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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-1α (HIF-1α) in human neuroblastoma cell 
lines cultivated under standard or hypoxic conditions (1% 
O2) 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, 

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-1α (HIF-1α)  (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-1α protein 
was also examined. In addition, levels of N-myc protein and 
another member of the Myc family of transcription factors, 

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% CO2. For experiments with hypoxia, a hypoxic 
chamber purchased from Billups-Rothenberg (Del Mar, CA, 
USA) was prepared with an atmosphere containing 1% O2, 
5% CO2 and 94% N2.

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 MgCl2, 
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 



ONCOLOGY REPORTS  31:  1928-1934,  20141930

assessed using the DC protein assay (Bio‑Rad) with serum 
albumin as a standard. Five and/or 15 µg 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 Králové, 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 kits 
(BioVision, Milpitas, CA, USA). Briefly, 68 µl of assay mix 
containing 40 µl 2X HAT assay buffer, 5 µl HAT substrate, 
15 µl HAT substrate II and 8 µl NADH generating enzyme 
were added to 50 µg of nuclear extract in 40 µl 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 µg of nuclear extract were 
diluted in 85 µl of distilled water. Ten microliters of 10X HDAC 
assay buffer and 5 µl 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 µl 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-1α, c-Myc and N-myc in 
neuroblastoma cells. To determine the expression of HIF-1α, 

c-Myc and N-myc proteins, cell pellets were resuspended in 
25 mM Tris-HCl 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 µg of extracted proteins were subjected 
to SDS-PAGE electrophoresis on an 11% gel for analysis of 
HIF-1α, 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-1α (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, 5x105 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).

Figure 1. The effect of hypoxia on expression of HIF-1α and acetylated histones H3 and H4 in human neuroblastoma cell lines determined by western blotting. 
Actin was used as loading control. HIF-1α, hypoxia-inducible factor-1α.
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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% O2) 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).

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 

  A

Figure 2. The effect of hypoxia on activities of (A) histone acetyltransferases (HATs) and (B) histone deacetylases (HDACs) in neuroblastoma cells. Hypoxia, 
24 h exposure to 1% O2.

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

  B
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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 et 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 BMI1 (polycomb ring 
finger oncogene) gene transcription (24).

Influence of hypoxia on HIF-1α protein expression in 
neuroblastoma cells. The transcription factor HIF-1α is a 
key mediator of the cellular response to hypoxia affecting 
expression of many genes that may inhibit apoptosis (25). 
Although HIF-1β is constitutively expressed in the nucleus, 
HIF-1α is maintained at low levels under normoxic condi-
tions (26). In the presence of oxygen, the HIF-1α 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-1α 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-1α correlates with p53 accumulation, cell 
proliferation, and direct activation of vascular endothelial 
growth factor (VEGF) promoter, which suggests important 
roles for HIF-1α in cancer progression (28,30). As in other 
tumors, overexpression of HIF-1α 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-1α 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% O2, for 24 h) in comparison to the cell cycle 
distribution of cells cultivated under the standard (aerobic) 
conditions  (Fig.  4). An increase in the G0/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% O2) 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-1α 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-1α in these cells or with changes in 
HAT and HDAC activities. Although HIF-1α 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-1α protein were 
found in SK-N-AS neuroblastoma cells.

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.
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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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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-4ELLI line than in the parental ellipticine-sensitive UKF-NB-4 
cell line. Treatment of ellipticine-sensitive UKF-NB-4 and ellipticine-resistant UKF-NB-4ELLI 
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-4ELLI 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. 
 
Key words  
Neuroblastoma; Resistance to ellipticine; Vacuolation; Drug sequestration; Vacuolar ATPase 
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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.(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 characteristics.(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 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.(6-11) 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.(7,10,12-16)  

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.(6,7,10,11) 

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-4ELLI.(6,17) In the UKF-NB-4ELLI cells, lower accumulation 
of this drug was found in the nuclei after treatment of these cells with ellipticine 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 degradation of the drug, downregulation of 
topoisomerases and the up-regulation of vacuolar (V)-ATPase.(17) The mechanism of V-
ATPase contribution to induction of resistance to ellipticine in the UKF-NB-4ELLI cell line 
was investigated in this work.  
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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.(19-21) 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.(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) 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.   
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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-4ELLI, was established by exposing UKF-NB-4 cells to increasing concentrations 
from 0.2 to 2.5 µM ellipticine over 36 months. The drug resistance of UKF-NB-4ELLI cells to 
ellipticine was verified using the MTT test.(17) 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% CO2. The medium for UKF-NB-4ELLI cells was the same, but 
contained 2.5 µM ellipticine.(6) Before experiments, UKF-NB-4ELLI 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-4ELLI cells (5 x 105 cells) were grown on 
glass 60 mm dishes either untreated or treated with 5 µM ellipticine and 100 nM bafilomycin 

