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Pharmacologie Moléculaire Antitumorale du Centre Oscar Lambret et U-124 INSERM, 59045 Lille cedex [C. C., C. B.], France

we have investigated the effect of the compound on wild type topoisomerase I that acts essentially as a DNA relaxing enzyme and the
mutant enzyme Y723F that acts selectively as a phosphotransferase.
In the present study, we show that the antitumor indolocarbazole
compound R-3 inhibits both the DNA cleavage/ligation and kinase
activities of topoisomerase I. This is the first ligand known thus far
that can inhibit the kinase activity of topoisomerase I in the absence
of DNA. The results open new perspectives for the design of topoisomerase I-targeted antitumor agents.

Abstract
We have investigated the mechanism of topoisomerase I inhibition by
an indolocarbazole derivative, R-3. The compound is cytotoxic to P388
leukemia cells, but not to P388CPT5 camptothecin-resistant cells having a
deficient topoisomerase I. R-3 can behave both as a specific topoisomerase
I inhibitor trapping the cleavable complexes and as a nonspecific inhibitor
of a DNA-processing enzyme acting via DNA binding. In addition, the
drug is a potent inhibitor of the kinase activity of topoisomerase I. Unlike
camptothecin, R-3 completely inhibits the phosphorylation of SF2/ASF, a
member of the SR protein family, in the absence of DNA. The inhibitory
effect is also observed using mutant enzyme Y723F that lacks DNA
cleavage/religation activity but does not affect phosphotransferase activity, indicating, therefore, that R-3 acts independently at both DNA cleavage and protein kinase sites. R-3 is the only compound known thus far that
interferes specifically with the kinase activity of topoisomerase I and not
with other kinases, such as protein kinase C and the cdc2 kinase. The
study reinforces the view that topoisomerase I is a dual enzyme with a
DNA cleavage site juxtaposed to a functionally independent kinase site
and shows for the first time that indolocarbazole drugs can inhibit both
the DNA cleavage/religation and kinase activities of the enzyme.

Materials and Methods
Drugs. Camptothecin was purchased from Sigma Chemical Co. (La
Verpillière, France). The synthesis of the indolocarbazole R-3 has been reported (6). Drugs were dissolved in DMSO at 3 mg/ml and then further diluted
with water. Fresh dilutions were prepared immediately before use. The final
DMSO concentration never exceeded 0.3% (v/v), and under which conditions
DMSO (also present in the controls) is known not to affect the topoisomerase
I activity.
Cell Cultures and Growth Inhibition Assay. The P388 murine leukemia
cell line was obtained from the tumor bank of the National Cancer Institute
(Bethesda, MD). The P388CPT5 cell line resistant to camptothecin was derived from a stable clone of the P388CPT0.3 cell line obtained at the 42nd
passage (11). Both cell lines were grown in RPMI 1640 containing 0.01 mM
2-mercaptoethanol, 10 mM L-glutamine, 10% (v/v) FCS, 100 IU/ml penicillin,
2 mg/ml streptomycin, 50 mg/ml gentamicin, and 50 mg/ml nystatin at 37°C in
a humidified atmosphere containing 5% CO2. Experiments were carried out
with exponentially growing cells, as described previously (11). Briefly,
2 3 104 P388 or P388CPT5 cells were seeded in 96-well microculture plates
with various drug concentrations (semi-log dilutions). After a 96-h incubation
at 37°C, cells were incubated with 0.02% neutral red for 16 h, then washed and
lysed with 1% SDS. The incorporation of the dye, which reflects cellular
growth and viability, was evaluated by measuring the absorbance at 540 nm for
each well using a titertek multiwell spectrophotometer. Each point was done in
quadruplicate, and all compounds were evaluated in parallel on the two cell
lines.
Recombinant Proteins. Experiments were performed with either human
topoisomerase I from TopoGen, Inc. (Columbus, OH) or with recombinant
topoisomerase I proteins expressed in baculovirus. The procedures for the
expression and purification of the wild type and mutant Y723F topoisomerase
I proteins and the SF2/ASF recombinant protein have been reported recently
(10).
DNA Relaxation Experiments. Supercoiled pKMp27 DNA (0.5 mg) was
incubated with 6 units of topoisomerase I at 37°C for 1 h in relaxation buffer
[50 mM Tris (pH 7.8), 50 mM KCl, 10 mM MgCl2, 1 mM DTT, and 1 mM
EDTA] in the presence of varying concentrations of the drug under study.
Reactions were terminated by adding SDS to 0.25% and proteinase K to 250
mg/ml. DNA samples were then added to the electrophoresis dye mixture (3
ml) and electrophoresed in a 1% agarose gel containing ethidium bromide at
room temperature for 4 h. Gels were washed and photographed under UV light.
Sequencing of Topoisomerase I-mediated DNA Cleavage Sites. The
160-bp tyrT DNA fragment was prepared by 39-[32P]-end labeling of the

