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Abstract

The benzoacronycine derivative S23906-1 is a highly potent antitumor agent with a broad spectrum of activity against different human
solid tumor xenografts. The marked cytotoxic potential of this drug may be the result of its interaction with DNA but the precise
mechanism of action remains unclear at present. We have investigated the induction of apoptosis in human promyelocytic leukemia HL-60
and murine melanoma B16 cells treated with S23906-1. With both cell lines, the drug induces cell cycle perturbations (G2/M arrest) and
triggers apoptosis as revealed by the externalization of Annexin V-targeted PS residues at the periphery of the cells. But the biochemical
pathways leading to apoptosis are different for the two cancer cell lines. In HL-60 cells, the drug induces significant variations of the
AY ., measured by flow cytometry using the fluorochromes JC-1 and cm-X-ros. Activation of caspase-3 and chromatin condensation in
HL-60 cells exposed to submicromolar concentrations of S23906-1 for 24 hr were also clearly seen by flow cytometry and confocal
microscopy experiments. In contrast, the extent of apoptosis induced by S23906-1 was found to be much more limited in B16 cells. No
significant variations of A¥,,, and no cleavage of the fluorescent caspase-3 substrate GDEVDGI (PhiPhiLux-G;D, probe) could be
detected by cytometry in B16 cells exposed to S23906-1. In addition, we characterized the mitochondrial production of reactive oxygen
species (ROS) using the probe dihydroethidine (HE) and the variations of the mitochondrial mass using the cardiolipin-interacting probe
nonyl acridine orange (NAO). S23906-1 stimulates the production of ROS in both cell lines but the number of mitochondria seems to
increase only in drug-treated B16 cells. Collectively these findings identify S23906-1 as a potent inducer of cell apoptosis in the leukemia
cells and to a lower extent in the melanoma cells. The results help to understand the downstream cytotoxic actions of this new anticancer
agent which is currently undergoing preclinical development. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Acronycine (Fig. 1) is a cytotoxic alkaloid originally
isolated half a century ago from the bark of the Australian
scrub ash Achronychia baueri [1,2]. While this natural
product showed preferential cytotoxicity against certain
tumor cells in vitro, it had only weak activity in vivo [3].
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Abbreviations: LSCM, laser scanning confocal microscopy; cm-X-ros,
chloromethyl-X-rosamine; JC-1, tetrachloro-tetraethylbenzimidazol carbo-
cyanine iodide; S23906-1, (+)-cis-1,2-diacetoxy-6-methoxy-3,3,14-tri-
methyl-1,2,3-14-tetrahydro-7H-benzo[b]pyrano[3,2-h]acridin-7-one;
AVY ., mitochondrial membrane potential.

Structure—activity relationship studies have recently led to
the development of acronycine derivatives with improved
pharmacological properties [4,5]. One of the analogues,
S$23906-1, bearing two acetate groups at positions 1 and 2
(Fig. 1) has demonstrated promising in vivo activity against
colon 38 adenocarcinoma implanted in mice [5]. Very
recently, highly potent antitumor activities were found
against orthotopic models of human solid tumors, includ-
ing ovarian, lung and colon cancers. S23906-1 was as
efficient as paclitaxel, vinorelbine and irinotecan to inhibit
the growth of these tumors [6].

The molecular mechanism of action of S23906-1
remains largely unknown. Acronycine inhibits DNA and
RNA syntheses and it has been suggested that the alkaloid
can intercalate into DNA [7-10]. S23906-1 may also
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Fig. 1. Structure of acronycine and its synthetic derivative S23906-1.

interact with DNA but however, no published reports
assessed the molecular mechanism of action of acrony-
cine derivatives. Also, despite promising in vivo activities,
the mechanism of cytotoxicity of S23906-1 and related
compounds remain unclear at present. It was shown
recently that the drug induces cyclin E and inhibits
DNA synthesis in HT29 colon carcinoma cells [11].
Our study examined the effects of S23906-1 on the cell
cycle progression and the induction of apoptosis. Two cell
lines were selected for this study: HL-60 human leukemia
cells which are readily prone to enter apoptosis and B16
murine melanoma cells which in general do not easily
respond to cytotoxic agents. The goal of the present study
was to characterize some of the biochemical and mole-
cular events occurring in various stages leading to cell
death induced by S23906-1.

