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ABSTRACT. The cytotoxic oxoaporphine alkaloid liriodenine, isolated from Cananga odorata, was found to be 
a potent inhibitor of topoisomerase II (EC 5.99.1.3) both in wivo and in h-o. Liriodenine treatment of SV40 
(simian virus 40)-infected CV-1 cells caused highly catenated SV40 daughter chromosomes, a signature of 
topoisomerase II inhibition. Strong catalytic inhibition of topoisomerase II by liriodenine was confirmed by in 

oino assays with purified human topoisomerase II and kinetoplast DNA. Liriodenine also caused low-level 

protein-DNA cross-links to pulse-labeled SV40 chromosomes in ho, suggesting that it may be a weak 

topoisomerase II poison. This was supported by the finding that liriodenine caused topoisomerase II-DNA 

cross-links in an in vitro assay for topoisomerase II poisons. Verapamil did not increase either liriodenine-induced 
protein-DNA cross-links or catalytic inhibition of topoisomerase II in SV40-infected cells. This indicates that 
liriodenine is not a substrate for the verapamil-sensitive drug efflux pump in CV-1 cells. BIOCHEM PHARMACOL 

54;4:467-473, 1997. 0 1997 Elsevier Science Inc. 
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Liriodenine (8H-benzo[g]-1,3-benzodioxolo[6,5,4-de]- 
quinolin-8-one), shown in Fig. 1, has been isolated from plant 
species of many genera [l], often on the basis of bioassay- 
directed fractionation. The synthesis has also been reported 
[2]. Liriodenine has a remarkable range of biological activity. It 
is cytotoxic to human cancer cells [3, 41 and active against 
gram-positive bacteria, yeasts, and filamentous fungi [5, 61. 
Liriodenine is a mutagen [7] and a clastogen, which causes 
chromosomal aberrations at low doses [8]. We are using an 
SV40-based9 screen for natural products that disrupt specific 
steps of mammalian DNA replication [9]. This screen has led 
us to identify liriodenine as a potent inhibitor of mammalian 
topoisomerase II. Disruption of topoisomerase II activity is the 
likely basis for several of the biological activities of liriodenine. 

MATERIALS AND METHODS 
Cell Culture and Virus Infection 

African green monkey cells (CV-1) were maintained in 
Eagle’s minimal essential medium (Gibco) supplemented 
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with 10% calf serum, 14 mM HEPES, pH 7.2, and 4 mM 
NaHCO,. Confluent cells were infected with plaque- 
purified SV40 strain 777 at a multiplicity of 10 plaque- 
forming units per cell. 

Drugs 

Verapamil (5-[(3,4-dimethoxyphenethyl)methylamino]-2* 
(3,4-dimethoxyphenyl)-2-isopropylvaleronitrile) and m-AMSA 
were purchased from the Sigma Chemical Co., St. Louis, 
MO. VP-16 was obtained from the National Cancer Insti- 
tute, Division of Cancer Treatment. Liriodenine was puri- 
fied from Cananga odorata (J. M. Cassady and N. J. Sun, 
unpublished data). All drugs were dissolved in DMSO. 

In Vivo Assay for Topoisomerase II Inhibition 

The in viva assays for topoisomerase inhibition exploit 
SV40 as a model for mammalian replicons [lo]. The virus 
makes extensive use of host cell enzymes of DNA replica- 
tion, including cellular topoisomerases. Inhibition of topo- 
isomerase II causes newly replicated SV40 daughter chro- 
mosomes to accumulate as highly catenated dimers. SV40 
DNA replication intermediates that have been pulse- 
labeled with [3H]Tdr are selectively extracted by the 
method of Hirt [l 11, separated by agarose gel electrophore- 
sis, and visualized by fluorography [12]. Highly catenated 
SV40 daughter chromosomes (catenated dimers) appear as 
overlapping ladders of bands, with each band representing 
a distinct level of catenation. The levels of catenation 
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increase with increasing inhibition of topoisomerase II [13, 

141. 
At 36 hr post-infection, the peak of viral DNA replica- 

tion, replicating viral DNA was labeled by replacing cell 
growth medium with serum-free medium containing 250 
pCi/mL [methyl-3H]Tdr. The infected cells were pulse- 
labeled for 35 min. When included, verapamil was added 15 
min after the start of labeling, and liriodenine and VP-16 
were added 20 min after the start of labeling. Labeling and 
drug treatment were stopped by the removal of the labeling 
medium and the addition of Hirt lysing fluid. Viral DNA 
was deproteinized and processed for agarose gel electro- 
phoresis as described [12]. 

