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ABSTRACT
S16020–2 (NSC-659687) is a new olivacine derivative that is
highly cytotoxic in vitro and displays remarkable antitumor ac-
tivity against various experimental tumors, especially some
solid tumor models. Its antitumor activity is notably higher than
that of 2-methyl-9-hydroxy-ellipticinium (NMHE) and compara-
ble to that of doxorubicin HCl, although with a different tumor
specificity. S16020–2 is being tested in phase I clinical trials. A
study of the interaction of S16020–2 with DNA showed that it
binds through intercalation between adjacent DNA base pairs,
inducing an unwinding of 10° of the double helix. Its DNA
affinity is approximately equal to that of NMHE and decreases
as a function of the salt concentration, indicating a significant
electrostatic contribution to the overall binding free energy.
S16020–2 did not interfere with the catalytic cycle of DNA

topoisomerase I but stimulated DNA topoisomerase II-medi-
ated DNA cleavage via a strictly ATP-dependent mechanism.
The interactions of S16020–2 and NMHE with DNA topoi-
somerase II in vitro are very similar. Both drugs have the same
DNA sequence specificity of cleavage and the same biphasic
dose-effect response, and neither drug inhibited the rate of
DNA religation. In contrast with these observations, in in vivo
experiments, S16020–2 was able to induce topoisomerase II-
mediated DNA strand breaks at concentrations 500-fold lower
than NMHE. We conclude that DNA topoisomerase II most
likely is the cellular target involved in the mechanism of cyto-
toxicity of S16020–2. Its higher biological activity and potency
to induce cellular DNA cleavage suggest the involvement of
as-yet-unidentified cellular factors.

Among a new series of 6H-pyrido[4,3-b]carbazole deriva-
tives, characterized by a basic N-dialkylaminoalkyl carbox-
amido side chain grafted onto an olivacine chromophore (Jas-
ztold-Howorko et al., 1994), some derivatives were found to
display a remarkable antitumor activity against murine
P388 leukemia and colon 38 adenocarcinoma. The most ac-
tive of these compounds, S16020–2 [9-hydroxy-5,6-dimethyl-1-
[N-[2(dimethylamino)ethyl]carbamoyl]-6H-pyrido-[4,3-b]carba-
zole; NSC 659687] (Fig. 1), was selected for further studies.

The pharmacological activity of S16020–2 was evaluated
in vivo against several murine tumors, including P388 lym-
phocytic leukemia, B16 melanotic melanoma, Lewis lung
carcinoma, and M 5076 reticulosarcoma, and a panel of hu-
man tumor xenografts (Guilbaud et al., 1996, 1997; Kraus-

Berthier et al., in press).The results of these studies indicated
that S16020–2 was a much more active antitumor agent
than other compounds in the ellipticine series, such as
NMHE, and that it compared favorably with Adriamycin. For
the tested murine and human cell lines, the cytotoxicity of
S16020–2 was more than 40-fold higher than that of NMHE
(Léonce et al., 1996). At cytotoxic concentrations, S16020–2
induced cells to accumulate in the G2 1 M phase. In addition,
the drug retained its activity on several P388 leukemia sub-
lines expressing the multidrug resistance phenotype.

Recently, using the COMPARE pattern recognition pro-
gram to analyze the National Cancer Institute In Vitro An-
tineoplastic Drug Screen database, which contains the differ-
ential sensitivity patterns of 60 tumor cell lines to .45,000
compounds, Koo et al. (1996) identified S16020–2 as one of
four drugs displaying a preferential toxicity on tumor cells
harboring activated ras oncogenes. This differential sensitiv-
ity was confirmed by further testing on a panel of 22 non-
small cell lung carcinoma lines, 12 with a mutated ras and 10
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with a wild-type ras. Finally, the hematological toxicity of
S16020–2 administered to B6D2F1 mice seemed to be less
severe than that of doxorubicin HCl (Adriamycin), particu-
larly on bone marrow stem cells (Guilbaud et al., 1996). All
these observations made S16020–2 a very promising exper-
imental antitumor agent (it was recently introduced in phase
I clinical trials) and prompted us to analyze its mechanism of
action. Because of its structural analogy with ellipticines, the
first logical step of this analysis was to study the interactions
of S16020–2 with DNA and DNA topoisomerases.

Materials and Methods
Drugs. S16020–2 was synthesized at Institut de Recherches Ser-

vier (Suresnes, France), as described previously (Jasztold-Howorko
et al., 1994), and its purity was controlled with the use of high
performance liquid chromatography. NMHE was supplied as Ellip-
tinium Acetate by Pasteur Mérieux (Lyon, France). S16020–2 and
NMHE were dissolved in H2O at a concentration of 10 mM. Camp-
tothecin and etoposide (Sigma Chemical, Poole, Dorset, UK) were
dissolved in dimethylsulfoxide at a concentration of 10 mM.

