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Abstract

rHuTNF potentiates CPT-cytotoxicity in human ovarian A2780 cells. In this study, we examined the role of NF-kB in this
potentiation. A pulse-labelled DNA study indicated that the combination CPT+TNF had little effect on the rate of DNA elon-
gation at 6 h after drug removal, whereas CPT alone produced a complete inhibition for at least 6 h after drug removal. Flow
cytometry analyses showed that CPT+TNF arrested cells in the G2-M phase, whereas CPT blocked cells in S phase. Looking at the

persistence of the NF-kB complexes in cells, it appeared that they were still present at 24 h in TNF-treated cells. In contrast, in
CPT-treated cells they persisted for 6 h. In CPT+TNF-treated cells, the NF-kB complexes disappeared quickly and became
undetectable at 6 h. The induction of apoptosis was detected only in the CPT+TNF treated cells (using flow cytometry, a filter

binding assay and ApopTag staining). These findings show that TNF, in combination with CPT, reduces the time that NF-kB
complexes persist in cells likely resulting in the induction of apoptosis.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The transcriptor factor nuclear factor-kappaB (NF-
kB) is involved not only in inflammatory diseases and in
oncogenesis but also in apoptotic processes induced by
cytokines and antitumour drugs [1,2]. Tumour necrosis
factor (TNF), chemotherapy and radiation can activate
NF-kB, and this response potently suppresses the
apoptotic potential of these stimuli in vitro [1–6].
Although there may be many mechanisms by which
resistance to apoptosis is achieved in tumours, experi-
mental data indicate that a major pathway involved in
this inducible resistance is the activation of NF-kB
within tumours in response to chemotherapy or TNF
[2–3,6]. In either case, inhibition of cancer therapy-
induced NF-kB activation strongly enhances the apop-
totic potential of these stimuli. Recently, we have shown
that Human Papilloma Virus-16 (HPV-16) E6 enhances
TNF-induced apoptosis by interfering with NF-kB
activity in the human ovarian cancer cell line A2780 [7].
Camptothecin (CPT) is an anticancer agent that inhibits
DNA Topoisomerase I (Top I) activity, causes the for-
mation of DNA-double-strand breaks (DSB) during
DNA replication [8] and activates NF-kB [3,6]. Recent
studies have shown that NF-kB inhibition augments
CPT-induced apoptosis [3,6]. The realisation that TNF,
given simultaneously with CPT, enhances CPT-cyto-
toxicity in the A2780 human ovarian cancer cell line [9]
led us to examine the role of NF-kB in this potentiation.
2. Materials and methods

2.1. Cell culture and drugs

The human ovarian cancer cell line, A2780, was
maintained in Roswell Park Memorial Institute (RPMI)
1640 supplemented with 10% Foetal Calf Serum (not
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heat inactivated) without antibiotics. CPT was obtained
from Sigma (St Louis, Mo); recombinant human
(rHu)TNF was obtained from KNOLL-BASF (Lud-
wigshafen, Germany). A stock solution of rHuTNF,
containing 0.1 mg/ml of protein was stored at �80 �C.
Specific activity was 8.74�106 U/mg protein [1000
U/mlffi 1.38 ng/ml (48 h L929 bioassay without
Actinomycin D, as determined in the KNOLL-BASF
Laboratory)].

2.2. Cytotoxicity assay and morphological assessment

Drug-induced cytotoxicity was determined by a stan-
dard clonogenic assay (drug exposure for 1 h) as pre-
viously described in Ref. [10]. Cell colonies were
counted after 10 days.
The inhibitory concentration (IC50) value was calculated

by linear interpolation of the values immediately higher
and lower than 50% inhibition. IC50 values were esti-
mated fitting the data with a non-linear regression to the
dose-effect model derived by Chou and Talalay [11,12]:

fa=fu ¼ D=Dmð Þ
m

ð1Þ

where D is the dose of the drug, Dm is the IC50, fa is the
fraction affected by the dose, fu is the fraction unaf-
fected, and m is a coefficient that determines the sig-
moidicity of the curve.
Morphological assessment was determined by stain-

