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ABSTRACT

Intoplicine (RP 60475, NSC 645008) is an antitumor derivative in the
7f/-lH'ii/.ii|<'||ivrido|4..W)|imlok- series which is now being tested in clinical
trials. Intoplicine strongly binds DNA (KA = 2 x 10s M"1)and thereby

increases the length of linear DNA. These properties are consistent with
DNA unwinding by intoplicine. Intoplicine was found to be a dual topoi-

somerase I and II inhibitor, with DNA sites of enzyme inhibition being
different for these two enzymes. In this study, 22 analogues of intoplicine
were evaluated for their effects on topoisomerase I- and H-mediated DNA
cleavage reactions by using enzymes purified from calf thymus. Site-

specific DNA cleavage mediated by topoisomerase I was observed with
7H-benzo[e]pyrido[4,3-i]indole derivatives but not with HH-benzoQ?]-
pyrido[4,3-ft] indole derivatives. Site-specific DNA cleavage mediated by

topoisomerase II occurred with derivatives having hydroxyl groups at the
3-position on the 7//-benzo[e]pyrido[4r3-fr]indole ring or at the 4-position
on the ll//-benzo[g]pyrido[4,3-i>]indole ring. Study of the relationships

between the in vivo antitumor activity on P388 leukemia and the topoi
somerase I- and/or II-mediated DNA cleavage activity revealed that the
most highly active antitumor compounds possessed both topoisomerase I-
and II-inhibitory properties. Compounds selectively inhibiting either to

poisomerase I or II were less active. These results suggest that dual to
poisomerase I and II inhibition is critical for the antitumor activity of this
new series of antitumor compounds.

INTRODUCTION

Topo I2 and Topo II are enzymes involved in the complex process

of regulating DNA topology during DNA metabolism (for a review,
see Ref. l) and are important targets of several classes of antitumor
drugs (2). Inhibitors of topoisomerases interfere with the DNA-

nicking/closing reactions catalyzed by these enzymes. By blocking the
religation step of the reaction, these compounds stabilize a transient
intermediate of the reaction, called the cleavable complex, in which
Topo I and II are covalently bound to the DNA. Formation of this
complex ultimately leads to cell death (2). Clinically active drugs
include Topo II inhibitors such as anthracyclines (3, 4), ellipticines (5,
6), acridines (7, 8), anthracenediones (3), and epipodophyllotoxins
(9), inhibitors of Topo I such as camptothecin and camptothecin
derivatives (10-13), and dual inhibitors of Topo I and II such as

actinomycins (5, 14).
Intoplicine (RP 60475, NSC 645008) is a recently synthesized an-

ticancer agent belonging to the series of 7//-benzo[e]pyrido[4,3-b]in-

doles (15). Intoplicine has a broad spectrum of experimental antitu
mor activity (15, 16) and is now in phase I clinical studies.
Intoplicine is able to unwind DNA, and biochemical studies in
which purified enzymes were used have shown that intoplicine in
duces DNA cleavable complex mediated by either Topo I or Topo II
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and inhibits the relaxation and decatenation activities catalyzed by
Topo I and Topo II, respectively (17). When tested in cellular mod
els, intoplicine causes protein-associated single- and double-strand
breaks (17). Comparison of single-strand and double-strand break

frequencies indicated that intoplicine produced a significant amount
of protein-associated single-strand breaks not related to double-

strand breaks, which is consistent with concomitant inhibition of
both topoisomerases in cells (17).

The aim of the present study was to further characterize the mecha
nism of action of intoplicine and several derivatives in the 7//-benzo-
[e]pyrido[4,3-i>]indole or ll//-benzo[g]pyrido[4,3-Â£>]indole series and

to investigate the respective contribution of Topo I and II inhibition to
the antitumor activity of intoplicine.

MATERIALS AND METHODS

Drugs and Supplies

Tables 1 and 2 list the derivatives tested. Compounds were prepared ac
cording to the methods of Ref. 15 and were dissolved at a concentration of 10

HIMin distilled water.

