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Vacuolar-ATPase-mediated intracellular sequestration of
ellipticine contributes to drug resistance in neuroblastoma cells
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Abstract. Neuroblastoma is the most common cancer in
infants and the fourth most common cancer in children.
Aggressive cell growth and chemoresistance are notorious
obstacles in neuroblastoma therapy. Exposure to the anticancer
drug ellipticine inhibits efficiently growth of neuroblastoma
cells and induces apoptosis in these cells. However, ellipticine
induced resistance in these cells. The upregulation of a vacu-
olar (V)-ATPase gene is one of the factors associated with
resistance development. In accordance with this finding, we
found that levels of V-ATPase protein expression are higher
in the ellipticine-resistant UKF-NB-4F line than in the
parental ellipticine-sensitive UKF-NB-4 cell line. Treatment
of ellipticine-sensitive UKF-NB-4 and ellipticine-resistant
UKF-NB-4EH 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 ellipti-
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cine-mediated apoptosis and decreased ellipticine-resistance
in UKF-NB-4ELL cells. Moreover, pretreatment with these
inhibitors increased formation of ellipticine-derived DNA
adducts, one of the most important DNA-damaging mecha-
nisms responsible for ellipticine cytotoxicity. In conclusion,
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.

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 (1,2). 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 character-
istics (4,5). 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 neuroblas-
tomas, utilizing a drug targeting DNA, the plant alkaloid
ellipticine. This compound and its derivatives act as potent
anticancer agents via a combined mechanism involving cell
cycle arrest and induction of apoptosis. Cell death induced by
ellipticine has been shown to engage a p53-dependent pathway,
cell cycle arrest, interaction with several kinases and induction
of the mitochondrial pathway of apoptotic cell death. Cell
cycle arrest was shown to result from DNA damage caused
by a variety of tumor chemotherapeutic agents; this is also the
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case for ellipticines. Formation of covalent DNA adducts after
ellipticine enzymatic activation with cytochrome P450 (CYP)
and peroxidase enzymes is one of the most important mecha-
nisms of its pharmacological action (summarized in refs. 6,7).
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 (6-11). These effects were associated with formation
of two major covalent ellipticine-derived DNA adducts, iden-
tical to those formed by the CYP- and peroxidase-mediated
ellipticine metabolites, 13-hydroxy- and 12-hydroxyellipti-
cine (6,7,12-16).

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 (6-8,11).

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-4E' (8,17). In
the UKF-NB-4F cells, lower accumulation of this drug was
found in the nuclei after treatment of these cells with ellipti-
cine than in the parental line (17), 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 degra-
dation of the drug, downregulation of topoisomerases and the
upregulation of vacuolar (V)-ATPase (17). The mechanism of
V-ATPase contribution to induction of resistance to ellipticine
in the UKF-NB-4F cell line was investigated in this study.

Vacuolar V-ATPase is the multi-subunit membrane protein
complex (18) responsible for the acidification of some intracel-
lular 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 (19-21). The acidic microenvi-
ronment 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 organ-
elles can be significantly involved in the mechanism of drug
resistance (22,23). These changes in pH lead to neutralization
of weakly basic drugs by the acidic tumor microenvironment
or the sequestration of drugs into lysosomal vesicles (22-26).
Whether these mechanisms and if so, which of them are
responsible for V-ATPase-dependent development of resis-
tance of UKF-NB-4 cells to ellipticine need to be answered.
Therefore, this feature was studied.