Nucleic acids and enzymes. Closed circular plasmid pSP65
DNA (3005 bp) was purified from Escherichia coli ATY 0404 (hsdR,
hsdM, recA 13) (Lambert et al., 1989) through standard procedures.
Calf thymus DNA and plasmid pBR322 DNA were purchased from
Boehringer-Mannheim Biochemica (Mannheim, Germany). Poly(dA/
dT)zpoly(dA/dT) was provided by Pharmacia (Uppsala, Sweden).
DNA topoisomerase I was purified from calf thymus as described by
Liu and Miller (1981). Yeast DNA topoisomerase II was overex-
pressed in yeast strain DBY745 transformed with YEpTOP2-PGAL1
and purified to near-homogeneity according to the procedure of Wor-
land and Wang (1989).

Absorption and CD measurements. UV absorption measure-
ments were carried out with a spectrophotometer (Uvikon model
941; Kontron Instruments, Montigny-le-Bretonneux, France). CD
spectra were recorded with a Jobin-Yvon model Mark IV dichrograph
(Longjumeau, France). Absorbance titration experiments were car-
ried out as described previously (Chaires et al., 1982). The concen-
trations of free and DNA bound S16020–2 were determined using
extinction coefficient values at 326 nm of 1.205 3 104 and 2.066 3
104 M21 cm21, respectively. The binding data were analyzed accord-
ing to the neighbor exclusion model characterized by binding iso-
therms of the following equation:

v/cf 5 Ki~1 2 nv!$~1 2 nv!/@1 2 ~n 2 1!v#%n 2 1 (1)

where cf is the free drug concentration, v is expressed as mol of bound
drug/mol of DNA base pairs, Ki is the intrinsic binding constant, and
n is the exclusion parameter expressed in base pairs (McGhee and
von Hippel, 1974).

Viscometric measurements. Low-molecular-weight DNA was
prepared by ultrasonic treatment of calf thymus DNA followed by
digestion with Neurospora crassa endonuclease to remove single-
strand regions. The effect of S16020–2 on DNA length was analyzed
using a capillary viscometer as described by Saucier et al. (1971).

DNA unwinding measurements. pSP65 DNA, at a nucleotide
concentration of 63 mM, was relaxed to completion in the presence of
S16020–2 by incubation at 37° for 30 min with 8 mg/ml DNA topoi-
somerase I in 0.1 M NaCl, 2 mM MgCl2, 1 mM EDTA, and 10 mM

potassium phosphate, pH 6.5. The DNA/drug complexes were disso-
ciated by extraction of the reaction mixture with an equal volume of
phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v), and 19-ml samples
were fractionated by electrophoresis (3 V/cm) in 1% agarose gels
containing 0.4, 0.8, or 1.2 mg/ml chloroquine. The gels were stained
with ethidium bromide and photographed under UV light with Ilford
FP4 films. The films were scanned with a Joyce-Loebl Chromoscan 3
microdensitometer, and the heights of the peaks (h) corresponding to
individual bands resolved in the gels were measured. For a DNA
sample relaxed in the absence of ligand, the topoisomer distribution
follows the equation derived from Depew and Wang (1975):

ln h 5 (a/RT) p (L 2 L0)2 2 (2av0/RT) p (L 2 L0) 1 ln h0 (2)

where R and T are parameters of the classic Boltzmann equation, a
is a constant at a given temperature, h0 is the peak height of a
topoisomer with a linking number L0 arbitrarily chosen as a refer-
ence, L is the linking number of a given topoisomer, and v0 is the
value of L 2 L0 at the center of the distribution. The parameters of
the parabola that fits best the variations of ln h as a function of L 2
L0 were determined, and an accurate value of v0 was deduced. The
same procedure was followed to determine the value of v for the DNA
samples relaxed in the presence of various concentrations of
S16020–2.

DNA topoisomerase I-mediated DNA cleavage. Circular
pBR322 DNA was cleaved with EcoRI restriction endonuclease and
end-labeled with [a-32P]dATP by standard procedures (Sambrook et
al., 1989). The labeled DNA was purified by two ethanol precipita-
tions and cleaved with restriction endonuclease HindIII in two frag-
ments (4334 and 29 bp), each labeled at one end. DNA topoisomerase
I cleavage was carried out in a volume of 15 ml at 37° for 15 min. The
incubation mixture contained labeled pBR322 DNA fragments (;6 3
104 dpm) and 9.5 mg/ml DNA topoisomerase I in 20 mM TriszHCl, pH
7.5, 50 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 0.5 mM dithiothreitol,
and 30 mg/ml bovine serum albumin. The reaction was stopped by
the addition of SDS and proteinase K at final concentrations of 0.8%
and 63 mg/ml, respectively, and the mixture was incubated for an
additional 30 min at 50°. After the addition of 10 ml of loading buffer
I [0.45 N NaOH, 30 mM EDTA, 15% (w/v) sucrose, 0.1% bromocresol
green], samples were analyzed by electrophoresis (2 V/cm) for 20 hr
in a 1% agarose gel containing 0.1% SDS in TBE buffer (90 mM