Preparation of Topoisomerases

Topo I and II were purified to homogeneity from calf thymus according to
previously published procedures (18, 19). Topoisomerases were aliquoted and
stored, without detectable loss of activity, for 12 months at -70Â°C, in a

conservation buffer containing 10 HIMTris-HCl, pH 7.5, 20 min 2-mercapto-

ethanol, 0.5 mM EDTA, 100 fig/ml bovine serum albumin, and 50% glycerol.
The specific activities of the Topo I and II preparations were 2.6 X IO6

units/mg and 0.18 X IO6 units/mg, respectively. One unit of Topo I (or Topo

II) corresponds to the amount of enzyme necessary to relax (or decatenate)
50% of 0.5 fig pBR322 DNA (or kinetoplast DNA), when incubated for 30 min
at 37Â°Cunder the assay conditions.

Labeling Procedure for pBR322 DNA

Circular pBR322 DNA (Boeringher, Mannheim, Germany) was linearized
with Â£coRIrestriction endonuclease, and the termini were labeled with [a32P]-

-dATP (>3000 Ci/mmol) by Escherichia coli DNA polymerase 1 (Klenow

fragment). The labeled DNA was purified by two cycles of ethanol precipita
tion and then cut with Hindill restriction endonuclease, generating a large and
a small fragment, which were both labeled at one end. These two DNA
fragments were present in the Topo 1- or II-mediated DNA cleavage reactions.

Drug Interactions with DNA

DNA binding constants (KA) were determined by a method based upon the
ability of the drugs to compete with the binding of ethidium bromide (20). The
reaction was carried out at 25Â°Cin 0.1 M KC1, 10 mM MgCl2, 0.5 mM EDTA,

40 mMTris-HCl, pH 7.5. The binding of ethidium bromide to DNA was studied

by spectrofluorometry using excitation and emission wavelengths of 540 nm
and 610 nm, respectively. The viscosity of sonicated calf thymus DNA in 0.1
M NaCl, 0.1 M Tris-HCl, pH 7.4, in the presence of increasing drug concen
trations, was measured at 25Â°C.The change in the length of DNA molecules

upon drug binding was calculated according to the methods of Ref. 21.
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Table 1 Structure-activity relationship in the 7H-benzoÂ¡eÂ¡pyridoil4,3-b}indole series and comparison between antitumor activity and Topo I- or Â¡Â¡-mediatedDNA cleavage activity

â€¢I7ICH3
R2Compound"laIblc'2a2c3a3b3c4a4b4cRiHOMcOHHOHHOMeOHHOMeOHSubstituentsR2HHHHHMeMeMeMeMeMeR.1MeMeMeEtElMeMeMeElEtEtAntitumor

activity(%
T/C)6150202270149215164150243124143232Relative

cleavage stimulation' Topoisomerasescore1'Topo

I4.53.44.113.62.')4.91.52.85.93.34.9TopoII Topo I TopoII1.0

+1.4
+3.2

++1.0
+2.7

++1.7
+1.23.6

++1.5
+1.3
+3.2

+ +
"The numbering of these heterocycles, which was mistaken in the preceding papers (15, 16). is now in agreement with that used in Chemical Abstracts.
h Antitumor activity on P388 implanted and treated intraperitoneally, median survival time of the treated (T) mice over the control (C) mice X 100 (% T/C), observed at the maximum

tolerated dose and reported in Ref. 15.
' Mean value of at least two independent experiments. Cleavage reactions were performed with purified Topo I or II and pBR322 DNA. For Topo I, compounds were tested at 0.3

U.M.For Topo II, compounds were tested at 1.5 /J.M.These concentrations correspond to the maximum of the cleavage peak. The major cleavage bands were quantified by densitometry
and results are expressed as a multiple of the value obtained for Topo I or II reactions without drug treatment, defined as 1.

''Compounds were scored: +, cleavage stimulation of ^2; -, cleavage stimulation of <2.
'" lc. intoplicine.