In Vivo Assay for Topoisomerase Poisons 

Topoisomerase poisons are drugs that stabilize topoisomer- 
ase-DNA strand passing intermediates in which the en- 
zyme subunits are attached covalently to the DNA at the 
site of a DNA strand break. Topoisomerase poisoning can 
be measured in SV40Hinfected cells by measuring drug- 
induced protein cross-links to pulse-labeled SV40 DNA 
[15]. Pulse-labeling of SV40 DNA, drug exposure, and Hirt 
extraction were done as described above, except that the 
Hirt extract supernatant, containing viral DNA, was not 
deproteinized. Aliquots of the Hirt supernatant were re- 
moved and assayed for protein-DNA cross-links (see be- 
low). 

In Vitro Assay for Topoisomerase II Inhibition 

The assay measures decatenation of extensively catenated 
kDNA networks by purified topoisomerase II [16, 171. 
Reaction mixtures (20 FL) contained topoisomerase II 
decatenation assay buffer (50 mM Tris-HCl, pH 8.0, 120 
mM KCl, 10 mM MgClz, 0.5 mM ATP, 0.5 mM DTT, 30 
kg BSA/mL), and kDNA (100 ng/reaction). The amount 
of topoisomerase II was adjusted to give 80-90% decatena- 
tion in 30 min at 37”. Reactions were initiated by the 
addition of topoisomerase II. Liriodenine was dissolved in 
DMSO and the final concentration of DMSO was kept 
constant at 5% in all reactions. Decatenation reactions 
were terminated by the addition of l/5 vol. of stop buffer/ 
loading dye (5% Sarkosyl, 0.0025% bromophenol blue, 
25% glycerol). The sample was electrophoresed in 1% 

agarose gels with 0.5 pg/mL ethidium bromide in TAE 
electrophoresis buffer (40 mM Tris acetate, pH 8.0, 1 mM 
EDTA). The bands of kDNA and free DNA circles were 
visualized by UV trans-illumination and were quantitated 
with an IS-1000 digital imaging system (Alpha Innotech 
Corp., San Leandro, CA). Human topoisomerase II and 
kDNA were from TopoGen, Columbus, OH. 

In Vitro Assay for Topoisomerase II Poisons 

The assay measures drug-induced cross-linking of purified 
topoisomerase II to purified ‘H-labeled SV40 DNA. Reac- 
tion mixtures (30 pL) contained topoisomerase II cleavage 
buffer (30 mM Tris-HCl, pH 7.6, 3.0 mM ATP, 15 mM 
2-mercaptoethanol, 8.0 mM MgCl,, 60 mM NaCl), 3H- 
labeled SV40 DNA, and the test drug. Drugs were dissolved 
in DMSO, and a solvent control was included in each 
experiment. Reactions were initiated by addition of en- 
zyme, and incubation was for 15 min at 37”. The reaction 
was stopped by the addition of l/10 vol. of 10% SDS, and 
protein-DNA cross-linking was determined by a filter assay 
(see below). Labeled SV40 DNA for the in vitro cross- 
linking assay was prepared by labeling SV40-infected cells 
for 2 hr ( [3H]Tdr, 250 @.Zi/mL). SV40 DNA was selectively 
extracted by the method of Hirt [l l] and deproteinized by 
proteinase K digestion (0.1 mg/mL proteinase K, 37”, 10 hr) 
and chloroform-isopropanol (24: 1) extraction [ 121. DNA 
was precipitated with l/2 vol. of 7.5 M ammonium acetate, 
pH 7.5, and 2 vol. of 95% ethanol. The DNA pellet was 
washed two times with 70% ethanol. After brief drying 
under vacuum, the DNA pellet was dissolved in TE buffer 
(10 mM Tris-HCl, pH 7.5, 1 mM EDTA), and the 
concentration of viral DNA was measured by the Hoechst 
dye assay [18]. 

