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Topoisomerase I is a ubiquitous DNA-cleaving enzyme and an important therapeutic target in cancer
chemotherapy for camptothecins (CPTs). These drugs stimulate DNA cleavage by topoisomerase I but exhibit
little sequence preference, inducing toxicity and side effects. A convenient strategy to confer sequence specificity
consists of the linkage of topoisomerase poisons to DNA sequence recognition elements. In this context,
triple-helix-forming oligonucleotides (TFOs) covalently linked to CPTs were investigated for the capacity to
direct topoisomerase I-mediated DNA cleavage in cells. In the first part of our study, we showed that these
optimized conjugates were able to regulate gene expression in cells upon the use of a Photinus pyralis luciferase
reporter gene system. Furthermore, the formation of covalent topoisomerase I/DNA complexes by the TFO-
CPT conjugates was detected in cell nuclei. In the second part, we elucidated the molecular specificity of
topoisomerase I cleavage by the conjugates by using modified DNA targets and in vitro cleavage assays.
Mutations either in the triplex site or in the DNA duplex receptor are not tolerated; such DNA modifications
completely abolished conjugate-induced cleavage all along the DNA. These results indicate that these conju-
gates may be further developed to improve chemotherapeutic cancer treatments by targeting topoisomerase
I-induced DNA cleavage to appropriately chosen genes.

Topoisomerase I (Topo I) is a ubiquitous nuclear enzyme
involved in the control of DNA topology. During the catalytic
cycle, the enzyme transiently cleaves DNA and forms a cova-
lent 3�-phosphorotyrosyl adduct usually referred to as the
cleavage complex (14, 28, 29). A number of drugs, such as the
antitumor alkaloid camptothecin (CPT) (for reviews, see ref-
erences 17 and 24) and indolocarbazole analogs of the antibi-
otic rebeccamycin family (9, 23, 30), act by blocking the religation
step after DNA cleavage, thereby enhancing the formation of
cleavage complexes (DNA/Topo I/drug ternary complexes),
which constitute persistent DNA breaks believed to be respon-
sible for cell death (20–22, 28). Topo I poisons stimulate DNA
cleavage at many sites along the double helix with a limited
sequence preference (one or two bases around the cleavage
site). However, the sequence specificity of the Topo I poison
can be considerably enhanced by linkage to a DNA recognition
element. Initially, Matteucci et al. (19) showed in vitro that the
covalent attachment of CPT to a triple-helix-forming oligonu-
cleotide (TFO) induces site-specific DNA cleavage near the
end of the triple helix. In the same context, we showed that
CPT and rebeccamycin derivatives covalently linked to a TFO

induce Topo I to mediate a sequence-specific DNA cleavage
near the triplex site (3, 6, 7) according to a preferred geometry
(2). The use of triple-helical DNA structures offers an efficient
strategy to target Topo I to specific DNA sequences. Conse-
quently, TFO-drug conjugates may be potentially exploited to
improve the efficacy and selectivity of chemotherapeutic can-
cer treatments with Topo I poisons by targeting specific genes
and thus reducing drug toxicity.

Here we evaluated the ability of the TFO-CPT conjugates to
recruit Topo I in cells. By using a luciferase expression system
containing the triplex sequence in the 5� transcribed region, we
showed that the TFO-CPT conjugates inhibited gene expres-
sion more efficiently than the triplex alone. Finally, DNA/Topo
I complexes were detected in cell nuclei after treatment with
TFO-CPT conjugates. The mechanism of targeting was further
elucidated by using modified targets for in vitro cleavage as-
says; our results showed that in order to realize efficient cleav-
age, the TFO moiety must bind to the duplex and a topoisom-
erase cleavage site must be present in close proximity to the
triplex site where the CPT is located. The same requirements
were necessary for cellular activity.

MATERIALS AND METHODS

Spectral analysis. For the cCPT (10-carboxymethyloxy-CPT) derivative, mass
determination was accomplished by electrospray ionization on a Finnigan 3200
Quadrupole mass spectrometer. High-performance liquid chromatography (HPLC)
purifications were performed upon a Varian Associates HPLC apparatus with an
Altech Alltima C18 reversed-phase column (250 by 10 mm, 5 �m). 1H and 13C
nuclear magnetic resonance spectra were recorded in chloroform-d, acetone-d6,
or dimethyl sulfoxide (DMSO)-d6 on a Varian spectrometer (300 MHz). For all
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oligonucleotide conjugates, mass determination was accomplished by electros-
pray ionization on a Q-STAR pulsar I (Appleura) and HPLC purifications were
performed upon an Agilent 1100 with an Xterra reversed-phase C18 column (4.6
by 50 mm, 2.5 �m). Absorbance spectrophotometry was performed on a Uvikon
860 (Kontron).

Materials. All chemicals were purchased from Aldrich Chemical Company.
All solvents were of analytical grade. All synthetic transformations of CPT were
carried out under dry argon or nitrogen.

MGB hexa(N-methylpyrrole)carboxamide was obtained as previously de-
scribed (5).

CPTs. 10-Hydroxy-CPT was purchased from Sino Dragon I/E Co. Ltd., 10CPT
(10-carboxy-CPT) and 7CPT [7-(2-aminoethyl)-CPT] were obtained as previ-
ously described (7), and cCPT was synthesized by a slight modification of the
procedure described in reference 27. CPT analogs were dissolved in DMSO at 3
mg/ml and then diluted further with water. The final DMSO concentration never
exceeded 0.3% (vol/vol) in the assays. Each CPT analog was attached to the 3�
end of the TFO as shown in Fig. 1B.

Oligonucleotides. Oligonucleotides were purchased from Eurogentec and pu-
rified with quick-spin Sephadex G-25 (Bio-Rad). Concentrations were deter-
mined spectrophotometrically at 25°C with molar extinction coefficients at 260
nm calculated from a nearest-neighbor model (11).