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 Professor J. Cinatl (JJW. Goethe
University, Frankfurt, Germany). The ellipticine-resistant cell
line, designated UKF-NB-4E was established by exposing
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UKF-NB-4 cells to increasing concentrations from 0.2 to
2.5 uM ellipticine over 36 months. The drug resistance of
UKF-NB-45 cells to ellipticine was verified using the MTT
test (17). Each cell line was cultivated in Iscove's modified
Dulbecco's medium (IMDM) supplemented with 10% (v/v)
fetal bovine serum (both from Life Technologies, Carlsbad,
CA, USA), maintained at 37°C and 5% CO,. The medium
for UKF-NB-4EL cells was the same, but contained 2.5 uM
ellipticine (8). Resistance of UKF-NB-4E cells to ellipticine
caused by changes in expression of several genes and chromo-
some modifications (detailed in ref. 17) is maintained during
more than four passages of these cells without ellipticine (17).
Before experiments, UKF-NB-4FM cells were cultivated for
at least one passage without ellipticine, in order to remove
ellipticine from these cells. Ellipticine, chloroquine, wort-
mannin and bafilomycin A were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Electron microscopy. UKF-NB-4 and UKF-NB-45 cells
(5x10°) were grown on glass 60 mm dishes either untreated
or treated with 5 M ellipticine and 100 nM bafilomycin A as
well as combination of 5 M ellipticine and 100 nM bafilo-
mycin A for 1 h at 37°C. In the case of a combined treatment,
bafilomycin A was added to the incubations 20 min 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 x g for 5 min) and pellets were post-
fixed for 60 min with 2% OsO, 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 stained,
UKF-NB-4 cells (5x10°) were grown on 35 mm glass bottom
culture dishes (In Vitro Scientific, Sunnyvale, CA, USA)
for 24 h before adding the compounds. Cells were treated
either with 5 yM ellipticine alone or in combination with
either 100 nM bafilomycin A or 25 M chloroquine for 1 h
at 37°C, then incubated with 75 nM LysoTracker® Red (Life
Technologies) for 30 min. After washing with Hanks' balanced
salt solution (Sigma-Aldrich), cells were observed with a laser-
scanning confocal microscope, Olympus FV1000 (Olympus,
Tokyo, Japan). 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 excita-
tion of green-ellipticine fluorescence, solid-state laser with an
excitation wavelength of 473 nM was used and emitted light
was collected in the range of 485-545 nM. All images were
recorded with a x40 objective using a zoom factor of x2 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 (ATP6VODI membrane
domain) protein expression. In order to analyze V-ATPase
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(ATP6VODI1 membrane domain) protein expression, western
blotting was used. UKF-NB-4 and UKF-NB-4EET cell
(1.5x10°) 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
deoxycholate 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 addi-
tional analysis. Protein concentrations were assessed using the
DC protein assay (Bio-Rad, Hercules, CA, USA) according
to Lowry method. Proteins (15 ug) 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-ATP6VOD1 mouse monoclonal antibody (1:500;
Abcam, Cambridge, UK). Membranes were washed and
exposed to peroxidase-conjugated anti-IgG secondary anti-
bodies (1:2,000; Bio-Rad) 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). Antibody
against actin (1:1,000; Sigma-Aldrich) was used as loading
control.

Determination of apoptosis by Annexin VIDAPI labeling.
UKF-NB-4 and UKF-NB-4E cells (5x10°) were seeded in
35-mm culture dishes overnight. Bafilomycin A, chloroquine
and/or ellipticine in the 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 producer's instructions (Exbio, Vestec, Czech
Republic). The cells were re-suspended in Annexin V binding
buffer (Exbio), then Annexin V-Dy647 was added and samples
were incubated for 15 min in the 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-sulfophenyl)-2H-tetrazolium (MTS) assay. The 1Cs, 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 5x10° cells/well with 100 nM
bafilomycin A, 25 uM chloroquine or 100 nM wortmanin, and
20 min later ellipticine, in serial dilutions, was added. After
three days of incubation at 37°C in 5% CO,, 7 ul of MTS
solution per well was added and the plates were incubated for
2 h. The absorbance at 490 nM was measured for each well
by multiwell ELISA reader VersaMax (Molecular Devices,
Sunnyvale, CA, USA). Each value is the mean of 8 wells. The
mean absorbance of medium controls was the background and
was subtracted. The ICs, values were calculated from three
independent experiments using the linear regression of the
dose-log response curves by SoftMaxPro software.
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Western blot analysis of autophagosomal marker proteins
LC3-I and LC3-II. To induce autophagy, UKF-NB-4 and
UKF-NB-4F cells were starved in Hanks' balanced salt
solution (Sigma-Aldrich) for 4 h at 37°C with or without
the inhibitors of autophagy, wortmannin (0.1 xM), chloro-
quine (25 uM) or bafilomycin A (100 nM). Subsequently
cells were collected and lysed in a Laemmli sample buffer
(Sigma-Aldrich) and were subjected to immunoanalysis.
Protein concentrations were assessed using a DC protein
assay kit (Bio-Rad) according to manufacturer's instructions.
Sample protein (50 pg) was subjected to SDS-polyacrylamide
gel electrophoresis. After migration, proteins were transferred
to nitrocellulose membranes and incubated with 5% non-fat
milk (Bio-Rad). The membranes were exposed to anti-LC3
(microtubule-associated protein 1A/1B-light chain 3) antibody
diluted 1:400 (Novus Biologicals, Littleton, CO, USA) over-
night at 4°C. Membranes were then washed three times with
PBS/Tween-20 and exposed to horseradish peroxidase-conju-
gated goat anti-rabbit anti-IgG (H+L) secondary antibodies
(Bio-Rad). The antigen-antibody complex was visualized
using chemiluminescence by Immun-Star HRP Substrate kit
(Bio-Rad). Antibodies against actin (1:1,000; Sigma-Aldrich)
were used as loading control.