A as well as combination of 5 µM 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 105 
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 µM ellipticine alone or in 

combination with either 100 nM bafilomycin A or 25 µM 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 485–545 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 (ATP6V0D1 membrane domain) protein 
expression. In order to analyze V-ATPase (ATP6V0D1 membrane domain) protein 
expression, Western blotting was used. UKF-NB-4 and UKF-NB-4ELLI cell (1.5 x 10 6 cells) 
pellets were re-suspended in 25 mM Tris-HCl 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 µg 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-ATP6V0D1 
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-

4ELLI cells (5 x 105 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 g/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 IC50 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 l of medium with 5 x 103 cells per 
well with 100 nM bafilomycin A, 25 M chloroquine or 100 nM wortmanin, and 20 minutes 
later ellipticine in serial dilutions were added. After three days of incubation at 37 oC in 5% 
CO2, 7 µl 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 IC50 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-I and 

LC3-II. To induce autophagy, UKF-NB-4 and UKF-NB-4ELLI 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 µM), chloroquine (25 µM) 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 µg 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, 
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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 105 
cells/ml in two 75 cm2 culture flasks in a total volume of 20 ml of IMDM. After 24 h 
incubations with 5 M 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 -80ºC 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 M 
chloroquine for 20 minutes before adding ellipticine. DNA from neuroblastoma cells treated 
with 5 M ellipticine in the presence or absence of 100 nM bafilomycin A and/or 25 M 
chloroquine for 24 h was isolated by the phenol-chloroform extraction as described.(6,8,13,27,28) 
The 32P-postlabeling of nucleotides using nuclease P1 enrichment, found previously to be 
appropriate to detect and quantify ellipticine-derived DNA adducts formed in vitro (12,13,27-30) 
and in vivo(7,10,31-33) 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 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 ***. 
 
 
 
 
 
 
 
 
 
 



 9 

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-4ELLI) to ellipticine, with ellipticine at concentrations that are toxic to these cells (5 
M) 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-4ELLI cell line prepared by cultivation of a UKF-NB-4 cell line with increasing 
concentrations of ellipticine (from 0.2 to 2.M) over 36 months(17) (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 (LAMP1)(34) and a lysosomal 
marker selective for acidic compartments, LysoTracker® red.(35) Unfortunately, LAMP1 
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)(10) 
allowed the detection of its intracellular localization. At physiological pH, ellipticine exists in 
both protonated (charged) and unprotonated (uncharged) forms.(10) As shown in Figure 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 
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weakly acidic environment.(6,37) 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 
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 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,(17) 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-4ELLI ,(17,38-43) was 
measured in the tested cells. As shown in Figure 4, the V-ATPase (ATP6V0D) protein levels 
were 2.3-times higher in the resistant UKF-NB-4ELLI cell line than in its parental sensitive 
line. These results are in agreement with previous finding which demonstrated up-regulation 
of the ATP6V0D1 gene in ellipticine-resistant neuroblastoma cells,(17) 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-4ELLI 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 (ii) 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-4ELLI 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 IC50 both in the ellipticine-sensitive and ellipticine-resistant 
cell lines to the lower IC50 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.(40) 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.(44) Wortmannin is an inhibitor of phosphatidylinositol 3-
kinase (PI3K)(44,45) that is required for autophagy.(46) 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 IC50 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(38-40) 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 
action in several cancer cells including neuroblastoma,(6,7,8,10,11,12,28,29) we investigated 
whether treatment of UKF-NB-4 and UKF-NB-4ELLI 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.(6) 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.(6,17) We demonstrated that this resistance is, among other mechanisms, dependent on 
up-regulation of the V-ATPase gene.(17) Indeed, here we found that the V-ATPase protein 
expression is enhanced in the ellipticine-resistant UKF-NB-4ELLI 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 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(6)). The formation of covalent 
ellipticine-derived DNA adducts, which was found to be lower in ellipticine-resistant UKF-
NB-4ELLI cells, was increased by an inhibitor of V-ATPase, bafilomycin A, and/or the 
lysosomotropic drug chloroquine that block 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-
4ELLI 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-4ELLI 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 IC50 values for 
ellipticine in ellipticine-sensitive UKF-NB-4 and ellipticine-resistant UKF-NB-4ELLI 
neuroblastoma cell lines 
___________________________________________________________________________ 
 Compound                                                UKF-NB-4 cells                      UKF-NB-4ELLI cells 
                                                                                      IC50 for ellipticine (M) 
___________________________________________________________________________     
ellipticine                                                     0.86 ± 0.007                            1.42 ± 0.004