2. Materials and methods
2.1. Drug and chemicals

The synthesis of the benzoacronycine derivative
S23906-1 ((%)-cis-1,2-diacetoxy-1,2-dihydrobenzoacro-
nycine) has been reported recently [5]. The drug was
dissolved in DMSO at 5 mM and then further diluted with
water. The DMSO stock solution was kept at —20° and
freshly diluted to the desired concentration immediately
before use. JC-1 and cm-X-ros (also known as Mitotracker
Red™) were from Molecular Probes, Inc. All other che-
micals were analytical grade reagents.

2.2. Cell cultures and survival assay

Human HL-60 promyelocytic leukemia cells were
obtained from the American Tissue Culture Collection.
Cells were grown at 37° in a humidified atmosphere
containing 5% CO, in RPMI 1640 medium, supplemented

with 10% fetal bovine serum, glutamine (2 mM), peni-
cillin (100 IU/mL) and streptomycin (100 pg/mL). B16
melanoma cells were obtained from Dr. M.-C. De Pauw
(University of Liege, Belgium). The melanocytes were
maintained as monolayers in 150 cm? culture flasks using
culture medium consisting of DMEM-glutaMAX med-
ium (Gibco) supplemented with 10% fetal bovine serum,
penicillin (100 IU/mL) and streptomycin (100 pg/mL).
Cells were grown in a humidified atmosphere at 37° under
5% CO,. B16 cells were harvested by trypsinization and
plated 20 hr before treatment with the test drug. A Leica
DLMB microscope was used to examine the morphology
of adherent cells and counting using a Nageotte cell. In the
exponential phase, the doubling time of these melanocytes
ranges from 15 to 18 hr and the confluence stage was
achieved at a cell density of 3 x 10° cells/cm®. For the
microscopic observations, cells were stained with the
standard Pap method [12].

The cytotoxicity of S23906-1 was assessed using a cell
proliferation assay developed by Promega (CellTiter 96
AQueous One solution cell proliferation assay). Briefly,
2 x 10* exponentially growing cells were seeded in 96-
well microculture plates with various drug concentrations
in a volume of 100 pL. After 72 hr incubation at 37°, 20 pL
of MTS [13] were added to each well and the samples were
incubated for a further 3 hr at 37°. Plates were analyzed on
a Labsystems Multiskan MS (type 352) reader at 492 nm.

2.3. Cell cycle analysis

A commercial assay, Cycle TEST™ PLUS (Becton-
Dickinson), was used for flow cytometry analysis of DNA
content. Briefly, 10° cells in exponential growth were
treated with 0.001-1 pM of S23906-1 for 24 hr and then
washed three times with citrate buffer. The cell pellet was
incubated with 250 puL of solution A (trypsin-containing
citrate buffer) for 10 min at room temperature and then
with 200 pL of solution B (citrate buffer containing a
trypsin inhibitor and RNase) for 10 min before adding
200 pL of solution C (propidium iodide (PI) at 125 ng/
mL and spermin tetrahydrochloride). Samples were ana-
lyzed on a Becton Dickinson FACScan flow cytometer
using the Cell Quest software (Becton-Dickinson) which is
also used to determine the percentage of cells in the
different phases of the cell cycle. PI was excited at
488 nm, and fluorescence analyzed at 620 nm (FI-3).

2.4. Externalization of phosphatidyl serines (PS)

Surface exposure of PS by apoptotic HL-60 and B16
cells was measured by cytometry by adding Annexin V-
FITC to 10° cells per sample according to the manufac-
turer’s specifications (ApopNexin™ apoptosis detection
kit, Oncor™, Appligene). Simultaneously, the cells were
stained with PI. Excitation was set at 488 nm and the
emission filters used were 515-545 nm (green, FITC)
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and 600 nm (red, PI). Data analysis was performed with the
standard Cell Quest software.