DNA isolation from neuroblastoma cells and **P-postlabeling
of ellipticine-DNA adducts. Neuroblastoma cell lines were
seeded 24 h prior to treatment at a density of 5x10° cells/ml in
two 75 cm? culture flasks in a total volume of 20 ml of IMDM.
After 24 h incubations with 5 yM ellipticine in IMDM, the
cells were harvested after trypsinizing by centrifugation at
2000 x g for 3 min and two washing steps with 5 ml of PBS
yielded a cell pellet, which was stored at -80°C until DNA isola-
tion. 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 yM chloroquine for 20 min before
adding ellipticine. DNA from neuroblastoma cells treated with
5 uM ellipticine in the presence or absence of 100 nM bafilo-
mycin A and/or 25 yM chloroquine for 24 h was isolated by
the phenol-chloroform extraction as described (8,9,13,27,28).
The **P-postlabeling of nucleotides using nuclease P1 enrich-
ment, found previously to be appropriate to detect and quantify
ellipticine-derived DNA adducts formed in vitro (12,13,27-30)
and in vivo (6,7,31-33) was used.

Statistical analysis. Data are expressed as mean + standard
deviations (SD). Student's t-test (two-tailed) was used for
statistical analysis. P-values <0.05 were considered statisti-
cally significant, and are indicated in the figures as "P<0.05,
“P<0.01 and "*P<0.001.

Results

Ellipticine induces cytoplasmic vacuolization in neuroblas-
toma cells and accumulates in these vacuoles. Treatment of
neuroblastoma UKF-NB-4 cells, both sensitive and resistant
(UKF-NB-4F) (o ellipticine, with ellipticine at concentra-
tions that are toxic to these cells (5 uM) induced extensive
cytoplasmic vacuolization in these cells (vacuoles are indi-
cated by arrows in Fig. 1B and E). The higher number of
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Figure 1. Transmission electron microscope images show a significant vacuolization of cytoplasm in (A-C) UKF-NB-4 ellipticine-sensitive and
(D-F) UKF-NB-4EH ellipticine resistant 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; UKF-NB-4E 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. (C and F) Demonstrate disappearance of cytoplasmic vacuolization after co-incubation with
vacuolar (V)-ATPase inhibitor bafilomycin A and ellipticine in both cell lines. Locations of vacuoles are indicated by arrows. Representative data from one

of three independent experiments are shown.

Figure 2. Transmission electron microscope image shows a detail of one
vacuole (a white 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. It contains some heterogeneous
material (darker structures in this vacuole). Representative data from one of
three independent experiments are shown.

these vacuoles was generated in UKF-NB-4ELL cells resistant
to ellipticine than in the parent UKF-NB-4 cell line. The
vacuolar vesicles of a small size were also present in the
UKF-NB-4F cell line prepared by cultivation of UKF-NB-4
cells with increasing concentrations of ellipticine (from 0.2 to
2.5 uM) over 36 months (17) (vesicles are indicated by arrows
in Fig. 1D). The vacuoles were already detectable 30 min
after adding the ellipticine (data not shown). This ellipticine-
mediated cytoplasmic vacuolization seems to be a general
phenomenon, because it appears also in the 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 mate-
rial (the darker structures in a vacuole shown in Fig. 2). They,
however, lacked any detectable content of cytoplasmic mate-
rial (organelles) and were lined by a single membrane (Fig. 2),
ruling out autophagy. Nevertheless, in order to characterize the
vacuoles further, we used confocal microscopy of cells stained
with two specific lysosomal markers, lysosomal-associated
membrane protein 1 (LAMP1) (34) and a lysosomal marker
selective for acidic compartments, LysoTracker® Red (35).
Unfortunately, the use of LAMPI as a marker failed in our
experiments, because LAMP1 could not be applied simulta-
neously with ellipticine. The anti-LAMPI is namely 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 lyso-
somes.

The green fluorescence of ellipticine (excitation, 440 nM;
emission, 520 nm) (10) allowed the detection of its intracellular
localization. At physiological pH, ellipticine exists in both
protonated (charged) and unprotonated (uncharged) forms (7).
As shown in Fig. 3, the UKF-NB-4 cells exposed to ellipti-
cine 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
may 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 (7,36,37). The
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Figure 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 yM 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, and examined by
confocal microscopy. Representative data from one of three independent experiments are shown.
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Figure 4. Expression of vacuolar (V)-ATPase (ATP6V0ODI1) 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 blotting. (B) V-ATPase expressed relative to
levels of actin. (B) Average and standard deviations (SD) from three indepen-
dent experiments are shown. Values significantly different from individual
cell lines (UKF-NB-4 or UKF-NB-411), “P<0.05 (Student's t-test).

trapping of ellipticine in these acidic vesicles is followed by
osmotic swelling and dilatation (Fig. 1).

