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Abstract

The mechanisms involved in the apoptotic effect of LCY-2-CHO [9-(2-chlorobenzyl)-9H-carbazole-3-carbaldehyde], a synthetic
carbazole derivative identified as an anti-inflammatory compound, were studied. Cell cycle analysis by propidium iodide staining in
human THP-1 monocytic leukemia cells showed the ability of LCY-2-CHO to increase cell population in sub-G1 stage with time- and
concentration-dependent manners. LCY-2-CHO-mediated cell death was also demonstrated by DNA laddering and was not related to the
release of lactate dehydrogenase. Apoptosis in THP-1 cells induced by LCY-2-CHO was accompanied by the Bid cleavage, collapse of
mitochondrial transmembrane potential, the release of cytochrome ¢ and the activation of caspase-3. The apoptotic effect of LCY-2-CHO
was diminished by the presence of zVEID-fmk (caspase-6 inhibitor), zZIETD-fmk (caspase-8 inhibitor), and zZVAD-fmk (non-selective
caspase inhibitor), but was not altered by several antioxidants, and cathepsin inhibitor. The Bid cleavage and loss of mitochondrial
transmembrane potential, but not the cytochrome c release, were reversed by zZIETD-fmk. Comparing the cell selectivity of LCY-2-CHO,
we found T-cell acute lymphoblastic CEM leukemia cells were sensitive to 1 wuM LCY-2-CHO, acute myeloid leukemia HL-60 cells
underwent apoptosis at 10 uM, while adherent cancer cells, such as PC3, HT29 and MCF-7, were resistant to 30 puM LCY-2-CHO within
24-h incubation. Taken together in the present study, we demonstrated LCY-2-CHO might be apoptotic for malignant hematopoietic cells
but not anchorage-dependent cells. This action is mediated by an intrinsic caspase-dependent apoptotic event involving mitochondria.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction the occurrence of inflammatory response. This outcome is

associated with the clearance of apoptotic cells by profes-

Apoptosis is an essential process of the development and
tissue homeostasis of most multicellular organisms, and
the deregulation of apoptosis has been implicated in the
pathogenesis of many disease states, such as cancers. In
contrast to cells undergoing necrosis, apoptosis can prevent
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sional phagocytes and a subsequent non-inflammatory
mechanism [1]. Besides aids the resolution of the inflam-
matory response, apoptosis in inflammatory cells, for
example, fails to release their proinflammatory and cyto-
toxic contents [2]. Thus, apoptosis is generally regarded to
be non-inflammatory and is crucial for the successful
resolution of inflammation [3]. In contrast, persistence
of inflammatory cells, which fail to respond to apoptotic
signals, leads to damage of the surrounding tissue and
exacerbation of inflammation. Moreover, in recent years
the regulation of cell cycle and apoptosis has received
much attention as a possible means of eliminating exces-
sively proliferating cancer cells. Cancer occurrence
requires the failure of the apoptotic safeguard mechanisms
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as well as the deregulation of the cell cycle [4]. Virtually
many anticancer approaches including chemotherapy, hor-
mones and radiation, induce cytotoxicity of tumor cells by
apoptosis [5,6].

Initiation of apoptosis is controlled by regulation of the
balance between life and death signals received by the cells
[7]. It is therefore that specific therapies designed to change
the balance between life and death signals in inflammatory
leukemia cells, could therefore be of therapeutic benefit
[8]. The transmission of death signals from the plasma
membrane to the nucleus involves a number of different
pathways. According to the involvement of degradation
enzymes and mitochondria, extensive studies have identi-
fied several apoptotic pathways and mediators, which
might be caspase-dependent, mitochondria-dependent,
and/or caspase-independent protease cascades. Caspases
receive signals induced by various cytotoxic factors and are
frequently activated as the result of changes of mitochon-
drial membrane permeabilization, which causes the release
of cytochrome ¢ from the mitochondrial inter-membrane
space. Once in the cytosol, cytochrome c triggers the
assembly of a caspase activation complex, the apoptosome
[9,10]. Apoptosome-activated caspase-3 can then trigger
hallmarks of apoptosis by proteolytical cleavage and acti-
vation of a DNase, which mediates DNA fragmentation
[11-13]. Caspases are not the unique mediators of pro-
grammed cell death. Serine proteases are implicated in cell
death occurring without activation of caspase family mem-
bers, or sequentially related to caspases [14-16].