ing the cell with ApopTag. After cytospinning the
A2780 cells to slides, the ApopTag peroxidase in situ
apoptosis assay (catalogue No. S7100) was performed
as described by the manufacturer (Intergen, Purchase,
NY). The cells (1�104) were cytospinned to the poly-l-
lysine pre-coated slides at 750g for 5 min. The cells were
fixed in 4% paraformaldehyde for 30 min. Cells were
incubated in a humidified chamber with TdT enzyme
for 1 h at 37 �C (for the negative control water was used
instead of TdT), then soaked in a stop-wash buffer
(Intergen) for 30 min, rinsed in Phosphate-buffered sal-
ine (PBS) (three times) and finally incubated with anti-
digoxigenin-peroxidase (Intergen) at room temperature
in a humidified chamber for 30 min. The brown colour
development was achieved by incubating for 6 min at
room temperature with a substrate solution containing
0.008% 3,30-diaminobenzidine tetra hydrochloride and
0.02% hydrogen peroxide. The slides were counter-
stained in a methyl green solution for 10 min and
visualised and scored under a light microscope. One
thousand cells were scored, randomly, per slide to eval-
uate dark-brown colour in the nuclei. Pictures were
taken at 400� magnification.

2.3. Flow cytometry

Cells were plated in the log phase in T75 flasks (2700
cells/cm2) in complete medium for 24 h, treated for 1 h
with CPT, TNF or CPT+TNF and incubated in drug-
free medium for an additional 24 h and then counted
before performing flow cytometry. Samples were pre-
pared for flow cytometry essentially as previously
described in Ref. [13]. Briefly, cells were washed with 1�
PBS pH 7.4 and then fixed with ice-cold 70% ethanol.
Samples were washed with 1� PBS and stained with
propidium iodide 60 mg/ml (Sigma, St. Louis, MO)
containing RNase 2 mg/ml (Sigma, St. Louis, MO) for
30 min at 37 �C. Cell cycle analysis was performed using
a Becton Dickinson Fluorescence-activated cell analyser
and Cell Quest version 1.2 software (Becton Dickinson
Immunocitometry Systems, Mansfield, MA). For each
sample, at least 15 000 cells were analysed and quanti-
tation of the cell cycle distribution was performed using
the ModFit LT Version 1.01 software (Verity Software
House Inc., Topsham, ME).

2.4. Measurement of DNA elongation by alkaline elution

DNA elongation was measured using pulse-labelling
alkaline elution as previously described in Ref. [14].
Exponentially growing cells were pulse-labelled for 15
min with methyl-[3H] thymidine (1 mCi/ml medium),
washed twice in preheated PBS, and then incubated in
radioactivity-free medium with CPT, TNF alone or
with CPT+TNF at 37 �C. After 1 h, cells were washed
twice in preheated PBS andmaintained at 37 �C. Aliquots
were removed after different times and analysed by
alkaline elution as previously described in Refs. [14,15].

2.5. DNA synthesis inhibition

Cellular DNA of exponentially growing cells was
labelled with 0.005 mCi/ml [14C]thymidine (53.6 mCi/
mmol) for 48 h at 37 �C. The rate of DNA synthesis was
measured by 10-min pulses with 1 mCi/ml [methyl-3H]
thymidine (80.9 Ci/mmol). Tritiated thymidine incor-
poration was stopped by washing cell cultures twice in
ice-cold HBSS and then scraping in 4 ml of ice-cold
HBSS. One ml aliquots were transferred in Eppendorf
tubes and precipitated with 100 ml of 100% tri-
chloroacetic acid (TCA). Samples were vortexed, mixed
and centrifuged for 10 min at high speed in a microfuge
at 4 �C. The precipitates were dissolved overnight at
37 �C in 0.5 ml of 0.4 M NaOH. Samples were counted
by dual-label liquid scintillation counting, and 3H
values were normalized using 14C counts. Inhibition of
DNA synthesis was calculated as the ratio of 3H/14C
ratio in treated samples to 3H/14C in control cells.

2.6. DNA secondary fragmentation assay

Apoptosis-associated DNA fragmentation was analysed
by a filter binding assay (FBA) as previously described
[16]. A FBA was performed under non-deproteinizing
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conditions using protein-adsorbing filters (vinyl/acrylic
copolymers filters, Metricel membrane, 0.8 mm pore
size, 25 mm diameter; Gelman; Sciences) according to
Bertrand and Pommier [16]. Results are expressed as the
percentage of DNA fragmented in treated cells com-
pared with DNA fragmented in control untreated cells
(background) using the formula:

F� F0ð Þ= 1� F0ð Þ½ 
 � 100

Where F and F0 represent DNA fragmentation in
treated and control cells, respectively.