2.5. Mitochondrial energization

Mitochondrial energization was determined as the
retention of fluorescent dyes. After the drug treatment,
10° cells in 1 mL of PBS were loaded with the fluorescent
probe, either JC-1 (1 pM) or cm-X-ros (25 nM), during
30 min at 37° before the flow cytometric analysis. The
same incubation time was applied to the controls and the
drug-treated samples. The fluorescence of the dye cm-X-
ros was recorded on channel Fl-3. Forward and side
scatterings were analysed after linear amplification. With
JC-1, both the green (FI-1) and red (FI-2) fluorescences
were recorded.

2.6. Mitochondrial generation and effects of ROS

After drug treatment, 2 x 10° cells in 5 mL of complete
culture medium were collected by centrifugation (10 min,
400 g, 4°), washed once with buffer and resuspended in
0.7 mL of PBS before adding the fluorescent probe. HE and
NAO were used at 2.5 uM and 100 nM, respectively. In
both cases, cells were incubated with the probe for 30 min
at room temperature under gentle stirring and then the
fluorescence was directly recorded with the cytometer
using channels FI-3 and FI-1 for HE and NAO, respec-
tively.

2.7. DEVD cleavage activity

To measure caspase activity after drug treatment, the
cells were centrifuged, washed with PBS and resuspended
in 20 pL of PhiPhiLux-GD, substrate (Oncolmmunin
Inc.) for 1 hr at 37° following the manufacturer’s protocol.
Cleavage of the peptide linker of PhiPhiLux (sequence
DEVD) separate the rhodamine moieties and results in
fluorescence detectable by flow cytometry.

2.8. Chromatin condensation

B16 cells (20,000 cells/cm?) were incubated with
graded concentrations of S23906-1 at 37° for 24 hr. The
medium was removed, the cells were rinsed 10 min with
ice-cold PBS and then, fixed with a 2% paraformaldehyde
solution for 25 min at +4°. After washing, the cells were
incubated with the fluorescent probe Hoechst 33342
(1 uM) for 30 min at 37° in the dark and washed again
with PBS. A drop of anti-fade solution was added and the
treated portion of the slide was covered with a glass
coverslip. The blue fluorescence of the nuclear dye was
detected and localized by fluorescence microscopy using a
Zeiss microscope with a 63x or 100x oil objective.
Images were captured using a software Quips Smart
Capture™ (Vysis).

3. Results
3.1. Cytotoxicity and cell cycle effects

A conventional tetrazolium-based assay was used to
evaluate the effect of the benzoacronycine derivative
S23906-1 on the growth of HL-60 leukemia cells and
B16 melanoma cells. In both cases, a dose-dependent
inhibition of growth was observed. After 72 hr, the 50%
inhibitory concentration of $23906-1 was 0.22 (£0.06) uM
and 0.51 (£0.09) uM for HL-60 and B16 cells, respec-
tively. To investigate the effects of S23906-1 on cell cycle
progression of HL-60 and B16 cells, the DNA content of
cell nuclei was measured by flow cytometric analysis. The
cells were treated with graded concentrations of the drug
for 24 hr. DNA histograms show that S23906-1 increases
the population of G2/M B16 cells in a dose-dependent
manner (Fig. 2). The G2/M population increased from 10%
in the control to 45% in cells treated with 1 uM S23906-1,
while concomitantly the G1 population decreased by half,
from 68 to 32%. The percentage of S phase cells was not
profoundly affected. With the leukemia cell line, S23906-1
action resulted in a progressive generation of cells having a
hypodiploid DNA content (sub-G1 material) that is char-
acteristic of apoptosis and reflects fragmented DNA. Quan-
titation of the sub-Gl1 material indicates that this
population represents 89% of the cells upon treatment
with 1 pM S23906-1. Elevated levels of sub-G1 cells were
seen for drug concentrations >0.2 pM, i.e. for doses
exceeding the 1csy (Fig. 2). For the HL-60 cells, there
may be a direct relationship between the doses required to
induce programmed cell death and to inhibit cell growth.
The appearance of the sub-G1 population is accompanied
by characteristic morphological changes. In parallel to the
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Fig. 2. Cell cycle distribution determined by flow cytometry in HL-60 and
B16 cells treated with graded concentration of S23906-1 for 24 hr. Cells
were analyzed with the FACScan flow cytometer (FI-3). Results show a
typical experiment which has been repeated three times.
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Fig. 3. Fluorescence microscopy images of PI-stained B16 melanoma
cells. In panels (a) and (c), cells were treated with 0.5 pM S23906 for 24 hr
whereas panels (b) and (d) show untreated control cells. A trypsin-
containing solution was used to permeabilize the cells. The magnifications
and scales (20 um) are indicated. The cells shown are representative of the
entire population.

