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Abstract

MEN 10755 is a disaccharide anthracycline endowed with a broader spectrum of antitumour activity than doxorubicin (DOX). To
investigate the cellular and molecular basis of its action, cytotoxic activity, drug uptake, subcellular localisation, induction of DNA damage
and apoptosis were assessed in the human A2780 ovarian carcinoma cell line. Experiments with radiolabelled anthracyclines indicated t
MEN 10755 exhibited reduced cellular accumulation and a different subcellular distribution (higher cytoplasmic/nuclear ratio) than DOX
In spite of the lower nuclear concentration, MEN 10755 was as potent as DOX in eliciting DNA single- and double-strand breaks, G2/V
cell arrest, and apoptosis. Sequencing of drug-induced topoisomerase Il cleavage sites showed a common DNA cleavage pattern for M
10755 and DOX. Cleavage sites were always characterised by the presence of adedipesition. However, the extent of DNA cleavage
stimulation induced by MEN 10755 was greater than that produced by DOX. Reversibility studies showed that MEN 10755-stimulated DN/
cleavage sites were more persistent than those induced by DOX, thus suggesting a more stable interaction of the drug in the ternary comp
As a whole, the study indicated that the cellular pharmacokinetics of MEN 10755 substantially differs from that of DOX, showing a lower
uptake and a different subcellular disposition. In spite of the apparently unfavourable cellular pharmacokinetics, MEN 10755 was still a
potent as DOX in inducing topoisomerase-mediated DNA damage. Although the extent and persistence of protein-associated DNA brec
may contribute to the cytotoxic effects, the drug’s efficacy as apoptosis inducer and antitumour agent could not be adequately explained
the basis of DNA damage mediated by the known target (i.e. topoisomerase Il), thus supporting additional cellular effects that may t
relevant in cellular response. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction in DNA topology via a concerted mechanism of transient
DNA strand cleavage and religation. Anthracyclines stabi-
The anthracycline antibiotic doxorubicin (DOX) has lise a transient DNA-topoisomerase |l complex in which
been one of the most extensively used agents in the chemoDNA strands are cut and covalently linked to the enzyme
therapy regimens of cancer patients for the past 30 yearssubunits [4]. The stabilised complex results in DNA damage
[1,2]. The identification of topoisomerase Il as the main that is related to the cytotoxic effect [5,6]. Treatment with
molecular target of DOX cytotoxicity has provided a bio- topoisomerase Il inhibitors results in arrest of cells in the G1
chemical basis for the identification of more effective an- and G2 phases of the cell cycle [5,6]. G2 arrest was ob-
thracyclines [3]. DNA topoisomerase catalyses the changeserved after treatment with topoisomerase-targeted drugs, as
with agents inducing other types of DNA damage. The net
result of the signalling steps after treatment with topoi-
390269, somera;e-directed ager?ts. could be the initia@ion of cell
E-mail addresszunino@istitutotumori.mi.it (F. Zunino). death with the characteristic feature of apoptogls [5’,6]'
Abbreviations: DOX, doxorubicin; DNA-SSB, single-strand breaks; A common structural feature of anthracyclines is the
and DNA-DSB, double-strand breaks. presence of an amino sugar as the carbohydrate moiety
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directly linked to the chromophore [1]. The non-intercalat- with saline and incubated in drug-free medium for about 3
ing moiety of the anthracycline molecule (i.e. the sugar doubling times (72 hr), and the cellular viability was then
residue) is believed to play a role in the stabilisation of the measured by the SRB assay. Tieg, (the concentration
ternary complex DNA-drug—topoisomerase Il [7]. Interest- achieving 50% cellular mortality compared to untreated
ingly, it has been shown that disaccharide anthracyclinescontrol) was evaluated by a curve in which the surviving
have peculiar antitumour properties [8]. A disaccharide an- percentage of cells was reported as a function of the drug
thracycline analogue of the series, MEN 10755, has beenconcentration.
shown to produce a broader antitumoural effect than DOX
in a wide panel of human tumours xenografted in nude 2.4. Drug accumulation study
mice, and to be active against tumours naturally resistant to
DOX[9,10]. Furthermore, MEN 10755 was found to induce Exponentially growing A2780 cells were plated at<3
earlier and greaten vivo apoptosis than DOX in a variety  10° cells in 75-cn flasks (Falcon). After 48 hr*{CIMEN
of tumour types [9]. 10755 or f*C]DOX at 0.5uM was added for varying times.
The aim of the study was to investigate the cellular and At the end of incubation, cells were washed 3 times with
molecular bases of the efficacy of MEN 10755 and DOX in cold PBS and 1 mL of lysis buffer was added. The cells
the human A2780 ovarian cancer cell line, with particular were collected by a scraper in Falcon tubes with 4 mL of
reference to cellular drug uptake and localisation, DNA lysis buffer containing 10 mM Tris—HCI (pH 7.4), 10 mM
damage, and induction of apoptosis. The results support anNaCl, 1.5 mM MgC}, and 0.5% Nonidet P-40, and then
increased ability of the disaccharide analogue to induce incubated for 5 min on ice. One millilitre of cellular lysate
topoisomerase-mediated DNA damage in spite of a reducedwas kept to evaluate the radiolabelled drug incorporated
concentration at the nuclear level. into the cells. To separate the nuclear from the cytoplasmic
fraction, the cells were centrifuged at 3000 rpm at 4° for 10
min (Sorvall RC-28S). The recovery of nuclei was checked