2.7. Statistical analysis

Both parametric [Student’s t-test (non-significant
P>0.05)] and non-parametric (Mann–Whitney test)
statistics were used. For each drug combination, the
combination index (CI) [CI<0.3: strong synergism,
CI=1: additive, CI>1: antagonism] and its 95% con-
fidence interval (CI) were estimated. CI values were
calculated on the basis of the calculated parameter for
the dose–response function of each drug. To extrapolate
confidence limits (i.e. statistical significance) for CI
values, we conducted a parametric bootstrapping where
we assumed the distribution of parameters (m and Dm)
as formulated in Eq. (1) to be approximately gaussian
with an estimated mean and asymptotic standard error
as calculated using non-linear regression commands
of Statistical Package for the Social Sciences (SPSS)
software.

2.8. Gel mobility shift assay (EMSA)

Nucleic extracts were prepared according to the
method of Scheiber and colleagues [17]. Briefly, 5�105

cells were collected, washed in PBS and pelleted. The
pellet was resuspended in 400 ml of hypotonic buffer (20
mM HEPES pH=7.9, 10 mM KCl, 0.1 mM ethylene
diamine tetra acetic acid (EDTA), 0.1 mM EGTA, 1
mM dithiothreitol (DTT), 0.5 mM phenylmethyl sul-
phonyl fluoride (PMSF). The cells were allowed to swell
on ice for 15 min. After which, 25 ml of an 18% solution
of Nonie NF-40 was added, and the tubes were then
vigorously vortexed for 10 s. The homogenate was cen-
trifuged for 30 s in a microfuge. The nuclear pellet was
resuspended in 50 ml of ice-cold buffer (20 mM HEPES
pH=7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1
mM DTT, 1 mM PMSF) and the tubes vigorously
rocked at 4 �C for 15 min. Nucleic extracts were cen-
trifuged for 5 min in a microfuge at 4 �C and the
supernatant is frozen as aliquots at �70 �C. Of each cell
treatment, 1–3 mg were incubated on ice for 30 min in
15 ml of buffer containing 10 mM TRIS pH=7.5, 50
mM NaCl, 1 mM EDTA, 1 mM DTT, 3 mg poly (dI-
dC), 2 ml of pab65 (Santa Cruz Biotechnology, INC),
or non-specific antibodies, I ng of 32[P]-end labelled
oligonucleotide, part of the enhancer sequence from the
HIV long terminal repeat (LTR) region (ENH7 from
�115 to �81: GCTTGCTACAAGGGACTTTCCGC-
TGGGGACTTTCC) was added for another 15 min at
room temperature. DNA-protein complexes were sepa-
rated by electrophoresis through 5% native poly-
acrylamide gels, dried and visualised.
3. Results

We have previously reported that TNF potentiates
the cytotoxicity induced by CPT, when incubated
simultaneously, enhancing the induction of DNA- sin-
gle strand breaks (SSB) in the human ovarian cancer
cell line A2780 [9]. Although A2780 cells are sensitive to
TNF-induced cytotoxicity in standard 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (incubation time for 24 h with different con-
centrations of rHuTNF), cells are not sensitive (clono-
genic assay) when treated for only 1 h. The cell survival
fraction, after treatment with 1000 U/ml of rHuTNF,
was ffi 96%. Under the same experimental conditions,
the IC50 of CPT alone was=0.2�0.08 mM and in com-
bination with 1000 U/ml of rHuTNF was=0.012�0.03
mM with a potentiation rate of ffi 16.7. The statistically
significant CI was equal to 0.098 [95% CI=0.042–
0.261]. This finding strongly supports previous results
[9,18] showing that TNF is able to potentiate CPT
cytotoxicity.
The target of CPT is DNA Top I [8]. Top I is involved