The nomenclature of the oligonucleotides and conjugates is the following: the

abbreviation TFO is followed by the designation of the poison and its attachment
point [CPT(10) for CPT attached through position 10 upon the use of the
derivative 10CPT or cCPT and CPT(7) for attachment through position 7 with
the derivative 7CPT]. The orientation of the triple helix is defined as the orien-
tation of the purine-rich strand of the duplex, and the TFO binds in the major
groove in an orientation parallel to the oligopurine strand. All conjugates bear
the CPT derivative at the 3� end of the TFO and thus at the 3� end of the
triple-helical structure.

Synthesis of conjugates. The CPT derivatives were conjugated to the terminal
amino group of different linker arms at the 3� end of the oligonucleotide as
previously described (5, 7) or as follows. TFO-NH2 corresponds to the TFO
attached to a linker before coupling to CPT analogs and purified. Human
immunodeficiency virus (HIV)-CPT(10) and TFO-CPT(7) were synthesized and
analyzed as described in reference 7.

Synthesis of TFO-NPh2. Six hundred twenty micrograms (120 nmol) of 3�-
phosphorylated oligonucleotide was precipitated as the hexadecyltrimethyl-
ammonium salt and then dissolved in 50 �l of dry N,N-dimethylformamide.
Solutions of 4-N,N-dimethylaminopyridine (5 mg in 25 �l of DMSO, 41 �mol),
dipyridyl disulfide (6.6 mg in 25 �l of DMSO, 30 �mol), and triphenylphosphine
(7.9 mg in 50 �l of DMSO, 30 �mol) were added. After 15 min of incubation at
room temperature, 1,4-diaminobutane (5 mg, 57 �mol) was added to the acti-
vated oligonucleotide. The mixture was kept for 2 h at room temperature. The

FIG. 1. (A) Sequences of the TFOs and of the duplex containing the 16-bp (underlined) triplex target site used in this study. The experimental
construction for cell experiments is shown: an insert of 54 bp, containing the original triplex target (plasmid pWT), was cloned within the 5�
transcribed but untranslated region of the firefly luciferase gene (luc), under the control of the SV40 promoter, between the HindIII and NcoI sites
of vector pGL3Pr. The 54-bp region around the triplex site is shown. The region on the 3� side of the triple helix, i.e., the 3� side of the oligopurine
strand of the duplex, contains two Topo I-mediated cleavage sites, b and c, observed in the presence of free CPT. All Topo I cleavage sites observed
in vitro are indicated by letters. M, 5-methyl-2�-deoxycytidine; P, 5-propynyl-2�-deoxyuridine. The 16-nt sequence of the HIV-CPT(10) conjugate
used as a control is shown. (B) Structures of the CPT conjugate derivatives used in this study.
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oligonucleotide derivative was then precipitated with 2% LiClO4 in acetone,
rinsed with acetone, and dissolved in 50 �l of water. The attachment of the
diamino group was quantitative. Then, diphenylacetic acid was attached by ac-
tivating the carboxyl group with HATU. The oligonucleotide derivative was
precipitated as the hexadecyltrimethylammonium salt and then dissolved in 100
�l of dry N,N -dimethylformamide. Diphenylacetic acid (1 mg, 5 mmol), HATU
(1.9 mg, 5 mmol), and 1 �l of triethylamine were added. The mixture was kept
for 4 h at room temperature. The oligonucleotide conjugate was then precipi-
tated with 2% LiClO4 in acetone, rinsed with acetone, and purified by reversed-
phase HPLC with a linear acetonitrile gradient (0380% CH3CN in 0.2 M
ammonium acetate). The average yield was 60%. The oligonucleotide conjugates
were characterized by UV spectroscopy, denaturing gel electrophoresis, and
mass spectrometry. {TFO-NPh2 MS (ES�) m/z: 5,406 [M-H]� (calculated:
5,408).}

Synthesis of TFO-CPT(10). HATU was used for the coupling reaction with
cCPT, replacing the previously used procedure (2). Three hundred ten micro-
grams (60 nmol) of 3�-phosphorylated TFO was precipitated as the hexadecyltri-
methylammonium salt and dissolved in 50 �l of dry DMSO. 4-N,N-Dimethyl-
aminopyridine (5 mg in 25 �l of DMSO, 41 �mol), dipyridyl disulfide (6.6 mg in
25 �l of DMSO, 30 �mol), and triphenylphosphine (7.9 mg in 50 �l of DMSO,
30 �mol) were added, and after 15 min of incubation at room temperature,
1,4-diaminobutane (5 mg, 57 �mol) was added. After a 2-h incubation at room
temperature, the oligonucleotide derivative was precipitated with 2% LiClO4 in
acetone and dissolved in 50 �l of water. The attachment of the diamino linker
was quantitative. cCPT (400 �g, 1 �mol), HATU (380 �g, 1.1 �mol), and 1 �l of
triethylamine were then added to the oligonucleotide derivative precipitated as
the hexadecyltrimethylammonium salt and dissolved in 100 �l DMSO. The
reaction mixture was kept at room temperature for 4 h. After precipitation with
2% LiClO4 in acetone, the oligonucleotide conjugate was purified by reversed-
phase HPLC with a linear acetonitrile gradient (0380% CH3CN in 0.2 M
ammonium acetate). The average yield was 40%. The oligonucleotide conjugates
were characterized by UV spectroscopy, denaturing gel electrophoresis, and
mass spectrometry. {TFO-CPT(10) MS (ES�) m/z: 5,618 [M-H]� (calculated:
5,617).}

Synthesis of MGB conjugates. cCPT was attached to the minor-groove binder
MGB hexa(N-methylpyrrole)carboxamide as previously described (5). {MGB-
CPT(10) MS (ES�) m/z: 1,409 [M-H]� (calculated: 1,409).}

Plasmids and DNA fragments. Plasmid pBSK(�/�) was bought from Promega,
and the four 77-bp target duplexes were inserted between its BamHI and EcoRI sites
(Fig. 5 contains the sequences). Digestion of the plasmid by PvuII and EcoRI yielded
a 324-mer fragment suitable for 3�-end labeling by the avian myeloblastosis virus
reverse transcriptase (New England Biolabs) and [�-32P]ddATP(Amersham), used
for Topo I cleavage assays. The procedures used for isolation, purification, and
labeling of this duplex DNA fragment have been described previously (8).

