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Topoisomerase I (Top1) is known to relax DNA supercoiling
generated by transcription, replication, and chromatin remod-
eling. However, it can be trapped on DNA as cleavage complexes
(Toplcc) by oxidative and carcinogenic DNA lesions, base dam-
age, and camptothecin treatment. We show here that Topl is
also functionally involved in death receptor-induced pro-
grammed cell death. In cells exposed to TRAIL or Fas ligand,
Toplcc form at the onset of apoptosis. Those apoptotic Toplcc
are prevented by caspase inhibition and Bax inactivation, indi-
cating that both caspases and the mitochondrial death pathway
are required for their formation. Accordingly, direct activation
of the mitochondrial pathway by BH3 mimetic molecules
induces apoptotic Toplcc. We also show that TRAIL-induced
apoptotic Toplcc are preferentially formed by caspase-3-
cleaved Topl1 at sites of oxidative DNA lesions with an average of
one apoptotic Toplcc/100 kbp. Examination of Topl knock-
down cells treated with TRAIL revealed similar DNA fragmen-
tation but a marked decrease in apoptotic nuclear fission with
reduced formation of nuclear bodies. Thus, we propose that
Topl contributes to the full apoptotic responses induced by
TRAIL.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)? is a promising therapeutic agent because it induces
apoptosis in a wide variety of cancer cells without affecting
normal tissues (1, 2). TRAIL belongs to the TNF family of cyto-
kines, including TNFa and Fas ligand, which induce apoptosis
by binding to their cognate plasma membrane receptors (3).
The binding of TRAIL to the DR4 or DR5 receptors and the
binding of Fas ligand to Fas receptor cause the intracellular
death domains of those receptors to trimerize, which leads to
the recruitment of FADD and the activation of caspase-8.
Caspase-8 then cleaves and thereby activates caspase-3 either
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directly (type I cells) or/and indirectly (type II cells) (4) by acti-
vating the mitochondrial death pathway through the cleavage
of Bid (5). Cleaved Bid binds to and activates the pro-apoptotic
Bcl-2 relatives Bax and Bak proteins, causing the release of
mitochondrial cytochrome ¢ and the activation of caspase-9
and caspase-3 (6). Activated caspase-3 (and other downstream
caspases) cleaves a broad array of intracellular targets including
DNA topoisomerase I (Top1) (7). It is also required to induce
the controlled rearrangement and degradation of nuclear struc-
tures with chromatin condensation, DNA fragmentation,
nuclear fission, and release of apoptotic nuclear bodies in the
extracellular space (8). TRAIL-induced apoptosis also involves
an accumulation of intracellular reactive oxygen species (ROS)
9).

Topl removes DNA superhelical tensions generated during
transcription, replication, and chromatin remodeling (10) and
is essential in higher eukaryotes (11). It relaxes DNA by forming
transient DNA single-strand breaks that are produced as Topl
forms a covalent bond between its active site tyrosine (Tyr”>?)
and a 3'-DNA phosphate. These Topl cleavage complexes
(Toplcc) allow controlled rotation of the broken DNA around
the intact strand (10). Immediately after DNA relaxation, Top1
religates the break in the absence of added cofactor, such as
ATP. Under normal conditions, the Toplcc are constitutively
transient and almost undetectable because the DNA religation
(closing) step is much faster than the DNA cleavage (nicking)
step. The rapid resealing of Toplcc is inhibited by many com-
mon DNA base alterations (oxidation, alkylation, base mis-
match, base loss), carcinogenic DNA adducts, and DNA back-
bone nicks (12). Toplcc can also be trapped with exquisite
selectivity by camptothecin (CPT), a plant alkaloid (13) whose
semi-synthetic derivatives topotecan and irinotecan are used to
treat human cancers (14).

Toplcc have also been detected in cells undergoing apopto-
sis in response to a wide range of stimuli, including arsenic
trioxide (15), staurosporine (16), tubulin and topoisomerase 11
(Top2) inhibitors (17, 18), TNFa (17), and UV-C radiation (19).
In the present study, we demonstrated that apoptotic Toplcc
also form in response to the physiological ligands TRAIL and
Fas. We also investigated the mechanism of their production
and provide evidence for their functional relevance during
TRAIL-induced apoptosis.

EXPERIMENTAL PROCEDURES

Cells, Drugs, and Chemical Reagents—The human leukemia
(Jurkat) and colon carcinoma (HCT116) cell lines (American
Type Culture Collection, Manassas, VA) were cultured as
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described (16). HCT116 cells of each genotype (Bax™'~,
Bax /7, p53"/", and p53~’ ") (20, 21) were kind gifts from Dr.
Bert Vogelstein (John Hopkins Oncology Center, Baltimore,
MD). Recombinant human soluble TRAIL (KillerTRAIL™)
was obtained from Alexis (Axxora, San Diego, CA), and agonis-
tic anti-Fas receptor antibody (clone CH11) was from Upstate
Biotechnology (Lake Placid, NY). Etoposide, antimycin A, and
N-acetyl-L-cysteine (NAC) were obtained from Sigma. CPT
was obtained from the Drug Synthesis and Chemistry Branch,
Division of Cancer Treatment, NCI, National Institutes of Health.
BH3I-2' was purchased from Calbiochem (EMD Biosciences, La
Jolla, CA), and the caspase peptide inhibitor benzyloxycarbonyl-
Val-Ala-dl-Asp(OMe)-fluoromethylketone (Z-VAD-fmk) was
from Bachem (Torrance, CA).

