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Abstract

The antitumor drug NB-506 is a glycosylated indolocarbazole derivative targeting topoisomerase |. This DNA-intercalating agent, whicl
is currently undergoing phase I/11 clinical trials, was shown to induce apoptosis in HL-60 human leukemia cells. We compared the cellula
dysfunctions induced by NB-506 and the reference topoisomerase | poison camptothecin (CPT) at the nuclear, mitochondrial, ar
cytoplasmic levels. The two drugs NB-506 and CPT were almost equally toxic to HL-60 cells and produced similar cell cycle changes witl
a considerable increase in the fraction of cells with DNA content less than G1. The sub-G1 fraction, which can be considered as the apoptc
cell population, appeared more rapidly with CPT than with NB-506 but in both cases, the cell cycle perturbation was accompanied by
marked decrease in the mitochondrial transmembrane potential and the intracellular pH. In contrast, no change in the intracellular calcit
concentration was detected. Treatment of HL-60 cells with NB-506 resulted in an increase in the activity of the intracellular proteas
caspase-3, as determined by a DEVD-based colorimetric assay and direct monitoring of poly(ADP-ribose) polymerase (PARP) cleavage
Western blot analysis. The initiator caspase-8 was also stimulated by NB-506 but, as for caspase-3, the extent of the caspase activation
weaker with NB-506 compared to CPT. With both drugs, the protease activation resulted in DNA degradation, as independently confirme
via the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay and characterization of internucleosom
DNA fragmentation. Collectively, these findings identify some of the molecular events leading to NB-506-induced apoptosis and as sucl
provide important mechanistic insights into the mode of action of topoisomerase I-targeted indolocarbazole antitumor drugs. © 200
Elsevier Science Inc. All rights reserved.
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1. Introduction toxicity profile [1,2]. This compound, which is now under-
going clinical trials for the treatment of human cancers
NB-506 (Fig. 1) is a synthetic indolocarbazole that ex- [3,4], is a potent topoisomerase | poison. The anticancer
hibits remarkable activity against experimental cancer xeno- activity of NB-506 and related compounds has been attrib-
grafts (including colon and lung cancers) and displays a low uted to their capacity to stabilize DNA-topoisomerase |
complexes [5,6]. Over the last few years, we have investi-
gated the mode of action of NB-506 and analogues princi-
pally at the molecular level [7-9]. The important role of the
29. ) L :
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Abbreviations: BCECF, 2,7'-bis(carboxyethyl)5(6)-carboxyfluores- ~ recognition has been fully characterized [10,11]. Recently,
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cein; CPT, camptothecin; DEVD-pNAy-acetyl-Asp-Glu-Val-Asppara- we showed that despite their structural differences, indolo-
nitroaniline; DIOG(3), 3,3-dihexyloxacarbocyanine iodide; IETD-pNA,  carbazoles share common steric and electronic features with
N-acetyl-lle-Glu-Thr-Asppara-nitroaniline; NB-506, 6N-formylamino- the camptothecins, which are by far the best-characterized

12,13-dihydro-1,11-dihydroxy-133¢p-glucopyranosyl)-8-indolo[2,3- . . L
alpyrrolo-[3,4-clcarbazole-5,7-(8)-dione; PARP., poly(ADP-ribose) topoisomerase-targeted antitumor drugs, thus providing a

polymerase; and TUNEL, terminal deoxynucleotidyl transferase-mediated Structurally §ound mOdel_tO 'id_entify a specific pharmacoph-
dUTP nick end-labeling. ore for topoisomerase | inhibitors [12].
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different drug-induced cellular dysfunctions at the nuclear,
mitochondrial, and cytoplasmic levels.

2. Materials and methods
2.1. Chemicals

The drug NB-506 was kindly provided by Dr. Tomoko
Yoshinari from Banyu Pharmaceuticals (Japan). Its chemi-
cal synthesis has been reported [18]. Oligomycin, stauro-
sporine, and camptothecin were purchased from Sigma
Chemical Co. CPT and NB-506 were first dissolved in
DMSO at 5 mM and then further diluted with water. Stock
solutions of the drugs were kept at20° and diluted with
water to the desired concentration immediately prior to use.
Nigericin, DiOGy(3), the acetoxymethyl esters of Fura 2 and
BCECF, and carbonyl cyanidg-chlorophenylhydrazone
(CCCP) were purchased from Molecular Probes. Propidium
HO OH iodide was from Aldrich. All other chemicals were analyt-
OH NB-506 ical grade reagents.
OH