in DNA replication, transcription and recombination
and in chromosome condensation and decondensation
(recently reviewed in Ref. [8]). CPT reversibly stabilises
the enzyme cleavage-complexes resulting in the genera-
tion of SSB. These SSB are reversible, but can be con-
verted into lethal DSB during S phase, when the
replication forks collides with the cleavable-complex
[8,19]. According to these observations, cell cycle
response of A2780 cells was examined 24 h after drug
removal. Cells were treated for 1 h with CPT 0.2 mM
alone, rHuTNF 1000 U/ml alone, or with CPT 0.012
mM +rHuTNF 1000 U/ml in combination and then
incubated in drug-free medium for 24 h. Fig. 1 shows
that TNF alone induces G2-M (27.3�1.1%) arrest
(Fig. 1, panel B) while CPT treatment induces a strong S
arrest (65.4�1.8%) and a small fraction of sub-G0–G1
population (6.3�0.8%) (Fig. 1, panel C). The combi-
nation CPT+TNF (Fig. 1, panel D) induces a very
strong G2-M arrest (44.2�3.1%) and a fraction of sub-
G0–G1 cell population (12.4�2.8%) higher than that
induced by CPT alone and a depletion of the S phase
(12.5�2.3%).
DNA synthesis was measured, at different times after

drug removal, in cells exposed for 1 h to CPT 0.2 mM,
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rHuTNF 1000 U/ml or to a combination of both (CPT
0.012 mM+TNF 1000 U/ml) (Fig. 2). rHuTNF did not
inhibit DNA synthesis. CPT inhibited it less profoundly
than the combination, but for a longer period of time.
The combination inhibited DNA synthesis for 1–2 h,
with the DNA synthesis rate almost fully recovering 6–8
h after drug removal. DNA synthesis, in CPT-treated
cells, recovered only to about 50% of the control level 8
h after drug removal.
The differential S-phase arrest (or depletion) induced

by different treatments was investigated further by
comparing the ability of A2780 cells to complete elon-
gation of replicating DNA after CPT 0.2 mM alone,
rHuTNF 1000 U/ml alone or CPT 0.012 mM+rHuTNF
1000 U/ml treatment. Pulse labelling with [3H] thymi-
dine and alkaline elution were used to study the state of
newly-replicated DNA (Fig. 3). The longer the radio-
labelled DNA fragment at the time of cell lysis, the
slower the elution and the higher the fraction of labelled
DNA remaining on the filter. Failure to elongate DNA
leads to short radio-labelled DNA fragments, which are
rapidly eluted. In the experiments shown in Fig. 3, the
DNA was pulse labelled for 15 min with [3H] thymidine
immediately before a 1-h treatment, and elution was
performed at various times after drug removal. In
untreated cells (panel A), pulse-labelled DNA eluted
with DNA fragments of increasing size with time, con-
sistent with normal DNA replication and elongation
(Fig. 3, panel A), similar slopes were observed in TNF-
treated cells (Fig. 3, panel B). DNA elution at time 0 in
the CPT-treated cells was faster than in the control cells
(compare Fig. 3, panel C with panel A) and increased
more in the CPT+TNF-treated cells (compare Fig. 3,
panel D with panel C). This indicates that CPT and
CPT+TNF can induce DNA breaks in newly-repli-
cated DNA. However, DNA elongation in the
CPT+TNF treated cells could be followed easily, and
the DNA fragment length was approximately 90% of
controls at 6 h, despite the massive induction of breaks
seen at zero time (Fig. 3 panel D) In contrast, in the case
of treatment with CPT alone even at 6 h after CPT
removal, 88% of the DNA eluted faster than in the
untreated cells (Fig. 3 panel C). These results indicate
that the S-phase block observed in CPT-treated cells by
flow cytometry is associated with a deficiency to com-
plete DNA replication. In contrast, in the CPT+TNF-
treated cells, DNA replication is completed 3–6 h after
drug removal.
It was recently reported that the generation of DSB,

but not SSB, is necessary for efficient NF-kB activation
by CPT treatment [3,20]. These data imply that this
activation pathway would be cell cycle coupled and may
occur during the S-phase of the cell cycle [3,20]. The
kinetics of the formation and persistence of the NF-kB
Fig. 1. Effects of TNF, CPT or CPT+TNF on cell cycle progression of A2780 cells. Cells were untreated (a), treated with rHuTNF 1000 U/ml (b),