2. Materials and methods by phase-contrast microscopy. The nuclei pellet and the
supernatant were collected, and the nuclei were resuspended
2.1. Chemicals in 1 mL of PBS. Total radioactivity associated with nuclei

and cytoplasm was determined by scintillation counting

DOX was purchased from Sigma-Aldrich and stock so- (Ultima Gold XR, Packard) with a Packagicounter. The
lutions (5 mM) were prepared in distilled water, aliquoted, drug level in each fraction was expressed as pmol fof 1
and stored at-20°. MEN 10755 (7©-(2,6-dideoxy-40- 10° cells.
(2,3,6-trideoy-3-amino-alphat -lyxo-hexopyranosyl)-alpha-
L-lyxo-hexopyranosyl-(4-demethoxy-14-hydroxy daunomy- 2.5. Alkaline elution
cinone hydrochloride) was synthesised at the Chemistry
Department of Menarini Ricerche as previously described The alkaline elution filter assays for DNA-SSB and
[9], and stock solutions (5 mM) were prepared in distiled DNA-DSB were performed essentially as described by
water, aliquoted, and stored -a20°. Both compounds were  Kohn [12]. Briefly, A2780 cells growing in the exponential
stable in culture for 24 hr at 37° (data not shown). phase were labelled for 24 hr with 0.@Ci/mL of [methyl-
[**C]DOX and [“C]JMEN 10755 were purchased from Am  *“C]thymidine (Amersham) at 37°. The labelled precursor

ersham (53 and 56 mCi/mmol, respectively). was removed from the medium 24 hr before the drug treat-
ments. Cells were then exposed to drug at different concen-
2.2. Cell line trations (0.1, 1, and M) for 1 hr at 37°. After treatment,

the cells were washed twice with cold PBS, detached by
Human A2780 ovarian carcinoma cells were maintained gentle scraping, and deposited ¥510° cells) on a 2um
in RPMI-1640 (GIBCO BRL) supplemented with 10% foe- pore size polycarbonate membrane filter (Millipore). For the
tal bovine serum, 2 mM glutamine, 100 U penicillin, and measurement of DNA-SSB, cells on the filter were lysed
100 ng streptomycin at 37° in a 5% C095% air humid with 2 mL of 2% SDS, 25 mM NaEDTA, pH 9.6, and 0.5

ified incubator. mg/mL of proteinase K, followed by an eluting solution
containing 0.1% SDS, 20 mM HEDTA, and tetrapre
2.3. Cytotoxicity assay pylammonium hydroxide at pH 12.1. For the evaluation of