Fig. 1. Structures of camptothecin (CPT) and the antitumor indolocarba-
zole drug NB-506 [6N-formylamino-12,13-dihydro-1,11-dihydroxy-13-
(B-p-glucopyranosyl)-Bi-indolo[2,3a]pyrrolo-[3,4<]carbazole-5,7-(H)- Human HL-60 promyelocytic leukemia cells were ob-
dione]. tained from the European Collection of Cell Cultures. Cells
were grown at 37° in a humidified atmosphere containing
5% CO, in RPMI-1640 medium, supplemented with 10%

Two types of NB-506-resistant cell lines have been es- fetal bovine serum, glutamine (2 mM), penicillin (100 UI/
tablished. SBC-3/NB#9 cells, selected for their extremely mL), and streptomycin (10@.g/mL). The cytotoxicity of
high resistance to NB-506, were found to be cross-resistantthe drugs was assessed using a cell proliferation assay
to the camptothecin derivatives CPT-11 and 7-ethyl-10- developped by Promega (CellTiter 96® AQ,sone solu
hydroxycamptothecin (SN-38), and the resistance was at-tion cell proliferation assay). Briefly, & 10* exponentially
tributed to markedly reduced topoisomerase | activity and growing cells were seeded in 96-well microculture plates
protein content [13]. Very recently, the P388/F11 cell line, with various drug concentrations in a volume of 100.
also resistant to NB-506, was described. A partial duplica- After 48-hr incubation at 37°, 20uL of 3-(4,5-
tion of the topoisomerase | gene was found in these cells, dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
providing a molecular basis to explain the resistance mech-sulfophenyl)-H-tetrazolium, inner salt (MTS) [19] was
anism [14]. The accumulated data strongly suggest thatadded to each well, and the samples were incubated for a
topoisomerase | constitutes the main intracellular target for further 2 hr at 37°. Plates were analyzed on a Labsystems
indolocarbazoles related to NB-506 [15]. However, it is still Multiskan MS (type 352) reader at 492 nm.
unclear how the stabilization of topoisomerase I-DNA co-
valent complexes and the subsequent induction of DNA 2.3. Cell cycle analysis
strand breaks lead to cytotoxicity. It is known that topo-
isomerase inhibitors can lead to cell death via induction of ~ For flow cytometry analysis of DNA content, 8 10°
apoptosis, but the sequence of events involved in the apo-HL-60 cells in exponential growth were treated with CPT
ptotic process remains to be clarified [16,17]. for the indicated period and then washed 3 times with citrate

Here, we continue to dissect the mechanism of action of buffer. The cell pellet was incubated with 12% of tryp-
NB-506 by analyzing the capacity of the drug to induce sin-containing citrate buffer for 10 min at room temperature
apoptosis in HL-60 human leukemia cells. The aim of the and then with 10QuL of citrate buffer containing a trypsin
study was to gain insight into the signaling pathways in- inhibitor and RNase (10 min) prior to adding 1QQ of
volved in apoptosis induced by NB-506. The action of the propidium iodide at 125.g/mL. Samples were analyzed on
indolocarbazole drug was compared with that of the refer- a Becton Dickinson FACScan (Fluorescence-Activated Cell
ence topoisomerase | poison CPT. Specifically, we evalu- Scanner) flow cytometer using the LYSYS Il software
ated the involvement of initiator and effector proteases, which is also used to determine the percentage of cells in
caspase-8 and caspase-3, respectively, and we characterizedl, S, and G2/M phases.

2.2. Cell culture and survival assay
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2.4. Mitochondrial membrane potentiaAmt) 2.7. DEVD-pNA and IETD-pNA cleavage
measurements
DEVD-pNA and IETD-pNA cleavage activities were

Mitochondrial energization was determined as the reten- measured using the ApoAlert™ CPP32/caspase-3 and
tion of the fluorescent dye DIQCAfter the drug treatment,  ApoAlert™ Caspase-8 assay kits (Clontech) according to
10° cells in 2 mL of complete RPMI-1640 medium were the recommended protocols. Briefly x210° exponentially
loaded with the DiOg probe (usually 100 nM unless oth  growing HL-60 cells in 2 mL of RPMI-1640 medium were
erwise stated) for 30 min at 37° prior to the flow cytometry treated with the test drug at the indicated concentration for
analysis. The same incubation time was applied to the con-4 or 18 hr at 37°. Cells were pelleted by centrifugation and
trols and the different assays. DiQ®as excited at 488 nm,  resuspended in 5p.L of the lysis buffer. The lysed cell
and fluorescence was analyzed at 525 nm (F1-1) after log-mixture was then incubated on ice for 10 min prior to
arithmic amplification. centrifugation (11,75®, 3 min at 4°). Fifty microliters of
2X reaction buffer supplemented with 10 mM dithiothreitol
was then added to each tube incubated at 4°. During this
period, a control was prepared by adding Q50f 1 mM