Tris-borate, 2.5 mM EDTA). The gel was dried and autoradiographed.
DNA topoisomerase II-mediated DNA cleavage and religa-

tion. DNA topoisomerase II cleavage was carried out in a volume of
15 ml at 28° for 6 min. The incubation mixture contained labeled
pBR322 DNA fragments (;6 3 104 dpm) and 19 nM yeast DNA
topoisomerase II in the cleavage buffer (20 mM HEPES, pH 7.9, 50
mM KCl, 5 mM MgCl2, 0.1 mM EDTA) with 1 mM ATP and 1.3%
glycerol. For the analysis of DNA cleavage in the absence of ATP, the
enzyme and glycerol concentrations were 95 nM and 6.7%, respec-
tively. The reaction was stopped by the addition of SDS, and pro-
teinase K digestion was carried out as above. After the addition of 2
ml of loading buffer II (150 mM EDTA, 50% glycerol, 0.4% bromphe-
nol blue, 0.4% xylene cyanol), samples were analyzed by electro-
phoresis (2 V/cm) for 20 hr in a 1.2% agarose gel in TBE buffer
containing 0.1% SDS.

Religation assays were performed as described (Froelich-Ammon
et al., 1995) using 50 nM DNA topoisomerase II and 5 nM pBR322
DNA. DNA cleavage/religation equilibrium was established in the
cleavage buffer in the presence of 3.5% glycerol and 1 mM ATP, and
DNA religation was induced by rapidly shifting samples from 28° to
either 55° or 65°. After varying time intervals, religation was termi-
nated by the addition of 2 ml of 10% SDS. After proteinase K diges-
tion at 50° for 30 min., 2 ml of loading buffer II was added, and the
samples were heated at 68° for 2 min. Reaction products were frac-
tionated by electrophoresis in 1% agarose gels in TBE buffer con-
taining 0.5 mg/ml ethidium bromide. The amount of cleaved linear
DNA was quantified by scanning the gel with a Bioprofil Scan
(Vilbert Lourmat, Marve-la-Vallée, France).

Fig. 1. Structure of S16020–2.
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Cell line and cell survival. The Chinese hamster lung cell line
DC-3F was maintained as described previously (Khélifa et al., 1994).
The in vitro colony formation assay was used to determine the cell
survival fraction after drug exposure. Exponentially growing cells
(2.5 3 105) were grown in 60-mm-diameter Petri dishes (Falcon,
Beckton Dickinson, Plymouth, UK) for 18 hr at 37° before drug
treatment. After 3 hr of exposure to S16020–2 or NMHE, the cells
were trypsinized, and appropriate dilutions were made to seed 250
treated cells onto 60-mm Petri dishes. Colonies were stained and
counted 7 days later.

Measurements of DNA damage by alkaline elution. DNA
SSB were assayed by DNA denaturing alkaline elution carried out
under deproteinizing conditions (Kohn et al., 1981). Briefly, cellular
DNA in exponentially growing DC-3F cells was labeled for 20 hr at
37° by the addition to the culture medium of 0.02 mCi/ml [2-14C]thy-
midine (Amersham International, Buckinghamshire, UK) or 0.1
mCi/ml [methyl-3H]thymidine (Amersham). After removal of the me-
dium, the cells were grown for at least 2 hr in label-free medium
before all experiments. 14C-Thymidine-labeled cells were treated
with the drug at increasing concentrations for 1 hr. Drug treatments
were terminated by removal of the drug-containing medium and
resuspension of the cells in ice-cold Hanks’ balanced salt solution
containing 0.02% EDTA. 14C-Labeled cells were mixed with un-
treated 3H-labeled cells (internal standard) that had been irradiated
with 1000 rads. Cells were maintained in ice until being assayed by
alkaline elution. Drug-induced SSB were compared with g-ray-in-
duced SSB and expressed as the radiation dose that would produce
the same frequency of that type of break.

DPCs were assayed by DNA denaturing alkaline elution carried
out under nondeproteinizing conditions using protein-absorbing fil-
ters (polyvinyl chloride; Gelman Sciences, Ann Arbor, MI) (Kohn et
al., 1981). Both 14C- and 3H-labeled cells were g-irradiated in ice
with 3000 rads just before elution. DPC frequencies were calculated
as described by Ross et al. (1979).