The plasmids used in luciferase expression assays were obtained from the
pGL3Promoter (pGL3Pr) vector from Promega by cloning a 54-bp insert into the
5� transcribed but untranslated region of the firefly (Photinus pyralis) luciferase
gene (HindIII-NcoI region) under the control of the simian virus 40 (SV40)
promoter. The two 54-bp duplexes contained either the intact wild-type (WT)
target with the triplex (underlined) and CPT site (5�AGCTTTACCGAGCTC
AGATCTTCTCTTTTTTTCTCTCTCTCTATCACTGATAGC3�/5�CATGGC
TATCAGTGATAGAGAGAGAGAAAAAAAGAGAAGATCTGAGCTCGG
TAA3�, plasmid pWT) or the triplex site without cleavages sites b and c (in bold)
at its 3� end (B2) (5�AGCTTTACCGAGCTCAGAAAAACTCTTTTTTTCTCT
CTCTCTATCACTGATAGC3�/5�CATGGCTATCAGTGATAGAGAGAGAGA
AAAAAAGAGTTTTTCTGAGCTCGGTAA3�, plasmid called pB2). The Re-
nilla reniformis luciferase control vector pTK-RL from Promega was used to
monitor transfection efficiencies. In this vector, Renilla luciferase expression was
under the control of the herpes simplex virus thymidine kinase promoter region.

Topo I cleavage assays. The radiolabeled target duplexes (50 nM) were incu-
bated for 1 h at 30°C in 50 mM Tris-HCl (pH 7.5)–60 mM KCl–10 mM MgCl2–
0.5 mM dithiothreitol –0.1 mM EDTA–30 �g/ml bovine serum albumin in the
presence of the ligand and/or the drugs at the indicated concentration (total
reaction volume, 10 �l). To analyze the Topo I DNA cleavage products, 10 U of
calf thymus enzyme (Invitrogen) was added to the duplex and the mixture was
preincubated as described above and then incubated for 15 min at 30°C. The
DNA-Topo I cleavage complexes were dissociated by addition of sodium dodecyl
sulfate (final concentration, 0.5%). After ethanol precipitation, all samples were
resuspended in 6 �l of formamide, heated at 90°C for 4 min, and then chilled on
ice for 4 min before being loaded onto a denaturing 8% polyacrylamide gel (19:1
acrylamide-bisacrylamide) containing 7.5 M urea in TBE buffer (50 mM Tris
base, 55 mM boric acid, 1 mM EDTA). To quantitate the extent of cleavage, the
gels were scanned with a Typhoon 9410 (Amersham Biosciences). For determi-

nation of cleavage levels, normalization relative to total loading was performed.
The experiments were repeated between 4 and 10 times.

Triplex formation assay. DNA triplex formation was followed by gel retarda-
tion as previously described (3). Increasing concentrations (100 nM to 10 �M) of
the TFOs were added to a 10 nM concentration of the radiolabeled duplex in 10
mM MgCl2–100 mM NaCl–50 mM HEPES (pH 7.2)–10% sucrose–0.5 mg/ml
tRNA with sample incubation at 37°C for 24 h. Electrophoresis was performed
on a nondenaturing 12% polyacrylamide gel containing 10 mM MgCl2 and 50
mM HEPES, pH 7.2, at 37°C. The concentration at which 50% of the triplex was
formed is reported as micromolar.

Cell cultures. Human HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum, 2 mM L-glutamine, and 1% penicillin-streptomycin, at 37°C in
5% CO2.

Transient-expression experiments. (i) Transfections. Transfections were per-
formed by using Superfect (QIAGEN). To each well of a 96-well plate containing
125 �l of cells at a concentration of 110,000/ml were added 112.5 �l of fresh
serum-containing medium and 12.5 �l of transfection mixture, prepared accord-
ing to the manufacturer’s instructions with 1 �l of transfecting agent, 125 ng of
plasmid pWT or control pGL3Pr, 62.5 ng of pTK-RL, and different amounts of
TFO conjugates. The TFO conjugates were present in the wells during transfec-
tion at final concentrations of 0.05, 0.1, and 0.5 �M.

(ii) Luciferase assay. Both luciferase activities (P. pyralis and R. reniformis)
were measured in cell lysates by using the dual-luciferase reporter assay system
from Promega. A luminometer (Victor; Wallac) was used to measure light signal
output. The experiments were run as triplicates. The results are reported as the
mean P. pyralis/R. reniformis luciferase ratio and are further normalized to the
ratio of the cells not treated with the conjugates. The total protein amount was
measured with the Bio-Rad protein assay according to the manufacturer’s in-
structions. Experiments were repeated 3 to 10 times.