Cells were incubated with the acetomethyl ester deriva- DEVD-fmk or z-IETD-fmk to a cell sample treated with 0.1

tive of BCECF (BCECF-AM at 2:M) in 1 mL of culture uM staurosporine (24 hr at 37°). The substrate (DEVD-
medium. After 30-min incubation in a Cncubator at 37°, PNA or IETD-pNA) was added to all tubes (8., 50 uM),

cells were pelleted, rinced once with Hanks’ balanced saline a}nd thfe sar.rt1ples'|\./\c/jere incubated fordl htr 2;27 - The forma-
solution (HBSS), and resuspended at an appropriate densit)}'on of p-nitroaniide was measured a nm using a
Labsystems Multiskan MS microtiter plate reader.

for fluorescence measurements. Intracellular carboxy-

BCECF was excited at 440 and 490 nm simultaneously,
o . 2.8. PARP cleavage

whereas the emission was measured at 535 nm with an 8-nm

band-pass filter [20]. All spectra were recorded with a S_PEX Briefly, 7 X 10° exponentially growing HL-60 cells (2

spectrofluorometer. Autofluorescence was measured in un-

mL at 7 X 10° cells/mL) in a serum-free medium were

loaded cells and the control value was subtracted from all ) o .
measurements. Intracellular pH was estimated by compari-treatEd with the test drug at the indicated concentration
: forup to 5 hr at 37°. Cells were pelleted by centrifugation

son of the mean ratio values (fluorescence at 490 nm d|-at 4°, resuspended in 3 mL of lysis buffer containing

V.Ided by ﬂuorest_:ence at .440 nm_) of a sample to a calibra- PBS, 0.1 mM phenylmethylsulfonyl fluoride, and the
tion curve established by incubation of BCECF-AM-loaded S . . .
protease inhibitors chymostatin, leupeptin, aprotinin, and

i(z)erilc? |hn varlgd pH bzulffer in the presence of the proton pepstatin A (5pg/mL each). After centrifugation, the
phore nigericin [21]. pellet was resuspended in the loading buffer containing
50 mM Tris—HCI pH 6.8, 15% sucrose, 2 mM EDTA, 3%
2.6. Intracellular calcium measurements SDS, and 0.01% bromophenol blue. The mixture was
sonicated for 30 sec at 4° and then boiled to 100° for 3
Leukemia cells were incubated for 30 mn at 37° with min. For Western blotting, the cell lysates were fraction-
the cell-permeant fluorescent probe Fura 2-acetomethylated on a 7.5% polyacrylamide gel containing 0.1% SDS,
ester (5uM) mixed with the mild non-ionic surfactant then transferred onto a Hybond-C nitrocellulose mem-
Pluronic F127 (0.02%). The best results for loading were brane (Amersham) for 45 min at 0.8 mA/énusing a
obtained with a Krebs—Ringer buffer containing 132 mM semidry transfer system. Membranes were blocked with
NaCl, 4 mM KCI, 0.5 mM MgC}, 1 mM CacCl,, 5 mM 10% non-fat milk in PBST (phosphate-buffered saline,
glucose, and 9.5 mM HEPES (pH 7.4). After a 90-min pH 7.4 containing 0.1% Tween 20) for 30 min followed
wash with free dye medium, the fluorescence emitted by by incubation with anti-PARP monoclonal antibody
loading cells at 37° was measured using a SPEX flu- (Clontech) (dilution 1:10,000 in PBST supplemented
orolog spectrofluorometer. The ratiometric indicator, with 1% non-fat milk) for 30 min. The blots were washed
Fura 2, was excited alternatively at two differents wave- three times (5 min each with PBST) and incubated with
lengths (340 and 380 nm, 2-nm slit), and the emission a sheep anti-mouse immunoglobulin G conjugated to
was collected at the fixed wavelength of 550 nm (5-nm horseradish peroxidase (Amersham Life Sciences,
slit). Autofluorescence was measured in unloaded cells 1:10,000 dilution in PBST containing 1% non-fat milk)
and this control value was substracted from all measure-for 30 min. After three successive washes with PBST, the
ments. Intracellular Cd concentration was calculated Western blot chemiluminescence reagent from NEN was
using the dissociation equation [22]. Calibration curves used for the detection. Bands were vizualized by autora-
were obtained by following the usual procedure [23]. diography.