Topo I DNA Cleavage Reaction

Labeled pBR322 DNA (2 X IO4 dpm) was equilibrated with or without drug

in 20 mm Tris-HCl, pH 7.5, 60 mm KC1, 0.5 min EDTA. 0.5 mm dithiothreitol,

30 /J.g/ml bovine serum albumin, on ice, before the addition of Topo I [0.38
fig/ml (20 units), in a 2()-/nl final reaction volume]. Reactions were performed
at 37Â°Cfor 10 min. They were stopped by addition of SDS to a final concen

tration of 0.25% and of proteinase K to 250 ju.g/ml, followed by incubation for
30 min at 50Â°C.Samples were denatured by the addition of 10 fil denaturing

loading buffer consisting of 0.45 M NaOH, 30 ITIMEDTA, 15% (w/v) sucrose,
0.1% bromocresol green, and were loaded on 1% agarose gels in Ix (89 HIM
Tris, 89 mu boric acid, 2 HIM EDTA, pH 8) buffer containing 0.1% SDS.
Electrophoresis was at 2 V/cm overnight. The gels were dried between two
sheets of 3MM paper and autoradiographed with MP hyperfilms (Amersham)
for 1 or 2 days.

Topo II DNA Cleavage Reaction

Labeled pBR322 DNA (3 x IO4dpm) was equilibrated with or without drug

in 40 mm Tris-HCl, pH 7.5, 100 ITIMKC1, 10 HIMMgCI2, 0.5 mm EDTA, 0.5 mm

dithiothreitol, 1 mm ATP, on ice. Topo II was then added [17 /J.g/ml (45 units)
in a 15-fj.l final reaction volume]. Reactions were performed at 37Â°Cfor 15

min. They were stopped by addition of SDS to a final concentration of 0.4%
and of proteinase K to KM)fig/ml, followed by incubation for 30 min at 50Â°C.

Five ju.1of loading buffer consisting of 0.05% bromophenol blue, 50 ITIM
EDTA, and 50% sucrose were added to each sample, and samples were
subjected to electrophoresis and autoradiographed as for the Topo I DNA
cleavage reaction.

Densitometric Quantification of DNA Cleavage

The amount of cleavage was determined by scanning on autoradiograms
(with a Pharmacia Ultroscan apparatus) the prominent cleavage sites generated
by the reaction. Results are expressed as a multiple of the value obtained for
reactions without drug treatment, defined as 1. Results are the mean value of
at least two independent experiments.

In Vivo Antitumor Testing

Mice. Male and female DBA/2 and B6D2F, (C57BL/6 females x DBA/2
males) were bred at Iffa Credo (L'Arbresle, France) from strains obtained from

The Jackson Laboratory (Bar Harbor, ME). They were supplied with food
(DAR reference 113; Epinay sur Orge, France) and water ad libitum.

Tumor Model. The tumor used for in vivo evaluation of drug activity was
P388 lymphocytic leukemia. This tumor is in the National Cancer Institute
Frozen Tumor Repository, maintained at the Frederick Cancer Research Fa
cility (Frederick, MD). P388 was maintained in the mouse strain of origin,
DBA/2. For chemotherapy trials, P388 was transplanted in the strain of origin
or in the appropriate F, hybrid, B6D2P!.

Chemotherapy. Viable P388 cells (If)6) counted with a hemocytometer
and suspended in Hanks' medium (GIBCO, Cergy-Pontoise, France) were

implanted i.p. (0.5 ml/mice) in B6D2F, mice after randomization on day 0. The
mice were again randomly distributed into treatment cages. The test agents
were dissolved in distilled water and administered i.p. in a volume of 0.5
ml/mouse for 4 consecutive days, starting at day 1. The body weight change
was recorded daily during therapy and once per week thereafter. Spleen size,
liver involvement, and the presence or absence of ascites were the criteria used
to discriminate between delayed drug deaths and tumor deaths.

The antileukemic activity was evaluated by comparison of the median
survival time (in days) of the treated mice (T) to that of the control mice (C),
according to the formula T/C X 100. According to National Cancer Institute
standards, a tumor/control value of a 150% is the minimum level for activity.