A contribution of V-ATPase to ellipticine-induced vacu-
olation and ellipticine sequestration into these vacuoles was
investigated with its specific inhibitor, bafilomycin A (38,39)
and the lysosomotropic drug chloroquine, the agent that enters
selectively the lysosomes and inhibits enzymes for which the
acidic pH is crucial (40).

Ellipticine-induced vacuolation and intravesicular ellipti-
cine-associated fluorescence were abolished by co-treatment
of tested neuroblastoma cells with bafilomycin A and chlo-
roquine (Figs. 1 and 3). These results suggest that ellipticine
is responsible for the V-ATPase-mediated formation of cyto-
plasmic vacuoles (i.e. lysosomes) in these neuroblastoma cells,
and that is able to be sequestrated into these acidic compart-
ments.

Expression of V-ATPase in the ellipticine sensitive and
resistant UKF-NB-4 cells. Because of the suspected role of
upregulation of the V-ATPase gene in induction of resistance
of UKF-NB-4 cells to ellipticine (17), we further investigated
expression of this enzyme both in the ellipticine sensitive
and resistant UKF-NB-4 cells. Using western blot analyses,
expression of a protein product of ATP6VODI, the gene of the
V-ATPase membrane domain, which is upregulated in several
drug-resistant cell lines including UKF-NB-4ET (17,38-43),
was measured in the tested cells. As shown in Fig. 4, the
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Table I. The effect of bafilomycin A, chloroquine and wortmannin on the ICs, values for ellipticine in ellipticine-sensitive
UKF-NB-4 and ellipticine-resistant UKF-NB-45"! neuroblastoma cell lines.

ICy, for ellipticine (#M)

Compound UKF-NB-4 cells UKF-NB-45 cells
Ellipticine 0.86+0.007 1.42+0.004¢
Ellipticine + 100 nM bafilomycin A 0.21+£0.006* 0.69+0.014%¢
Ellipticine + 25 #M chloroquine 0.19+0.010* 0.35+0.012*¢
Ellipticine + 100 nM wortmannin 1.02+0.005° 1.39+0.014¢

ICy, values determined by the MTS test (Materials and methods) were calculated from the linear regression of the dose-log response curves.
Values are mean + SD of three experiments. The data were analyzed statistically by Student's t-test. Values significantly different from indi-
vidual cell lines (UKF-NB-4 or UKF-NB-4F") cultivated with ellipticine alone, *P<0.001 and °P<0.01. Values significantly different from

UKF-NB-4 cells, “P<0.001.
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Figure 5. Detection of apoptosis induced in UKF-NB-4 and UKF-NB-
4B peuroblastoma cells using the Annexin V/DAPI labeling after 24 h
incubation with 5 M ellipticine (ELLI) and the inhibitors bafilomycin A
(BAF, 100 nM), chloroquine (CQ, 25 yM), or wortmannin (W, 100 nM).
Bafilomycin A and chloroquine, but not wortmannin, potentiate the anti-
cancer effect of ellipticine. Average and standard deviations (SD) from three
independent experiments are shown. Values significantly different from indi-
vidual cell lines (UKF-NB-4 or UKF-NB-4E) cultivated with ellipticine
alone, ““P<0.001 (Student's t-test).

V-ATPase (ATP6VOD) protein levels were 2.3-times higher
in the resistant UKF-NB-4ELT cell line than in its parental
sensitive line. These results are in agreement with previous
finding which demonstrated upregulation of the ATP6VODI
gene in ellipticine-resistant neuroblastoma cells (17), and
point out its importance for acquiring resistance to ellipti-
cine.