Detection of Cellular Topoisomerase Cleavage Complexes—
Topoisomerase cleavage complexes were detected using the in
vivo complex of enzyme bioassay as described (22). Briefly, the
cells were lysed in 1% Sarkosyl and homogenized. The cell
lysates were centrifuged on cesium chloride step gradients at
165,000 X g for 20 h at 20 °C. Twenty 0.5-ml fractions were
collected and diluted (v/v) into 25 mm potassium phosphate
buffer, pH 6.6. The DNA-containing fractions (fractions 7-11)
were pooled (except in Fig. 14) and applied to polyvinylidene
difluoride membranes (Immobilon-P, Millipore, MA) using a
slot blot vacuum manifold. Topoisomerase cleavage complexes
were detected by immunoblotting using the C21 Topl mouse
monoclonal antibody (1:1,000 dilution) (a kind gift from Dr.
Yung-Chi Cheng, Yale University, New Haven, CT) or a Top2«
mouse monoclonal antibody (clone Ki-S1, 1:1,000 dilution)
from Chemicon International (Temecula, CA).

To identify the covalent DNA binding of the 80-kDa cleaved
form of Top1 (see Fig. 4D, bottom panel), the DNA-containing
fractions isolated as described above were precipitated with iso-
propanol (v/v) following addition of 0.5 M ammonium and a
10-min incubation at —20 °C. After centrifugation (10,000 X g,
15 min, 4°C), the pellets (DNA-protein complexes) were
washed with 70% ethanol. Following resuspension in 5 mm
CaCl, buffer containing protease inhibitors (Complete; Roche
Applied Science), the DNA was digested with 50 units of DNase
I for 30 min at room temperature. The reactions were stopped
by the addition of loading buffer (v/v) (125 mm Tris-HCI, pH
6.8, 10% B-mercaptoethanol, 4.6% SDS, 20% glycerol, and
0.003% bromphenol blue), boiled, and applied to 8% SDS-PAGE
gels. Top1 was detected by immunoblotting with the C21 Top1
monoclonal antibody.

Western Blotting—W estern blotting analyses on whole cell
extracts were performed as described (16) using the C21 Topl
monoclonal antibody (1:1,000 dilution), the poly(ADP-ribose)-
polymerase (PARP) polyclonal antibody (1:5,000 dilution)
(Roche Applied Science), the y-H2AX monoclonal antibody
(1:2,000 dilution) (Upstate Biotechnology), and the tubulin
monoclonal antibody (1:5,000 dilution) (clone Ab-4; NeoMar-
kers, Fremont, CA).

Identification of Apoptosis—Global DNA fragmentation was
quantified by filter elution assay as described (23) and expressed
as a percentage of fragmented DNA relative to total DNA. Oli-
gonucleosomal DNA fragmentation was visualized by agarose
gel electrophoresis using the quick apoptotic ladder kit from
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Biovision (Mountain View, CA). For sub-G; analysis, DNA
content was assessed by staining ethanol-fixed cells with pro-
pidium iodide and monitoring by FACScan (BD Biosciences,
San Jose, CA). The number of cells with sub-G; DNA content
was determined with the CellQuest program (BD Biosciences).
For electron microscopy, the cells were fixed in 0.1 M cacodylate
buffer (pH 7.4) containing 2% glutaraldehyde and post-fixed in
1% osmium in same buffer. Then the cells were stained with
0.5% uranyl acetate, dehydrated in graded ethanol and propyl-
ene oxide, and infiltrated in equal volume of epoxy resin and
propylene oxide overnight. The sample was embedded in epoxy
resin and cured in 55 °C oven for 48 h. The cured block was thin
sectioned and stained in uranyl acetate and lead citrate and
examined by electron microscopy (Hitachi H700 microscope,
Tokyo, Japan). Caspase activities were measured as described
(18) using the fluorogenic peptide substrate Z-DEVD-AFC
(caspase-3) and Z-IETD-AFC (caspase-8) from Calbiochem.

Confocal Microscopy Analyses of 8-Oxoguanine— After cyto-
spin, Jurkat cells were fixed with 2% paraformaldehyde for 20
min and post-fixed/permeabilized with ice-cold 70% ethanol
for 20 min. The cells were incubated with 5% bovine serum
albumin for 1 h to block nonspecific binding before incubation
with both mouse anti-8-oxoguanine (clone 483.15; Chemicon
International) (1:250 dilution) and rabbit antihuman Topl
antibodies (raised against the 68-kDa C-terminal Topl frag-
ment; local source) (1:500 dilution) for 1.5 h. After washes, the
cells were incubated with fluorescent secondary antibodies
(Alexa-488 and Alexa-568; Molecular Probes, Eugene, OR) for
45 min. The slides were mounted using Vectashield mounting
liquid (Vector Labs, Burlingame, CA), and fluorescences were
visualized using a Nikon Eclipse TE-300 confocal laser micro-
scope. Quantification of fluorescence intensity was determined
using Adobe Photoshop 7.0 software and expressed as relative
fluorescence intensity/cell.