ICE (in vivo complex of enzyme) bioassay. HeLa cell nuclei were prepared
as described previously (15). The in vivo Topo I link kit of TopoGEN, Inc.
(Columbus, OH), was used to determine the ability of the conjugates to induce
Topo I-mediated DNA breaks in treated HeLa cell nuclei. The recommended
protocol was followed, with a few modifications. HeLa cell nuclei (5 � 106) were
prepared and incubated for 3 h at 37°C with free CPT, with CPT-oligonucleotide
conjugates, or with a control oligonucleotide (TFO-NPh2) at various concentra-
tions. Cells nuclei were pelleted by centrifugation (1,000 rpm, 5 min) and rapidly
resuspended in 0.8 ml of the lysis buffer (10 mM Tris HCl, pH 7.5, 1 mM EDTA,
1% Sarkosyl). The lysed cell mixture was then overlaid onto a CsCl density
gradient containing four different density steps (0.8 ml of CsCl at 1.82, 1.72, 1.50,
and 1.37 g/ml). The tubes were centrifuged in a Beckman SW60 rotor at 31,000
rpm (13,000 � g) for 15 h at 25°C. From the top of the gradient, 12 fractions of
330 �l were collected. The DNA content in each fraction was estimated by
absorbance measurement at 260 nm. For the immunoblot analysis, 50 �l of each
fraction was diluted with 100 �l of 25 mM sodium phosphate buffer (PBS, pH
6.5) prior to applying the diluted solution to the slot blot unit under a mild
vacuum. PBS-washed Hybond-C extra nitrocellulose membranes (Amersham)
cut to fit the vacuum slot blot device Hybri-Slot 24 (Life Science, Cergy-Pontoise,
France) were loaded with the diluted samples, washed briefly with PBS, and then
soaked for 2 h in TBST (20 mM Tris HCl, pH 7.6, 137 mM NaCl, 0.1% Tween
20, 1% bovine serum albumin) supplemented with 5% nonfat dried milk. The
membranes were washed three times (10 min per wash) with TBST prior to
incubation for 1 h at room temperature with anti-Topo I antibody (1/10,000
dilution in 25 ml TBST; Santa Cruz Biotechnology Inc.). After three successive
washes (10 min with TBST), the membranes were incubated with an anti-rabbit
antibody conjugated to horseradish peroxidase (1/1,000 dilution in 25 ml TBST;
Amersham) for 30 min. After four successive washes (10 min each with TBST),
the ECL Western blotting detection reagents from Amersham were used for
detection. Fractions 1 to 4 contain free Topo I. DNA-Topo I covalent complexes
can be detected in fractions 8 to 11 of the drug-treated samples. To quantify the
amount of cleavage complexes formed in the presence of free or conjugated
CPT, the percentage of signal in fractions 8 to 11 was normalized to the total
amount of Topo I signal in all fractions for each sample.

Stability of oligonucleotides in cell media. The conjugate TFO-CPT(10) and
precursor TFO-P were radiolabeled at the 5� end with T4 polynucleotide kinase
(New England Biolabs) and [�-32P]ATP (Amersham). The radiolabeled oligo-
nucleotides (0.05 �M) were incubated in cell culture medium (DMEM contain-
ing 10% fetal bovine serum) at 37°C. Aliquots were removed after 5 min (0 h),
24 h, or 72 h. Proteins were eliminated by a phenol-chloroform extraction
procedure, and the aqueous phase was then ethanol precipitated. The degrada-
tion pattern (full-length and degraded products) was analyzed by gel electro-
phoresis on a 20% denaturing gel.
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RESULTS

We investigated whether a TFO-CPT conjugate was able
to induce the formation of a Topo I/DNA complex in a
cellular context and its consequences. To do this, we con-
structed a P. pyralis luciferase reporter system containing a
triplex target site, previously studied (7), and synthesized a
series of TFO-CPTs.

Experimental design. The WT target duplex contains a
16-bp oligopyrimidine-oligopurine sequence suitable for tri-
plex formation (underlined in Fig. 1A). A 16-mer TFO, con-
taining 5-methyl-2�-deoxycytidine (M) and 5-propynyl-2�-de-
oxyuridine (P), was used in order to form a stable pyrimidine
motif triple helix at neutral pH (4, 16, 18). The cleavage sites
induced by free CPT in the presence of Topo I are indicated by
letters (a, b, and c). In this study, two TFO-CPT conjugates
were used (Fig. 1B); cCPT was attached to the 3� end of the
TFO via a butyldiamino linker [TFO-CPT(10)], and 7CPT was
attached through a carboxyhexylamine [TFO-CPT(7)]. The lat-
ter has been previously described, optimized for linker arm
length, and characterized for its triplex-directed DNA cleavage
by Topo I (7). The former differs from a previously synthesized
active TFO-CPT conjugate by the absence of an ethyl chain in
position 7 (2). The linker arm has been optimized for maxi-

mum cleavage in vitro. As a control, we chose to modify the
TFO at its 3� end by attaching a diphenyl-acetyl group (TFO-
NPh2) via a butyldiamino linker [NH2-(CH2)4-NH2]. The di-
phenylacetyl group has been added in order to replace the
primary amino group of the linker at the 3� end of the TFO
(TFO-NH2) with aromatic groups to mimic the polyaromatic
CPT. This control TFO was used instead of directly using
TFO-NH2, bearing only the linker arm, or the precursor
TFO-P, the TFO phosphorylated at the 3� end, because its
triplex stability is comparable to that of TFO-CPT(10). In fact,
the concentration at which 50% of the triplex is formed is 1.5
�M for TFO-CPT(10), 1.8 �M for TFO-NPh2, 0.6 �M for
TFO-P, and 0.7 �M for TFO-NH2, as measured by gel shift
assay. Another control oligonucleotide-CPT conjugate was
synthesized in which the oligonucleotide part of the conjugate
contains the same number of bases (16 nucleotides long) and
the same M- and P-modified bases but a different sequence so
that it cannot bind to the triplex target [called HIV-CPT(10);
Fig. 1A and B show its sequence and chemical structure, re-
spectively]. 10CPT and a hexyldiamino linker arm were used
for this conjugate, which belongs to another project aimed at
targeting the HIV type 1 genome. The hexyl linker arm was
used in order to maintain nine atoms between position 10 on

FIG. 2. Cellular activities of TFO-CPT conjugates. HeLa cell lysates were assayed for firefly and Renilla luciferase activities after transfection
by Superfect. The firefly luciferase construct was introduced with the control pTK-RL vector in the absence (black bars) or presence of TFO-NPh2,
TFO-CPT(10), or HIV-CPT(10) at 0.05 �M (hatched bars), 0.1 �M (white bars), or 0.5 �M (dotted bars). The results presented are the mean
firefly/Renilla luciferase luminescence intensity ratios of triplicates (relative luciferase activity) and are normalized to the value obtained in the
absence of the oligonucleotides (none). (A) pWT construct at 24 h, 48 h, and 72 h after transfection. (B) pGL3Pr control vector at 24 h, 48 h, and
72 h after transfection. Conjugates TFO-CPT(10) and TFO-CPT(7) gave equivalent results.
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the CPT and the phosphate group at the 3� end of the oligo-
nucleotide, as in the case of conjugate TFO-CPT(10).