2.5. Intracellular pH measurements
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2.9. Caspase-8 activation recommended protocol was followed. Briefly, cells were
incubated with fluorescein-12-dUTP in the presence of ter-

Exponentially growing HL-60 cells (X 10°in 2 mL) in minal deoxynucleotidyl transferase (TdT) to labét@GH

a serum-free medium were treated with the test drug at theends of fragmented DNA [24]. All cells were stained with

indicated concentration for up to 20 hr at 37°. Half of the propidium iodide. Samples were photographed using a

cells were pelleted by centrifugation at 4° and washed twice Zeiss Axiophot 2 microscope. Images were captured using

with PBS (2X 3 mL) at 4°. After centrifugation, the pellet the Quick Smart Capture™ software (Vysis).

was resuspended in 28 of boiling buffer containing 10

mM Tris—HCI pH 7.4, 1 mM Na-vanadate, 1% SDS, 0.1

mM phenylmethylsulfonyl fluoride, and the protease inhib- 3. Results

itors leupeptin, aprotinin, and pepstatin A (18/mL each).

The mixture was incubated for 10 min at 4° prior to the 3.1. Cytotoxicity

addition of 80uL of the electrophoresis dye solution (15%

sucrose, 2 mM EDTA, and 0.01% bromophenol blue). Sam-  The cytotoxicity of NB-506 and CPT were evaluated

ples were passed through a 26 Gauge needle to reduce thasing a conventional tetrazolium-based colorimetric cell

viscosity of the solutions, which were then boiled to 100° proliferation assay. After 48-hr incubation at 37°, the con-

for 3 min. For Western blotting, the cell lysates were frac- centrations of NB-506 and CPT required to kill 50% of the

tionated on a 12% polyacrylamide gel containing 0.1% cells were 0.78 and 0.4@M, respectively icso). CPT was

SDS, then transferred onto a Hybond-C nitrocellulose mem- only slightly more cytotoxic than the indolocarbazole drug

brane (Amersham) for 45 min at 0.8 mA/@msing a semi with this cell line. For this reason, the drugs were used at

dry transfer system. Membranes were blocked with 10% identical concentrations for the subsequent experiments de-

non-fat milk in PBST for 30 min followed by incubation signed to determine the mechanism by which NB-506 kills

with anti-human caspase-8 monoclonal antibody (Immuno- these leukemia cells.

tech) (dilution 1:500 in PBST supplemented with 2% non-

fat milk) for 4 hr in the dark. The blots were washed three 3.2. Cell cycle analysis

times (15 min each with PBST) and incubated with a sheep

anti-mouse immunoglobulin G conjugated to horseradish  The cell cycle distribution of HL-60 cells was analyzed

peroxidase (Amersham Life Sciences, 1:10,000 dilution in following exposure for 2, 4, and 6 hr to 10M drug (Fig.

PBST containing 2% non-fat milk) for 1 hr. After three 2). In the control cells, the G1, S, and G® populations

successive washes (25 min each) with PBST, the Westernrepresented 34, 42, and 21% of the cells, respectively, and

blot chemiluminescence reagent from NEN was used for the the percentages did not vary significantly with time. With

detection. NB-506, the cell cycle profile remained unaltered during the
first two hours of drug treatment, but changed considerably
2.10. Detection of DNA fragmentation with the appearance of cells with a DNA content less than

G1, which are usually considered as apoptotic cells. The
HL-60 cells at a density of about i@ells/mL were gross alteration in DNA content resulted from degradation
treated with various concentrations of the drug for the in- of cellular DNA by activation of endogenous nucleases
dicated periods and then collected by centrifugation at during apoptosis. Approximately 85% and 66% of the cells
2500xg for 5 min. The resultant cell pellets were resus- had a DNA content less than G1 after 4 hr of treatment with
pended in PBS buffer containing 5 mM MgGind lysed in CPT and NB-506, respectively. With NB-506, the accumu-
500uL of TE buffer containing 0.1% SDS and proteinase K lation of these cells appeared to plateau at about 4—6 hr,
(1.5 mg/mL) overnight at 37°. After two successive extrac- with little increase up to 12 hr (not shown). The apoptotic
tions with phenol/chloroform, the aqueous layer was trans- evolution was quicker with CPT: about 40% of sub-G1 cells
ferred to a new centrifuge tube. The DNA was precipitated were already detected after 2 hr of incubation with the drug,
with ethanol, resuspended in water (1Q0Q), and treated and this population was largely predominant after 4 hr. The
with RNase A (40Qug/mL) for 2 hr at 37°. Electrophoresis  cell cycle analysis suggests that myeloid leukemia HL-60
was performed in 1% agarose gel in Tris-borate buffer at cells accomplish apoptosis under NB-506 treatment.
about 2V/cm for approximately 14 hr. After electrophoresis,
the gel was stained with ethidium bromide (1 mg/mL), 3.3. Mitochondrial membrane potential
washed, and photographed under UV light.
The reduction in mitochondrial membrane potential
2.11. Apoptosis detection system in fluorescence (A¥mt) accompanying early apoptosis in many experimen-
microscopy tal systems is believed to be mediated by the opening of the
mitochondrial permeability transition pore [25,26]. To in-
The TUNEL assay developed by Promega was used tovestigate whether NB-506 could affect mitochondrial per-
identify drug-induced apoptotic HL-60 cells. The supplier's meability, A¥mt was monitored by fluorescence of the
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Fig. 2. Cell cycle analysis of both untreated and HL-60 cells treated witahM@PT or NB-506 for 2, 4 and 6 hr. Cells were analyzed with the FACScan
flow cytometer as described in Materials and Methods.