Filter Assay for Protein-DNA Cross-links 

The filter assay for protein-DNA cross-links has been 
described [15]. Briefly, aliquots of the Hirt extracts or 
reaction mixtures from the in vitro cross-linking assay were 
mixed with 0.4 M and 4.0 M GuHCl, and then were filtered 
through pre-wetted glass fiber filters. In 4.0 M GuHCl, all 
nucleic acids bind to the filter (equivalent to a trichloro- 
acetic acid precipitation). This gives the value for total 
labeled DNA in the aliquot. In 0.4 M GuHCl, only proteins 
and nucleic acids linked to proteins bind to the filter. This 
gives the fraction of viral DNA linked to protein. 

RESULTS 
Catalytic Inhibition of Topoisomerase II In Vivo 

Topoisomerase II is required for the separation of newly 
replicated chromosomes in eukaryotic cells [19]. This is true 
of cellular chromosomes as well as plasmid or viral chro- 
mosomes. Newly replicated SV40 daughter chromosomes 
are topologically linked (catenated), and topoisomerase II 
separates them (decatenation) by a double-strand DNA 
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passing reaction to produce two superhelical form I SV40 
genomes. The accumulation of catenated SV40 daughter 
chromosomes in infected cells is a signature of topoisom- 
erase II inhibition [20]. The catenated SV40 chromosomes 
occur in three families: A-family (both daughter chromo- 
somes nicked), B-family (one daughter chromosome nicked 
and one superhelical), and C-family (both daughter chro- 
mosomes superhelical). One-dimensional agarose gel elec- 
trophoresis not only separates these three types of catenated 
SV40 dimers from one another, but separates the members 
of each family on the basis of catenation linking number. 
Each increase in catenation linking number increases the 
compactness and electrophoretic mobility of the interme- 
diate. Thus, the A- and B-families of catenated dimers are 
resolved into ladders of bands in which each band repre- 
sents a particular level of catenation linkage. The linking 
number of a particular band can be determined by band 
counting from the known positions of the A-l and B-l 
dimers. The gel electrophoresis system efficiently separates 
catenated SV40 daughter chromosomes with low to inter- 
mediate levels of catenation, but the separation becomes 
poor at higher levels of catenation and the catenated dimer 
bands become more closely spaced. On one-dimensional gel 
electrophoresis patterns, there is a point where catenated 
dimers are no longer resolved from one another. This point 
appears as a pseudo-band and is labeled “MC” in the figures. 
Increasing inhibition of topoisomerase II causes a progres- 
sive increase in catenated SV40 daughter chromosomes 
relative to other viral replication intermediates and at the 
same time progressively shifts the catenation linking num- 
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FIG. 2. Catalytic inhibition of to- 
poisomerase II in SV40-infected 
cells. Abbreviations: Ctrl, con- 
trols; ori, origin of electrophoresis; 
Mt, mitochondrial DNA; I, form I 
(superhelical circular) sv40 
DNA; II, form II (nicked circular) 
SV40 DNA; III, form III (double- 
stranded, linear) SV40 DNA; LC, 
late Cairns structure (a “figure 
eight” type late replication interme- 
diate); Al-A4, A-family catenated 
SV40 daughter chromosomes (both 
daughter chromosomes nicked and 
catenation linking number indicat- 
ed); Bl-B4, B-family catenated 
SV40 daughter chromosomes (one 
nicked and one superhelical, catena- 
tion linking number indicated); 
CDII, circular (head-to-tail) SV40 
dimer; and MC, a pseudoband indi- 
cating the point at which highly cat- 
enated B-family dimers are no longer 
resolved. The smooth smear of den- 
sity between form I and the LC band 
represents growing intermediate 
Cairns structures (“them-form” nor- 
mal replication intermediates). The 
samples indicated by “+Verapamil” 
contained 100 JLM verapamil. 

bers to higher levels. High concentrations of strong cata- 
lytic topoisomerase II inhibitors shift SV40-catenated 
daughter chromosomes to such high catenation linking 
levels that many migrate in an unresolved smear found just 
behind the form I band on one-dimensional gel patterns. 
This pattern is well established for strong catalytic inhibi- 
tors of topoisomerase II such as ICRF-193 and the quino- 
benoxazines, which have been studied with high resolution 
one- and two-dimensional gel electrophoresis [13, 14, 211. 