RESULTS

Interaction with DNA. Agents interacting with DNA, such as
DNA-intercalating agents, unwind circular DNA and cause an in

crease in the length of DNA due to stacking between the adjacent base
pairs. Intoplicine (compound lc) was previously shown to unwind
plasmid DNA (17). The length increase can be measured by viscosi-

metric titration of sonicated DNA in the presence and absence of drug.
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Table 2 Structure-activity relationship in the !IH-benzo[g/pyrido[4,3-blindole series and comparison between antitumor activity and Topo I- or Il-mediated DNA cleavage activity

R/NXR3R3
K3SubstituentsCompound"5a5b5c6a6b7a767cSa8c9b9cRiHHHHOMeHHHHOHHHR2HOMeOHHHHOMeOHHHOMeOHR;MeMeMeEtEtMeMeMeEtEtEtEtR4HHHHHMeMeMeMeMeMeMeAntitumor

activity115121169102131119130146108124124160Relative

cleavage stimulation'' TopoisomerasescoredTopo

I2.20.2<0.23.71.21.20.61.21.1<0.20.2<0.2TopoII Topo I TopoII1.0

+1.25.0

+1.0
+1.21.41.48.0

+0.81.01.14.2

- -1-

Â°The numbering of these heterocycles, which was mistaken in the preceding papers (15, 16), is now in agreement with that used in Chemical Abstracts.
h Antitumor activity on P388 implanted and treated intraperitoneally, median survival time of the treated (T) mice over the control (C) mice X 100 (% T/C), observed at the maximum

tolerated dose and reported in Ref. 15.
' Mean value of at least two independent experiments. Cleavage reactions were performed with purified Topo I or II and pBR322 DNA. For Topo I, compounds were tested at 0.3

/Â¿M.For Topo II, compounds were tested at 1.5 p.a. These concentrations correspond to the maximum of the cleavage peak. The major cleavage bands were quantified by densitometry
and results are expressed as a multiple of the value obtained for Topo I or II reactions without drug treatment, defined as 1.

''Compounds were scored: + , cleavage stimulation of ^2; -, cleavage stimulation of <2.

The theoretical treatment of viscosimetric data has shown that the
slope of the line representing the relative increase in DNA contour
length versus the drug/nucleotide ratio is expected to be near 2.2 for
monointercalating agents (21). The values we obtained for ethidium
bromide and intoplicine (compound le), indicated in Table 3, were
consistent with the DNA-unwinding properties of these compounds.
The association constant (KA) of intoplicine was 2.0 X 10s M~', which

was comparable to that of ethidium bromide. The DNA association
constants of several derivatives of intoplicine in the 7H-benzo[e]-
pyrido[4,3-6]indole series (compounds la, Ib, 2c, and 3c) and in the
HH-benzo[g]pyrido[4,3-o]indole series (compounds 7a and 7c) were

also determined with the Topo II reaction medium and are also re
ported in Table 3. Results show that the KA of these derivatives ranged
from 1.2 to 4.1 X IO5 NT'.

Comparison of Topo I- and Topo H-Induced Cleavage Sites

Stimulated by Intoplicine in pBR322 DNA. Intoplicine is a dual
inhibitor of Topo I and II (17). Intoplicine stimulated the Topo I- and

TableRing

structureBenzo[e]Benzo[g]3

DNA-binding properties of intoplicine andanaloguesCompoundla

Ible
(intoplicine)

2cJe7a

7cEthidium

bromideLengthening

(slope)"2.072.19DNA
binding affinity constant,
KA (M"1) XIO-5*1.2

3.42.0

2.62.32.6

4.11.1

" Viscosimetric measurement of sonicated calf thymus DNA in 0.1 M NaCt, 0.1 M
Tris-HCl, pH 7.4, at 25Â°C(21).

h Competition with ethidium bromide on native calf thymus DNA in 100 HIMKC1, 40
mm Tris-HCl, pH 7.5, 10 mM MgCl2, 0.5 mm EDTA, at 25Â°C(20, 29).

Il-mediated DNA cleavage reaction with a bell-shaped dose-effect

curve, and maximal cleavage was found at 0.3 JMMand 1.5 JIM,
respectively, for Topo I and Topo II (17). This feature is characteristic
of agents having strong affinity for DNA (3-8). We analyzed in the

present study the cleavage sites enhanced by intoplicine by studying
the effect of the drug on purified calf thymus Topo I and II, using the
Â£coRI-//i/M/IIIrestriction fragment of pBR322 as DNA substrate (Fig.
1). DNA strand-denaturing treatment of the Topo I reaction revealed
the presence of single-strand DNA breaks. Intoplicine stimulated the

formation of single DNA strand breaks with Topo I (Fig. IÃŸ,lanes 5
and 6). Cleavage at two sites (Fig. 1, arrowheads) was markedly
stimulated. The single-strand breaks did not result from double-strand

breaks, because no cleavage could be detected in the absence of
denaturation (Fig. L4, lanes 5 and 6).

