

Determination of apoptosis by Annexin V/DAPI labeling. UKF-NB-4 and UKF-NB-
45 cells (5 x 10° cells) were seeded in 35-mm culture dishes overnight. Bafilomycin A,
chloroquine and/or ellipticine in above mentioned concentrations were added to dishes and
the cells were incubated for 24 h. The cells were collected by trypsinization and washed with

phosphate buffered saline (PBS). Annexin V staining was accomplished by following
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producer’s instructions (Exbio, Vestec, Czech Republic). The cells were re-suspended in
Anexin V binding buffer (Exbio, Vestec, Czech Republic), then Annexin V-Dy647 was added
and samples were incubated for 15 min in dark at ambient temperature. DAPI (2.5 pg/ml) was
added just before analysis. Cells were analyzed using LSR II Flow Cytometer (BD
Bioscience, San Jose, CA, USA).

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-nyl)-2H-
tetrazolium (MTS) assay. The ICs, values of ellipticine were determined by CellTiter 96"
AQueous One Solution Cell Proliferation Assay (Promega, Fitchburg, WI, USA) in a 96-well
plate. For a dose-response curve, cells were seeded in 100 pl of medium with 5 x 10° cells per
well with 100 nM bafilomycin A, 25 uM chloroquine or 100 nM wortmanin, and 20 minutes
later ellipticine in serial dilutions were added. After three days of incubation at 37 °C in 5%
COy, 7 ul of MTS solution per well was added and the plates were incubated for two hours.
The absorbance at 490 nm was measured for each well by multiwell ELISA reader Versamax
(Molecular Devices, CA, USA). Each value is the mean of 8 wells. The mean absorbance of
medium controls was the background and was subtracted. The ICsy values were calculated
from three independent experiments using the linear regression of the dose-log response

curves by SOFTmaxPro software.

Western blot analysis: detection of autophagosomal marker proteins LC3-1 and
LC3-II. To induce autophagy, UKF-NB-4 and UKF-NB-4"""' cells were starved in Hanks’
balanced salt solution (Sigma-Aldrich, St. Louis, MO, USA) for 4 h at 37°C with or without
the inhibitors of autophagy, wortmannin (0.1 uM), chloroquine (25 uM) or bafilomycin A
(100 nM). Subsequently cells were collected and lysed in a Laemmli sample buffer (Sigma-
Aldrich, St. Louis, MO, USA), and were subjected to immunoanalysis. Protein concentrations
were assessed using a DC protein assay kit (Bio-Rad, Hercules, CA, USA) according to
manufacturer’s instructions. A 50 pug of sample protein was subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. After migration, proteins were transferred to
nitrocellulose membranes and incubated with 5% non-fat milk (Bio-Rad, Hercules, CA,
USA). The membranes were exposed to anti-LC3 (Microtubule-associated protein 1A/1B-
light chain 3) antibody diluted 1:400 (Novus Biologicals, Littleton, CO, USA) overnight at
4°C. Membranes were then washed three times with PBS/Tween and exposed to horseradish

peroxidase-conjugated goat anti-rabbit anti-IgG (H+L) secondary antibodies (Bio-Rad,



Hercules, CA, USA). The antigen—antibody complex was visualized using
chemiluminescence by Immun-Star HRP Substrate kit (Bio-Rad, Hercules, CA, USA).
Antibodies against actin (1:1000, Sigma, St. Louis, MO, USA) were used as loading control.

DNA isolation from neuroblastoma cells and 32P-postlabeling of ellipticine-DNA
adducts. Neuroblastoma cell lines were seeded 24 h prior to treatment at a density of 5 x 10°
cells/ml in two 75 cm?® culture flasks in a total volume of 20 ml of IMDM. After 24 h
incubations with 5 uM ellipticine in IMDM, the cells were harvested after trypsinizing by
centrifugation at 2000 x g for three minutes and two washing steps with 5 ml of PBS yielded a
cell pellet, which was stored at -80°C until DNA isolation. An analogous procedure was used
to evaluate the effect of treatment of neuroblastoma cells with bafilomycin A or chloroquine
before adding ellipticine. Cells were treated with 100 nM bafilomycin A or 25 uM
chloroquine for 20 minutes before adding ellipticine. DNA from neuroblastoma cells treated
with 5 uM ellipticine in the presence or absence of 100 nM bafilomycin A and/or 25 uM
chloroquine for 24 h was isolated by the phenol-chloroform extraction as described.®!2272)
The **P-postlabeling of nucleotides using nuclease P1 enrichment, found previously to be

appropriate to detect and quantify ellipticine-derived DNA adducts formed in vitro ('*'3*"3%