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-4F cell lines were treated with either ellipticine
alone or after pretreatment with bafilomycin A or chloro-
quine. 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 ii) by MTS
assay (Table I). Treatment of neuroblastoma cells with bafilo-
mycin 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-4F cells to ellipticine (Fig. 5). In addition,
pretreatment of cells with bafilomycin A and/or chloroquine
was able to reduce the values of ICs, both in the ellipticine-
sensitive and ellipticine-resistant cell lines to the lower ICs,
values (Table I). 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 (40). Hence, their
augmented effects may be caused also by authophagy inhi-
bition. 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 inhibitor of phosphatidylinositol
3-kinase (PI3K) wortmannin (44,45), since, as an inhibitor of
this enzyme (44,45), it dictates the autophagy development
in cells (46). In contrast to bafilomycin A and chloroquine,
wortmannin had no effect on induction of apoptosis in neuro-
blastoma cells exposed to ellipticine (Fig. 5). It did not reduce
the value of IC,, for ellipticine in these cells (Table I). 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.
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Table II. DNA adduct formation by ellipticine in UKF-NB-4 and UKF-NB-45! cell lines.
RAL (mean + SD/107 nucleotides)?

Cells 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 5.73+£1.51
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° 0.77+0 .4¢ 8.4+0.53¢
UKF-NB-4FLU
ELLI 1.02+0.01# 0.89+0.01¢ 0.5+0.01 0.03+0.01# 1.99+0.062
BAF + ELLI 1.69+0.21¢¢ 1.65+0.07°¢ 0.6+0.03¢ 0.22+0.01°# 4.16+0.36°¢
CQ + ELLI 1.78+0.1%# 1.82+0.11¢f 0.51+0.03f 0.41+0.02°# 4.52+0.33%¢

BAF, bafilomycin A, 100 nM; CQ, chloroquine, 25 uM; ELLI, ellipticine, 5 M. *Values of relative adduct labeling (RAL) are expressed
as adducts/10” normal nucleotides. Values are mean = SD of three experiments. *See Fig. 7 insert. “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 chlo-
roquine (°P<0.01, ‘P<0.05 and °P<0.001). f* eStatistical differences between the levels of RALs determined in DNA of the UKF-NB-4 and
UKF-NB-45 cell lines ('P<0.01 and #P<0.001) as calculated by Student's t-test.
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Figure 6. Expression of LC3-I and LC3-II 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 blotting. (B) LC3-II expressed relative to levels
of actin. Wortmannin (W, 100 nM), an inhibitor of autophagosome forma-
tion, 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, 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 autophago-
some formation (wortmannin). (B) Average and standard deviations (SD)
from three independent experiments are shown. Values significantly different
from control UKF-NB-4 cells, ““P<0.001 (Student's t-test).

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 autophago-
somes. 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 experi-
ments, 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 (38-40) increased lysosomal pH that conse-
quently led to decreased activity of lysosomal proteases. These
processes blocked lysosomal degradation and rescued intact
LC3-II in neuroblastoma cells (Fig. 6). In contrast, wort-
mannin as a blocker of autophagosome formation decreased
the expression of LC3-II 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 action in various cancer cells including neuro-
blastoma (6-9,11,12,28,29), we investigated whether treatment
of UKF-NB-4 and UKF-NB-45" cells with bafilomycin A or
chloroquine prior to ellipticine changes DNA adduct levels.
Two major DNA adducts identical to those formed by the
ellipticine metabolites, 13-hydroxy- and 12-hydroxyellipticine,
with deoxyguanosine in DNA (13,15), and two minor DNA
adducts of unknown structures 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 II),
as it has already been found in our previous study (8). However,
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Figure 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-4EH (black col-
umns) neuroblastoma cells after 24 h treatment with ellipticine (ELLI, 5 uM) either without pretreatment or pretreatment with bafilomycin A (BAF, 100 nM)
or chloroquine (CQ, 25 uM) (the cells were pretreated with bafilomycin A and/or chloroquine for 20 min 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/10” normal nucleotides. Asterisks represent statistical significance as calculated by Student's t-test
("P<0.05, “P<0.01 and ““P<0.001). Insert, an 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 (6,7,13,15).

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 II). This corre-
sponded 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 cova-
lent DNA adducts.

Discussion

The results found in this study 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 cyto-
toxic effects (8,17). We demonstrated that this resistance is,
among other mechanisms, dependent on upregulation of the
V-ATPase gene (17). Indeed, here we found that the V-ATPase
protein expression is enhanced in the ellipticine-resistant
UKF-NB-4F" cell line.

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 (19-21). 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 (17) and lower DNA damage by ellipti-
cine (Table II and Fig. 7) and therefore also lower toxic effects
to these cells (Table I and Fig. 5) and our previous study (8).
The formation of covalent ellipticine-derived DNA adducts,
which was found to be lower in ellipticine-resistant UKF-NB-
4ELLT cells, was increased by the inhibitor of V-ATPase,
bafilomycin A, and/or the lysosomotropic drug chloroquine
that blocks formation of lysosomes (48). 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-45 to
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-4FLL 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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