Topo Il-mediated DNA cleavage was also stimulated by intoplicine
and involved DNA double-strand breaks, because the same cleavage

sites (Fig. 1, arrowheads) could be easily detected either in the pres
ence (Fig. IB) or in the absence (Fig. L4) of DNA-denaturing treat
ment. No single-strand breaks other than those generated from double-

strand breaks could be detected for intoplicine in the presence of Topo
II. The cleavage sites enhanced by intoplicine in the presence of Topo
I are different from those generated in the presence of Topo II (com
pare Fig. IB, lane 3, arrowheads, and lane 6, arrowheads), indicating
that the cleavage of DNA stimulated by intoplicine yields a unique
pattern for each type of topoisomerase.

Stimulation of Topo I- and Topo Il-induced Cleavable Complex
by 7H-Benzo[e]pyrido[4,3-Â¿>]indole or HH-Benzo[g]pyrido[4,3-fr|-

indole Derivatives. We studied the effect of 22 derivatives of into
plicine in the 7H-benzo[e]pyrido[4,3-i>]indole and HH-benzo[g]-
pyrido[4,3-i>]indole series (see Tables 1 and 2) on both Topo I and

Topo II purified from calf thymus, using linearized pBR322 as DNA
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TOPO I AND 11 INHIBITION BY INTOPLICINE AND DERIVATIVES
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Fig. 1. Comparison of intoplicinc-induced Topo I- and II-mediated DNA cleavage sites.

Linear pBR322 DNA (lane DNA) was incubated with purified calf thymus Topo II in the
absence (lam11 ) or presence of 0.1 (lane 2) or 0.3 JIM(lane 3) intoplicine or with purified

calf thymus Topo I in the absence (lane 4) or presence of 0.1 (lane 5) or 0.3 Â¡J.M(lane 6)
intoplicine, treated with SDS and proteinase K, and subjected to electrophoresis under
neutral (A) or alkaline (0) conditions, revealing double- or single-strand DNA breaks,
respectively. Arrowheads, cleavage sites stimulated by intoplicine, compared to control
DNA treated with Topo I or Topo II only.

substrate. For the active derivatives, maximal cleavage was found
between 0.1 and l Â¡J.Mfor Topo I and between 1 and 3 Â¡Ã•Mfor Topo II
(data not shown). To compare the inhibitory potencies of the series, all
the derivatives were assayed at 0.3 JUMfor Topo I and at 1.5 (XMfor
Topo II, and their activity was compared to that of the native cleavage
induced by enzymes without drug treatment.

Fig. 2 illustrates a typical experiment testing the effects of some
derivatives on either Topo I (Fig. 2A) or Topo II (Fig. 2B). Compound
le in the benzo[e] series and compound 7c in the benzo[g] series,
which both have an hydroxyl substituent on the benzo ring, presented
the highest Topo II-mediated DNA cleavage activity (Fig. 2B). The

benzo[e] derivatives (compounds la, Ib, and le) stimulated Topo
I-mediated DNA cleavage, while the benzo[g] derivatives (com

pounds la, 7b, and 7c) were at best poorly active (Fig. 2A).
The amount of cleavage was determined by scanning the stimula

tion of cleavage that occurred at the two most prominent cleavage
sites generated by Topo II (Fig. 2B, arrowheads ! and 2) or by Topo
I (Fig. 24, arrowheads) for the whole series of derivatives. Results,
reported in Tables 1 and 2, are indicated as the relative stimulation of
the Topo I- or II-induced cleavage at these two sites.

In the benzo[e] series (Table 1), all of the derivatives tested, except
compound 3b, stimulated Topo I cleavage by >2-fold (minimal stimu
lation, 2.9-fold; maximal stimulation, 5.9-fold). The Topo I cleavage

stimulation was found to be maximal when the Rj substituent was a
hydrogen (compounds la, 2a, 3a, and 4a), to be slightly decreased by
an hydroxyl group (compounds le, 2c, 3c, and 4c), and to be more
decreased when the R, substituent was a methoxy group (compounds
Ib, 3b, and 4b). The nature of the substituents at R2 (hydrogen or
methyl group) and R3 (methyl or ethyl group) did not markedly affect
the Topo I cleavage activity.