DNA-DSB, the eluting solution had the pH adjusted to 9.6.
The cytotoxicity of DOX and MEN 10755 was deter- Elution of DNA on the filters was at 0.03—0.04 mL/min for
mined using the sulforhodamine B (SRB) assay [11]. A2780 12 hr. DNA-SSB and DNA-DSB were expressed as rad-
cells were plated in 96-well microtitre plates in 2QQ equivalents using a calibration curve obtained by eluting
medium. After 24 hr, the cells were exposed to drugs at the A2780 cells irradiated in ice with various doses-gfay.
appropriate dilutions and allowed to incubate for an addi- The experiments for the evaluation of the time dependency
tional 1 or 24 hr. After drug treatment, cells were washed of the reversal of DNA-SSB and DNA-DSB were per-
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formed as follows: after a 1-hr exposure to a4+ drug drugs. After the first incubation (37°, 20 min), samples were
concentration, cells were washed with PBS and then incu-treated with NaCl (0.5 M, final concentration) for the indi-

bated for an additional 1, 2, or 4 hr in drug-free medium and cated times (see legend to Fig. 6) before SDS/proteinase K
processed as described above. treatment.

2.6. Determination of apoptotic cells and cell

cycle analysis 3. Results
A2780 cells were plated in 6-well plates and cultured for

16-18 hr before treatment with different drug concentra- 3.1. Cellular drug accumulation and

tions. After various incubation times, cells were trypsinised subcellular distribution

and processed for fluorescence-activated cell sorter (FACS)

analysis. A2780 cells were fixed in 70% cold ethanol at 4°  Fig. 1 shows the kinetics of total drug contents in whole

for 60 min. The cells were then centrifuged, washed in PBS, cells (panel A) and in nuclear (panel B) and cytoplasmic

and resuspended at 106 cells/mL in a 1-mL propidium (panel C) compartments in A2780 cells incubated for 30—

iodide (PI) (Sigma Chemical Co.) solution (3/mL in 240 min with 0.5uM [*C]MEN 10755 or }C]DOX, 0.5

sodium citrate) containing 12.hL of RNase A (0.5 mg/ M being the lowest drug concentration necessary for drug

mL) (Sigma) and 12.5.L of Nonidet P-40 0.1% (Sigma).  detectability in the cytoplasmic compartment. During the

The cells were incubated in the dark at room temperature for gpseryation time (2 hr), DOX was mainly localised inside

30 min and kept at 4° in the dark before being analysed. The ine nuclei (10.6+ 2.5 pmol/16 cells), and a lower level of

Pl fluorescence of cellular DNA was measured using a radioactivity was detected in the cytoplasm (11 0.1

FACSort flow cytometer (Becton Dickinson). All data were pmol/1@ cells). The nuclear accumulation of MEN 10755

analysed using the CELLFIT software (Becton Dickinson). (3.6 + 1.3 pmol/1G cells) was 3-fold lower than that

In separate experiments, the TUNEL (TdT-mediated dUTP observed with DOX P < 0.05), whereas the cytoplasmic

nick end labelling) method provided comparable results to accumulation (1.9+ 0.3 pmol/l,@ cells) was greater than

those obtained with Pl labelling. that observed with DOXR < 0.05). After 1 hr of expo-
sure, the cytotoxic effect of MEN 10755 was lower than that
of DOX, but it increased following a long-term exposure
Recombinant human topoisomerasex Was purified (Table 1). The increase was more marked than that observed

from a yeast strain as previously described [13]. The puri- for DOX. Thus, the effects of short-term exposure were
fied isozyme was stored at80° in 500 mM Tris—HCI, pH consistent with a reduced intracellular accumulation of
7.7, 200 mM KCI, 10 mM EDTA, 10 mM EGTA, and 10% MEN 10755.

glycerol. Oligonucleotide was synthesised by PRIMM s.r.l.

and purified by gel electrophoresis. The upper DNA strand 3 2. |nduction of DNA-SSB and DNA-DSB

was *?P-end labelled with T4 polynucleotide kinase and

[-*?P]JATP (6000 Ci/mmol). The labelled strand was-an  The alkaline elution profile, after 1 hr of drug exposure,
nealed _with a 1.5—fc_)ld amount of the cold complementary ¢powed a linear increase in DNA-SSB induction by MEN
strand in 10 mM Tris-HCl, pH 7.8, 100 mM NaCl, 1 mM 145755 and DOX at concentrations ranging from 0.1 fc\
EDTA at 70° for 5 min, and slowly chilled to 25°. Topo- (Fig. 2A). DNA-SSB induced by MEN 10755 appeared
Isomerase || DNA_cIeavage rea_ctions were performed in a similar to those produced by DOX. Even in the experiments
volume of 20uL in 10 mM Tris-HCI, pH 7.5, 5 mM under neutral conditions (pH 9.6) (Fig. 2B), the DNA-DSB

MgCl,, 50 mM KCI, 1 mM dithiotreitol (DTT), 0.1 mM . : . .
EDTA, 1 mM ATP, and 15 mg/mL of BSA for 20 min at profile obtained with the two anthracyclines was compara-
' ' ble.