Introduction
The DNA-topoisomerase I covalent complex is the nuclear target
for a number of anticancer agents derived from the plant alkaloid
camptothecin (1) and for indolocarbazole derivatives such as the
antitumor agent NB-506, which is undergoing Phase I clinical trials
(2–5). Over the last 2 years, we have developed different series of
indolocarbazole compounds structurally related to NB-506 and the
related antibiotic rebeccamycin with the aim of elucidating the structure-activity relationships (6 – 8). Among the molecules developed
thus far, the analogue R-3 (Fig. 1) was found to be a potent DNAintercalating topoisomerase I inhibitor (9). Indolocarbazole derivatives such as NB-506 and R-3 bear a structural analogy with the
specific PKC3 inhibitor staurosporine. Neither NB-506 nor R-3 have
significant effect on PKC (R-3 is about 10,000 times less potent than
staurosporine on PKC; Ref. 6), but it is possible that they affect other
kinases and, in particular, the phosphorylation activity of topoisomerase I, which has been recently discovered (10). To answer this
question, and to comprehend further the mechanism of action of R-3,
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Although R-3 is significantly less cytotoxic than camptothecin with
this cell line, there is no doubt that topoisomerase I is a cellular target
for the indolocarbazole derivative. P388CPT5 cells exhibit marked
resistance to camptothecin (83-fold) and are cross-resistant to R-3 (the
relative resistance index is .28).
To evidence the effect of the test drug on the DNA relaxation
activity of topoisomerase I, we first resorted to a conventional DNA
relaxation assay using supercoiled plasmid DNA analyzed on agarose
gels. Negatively supercoiled plasmid pKMp27 was incubated with
topoisomerase I in the presence of increasing concentration of R-3,
ranging from 10 –150 mg/ml. The DNA samples were treated with
SDS and proteinase K to remove any covalently bound protein and
resolved in a 1% agarose gel containing ethidium bromide. As shown
in Fig. 3A, supercoiled DNA is fully relaxed by topoisomerase I in the
absence of drug (compare Lanes DNA and Topo I). The relaxed DNA
migrates faster than the supercoiled plasmid on an agarose gel containing ethidium bromide (because of DNA unwinding effects). In the
presence of R-3, the intensity of the band corresponding to the nicked
form of DNA has increased significantly. This effect, observed with
camptothecin, reflects the stabilization of topoisomerase I-DNA
cleavable complexes. The shift in the mobility of supercoiled plasmid
(form I) observed with increasing concentrations of R-3 is attributed
to an inhibition of the catalytic activity of the enzyme, rather than
from a decrease in plasmid DNA-linking number due to intercalation,
because no such effect is observed in the absence of the enzyme (data
not shown). R-3 can behave both as a specific topoisomerase I
inhibitor trapping the cleavable complexes and as a nonspecific inhibitor of a DNA-processing enzyme acting via DNA binding.
R-3 is a sequence-selective intercalating agent, whereas camptothecin
does not appreciably bind to DNA in the absence of topoisomerase I (9,
12). However, the two drugs apparently interfere similarly with the
DNA-relaxing activity of topoisomerase I. It is, therefore, likely that
despite their profound structural differences and their distinct DNAbinding properties, camptothecin and the indolocarbazole drug interact
with topoisomerase I in a similar fashion or, at least, recognize identical
structural elements of the topoisomerase I-DNA covalent complex.
The compound R-3 is not simply a mimic of camptothecin. Differences do exist in terms of sequence-specificity of topoisomerase