Topl Silencing by RNA Interference—Topl expression was
stably down-regulated in HCT116 cells by the transfection of
U6 promoter-driven DNA vectors stably expressing small
interfering RNA (siRNA) hairpins targeting human Topl
(HCT1165"°PY; cDNA sequence: 5-CTT GAC AGC CAA
GGT ATT C-3') or a negative control sequence (HCT1165“";
c¢DNA sequence, 5'-GCG TCC TTT CCA CAA GAT A-3') as
described (24). For transient down-regulation of Top1 expres-
sion, the cells were transfected with an siRNA duplex (Qiagen)
against the sequence GGA CTC CAT CAG ATA CTA T from
the Topl mRNA. Transfections were performed using Lipo-
fectamine™ 2000 (Invitrogen) according to the manufactur-
er’s protocol. A negative control siRNA duplex from Qiagen
(target DNA sequence: TTC TCC GAA CGT GTC ACG T) was
used. The Top1 knock-down experiments were carried out 72 h
after transfection.

RESULTS

TRAIL and Fas Induce Apoptotic Toplcc—Trapped Toplcc
can be detected in genomic DNA after cesium chloride gradient
centrifugation and immunoblotting with Top1l antibody (16).
In human leukemia Jurkat cells exposed to TRAIL or to an
agonistic anti-Fas antibody (anti-Fas Ab) that mimics Fas
ligand, we detected high levels of Toplcc (Fig. 1A). By contrast,
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FIGURE 1. TRAIL and Fas induce apoptotic Top1cc. A, TRAIL (0.1 ng/ml, 48 h) and anti-Fas Ab (0.1 ng/ml, 48 h)
induce Top1cc but fail to form Top2cc in Jurkat cells. CPT (1 um, 1 h) and etoposide (100 um, 1 h) were used as
positive controls for Top1cc and Top2cc, respectively. The DNA-containing fractions were probed by immu-
noblotting with antibodies against Top1 and Top2« as indicated. B and C, the kinetics of formation of Top1cc
parallel TRAIL- and Fas-induced DNA fragmentation. Jurkat cells were treated with 0.1 ug/ml TRAIL (B) or 0.1
ng/ml anti-Fas Ab (C) for the indicated times. Top panels, apoptotic DNA fragmentation (means = S.D. of
triplicate samples). Bottom panels, detection of Top1cc. The DNA-containing fractions were pooled and probed
at three concentrations (10, 3, and 1 ug) with an antibody against Top1. D and E, the pan-caspase inhibitor
Z-VAD-fmk inhibits TRAIL- and Fas-induced apoptotic Top1cc. Jurkat cells were treated with Z-VAD-fmk (100
M, 30 min) before the addition of anti-Fas Ab (0.1 wg/ml) or TRAIL (0.1 wg/ml) for 6 h. D, top panel, apoptotic
DNA fragmentation (means = S.D. of triplicate samples). Bottom panel, detection of Top1cc as for Band C. E, top
panel, [ETD-AFC, (caspase-8 (Csp-8), gray bars) and DEVD-AFC (caspase-3 (Csp-3), black bars) peptide cleavage
activity (means = S.D. of triplicate samples). Bottom panel, whole cell extracts were examined for PARP cleav-
age by Western blotting. Molecular mass of PARP polypeptide and its cleaved product (CL) is indicated at right.
F, TRAIL induces apoptotic Top1ccindependently of p53. HCT116 cells of each genotype (p53*/* and p53 /")
were treated with 0.1 wg/ml TRAIL for the indicated times. Top panel, percentages of cells with apoptotic
sub-G, DNA (means = S.D. of triplicate samples). Bottom panel, detection of Top1cc as for Band C.
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FIGURE 2. Activation of the mitochondrial pathway is required for the induc-
tion of apoptotic Top1cc by TRAIL. A, HCT116 cells of each genotype (Bax ™/~
and Bax /") were treated with 0.1 ug/ml TRAIL for the indicated times. Top panel,
percentages of cells with apoptotic sub-G, DNA (means = S.D. of triplicate sam-
ples). Bottom panel, detection of Toplcc. The DNA-containing fractions were
pooled and probed at three concentrations (10, 3, and 1 ug) with an antibody
against Top1.Band C, antimycin A (10 um) and BH3I-2' (30 um) induce apoptotic
Toplccin Jurkat cells. Top panels, apoptotic DNA fragmentation (means = S.D. of
triplicate samples). Bottom panels, detection of Top1cc as for A.

topoisomerase Il cleavage complexes (Top2acc) were not
detectable under conditions where etoposide (positive control)
produced a clear signal (Fig. 1A). Similarly, Top2Bcc were not
induced by TRAIL (data not shown). Those experiments indi-
cate that the binding of TRAIL and anti-Fas Ab to their plasma
membrane receptors DR4/DR5 and Fas, respectively (3), effec-
tively induce the formation of Toplcc.

23202 JOURNAL OF BIOLOGICAL CHEMISTRY

TRAIL and anti-Fas Ab would
prevent the formation of Toplcc.
Pretreatment of cells with the pan-
caspase inhibitor = Z-VAD-fmk
inhibited TRAIL- and anti-Fas Ab-
induced apoptosis, as well as the for-
mation of Toplcc (Fig. 1D). As
expected, Z-VAD-fmk also inhib-
ited the activities of caspases 8 and 3
and the cleavage of PARP (Fig. 1E).

Because the formation of apop-
totic Toplcc by UV-C radiation
and colcemid was recently re-
ported to involve p53 (17), we
examined Toplcc in p53~/~ HCT116 cells exposed to
TRAIL. We found that pS3*/* and p53~'~ HCT116 cells
both displayed similar induction of Toplcc in response to
TRAIL (Fig. 1F, bottom panel). Both cell lines also exhibited
similar apoptotic response to TRAIL (Fig. 1F, top panel),
which further demonstrates that TRAIL-induced apoptosis
is p53-independent (25). Collectively, our experiments dem-
onstrate a close association between the formation of
Toplcc and the induction of p53-independent apoptosis in
cells exposed to TRAIL.