37°. Reactions were stopped by adding SDS and proteinase . . .
PP y g P The persistence of DNA cleavage was investigated (un-

K (0.1% and 0.1 mg/mL, respectively, final concentration) i o
and further incubated at 42° for 30 min. After ethanol d€r both elution conditions) after drug removal. Cells were

precipitation, the samples were resuspended iny2.5f exposed for 1 hr to an equimolar d'rug concentratiqn (1
80% formamide, 10 mM NaOH, 1 mM EDTA, 0.1% xylene M) and, after washing, incubated in drug-free medium
cyanol, and 0.1% bromophenol blue, heated to 95° for 2 for various times (Fig. 3A and B). The levels of DNA-
min, chilled in ice, and then loaded on to a 15% polyacryl- SSB were similar for MEN 10755 and DOX up to 4 hr
amide sequencing gel (7 M urea, 89 mM Tris—HCI, pH 8.0, after drug removal, although an increase, not statistically
89 mM boric acid, 2 mM EDTA). Gels were run at 70 W for ~ significant, was observed with both compounds 2 hr after
2 hr. drug washing (Fig. 3A). A time-dependent increase in

In reversibility experiments of the drug-induced DNA DNA-DSB was observed with both drugs following drug
cleavage complex, the assay was performed wihVL of removal (Fig. 3B).

2.7. Topoisomerase Il cleavage assays
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Fig. 1. Time-course of whole cell (A), nuclear (B), and cytoplasmic (C)
uptake of anthracyclines in A2780 cells after incubation wHtC[MEN
10755 @) and F“C]DOX (A) at 0.5uM of extracellular drug concentra
tion. At the indicated times, cells were washed and analysed for drug
content by scintillation counting as described in Materials and Methods.
Each point is the mean of three independent determinations. Bars, SE.
*P < 0.05compared to DOX by Studentistest.
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Table 1
Cytotoxic effect of DOX and MEN 10755 on A2780 cells following 1-
and 24-hr drug exposure

Compound ICgo (NM)

1 hr 24 hr
DOX 56 + 1* 9*2
MEN 10755 268+ 49 27+ 11

@Drug concentration required to inhibit cell growth by 50%, determined
from dose—response curves. Mean$E of three independent determina-
tions.

* P < 0.05compared with MEN 10755, by Studentgest.

3.3. Induction of apoptosis and perturbation of the
cell cycle

Fig. 4 shows the level of apoptosis and the cell cycle
distribution of A2780 cells following 24, 48, and 72 hr (Fig.
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Fig. 2. DNA-SSB (A) and DNA-DSB (B) induced by DOXA() and MEN
10755 @) in A2780 cells. Cells were exposed to drugs for 1 hr at 37°,
lysed on the filter, and eluted at pH 12.1 (DNA-SSB) or pH 9.6 (DNA-
DSB). Each point is the mean of three independent determinations. Bars,
SE.
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Fig. 3. Time-course of DNA-SSB (A) and DNA-DSB (B) persistence after f 1
incubation with DOX and MEN 10755. A2780 cells were preincubated @ 20 +
with 1 uM of DOX (A) or MEN 10755 @) for 1 hr at 37° (time= 0) and © ]
then cultured in drug-free medium. At the indicated times, cells were lysed 0
on the filter and eluted at pH 12.1 (DNA-SSB, panel A) or pH 9.6 G1 S G2/M Apoptosis
(DNA-DSB, panel B). Each point is the mean of three independent deter-
minations. Bars, SE. Fig. 4. Effect of DOX and MEN 10755 on the cell cycle phase distribution

and apoptosis of A2780 cells, expressed as % of cell population after 24,
48, and 72 hr (panels A, B, and C, respectively) of drug exposureud)1