1 1-
(7.1031-33) \was used.

and in vivo

Statistical analysis. Data are expressed as mean + standard deviations (SD). Student’s #-
test (two tailed) was used for statistical analysis. P values less than 0.05 were considered
statistically significant and are indicated with *; P values less than 0.01 are indicated with **,

and P values less than 0.001 are indicated with ***.



Results

Ellipticine induces cytoplasmic vacuolization in neuroblastoma cells and accumulates
in these vacuoles. Treatment of neuroblastoma UKF-NB-4 cells, both sensitive and resistant
(UKF-NB-4" to ellipticine, with ellipticine at concentrations that are toxic to these cells (5
uM) induced extensive cytoplasmic vacuolization in these cells (see vacuoles assigned by
arrows in Figure 1B,E). The vacuolar vesicles of a small size were also present in the UKF-
NB-4"" cell line prepared by cultivation of a UKF-NB-4 cell line with increasing
concentrations of ellipticine (from 0.2 to 2.5 uM) over 36 months"” (see vesicles assigned
with arrows in a panel D in Figure 1). The vacuoles were already detectable 30 minutes after
adding the ellipticine (data not shown). This ellipticine-mediated cytoplasmic vacuolization
seems to be a general phenomenon, because it appears also in two other neuroblastoma cell
lines, SK-N-AS and UKF-NB-3 (data not shown). Under the electron microscope, ellipticine-
induced vacuoles were found to be electron-lucent and to contain some heterogeneous
material. They, however, lacked any detectable content of cytoplasmic material (organelles)
and were lined by a single membrane (Fig. 2), ruling out autophagy. In order to characterize
the vacuoles further, we used confocal microscopy of cells stained with two specific
lysosomal markers, lysosomal-associated membrane protein 1 (LAMPI)(34) and a lysosomal
marker selective for acidic compartments, LysoTracker® red.®> Unfortunately, LAMPI
could not be applied simultaneously with ellipticine, since anti-LAMP1 is used on fixed cells
and fixation interferes with ellipticine detection (data not shown). The results found using
confocal microscopy of cells stained with LysoTracker® red (Fig. 3) and the finding that the
ellipticine-induced vacuoles are single membrane vesicles (Figs. 1 and 2) suggested that these
vacuoles are lysosomes.

The green fluorescence of ellipticine (excitation =440 nm, emission = 520 nm)“o)
allowed the detection of its intracellular localization. At physiological pH, ellipticine exists in
both protonated (charged) and unprotonated (uncharged) forms."? As shown in F igure 3, the
UKF-NB-4 cells exposed to ellipticine contained ellipticine-specific green fluorescent
vesicles where ellipticine is accumulated. Some of the vesicles where ellipticine was present
colocalized with a lysosomal marker LysoTracker® red (Fig. 3). Hence, ellipticine as a
protonated chemical is trapped in these vesicles formed in the cells. This might be caused by
the pKa value of this compound and the pH gradient between cytoplasm and acidic vacuoles

developed by ellipticine. Namely, ellipticine has a pKa of ~6, and can be protonated in a



weakly acidic environment.*” The trapping of ellipticine in these acidic vesicles is followed
by osmotic swelling and dilatation (Fig. 1).

A contribution of V-ATPase to ellipticine-induced vacuolation and ellipticine
sequestration into these vacuoles was investigated with its specific inhibitor, bafilomycin

AP and the lysosomotropic drug chloroquine, the agent that enters selectively the

lysosomes and inhibits enzymes for which the acidic pH is crucial.“”

Ellipticine-induced vacuolation and intravesicular ellipticine-associated fluorescence
were abolished by co-treatment of tested neuroblastoma cells with bafilomycin A and
chloroquine (Figs. 1 and 3). These results suggest that ellipticine is responsible for the V-
ATPase-mediated formation of cytoplasmic vacuoles (i.e. lysosomes) in these neuroblastoma

cells, and that is able to be sequestrated into these acidic compartments.