Results
Absorption and CD analysis of S16020–2 interaction

with poly(dA/dT)zpoly(dA/dT). Marked changes in the UV
absorption spectrum of S16020–2 in aqueous solution oc-
curred on the addition of poly(dA/dT)zpoly(dA/dT), as shown
in Fig. 2A. The l max of the absorption band of the free drug
gradually shifted from 307 nm to ;313 nm, whereas a hypo-
chromic effect was induced below 317 nm. The observation of
an isobestic point at 317 nm suggested the existence of two
forms of the drug in equilibrium, free and bound to the
polynucleotide, allowing the analysis of the binding of
S16020–2 to nucleic acids by absorbance titration experi-
ments as shown below.

S16020–2 is an achiral molecule, so the chromophore of the
free drug displayed no CD in the wavelength range of its
absorption spectrum (230–360 nm). Uncomplexed poly(dA/
dT)zpoly(dA/dT) displayed a positive signal at 262 nm and a
negative signal at 250 nm, which are typical features of B
DNA. On the addition of S16020–2 to a solution of the
polynucleotide, significant changes in its CD spectrum were
observed (Fig. 2B): the negative band shifted from 250 to 257
nm, whereas the positive signal disappeared gradually. Such
changes are likely to result from structural alterations in-
duced by the drug into the polynucleotide bihelical structure.
In addition, a positive signal appeared in the range of 310 to
350 nm, in which poly(dA/dT)zpoly(dA/dT) does not absorb
light. This signal reflects asymmetrical structural changes
induced in the drug chromophore on binding to the nucleic
acid. The symmetry of the positive CD signal in the range of

310 to 350 nm suggests the existence of a single mode of
drug/polynucleotide interaction, most likely an intercalation
of S16020–2 between adjacent base pairs.

Analysis of S16020–2 binding to DNA. The binding of
S16020–2 to calf thymus DNA was analyzed quantitatively
by absorbance titration of the DNA with the drug at three
salt concentrations. Ki and n values providing the best fit of
experimental data to eq. 1 were selected and appear in Table
1. The corresponding binding isotherms are plotted in Fig. 3.
The DNA/S16020–2 binding constant decreases as a function
of Na1 concentration, with a slope d(log Ki)/d(log Na1) 5 1.0,
indicating the release of one monovalent cation from the
DNA on binding of one molecule of S16020–2 (Chaires, 1996).
At the three salt concentrations studied, the exclusion pa-
rameter is constant and found to be equal to an average of
2.44 bp, supporting the hypothesis of an intercalation mode
of binding according to the neighbor exclusion model. The

Fig. 2. UV absorption and CD spectra of S16020–2 in the presence of
poly(dA/dT)zpoly(dA/dT). A, Absorption spectra of 25 mM S16020–2 in 0.25
M NaCl, 1 mM EDTA, and 10 mM sodium cacodylate, pH 6.5, were
recorded at 20° in 1-cm path-length cuvettes in the absence of polynucle-
otide (0) or in its presence (1–5). Drug/nucleotide molar ratios were 2.38
(1), 1.19 (2), 0.60 (3), 0.30 (4), and 0.24 (5). B, CD spectra at 20° in 1-cm
path-length cuvettes of 75 mM polynucleotide and various concentrations
of S16020–2. Drug/nucleotide molar ratios were 0 (0), 0.066 (1), 0.15 (2),
0.20 (3), 0.27 (4), 0.33 (5), and 0.47 (6).

TABLE 1
DNA binding constants of S16020-2 and NMHE determined at 20°

[NaCl]
S16020-2 NMHE

Ki n Ki n

M M
21 bp M

21 bp

0.10 1.43 3 106 2.44 N.D. N.D.
0.25 9.12 3 105 2.44 7.87 3 105 2.26
0.50 2.71 3 105 2.43 2.44 3 105 2.14

Ki and n are defined in Materials and Methods. N.D., not determined.
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DNA/S16020–2 binding constants were compared with the
DNA/NMHE binding constants determined under identical
conditions according to the same absorbance titration
method. As indicated in Table 1, the binding constants of
S16020–2 are very similar to those of NMHE.

The ability of S16020–2 to intercalate between DNA base
pairs was studied by viscometric analysis of the effect of the
drug on the length of short DNA rods obtained through
ultrasonic treatment of calf thymus DNA. Data plotted in
Fig. 4 show that log ([h]/[h0]) varies linearly as a function of
log(1 1 v), which indicates a linear increase in DNA length as
a function of the amount of bound drug. The slope of the
straight line drawn in Fig. 4 is equal to 2.5, which is a typical
value observed with DNA intercalating compounds (Saucier
et al., 1971).

