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1. Introduction

ABSTRACT

Ellipticine is an antineoplastic agent, whose mode of action is based mainly on DNA intercalation,
inhibition of topoisomerase II and formation of covalent DNA adducts mediated by cytochromes P450
and peroxidases. Here, the molecular mechanism of DNA-mediated ellipticine action in human
neuroblastoma IMR-32, UKF-NB-3 and UKF-NB-4 cancer cell lines was investigated. Treatment of
neuroblastoma cells with ellipticine resulted in apoptosis induction, which was verified by the
appearance of DNA fragmentation, and in inhibition of cell growth. These effects were associated with
formation of two covalent ellipticine-derived DNA adducts, identical to those formed by the cytochrome
P450- and peroxidase-mediated ellipticine metabolites, 13-hydroxy- and 12-hydroxyellipticine. The
expression of these enzymes at mRNA and protein levels and their ability to generate ellipticine-DNA
adducts in neuroblastoma cells were proven, using the real-time polymerase chain reaction, Western
blotting analyses and by analyzing ellipticine-DNA adducts in incubations of this drug with
neuroblastoma S9 fractions, enzyme cofactors and DNA. The levels of DNA adducts correlated with
toxicity of ellipticine to IMR-32 and UKF-NB-4 cells, but not with that to UKF-NB-3 cells. In addition,
hypoxic cell culture conditions resulted in a decrease in ellipticine toxicity to IMR-32 and UKF-NB-4 cells
and this correlated with lower levels of DNA adducts. Both these cell lines accumulated in S phase,
suggesting that ellipticine-DNA adducts interfere with DNA replication. The results demonstrate that
among the multiple modes of ellipticine antitumor action, formation of covalent DNA adducts by
ellipticine is the predominant mechanism of cytotoxicity to IMR-32 and UKF-NB-4 neuroblastoma cells.

© 2009 Elsevier Inc. All rights reserved.

differing in their genetic programs, maturation stage and
malignant potential [2]. Neuroblastoma may regress sponta-

Neuroblastoma, a tumor of the peripheral sympathetic nervous
system, is the most frequent solid extra cranial tumor in children
and is a major cause of death from neoplasia in infancy [1]. These
tumors are biologically heterogeneous, with cell populations
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neously in infants, mature to benign ganglioneuromas in older
children, or grow relentlessly and be rapidly fatal [2]. Prognosis of
high risk tumors is poor, because drug resistance arises in the
majority of those patients, initially responding to chemotherapy, in
spite of intensive therapy including megatherapy with subsequent
hematopoietic progenitor cell transplantation, biotherapy and
immunotherapy [2]. Little improvement in therapeutic options has
been made in the last decade, requiring a need for the development
of new therapies.

Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole, Fig. 1),
an alkaloid isolated from Apocyanacea plants, and several of its
more soluble derivatives (9-hydroxyellipticine, 9-hydroxy-N2-
methyl-ellipticinium, 9-chloro-N?>-methyl-ellipticinium and 9-
methoxy-N?-methyl-ellipticinium) exhibit significant antitumor
activities (for a summary see [3]). The main reasons for the interest
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Fig. 1. Metabolism of ellipticine by peroxidases and human CYPs showing the characterized metabolites and those proposed to form DNA adducts. The compounds shown in
brackets were not detected under the experimental conditions and are the electrophilic metabolites postulated as ultimate arylating species or the postulated N?-

deoxyguanosine adducts.

in ellipticine and its derivatives for clinical purposes are their high
efficiencies against several types of cancer, their rather limited
toxic side effects, and their complete lack of hematological toxicity
[4]. Nevertheless, ellipticine is a potent mutagen.

Ellipticine has been reported to arrest cell cycle progression by
regulating the expression of cyclinB1 and Cdc2 as well as
phosphorylation of Cdc2 [5,6], to induce apoptotic cell death by
the generation of cytotoxic free radicals, the activation of Fas/Fas
ligand system, the regulation of Bcl-2 family proteins [5-8], an
increase of wild-type p53, the rescue of mutant p53 activity and the
initiation of the mitochondrial apoptosis pathway [5,6,8,9]. Ellipti-
cine also uncouples mitochondrial oxidative phosphorylation [10]
and thereby disrupts the energy balance of cells. Ellipticine and 9-
hydroxyellipticine also cause selective inhibition of p53 protein
phosphorylation in several human cancer cell lines [11,12], and this
correlates with their cytotoxic activity. However, the precise

molecular mechanism responsible for these effects has not yet
been explained. Chemotherapy-induced cell cycle arrest was shown
to result from DNA damages caused by a variety of chemother-
apeutics. Inthe case of ellipticine, it was suggested that the prevalent
DNA-mediated mechanisms of their antitumor, mutagenic and
cytotoxic activities are (i) intercalation into DNA [4,13] and (ii)
inhibition of DNA topoisomerase II activity [4,14-16].

We have demonstrated that ellipticine also covalently binds to
DNA in vitro and in vivo after being enzymatically activated with
cytochromes P450 (CYP) or peroxidases [3,17-23], suggesting a
third possible mechanism of action. Human and rat CYP1A, 1B1
and 3A are the predominant enzymes catalyzing oxidation of
ellipticine in vitro either to metabolites that are excreted (7-
hydroxy- and 9-hydroxyellipticine) or that form DNA adducts (12-
hydroxy- and 13-hydroxyellipticine) [3,17-20]. Of the perox-
idases, human cyclooxygenase (COX)-2, ovine COX-1, bovine
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