LCY-2-CHO [9-(2-chlorobenzyl)-9H-carbazole-3-car-
baldehyde], a carbazole compound (Fig. 1), was synthe-
sized by the laboratory of Dr. L.J. Huang when she first
investigated a series of related derivatives in anti-platelet
aggregation [17]. Later several anti-inflammatory proper-
ties of LCY-2-CHO were shown, which include attenuation
of neutrophil degranulation and superoxide anion (O,")
generation [18], inhibition of lipopolysaccharide-induced
NO, PGE, and TNF-a production in macrophages through
the interference with p38 MAPK signaling pathway
[19,20]. Following these findings, it was of great interest
to investigate the effects of LCY-2-CHO in regulating cell
viability, particularly for tumor cells. For this purpose, in
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Fig. 1. Structure of LCY-2-CHO.

this study we examined the effects of LCY-2-CHO in
hematopoietic leukemia cells and other adherent cancer
cell lines. We observed the preference of LCY-2-CHO to
induce apoptosis of hematopoietic leukemia cells, and the
possible mechanisms involved in the apoptotic effect of
LCY-2-CHO were investigated.

2. Materials and methods
2.1. Materials

LCY-2-CHO (purity > 99%) was synthesized and dis-
solved in DMSO [18]. RPMI 1640, DMEM, fetal bovine
serum, penicillin, and streptomycin were obtained from
Gibco-BRL (Grand Island, NY). Horseradish peroxidase-
conjugated anti-mouse antibodies and the enhanced che-
miluminescence detection agent were purchased from
Amersham Pharmacia Biotech (Piscataway, NJ). Rabbit
polyclonal antibodies specific for procaspase-3, cyto-
chrome ¢ and Bid were from Santa Cruz Biotechnology
(Santa Cruz, CA). All reagents for sodium dodecyl sulfate—
polyacrylamide gel electrophoresis were purchased from
Bio-Rad Laboratories (Richmond, CA). zVEID-fmk (Z-
Val-Glu-Ile-Asp-fluoromethylketone), zZIETD-fmk (Z-Ile-
Glu-Thr-Asp-fluoromethylketone), zVAD-fmk (Z-Val-
Ala-Asp-fluoromethylketone), zYVAD-fmk (Z-Tyr-Val-
Ala-Asp-fluoromethylketone), zVDVAD-fmk (Z-Val-
Asp-Val-Ala-Asp-fluoromethylketone), and CAO074Me
were purchased from Calbiochem (San Diego, CA). Car-
boxyfullerene C60 was synthesized and provided by Dr.
Tien-Yau Luh (Department of Chemistry, National Taiwan
University, Taiwan) [21]. All other chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO).
CytoTox96 non-radioactive cytotoxicity assay kit was
purchased from Promega (Madison, WI).

2.2. Cell culture

Human THP-1 monocytic leukemia cells, T-cell acute
lymphoblastic CEM leukemia cells and acute myeloid
leukemia HL-60 cells obtained from American Type Cul-
ture Collection were maintained (cell density between 10°
and 10° cells/ml) in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal calf serum, 100 U/ml
penicillin and 100 pg/ml streptomycin at 37 °C with 5%
CO,. Prostate PC3 cancer cells, breast MCF-7 cancer cells,
and adenocarcinoma HT29 cells were maintained in
DMEM with similar supplements as described above.