Fig. 1. Chemical structure of NB-506 and the analogue R-3 used in this study.

EcoRI-AvaI double digest of the plasmid pKMp27 using a-[32P]-dATP (6000
Ci/mmol) and avian myeloblastosis virus reverse transcriptase. Each reaction
mixture contained 2 ml of 39-end [32P]-labeled DNA (;1 mM), 5 ml of water,
2 ml of 10 3 topoisomerase I buffer, and 10 ml of drug solution at the desired
concentration (5–25 mg/ml). After a 10-min incubation to ensure equilibration,
the reaction was initiated by the addition of 2 ml (40 units) of purified
topoisomerase I. Samples were incubated for 60 min at 37°C before adding
SDS to 0.25% and proteinase K to 250 mg/ml to dissociate the drug-DNAtopoisomerase I cleavable complexes. The DNA was precipitated with ethanol
and then resuspended in 5 ml of formamide-Tris-borate EDTA loading buffer,
denatured at 90°C for 4 min, then chilled in ice for 4 min before loading onto
the sequencing gel. DNA cleavage products were resolved by PAGE under
denaturing conditions (8 M urea). After electrophoresis, gels were soaked in
10% acetic acid for 10 min, transferred to Whatman 3 MM paper, and dried
under vacuum at 80°C. A Molecular Dynamics 425E PhosphorImager was
used to collect data.
Kinase Assays. The reaction mixtures for protein kinase activity contained
100 ng of either wild type or mutant recombinant topoisomerase I proteins, 300
ng of recombinant SF2/ASF protein, 1 mM ATP, 3 mCi [g-32P]ATP (3000
Ci/mmol), and 1 ml of compound R-3 or DMSO in a final volume of 20 ml of
buffer A [50 mM Hepes (pH 7.0), 10 mM MgCl2, 3 mM MnCl2, 50 mM KCl, and
0.5 mM DTT]. The samples were incubated at 30°C for 30 min and were then
mixed with 6 ml of (4X) loading buffer and appplied to a 12% SDS-polyacrylamide gel. Radioactivity incorporated into SF2/ASF on the dried gel was
detected by autoradiography and by a Molecular Dynamics imaging analyzer.
The relative amount of [g-32P]ATP incorporated in each assay was quantitated
by densitometry scanning of the gel using ImageQuant software version 3.22.

Results and Discussion
Before investigating the in vitro effects of the test compound R-3,
we showed that topoisomerase I is involved in the cytotoxicity of this
compound. P388 and P388CPT5 murine leukemia cell lines sensitive
and resistant to camptothecin, respectively, were used. The resistance
of the P388CPT5 cells has been attributed to the expression of a
deficient form of topoisomerase I as a result of a mutation in the top1
gene of these cells (11). Under the experimental conditions used (4
days continuous exposure), R-3 proved to be very toxic to P388 cells,
whereas it exhibited little or no effect on the growth of P388CPT5
cells (Fig. 2). With the sensitive P388 cells, IC50 values of 0.018 and
0.28 mM were measured for camptothecin and R-3, respectively.