Expression of V-ATPase in the ellipticine sensitive and resistant UKF-NB-4 cells.
Because of the suspected role of up-regulation of the V-ATPase gene in induction of
resistance of UKF-NB-4 cells to ellipticine,"” we further investigated expression of this
enzyme both in the ellipticine sensitive and resistant UKF-NB-4 cells. Using Western blots,
expression of a protein product of ATP6V0D1, the gene of the V-ATPase membrane domain,

which is up-regulated in several drug-resistant cell lines including UKF-NB-4"M1 (17:3843) g5

S
measured in the tested cells. As shown in Figure 4, the V-ATPase (ATP6VO0D) protein levels
were 2.3-times higher in the resistant UKF-NB-4"""' cell line than in its parental sensitive
line. These results are in agreement with previous finding which demonstrated up-regulation

a7

of the ATP6VODI gene in ellipticine-resistant neuroblastoma cells,” "’ and point out its

importance for acquiring resistance to ellipticine.

Treatment of neuroblastoma cells with bafilomycin A or chloroquine increases the
cytotoxic effects of ellipticine and decreases their resistance to ellipticine. The UKF-NB-4
and UKF-NB-4""" cell lines were treated with either ellipticine alone or after pretreatment
with bafilomycin A or chloroquine. The cytotoxic effects of ellipticine to neuroblastoma cells
in the presence or absence of these inhibitors were analyzed by two methods: (i) by detection
of apoptosis in the cells using Annexin V/DAPI labeling (Fig. 5), and (i) by MTS assay
(Table 1). Treatment of neuroblastoma cells with bafilomycin A or chloroquine did not induce
apoptosis in these cells (Fig. 5). However, pretreatment of the cells with these compounds
enhanced markedly the ellipticine-mediated apoptosis induction in both the sensitive and

ellipticine-resistant neuroblastoma cells and decreased the resistance of UKF-NB-4""" cells to
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ellipticine (Fig 5). In addition, pretreatment of cells with bafilomycin A and/or chloroquine
was able to reduce the values of ICsy both in the ellipticine-sensitive and ellipticine-resistant
cell lines to the lower ICsy values (Table 1). These results demonstrate that a decrease in
sensitivity of neuroblastoma cells to ellipticine is indeed caused by the potency of this drug to
induce the formation of acidified vesicles having the lysosomal character in these cells, which
additionally trapped the protonated ellipticine, thereby decreasing its cytotoxic effects. They
also strongly support the suggestion that these processes participated in ellipticine-induced
resistance of UKF-NB-4 cells.

Nevertheless, it should be noted that bafilomycin A and chloroquine act not only as the
inhibitors of lysosomal proteases, but that they can also partially prevent maturation of
autophagic vacuoles. They, namely, also inhibit fusion between autophagosomes and
lysosomes, because they are inhibitors of the late phase of autophagy.*” Hence, their
augmented effects might be caused also by authophagy inhibition. Here, we examined this
possibility, namely, whether their potentiating effect on ellipticine-mediated cytotoxicity to
neuroblastoma cells is related to autophagy inhibition. For such a study, we used the
autophagy inhibitor wortmannin.*¥ Wortmannin is an inhibitor of phosphatidylinositol 3-
kinase (PI3K)“** that is required for autophagy.*® In contrast to bafilomycin A and
chloroquine, wortmannin had no effect on induction of apoptosis in neuroblastoma cells
exposed to ellipticine (Fig. 5). It also did not reduce a value of ICs, for ellipticine in these
cells (Table 1). These findings demonstrate that the bafilomycin A- and chloroquine-mediated
increase in cytotoxicity and induction of apoptosis caused by ellipticine determined in this
study are not related to autophagy.