CPT 0.2 mM (c) or with CPT 0.012 mM +TNF 1000 U/ml (d) for 1 h and analysed by flow cytometry 24 h after drug removal. The figure is

representative of three independent experiments, performed in duplicate.
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complexes was further explored by EMSA. rHuTNF at
1000 U/ml, according to previous results [4,7], induced
NF-kB complexes after a short treatment time; they
were evident after 30 min of incubation in our study
(Fig. 4a, lanes 6,7). CPT 0.2 mM did not induce NF-kB
complexes until after 3 h treatment (Fig. 5, lane 3). The
combination CPT 0.012 mM+rHuTNF 1000 U/ml also
induced activation of NF-kB complexes but this was
less pronounced than with TNF treatment alone
(Fig. 4a, lanes 8–10).
The generation of the NF-kB complexes was also

analysed in cells treated for 24 h. Looking at the persis-
tence of the NF-kB complexes, it appears that they
remained for 24 h in the TNF-treated cells (Fig. 4b, lane
4). In contrast, they were present for only 6 h (Fig. 4b,
lane 6, Fig. 5, lane 4) and disappeared after 24 h in
CPT-treated cells (Fig. 4b, lane 7, Fig. 5, lane 5). In the
CPT+TNF-treated cells (Fig. 4b, lanes 8–10) NF-kB
complexes, clearly visible after 1 h (lane 8), disappeared
quickly, becoming undetectable at 6 h (lane 9).
Recent studies demonstrated that NF-kB activation

by CPT could provide an anti-apoptotic function [3,6].
Since FACS analysis (Fig. 1) revealed a tendency of the
combination CPT+TNF to induce apoptosis, a detailed
analysis of DNA secondary fragmentation (apoptosis-
associated) was evaluated by means of a FBA. We have
previously shown [7] that rHuTNF alone, at a 1000 U/
ml concentration, induced a small fraction of DNA-
secondary fragmentation in a time-dependent manner
when incubated for a long time (maximum effect after
48 h of continuous incubation). In these experiments,
A2780 cells were treated for 1 h and processed at dif-
ferent times after drug removal. rHuTNF (1000 U/ml)
did not induce any significant amount of DNA-second-
ary fragmentation (ffi 7.5%). CPT alone induced DNA-
secondary fragmentation in a dose- and time-dependent
manner (Fig. 6 panels a–d). The fragmentation started
to appear at concentrations equal to 1.0 mM after 6 h
and rose to a maximum after 24 h; 0.1 mM induced
more than 25% of DNA fragmentation (as a% of the
controls). In the presence of rHuTNF (1000 U/ml), the
amount of DNA secondary fragmentation was higher
than in the cells treated with CPT alone, it started
immediately after 3 h and increased after 6 and 12 h,
also in the presence of very low concentrations of CPT
(0.01 and 0. 1 mM). After 24 h, the effect was maximal
(Fig. 6 panels a and b). It is evident that the induction of
DNA fragmentation is more severe following treatment
with the combination CPT+rHuTNF than following
CPT or rHuTNF alone.
The ApopTag assay confirmed the substantial induction

of apoptosis. This was observed by the appearance of a
dark brown colour in the nuclei, when cells were treated
with 0.012 mM CPT in combination with 1000 U/ml of
rHuTNF for 1 h and stained after 24 h incubation
in drug-free medium [% of positive cells=63.8�3.2
(P<0.002)] (Fig. 7). Apoptosis was induced in a small
population of the control cells (2.4�0.8), the cells trea-
ted with 0.2 mM of CPT (17.2�2.3, non-significant) and
the cells exposed to 1000 U/ml rHuTNF (5.6�1.8, non-
significant) (Fig. 7).
4. Discussion

In this report, we show that TNF sensitised A2780
cells to CPT-induced cytotoxicity. We demonstrated
that the induction of apoptosis induced by TNF in
combination with CPT is principally related to NF-kB
inhibition in A2780 cells. Our observations also sug-
gested that a shorter timescale in the appearance of NF-
kB complexes in the combined treatment group is rela-
ted to the ability of A2780 cells to undergo apoptosis.
In general, NF-kB most frequently exists as a hetero-

dimeric complex between the p50 and p65 subunits.
Nevertheless, the mammalian NF-kB/Rel family of
proteins has five members, namely Rel (c-Rel), p65 (Rel
A), Rel B, p50 (NFKB1) and p52 (NFKB2) [1,2] which
can form heterodimers with one another. Activation of
NF-kB is controlled by phosphorylation and proteolysis
of an inhibitory subunit called IkB. Activation of
Fig. 2. Kinetics of DNA synthesis inhibition in A2780 cells. Cells were

treated for 1 h and analysed by 10-min pulses with 1 mCi/ml
[methyl-3H] thymidine (80.9 Ci/mmol) followed by trichloroacetic acid