Cellular activity of TFO-CPT conjugates. The experimental
construction used is the following. A 54-bp duplex containing
the triplex site and CPT cleavage sites a, b, and c was cloned
at the HindIII/NcoI sites into the pGL3 Promoter vector
(pGL3Pr) containing the P. pyralis luciferase gene under the
control of the SV40 promoter (Fig. 1A). The TFO-binding
sequence and a site sensitive to CPT in the vicinity thereof are
thus placed in the transcribed region upward of the P. pyralis
luciferase (luc) gene. The intact triple-helix sequence was in-
serted in such a way that the synthesized RNA contains the
oligopyrimidine strand in order to avoid an antisense effect of
the TFO. We verified that the TFO-CPT conjugate induced a
sequence-specific Topo I-mediated DNA cleavage in vitro on
this construct (see Fig. 1S in the supplemental material). As a
control, compound HIV-CPT(10) was used to exclude an effect
of the tethered CPT by itself, because the oligonucleotide part
of the conjugate can no longer bind to the target duplex and
thus cannot deliver the CPT on the duplex.

The expression plasmid vector obtained in this way was
cotransfected with the expression vector for Renilla luciferase
(pTK-RL, used as a transfection control) in the absence or
presence of different conjugates at the indicated concentration.
As the active conjugate, we chose TFO-CPT(10) and, as a
reference, conjugate TFO-NPh2, in which the oligonucleotide
is protected at the 3� end by the linker arm and a diphenyl-
acetyl group. The latter conjugate was chosen to evaluate the
effect of the triple helix alone on the inhibition of transcription
of the luc gene. At 24, 48, and 72 h after transfection with
Superfect, the cells were lysed and tested for Pyralis and Renilla
luciferase activities. The ratio of the luminescence intensities
of the Pyralis and Renilla luciferases normalized to the un-
treated cells is represented in Fig. 2. Figure 2A illustrates, for
the first time with TFO-CPT molecules, the inhibition of the
expression of the target gene in HeLa cells. The conjugate
TFO-CPT(10) reduced luciferase expression by about 40 to
50% at 0.5 �M; i.e., a residual luciferase activity of 60 to 50%
was observed (Fig. 2A). An equivalent inhibition of 40% was
observed with conjugate TFO-CPT(7) (data not shown). This
inhibition effect lasted with time, and the same luciferase ac-
tivity inhibition was measured at 48 and 72 h after transfection.
In contrast, the reference (TFO-NPh2) and control [HIV-
CPT(10)] oligonucleotides had no significant effect on the ex-
pression of firefly luciferase under our experimental condi-
tions, up to 2 �M. Finally, with control plasmid pGL3Pr, which
has no insert (and thus no triplex can be formed), the conju-
gate had no significant effect at 24, 48, or 72 h after transfec-
tion, nor did the control oligonucleotides (Fig. 2B). In our
experiments, no increase in cell lethality (measured as the total
protein level in the cell lysate) was observed upon transfection
of the conjugates. It is noteworthy that the presence of the
linker arm or of the CPT analog at the 3� end of the oligonu-
cleotides protects them from rapid degradation in cells, mainly
by 3� exonucleases, up to 72 h. In Fig. 3 is reported the analysis
by gel sequencing of the 5�-radiolabeled TFO-P and TFO-
CPT(10) (left panel) after incubation in cell culture medium
for 24 h (central panel) or 72 h (right panel). While the TFO-P
was partially degraded (62% of the original level of intact
oligonucleotide was measured at 24 h and 54% at 72 h), 93%

of the original level of intact TFO-CPT(10) was found at 24 h
and 89% at 72 h.

According to these results, the specific TFO-CPT conjugate
directed against a triplex site situated upstream of the luc gene
is able to inhibit luciferase expression more efficiently than the
TFO-NPh2 conjugate lacking the CPT moiety. However, this
experiment does not measure directly the ability of the TFO-
CPT conjugates to induce the stabilization of the Topo I/DNA
cleavage complex in cells. To address this issue, we used the
ICE bioassay, which detects the formation of covalent Topo
I/DNA complexes in cells. HeLa cell nuclei were incubated for
3 h at 37°C with CPT alone or the conjugate TFO-CPT(10) or
the control oligonucleotide TFO-NPh2. The samples were
lysed with an ionic detergent and proteins that were covalently
attached to genomic DNA were separated from free proteins
by sedimentation through a CsCl gradient by ultracentrifuga-
tion. As shown in Fig. 4, 12 fractions were recovered and
analyzed by Western slot blotting to detect the fractions con-
taining Topo I. In the control samples with no drug, Topo I was
found exclusively at the top of the CsCl gradient as free protein
(fractions 1 to 6). In contrast, with drug-treated cells, Topo I
was found in the top fractions, as well as in lower fractions 8 to
11 near the bottom of the gradient, where the nucleic acids
were localized (as judged from absorbance measurements at
260 nm), corresponding to Topo I/DNA complexes. Such com-
plexes (bands in fractions 8 to 11) were visualized in the pres-
ence of CPT, as expected, but also with TFO-CPT(10). In con-
trast, covalent complex formation was not detected with the
conjugate TFO-NPh2, lacking the CPT moiety. These data are
consistent with the fact that TFO-CPT conjugates stabilize

FIG. 3. Stability of TFO-P and conjugate TFO-CPT(10) in cell
medium. The 5�-end-radiolabeled oligonucleotides (left panel) were
incubated in cell culture medium (DMEM containing 10% fetal bovine
serum) at 37°C. Aliquots were removed after 24 h (central panel) or
72 h (right panel) and analyzed on a 20% denaturing gel.
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Topo I/DNA complexes. Although the immunoassay is essen-
tially qualitative, Fig. 4 illustrates that the drug-trapped cova-
lent complexes (evaluated as the amount of Topo I in the DNA
fractions normalized to the total amount of Topo I) were
somewhat more abundant with CPT than with TFO-CPT(10),
consistent with the respective theoretical number of cleavage
sites. It is important to note that the TFO used in this study
recognizes in the entire human genome ca. 1,500 sites (of
which only 436 are found in genes). This high frequency could

explain why we are able to detect some cleavage complexes in
the presence of TFO-CPT(10).