In the benzo[g] series (Table 2), none of the derivatives tested was
active in stimulating the Topo I cleavage reaction, except for com
pounds 5a and 6a, which have hydrogens in the R,, R2, and R4
positions. Substitution of the hydrogen by methoxy or hydroxyl
groups at R, and R2 or by a methyl group at R4 abolished the Topo
I-inhibitory properties.

The results indicate that an hydroxyl group in the R, position for the
benzo[e] derivatives and in the R2 position for the benzo[g] deriva
tives was required for these compounds to stimulate Topo II-mediated

DNA cleavage. Furthermore, for these active derivatives, the Topo II
cleavage activity was 2-fold greater in the benzo[g] series than in the

benzo[e] series. Substitution of the hydroxyl group by a hydrogen or
methoxy group strongly decreased the Topo II cleavage activity. The
nature of the substituent on the pyrrolic nitrogen atom (hydrogen or
methyl group) and R3 (methyl or ethyl group) does not seem to
markedly affect the Topo II cleavage activity.

Correlation between Topoisomerase-inhibitory Properties ana

Antitumor Activity. The in vivo antitumor activity of the series was
determined on the P388 murine leukemia grafted in mice (15). Results
are expressed as % T/C values at the maximum tolerated dose and are
reported in Tables 1 and 2.

Relationships between the in vivo antitumor activity and Topo I or
II cleavage activity were examined for the studied compounds. No
significant relationship was found with either Topo I or Topo II

B
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o
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o -Q ro 03

I

Fig. 2. Topo I- and II-mediated DNA cleavage reactions in the presence of intoplicine
analogues. In A, linear pBR322 DNA (lane DNA) was incubated with calf thymus Topo
1 in the absence (lane TOP!) or presence of 0.3 JU.Mintoplicine or its analogues (Ib, le,
la, 7a, 7b, or 7c; see Tables 1 and 2), treated with SDS and proteinase K, and subjected
to electrophoresis under alkaline conditions. Arrowheads, two major Topo I cleavage sites
stimulated by the derivatives. In B, linear pBR322 DNA (lane DNA) was incubated with
calf thymus Topo II in the absence (lane TOP2) or presence of 1.5 JU.Mintoplicine or its
analogues (7e, 76, 7a, 7c, or 7a), treated with SDS and proteinase K, and subjected to
electrophoresis under neutral conditions. Arrowheads, the two major Topo II cleavage
sites stimulated by the derivatives.
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Table 4 Correlation between Topo I- and/or Topo Il-mediateil DNA cleavage activity and antiiunmr activity for compounds in the intoplicine series

Number of compounds/23'1

Antitumor activity T/C(%)"200<T/CS3<X)

140<T/Cs2(X)
T/CS140Topo

I-mediated DNA cleavage
Topo II-mediated DNA cleavageTopo

I- andII-aclive4

0
0Topo

I- andII-active3.6Â±0.8

3.210.3Topo

I-active1

43Relative

cleav;Topo

I-active4.2+1.1

1.2Â±(l.2Topo

II-active0

3
0ige

stimulation'Topo

II-active0.5Â±0.45.7+1.6Inactive0

17Inactive0.8Â±0.5

1.2Â±0.2
" Antitumor activity on P388 implanted and treated inlraperitoneally, median survival time of the treated (T) mice over the control (C) mice X 1(X)(% T/C), reported in Ref. 15.
'' Number of compounds with topoisomerase scores (reported in Tables 1 and 2).
' Mean Â±SD values of the relative Topo I or Topo II cleavage stimulation (sec Tables 1 and 2).
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RELATIVE TOPO II CLEAVAGE
Fig. 3. Correlation between Topo II-mediated DNA cleavage activity and antitumor

activity of compounds in the intoplicine series. Relative Topo II cleavage and antitumor
activity values were reported in Tables 1 and 2. Linear regressions were determined for
compounds that stimulated Topo I cleavage activity (relative cleavage stimulation, ^2)
(TOPO! + ) and compounds that did not (relative cleavage stimulation, <2) (TOPO1 -).