Fig. 2. Effect of R-3 on the growth of P388 (M) and P388CPT5 (f) murine leukemia
cells sensitive and resistant to camptothecin, respectively.
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end-labeled at the 39-end of the lower strand at the EcoRI site and
used as a substrate for the topoisomerase I cleavage reaction. The
cleavage products were analyzed on a sequencing polyacrylamide gel
(Fig. 3B). Here again, it can be seen unambiguously that R-3 and
camptothecin strongly promote DNA cleavage by topoisomerase I.
Although in both cases the cleavage occurs principally at sites having
a T and a G on the 59 and 39 sides of the cleaved bond, respectively
(see Ref. 9 for a statistical analysis of the cleavage specificity), it is
clear that the cutting can sometimes occur at different nucleotide
positions. For example, R-3 but not camptothecin promotes the cleavage at positions 41 and 49, corresponding to the sequences
ACTG2GTTG and AAAA2ATGA, respectively. Conversely,
cleavage at position 56 (CGTT2GAGA) is specific to camptothecin.
Then we examined the effect of the indolocarbazole on the kinase
activity of topoisomerase I. Recent studies have demonstrated that in
addition to its primary action at the DNA level, topoisomerase I can act
as a specific SR protein kinase (Ref. 10 and for review Ref. 13). This
prompted us to examine whether indolocarbazole drugs such as R-3
(which is a close cousin of staurosporine but has no significant effect on
PKC) can interfere with the kinase activity of topoisomerase I. Kinase
activity was detected by its ability to phosphorylate bacterially expressed
recombinant SF2/ASF, a member of the SR protein family (14), with
[g-32P]ATP. The results in Fig. 4 show that the phosphorylation of
SF2/ASF by topoisomerase I is markedly inhibited in the presence of the
indolocarbazole compound. A concentration of 1–2 mM suffices to reduce
the kinase activity of topoisomerase I by 50%, whereas a drug concentration of 0.2 mM is required to stabilize topoisomerase-DNA cleavable
complexes (data not shown). Therefore, the compound is about 10 times

Fig. 3. A, effect of increasing concentrations of R-3 on the relaxation of plasmid DNA
by topoisomerase I. Native supercoiled pKMp27 DNA (0.5 mg; Lane DNA) was incubated
with topoisomerase I in the absence or presence of drug at the indicated concentration
(mg/ml). DNA samples were separated by electrophoresis on an agarose gel containing
ethidium bromide. Nc, nicked; Rel, relaxed; Sc, supercoiled. B, phosphorimage comparing
the susceptibility of the 160-bp tyrT fragment to cutting by topoisomerase I in the
presence of camptothecin and R-3. The 39-end-labeled fragment (Lane DNA) was incubated in the absence (Lane Topo I) or presence of the indolocarbazole derivative at 5, 10,
and 25 mg/ml or camptothecin at 5 mg/ml. Topoisomerase I cleavage reactions were
analyzed on an 8% denaturing polyacrylamide gel, as described in “Materials and
Methods.” Numbers at the right of the gel show the nucleotide positions, determined with
reference to the guanine track (G).
Fig. 4. Inhibition of topoisomerase I kinase activity by R-3. The kinase reactions were
performed with the wild type (WT) and the mutant Y723F enzymes as described (“Materials and Methods”), with increasing concentration of the drug: 1, 5, 10, 20, and 50 mM
(Lanes 1–5 or 8 –12, respectively). Ctl refers to the control reaction with DMSO alone in
place of R-3. The labeled SF2/ASF was analyzed on a 12% SDS-polyacrylamide gel and
revealed either by autoradiography (A) or quantitated by phosphor imaging (B). The
position of SF2/ASF was localized by staining the gel with coomassie blue.