cytometry study, the cells loaded with PI were observed
under the fluorescence microscope to assess drug-induced
changes of the cell morphology. As shown in Fig. 3, the
melanocytes treated with S23906-1 were much larger than
the control cells. In particular, the size of nuclei, where the
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red fluorescence of PI accumulates, was considerably
increased and the nuclear content stained very strongly.
The change in the nuclear texture suggests that S23906-1
affects the chromatin structure and this may indicate that
the drug binds directly to DNA. Recent studies at the
molecular levels suggest that S23906-1 can alkylate
DNA (manuscript in preparation).

3.2. Loss of plasma membrane asymmetry during
apoptosis

To further characterize S23906-1-induced apoptosis, we
performed a biparametric cytofluorimetric analysis using
PI and Annexin V-FITC which stain DNA and PS residues,
respectively. Annexin V is a Ca>*-dependent phospholipid
binding protein with high affinity for PS. After the drug
treatment, the cells were labeled with these two dyes,
washed and the resulting red (PI) and green (FITC) fluor-
escence was monitored by flow cytometry. The results
obtained with the HL-60 cell line are displayed in Fig. 4.
As indicated on the figure, the percentage of Annexin V
positive cells increased gradually upon treatment with
S523906-1. At 0.1 uM, 20% of the cells stained positively
with Annexin V but practically not with PI (early stage of
apoptosis) and at 1 uM the percentage of Annexin V
positive cells reached about 80% but at this concentration
all cells were also colored in red by PI (late stages of
apoptosis and/or dead cells). For similar experiments
performed with B16 cells, the percentage of Annexin V
positive cells was about 30% at 0.1 pM S23906-1 but in
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Fig. 4. S23906-1 induces externalization of PS. Contour plots for HL-60 cells treated with graded concentrations of S23906-1 for 24 hr and then stained with
PI and an Annexin V-FITC conjugate specifically detecting the exposure of PS residues at the cell surface. Fluorescence intensities (Fl-1 and F1-3) are shown
as log scales. For each drug concentration tested, the percentage of Annexin V™ cells is given (£3%). Results show a typical experiment which has been
repeated four times.
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Fig. 5. Annexin V binding to B16 cells treated with S23906-1. (a) Control
cells (magnification: 16x); (b—d) cells treated with S23906-1 at 0.5 pM for
24 hr (magnification: 16x, 43, 63x). PS residues exposed at the surface
of the cells bind to Annexin V-FITC conjugate thus providing a green
fluorescence at the cell periphery. At the same time, cells were stained with
PI to stain the nuclei, before examination under a confocal laser-scanning
microscope. The magnifications are indicated. The experiment was
performed three times with identical results.

this case, the flow cytometry analysis is less appropriate
because membrane damage can occur during harvesting. In
addition, harvesting with trypsin and EDTA can also
influence the measurable amount of bound Annexin V,
because trypsin and EDTA remove bound Annexin V from
the surface by proteolysis and chelation of Ca*", respec-
tively. For these reasons, we evaluated the number of
Annexin V positive B16 cells by means of fluorescence
microscopy without their detachment from the glass slides
directly incubated in the culture flasks. Typical images are
shown in Fig. 5. The control cells showed no green
fluorescence whereas about 35% of the cells treated with
0.5 pM S23906-1 for 24 hr were colored in green. The
FITC fluorescence can easily be localized at the periphery
of the cells reflecting the translocation of PS residues from
the inner leaflet of the plasma membrane to the outer
leaflet. PS exposed to the external environment are thus
directly accessible to Annexin V-FITC. These data indi-
cate that S23906-1 provokes the loss of membrane asym-
metry in both cell lines.