cationic lipophilic dye DiOG. HL-60 cells were treated ative of BCECF (BCECF-AM), a dye whose fluorescence
with 10 uM NB-506 or CPT for 4 hr prior to labeling with  emission is sensitive to pH variations. Cell samples were
100 nM DiOG;. A marked reduction in fluorescence inten  excited at two wavelengths, 440 and 490 nm, and the emis-
sity was observed with both NB-506 and CPT (Fig. 3). A sion was recorded at a single wavelength, 535 nm. Ratioing
similar decrease in DiOgfluorescence was measured using of fluorescence excitation was used as a quantitative mea-
the mitochondrial uncoupling agent carbonyl cyanitde sure of the pH, independent of cell volume or dye concen-
chlorophenylhydrazone (mCICCP), whereas addition of the tration. The pH of untreated HL-60 cells was 7.440.03.
mitochondrial ATP synthetase inhibitor oligomycin induced A significant decrease in the pH was observed upon treat-
a marked increase in fluorescence (not shown). The dissi-ment of the cells with CPT or NB-506. In cells treated for
pation of AWmt reflects the opening of the mitochondrial 4 hr with drug concentrations ranging from 0.1 to M,
permeability transition pores. This effect, which has been the intracellular pH dropped from 7.4 to 7.1 (Fig. 4). These
commonly observed with other anticancer drugs irrespec- experiments show that HL-60 cells treated with NB-506 or
tive of the cell type, generally defines an early but already CPT became significantly more acidic than untreated cells.
irreversible stage of apoptosis [27]. The extent of the acidic shift depended on the drug concen-

tration but also on the incubation period (data not shown).
3.4. Intracellular pH

3.5. Intracellular calcium

A fluorescent method was adopted to measure intracel-

lular pH in cells treated with NB-506 using the dye BCECF. Confirming different studies [28], we found that over the
HL-60 cells were loaded with the acetomethyl ester deriv- time—course of culture in calcium-containing media, drug-
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antitumor drugs [17]. For example, caspase-3, which
Fluorescence cleaves DEVD-type substrates, is involved in camptothecin-

Fig. 3. Depolarization of mitochondrial membranes as a consequence of theinduced apoptosis in HL-60 cells [32]. It was therefore of
drug treatment. The cytofluorometric profiles show the decrease in the interest to determine whether this cysteine protease is also
fluorespence of tha¥mt-sensitive dye DiOgupon trea_tment pf HL-60 involved in apoptosis induction by NB-506 in HL-60 cells.
ce_IIs Wlthllo;.LM CPT or NB-506 for 4 hr. Cells were stained with 100 nM A first way to address this question is through the use of the
DiOC, prior to analysis by flow cytometry. .

caspase-3 peptide substrate DEVD-pNA. We prepared ly-

sates from cells treated for 4 hr with various concentrations
treated HL-60 cells undergoing apoptosis demonstrated noof the drug and then assayed for an activity capable of
elevation of intracellular calcium as measured by the intra- cleaving DEVD-pNA using a solution assay. Lysates were
cellular calcium indicator Fura-2. Control HL-60 cells mixed with the pNA-tagged tetrapeptide and the absorbance
maintained intracellular Ga at 210+ 9 nM, and no sig of the released substrate was recorded at 405 nm using a
nificant changes were seen following treatment of the cells 96-well plate reader. A marked activity was recorded in
with either CTP, etoposide, or NB-506 (LM each for 6 lysates from cells treated with 5 and & NB-506, but the
hr). However, the absence of a discernible elevation of effect was well inferior to that obtained with CPT. NB-506
intracellular calcium does not exclude the possibility that had no effect at 1uM, whereas this concentration was
calcium flux may be required to trigger apoptosis. In fact, sufficient to detect a full activity with CPT. The effect of
Bratton et al. [29] have shown that calcium flux is abso- CPT was comparable to that obtained with drugs such as
lutely necessary for the appearance of phosphatidylserinesstaurosporine (a protein kinase C inhibitor) and etoposide (a
on the outer leaflet of the plasma membrane of HL-60 cells topoisomerase |l inhibitor) used as internal positive con-

during apoptosis. trols. No activity was detected in the control (drug-free)
lysates, and the caspase-3-mediated cleavage activity stim-
3.6. Caspase-3 activation ulated by CPT and NB-506 was totally inhibited by the