Effectiveness of autophagy inhibitors in tested lines was also investigated by examining
the expression of an autophagosomal marker protein LC3-II (Fig. 6), the protein that is highly
expressed in both membranes of autophagosomes. Lysosomal turnover of the autophagosomal
marker LC3-II namely reflects autophagic activity, and therefore determination of levels of
LC3-II is considered as a method suitable to monitor the autophagy process.(47) In our
experiments, autophagy in neuroblastoma cells was induced by their starvation and proved by
expression of LC3-II in these cells (Fig. 6). High expression of LC-II in these cells were also
induced by bafilomycin A and chloroquine (Fig. 6) because both these compounds as

inhibitors of proteolytic processes in the lysosomes®**”

increased lysosomal pH that
consequently led to decreased activity of lysosomal proteases. These processes blocked
lysosomal degradation and rescued intact LC3-II in neuroblastoma cells (Fig. 6). In contrast,

wortmannin as a blocker of autophagosome formation decreased the expression of LC3-II
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induced by starvation (Fig. 6). This finding again suggests that the increase in ellipticine-
mediated cytotoxicity and induction of apoptosis by ellipticine due to bafilomycin A and

chloroquine in neuroblastoma cells are not related to autophagy.

Treatment of neuroblastoma cells with bafilomycin A and chloroquine prior to
ellipticine increases the formation of covalent ellipticine-derived DNA adducts. Since
formation of covalent DNA adducts of ellipticine is one of the major modes of ellipticine

6,7,8,10,11,12,28,29 . .
(67.810.1L12.28.29) (e investigated

action in several cancer cells including neuroblastoma,
whether treatment of UKF-NB-4 and UKF-NB-4""" cells with bafilomycin A or chloroquine
prior to ellipticine changes DNA adduct levels. Two major and two minor DNA adducts were
detected in neuroblastoma cells treated with ellipticine. The levels of the ellipticine-DNA
adducts were lower in a resistant cell line (Fig. 7 and Table 2), as it has already been found in
our previous work.” However, treatment with either bafilomycin A or chloroquine prior to
ellipticine significantly increased levels of ellipticine-DNA adducts in both cell lines (Fig. 7
and Table 2). This corresponded to enhanced cytotoxic effects of ellipticine on these cells
(Fig. 5). These results indicate that bafilomycin A- and chloroquine-mediated inhibition of

ellipticine sequestration into vacuoles led to higher concentrations of ellipticine in cytoplasm

and nuclei to be activated to species forming covalent DNA adducts.
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Discussion

The results found in this work demonstrate for the first time that sequestration of anticancer
drug ellipticine into the subcellular compartments (i.e. lysosomes) of UKF-NB-4
neuroblastoma cells is one of the mechanisms contributing to the development of ellipticine-
resistance in these cells. Such processes finally result in a decrease in ellipticine cytotoxic
effects.®'” We demonstrated that this resistance is, among other mechanisms, dependent on
up-regulation of the V-ATPase gene."” Indeed, here we found that the V-ATPase protein

4FM el line.

expression is enhanced in the ellipticine-resistant UKF-NB

Since V-ATPase is the major enzyme responsible for the acidification of subcellular
compartments, it acidifies newly formed cytoplasmic vacuolar vesicles by pumping protons
across the membranes."*?") This process is a necessary step for additional sequestration of the
protonated form of ellipticine within these organelles. Finally, this sequestration results in
lower cytoplasmic concentrations of ellipticine, less nuclear accumulation!” and lower DNA
damage by ellipticine (see Table 2 and Figure 7) and therefore also lower toxic effects to
these cells (see Table 1, Figure 5 and our previous work®). The formation of covalent
ellipticine-derived DNA adducts, which was found to be lower in ellipticine-resistant UKF-
NB-4FHH cells, was increased by an inhibitor of V-ATPase, bafilomycin A, and/or the
lysosomotropic drug chloroquine that block formation of lysosomes.*® In concordance to
these results, exposure of the tested cells to bafilomycin A and chloroquine enhanced
markedly the cytotoxicity of ellipticine on these cells and decreased resistance of UKF-NB-
4" o ellipticine.