The DNA helix unwinding angle induced by S16020–2
intercalation was determined by measuring the linking num-
ber decrease on a closed circular plasmid DNA molecule
relaxed in the presence of increasing concentrations of the
drug. From the data plotted in Fig. 5, an unwinding angle of
10.2°/intercalated molecule was calculated.

Interaction of S16020–2 with DNA topoisomerases.
The cytotoxicity of several classes of DNA intercalating com-
pounds results from their ability to convert topoisomerases
into cellular poisons (Liu, 1989). These agents trap a tran-
sient enzyme/DNA covalent complex formed during the cat-
alytic cycle of the enzyme. In this complex, termed cleavable
complex, a tyrosine residue of the enzyme is bound to a
phosphate of the DNA through a transesterification reaction
that creates an interruption of the phosphodiester backbone.
To determine whether S16020–2 interacts with DNA topoi-
somerases via such a mechanism, we studied its effect on
topoisomerase I- and II-mediated DNA cleavage in vitro with
the use of purified enzymes (Fig. 6). A linear end-labeled
DNA molecule was incubated with DNA topoisomerase I in
the presence of S16020–2 at increasing concentrations.
Camptothecin (10 mM) was used as a control. The cleavage
patterns observed after agarose gel electrophoresis of the
reaction products indicate that S16020–2, up to a concentra-
tion of 50 mM, did not stimulate DNA topoisomerase I-medi-
ated DNA cleavage (Fig. 6A).

Using the same substrate, the effect of S16020–2 on DNA
topoisomerase II-mediated DNA cleavage was examined in
the presence of ATP. As shown in Fig. 6B, S16020–2 clearly
stimulated DNA cleavage. Cleavage patterns induced by
S16020–2 and NMHE are identical, indicating that the two
drugs have the same DNA sequence specificity of cleavage.
Some of these NMHE-induced cleavage sites (Fig. 6B, A–F)
were identified and sequenced previously (Fossé et al., 1991).
In addition, the same biphasic dose-effect response described
for NMHE (Fossé et al., 1992) was observed with S16020–2,
with a maximum at ;8 mM.

Fig. 3. Spectrophotometric analysis of S16020–2 binding to DNA. Mea-
surements were carried out at 326 nm at 20° in 1-cm path-length cuvettes
containing 49.5 mM calf thymus DNA base pairs in 10 mM sodium caco-
dylate, pH 6.5, 1 mM EDTA, and 0.1 M (f), 0.25 M (F), or 0.5 M (l) NaCl.
A solution of 275 mM S16020–2 was added stepwise to final concentra-
tions of 23–30 mM. Solid lines, best fit of the experimental data to the
McGhee and von Hippel equation.

Fig. 4. Viscometric analysis of the length variation of sonicated DNA
induced by S16020–2. Measurements were carried out at 25° in solution
containing 345 mM DNA base pairs, 0.1 M NaCl, 1 mM EDTA, 0.1 M

TriszHCl, pH 7.5, and S16020–2 at concentrations of 0–100 mM. The
number of S16020–2 molecules bound/DNA base pair (v) was calculated
with the assumption that the drug was quantitatively bound to DNA. [ho]
and [h] are the intrinsic viscosities of free DNA and DNA/drug complex,
respectively.

Fig. 5. Unwinding of pSP65 DNA by S16020–2. A, The topoisomer dis-
tribution of closed circular pSP65 DNA relaxed by DNA topoisomerase I
in the presence of S16020–2 at different concentrations was analyzed by
agarose gel electrophoresis as described in Materials and Methods. The
amount of drug molecules bound/DNA base pairs (v) was calculated for
each sample using the binding parameters values taken from Table 1: no
drug (0), 1.12 3 1022 (1), 2.23 3 1022 (2), 3.34 3 1022 (3), 4.45 3 1022 (4),
5.56 3 1022 (5), 6.66 3 1022 (6), and 7.66 3 1022 (7). B, Variations of
linking number as a function of v for the different DNA samples analyzed.
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The effect of ATP on the stimulation of topoisomerase
II-mediated DNA cleavage in the presence of enzyme inhib-
itors is complex, and depending on the particular drug class,
ATP may or may not stimulate the reaction (Chen and Liu,
1994). The effect of S16020–2 on the cleavage reaction then
was studied in the absence of ATP (Fig. 7). Despite a 5-fold
increase in the amount of topoisomerase II in the reaction
mixture, in the absence of ATP, there was no detectable
stimulation of DNA cleavage by S16020–2 at concentrations
ranging from 0.2 to 20 mM. In contrast, when the same ex-
periment was carried out in the presence of 1–40 mM NMHE,
a biphasic stimulation of cleavage was observed with a max-
imum effect at a concentration of ;10 mM. These observations
demonstrate that the stimulation of the DNA cleavage reac-
tion by S16020–2 is strictly ATP dependent.