4A, B, and C, respectively) of exposure to Qi DOX or Each point represents the mean of three independent experiments. Bars,
MEN 10755. Both compounds, after 24 hr of drug incuba- SE.
tion, induced a cellular accumulation in the G2/M phase
(Fig. 4A), a typical feature of the cellular response of the Sv40 DNA genome sequence. Cleavage reaction was
topoisomerase Il inhibitors [5]. Apoptosis was not evident carried out by using the human recombinant topoisomerase
at 24 hr of exposure. Between 24 and 48 hr (Fig. 4B) of drug || . MEN 10755 induced topoisomerase I cleavage sites
incubation, a small number of MEN 10755- and DOX- jth the same sequence specificity observed for DOX (Fig.
treated cells started to undergo apoptosis. The phenomenorg). The high concentration (10M) of MEN 10755 resulted
became more evident at 72 hr of exposure (Fig. 4C), with @ j 3 suppression of cleavage site stimulation similar to that
concomitant reduction of cell distribution in the G1 phase. shown under the same condition by DOX. It should be noted
that some of the cleavage sites (4251 and 4243) were
3.4. Induction of the topoisomerase llI-mediated strongly stimulated by MEN 10755 and less so by DOX.
cleavable complex The cleavable complex induced by topoisomerase Il in-
hibitors can be reverted by salt addition [14], and the time
Induction of cleavage was analysed in a short DNA for reversibility is dependent on the stability of the drug—
fragment corresponding to the 4230 to 4280 base position inenzyme interaction [4]. NaCl was added to the reaction
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- Fig. 6. Reversibility of anthracycline-induced DNA cleavable complexes
following salt (NaCl, 0.5 M) treatment. The'abelled SV40 DNA frag-
‘ 4243 ment was incubated with &M MEN 10755 and DOX in the presence of
topoisomerase &l for 20 min at 37°. The reaction mixtures were then
treated with NaCl (0.5 M, final concentration) at various times (0, 5, 15,
and 30 min) before SDS/proteinase K treatment. Lane m, purine molecular
markers; C, control DNA; T, DNA reacted with topoisomerase dlone.
Fig. 5. Induction of topoisomeraseaHmediated DNA cleavable com- Arrows and numbers on the right indicate the cleavage sites.
plexes in SV40 oligonucleotide by MEN 10755 and DOX at the indicated
concentrationsyM). Lane m, purine molecular markers; C, control DNA,;
T, DNA reacted with topoisomeraserblone. Arrows and numbers on the

A ) present (although reduced) up to 30 min after salt treatment.
right indicate the cleavage sites.

Cleavage site 4258 was peculiar, being stimulated by both
anthracyclines (intensity pattern: MEN 10755DOX) in
mixture (final concentration, 0.5 M) which was then incu- an irreversible manner for up to 30 min.

bated for additional times, up to 30 min, before termination

with SDS and proteinase K. As shown in Fig. 6, cleavage

sites 4251 and 4243 of the SV40 DNA were stimulated by 4. Discussion

MEN 10755 (1 M) and barely affected by DOX. MEN

10755-induced DNA cleavages were quite stable and slowly ~ The results presented in this study indicate that the dis-
reversing. In fact, cleavage sites 4243 and 4251 were stillaccharide MEN 10755 has a lower cytotoxic potency than
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DOX. The reduced cytotoxic potency of MEN 10755, more presence of a disaccharide moiety that could result in re-
marked following short-term exposure, could be related to duced ability to cross the biological membranes in view of
reduced intracellular accumulation. This finding is consis- the steric hindrance and the different hydrophilicity. In fact,
tent with the pharmacokinetics and better tolerability of the the cytotoxic effect of MEN 10755 was lower than that of
analogue inn vivo studies [9,10,15]. DOX following a 1-hr drug exposure, but the difference