3.3. Variations of the AY,,;

AY .. was monitored by fluorescence of the dye JC-1
which is considered a reliable probe to assess AW
changes [14]. JC-1 has the unique property of forming
red-fluorescent J-aggregates locally and spontaneously
under high mitochondrial AY ,, whereas the monomeric
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Fig. 6. Variations of the red/green (Fl-2/FI-1) fluorescence ratio as a
function of the S23906-1 concentration. (@) HL-60 and (O) B16 cells
were treated with graded concentrations of S23906-1 for 24 hr before
staining with the probe JC-1. The green fluorescence refers to the JC-1
monomers and the red fluorescence corresponds to the formation of J-
aggregates. Mean =+ SD of three independent experiments.

form fluoresces green [15]. Cells were treated with increas-
ing concentrations of S23906-1 for 24 hr before labeling
with 1 pM JC-1. The changes of the ratio of red/green
fluorescence reflect the variations of AY,, independently
of the mitochondrial mass. Untreated cells exhibit at the
same time intensive green and red fluorescence. Fig. 6
shows the variations of the fluorescence ratio FI-2/Fl-1
(red/green fluorescence) as a function of the drug concen-
tration. Almost no effect was observed with B16 cells. In
contrast, with HL-60 cells, low drug concentrations induce
an increase of the fluorescence ratio followed by a decrease
at higher concentrations.

Similar experiments were performed with the dye cm-X-
ros which is sensitive to the mitochondrial mass, unlike JC-1.
Here again, the detection of mitochondrial polarization
using cm-X-ros was also accomplished by cytometry and
the results are presented in Fig. 7. Treatment of the HL-60
cells with 0.2 pM S23906-1 induces a marked increase of
the cm-X-ros fluorescence. At 0.5 uM, the hyperpolariza-
tion peak decreases and a second peak corresponding to a
much lower fluorescence appeared. The decrease of the
fluorescence intensity reflects the drug-induced depolar-
ization of the inner mitochondrial membrane. The dissipa-
tion of AY,, reflects the opening of the mitochondrial
permeability transition pores. This effect, which has been
commonly observed with other anticancer drugs irrespec-
tive of the cell type, generally defines early but already
irreversible stage of apoptosis. With B16 cells, we could
only detect an increase of the cm-X-ros fluorescence.
Because no such effect was seen with the probe JC-1,
we suspected that this unusual effect arises from a drug-
induced increase of the mitochondrial mass rather than an
increase of A¥,,.. As mentioned above, cm-X-ros but not
JC-1 is sensitive to the mitochondrial mass. Direct exam-
ination of the B16 cells under the confocal microscope
support this hypothesis. As shown in Fig. 8, untreated cells
demonstrated a punctated pink pattern for cm-X-ros con-
sistent with its mitochondrial localization. Upon treatment
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Fig. 7. Variations of the AY ., measured with the dye mitotracker red
(cm-X-ros) in HL-60 and B16 cells treated with S23906-1. The
cytofluorometric profiles show the variations of the cm-X-ros fluorescence
following exposure of the cells to graded concentrations of S$23906-1
(0.01-1 puM) for 24 hr. Cells were stained with 25 nM cm-X-ros before
analysis by flow cytometry (F1-3). The experiment was performed three
times with identical results.

control
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Fig. 8. Fluorescence microscopy images of B16 control cells and cells
treated with 0.05 uM S23906-1. After the drug treatment, these cells were
processed for mitochondria labeling using the AY ,-sensitive dye cm-X-
ros (pink). At the same time, cells were stained with the nuclear specific
TOTO-3 dye (blue) before examination under a confocal laser scanning
microscope. The figure shows typical cells recorded by a blinded observer.

with 0.05 uM S23906-1, a brighter punctate staining was
seen throughout the live cells.

3.4. Mitochondrial generation and effects of ROS

We utilized the fluorescent indicator HE, in which
fluorescence appears if ROS are generated, to investigate
the effect of S23906-1 on the production of oxygen species
during apoptosis. HE is oxidized by superoxide anion into
ethidium bromide which emits red fluorescence [16].
Superoxide is produced by mitochondria due to a shift
from the normal 4-electron reduction of O, to a 1-electron
reduction when cytochrome c is released from mitochon-
dria [17]. The results presented in Fig. 9 indicate that the
production of ROS in B16 cells is not significantly changed
in the presence of S23906-1 whereas important variations
are observed with HL-60 cells. Upon treatment with 0.2—
1.0 uM S23906-1 for 24 hr, two cell populations can be
distinguished: one with a reduced level of ROS species and
one corresponding to an enhanced HE—ethidium conver-
sion consistent with the appearance of an oxidative stress
induced by the drug. ROS and the resulting redox change
must be part of the transduction pathway during apoptosis
induced by S23906-1 in the leukemia cell line.