Triplex formation associated with a proximal drug consen-
sus site is necessary for Topo I targeting by TFO-CPT conju-
gates. An important issue to address was then the requirements
for cleavage complex formation in the presence of the TFO-CPT
conjugates. We have previously shown that the linker arm influ-
ences the efficacy of cleavage (3, 7) and that the CPT deriva-
tives must be located on the 3� side of the triplex to induce
cleavage (2). Therefore, here we go further by characterizing
the molecular specificity of the TFO-CPT conjugates: we eval-
uated the respective roles of the TFO and of the CPT deriva-
tive in the targeted cleavage. To answer these questions, we
constructed a series of target duplexes. A 77-bp fragment was
inserted between the EcoRI and BamHI sites of plasmid
pBSK(�/�) as previously described (7). Four duplex sequences
were thus inserted (sequences in Fig. 5): the WT duplex target
and three modified ones. The MUT target duplex contains
three mutated base pairs (in bold) in the triplex site so that the
TFO can no longer bind. The B2 target is modified on the 3�
side of the triplex (in bold) in order to abolish Topo I cleavage
sites b and c. Duplex TID was obtained by inserting at the 3�
end of the triplex an 8-bp sequence encompassing a well-
known CPT cleavage site from the rRNA gene of Tetrahymena
thermophilus characterized by Westergaard and coworkers (1,
25). For all four duplexes, a 324-bp restriction fragment was
32P radiolabeled and incubated in the presence of the conju-
gates and Topo I. After protease treatment, DNA cleavage
products were analyzed by denaturing polyacrylamide gel elec-
trophoresis (Fig. 6).

The first question we addressed was whether a triplex site
is necessary for targeted cleavage. Figure 6 compares Topo I-

FIG. 4. Immunoblot analysis of Topo I-DNA covalent complexes
stabilized by Topo I inhibitor in HeLa cell nuclei. HeLa cell nuclei
(5 � 106) were incubated for 3 h at 37°C in the presence or absence of
compounds (5 �M). The lysates obtained were applied to a CsCl
gradient and centrifuged overnight. Twelve fractions were collected
and analyzed by slot blot assay. Fractions 1 to 4 contained free Topo
I. Topo I/DNA covalent complexes were detected in fractions 8 to 11.
Results are representative of three independent experiments.

FIG. 5. Modified duplexes are derived from duplex WT by mutations (in bold) at the triplex site (MUT) or at cleavage sites b and c, replaced
by either no cleavage site (B2) or by a known Topo I cleavage site, B (TID).
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mediated cleavage in the presence of TFO-CPT conjugates on
the WT and on the MUT targets, differing by the presence of
the triplex site. As expected in the case of the WT duplex,
triplex formation with the TFO-CPT(10) conjugate (lane 4)
strongly enhanced cleavage only at the closest site, b, on the 3�
side of the triplex target, consistent with sequence-specific re-
cruitment of Topo I by triplex formation, as already described
for other types of conjugates, including TFO-CPT(7) (lane 5)
(2, 5–7). Free CPT cleavage sites (lane 3) were completely abol-
ished, i.e., site a 8 bp from the 5� end of the triplex, site c on the
3� side of the triplex site, and sites d, e, and f farther down. On the
mutated 324-mer fragment containing three mutated base pairs
(in bold) inside the triple-helix site (5� GAGACTCAGAAA
AAAA 3�/3� CTCTGAGTCTTTTTTT 5� MUT), the TFO
can no longer bind (data not shown). The 3-bp modification
does not qualitatively affect the Topo I DNA cleavage pattern
in the presence of 5 �M CPT (Fig. 6, compared MUT lane 3
with WT lane 3). However, on the mutated target duplex, the
TFO-CPT conjugates TFO-CPT(10) and TFO-CPT(7) did not

induce Topo I-mediated DNA cleavage at site b (MUT lanes 4
and 5) under conditions in which it produced specific Topo
I-mediated DNA cleavage on the unmodified target duplex
(WT lanes 4 and 5, respectively). As a further control, the
cCPT analog was attached to a hexa(N-methylpyrrole)carbox-
amide that binds as a hairpin in the minor groove to A4/T4

tracts (MGB-cCPT conjugate in Fig. 1B). Its binding site is still
present in the mutated duplex target MUT, and therefore it
induced Topo I-mediated DNA cleavage specifically in the
vicinity of its binding site, sites b and c (lane 6 of MUT). These
results demonstrate that Topo I-mediated DNA cleavage by
the conjugates is based on triplex formation, and when the
triple-helical structure cannot be formed on a mutated target,
no cleavage is observed.