Furthermore, the results indicate that MEN 10755 is became less marked when the exposure time was prolonged
characterised by: (i) a greater ability than DOX to induce to 24 hr (Table 1). A relevant localisation of MEN 10755 in
DNA cleavage sites through a long-lasting interaction with the cytoplasm of A2780 cells was confirmed by using con-
topoisomerase ll; (ii) a reduced cellular uptake as comparedfocal laser microscopy (data not shown). Recent papers
to DOX; (iii) a striking accumulation in the cytoplasmic have suggested that a cytoplasmic/mitochondrial topoisom-
compartment; and (iv) the ability to elicit DNA-SSB and erase and additional targets localised at the cytoplasmatic
DNA-DSB and to induce cell cycle arrest in G2/M and level could contribute to the activation of apoptotic path-
apoptosis, as would be expected on the basis of the primaryways by anthracyclines [16—-18,22]. Further studies are war-
mechanism of action. Indeed, when A2780 cells were ex- ranted to investigate whether MEN 10755 might have re-
posed to the same extracellular concentration of DOX or markable actions on cytoplasmic targets relevant for
MEN 10755, the apoptotic response achieved by MEN apoptosis.
10755 was comparable to that induced by DOX, but the In spite of the lower intracellular content of MEN 10755,
effects were produced with intracellular concentrations of the cell cycle perturbation and the induction of apoptosis
MEN 10755 about 50% lower than those of DOX and with caused by drug treatment were comparable with those in-
a nuclear accumulation as low as one-third that of DOX. duced by DOX. These findings are consistent with the
Although the cellular pharmacokinetics is consistent with a pharmacokinetics data in nude mice bearing the human
reduced cytotoxic potency, the present findings suggest thatA2780 ovarian carcinoma xenograft, indicating an accumu-
MEN 10755 could be more potent than DOX in inhibiting lation of MEN 10755 lower than DOX in tumour tissue and
the nuclear molecular target (topoisomerase Il) and that it in organs such as heart, liver, and kidney [15]. In keeping
may also act through some additional mechanism(s) involv- with the cellular pharmacology results, despite the lower
ing the cytoplasmic compartment [16—18]. intratumoural accumulation, the antineoplastic effect ex-

The finding that topoisomerase Il is the main molecular erted by MEN 10755 was strikingly superior to that of DOX
target for the cytotoxic activity of MEN 10755 is substan- in the A2780 as well as in other tumours [10,15].
tiated by its alkaline and neutral elution profiles (Figs. 2and  The present results emphasize the observation common
3), which indicate a strong, concentration-dependent, andto other anthracyclines that the drug interaction with the
slowly reversible induction of DNA-SSB and DNA-DSB. known nuclear target does not adequately account for the
Furthermore, the experiments with isolated recombinant marked difference in drug efficacy against solid tumours.
human topoisomerasedlprovided evidence for the ability =~ For example, idarubicin, one of the most potent topoisom-
of MEN 10755 to poison topoisomerase l&nd to stabilise  erase inhibitors, is inactive against solid tumours, including
the ternary complex that leads to DNA cleavage (Figs. 5 andthe A2780 ovarian carcinoma [8]. The finding that the
6). It is noteworthy that the sequence specificity observed introduction of a second sugar in the idarubicin molecule
with MEN 10755 is similar to that obtained with DOX, confers activity against solid tumours, despite a comparable
indicating that also for MEN 10755 the presence of adenine activity as topoisomerase Il poison, supports the hypothesis
in position —1 is required for the induction of primary that additional (still unknown) cellular effects contribute to
genotoxic lesions [19]. However, the intensity and persis- the improvement of activity in the disaccharide series [8].
tence of MEN 10755-induced DNA cleavages were in- Based on the observation that MEN 10755 is preferentially
creased compared to those induced by DOX, suggesting docated in the cytoplasm and is more effective than DOX in
tighter and more effective interaction between MEN 10755, inducing Bcl-2 phosphorylation [10,23], a tentative expla-
topoisomerase Il, and certain DNA sequences [20]. The nation for the change in activity could be a drug interaction
enhanced efficacy in producing topoisomerase Il-mediatedwith the mithocondria, thus favouring the apoptotic re-
DNA cleavage may account for the observation that the two sponse triggered by DNA damage. Elucidation of such
anthracyclines induced a comparable cellular response (Fig.additional effects may offer new therapeutic opportunities.
4), despite the fact that nuclear concentrations achieved with
MEN 10755 were lower than those with DOX.

A reduced nuclear/cytoplasmic ratio in the subcellular Acknowledgments
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