TRAIL-induced TopIcc Require Activation of the Mitochon-
drial Death Pathway—In most cancer cells, TRAIL induces
apoptosis by increasing the permeability of mitochondrial
membranes (3). Schematically, the proapoptotic Bax protein
induces the formation of mitochondrial pores in the outer
membrane by antagonizing the antiapoptotic Bcl-xL protein.
Because the loss of Bax has been shown to protect HCT116 cells
against TRAIL-induced apoptosis (25), we examined the for-
mation of Toplcc in Bax™'~ and Bax~ '~ HCT116 cells (21).
Fig. 2A shows that Bax ™/~ cells failed to induce Toplcc (bottom
panel). They were also defective in apoptosis (top panel). These
experiments demonstrate that Bax plays a key role in TRAIL-
induced apoptotic Toplcc.
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FIGURE 3. Relationship between oxidative DNA lesions and Top1ccin cell
treated with TRAIL. A and B, Jurkat cells were preincubated for 30 min with
Z-VAD-fmk (100 um) or NAC (30 mm) before the addition of 0.1 wg/ml TRAIL
for 6 h. A, confocal microscopy analysis of 8-oxoguanine (green) and Top1
(red). B, quantification of 8-oxoguanine fluorescence/cell (means = S.D. of
100 cells). *** denotes statistically significant difference from TRAIL-treated
cells (p < 0.001; unpaired t test). C, detection of Top1cc in Jurkat cells prein-
cubated with 30 mm NAC for 30 min before the addition of anti-Fas Ab (0.1
ng/ml) or TRAIL (0.1 mg/ml) for 6 h. The DNA-containing fractions were
pooled and probed at three concentrations (10, 3,and 1 ng) with an antibody
against Top1.

Next, we investigated whether direct activation of the apo-
ptotic mitochondrial pathway (26) was sufficient to induce apo-
ptotic Toplcc. Both the Bcl-2 homology domain 3 (BH3)
mimetics antimycin A (27) (Fig. 2B) and BH3I-2' (28) (Fig. 2C),
which bind to and inhibit Bcl-xL, led to the induction of apo-
ptotic Toplcc. Altogether, our results indicate a pivotal role of
the mitochondrial death pathway for the induction of apoptotic
Toplcc by TRAIL.

TRAIL-induced Apoptotic TopIcc Are Linked to the Genera-
tion of Oxidative DNA Lesions—Because Toplcc are readily
induced by oxidative base damages (e.g 8-oxoguanine
(8-0x0@G)), DNA strand breaks, and ROS (12, 29, 30), we
searched for the presence of 8-0x0G in TRAIL-treated cells (9).
Immunofluorescence confocal microscopy (Fig. 3, A and B)
showed 8-0x0G nuclear staining in TRAIL-treated cells, indic-
ative of TRAIL-induced oxidative damage (3, 31, 32). More-
over, caspases inhibition by Z-VAD-fmk (Fig. 1E) prevented
TRAIL-induced 8-0x0G (Fig. 3, A and B), which is in agreement
with recent studies showing ROS production by caspase activa-
tion (33, 34). Our results and these publications suggest that
TRAIL-induced caspase activation leads to the generation of
oxidative DNA lesions and apoptotic Toplcc.

To further demonstrate that TRAIL-induced apoptotic
Toplcc were related to oxidative DNA lesions, we tested the
effect of the potent antioxidant N-acetyl-L-cysteine (NAC). Fig.
3 shows that quenching ROS with NAC prevented both TRAIL-
induced 8-o0x0G (Fig. 3, A and B) and Toplcc (Fig. 3C).

Fas-induced apoptosis has also been associated with the
intracellular accumulation of ROS (35) and with the generation
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FIGURE 4. The caspase-3-cleaved Top1 catalytic polypeptide preferen-
tially forms the apoptotic Top1cc induced by TRAIL. A, schematic repre-
sentation of caspase-3-induced cleavage of Top1. Caspase-3 cleaves the 100-
kDa native Top1 polypeptide after aspartate residue 146 (indicated by the
arrowhead), and generates an 80-kDa C-terminal fragment (80") that still
possesses one of the two nuclear localization signals (NLS) and the active site
tyrosine (Tyr’%3, Y723) of the enzyme. B, time course of apoptotic Top1 cleav-
age and Top1lcc in response to TRAIL. HCT116 cells were treated with 0.1
ng/mlTRAIL for the indicated times. Top panel, whole cell extracts were exam-
ined for caspase-mediated cleavage of Top1 by Western blotting. Molecular
mass of Top1 polypeptide and its cleaved product (CL) are indicated at right.
Bottom panel, detection of Toplcc. The DNA-containing fractions were
pooled and probed at three concentrations (10, 3,and 1 ng) with an antibody
against Top1. C, PARP is completely processed in response to TRAIL. HCT116
cells were treated with 0.1 ng/ml TRAIL for the indicated times. Whole cell
extracts were examined for caspase-mediated cleavage of PARP by Western
blotting. Molecular mass of PARP polypeptide and its cleaved product (CL) are
indicated at right. D, the Top1 cleavage fragment is preferentially involved in
the apoptotic TopTcc. HCT116 cells were treated with 0.1 wg/ml TRAIL for
18 h. Western blotting analyses of Top1 in whole cell extracts (top panel) and
in the DNA-containing fractions isolated from CsCl gradient centrifugation
(bottom panel) (see “Experimental Procedures”). E, quantification of the data
shown in panel D. The 100-kDa native Top1 (100) is shown in gray, and the
80-kDa cleaved Top1 (80<") is shown in black. Similar results were obtained
following a 4-h TRAIL exposure (data not shown).

of oxidative DNA lesions (36). Accordingly, NAC prevented the
induction of Toplcc by anti-Fas Ab (Fig. 3C). Altogether, our
findings indicate that both caspase activation and oxidative
DNA damage are involved in the production of apoptotic
Toplcc induced by death receptor activation.