In parallel, we evaluated the damage produced by ROS
in mitochondria by assessing the oxidation state of cardi-
olipin, a molecule restricted to the inner mitochondrial
membrane. The fluorescent probe NAO interacts stoichio-
metrically with intact, non-oxidized cardiolipin [18]. With
B16 cells treated with S23906-1, even at a low concentra-
tion of 0.01 uM, a marked increases in NAO fluorescence
was observed (Fig. 10) suggesting an increase of the
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Fig. 9. Modification of ROS production in HL-60 and B16 cells treated
with S23906-1. Cells were exposed to graded concentrations of S23906-1
(0.01-1 pM) for 24 hr before the addition of 2.5 pM HE for 30 min. Cells
were analyzed with the FACScan flow cytometer (F1-3). The experiment
was performed three times with identical results.
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Fig. 10. Effects of S23906-1 on ROS-mediated oxidation of cardiolipins.
Cells were exposed to graded concentrations of $23906-1 (0.01-1 pM) for
24 hr before the addition of 100 nM NAO for 30 min. Cells were analyzed
with the FACScan flow cytometer (FI-1). Results are representative of
three independent staining.

cardiolipin content as a result of an enhancement of the
mitochondrial mass. On the contrary, in HL-60 cells the
NAO fluorescence was slightly increased with S23906-1
concentrations <0.2 uM and then for higher concentra-
tions, a cell population characterized by a low NAO
fluorescence appeared (Fig. 10). Such a reduction in
NAO fluorescence indicates a decrease in cardiolipin con-
tent in HL-60 cells treated with 0.2—1.0 uM S23906-1.

3.5. Caspase activation

Many studies have implicated cysteine proteases (cas-
pases) as key participants in the sequence of events that
results in the dismantling of the cell during apoptosis
[19,20]. Therefore, it was interesting to evaluate the effect
of S23906-1 on the activity of caspase-3, one of the major
effector caspases. We explored the proteolytic cleavage of
the rhodamine-tagged substrate which contains a hepta-
peptide GDEVDGI recognition sequence for caspase-3 and
possibly for other caspases such as caspase-7. As shown in
Fig. 11, HL-60 cells treated with S23906-1 showed a
massive activation of caspases whereas little cleavage of
the rhodamine-based substrate carrying the DEVD peptide
backbone was detected in B16 cells.

3.6. Apoptosis in B16 cells treated with S23906-1
The above experiments indicate very clearly that

S$23906-1 induces apoptosis in HL-60 cells but in contrast
the evidences for apoptosis in the B16 cells are much
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Fig. 11. Drug-induced activation of caspase-3 in HL-60 and B16 cells.
Cells were exposed to graded concentrations of $23906-1 (0.01-1 pM) for
24 hr before the addition of the PhiPhiLux-G;D, probe containing a
rhodamine-tagged GDEVDGI peptide motif substrate for caspase-3. Cells
were analyzed with the FACScan flow cytometer (Fl-1). Data are from a
representative experiment.