The second question we addressed was whether the pres-
ence of a drug-specific site in the vicinity of the triple helix is
necessary to induce DNA cleavage. Figure 6 compares Topo
I-mediated DNA cleavage in the presence of the TFO-CPT
conjugates on a 324-mer DNA target modified at sites b and c,

FIG. 6. Sequence analysis of the Topo I-mediated cleavage products on the original 324-bp target duplexes (WT), the 324-bp duplex mutated
at the triplex site (MUT), and two 324-bp duplexes mutated at sites b and c (B2 and TID). (A) WT: target duplex (lane 1) and duplex incubated
with Topo I (lane 2) in the presence of 5 �M cCPT (lane 3), 0.5 �M TFO-CPT(10) (lane 4), or 0.5 �M TFO-CPT(7) (lane 5). (B) MUT: duplex
mutated at the triplex site (lane 1) and duplex incubated with Topo I (lane 2) in the presence of 5 �M cCPT (lane 3), 0.5 �M TFO-CPT(10) (lane
4), 0.5 �M TFO-CPT(7) (lane 5), or 1 �M MGB-CPT(10) (lane 6). (C) B2: duplex lacking cleavage sites b and c (lane 3), duplex incubated with
DNase I in the absence (lane 1) or presence of 0.5 �M TFO (lane 2), and duplex incubated with Topo I (lane 4) in the presence of 5 �M cCPT
(lane 5), 0.5 �M TFO-CPT(10) (lanes 6), or 0.5 �M TFO-CPT(7) (lane 7). (D) TID: duplex containing a known CPT cleavage site, B (lane 1),
and duplex incubated with Topo I (lane 2) in the presence of 5 �M cCPT (lane 3) or 7CPT (lane 4), 0.5 �M TFO-CPT(10) (lanes 5), or 0.5 �M
TFO-CPT(7) (lane 6). Adenine/guanine-specific Maxam-Gilbert chemical cleavage reactions were used as markers. The positions of the cleavage
sites are indicated (sites a to f ). The region corresponding to the triplex site is indicated (TH), as is its orientation. nt, nucleotides.
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at 4 bp and 7 bp, respectively, from the triplex 3� end (5� GAG
AGAGAGAAAAAAAGAGTTTTTCT 3�/3� CTCTCTCTC
TTTTTTTCTCAAAAAGT 5� in duplex B2). As expected, this
mutation (in bold) affects the Topo I DNA cleavage profile in
the presence of 5 �M CPT only at sites b and c, which disap-
pear on the mutated target (compare B2 lane 5 to WT lane 3).
The binding of the TFO to its site is not affected, as shown by
DNase I footprinting analysis (compare B2 lane 2 to lane 1).
When this modified duplex was used, in which sites b and c
were no longer present, no site appeared on 324-bp fragment
B2 in the presence of either the TFO-CPT(10) (lane 6) or the
TFO-CPT(7) (lane 7) conjugate. Therefore, the presence of a
poison-inducible cleavage site near the triplex on the 3� side
seems to be another factor necessary for effective Topo I target-
ing. To further characterize this feature, we used a duplex con-
taining, instead of sites b and c, a strong CPT cleavage site (in
bold) 4 bp from the 3� triplex end (distance appropriate for
targeting with the TFO-CPT conjugates studied (2, 7), called site
B (5� GAGAGAGAGAAAAAAACTCCAAGTCT 3�/3� CTC
TCTCTCTTTTTTTGAGGTTCAGA 5�] in duplex TID). This
site was built from a CPT-sensitive site present in the rRNA
gene previously studied by Westergaard and coworkers (1, 25).
The cleavage pattern in the presence of CPT was, compared to

the unmutated target duplex (WT), modified only at the 3� side
of the triplex site, where site B appeared, located 4 bp from the
triplex end (Fig. 6, TID lane 3). The TFO-CPT(10) and TFO-
CPT(7) conjugates directed DNA cleavage specifically at site B
on the 3� side of the triplex (TID lanes 5 and 6), in agreement
with a sequence-specific recruitment of Topo I upon triplex
formation with TFO-drug conjugates. These results confirm
that Topo I cleavage targeting by triplex formation is possible
when an appropriate CPT-inducible site is present near the
triplex 3� end.

In Fig. 7, the intensities of cleavage, measured as described
in Materials and Methods, are reported for each duplex stud-
ied at sites a, b, c, d, and e in the presence of free cCPT (gray
bars) and conjugates TFO-CPT(10) (hatched bars) and MGB-
CPT(10) (black bars), summarizing the results obtained with
the mutated duplexes. TFO-CPT(7) behaves the same as TFO-
CPT(10) (Fig. 6); therefore, it was omitted for simplification of
the figure. Here we demonstrated that the sequence context is
essential: mutations either in the triplex site or in the DNA
duplex receptor are not tolerated. Finally, it is interesting to
see the absence of any CPT-mediated cleavage on the 324-bp
mutated DNA fragments (either MUT or B2) in the presence
of the TFO-CPT conjugates; the targeted cleavage was abol-
ished as well as the other cleavage sites observed with the free
CPT. This is likely due to the polyanionic nature of the TFO-
CPT conjugate, which induces repulsion from the DNA double
helix and prevents any interaction of the CPT with the Topo
I-DNA complex, except for the binding site of the TFO, thus
increasing the specificity of Topo I cleavage. These in vitro
results support our data obtained with cell nuclei (ICE bioas-
say), which showed a decrease in the amount of Topo I/DNA
complexes with the TFO-CPT compared to free CPT.

To further validate the importance of the DNA cleavage
induced by the TFO-CPT conjugate in cells, we used the fact
that if the cleavage sites are mutated, the cleavage activity of
TFO-CPTs is abolished. The B2 duplex target modified at its 3�
end by deleting cleavage sites b and c was inserted into firefly
luciferase vector pGL3Pr to give pB2, which was cotransfected

FIG. 7. Quantification of the intensity of cleavage for each target in
the presence of CPT (gray bars) at 5 �M, conjugate TFO-CPT(10)
(hatched bars) at 0.5 �M, and MGB-CPT(10) (black bars) at 1 �M as
described in Materials and Methods. Four independent experiments
were analyzed. TFO-CPT(7) behaves the same as TFO-CPT(10), and
its data were omitted for simplicity. a.u., arbitrary units.