I-mediated DNA cleavage. To examine further the activity of the
compound, the topoisomerase cleavage sites induced by R-3 and
camptothecin were mapped using a 160-bp DNA fragment. The
EcoRI-AvaI restriction fragment from plasmid pKMp27 was uniquely
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more potent at promoting the DNA cleavage than to inhibit the kinase
reactions of topoisomerase I. Inhibition of topo I/kinase activity was also
observed with camptothecin (10) but required the presence of DNA. No
inhibition was observed with camptothecin in the absence of DNA even
when using a concentration as high as 500 mM. In sharp contrast, the
strong inhibitory effect of R-3 does not require DNA, implying that its
action on the kinase activity is independent of topoisomerase I-DNA
covalent complexes. To confirm this, we mutated the tyrosine at position
723, which serves to form a covalent bond with the 39 phosphate of the
cleaved strand during the relaxation reaction (15), and examined the
ability of R-3 to inhibit Topo I/kinase. The replacement of the tyrosine
residue of topoisomerase I at position 723 with a phenylalanine residue
prevents the covalent reaction with DNA but not the phosphorylation of
SF2/ASF (16). As expected, the Y3 F substitution affects neither the
kinase activity of topoisomerase I, nor the sensitivity of the enzyme to the
indolocarbazole. R-3 inhibits the phosphorylation of ASF/SF2 by the
wild type enzyme and the mutant Y723F with the same efficiency (Fig.
4). This confirms that the two effects of R-3 at the DNA cleavage site and
the protein kinase site proceed independently.
The kinase activity of topoisomerase I analyzed here with the
baculovirus enzyme can also be detected with a bacterially expressed
enzyme providing that the full-length protein is being used. The
N-terminal domain of topoisomerase I is a major element of the
interaction with the splicing factor (17). Recent studies have revealed
that both the COOH- and amino-terminal domains of topoisomerase I
contribute to the kinase activity (16, 17).
It is important to mention that R-3 interferes specifically with the
kinase activity of topoisomerase I and not with other kinases. As previously indicated, the compound exerts very little effects on PKC. In
addition, the compound does not affect the phosphorylation of SR proteins by the cdc2 kinase in vitro (data not shown). Cellular studies with
the cdc2-mutant FT210 cell line have confirmed that unlike rebeccamycin, indolocarbazoles related to R-3 do not inhibit the phosphorylation of
histones via a cdc2 kinase-dependent pathway and hence do not inhibit,
or to a very limited extent, the condensation of chromosomes.4 Thus far,
as we are aware, topoisomerase I is the only kinase inhibited by R-3.
Conclusion. The results presented above confirm that the indolocarbazole compound R-3 is a specific inhibitor of topoisomerase I,
capable of promoting the formation of DNA-enzyme covalent complexes, and reveal that this intercalating compound can also behave as
a nonspecific inhibitor preventing the enzyme from binding to DNA.
The action of the drug is comparable with that of camptothecin in
terms of sequence selectivity, although minor differences do exist
with regard to the nucleotide position of certain cleavage sites.
The major discovery of the present study is that, unlike camptothecin, R-3 is capable of inhibiting specifically the SR protein kinase
activity of topoisomerase I in the absence of DNA. The experiments
with the Y723F mutant enzyme indicate that the action at the topoisomerase I kinase site is independent of the DNA cleavage/ligation
activity. These observations distinguish indolocarbazoles from the
camptothecins and raise implication for future design of topoisomerase I poisons. Topoisomerase I must be viewed as a dual enzyme with
a DNA cleavage site juxtaposed to a functionally independent kinase
site. This unusual DNA-binding protein also possesses a nucleolin
binding site (18) and interacts with RNA polymerase I, TBP, p53, and
HMG proteins (19–21). In the future, it may prove beneficial to design
drugs targeting selectively the kinase site without interfering with the
DNA relaxation activity of the enzyme. Such compounds might turn out
to be potent topoisomerase inhibitors endowed with interesting and
possibly selective antitumor properties with a different pharmacological
4