Based on these results, we can conclude that the decrease in ellipticine-mediated
cytotoxicity on UKF-NB-4 cells as well as in induction of resistance to ellipticine in the

ellipticine-resistant UKF-NB-4"""!

cell line is associated with vacuolar trapping of this drug,
which may be abolished by bafilomycin A or by chloroquine. Therefore, therapeutic
implications could be derived from this study. In principle, the components of the
endocytic/lysosomal pathway could be molecular targets for a combination therapy of

neuroblastoma with chemotherapeutic drugs and probably also for that of other cancers.
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Table 1. The effect of bafilomycin A, chloroquine and wortmannin on the ICsy values for

ellipticine in ellipticine-sensitive UKF-NB-4 and ellipticine-resistant UKF-NB-4"""!

neuroblastoma cell lines

Compound UKF-NB-4 cells UKF-NB-4"" cells
ICs for ellipticine (uM)

ellipticine 0.86 + 0.007 1.42 +0.004%**
ellipticine + 100 nM bafilomycin A 0.21 +0.006 0.69 +0.014" 444
ellipticine + 25 uM chloroquine 0.19£0.010"" 0.35+£0.0127744
ellipticine + 100 nM wortmannin 1.02 +0.005" 1.39 +0.014%44

ICsg values determined by the MTS test (see Materials and Methods) were calculated from the
linear regression of the dose-log response curves. Values are mean + S.D. of three
experiments. The data were analyzed statistically by Student’s #-test. Values significantly
different from individual cell lines (UKF-NB-4 or UKF-NB-4"") cultivated with ellipticine
alone: **P<(0.01, ***P<(0.001. Values significantly different from UKF-NB-4 cells:
A4P<0.001.
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Table 2. DNA adduct formation by ellipticine in UKF-NB-4 and UKF-NB-4"""' cell lines

Cells RAL (mean + SD/ 10’ nucleotides)”

Adduct 1° Adduct 2° Adduct 6°  Adduct 7° Total
UKF-NB-4
ELLI 2.92 £0.85 1.75+0.78 0.55+0.03 0.51 + 0.005 573+ 151
BAF +ELLI 4.3 +0.67%* 2.03 +£0.12* 0.69 + 0.03*%*  0.60 + 0.03** 7.62 + 0.41%*
CQ+ELLI  4.08 +0.72%* 2,64+ 0.14%%%  0.91 + 0.04%%*% (.77 & (.4%%* 8.4 + (.53%*
UKF-NB-4°t!
ELLI 1.02+£0.01%%  089+0.01**  0.5+.0.01 0.03 +£.0.01 244 1.99 £.0.06 244

BAF + ELLI  1.69 £.0.21%% 44 1 65+0.07%%* 22 0.6+0.03%% (.22 £.0.01%%*k 284 4 16+ (.36%%* 44
CQ-+ELLI 178+ 0.1%%* 244 180 4+ (. 11%%* 2% (.51 +0.03*  0.41 £ 0.02%%* 244 4 50 4 (), 33%%* 404

BAF — bafilomycin A, 100 nM; CQ — chloroquine, 25 pM; ELLI — 5 uM ellipticine.

“Values of relative adduct labeling (RAL) are expressed as adducts per 10’ normal
nucleotides. Values are mean = S.D. of three experiments. Asterisks represent statistical
significance of differences between the levels of RALs determined in DNA of the cells
cultivated with ellipticine and those with ellipticine and bafilomycin A or chloroquine
(*P<0.05; **P<0.01;***P<0.001) and 4 statistical differences between the levels of RALs
determined in DNA of the UKF-NB-4 and UKF-NB-4"""' cell lines (**P<0.01 and
AMAp

<0.001) as calculated by Student’s ¢-test.

" See Figure 7 insert.

20



Legends to Figures

Fig 1. Transmission electron microscope images show a significant vacuolization of
cytoplasm in the UKF-NB-4 ellipticine-sensitive (images A — C) and UKF-NB-4*
ellipticine resistant (images D — F) cell lines after exposure to ellipticine. UKF-NB-4
cell line A: control; B: 1 h incubation with 5 uM ellipticine; C: 1 h incubation with 100
nM bafilomycin A and 5 uM ellipticine; UKE-NB-4""! cell line D: control; E: 1 h
incubation with 5 uM ellipticine; F: 1 h incubation with 100 nM bafilomycin A and 5
uM ellipticine. Images C and F demonstrate disapperance of cytoplasmic vacuolization
after co-incubation with V-ATPase inhibitor bafilomycin A and ellipticine in both cell
lines. Locations of vacuoles are indicated by arrows. Figure shows representative data

from one of three independent experiments.