2.3. Propidium iodide staining for DNA content

The propidium iodide staining by flow cytometry was
used to measure the extent of cell death. Cells were initially
seeded at 5 x 10° cells in 6-well plate and incubated in the
indicated concentration of LCY-2-CHO or 0.1% DMSO
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for selected time periods. Following treatment, all cells
were collected, and then centrifuged, washed once in
phosphate-buffered saline (PBS) and resuspended in ice-
cold 70% (v/v) ethanol with vortexing and stored at 0 °C
until analysis. Fixed cells were collected by centrifugation,
washed once in PBS, and incubated in 400 wl phosphate-
citric acid buffer (0.2 M Na,HPO,, 0.1 M citric acid, pH
7.8) for 10 min at room temperature and stained with
0.5 ml propidium iodide staining buffer (1% Triton X-
100, 1 mg/ml RNase A, 80 wg/ml propidium iodide) for
more than 30 min in the dark. Before cytometric analysis,
cells were filtered on a nylon mesh filter. The samples were
analyzed using FACScan and Cellquest program (Becton
Dickinson). Cell cycle distribution was also analyzed by
flow cytometry [22,23].

2.4. Immunoblotting

Following incubation in the presence of various stimuli
for different time periods, cells were washed twice in ice-
cold PBS then incubated with lysis buffer comprising
20 mM Tris—HCI (pH 7.5), 0.5 mM EGTA, 2 mM EDTA,
2 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluor-
ide, 1 mM sodium orthovanadate, 10 pwg/ml aprotinin and
10 wg/ml  leupeptin. Equal protein concentrations
(~60 pg) of cell lysates determined by the Bradford
protein assay (Bio-Rad) were boiled in SDS sample load-
ing buffer, and then fractionated on 10% SDS-PAGE
before blotting onto a nitrocellulose membrane. Blots were
then incubated in 150 mM NaCl, 20 mM Tris, and 0.02%
Tween (pH 7.4) containing 5% non-fat milk, then were
probed with peroxidase-conjugated anti-mouse IgG or
anti-rabbit IgG. After washing with PBS, blots were devel-
oped by using an enhanced chemiluminescence kit accord-
ing to the vendor’s instruction before exposure to
photographic film. In most experiments, the protein
amount of a-tubulin was regarded as an internal control.

2.5. Lactate dehydrogenase (LDH) release assay

The integrity of the plasma membrane of THP-1 cells was
determined by monitoring the leakage of LDH. The Cyto-
Tox96 non-radioactive cytotoxicity assay kit was used to
quantitatively measure LDH. Cells were treated with LCY-
2-CHO at indicated concentrations or 0.1% DMSO for 24 h,
and LDH released into the surrounding medium was then
determined according to the manufacturer’s instructions.
Briefly, equal volume of 2x substrate solution [(1 mM
pyruvate, 0.2 mM NADH in 0.1 M Tris-HCI (pH 7.4)]
was added to the medium, and the mixtures were incubated
at 37 °C for 10 min. Samples were read at the absorbance at
340 nm in a microtiter plate reader. The absorbance of RPMI
culture medium without cells was considered as a blank.
Lysis buffer added for 10 min was used as a positive control
for complete cell necrosis. Data were then calculated as the
percentage of lysis buffer-treated group.

2.6. DNA laddering

Cleavage of DNA into oligonucleosomal fragments,
recognizable as a DNA ladder when electrophoresed on
an agarose gel, is usually considered the biochemical
hallmark of apoptosis. Genomic DNA was isolated using
the Puregene kit #D-5000 (Gentra Systems, Minneapolis,
MN). Briefly, following treatment with the test compound,
cells were washed with PBS and lysed in cell lysis buffer
containing Tris, EDTA, and SDS. After the addition of
RNase A (0.6 U/ml), the mixture was incubated at 37 °C
for 30 min. Protein precipitation solution (ammonium
acetate) was added to the samples to eliminate the con-
tamination of proteins and was centrifuged at 2000 x g for
10 min. Cell lysates were treated with 100% isopropanol to
precipitate DNA. The DNA pellet was washed with 70%
(v/v) ethanol and dissolved in DNA hydration buffer
containing Tris and EDTA. The DNA concentration was
determined at 260 nm by spectrophotometry. DNA (20 pg)
was electrophoresed on a 1% (w/v) agarose gel containing
0.5 pg/ml ethidium bromide. DNA fragmentation bands
were photographed under UV light.