R, regression coefficient.

cleavage activity, when the activities were examined separately, for
any compounds of the series (data not shown). However, a significant
relationship was found by linear regression between the antitumor and
the Topo II cleavage activities when compounds that stimulated Topo
I cleavage activity (relative cleavage stimulation, >2) were discrimi

nated from compounds that did not (Fig. 3). The correlation coeffi
cient, r, for the Topo I-active derivatives was equal to 0.89 (n = 12),
and the correlation coefficient for the Topo I-inactive derivatives was
equal to 0.66 (n = 11).

These results indicate that the highest antitumor activity was ob
served with derivatives that inhibit both Topo I and Topo II (Table 4).
All of these active derivatives belong to the benzo[e] series and bear
an hydroxyl group in R, (Table 1). The loss of either the Topo I- or the
Topo II-inhibitory properties in either the benzo[e] or the benzo[g]

series results in a strong decrease of the antitumor activity (Table 4).
Topo I- and [[-inactive derivatives that belong to the benzo[g] series,

except compound 3b, were not antitumor agents (% T/C, s 140)
(Table 4). These results demonstrate the relationship between the in
vivo antitumor activity and the in vitro Topo I- and II-inhibitory

properties for compounds in the intoplicine series.

DISCUSSION

Intoplicine is a dual Topo I and II inhibitor which stabilizes the
cleavable complex (17). Intoplicine also induces concomitant protein-
linked single- and double-strand breaks in the DNA of KB cells (17).

Actinomycin D, saintopin. and indoloquinolinedione derivatives were
previously shown to induce both Topo I- and II-associated DNA

breaks (5, 14, 22, 23). The molecular mechanism of most Topo I or II
inhibitors is a specific interaction between the drug and the cleavable
complex; this interaction blocks the final religation step of the enzy
matic reaction (2). The chemical structure of the interacting drug
seems to play an essential role in the DNA cleavage site specificity of
Topo inhibition. Thus, inhibitors belonging to different chemical
classes present different cleavage site specificities (5, 24-28). Accord

ingly, intoplicine gives a cleavage site distribution different from that
of other Topo II inhibitors and camptothecin in the presence of Topo
II and Topo I, respectively (17). Our results indicate that Topo I and
II inhibition by intoplicine occurs at different sites, whether pBR322
DNA (Fig. 1) or c-myc DNA3 is used as substrate. This might be

explained by the difference of sequence requirement for DNA cleav
age between Topo I and Topo II in the absence of drug treatment (27,
28). On the other hand, intoplicine interaction in the Topo I and II
cleavable complexes might be different, suggesting that different parts
of the intoplicine molecule are involved in the specific inhibition of
Topo I and Topo II. For compounds in the intoplicine series, we
analyzed the structure-activity relationship required for Topo I or II

inhibition, to evaluate this hypothesis.
Our data indicate that the presence of an hydroxyl group at certain

precise positions is a major factor for the stimulation of Topo II-

mediated DNA cleavage. Replacement of these hydroxyl substituents
by a hydrogen or a methoxy group strongly decreased this activity.
Interestingly, previous studies with ellipticine, y-carboline, and iso

flavone derivatives have shown that an hydroxyl substitution is also
essential for these compounds to stimulate Topo II-mediated DNA
cleavage (29-31).

For Topo I, three major differences were observed in the structure-

activity relationships of the series, in comparison to Topo II. First, a
proton group in the R, position in the benzo[e] series was the best
substituent for stimulating Topo I-mediated DNA cleavage activity.

Second, substitution of the hydrogen in R, by hydroxyl or methoxy
substituents decreased, but did not abolish, Topo I-mediated DNA
cleavage. Third, displacement of the angular benzo ring from the e- to
the g-position abolished Topo I-mediated DNA cleavage. Taken to

gether, our data indicate that the structural requirements for Topo I and
Topo II inhibition are different.