ΔΔΔ 
ellipticine  +  100 nM bafilomycin A          0.21 ± 0.006

***                        0.69 ± 0.014
***ΔΔΔ 

ellipticine  +   25 M chloroquine               0.19 ± 0.010
***                        0.35 ± 0.012

***ΔΔΔ 
ellipticine  +  100 nM wortmannin              1.02 ± 0.005

**                         1.39 ± 0.014
ΔΔΔ 

___________________________________________________________________________ 
IC50 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 t-test. Values significantly 
different from individual cell lines (UKF-NB-4 or UKF-NB-4ELLI) cultivated with ellipticine 
alone: **P<0.01, ***P<0.001. Values significantly different from UKF-NB-4 cells: 
ΔΔΔP<0.001.   
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Table 2.  DNA adduct formation by ellipticine in UKF-NB-4 and UKF-NB-4ELLI cell lines 

___________________________________________________________________________ 
Cells                                                                RAL (mean ± SD/10

7 nucleotides)a 
                           _____________________________________________________________ 
 
                         Adduct 1b        Adduct 2 b       Adduct 6 b      Adduct 7 b               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-4ELLI 
ELLI                 1.02 ± 0.01


0.89 ± 0.01


0.5 ± .0.01        0.03 ± .0.01


1.99 ±.0.06

 
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*** 


0.51 ± 0.03


0.41 ± 0.02*** 


4.52 ± 0.33*** 

 
___________________________________________________________________________ 
 
BAF – bafilomycin A, 100 nM; CQ – chloroquine, 25 μM; ELLI – 5 μM ellipticine. 
aValues of relative adduct labeling (RAL) are expressed as adducts per 107 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 statistical differences between the levels of RALs 
determined in DNA of the UKF-NB-4 and UKF-NB-4ELLI cell lines (P<0.01 and 
P<0.001) as calculated by Student’s t-test.  
b See Figure 7 insert. 
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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-4ELLI 
ellipticine resistant (images D – F) cell lines after exposure to ellipticine. UKF-NB-4 
cell line A: control; B: 1 h incubation with 5 μM ellipticine; C: 1 h incubation with 100 

nM bafilomycin A and 5 μM ellipticine; UKF-NB-4ELLI cell line D: control; E: 1 h 
incubation with 5 μM ellipticine; F: 1 h incubation with 100 nM bafilomycin A and 5 

μM 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 μM 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 μM) and 
LysoTracker (red “LT”, 75 nM), a marker of the acidic lysosomal compartment, in 
UKF-NB-4 cells. Cells were incubated with 5 μM ellipticine (dissolved in “DMSO”) 

without or with 100 nM bafilomycin A (Baf A) or 25 μM 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 (ATP6V0D1) 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-4ELLI): *P<0.05 (Student’s t-test). 
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Fig. 5. Detection of apoptosis induced in UKF-NB-4 and UKF-NB-4ELLI neuroblastoma cells 

using the AnnexinV/DAPI labeling after 24 h incubation with 5 μM ellipticine (ELLI) 
and inhibitors  bafilomycin A (BAF, 100 nM), chloroquine (CQ, 25 μM), 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 (UKF-NB-4 or UKF-NB-4ELLI) cultivated with 
ellipticine alone: ***P<0.001 (Student’s t-test). 

 
Fig. 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 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 μM) 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<0.001 (Student’s t-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-4ELLI (black columns) neuroblastoma cells 
after their 24 h treatment with ellipticine (ELLI, 5 μM) either without pretreatment or 

with pretreatment with bafilomycin A (BAF, 100 nM) or chloroquine (CQ, 25 μM) 

(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 107 normal nucleotides. Asterisks represent statistical significance as 
calculated by Student’s t-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 32P-postlabeling. The adduct spots 1 and 2 are formed in 
deoxyguanosine residues of DNA by the ellipticine metabolites, 13-hydroxy- and 12-
hydroxyellipticine.(7,10,13,15) 
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