2.7. Determination of mitochondrial transmembrane
potential

To evaluate mitochondrial transmembrane potential, cells
without fixation were incubated with 30 nM chloromethyl
Xarosamine (CMXRos) (Molecular Probe, Eugene, OR) for
15 min at 37 °C. The cells were then analyzed using FACS-
can flow cytometer, as previously described [24].

2.8. Cytosolic fraction isolation

The procedure for isolation of the cytosolic fraction was
described previously [25]. Briefly, cells (1 x 10%) were
washed in ice-cold PBS and spun at 400 x g for 5 min at
4 °C. The cell pellet was resuspended in 1 ml of ice-cold
buffer A [250 mM sucrose, 20 mM HEPES-KOH (pH 7.5),
10 mM KCl, 1.5 mM MgCl,, 1 mM sodium EDTA, 1 mM
EGTA, 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluor-
ide, 10 pg/ml leupeptin and 10 pg/ml aprotinin]. Cells
were lysed by 40 strokes with a Dounce glass homogenizer
on ice. The lysate was centrifuged at 700 x g for 10 min at
4 °C to remove nuclei and unbroken cells. The supernatant
was removed and centrifuged at 14,000 x g for 15 min at
4 °C to eliminate mitochondria. The resulting supernatant,
the cytosolic fraction, was assayed for the protein con-
centration by the Bradford protein assay (Bio-Rad), and
then boiled in SDS sample loading buffer. The supernatant
was also assayed for glutamate dehydrogenase (GDH)
activity [26]. Less than 5% of the total cellular GDH
activity (mitochondrial marker) was detected in super-
natant after sample homogenization. The yield of GDH
in both fractions was not affected by LCY-2-CHO and
zIETD-fmk.
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2.9. Caspase-3 activity assay

The caspase-3 colorimetric assay kit was purchased
from BioVision Research Products Co., Ltd., and the assay
was performed exactly according to the manufacturer’s
protocol. Briefly, THP-1 cells (5 x 10°) were resuspended
in 50 pl of chilled cell lysis buffer and incubated on ice for
10 min. Cell debris was separated from the supernatant by
centrifuging at 14,000 x g for 5 min. Equal volume of 2 x
reaction buffer and 5 pl of 4 mM DEVD-pNA (Asp-Glu-
Val-Asp-p-nitroanilide) substrate (200 uM final concen-
tration) were added to the supernatant, and the mixtures
were incubated at 37 °C for another 2 h. Samples were read
at the absorbance at 405 nm in a microtiter plate reader.

2.10. Flow cytometry for ROS formation

2/, 7-Dichlorodihydrofluorescin diacetate (DCFH-DA)
was used as an indicator for the formation of intracellular
reactive oxygen species (ROS). Cells were pretreated with
DCFH-DA (50 uM) for 30 min, and then LCY-2-CHO was
added for different time periods. Once ROS was generated,
the DCFH oxidation product, DCF fluorescence can be
detected by flow cytometer (FACScan, Becton Dickinson).
The fluorescence was assessed by counts of FL1-H, and the
mean value would represent the ability of a chemical
compound to induce ROS formation.

2.11. Statistic evaluation

Values are expressed as the mean &= S.E.M. of at least
three experiments. Student’s ¢ tests were used to assess the
statistical significance of the differences, with “p’’ values
of less than 0.05 being considered statistically significant.