weaker. These melanoma cells are notoriously resistant to
most chemotherapeutic agents. Additional experiments
were performed to support the idea that S23906-1 also
induces apoptosis in B16 cells. Microscopic examination
of these cells showed alterations of the nuclear and cyto-
plasmic membrane morphology induced by S23906-1
(Fig. 12A). With the Papanicolaou staining procedure,
the morphology of non-apoptotic cells can be distinguished
from that of B16 cells undergoing apoptosis. Non-apopto-
tic cells are usually rather round and their nucleus is large
whereas B16 cells treated with S23906-1 are convoluted
and budding, and they frequently present several clumps of
condensed chromatin. The identification of apoptotic
body-like structures suggest that these cells are effectively
engaged in the apoptotic pathway. Nuclei of B16 cells
treated with $23906-1 showed a more condensed chroma-
tin than that of untreated control cells, as judged from
staining with the blue dye Hoechst 33342 (Fig. 12B) and in
agreement with the data in Fig. 3. In parallel, a noticeable
fragmentation of the genomic material was detected by a
TUNEL assay (TdT-mediated dUTP Nick End Labeling)
(data not shown) but the DNA extracted from S23906-1-
treated B16 cells showed no internuclesomal DNA clea-
vage (no ladder). Extensive DNA cleavage was detected
neither with S23906-1, nor with other cytotoxic agents like
camptothecin or etoposide. Similarly, the PARP protein
remained intact in the melanoma cells upon treatment with
these different drugs (data not shown). The fragmentation
of the genome of these B16 cells seems to produce only
high molecular weight DNA fragments. Nevertheless,
altogether these data are sufficient to conclude that
S$23906-1 induces apoptosis of the B16 cells even if these
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Fig. 12. Changes in morphology of the B16 cells upon treatment with
S23906-1. The cells were treated with 5 uM S23906-1 for 24 hr before
staining (A) according to the Papanicolaou procedure or (B) with the
Hoechst 33342 blue dye. In (A), panels (a) and (b) refer to the control cells
with intact morphological features and panels (c) and (d) refer to drug-
treated cells with apoptotic characteristics; magnification: (a) and (c) 40x;
(b) and (d) 100x. In (B), panel (a) refers to untreated control cells and
panel (b) corresponds to the drug-treated cells with a more condensed
chromatin; magnification: 63 for (a) and (b).

melanoma cells respond relatively poorly to the apoptotic
stimulus.

4. Discussion

The two cell lines used in this study responded quite
differently to the treatment with the antitumor agent
S523906-1. Treatment of promyelocytic HL-60 cells with
the benzoacronycine derivative caused massive death by
apoptosis, as determined by the characteristic cell cycle
changes (appearance of the sub-G1 population) and the loss
of membrane asymmetry (Annexin V positivity). At the
same time, important changes of the A¥ ., and production of
ROS were detected by cytometry using specific fluorescent
probes. ROS are important regulators of apoptosis [21]. A
number of apoptotic stimuli, such as treatment with etopo-
side and ceramide have been shown to activate ROS gen-
eration by mitochondria [22]. These ROS may arise from the
pre-apoptotic accumulation of intracellular H,O, [23]. The
disruption of the mitochondrial transmembrane potential
observed upon treatment of HL-60 cells with S23906-1 is
accompanied by the cleavage of the DEVD-containing
substrate of certain caspases, in particular caspases-3
and -7. The data clearly indicate that S23906-1 induces
apoptosis of HL-60 cells by a caspase-dependent pathway.

With the B16 melanoma cells, the drug S23906-1 also
induces apoptosis, as judged from the externalization of PS

residues in plasma membrane, but the biochemical events
are quite distinct from those seen with the S23906-1-
challenged HL-60 cells. In particular with the B16 cells,
the drug S23906-1 does not cause a dissipation of the AV,
and no activation of caspase-3 type activity was detected.
In contrast, the cytometry data obtained with the fluores-
cent probes cm-X-ros and NAO were consistent with a
drug-induced increase of the mitochondrial mass. It is well
established that commitment to apoptosis can involve
important changes in mitochondrial activity and mass
[24]. It is worth mentioning that in parallel to the cytometry
measurements, we also investigated the effect of S23906-1
on the expression of the anti-apoptotic Bcl-2 protein which
acts at the mitochondrial level to prevent the release of
apoptotic factors (e.g. cytochrome ¢ and AIF) and activa-
tion of caspases [25]. Bcl-2 expression was analyzed by
Western blot (using a monoclonal antibody from Immu-
notech) but no difference was found between S23906-1-
treated and control cells (data not shown). The induction of
apoptosis by S23906-1 may be independent of the mod-
ulation of expression of Bcl-2, as it is the case with other
chemotherapeutic agents [26]. Bcl-2 levels do not gener-
ally change after cytotoxins.