(TCA) precipitation at different times after drug removal. Mean-

�standard error of the mean (S.E.M.) of two independent experi-

ments performed in duplicate.
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NF-kB is assumed to induce the transcription of genes
that encode gene products that function to block apop-
tosis. Consistent with this hypothesis, the gene products
of TRAF-1 and 2 and c-IAP1 and 2 are upregulated
by NF-kB at the mRNA level and block the ability of
TNF or other drugs (such as etoposide) to activate the
caspases.
It has been shown that inhibition of NF-kB through

the adenoviral delivery of a modified form of IkBa, the
inhibitor of NF-kB, sensitises chemoresistant tumours
to the apoptotic activities of TNF and CPT-11, result-
ing in tumour regression [6,21].
Rel A transactivation can also be regulated by the
cyclin-dependent kinase inhibitor, p21waf�1. As a con-
sequence, p53 could indirectly stimulate NF-kB activity.
However, p53 and NF-kB play divergent roles: activa-
tion of NF-kB is associated with the resistance to
apoptosis (promoting cell survival), while p53 plays an
important role in cell cycle arrest or apoptosis in
response to various types of cellular stress [1,2].
The ubiquitin-proteasome pathway (specifically the

26S proteasome) is the principle mechanism by which
cellular proteins, including ubiquitinated IkB, are
degraded [22]. Inhibition of the ubiquitin-proteasome
Fig. 3. Effects of TNF, CPT or CPT+TNF on DNA elongation in A2780 cells. Cells were untreated (a), treated with rHuTNF 1000 U/ml (b), CPT

0.2 mM (c) or with CPT 0.012 mM +TNF 1000 U/ml (d) for 1 h and analysed by pulse-labelling DNA elution at the indicated time after drug

removal. Mean�S.E.M. of two independent experiments performed in duplicate.
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pathway results in the deregulation of cellular proteins
involved in cell cycle control, the promotion of tumour
growth, and induction of apoptosis [22]. The protea-
some inhibitor, PS-341 (dipeptide boronic acid analo-
gue), has been shown to block NF-kB activation
through stabilisation of IkB [2]. Pretreatment of cancer
cells with PS-341, prior to exposure to SN-38 (the active
metabolite of CPT-11), potently increases the growth
inhibition effect induced by SN38 through a massive
induction of apoptosis [23].
Thus, NF-kB activation serves as a principal mechan-

ism for inducible resistance to chemotherapy.
CPT causes the formation of SSB by top I, but colli-

sion between the nicked DNA top I complex and a
DNA replication fork leads to a DSB. Aphidicolin pre-
vents S-phase-specific toxicity of CPT and diminishes
NF-kB activation by CPT, but not by etoposide [3,20].
Fig. 4. Gel mobility shift analysis (EMSA) of NF-kB complexes. The figure is representative of three independent experiments. Nucleic extracts of
A2780 cells, which were treated with different drugs for different times, were incubated with a labelled probe containing a NF-kB site and in the
indicated lanes with the relevant antibodies. The position of the NF-kB complex is indicated by the right arrow. (Panel a) Gel shift assay with
extracts from A2780 cells treated for short time. Lane 1: control; lanes 2–4: treated with CPT 0.2 mM analysed after 15 min (lane 2), 30 min (lane 3)

and 1 h (lane 4); lanes 5–7: treated with rHuTNF 1000 U/ml analysed after 15 min (lane 5), 30 min (lane 6) and 1 h (lane 7); lanes 8–10: treated with

CPT 0.012 mM +TNF 1000 U/ml analysed after 15 min (lane 8), 30 min (lane 9) and 1 h (lane 10). Lanes 11–14: extracts from A2780 cells with

specific and unspecific antibodies after 30 min of rHuTNF 1000 U/ml treatment (lane 11: control, lane 12: TNF, lane 13: TNF+a/b p65, lane 14