3. Results

3.1. Induction of apoptosis in THP-1 cells by
LCY-2-CHO

Treatment of THP-1 cells with LCY-2-CHO led to cell
apoptosis, as determined by cell-cycle analysis using flow
cytometry, which is dependent on the content of DNA in
cells. The extent of apoptosis defined as the percentage of
cells in the sub-G1 fraction of the cell cycle was increased
(Fig. 2). When examining the concentration-dependent
effect of LCY-2-CHO, the results indicated that concen-
trations higher than 1 wM are required for apoptotic ability
seen after 48-h incubation. LCY-2-CHO-elicited THP-1
cell apoptosis was also in a time-dependent manner
(Fig. 2A). Loss of cell viability was detected in about
60% of cells in the presence of 10 uM LCY-2-CHO for
24 h. Upon prolonged stimulation with 10 uM LCY-2-
CHO up to 48 h, the population of dead cells was approxi-
mately 80%. Accompanied with sub-G1 increase, a sig-
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Fig. 2. Flow cytometric analysis quantification of cell-cycle distribution in
THP-1 monocytic leukemia cells. THP-1 cells were incubated with vehicle,
indicated concentrations of LCY-2-CHO for different time periods. Follow-
ing incubation, cells were stained by propidium iodide and cell cycle
distribution, including sub-G1 (A), G0/G1 (B) and G2/M phases (C),
was determined by flow cytometry. Each column represents the mean
+ S.E.M. of at least three independent experiments. “P < 0.05 as compared
with the control group without LCY-2-CHO treatment.

nificant decrease of cell cycle at GO/G1 (Fig. 2B) or G2/M
(Fig. 2C) phase was observed in time- and concentration-
dependent manners.
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3.2. LCY-2-CHO induced DNA fragmentation but not
LDH release

Degradation of DNA into a specific fragmentation pat-
tern is a characteristic feature of apoptosis. In contrast to
the random fragmentation with necrosis, apoptosis-asso-
ciated DNA fragmentation is characterized by cleavage of
the DNA at regular intervals, visualized on agarose gel
electrophoresis as a DNA ladder consisting of multimers of
approximately 200 base pairs. THP-1 cells were incubated
with vehicle (Fig. 3A, lane 1), 10 or 30 uM LCY-2-CHO
(Fig. 3A, lanes 2 and 3) alone for 24 h, and the genomic
DNA from these samples were subjected to agarose gel
electrophoresis. A clear DNA fragmentation was observed
in the LCY-2-CHO-treated group, and this pattern was less
apparent in cells in the combination of zVAD-fmk
(100 uM) and LCY-2-CHO (10 or 30 uM) (Fig. 3A, lanes
5 and 6). In addition, no fragmentation pattern was seen in
un-stimulated control group or only zVAD-fmk-treated
cells (Fig. 3A, lanes 1 and 4). To confirm that LCY-2-
CHO indeed induced cell death through apoptotic pathway,
we also used LDH release assay to assess the plasma
membrane integrity. LDH is a stable cytosolic enzyme
that is readily released in the early stage of necrosis, and
only in the late stage of apoptosis [27]. As shown in
Fig. 3B, little release of LDH (9%) was detected in cells
without stimulation, and cells treated with 10 or 30 pM
LCY-2-CHO alone for 24 h had a minimal effect on LDH
release. These results may thus exclude the possibility that
LCY-2-CHO activates a necrosis pathway in THP-1 cells.
It is therefore suggested that the form of LCY-2-CHO-
elicited cell death is apoptosis.

3.3. LCY-2-CHO-mediated cell apoptosis is caspase
dependent

Caspases have been shown to be key mediators of cell
death in biological and biochemical analyses. With no
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exception, caspase-3 was an executioner for the death
program in THP-1 cells in response to various noxious
insults [28,29]. To explore whether LCY-2-CHO-mediated
cell death is dependent on caspase activation, we next
examined the effects of various caspase inhibitors on LCY-
2-CHO-induced cell death in THP-1 cells. These include
zYVAD-fmk (caspases-1 and -4 inhibitor), zZVDVAD-fmk
(caspase-2 inhibitor), zVAD-fmk (non-selective caspase
inhibitor), zZVEID-fmk (caspase-6 inhibitor) and zIETD-
fmk (caspase-8 inhibitor). Although the study of Thorn-
berry et al. [30] showed zVEID-fmk should inhibit other
enzymes with the specificity IVL)EXD (i.e. caspases-6, -8
and -10), the preference of this inhibitor is capsase-6 [31].
Results from Fig. 4A indicated that the apoptotic effect of
LCY-2-CHO was not significantly affected by zYVAD-
fmk and zZVDVAD-fmk. In contrast, treatment of cells with
zVAD-fmk (30 M), zVEID-fmk (30 uM) or zZIETD-fmk
(30 wM) significantly reduced the percentage of LCY-2-
CHO-mediated apoptotic cells by approximately 20%
from 55 £ 3% of LCY-2-CHO-treated group to 33 + 4%
of zZVAD-fmk-treated group, 36 £ 3% of zVEID-fmk-trea-
ted group and 37 + 2% of zIETD-fmk-treated group.
Moreover, zVAD-fmk at high concentration (100 uM)
almost completely blocked the apoptotic effect of LCY-
2-CHO (55 £ 4% versus 7 + 2% of apoptotic cells). These
suggest that caspases-3, -6 and -8 may play a major role in
LCY-2-CHO stimulated cell death.