Fig. 2. Transmission electron microscope image shows a detail of one vacuole (formed in a
UKF-NB-4 cell line by treating with 5 uM ellipticine) located close to mitochondria.
The vacuole is lined by a single membrane that ruled out autophagy. Figure shows

representative data from one of three independent experiments.

Fig. 3. Confocal microscope images demonstrate colocalization (yellow/orange color in
“MERGE” or yellow in “Colocalization™) of ellipticine (green "ELLI”, 5 uM) and
LysoTracker (red “LT”, 75 nM), a marker of the acidic lysosomal compartment, in
UKF-NB-4 cells. Cells were incubated with 5 puM ellipticine (dissolved in “DMSO”)
without or with 100 nM bafilomycin A (Baf A) or 25 uM chloroquine (CQ) as described
in the Materials and methods section 2.3., and examined by confocal microscopy. See
the text for further details. Figure shows representative data from one of three

independent experiments.

Fig. 4. Expression of V-ATPase (ATP6VODI) protein detected by Western blotting in UKF-
NB-4 ellipticine-sensitive and UKF-NB-4 ellipticine-resistant cell lines. Actin was used
as loading control. (A) Representative Western blot. (B) V-ATPase expressed relative to
levels of actin. Figure B shows averages and standard deviations (S.D.) from three

independent experiments. Values significantly different from individual cell lines (UKF-

NB-4 or UKF-NB-4"": #P<(.05 (Student’s -test).
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Fig. 5. Detection of apoptosis induced in UKF-NB-4 and UKF-NB-4"""' neuroblastoma cells
using the AnnexinV/DAPI labeling after 24 h incubation with 5 uM ellipticine (ELLI)
and inhibitors bafilomycin A (BAF, 100 nM), chloroquine (CQ, 25 uM), or wortmannin
(W, 100 nM). Bafilomycin A and chloroquine, but not an autophagy inhibitor
wortmannin, potentiate the anticancer effect of ellipticine. Figure shows averages and
standard deviations (S.D.) from three independent experiments. Values significantly
different from individual cell lines (UKE-NB-4 or UKF-NB-4"") cultivated with
ellipticine alone: ***P<(.001 (Student’s t-test).

Fig. 6. Expression of LC3-1 and LC3-1I proteins determined by Western blotting in UKF-
NB-4 cells after treatment with different autophagy inhibitors. Control (Ctrl) cells were
cultivated for 4 h in Hanks’ balanced salt solution to induce autophagy. Actin was used
as loading control. (A) Representative Western blot. (B) LC3-II expressed relative to
levels of actin. Wortmannin (W, 100 nM), an inhibitor of autophagosome formation,
decreased LC3-II expression (compare lanes Ctrl and W). Chloroquine (CQ, 25 uM) and
bafilomycin A (BAF, 100 nM) increased lysosomal pH, and consequently decreased
activity of lysosomal proteases and degradation of LC3-II (LC3-II expression is
increased, see lanes CQ and BAF). Experiments verified that the concentrations of
inhibitors used are able to inhibit proteolytic processes in the lysosomes (bafilomycin A
and chloroquine) or autophagosome formation (wortmannin). Figure B shows averages
and standard deviations (S.D.) from three independent experiments. Values significantly

different from control UKF-NB-4 cells: ***P<(.001 (Student’s ¢-test).

Fig. 7. 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 their 24 h treatment with ellipticine (ELLI, 5 uM) either without pretreatment or
with pretreatment with bafilomycin A (BAF, 100 nM) or chloroquine (CQ, 25 uM)
(the cells were pre-treated with bafilomycin A and/or chloroquine for 20 minutes
before adding ellipticine and further incubated 24 h). The data represent means of total
levels of ellipticine-DNA adducts and standard deviations determined from three
independent experiments. Values of relative adduct labeling (RAL) are expressed as
adducts per 10’ normal nucleotides. Asterisks represent statistical significance as

calculated by Student’s ¢-test (*P<0.05; **P<0.01; ***P<(0.001). Insert: an
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autoradiographic profile of ellipticine-DNA adducts formed in UKF-NB-4 cells
determined by “*?P-postlabeling. The adduct spots 1 and 2 are formed in
deoxyguanosine residues of DNA by the ellipticine metabolites, 13-hydroxy- and 12-

hydroxyellipticine-(l10,1 3.15)
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Fig 2.
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