As seen in Fig. 2, liriodenine caused a concentration- 
dependent increase in the catenation of newly replicated 
SV40 daughter chromosomes. The increase in catenated 
dimers was associated with a concentration-dependent 
decrease in form I DNA (the product of decatenation). 
Slight increases in intensity of the B-family dimers were 
seen even at 1.0 and 5.0 PM liriodenine. Very intense 
overlapping ladders of highly catenated A- and B-family 
dimers were caused by exposure of the infected cells to 10 
I.LM liriodenine. The catenation linking numbers of these 
dimers continued to increase at 20 p,M liriodenine and 
higher concentrations. At the highest concentrations of 
liriodenine, the catenated SV40 dimers were shifted pro- 
gressively to high levels of catenation that cannot be 
resolved on these one-dimensional gels (the MC band and 
the areas of density ahead of it in Fig. 2). 

The electrophoresis pattern was not changed signifi- 
cantly in the presence of 100 p.M verapamil. Verapamil is 
a well-studied inhibitor of the MDR drug efflux pump, 
P-glycoprotein. This pump is responsible for removing 
lipophilic compounds from cells, including many structur- 
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FIG. 3. Effect of verapamil on VP-16-induced topoisomerase 
II-DNA cross-links in SV40 infected CV-1 cells. Infected cells 
were labeled with [3H]Tdr for 35 min, with VP-16 added after 
20 min of labeling. The level of VP- 16 was chosen to cause 10% 
of the pulse-labeled SV40 DNA to be cross-linked to topoisom- 
erase II. Verapamil was added at the indicated concentrations 5 
min before the addition of VI’S 16. Key: (0) VP- 16 ( 10 I.LM) 
with verapamil at the indicated concentrations; (0) no drugs 
added (background); and (El) verapamil (100 (r-M) only. 

ally unrelated anticancer drugs [22, 231. Cells accumulate 
much higher intracellular levels of these drugs when the 
MDR pump is inhibited by verapamil. As seen in Fig. 2, 
verapamil did not enhance liriodenine’s inhibition of SV40 
decatenation. The relatively greater label in the B-family 
dimers with low catenation numbers (Bl-B6) and the less 
pronounced decrease in form I DNA suggest that the 
intracellular concentration of liriodenine may be slightly 
lower in the presence of verapamil. 

Protein-DNA cross-links to pulse-labeled SV40 DNA 
can be measured by a glass fiber filter assay developed in 
this laboratory [15]. When the protein-DNA cross-links 
are caused by drugs known to be topoisomerase poisons, 
these cross-links can be assumed to be topoisomerase-DNA 
cross-links, and thus a measure of topoisomerase poisoning. 
Figure 3 shows that the filter assay can be used to demon- 
strate the effects of an MDR inhibitor such as verapamil. 
Here, sufficient VP-16 was added to SV40-infected CV- 1 
cells to cause about 10% of the pulse-labeled SV40 DNA to 
be cross-linked to topoisomerase II. Verapamil increased 
the VP-16-induced topoisomerase II-DNA cross-links up 
to 4-fold, reflecting an increase in the intracellular concen- 
tration of the drug. VP-16 is a well known substrate for the 
MDR drug efflux pump [24]. Verapamil increases intracel- 
lular concentrations of VP-16 in treated cells [25]. 