During apoptosis, several mediators such as caspases-3
and -6 deliberate disassembly of the cell into apoptotic
bodies [32]. These downstream caspases are activated
through proteolytic cleavage by upstream initiator cas-
pases such as caspase-8. To verify LCY-2-CHO proa-
poptotic action is related to caspases activation, we
determined the activity of caspase-3, which is central
of several apoptotic pathways. Thus, procaspase-3 degra-
dation, which is known an essential step for triggering
caspase-3 activation and functioning, was examined. As
shown in Fig. 4B, cells display significantly reduction of
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Fig. 3. Analysis of fragmented DNA and LDH release in THP-1 cells treated with LCY-2-CHO. (A) Cells were pretreated with vehicle or zVAD-fmk (100 uM)
for 30 min before addition with vehicle, or LCY-2-CHO (10 or 30 wM) for 24 h. Genomic DNA was then isolated after treatment. DNA fragmentation was
evaluated by electrophoresis on an agarose gel containing ethidium bromide and photographed under UV light. Lane M: DNA ladder marker; lane 1: untreated
control; lane 2: treated with 10 wM LCY-2-CHO; lane 3: treated with 30 wM LCY-2-CHO; lane 4: treated with 100 uM zVAD-fmk alone; lane 5: treated with
100 pM zVAD-fmk and 10 puM LCY-2-CHO; lane 6: treated with 100 uM zVAD-fmk and 30 pM LCY-2-CHO. Similar results were obtained in three
independent experiments. (B) Cells were treated with 10 or 30 uM LCY-2-CHO, or cell lysis buffer. LDH assay was then analyzed as described in Section 2.



M.-J. Hsu et al./Biochemical Pharmacology 70 (2005) 102—-112 107

100 1 g Inhibitor
ezza [nhibitor + LCY-2-CHO 10 uM

80 A

E
©
o
o 60 4
<}
2 40
k5
B0
0 4
(A)
o
Q‘Q
\\63
o
» &
\Q‘Q’ \\\\?
i
- N )
- e G procaspase 3 (33 kDa)
-— pl7
e - pl2
(B) -_ e — - tubulin
% 4
<
S
'Ll
S
- 3
s
= N
£ 21 ,
51
=]
o
Z 1 >
&
(]
]
0+ -
- & & S
oF oF \‘3@ oF
S S Cﬁ'
'VC x\fc x\)C x\/
S S S
n,(‘\} ’\QQ \Q@\‘f
M Q-
O & 9
©) M\