Caspase-3-cleaved Top1 Is Preferentially Associated with the
Apoptotic Toplcc Induced by TRAIL—We next investigated
whether modifications of Top1 itself might also contribute to
the formation of apoptotic Toplcc induced by TRAIL. The
100-kDa native Topl protein is indeed a known substrate of
caspase-3 (7). Caspase-3 cleaves Topl after aspartate residue
146 and generates an 80-kDa C-terminal fragment (Fig. 4A)
that remains capable of forming Toplcc (7, 37) and still pos-
sesses one functional nuclear localization signal (38) (Fig. 4A4).

Fig. 4B (upper panel) shows that TRAIL induced the appear-
ance of the proteolytic Top1 form (80°") (7). Compared with
the other caspase substrate, PARP (Fig. 4C), Topl cleavage
remained incomplete (Fig. 4B, upper panel) (7). This partial
cleavage of Topl coincided with the generation of apoptotic
Toplcc in response to TRAIL (Fig. 4B, lower panel).

We next investigated which of the two forms of Topl, the
100-kDa native Topl or the 80-kDa caspase-processed Topl,
formed the apoptotic Toplcc. To address this question,
TRAIL-induced Toplcc were isolated from the DNA-contain-
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FIGURE 5. Quantification of the apoptotic Top1cc induced by TRAIL.
A, HCT116 cells were treated with 0.1 wg/ml TRAIL for 4 h. Top1cc were quan-
titated by pooling the DNA-containing fractions and probing with an anti-
body against Top1. The pools containing 10 ug of DNA were assayed by
sequential 2-fold dilutions. HCT116 cells treated by CPT (0.5 um, 1 h), for which
the number of Top1cc/cell has been determined (39), were used to determine
the genomic frequency of apoptotic Toplcc. B, quantification of the data
shown in A. The curves displaying the levels of Top1cc as a function of the
dilution of the samples show a 7.4-fold increased of Top1ccinduced by TRAIL
as compared with CPT (0.5 um). C, table expressing the amount of rad equiv-
alent (Rad-eq) Toplcc, and the number of Toplcc per cell and per bp in
response to TRAIL. ¢, CPT (0.5 um, 1 h) induces 573 rad equivalent Top1cc in
HCT116 cells (39), and 1 rad equivalent Top1cc corresponds to ~1 Toplcc/
0.9 X 10° nucleotides (64). The values for the TRAIL-treated cells were
obtained by multiplying by 7.4 (see B) those of the standard CPT.
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ing cesium chloride fractions. Following DNA digestion with
DNase I, Western blotting was performed to determine the
molecular mass of the Topl molecules involved in the TRAIL-
induced Toplcc. Approximately 90% of the Toplcc consisted
of the truncated 80-kDa Top1 fragment (Fig. 4, D, bottom panel,
and E). By contrast, the 80-kDa Topl form corresponded to
only ~40% of total Topl in whole cell extracts (Fig. 4, D, top
panel, and E). These experiments demonstrate that the apopto-
tic Toplcc generated during TRAIL-induced apoptosis corre-
spond primarily to the 80-kDa C-terminal fragment of Topl
generated by caspase-3.

Functional Relevance of TRAIL-induced Apoptotic Toplcc—
First, to determine whether apoptotic Toplcc could directly
contribute to the apoptotic DNA fragmentation, we deter-
mined the frequency of TRAIL-induced Toplcc. Using CPT as
a calibrator (39), we estimated that TRAIL induced approxi-
mately one Toplcc/100 kbp in cells treated with TRAIL for 4 h
(Fig. 5). That number scores relatively low compared with the
observed DNA double-strand break frequency produced by
apoptotic endonucleases (8) (Fig. 6, G and H). Thus, it is
unlikely that apoptotic Toplcc contribute to the direct break-
down of genomic DNA.

To address more directly the functional role of the apoptotic
Toplcc, we wished to examine the impact of Topl down-reg-
ulation on TRAIL-induced apoptosis. However, the lethality of
knocking out Top1 in higher eukaryotes (11) precluded such an
approach. Thus, we took advantage of HCT116 cells stably
expressing siRNA targeting human Topl (HCT116%°PY),
which expressed low levels of Topl as compared with cells
expressing siRNA control sequence (HCT1165“"") (Fig. 6A)
(24). Then we compared the apoptotic response of such
HCT116°7°P! cells with that of HCT1165“*" cells using flow
cytometry. Typically, apoptotic cells are comprised in the
sub-G; fraction as they release apoptotic nuclear bodies. Fig. 6
(B and C) shows that Topl down-regulation significantly
reduced the number of nuclei with sub-G, DNA content at the
three concentrations of TRAIL tested, whereas the siRNA con-
trol cells remained sensitive to TRAIL. Similar results were
obtained after transient transfections of siRNA duplex against
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Topl (siRNA-Topl) versus control sequence (siRNA-Ctrl) in
HCT116 cells (Fig. 6, D-F).