Liriodenine caused low-level but measurable protein- 
DNA cross-links to pulse-labeled SV40 DNA in infected 
cells (Fig. 4). The concentration-response curve showed a 
reproducible pattern consisting of a small peak around 10 
FM liriodenine followed by a slight decrease. This same 
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FIG. 4. Liriodenine-induced protein cross-links to [3H]Tdr 
pulseJabeled viral DNA in SV40-infected CV-1 cells. Key: (0) 
liriodenine; and (0) liriodenine with 100 PM verapamil. Error 
bars represent *SD, N = 4. 

pattern was seen in five repeated experiments. Verapamil 
did not increase liriodenine-induced protein-DNA cross- 
links, again indicating that liriodenine is not a good 
substrate for the verapamil-sensitive drug efflux pump in 
CV-1 cells. The slight decrease in liriodenine-induced 
protein-DNA cross-links is probably not due to direct 
verapamil interference with the liriodenine-topoisomerase 
II interaction since verapamil has no effect on liriodenine’s 
inhibition of topoisomerase II catalyzed decatenation in 
vitro or on liriodenine-induced topoisomerase II-DNA 
cross-links in the in vitro cleavage assay (data not shown). 
Since liriodenine is not a known topoisomerase II poison, it 
is not clear from this result alone that the protein-DNA 
cross-links are due to topoisomerase II. 

In Vitro Assays for Topoisomerase II Inhibition 

Liriodenine was a strong inhibitor of topoisomerase II in a 
decatenation assay using purified human topoisomerase II 
and kDNA (Fig. 5). This agrees well with the in uiuo results 
showing liriodenine to be a potent inhibitor of SV40 
decatenation in infected cells. To test liriodenine as a 
topoisomerase II poison, the filter assay for protein-DNA 
cross-links was adapted for use in vitro with purified DNA 
and enzyme. Purified 3H-labeled SV40 DNA alone did not 
bind significantly to GF/C filters in 0.4 M GuHCl (Fig. 
6A). The addition of purified human topoisomerase II 
resulted in a concentration-dependent increase in filter 
retention of the labeled DNA, indicating that it is becom- 
ing cross-linked to the topoisomerase II as expected. The 
higher the level of topoisomerase II, the higher the levels of 
trapped cleavable complexes. Based on this result, we chose 
a concentration of topoisomerase II that would cause about 
18% of the labeled DNA substrate to be cross-linked to the 
topoisomerase in the absence of any drug. As expected, the 
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FIG. 5. Catalytic inhibition of human topoisomerase II in vitro. 

Human topoisomerase II was added to the reaction so that 80% 
of the kDNA was decatenated in the absence of liriodenine. 
Error bars represent *SD, N = 4. 

topoisomerase II poison m-AMSA greatly increased the 
levels of topoisomerase II-DNA cross-linking for this con- 

centration of topoisomerase II (Fig. 6B). The decrease in 
m-AMSA-induced topoisomerase II-DNA cross-links at 
higher m-AMSA concentrations is also seen in viva [15, 191 

and is an example of the well-known self-inhibition of 
DNA-intercalating topoisomerase II poisons [26]. In this 
same assay, liriodenine caused low-level topoisomerase II 

cross-links to the labeled SV40 DNA substrate. The con- 
centration-response curve was similar to that seen for in 

wivo protein-DNA cross-links, with a small peak at low 
concentrations of liriodenine, followed by a decrease and a 

slight rise at very high concentrations. This pattern was 
seen in five replications of the experiment. 

100 T 

Topoisomerase II [ng/pl] Drug Concentration [pM] 

FIG. 6. In vitro assay for topoisomerase II-DNA cross-links 
stabilized by topoisomerase II poisons. (A) Relation between 
topoisomerase II concentration and cross-links to [3H]Tdr- 
labeled SV40 DNA in the absence of drugs. (B) Concentration- 
response curve for topoisomerase II-DNA cross-links due to the 
topoisomerase II poison m-AMSA and liriodenine. Key: (0) 
m-AMSA; and (0) liriodenine at the indicated concentrations. 
Error bars represent &SD, N = 4. 

DISCUSSION 

Our results show that the cytotoxic and antineoplastic drug 
liriodenine is a potent catalytic inhibitor of topoisomerase 
II both in viva and in vitro. The rapid, efficient inhibition of 
the decatenation step in SV40 DNA replication indicates 
that liriodenine rapidly crosses cell membranes and effi- 
ciently blocks this topoisomerase II-dependent step in 
DNA replication. Topoisomerase II has also been shown to 
be required for the separation of newly replicated cellular 
chromosomes in eukaryotic cells [27]. Failure to separate 
the chromosomes results in cell death. Since purely cata- 
lytic inhibitors of topoisomerase II can have significant 
anticancer activity, it is likely that catalytic inhibition of 
topoisomerase II contributes to the anticancer activity of 
liriodenine. 