well-characterized inhibitor z-DEVD-fmk (Fig. 5). These
Studies with genotoxic agents including topoisomerase | results suggest that NB-506 activates caspase-3 with a lower
inhibitors have shown that programmed cell death is asso-efficiency compared to CPT. However, DEVD is mainly
ciated with the activation of a number of aspartate-specific cleaved by caspase-3, but may also be a substrate for
cysteine proteases (caspases) [30,31]. In particular,caspases-1, -4, -6, -7, and -8 [33]. A recent study of inhibitor
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Fig. 7. Activation of caspase-8 by CPT and NB-506. Western blot was used
to detect cleavage of caspase-8 [55-kDa band] in untreated cells (Ct) and
cells treated with CPT or NB-506 (10M each) for 1-20 hr. Whole cell

Fig. 5. (a) NB-506 and CPT promote DEVD-pNA cleaving activity. HL-60  |ysates were subjected to SDS—PAGE followed by blotting with an anti-
cells were incubated with the test drug at the indicated concentration for 4 caspase-8 monoclonal antibody.

hr prior to the addition of the caspase-3 substrate DEVD-pNA (50).
Assay mixtures were incubated for 1 hr at 37° prior to measurement of
absorbance at 405 nm. The histogram in (b) shows the DEVDase activity
without drug (control, Ct) and in the presence of QNI staurosporine (St),

2 uM NB-506 (NB), 2 uM camptothecin (CPT), with or without the
peptidic inhibitor of caspase-3 DEVD-fmk atM (+Inh). Results are the
means of three experiments.

Y S AR
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shows PARP cleavage in control cells and cells treated with
10 uM topoisomerase | inhibitor for up to 5 hr as examined
by Western blot. CPT was very efficient at inducing PARP
cleavage, as reflected by the intensity of the 89,000 MW
PARP fragment. Quantitative cleavage was observed after 4
hr of treatment with CPT. NB-506 also induced caspase-3-
mediated PARP cleavage, but with a much lower efficiency.
Only about 50% of endogenous PARP was cleaved after 5
hr of treatment of HL-60 cells with NB-506. Cleavage
reached approximately 70% after 6 hr, and quantitative

Poly(ADP-ribose) polymerase (PARP), an enzyme in- .
volved in DNA repair, is a preferential substrate for glhec?xi)ge required at least 12 hr of drug treatment (data not

caspase-3 [36]. We determined the extent of PARP cleavage
by immunoblot analysis and densitometric analysis of the
PARP cleavage product. The time—courses of CPT- and3.7. Caspase-8 activation
NB-506-induced cleavage of PARP were compared. Fig. 6

specificity found that z-DEVD-fmk inhibits both caspases-3
and -7 [34,35]. Therefore, we used a second method to
probe the involvement of caspase-3 in NB-506-induced
apoptosis.

time (hrs)

(kDa)

-116
-89

Fig. 6. Induction of PARP cleavage by CPT and NB-506. Western blot was
used to detect the cleavage of full-length PARP [116-kDa band] into the
89-kDa fragment in untreated cells (Ct) and cells treated with CPT or
NB-506 (10uM each) for 1-5 hr. Whole cell lysates were subjected to
SDS-PAGE followed by blotting with an anti-PARP monoclonal antibody.

Caspase-3 is an executioner protease that can be acti-
vated by at least two distinct mechanisms. Cytochramne
which is often released from the mitochondria into the
cytosol [37], can induce ATP- or dATP-dependent forma-
tion of a complex of proteins that results in the proteolytic
activation of pro-caspase-3 and the apoptotic destruction of
the nuclei [38]. Alternatively, distal caspases such as
caspases-3, -6, and -7 can be directly activated by a proxi-
mal caspase such as caspase-8 [39,40]. The caspase-8 and
cytochromec pathways for caspase-3 activation are both
independent, and inhibited by IAP (inhibitor of apoptosis)
proteins at distinct points [41]. However, caspase-8 can also
act through mitochondria to facilitate the efflux of cyto-
chromec [42]. These considerations prompted us to exam-
ine the variation in the intracellular levels of caspase-8 in
HL-60 cells treated with NB-506.