TNF+a/b nsp). (Panel b) Cells were treated as reported above, but EMSA analysis was performed at different times after long-term drug exposure

(from 1 h to 24 h). Lane 1: control; lanes 2–4: treated with rHuTNF 1000 U/ml analysed after 1 h (lane 2), 6 h (lane 3) and 24 h (lane 24); lanes 5–7:

treated with CPT 0.2 mM analysed after 1 h (lane 5), 6 h (lane 6) and 24 h (lane 7); lanes 8–10: treated with CPT 0.012 mM +TNF 1000 U/ml

analysed after 1 h (lane 8), 6 h (lane 9) and 24 h (lane 10).
Fig. 5. Gel mobility shift analysis of NF-kB complexes. The figure is
representative of three independent experiments. Gel shift assay with

extracts from A2780 cells treated with CPT 0.2 mM for long periods of

time. Lane 1: control; lanes 2–4: treated with CPT 0.2 mM analysed

after 1 (lane 2), 3 h (lane 3), 6 h (lane 4) and 24 h (lane 5).
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Etoposide is a Topoisomerase II (top II) inhibitor. Top
II creates transient DSB, which are necessary for DNA
replication and division [24]. This suggests that DSB are
necessary for NF-kB activation. These data also imply
that this activation pathway may occur only in the S
phase of the cell cycle.
Pulse-labelling alkaline elution experiments in this

study indicated that both CPT and CPT+TNF treat-
ment can induce DNA breaks in newly-replicated DNA.
However, DNA elongation in the CPT+TNF treated
cells revealed that approximately 90% of DNA, at six
hours after drug removal, eluted in a similar manner to
the controls. In contrast, in the case of treatment with
CPT alone, even at 6 h after CPT removal, 88% of the
DNA eluted faster than in the untreated cells. These
results indicate that the S-phase block observed in CPT-
treated cells, by flow cytometry and in the DNA synthesis
experiments, is associated with a deficiency to complete
DNA replication. In contrast, in CPT+TNF-treated
cells the DNA replication is completed 3–6 h after drug
removal. At six hours after drug removal, NF-kB
complexes were not detectable in cells treated with the
Fig. 6. Induction of DNA secondary fragmentation (apoptosis-related), evaluated by a filter binding assay (FBA) induced by CPT 0.2 mM or CPT

0.012 mM+TNF 1000 U/ml. Cells were treated for 1 h and then incubated in drug-free medium for different times. Panel a after 3 h, panel b after 6

h, panel c after 12 h and panel d after 24 h. Each point represents the mean�S.E.M. of at least 3 independent experiments performed in duplicate.
P. Valente et al. / European Journal of Cancer 39 (2003) 1468–1477 1475



combination, while they persisted in cells treated with
CPT alone. These data imply that NF-kB activation in
A2780 cells cannot occur when DNA replication is
completed.
In conclusion, our findings show that TNF, adminis-

tered simultaneously with CPT, reduces the time that
NF-kB complexes persist in the cells, causing induction
of apoptosis and, consequently, a strong synergistic
cytotoxic effect.
CPT derivatives, such as irinotecan (Camptosar) and

topotecan (Hycamptin) are approved by the Food and
Drug Administration (FDA) in the United States; sev-
eral analogues are in various stages of clinical eval-
uation (i.e. 9-aminocamptotecin and rubitecan).
Topotecan is currently utilised in second-line therapy
for advanced ovarian cancer [25].
In previous phase I and II studies, it has been demon-

strated that intraperitoneal rHuTNF has a high degree of
efficacy in reducing or eliminating ascitic fluid [26,27].
In cancers limited to the abdominal cavity, the intra-

peritoneal administration of antineoplastic drugs could
be the treatment of choice because of both the limited
systemic toxicity and the pharmacokinetic advantages.
We have previously shown that weekly intraperitoneal
administration of mitoxantrone (6 mg/m2) and TNF
(200 mg/m2) is a feasible regimen with acceptable toxi-
city [27].
Thus, the possibility to use TNF in combination with

CPT derivatives may represent an alternative therapy
for relapsed cancer patients.
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