We demonstrate in the present report that intoplicine has a strong
affinity for DNA (KA = 2.0 X IO-"5NT') and increases the length of

linear calf thymus DNA to the same degree as does ethidium bromide.
These results are consistent with the DNA-unwinding properties of

intoplicine and the interaction of its chromophore with DNA inside the
cleavable complex that were previously reported (17, 32). We have
examined here the DNA association constant (KA) of several intopli-

3 J. F. Riou, unpublished observations.
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cine derivatives. A 4-fold variation of the bound drug/DNA ratio for

these compounds was observed (Table 3). Interestingly, hydroxylation
or methoxylation at the R, position of the benzo[f] derivatives or at
the R2 position of the benzo[g] derivatives does significantly increase
their affinity for DNA, whereas a hydrogen at the same positions
reduces it. These findings may explain the differences between the
two types of topoisomerases regarding the bell-shaped dose-effect

curve of the DNA cleavage reaction for intoplicine and its analogues,
i.e., maximal cleavage at 0.3 and 1.5 JUM,respectively, for Topo I and
11(17). Therefore, optimal cleavable complex stabilization occurs at a
lower bound drug/DNA ratio for Topo I than for Topo II. This feature
probably reflects the different affinities of the drugs for the two
enzymes.

The relationship between the in vivo antitumor activity on P388
cells and the Topo I or II-mediated DNA cleavage activity was ex

amined. Our results indicate that antitumor activity is likely to result
from a dual inhibition of Topo I and II.

Maximal antitumor activity was found for compounds with a
benzo[c'| ring structure bearing an hydroxyl group in the R, position.

These same compounds had in vitro a mean relative Topo I cleavage
equal to 3.6, a mean relative Topo II cleavage equal to 3.2 (Table 4),
and a KA ranging from 2.Q to 2.6 X 10~5 M~".Loss of either Topo I-

or II-mediated DNA cleavage activity (relative cleavage, sl.5) cor

related with a decrease of the antitumor activity (Table 4).
These results are in accordance with certain "nonclassical" features

of intoplicine, compared to those compounds that inhibit either Topo
I or Topo II. For instance, intoplicine is cytotoxic for the Calcl8/AM
cell line, which is resistant to 4'-(9-acridinylamino)methanesulfon-m-

anisidide and which has decreased Topo II and increased Topo I levels
(17, 33). In addition, P388/CPT5 and DC3F/C10 cell lines, which are
resistant to camptothecin and which exhibit a mutated Topo I, are not
cross-resistant to intoplicine (17, 34, 35).

It is also known that simultaneous treatment of cells in culture with
etoposide and camptothecin antagonized cytotoxicity; this effect was
thought to be due to the different localization of Topo I and II through
the cell cycle (36, 37). Such antagonism was no longer in evidence
when cells were sequentially treated with these agents (38, 39). Nor
was it observed with intoplicine and its analogues, because the highest
antitumor activity was found for dual Topo I and II inhibition. On the
other hand, the additive or antagonistic effects induced by some Topo
inhibitors may depend on the cleavage site specificity of these agents.
Etoposide and camptothecin are known to have little sequence re
quirement for DNA cleavage and to promote Topo I- or II-induced

DNA cleavage at a large number of sites (25, 28). For etoposide, the
base preference is cytidine at position -1 from the Topo II cleavage
site. The base preference for camptothecin is the dinucleotide thymi-
dine-guanosine in the vicinity of the Topo I cleavage site. These data
indicate that the opposite strand of the dinucleotide thymidine-gua-

nosine is also a preferred cleavage site for etoposide. Thus, campto
thecin and etoposide may competitively inhibit each other, reducing
cleavage efficiency at these DNA sites. Such a competitive inhibition
might explain the antagonism of the cytotoxic effects when cells are
treated with a combination of these agents. In contrast, intoplicine
inhibits Topo I and II at different sites (this study), which were also
different from those where other Topo I or II inhibitors are active (17).

In the 5' part and in the promoter region of the c-myc proto
oncogene from N417 cells, 4'-(9-acridinylamino)methanesulfon-m-

anisidide and etoposide were shown to have different sites of cleavage
(24, 40). These data suggested that differences in DNA sequence
selectivity of drug action, in regions of important genes critical for the
regulation of cell division, may contribute to the selective antitumor
activity of these agents.

We conclude that the additive inhibition of Topo 1 and II by into
plicine in tumor models and its unique DNA cleavage pattern may
contribute to its broad spectrum of antitumor activity against a wide
range of solid tumors (16).
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