profile than the camptothecins. The results reported here encourage us to
believe that the indolocarbazole approach has the potential to yield
important developments in the search for new and better anticancer drugs.
Ongoing drug design will seek to explore this hypothesis.
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10. Rossi, F., Labourier, E., Forné, T., Divita, G., Derancourt, J., Riou, J-F., Antoine, E.,
Cathala, G., Brunel, C., and Tazi, J. Specific phosphorylation of SR proteins by
mammalian DNA topoisomerase I. Nature (London), 381: 80 – 82, 1996.
11. Madelaine, J., Prost, S., Naudin, A., Riou, G., Lavelle, F., and Riou, J-F. Sequential
modifications of topoisomerase I activity in a camptothecin resistant cell line established by progressive adaptation. Biochem. Pharmacol., 45: 339 –348, 1993.
12. Bailly, C., Colson, P., Houssier, C., Rodrigues-Pereira, E., Prudhomme, M., and Waring,
M. J. Recognition of specific sequences in DNA by a topoisomerase I inhibitor derived
from the antitumor drug rebeccamycin. Mol. Pharmacol., 53: 77– 87, 1998.
13. Tazi, J., Rossi, F., Labourier, E., Gallouzi, I., Brunel, C., and Antoine, E. DNA
topoisomerase I: a custom-officer at DNA-RNA worlds border? J. Mol. Med., 75:
786 – 800, 1997.
14. Zahler, A. M., Lane, W. S., Stolk, J. A., and Roth, M. B. SR proteins: a conserved
family of pre-mRNA splicing factors. Genes Dev., 6: 837– 847, 1992.
15. Eng, W. K., Pandit, S. D., and Sternglanz, R. Mapping of the active site tyrosine of
eukaryotic DNA topoisomerase I. J. Biol. Chem., 264: 13373–13376, 1989.
16. Rossi, F., Labourier, E., Gallouzi, I-E., Derancourt, J., Allemand, E., Divita, G., and Tazi,
J. The C-terminal domain but not the tyrosine 723 of human DNA topoisomerase I active
site contributes to kinase activity. Nucleic Acids Res., 26: 2963–2970, 1998.
17. Labourier, E., Rossi, F., Gallouzi, I-E., Allemand, E., Divita, G., and Tazi, J. Interaction between the N-terminal domain of human DNA topoisomerase I and the
arginine-serine domain of its substrate determines phosphorylation of SF2/ASF
splicing factor. Nucleic Acids Res., 26: 2955–2962, 1998.
18. Bharti, A. K., Olson, M. O. J., Kufe, D. W., and Rubin, E. H. Identification of a nucleolin
binding site in human topoisomerase I. J. Biol. Chem., 271: 1993–1997, 1996.
19. Javaherian, K., and Liu, L. F. Association of eukaryotic DNA topoisomerase I with
nucleosomes and chromosomal proteins. Nucleic Acids Res., 11: 461– 472, 1983.
20. Merino, A., Madden, K. R., Lane, W. S., Champoux, J. J., and Reinberg, D. DNA
topoisomerase I is involved in both repression and activation of transcription. Nature
(London), 365: 227–232, 1993.
21. Gobert, C., Bracco, L., Rossi, F., Olivier, M., Tazi, J., Lavelle, F., Larsen, A. K., and
Riou, J. F. Modulation of DNA topoisomerase I activity by p53. Biochemistry, 35:
5778 –5786, 1996.

J-F. Riou, unpublished results.

55

Downloaded from cancerres.aacrjournals.org on September 21, 2020. © 1999 American Association for Cancer
Research.

Poisoning of Topoisomerase I by an Antitumor Indolocarbazole
Drug: Stabilization of Topoisomerase I-DNA Covalent
Complexes and Specific Inhibition of the Protein Kinase
Activity
Emmanuel Labourier, Jean-François Riou, Michelle Prudhomme, et al.
Cancer Res 1999;59:52-55.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/59/1/52

This article cites 20 articles, 6 of which you can access for free at:
http://cancerres.aacrjournals.org/content/59/1/52.full#ref-list-1
This article has been cited by 7 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/59/1/52.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/59/1/52.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on September 21, 2020. © 1999 American Association for Cancer
Research.