We then tested whether Topl down-regulation affected
TRAIL-induced oligonucleosomal DNA fragmentation or glo-
bal DNA fragmentation. Fig. 6 (G and H) shows that this was
not the case. Accordingly, phosphorylation of histone H2AX at
Ser'®® (y-H2AX), a landmark marker for DNA double-strand
breaks (40), was similar in siRNA-Topl and siRNA-Ctrl cells
(Fig. 6I). These results indicate that Topl acts independently
from the apoptotic endonucleases in promoting apoptotic
bodies.

To further characterize how Top1 affected the formation of
apoptotic nuclear bodies (see Fig. 6, B, C, E, and F), we per-
formed electron microscopy analyses in TRAIL-treated siRNA-
Topl and siRNA-Ctrl cells. Representative examples of those
analyses are shown in Fig. 7. Comparison of panels A (siRNA-
Ctrl) and B (siRNA-Topl) suggests a yet undescribed role of
Topl in promoting apoptotic nuclear rearrangements. Indeed,
nuclei remained bigger with less apoptotic nuclear bodies in the
Topl-deficient cells than in the Top1-proficient cells (Fig. 7). In
the Topl-deficient cells (Fig. 7B), chromatin formed a con-
densed area in close contact with long segments of the inner
nuclear envelope. At those sites, the two layers of the nuclear
envelope tended to separate, resulting in nuclear envelope dis-
tension (see asterisks in Fig. 7B). Such alterations, which con-
cerned 44% * 6 (means * S.E.) of siRNA Top1 cells exposed to
TRAIL (Fig. 7B), were not observed in the siRNA control cells
(Fig. 7A). Indeed, the siRNA control cells formed well defined
apoptotic bodies surrounded by plasma membrane, and chro-
matin was condensed at the center of well defined micronuclei
(Fig. 7A).

Altogether, the Topl down-regulation experiments suggest a
role for Topl in nuclear apoptosis, independent of apoptotic
DNA fragmentation. Topl appears to promote nuclear fission
leading to the release of apoptotic bodies surrounded by plasma
membrane.

DISCUSSION

The formation of Toplcc in apoptotic cells has been previ-
ously reported in response to cytotoxic drugs (15-18, 41, 42) as
well as TNFa (17) and UV-C (19). It has been proposed that
these Toplcc contribute to DNA fragmentation (15, 16) and
histone release (41) during apoptosis. In the present study, we
demonstrate for the first time that apoptotic Toplcc are
induced by the endogenous ligands, TRAIL and Fas, down-
stream from mitochondrial activation and elevated ROS pro-
duction. We also show that the apoptotic Toplcc induced by
death receptor engagement preferentially consist of the
caspase-3-cleaved Top1 fragment. Finally, our data provide evi-
dence for a novel and unexpected function of Top1 in promot-
ing nuclear fission and the release of apoptotic bodies, which
are essential steps for the recognition and elimination of apo-
ptotic cells by neighboring cells.

The Death Receptor Ligands TRAIL and Fas Induce Apoptotic
TopIcc—This study demonstrates the formation of Toplcc by
TRAIL and Fas ligand, two physiological cytokines that induce
apoptosis by binding to their plasma membrane receptors DR4/
DR5 and Fas, respectively (3). We have proposed to refer to
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FIGURE 6. Apoptotic Top1cc are involved in TRAIL-induced apoptotic nuclear modifications. A-C, Top1
was silenced in HCT116 cells using U6 promoter-driven DNA vectors stably expressing siRNA hairpins targeting
human Top1 (HCT116°™P") or a negative control sequence (HCT116°“"). A, Top1 expression was examined by
Western blotting. Tubulin was used as a loading control. B, cells were treated with 0.1 wg/ml TRAIL for 18 h.
Apoptotic sub-G, DNA contents are indicated by the brackets. C, percentage of cells with sub-G; DNA (means =
S.D. of three independent experiments). The cells were treated with the indicated concentration of TRAIL for
18 h. Asterisks denote statistically significant difference from the TRAIL-treated HCT1165" cells (¥, p < 0.05;
** p < 0.01;***, p < 0.001; unpaired t test). D-I, HCT116 cells were transiently transfected with a duplex siRNA
against Top1 (siRNA-Top1) or a negative control sequence (siRNA-Ctrl). D, Top1 expression was examined by
Western blotting. Tubulin was used as a loading control. E, cells were treated with 0.1 wg/ml TRAIL for 3.5 h.
Apoptotic sub-G; DNA contents are indicated by the brackets. F, percentage of cells with sub-G, DNA (means =+
S.D. of four independent experiments). The cells were treated as in E. ** denotes statistically significant differ-
ence from the TRAIL-treated siRNA-Ctrl cells (p < 0.01; unpaired t test). G and H, cells were treated with 0.1
ng/ml TRAIL for the indicated times and DNA fragmentation was visualized by agarose gel electrophoresis (G)
and quantified by filter elution assay (H). I, Western blotting analysis of Top1 and y-H2AX in cells treated with
0.01 png/ml TRAIL for the indicated times.

TNFa (17), and UV-C radiation
(19). Apoptotic Toplcc have also
been reported in the parasite Leish-
mania donovani (42).