Fig. 4. Caspase-dependent apoptosis induced by LCY-2-CHO in THP-1
cells. (A) Cells were pretreated with vehicle, zYVAD-fmk (30 uM),
zVDVAD-fmk (30 uM), zVEID-fmk (30 uM), zIETD-fmk (30 uM) or
zVAD-fmk (30 and 100 pM) before addition with vehicle or LCY-2-
CHO (10 M) for incubation of an additional 24 h. Apoptotic cells were
analyzed by flow cytometry using propidium iodide labeling. Data are
presented as the mean 4 S.E.M. of five experiments. “P < 0.05 as compared
with the LCY-2-CHO-treated group. (B) Cells were pretreated with vehicle
or zVAD-fmk (100 wM) for 30 min. Cells were then treated with LCY-2-
CHO (10 wM) and immunoblots of procaspase-3 and active fragments (p17,
p12) were determined after 24-h incubation of LCY-2-CHO. (C) Cells were
pretreated with vehicle or zVAD-fmk (100 wM), zVEID-fmk (30 uM) or
zIETD-fmk (30 uM) for 30 min. After 24 h treatment of LCY-2-CHO
(10 wM), cells were harvested and the activity of caspase-3 was determined
as described in Section 2. Data are presented as the mean £+ S.E.M. of five
experiments. P < 0.05 as compared with the LCY-2-CHO-treated group.

procaspase-3 within 24-h incubation in the presence of
LCY-2-CHO. In cells treated with zVAD-fmk, the
decrease of procaspase-3 was diminished. In parallel
experiment, we also elucidated the activity of caspase-
3 by colorimetric assay using AcDEVD-pNA as the
substrate for caspase-3. Similarly, LCY-2-CHO
(10 M) obviously elevated caspase-3 activity and
zVAD-fmk was capable of abrogating the stimulating
effect of LCY-2-CHO. Moreover, the increase of caspase-
3 activity was also significantly attenuated in the pre-
sence of either zVEID-fmk (30 uM) or zIETD-fmk
(30 pM) (Fig. 4C). These data indicated caspases-6
and -8 might be the upstream molecules of caspase-3
involved in LCY-2-CHO-induced cell death.

3.4. Reactive oxygen species (ROS), and cathepsin
were not required for LCY-2-CHO-induced cell death

Recently both lysosomal damage and oxidative stress
have been implicated in some models of cell death
[16,33,34]. For example, cathepsin B is responsible for
oxidative stress-induced cell death in neuronal cells [16].
To address whether ROS or cathepsin was relevant to the
proapoptotic action of LCY-2-CHO, the effects of glu-
tathione (GSH, 10 mM), N-acetyl cysteine (NAC, 10 mM),
catalase (500 U/ml) and carboxyfullerene C60 (50 uM), a
free radical scavenger as powerful as an antioxidant ago-
nist [21], MnTBAP (100 uM), a cell-permeable super-
oxide dismutase mimetic [35,36], pepstatin A (3 uM)
and CAQ74Me (cathepsin B inhibitor, 5 M) were exam-
ined. The results indicated that all these antioxidants and
cathepsin inhibitors we used were not able to reverse the
cell death caused by LCY-2-CHO (Fig. 5A). In order to
further verify whether ROS is involved in LCY-2-CHO-
induced apoptosis, we also used the fluorescent dye DCFH-
DA to measure the intracellular ROS and H,O, was added
as a positive control. Similar results with the inhibitors, we
did not detect the ROS production after LCY-2-CHO
treatment (Fig. 5B).

3.5. LCY-2-CHO-induced Bid cleavage, reduced
mitochondrial membrane potential and the
release of cytochrome c

Previous studies showed that caspase-8 cleaves Bid to
form tBid, which, through direct association with antia-
poptotic members of the Bcl-2 family, releases proapop-
totic Bax or Bak to generate pores in the mitochondrial
membrane, leading to cytochrome ¢ dependent-activated
capase-3 pathway [9,37]. Since LCY-2-CHO is suggested
to induce the activation of caspases-3, -6 and -8 by viewing
the specific inhibitors in suppression of LCY-2-CHO-
induced cell apoptosis, we sought to connect the caspase
pathway to the mitochondrial apoptotic events, if they
indeed exist in the case of LCY-2-CHO action. For this
purpose, we first examined the Bid cleavage during LCY-2-
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Fig. 5. ROS- and cathepsin-independent action of LCY-2-CHO in THP-1
cells. Cells were 30 min pretreated with 10 mM NAC, 10 mM GSH, 50 uM
carboxyfullerene (C60), 500 U/ml catalase, 100 uM MnTBAP, 3 uM pep-
statin A or 5 uM CA074Me before the treatment of LCY-2-CHO (10 pM)
for 24 h. Cell viability was determined by flow cytometry using propidium
iodide labeling. Data are presented as the mean £+ S.E.M. of four to five
experiments.