FIG. 8. Cellular activity of the conjugates on pB2 at 24 h after
transfection. The firefly luciferase construct was introduced with the
control pTK-RL vector in the absence (black bars) or presence of
TFO-NPh2, TFO-CPT(10), or HIV-CPT(10) at 0.05 �M (hatched
bars), 0.1 �M (white bars), or 0.5 �M (dotted bars). The relative
luciferase activity reported is normalized to that of cells in the absence
of oligonucleotides (none). The experiments were run in triplicate and
repeated 3 to 10 times, and the error bars show standard error calcu-
lations. Conditions were the same as in Fig. 2.
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into HeLa cells with the Renilla luciferase vector and the oli-
gonucleotides at different concentrations (Fig. 8). When the
Topo I cleavage site near the 3� end of the triplex site is
deleted, no inhibition is observed in the presence of TFO-
CPT(10), as in the case of the control, TFO-NPh2; both are
unable to stimulate DNA cleavage. So no inhibition of the
luciferase signal is observed when TFO-CPT can no longer
stimulate Topo I-mediated DNA cleavage (Fig. 6C and 7C).

DISCUSSION

Recruitment in vitro of Topo I by a TFO linked to a Topo I
poison can be achieved with CPT derivatives (6, 19). Here we
showed that TFO-CPT conjugates have cellular activity and
induce stable cleavage complexes in cell nuclei. In a transient-
transfection assay, a TFO-CPT directed specifically against a
triplex site situated in the transcribed region of the P. pyralis
luciferase reporter gene was able to inhibit 50% of the lucif-
erase activity at 0.5 �M. By contrast, under the same condi-
tions, the untethered TFO and a nonspecific CPT conjugate
had no effect. On the other hand, if no cleavage site is available
near the triplex end (pB2 construct), no inhibition of the lu-
ciferase activity by the TFO-CPT conjugate is observed, sup-
porting evidence that Topo I-mediated DNA cleavage is nec-
essary. In addition, the conjugate induced the formation of
covalent Topo I/DNA complexes as visualized by the ICE
bioassay. This is the first time that the cellular activity of these
conjugates that induce in vitro sequence-specific DNA cleav-
age by Topo I was measured in cells. This situation differs from
that recently reported with Topo II poisons. In fact, dauno-
mycin-TFO conjugates have been shown to inhibit gene
expression in cells specifically; however, the inhibition is due
to the triplex stabilization effect of the intercalating com-
pound daunomycin and no sequence-specific recruitment of
Topo II and consequent DNA cleavage has been shown
(12). The better behavior for cleavage of the TFO-CPT
conjugates may be explained by the optimized design or by
a better adaptability of Topo I versus Topo II, which is
considerably bigger than Topo I.

Concerning the efficacy of the TFO-CPT conjugate (50%
reduction of the luciferase signal at 0.5 �M), it is comparable
to that found in other studies with luciferase reporter systems
and pyrimidine or purine triplexes (12, 13, 15; see reference 10
for a review).

Moreover, we further defined the activity of the conjugates
and investigated their molecular specificity. By using a series of
mutated target sequences, we showed that cleavage site selec-
tion is clearly due to triple-helix formation with the conjugate
and also to the presence of a pre-existing CPT-sensitive site in
close proximity to the triplex end, where the Topo I poison is
positioned. As represented in Fig. 6, on the original target
(WT), two of the multiple CPT-sensitive sites, b and c, are
present 4 bp and 7 bp, respectively, from the 3� end of the
triplex site. When the triple helix is formed with the 16-mer
TFO-CPT conjugates, cleavage is strongly enhanced at the site
closest to the 3� end of the triplex (site b) and disappears at all
of the other sites. No cleavage is observed on the entire frag-
ment in two situations, (i) when the target is mutated at the
triplex site (MUT) and no triple helix can be formed by the
conjugate (Fig. 6B) and (ii) if CPT-induced cleavage sites are

not present on the 3� side of the triplex (B2) and no recruit-
ment of Topo I-mediated DNA cleavage is possible (Fig. 6C).
Finally, if a strong cleavage site (site B) is created on the 3� side
of the triplex (TID), the triple helix formed with the TFO-CPT
conjugate induces specific cleavage at this site (Fig. 6D).

In summary, binding of the TFO to this DNA site positions
the Topo I poison such that it inhibits the religation of the
Topo I cleavage complex, provided that a Topo I cleavage site
is located at the appropriate position with respect to the triple-
helical structure, as observed here in in vitro and cellular ex-
periments. Therefore, mutations either in the triplex site or in
the DNA duplex receptor are not tolerated; the TFO-CPT
conjugate behaves as a Topo I poison with increased specificity
compared to the free CPT, as supported by our results ob-
tained in vitro and with cells. Indeed, the negatively charged
tail eliminates TFO binding to DNA or DNA/Topo I sites (due
to electrostatic repulsion) except at the site where the TFO
and the CPT simultaneously find an appropriate target se-
quence. These rules complete the panel of requirements for op-
timal triplex-directed CPT activity previously described, which are
that the orientation of the conjugate in the cleavage complex is
important for the cleavage activity (2) and that the length of
the linker arm and the point of attachment on the poison must
be optimized within the conjugate (7).

In conclusion, we are now able to control the design of the
best TFO-CPT conjugate for Topo I-mediated DNA cleavage
recruitment at a specific site. Moreover, we have shown that
the conjugates can function as regulators of gene expression in
cells. It is also important to remember that long infusion times
with CPT are necessary to compensate for the reversibility of
the cleavage complexes to achieve maximal activity and that
the most effective CPT derivatives form the most stable cleav-
age complexes (26). In the case of the TFO conjugates, revers-
ibility is greatly reduced (7). Therefore, in the future, triple-
helix-directed targeting of antitumor-active Topo I poisons,
such as CPT analogs, may be exploited further to improve the
efficacy of chemotherapeutic cancer treatments by reducing
drug toxicity and targeting Topo I-induced cleavage to appro-
priately chosen genes. With the appropriate oligonucleotide
sequence design, genes involved in the tumor-linked processes
can be simultaneously targeted by TFO-drug conjugates.
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