HL-60 cells were treated with 10M NB-506 or CPT for
1, 3, 5, or 20 hr, and the processing of caspase-8 was
detected by immunoblot analysis (Fig. 7). Caspase-8 was
synthesized as two isoforms ef55 kDa which comigrated
into a single product under our electrophoretic conditions.
Band intensities of different blots were quantified by den-
sitometry. After 3 hr of incubation with the drugs, the
intensity of the caspase-8 product was decreased by 32 and
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23% with CPT and NB-506, respectively. The band was less than 2%. A similar 30-fold increase in the apoptosis rate
decreased by about 50% after 5-hr treatment of the cellswas measured in suspension cells using flow cytometry
with CPT, whereas the same band was decreased by onlydata not shown). Brightly fluorescent green cells were also
25% with NB-506. The processing of caspase-8 was con- detected with CPT. In this case, almost all cells were pos-
siderably higher when the cells were incubated overnight itive. The DNA laddering and TUNEL assays concur that

with the drugs. These experiments indicate that both topo- NB-506 induces DNA digestion in HL-60 cells.

isomerase | inhibitors activate caspase-8 and that the extent

of activation is more pronounced with CPT than with NB-

506. Similar results were obtained using a colorimetric 4. Discussion

assay.

To further investigate the activation of caspase-8, we  The results clearly indicate that the antitumor drug NB-
measured the rate of IETD-pNA hydrolysis in cells treated 506 targeting topoisomerase | induces apoptosis in chemo-
with graded concentrations of NB-506 or CPT for 4 or 18 hr sensitive HL-60 cells. Upon treatment of the cells with
(Fig. 8). A marked IETDase activity was recorded in lysates NB-506 or CPT, caspase-8 is cleaved, leading to a down-
from cells treated with NB-506 or CPT, but here again the stream caspase cascade activation involving caspase-3.
effect was weaker with the indolocarbazole drug compared Caspase-8 is proximal to the Fas ligand (Fas-L) receptor.
to CPT after 4 hr of treatment (Fig. 8A). In contrast, there Induction of Fas-L and up-regulation of Fas after treatment
was no significant difference between the two drugs when with cytotoxic drugs such as doxorubicin have been ob-
the drug treatment period was extended to 18 hr (Fig. 8C). served in a variety of tumor cells [44,45]. However, in our
As for caspase-3, we found that the peptidase-induced ac-case, we could not detect Fas in HL-60 cells treated with
tivity of NB-506 and CPT (as well as staurosporine used as NB-506 by Western blot using a monoclonal antibody
a control) was abolished upon addition of the inhibitory raised against Fas (Pharmingen) (data not shown). Other
peptide z-lle-Glu-Thr-Asp-fluoromethylketone (z-IETD- groups have reported that there is no activation of Fas in
fmk) (Fig. 8B). Together with the Western blot experiments HL-60 cells upon treatment with cytotoxic drugs, including
presented in Fig. 7, these results clearly indicate that NB- topoisomerase inhibitors [46,47]. It is now widely accepted

506 activates caspase-8. that drug-triggered apoptosis can occur independently of the
Fas/Fas-L system, apparently by directly perturbing mito-
3.8. DNA fragmentation chondrial functions [48,49]. In the same vein, our results

indicate that apoptosis induced by drugs like CPT and

To assess the extent of DNA digestion following short NB-506 does not require changes in the intracellular cal-
exposure to the topoisomerase | poisons, HL-60 cells werecium level, at least in the HL-60 cell line. HL-60 cells stably
treated for 2 hr with 10uM NB-506 or CPT. Untreated  express the apoptosis-suppressive dgecie? [50], but are
control cells contained only high-molecular-weight DNA. p53-null [51,52].
In contrast, both NB-506 and CPT caused the production of  Alterations of the mitochondrial functions play a major
lower-molecular-weight DNA fragments consisting of mul- role in the apoptotic process, in particular in cell death
timers of 180 base pairs (Fig. 9). The cleavage patterns areinduced by chemotherapeutic agents [26]. It is highly likely
typical of internucleosomal DNA digestion by an endoge- that NB-506 provokes marked changes in these mitochon-
nous nuclease considered characteristic of apoptotic celldrial functions, as judged from both the loss of the mito-
death [43]. chondrial membrane potentiaA¥'mt) and the significant