Based on different religation assays (Robinson and Osher-
off, 1991; Sorensen et al., 1992; Froelich-Ammon et al., 1995),
it was reported that drug-induced increase of the amount of
cleavable complexes may involve two different mechanisms:
some drugs, including VP-16 (etoposide) and 49-(9-acridi-
nylamino)methanesulfon-m-anisidide (amsacrine), strongly

inhibit enzyme-mediated DNA religation, whereas others,
like ellipticine, have little effect on religation and presum-
ably act by enhancing the forward rate of cleavage. To deter-
mine the mechanism by which S16020–2 stimulates the
cleavable complex formation, the effect of the drug on the
rate of religation was studied using the heat religation assay
described previously (Froelich-Ammon et al., 1995). The DNA
cleavage/religation equilibrium was established by incuba-
tion at 28° in the presence of 1 mM ATP, and the religation
was initiated by shifting the assay mixtures from 28° to a
high temperature at which religation rates can be measured
without interference of the forward cleavage reaction. Reli-
gation kinetics were carried out at 55° or 65°, with similar
results. Fig. 8 shows that in agreement with previous obser-
vations (Robinson and Osheroff, 1991; Froelich-Ammon et al.,
1995), etoposide strongly inhibits DNA religation at 65°,
whereas neither S16020–2 nor NMHE alter significantly the
apparent first-order rate of the reaction. These results then
indicate that S16020–2 and NMHE, like ellipticine (Froelich-
Ammon et al., 1995), stimulate enzyme-mediated DNA cleav-
age by increasing the forward rate of cleavage.

Cytotoxicity of S16020–2 and induction of DNA
strand breaks in DC-3F cells. The above results showed
that S16020–2 was a DNA topoisomerase II inhibitor that

Fig. 6. Effect of S16020–2 on the DNA topoisomerase-mediated DNA
cleavage. Reactions were carried out as described in Materials and Meth-
ods. A, DNA topoisomerase I-mediated cleavage. Lane 1, pBR322 DNA
substrate without enzyme or drug. Lane 2, control with 10% dimethyl-
sulfoxide. Lane 3, cleavage in the presence of 10 mM camptothecin. Lane
4, control without drug. Lanes 5–12, cleavage in the presence of S16020–2
at concentrations of 1 mM (lane 5), 2 mM (lane 6), 4 mM (lane 7), 8 mM (lane
8), 12 mM (lane 9), 16 mM (lane 10), 20 mM (lane 11), and 50 mM (lane 12).
B, DNA topoisomerase II-mediated cleavage. Lane 1, pBR322 DNA sub-
strate without enzyme or drug. Lane 2, control without drug. Lanes 3–13,
cleavage in the presence of S16020–2 at concentrations of 1 mM (lane 3),
2 mM (lane 4), 4 mM (lane 5), 6 mM (lane 6), 8 mM (lane 7), 10 mM (lane 8),
12 mM (lane 9), 14 mM (lane 10), 16 mM (lane 11), 20 mM (lane 12), and 25
mM (lane 13). Lane 14, cleavage in the presence of 2 mM NMHE. Molecular
weight standards (not shown) were used to calculate the size of the
fragments, and the location of the cleavage sites in the pBR322 map was
determined. A–F, Positions of NMHE-induced cleavage sites previously
identified and sequenced (Fossé et al., 1991).

Fig. 7. Effects of S16020–2 (A) and NMHE (B) on the prestrand passage
cleavage/religation equilibrium of topoisomerase II. Reactions were car-
ried out in the absence of ATP as described in Materials and Methods. A:
Lane 1, pBR322 DNA substrate alone. Lane 2, cleavage without drug.
Lanes 3–13, cleavage in the presence of S16020–2 at concentrations of 0.2
mM (lane 3), 0.5 mM (lane 4), 1 mM (lane 5), 2 mM (lane 6), 4 mM (lane 7), 6
mM (lane 8), 8 mM (lane 9), 10 mM (lane 10), 12 mM (lane 11), 16 mM (lane
12), and 20 mM (lane 13). Lane 14, control with 1% dimethylsulfoxide;
cleavage in the presence of 10 mM VP-16 (lane 15) and 100 mM VP-16 (lane
16). B: Lane 1, pBR322 DNA substrate alone. Lane 2, cleavage without
drug. Lanes 3–11, cleavage in the presence of NMHE at concentrations of
1 mM (lane 3), 2 mM (lane 4), 4 mM (lane 5), 6 mM (lane 6), 8 mM (lane 7), 10
mM (lane 8), 20 mM (lane 9), 30 mM (lane 10), and 40 mM (lane 11). Lane 12,
control with 1% dimethylsulfoxide; cleavage in the presence of 1 mM