The most commonly used antineoplastic topoisomerase 
II inhibitors (Adriamycin@, VP-16, VM-26, m-AMSA) are 
also topoisomerase poisons. These drugs stabilize topoisom- 
erase II DNA strand passing reaction intermediates at a step 
in which the topoisomerase subunits are covalently linked 
to the DNA at the site of a DNA strand break. These 
intermediates are known as cleavable complexes. Drug- 
stabilized cleavable complexes are clearly cytotoxic since 
cells selected for drug resistance often express mutant 
topoisomerases that are insensitive to cleavable complex- 
stabilizing drugs. The in viva assay for protein-DNA cross- 
links suggests that liriodenine may be a weak topoisomerase 
II poison. This was supported by the results of the in vitro 

assay for drug-induced topoisomerase II-DNA cross-links. 
The concentration-response for topoisomerase II-DNA 
cross-links was complex, with an initial steep increase to a 
small peak, followed by a decline and a slow increase again 
at higher concentrations. The same pattern was seen both 
in oivo and in vitro. 

Verapamil significantly increased VP-16-induced topo- 
isomerase II-DNA cleavable complexes in SV40-infected 
CV-1 cells. This shows that a verapamil-sensitive drug 
efflux pump for VP-16 is active in CV-1 cells. This pump is 
likely to be the P-glycoprotein MDR pump for which both 
verapamil and VP-16 are well known substrates. P-Glyco- 
protein is normally expressed at high levels in kidney [22], 
and CV-I cells are monkey kidney cells. Verapamil in- 
creases the cytotoxicity of drugs such as VP-16 by compet- 
ing for sites on P-glycoprotein. In the case of VP-16, this 
results in increased intracellular concentrations, elevated 
levels of VP-16-stabilized topoisomerase II-DNA cleavable 
complexes, and increased VP-16 cytotoxicity [25]. How- 
ever, a verapamil-sensitive non-P-glycoprotein drug efflux 
mechanism has been reported [28]. Whatever the mecha- 
nism of the drug efflux pump in CV-1 cells, it is verapamil 
sensitive, and liriodenine is not a substrate. 

Both in viva and in vitro assays also indicate that liriode- 
nine is a strong catalytic topoisomerase II inhibitor and a 
weak topoisomerase II poison with a multi-phasic concen- 
tration-response. Targeting of topoisomerase II could be 
the basis for liriodenine’s documented biological activities. 
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Many topoisomerase II inhibitors have antineoplastic ac- 
tivity. AIthough liriodenine appears to be a weak topoisom- 
erase II poison, a role for topoisomerase II poisoning in its 
anticancer activity cannot be ruled out. While some clin- 
ically useful antineoplastic drugs are strong topoisomerase II 
poisons (VP-16, VM-26, m-AMSA), some weak topoisom- 
erase II poisons (for instance Adriamycina) are effective 
anticancer drugs. Catalytic topoisomerase II inhibitors, 
which do not stabilize cleavable complexes, can also have 
good anticancer activity [13, 211. Topoisomerase II is likely 
to be the relevant target for the anticancer activity of 
liriodenine. 

9. 

10. 

11. 

12. 

Inhibition of topoisomerase II is also the likely basis of 
liriodenine’s clastogenic and mutagenic activity. Topo- 
isomerase II poisons are well known for causing chromo- 
some damage, including illegitimate recombination [29, 
301, deletions [31], sister chromatid exchanges [32], and 
translocations [33, 341. Topoisomerase II poisons have also 
been reported to be mutagenic [35, 361. 

13. 

14. 

This study has focused on inhibition of mammalian 
topoisomerase II by liriodenine, and we have not investi- 
gated inhibition of microbial type II topoisomerases. How- 
ever, inhibitors of mammalian topoisomerase II often have 
activity against fungal and bacterial topoisomerase II. Bac- 
terial topoisomerase II (DNA gyrase) is the target of a 
number of very effective antibiotics. On the basis of these 
considerations, it will not be surprising if liriodenine also 
has activity against microbial type II topoisomerases. 
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