Another detection system, the TUNEL assay, was also drop in intracellular pH in drug-treated cells versus control
employed to characterize drug-induced genomic DNA cells. The collapse adi¥mt is a signature of the opening of
cleavage. Unlike detection by the above-mentioned “DNA the mitochondrial pores responsible for an uncoupling of the
ladder” on agarose gels, the TUNEL method detects apo-respiratory chain and efflux of small molecules (e.g. cyto-
ptosis at a single-cell level and thus permits a better eval- chrome ¢, calcium) and certain proteins including
uation of the apoptotic cell fraction [24]. The technique is caspases-2 and -9 [53] as well as the apoptosis-inducing
based on the fluorescein labeling of apoptotic DNA frag- factor (AIF), which can in turn stimulate the proteolytic
ments. Fig. 10 shows immunofluorescent pictures of HL-60 activation of caspase-3 [54]. However, caspases can act
cells treated with NB-506 or CPT. Control cells containing either upstream or downstream of mitochondria [26,37]. For
intact genomic DNA appeared in red (due to staining with example, caspase-8 activation occurs downstream of the
propidium iodide), whereas a considerable number of apo- AWmt dissipation in apoptosis induced by betulinic acid,
ptotic cells colored in green were detected by fluorescencewhereas caspase-8 cleavage occurs upstream aX\#met
microscopy within the population of cells treated with 10 collapse in doxorubicin-induced apoptosis [55]. The drug-
uM NB-506 for 6 hr (Fig. 10). We counted the number of induced opening of the permeability transition pores also
apoptotic cells in several fields. Approximately 60% of the causes the release of protons into the cytosol, contributing to
cells were positive (green cells divided by the number of red the intracellular acidification process that we monitored by
cells per field). The apoptosis rate in the control cells was fluorescence using the BCECF probe. Lowering the pH can
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Fig. 9. Agarose gel electrophoresis of DNA extracted from untreated
HL-60 cells (control) and cells treated with 0V NB-506 or CPT for 4

hr. DNA was stained with ethidium bromide after electrophoresis on a 1%
agarose gel and then visualized under UV light. Oligonucleosome-sized
DNA fragmentation can be clearly seen in drug-treated cells (arrows).

induce apoptosis by itself in HL-60 cells [56]. Intracellular
acidification is often considered a consequence of the mi-
tochondrial proton leak, but may be also a cause rather than
a consequence of the loss AfPmt [57]. A drug-induced
increase in the proton permeability of the mitochondrial
inner membrane can lead to a decrease in mitochondrial
membrane potential [58]. Therefore, the pH changes may
serve to modulate the apoptotic responsiveness of the cell,
as well as amplifying the apoptotic program.

The way in which NB-506 activates the apoptotic ma-

Fig. 8. NB-506 and CPT promote IETD-pNA cleaving activity. HL-60
cells were incubated with the test drug at the indicated concentration for (a)
4 hr or (c) 18 hr prior to the addition of the caspase-8 substrate IETD-pNA
(50 uM). Assay mixtures were incubated for 1 hr at 37° prior to measure-
ment of absorbance at 405 nm. The histogram in (b) shows the IETDase
activity without drug (control, Ct) and in the presence of QM stauro-
sporine (St), 2uM NB-506 (NB), 2 uM camptothecin (CPT), with or
without the peptidic inhibitor of caspase-3 DEVD-fmk au# (+Inh) for

4 hr. Results are the means of three experiments.
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Fig. 10. Characterization of drug-induced DNA cleavage in HL-60 cells
with the TUNEL assay. (N) Non-apoptotic cells with intact genomic DNA
appear in red, whereas fragmented DNA in cells undergoing apoptosis (A)
is labeled with fluorescein, providing green cells. Cells were treated with
10 uM CPT or NB-506 for 6 hr prior to the fluorescein labeling. Control
refers to the untreated cells.

chinery appears very similar to CPT-induced activation.
Both the indolocarbazole derivative and camptothecin pro-
voke a collapse cAWmt, reduce intracellular pH, stimulate
caspases-3 and -8, and cause DNA fragmentation into oli-
gonucleosomes. Although the two drugs are almost equally
toxic to HL-60 cells, the apoptotic effects are generally less
pronounced with NB-506 than with CPT. The results in
Figs. 5—-8 clearly show that NB-506 is less efficient than
CPT at activating caspases-3 and -8. After 4 hr of treatment
with NB-506, only about 50% of PARP is cleaved in HL-60

M. Facompre et al. / Biochemical Pharmacology 61 (2001) 299-310

cells, whereas the same treatment with CPT produces quan-
titative cleavage of the polymerase. Therefore, it seems
difficult to establish a relationship between drug cytotoxic-
ity and the magnitude of the apoptotic response in HL-60
cells. Different rates of penetration of the two drugs in
HL-60 cells may account for the reduced or delayed apo-
ptotic effects observed with NB-506 compared to CPT. We
have recently shown that the uptake of a glycosylated in-
dolocarbazole derivative of NB-506 in HL-60 cells is rapid
but limited to about 6% of the drug molecules [59].

In conclusion, the study reported here provides for the
first time direct evidence that the promising antitumor drug
NB-506 induces apoptosis in leukemia cells. There is no
doubt that mitochondria and caspases play a central role in
the activation of the executioner phase of NB-506-induced
apoptosis. Inhibition of topoisomerase | likely serves as the
inducing signal triggering mitochondrial activation. How-
ever, further investigations are warranted to identify the
signal(s), downstream of topoisomerase | and upstream of
mitochondria, involved in activation of the apoptosis ma-
chinery. Identifications of these specific targets may have
profound therapeutic implications.
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