VP-16 (lane 13) and 100 mM VP-16 (lane 14).
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was likely to induce enzyme mediated-DNA cleavage in drug-
treated cells. Using the alkaline elution assay for measure-
ment of the induction of DNA SSBs, the experiment in Fig.
9A shows that this is indeed the case. In agreement with
previous results (Pommier et al., 1986), DNA SSBs are in-
duced by NMHE in intact DC-3F cells in the concentration
range of 10–80 mM. Interestingly, S16020–2 also induces
DNA SSBs but at concentrations ;500-fold lower than
NMHE. Furthermore, all the S16020–2-induced breaks are
protein-associated strand breaks (Fig. 9B), which indicates
they are all DNA topoisomerase II-associated breaks. The
higher capacity of S16020–2 to increase the amount of cleav-
able complex was associated with a .20-fold higher cytotox-
icity in DC-3F cells: the ID50 values of S16020–2 and NMHE,
determined by the colony formation assay after a 3-hr expo-
sure to the drug, were 33 and 760 nM, respectively.

Discussion
S16020–2 is a new olivacine derivative that has a higher

cytotoxicity and better antitumor activity than the ellipticine
derivative NMHE, taken here as a reference (Guilbaud et al.,
1996). S16020–2 retains its cytotoxicity toward cells express-
ing the MDR1 gene (Léonce et al., 1996) and displays an
antitumor activity comparable to, but with a spectrum of
activity notably different from, that of doxorubicin HCl (Guil-
baud et al., 1996, 1997; Kraus-Berthier et al., 1997). In mice,
its hematotoxicity at pharmacological doses seemed to be less
severe than that of doxorubicin HCl (Guilbaud et al., 1996).
For all these reasons, S16020–2 is a very promising new
molecule and is under study in phase I clinical trials. The aim
of this study was to analyze the physicochemical properties of

this new compound in an attempt to understand its superior
biological activity.

As expected for an olivacine derivative, S16020–2 binds to
DNA, with an affinity comparable to that of NMHE, by
intercalation between adjacent base pairs as demonstrated
by the results of CD and conformational studies. The DNA
unwinding angle of 10.2° induced by intercalation of one
S16020–2 molecule is smaller than that of NMHE (21°) and
nearly equal to that of the antitumor derivative 2-(diethyl-
amino-2-ethyl)9-hydroxyellipticinium, which, like S16020–2,
possesses a positively charged side chain (Auclair et al.,
1987). For both compounds, a localization of the charged side
chain in the DNA small groove is very likely.

DNA topoisomerase inhibitors constitute a class of antitu-
mor drugs of major clinical importance (Pommier et al.,
1996). In this class, ellipticine and olivacine derivatives of
pharmacological interest are specific topoisomerase II inhib-
itors able to stimulate the formation of the drug/enzyme/
DNA cleavable complex. In this respect, S16020–2 displays a
strong similarity with NMHE. S16020–2 is a specific topoi-
somerase II inhibitor that stimulates the complex formation
in a concentration range close to that of NMHE and according
to a dose-effect biphasic process common to all strong inter-
calators (Liu, 1989). In agreement with previous data in the
ellipticine series (Fossé et al., 1992), preliminary studies
indicate that both the cytotoxicity and interaction of
S16020–2 with topoisomerase II depend on the nature of the
substituent in position 9 and structure of the side chain (data
not shown). The sequence specificity of the S16020–2-stim-
ulated cleavage sites most likely is identical to that of ellip-
ticine derivatives. Finally, analysis of the kinetics of the

Fig. 8. Effect of S16020–2 and NMHE on the ability of topoisomerase II
to mediate DNA religation in the presence of ATP. Religation rates were
measured in the presence of 6 mM S16020–2 (M), 2 mM NMHE (f), or 30
mM VP-16 (E) or in the absence of inhibitor (F). Data are plotted in a
semilogarithmic fashion as the loss of linear DNA versus time. The
proportion of linear DNA for each assay was arbitrarily set to 100% at
time zero. Plots represent the average of two independent experiments.

Fig. 9. Induction of DNA breaks in DC-3F cells by S16020–2 and
NMHE. A, DC-3F cells were exposed to the indicated concentrations of
S16020–2 (f) or NMHE (M) for 1 hr at 37°. Drug then was removed by
washing the cell cultures twice with Hanks’ balanced salt solution at 0°.
Cells were scrapped, and DNA SSBs were measured by DNA denaturing
alkaline elution. Data represent the average of two independent experi-
ments. B, Relationship between DNA SSB frequency and DPC frequency
in DC-3F cells treated with S16020–2. DNA SSBs were measured as
described in A. DPCs were measured by DNA denaturing alkaline elution
without proteinase K. Points, average of two independent experiments.
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cleavable complex religation shows that S16020–2, as well as
ellipticine derivatives, does not change significantly the reli-
gation rate and therefore likely stimulates DNA topoisomer-
ase II-mediated DNA cleavage by the same mechanism of
enhancement of the forward rate of the cleavage reaction.