Although Top2 has been re-
ported to participate in chromatin
condensation (44) and in the exci-
sion of DNA loops (45) during apo-
ptosis, we did not detect Top2acc
(Fig. 1A) or Top2Bcc (data not
shown) in apoptotic cells following
exposure to TRAIL and anti-Fas Ab.
Apoptotic Toplcc also formed in
the absence of detectable Top2cc in
prior studies with arsenic trioxide
(15) or vinblastine (18). It is conceiv-
able that the catalytic activity of
Top2, rather than its stabilization
on DNA as Top2cc, contributes to
chromatin fragmentation. How-
ever, we cannot rule out the possi-
bility that the levels of Top2cc
formed during apoptosis are below
the threshold of detection of our
assays.

TRAIL-induced Apoptotic Toplcc
Are Likely the Consequence of Oxi-
dative  DNA Lesions—Here, we
show that oxidative DNA lesions
(8-0x0G) are produced during
TRAIL-induced apoptosis (Fig. 3, A
and B) as a result of ROS production
(9). Considering that oxidative
DNA lesions are known to trap
Toplcc (29, 30) and that quenching
of ROS, which prevented TRAIL-in-
duced 8-0xo0G (Fig. 3, A and B), also
prevented Toplcc (Fig. 3C), we pro-
pose that TRAIL-induced Toplcc
form at sites of oxidative DNA
lesions (Fig. 8). Besides oxidized
nucleobases, it is possible that the
DNA breaks produced by ROS and
apoptotic nucleases (8) also contrib-
ute to the apoptotic Toplcc because
Topl can be directly trapped by

these Toplcc as apoptotic Toplcc (15, 16, 18, 43) for the fol-
lowing reasons. First, they occur in the early phase of apoptosis
and persist throughout the apoptotic process (Fig. 1, B and C).
Second, inactivation of the apoptotic pathways by caspase inhi-
bition (Fig. 1D) or by Bax inactivation (Fig. 2A) prevents the
formation of Toplcc. Third, down-regulation of Topl
decreases the formation of apoptotic nuclear bodies (Figs. 6 and
7), and fourth, the formation of Toplcc appears to represent a
general and conserved process during apoptosis. Indeed,
besides TRAIL and Fas ligand (present study), Toplcc also
form in apoptotic human cells in response to arsenic trioxide
(15), staurosporine (16), tubulin and Top2 inhibitors (17, 18),
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DNA breaks (46). The ROS-dependent formation of oxidative
DNA lesions appears to represent a common mechanism for
the trapping of Toplcc during apoptosis as such a mechanism is
also involved in response to arsenic trioxide (15), staurosporine
(16), and etoposide (18). Recently, Sen et al. (42) reported the
conservation of the ROS mechanism in L. donovani.

Caspases have been involved in the generation of ROS (33,
34). Our study showing that caspase inhibition prevents
TRAIL-induced oxidative DNA lesions (Fig. 3, A and B) and
Toplcc (Fig. 1D) is consistent with the possibility that caspases
serve, at least in part, to generate the ROS that lead to apoptotic
Toplcc (Fig. 8).
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FIGURE 7. Nuclear morphology of Top1-deficient cells in response to TRAIL. Electron microcopy analysis of
HCT116 cells transiently transfected with a duplex siRNA against Top1 (siRNA-Top1) (B) or a negative control
sequence (siRNA-Ctrl) (A) before treatment with 0.1 wg/ml TRAIL for 2.5 h. A, TRAIL-treated siRNA-Ctrl cells
show typical apoptotic features including cell shrinkage, highly condensed chromatin, numerous vesicles in
the cytoplasm, and apoptotic bodies in the extracellular space. B, in TRAIL-treated siRNA-Top1 cells, chromatin
is condensed mostly around the envelope of lobulated or fragmented nuclei and much less apoptotic bodies
are observed. Condensed chromatin areas are in close contact with the inner nuclear envelope and are asso-
ciated with nuclear envelope blebbing. The double arrows indicate inner and outer nuclear membranes. An
asterisk indicates nuclear envelope blebbing in Top1-deficient TRAIL-treated cells. Nu, nucleus; Cy, cytoplasm.

Caspase-3-cleaved Topl Is Preferentially Involved in the
Apoptotic Toplcc Induced by TRAIL—Our study indicates that
TRAIL-induced Toplcc consist preferentially in the 80-kDa
C-terminal fragment of Topl generated by caspase-3 (Figs. 4
and 8). It remains to be determined whether caspase-mediated
cleavage of Top1 precedes Toplcc formation or whether Topl
is cleaved after Toplcc formation by the 100-kDa form, i.e.
whether caspase-mediated cleavage of Topl contributes to or
results from Toplcc formation. Prior studies have shown that
cleavage of Topl to the 80-kDa form does not prevent its
nuclear localization (38) and that 80-kDa Topl1 retains its abil-
ity to form Toplccin cells exposed to camptothecin (7). In vitro
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experiments have further demon-
strated that truncated 68-kDa
C-terminal recombinant Topl is
still catalytically active (37).

Although the N-terminal domain
of Top1 is dispensable for Top1 cat-
alytic activity (37), it binds to the E3
ubiquitin ligase Topors (47). Topl
ubiquitination and subsequent deg-
radation by the 26 S proteasome
(48) have been suggested as an early
step in the repair of Toplcc prior to
tyrosyl-DNA phosphodiesterase
(Tdpl) action (49). PARP-1 also
binds to the N-terminal of Top1 and
facilitates the religation of Toplcc
(50). It is therefore plausible that the
caspase-3-dependent cleavage of
Topl serves to prevent the repair of
Toplcc during apoptosis.