Two cationic fluorescent probes, JC-1 and cm-X-ros,
have been used to measure the changes of AY,, in
response to the treatment of cells with S23906-1. With
HL-60 cells, the results are mutually consistent and concur
that S23906-1 induces dose-dependent alterations in AY .
A loss of the AV, is observed upon treatment of HL-60
cells with 0.5 pM concentrations of S23906-1. In sharp
contrast, a marked increase in AW, was detected when the
cells were treated with a lower drug concentration of
0.2 uM. The hyperpolarization effect of S23906-1 can
result from different actions such as an increased mito-
chondrial mass and number per cell [27] or to an increases
in matrix volume [28]. The disruption of AY¥ , is asso-
ciated with the appearance of the sub-Gl cell fraction
characteristic of apoptotic cells as judged from the
Annexin V positivity. In contrast, the initial increase of
AW . in HL-60 cells is correlated with the arrest of the cell
in the G2/M phase of the cell cycle. The subsequent
decrease of AY,, coincides with the decrease of the G2
population and appearance of the hypo-diploid DNA con-
tent peak. We have recently reported a similar correlation
between the cell cycle changes and the AY,; variations in
HL-60 cells using the antitumor agents TAS-103 and
etoposide [29,30]. At a low dose, these two drug provoke
a G2/M cell cycle arrest associated with an increased
membrane potential. At a high dose, they stimulate the
apoptotic cell death machinery and this was associated
with a decline in mitochondrial potential. The dissipation
of AY,, is observed concomitantly with the activation of
caspase-3 (DEVDase activity) but these two events are not
necessarily connected. It has been reported recently that
during camptothecin-induced apoptosis of HL-60 cells,
caspases are activated independently of the collapse of
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AY .. [31]. The variations of AW, are correlated with the
cell cycle changes and they may also be connected with the
variations of the mitochondrial cytochrome c¢ levels.
Indeed, Sanchez-Alcazar et al. [32] recently described
two phases during camptothecin-induced apoptosis in
Jurkat cells: a pre-apoptotic phase characterized by an
increase in cytochrome c associated with a transient eleva-
tion of A¥,, and an apoptotic progression phase during
which cytochrome c is released into the cytosol, associated
with the disruption of AY,,. Studies are in progress to
evaluate further the possible relationships between the
hyper- and depolarization of the mitochondrial membrane
and the fluctuations of the mitochondrial protein levels.

The apoptosis pathway induced by the drug S23906-1
proceedes differently in HL-60 leukemia cells compared to
B16 melanoma cells. At present, it is difficult to conclude
whether the observed biochemical pathways reflect the
inherent mode of death of the cells or the specific action of
S23906-1. But, based on the literature data, the second
hypothesis seems more likely. The accumulation of B16
cells in the G2/M phase is commonly observed with many
types of cytotoxic agents including the DNA-binding
topoisomerase II inhibitor doxorubucin [33], nitrosoureas
[34], and the tubulin binding agent A-105972 [35] but this
effect is often correlated with an activation of caspases. For
example, the anticancer drugs cytostatin and bactobolin
[36] can activate caspase-3 in B16 cells. Similarly, cas-
pase-3 is activated during apoptosis induced by the dihy-
drochalcone phloretin in both B16 and HL-60 cells [37].
On the contrary, we show here that S23906-1 does not
activate caspase-3 (Fig. 11) and for this reason, we con-
clude that this observation must reflect the drug effect more
than the inherent property of the B16 cells. An interesting
parallel can be established with the in vivo activity.
S23906-1 is active against a number of tumor models
including leukemia but not against B16 melanoma [6].
The lower sensitivity of this cell type to S23906-1-induced
apoptosis may explain, at least partially, the lack of anti-
tumor effect observed in the in vivo model.

In conclusion, this study identifies the benzoacronycine
derivative S23906-1 as a potent inducer of apoptosis in
human promyelocytic HL-60 cells and to a lower extent in
murine B16 melanoma cells. With the human cell line, the
apoptotic death is associated with important changes of the
mitochondrial functions such as dissipation of the trans-
membrane potential and generation of ROS, as well as with
a massive activation of caspases. In contrast, the response
of the B16 cell line to the treatment with S23906-1 involves
a significant increase of the mitochondrial mass with no
detectable alteration of the mitochondrial electrochemical
potential and no elevated generation of reactive oxygen
species. This study confirms that apoptosis, which is a
carefully regulated process of cell death, can proceed
through different mechanisms according to cell type with
a drug like S23906-1. This novel anticancer agent is
currently undergoing preclinical development.
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