However, S16020–2 differs markedly from any other topoi-
somerase II inhibitor in its absolute ATP requirement to
stimulate the enzyme-mediated DNA cleavage. ATP has var-
ious effects on cleavable complex formation in the presence of
different compounds: all the topoisomerase II inhibitors iden-
tified so far were able to induce the complex formation in the
absence of ATP, and many of them were stimulated in the
presence of ATP. S16020–2 is unique because even when the
enzyme concentration had been increased by 5-fold, there
was no detectable cleavable complex stimulation in absence
of ATP. Topoisomerase II catalytic cycle is known to involve
several conformational changes, and some of them are trig-
gered by ATP binding or hydrolysis (Berger et al., 1996). One
speculation then would be that S16020–2 specifically binds
to the enzyme/DNA complex in the conformation induced by
ATP binding at an early step of the cycle (Berger et al., 1996;
Chen and Liu, 1994).

The in vitro stimulation of DNA topoisomerase II-mediated
DNA cleavage and the induction of protein-associated DNA
breaks in DC-3F cells exposed to the drug at cytotoxic con-
centrations indicate that DNA topoisomerase II is the cellu-
lar target mediating the cytotoxic activity of S16020–2. In
addition, the DC-3F/9-OH-E cell line, selected for the resis-
tance to 9-OH-ellipticine and cross-resistant to any topoi-
somerase II inhibitor (Salles et al., 1982), also is cross-resis-
tant to S16020–2 (data not shown). Furthermore, from the
same parental DC-3F cell line, a subline resistant to
S16020–2 has been isolated in our laboratory (S. Le Mée,
unpublished observations). This cell line displays cross-resis-
tance to different DNA topoisomerase inhibitors, also sup-
porting the conclusion that DNA topoisomerase II is involved
in the mechanism of cytotoxicity of S16020–2.

In contrast with the results obtained in vitro showing very
similar properties for S16020–2 and NMHE, S16020–2 was
;20-fold more cytotoxic than NMHE on the DC-3F cell line,
and in these cells, the formation of the cleavable complex was
detected at concentrations ;500-fold lower than with
NMHE. Several hypotheses can be formulated to explain
these important in vivo differences. First, because all the in
vitro studies were carried out with the purified a enzyme, a
strong specificity of S16020–2 for the b enzyme might ac-
count for these results. Recent studies indicate that some
topoisomerase II inhibitors, like 49-(9-acridinylamino)meth-
anesulfon-m-anisidide, exhibit in mammalian cells a strong
preference for the b isoform, whereas others, like VP 16, are
equally active on both enzymes (Dereuddre et al., 1997).
Alternatively, the in vivo stabilization of the ternary drug/
enzyme/DNA complex in the presence of S16020–2 might
involve in the DC-3F cells a cofactor, which would be absent
in the purified yeast topoisomerase II used in vitro. Another
possible mechanism would be the metabolic transformation
of S16020–2, generating more active and cytotoxic products.
However, several S16020–2 possible metabolites were iden-
tified in vivo in rat and monkey and then synthesized. These
compounds did not show any significant difference in their
potency to stimulate DNA topoisomerase II-mediated DNA
cleavage in vitro compared with S16020–2 (S. Le Mée, un-

published observations). In addition, we have no experimen-
tal evidence showing that they can be generated in cultured
tumor cells. Finally, a difference in the intracellular accumu-
lation and/or distribution of S16020–2 and NMHE might
account for their different cytotoxicities. Indeed, a fluores-
cence analysis of the intracellular localization of 2-N-methyl-
ellipticinium, a fluorescent ellipticine derivative, showed
that the drug was very predominantly present in the cyto-
plasm (Charcosset et al., 1983). If the cells concentrate more
efficiently S16020–2 in their nucleus, a higher cytotoxicity
could be expected.

In conclusion, contrasting with the similarity of their in
vitro properties, S16020–2 and NMHE markedly differ in
vivo by the capacity of S16020–2 to stimulate the formation
of the topoisomerase II-mediated cleavable complex at con-
centrations several hundred-fold lower than any other ellip-
ticine or olivacine derivatives characterized so far. An at-
tempt to understand the mechanism underlying this
remarkable property of S16020–2, in particular through the
characterization of the S16020–2-resistant cells, is in
progress in our laboratory.
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