The cleavage of Topl may also
affect other cellular functions
because the N-terminal domain of
Topl binds to proteins involved in
the splicing of RNA (SF2/ASF (51))
and in the subnuclear localization of
Topl (nucleolin (52), SUMO-1 E2
enzyme UBC9 (53)) (for review, see
Ref. 54).

Functional Involvement of TopIcc
in TRAIL-induced Apoptosis—Our
present study demonstrates the
importance of Topl1 for the apopto-
tic response. Indeed, knocking
down Topl by siRNA decreased
TRAIL-induced nuclear fission and
the release of apoptotic nuclear
bodies (Figs. 6 and 7). The role of
Topl in promoting those nuclear
events appears to represent a gen-
eral phenomenon during apoptosis
because siRNA-mediated Topl
down-regulation also reduces apo-
ptosis-associated DNA content loss
(sub-G,) in response to arsenic tri-
oxide (15) and staurosporine (16). In
addition, we found that Topl down-regulation by siRNA had
no detectable effect on apoptosis-associated DNA fragmenta-
tion in response to TRAIL (Fig. 6, G and H), suggesting that
Topl acts independently of apoptotic endonucleases in pro-
moting apoptotic bodies. Prior studies have suggested that
Top1 could also participate in DNA fragmentation based on the
lack of oligonucleosomal and global DNA fragmentation in
Topl-deficient cells (P388/CPT45) exposed to arsenic trioxide
(15) and staurosporine (16). However, these results should be
interpreted with caution, because P388/CPT45 cells were
selected by continuous exposure to camptothecin (55), and
other molecular changes within the apoptotic pathway may
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FIGURE 8. Proposed molecular pathways for the induction of apoptotic
Top1ccby TRAIL. The binding of TRAIL to its DR4 and DR5 receptors activates
the Bax-dependent mitochondrial death pathway, causing caspase-3 activa-
tion, and accumulation of ROS. The mitochondrial pathway can be activated
directly by the BH3 mimetics antimycin A and BH3I-2". Activated caspase-3
cleaves Top1 and generates ROS, which produce oxidative DNA lesions (8-ox-
oguanine, abasic sites, and strand breaks). Caspase-cleaved Top1 binds at the
proximity of oxidative DNA lesions by forming apoptotic Top1lcc (suicide
complexes). Those complexes participate in apoptotic-related nuclear mod-
ifications including nuclear fission and the release of nuclear bodies in the
extracellular space and may therefore contribute to the recognition and elim-
ination of apoptotic cells.

contribute to apoptotic defects in camptothecin-resistant cells
(56). More recently, Ganguly et al. (41) reported that siRNA-
mediated Topl knock-down prevents apoptosis-associated
cytoplasmic histone accumulation in response to staurospo-
rine. Thus, besides nuclear fission (present study), Topl can
also play a role in chromatin breakdown during apoptosis.
Although histone release seems to precede nuclear fission (57),
it is still unclear whether these two events are connected or
separated in two independent processes. Further studies will be
required to determine how Topl promotes these nuclear
events during apoptosis induced by various agents in different
cell lines.

In TRAIL-treated cells, Top1 deficiency is further associated
with nuclear envelope separation that occurs principally in
areas where chromatin is highly condensed (Fig. 7). Such sepa-
ration of nuclear envelopes has also been reported in lamin-
deficient Caenorhabditis elegans embryos (58). However, we
did not find that Topl down-regulation affects kinetics of
TRAIL-induced lamin A/C degradation during apoptosis (data
not shown). Nevertheless, one attractive possibility is that
nuclear envelope blebbing prevents proper nuclear fission
and/or the release of apoptotic nuclear bodies.

The Topl siRNA knock-down experiments are consistent
with the involvement of Toplcc in TRAIL-induced nuclear fis-
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sion, apoptotic body release, and nuclear envelope blebbing. It
is possible that these apoptotic events could depend on non-
classic functions of Top1, independently of its catalytic activity.
Indeed, Topl has been shown to regulate transcription initia-
tion independently of its nicking closing activity (59, 60) and to
promote phosphorylation of splicing factors (51, 61). Recently,
nonclassical functions of Top1l have also been associated with
DNA replication and genomic stability, nucleolar structure,
and gene-specific transcription (in particular for asparagine
synthetase expression) (24). It is possible that nonclassic func-
tions of Top1 could be related to its N terminus, i.e. mediated by
binding of Top1 with other nuclear proteins (54). Further stud-
ies will be required to determine which function(s) of Topl is
responsible for nuclear fission. However, such studies are not
straightforward because there is presently no specific catalytic
inhibitor of Topl known, and the lethality of knocking out
Topl in eukaryotic cells (11) is a major obstacle for genetic
approaches.

Based on the present experiments, we conclude that the
physiological ligand TRAIL induces the formation of Toplcc
during apoptosis in various TRAIL-sensitive human cancer
cells: Jurkat cells, Bax™'~, and p53*'" HCT116 cells. We pro-
pose that apoptotic Toplcc are preferentially produced by the
80-kDa C-terminal fragment of Top1 (generated by caspase-3)
bound at the proximity of oxidative DNA lesions (8-0x0G) gen-
erated by TRAIL-induced ROS (Fig. 8). Moreover, we show that
Top1 plays a role in apoptotic nuclear fission and the release of
apoptotic nuclear bodies. Hence, Top1, which is ubiquitous and
essential in mammals (11), may contribute to the proper recog-
nition and elimination of apoptotic cells. At the organism level,
the complete elimination of apoptotic cells is essential to pre-
vent autoimmune disease (62), as well as chronic inflammation
that may lead to cancers (63).
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