CHO-induced apoptosis. LCY-2-CHO (10 wM) decreased
the level of Bid in a time-dependent manner, significantly
at 6 and 9 h (Fig. 6A). After 9-h incubation with 10 pM
LCY-2-CHO in the presence of zVAD-fmk (30 uM) or
zIETD-fmk (30 uM), LCY-2-CHO-induced Bid cleavage
in THP-1 cells was effectively prevented (Fig. 6A). Sec-
ond, the mitochondrial membrane potential was deter-
mined with the membrane potential sensitive dye
CMXRos. Treatment with LCY-2-CHO (10 M) induced
the loss of mitochondrial membrane potential compared to
the control at 9 h time point. In the combination of zZVAD-
fmk (30 wM) or zIETD-fmk (30 uM) with LCY-2-CHO
(10 M), the collapse of mitochondrial membrane poten-
tial was obviously prevented as compared to LCY-2-CHO
treated alone (Fig. 6B), but the presence of caspase-6
inhibitor zVEID-fmk failed to mimic such action (data
not shown). Third, since increase in the permeability of the
outer mitochondrial membrane leads to the release of
several apoptotic factors, such as cytochrome ¢, we next
investigated whether LCY-2-CHO-induced apoptosis in
THP-1 cells involved the release of cytochrome c. The
levels of extra-mitochondrial cytochrome ¢ were deter-
mined using an immunoblot analysis with anti-cytochrome
c antibody. The release of cytochrome c readily increased
upon LCY-2-CHO treatment and correlated with a
decrease of mitochondrial membrane potential (Fig. 6C).
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Fig. 6. LCY-2-CHO-elicited THP-1 cell apoptosis is associated with Bid
cleavage, the loss of mitochondrial membrane potential and cytochrome ¢
release. (A) Immunoblot showed Bid cleavage after treatment of LCY-2-
CHO (10 uM) for the time indicated or in the presence of vehicle, zZVAD-
fmk (30 uM) or zZIETD-fmk (30 pM) for 9 h. (B) After THP-1 cells were
cultured for 9 h in medium containing 10 wuM LCY-2-CHO in the presence
of vehicle, zVAD-fmk (30 uM) or zIETD-fmk (30 wM), mitochondrial
membrane potential was assessed by CMXRos staining. The percentages of
cells losing Ay, relative to the total were calculated and shown on the
figure. Similar results were obtained in three independent experiments. (C)
Cytochrome ¢ (14 kDa) was released into the cytosol of LCY-2-CHO-
treated THP-1 cells. Cells were pretreated with vehicle, zZVAD-fmk (30 uM)
or zZIETD-fmk (30 uM) for 30 min. LCY-2-CHO was then added into the
cells and incubated for 24 h. After treatment, the cytosolic fraction of cells
was immunoblotted with monoclonal antibody against cytochrome c. Data
are representative of three independent experiments.

To show that cytochrome c release is related to the activa-
tion of caspases, we pretreated THP-1 cells with a general
caspase inhibitor, zVAD-fmk and caspase-8 inhibitor,
zIETD-fmk, prior to the addition of LCY-2-CHO. As
shown in Fig. 6C, pretreatment of THP-1 cells with the
zVAD-fmk reduced cytochrome c release induced by LCY-
2-CHO. However, pretreatment of zIETD-fmk did not
reduce the cytochrome c release. These findings suggest
that LCY-2-CHO-induced Bid cleavage through caspase-8
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activity leads to the loss of mitochondrial membrane
potential, while LCY-2-CHO induced the release of cyto-
chrome ¢ might result from other apoptotic pathway
independent of caspase-8.

3.6. Preference of LCY-2-CHO-induced apoptosis in
malignant hematopoietic cells

Extending to understand whether the apoptosis induced
by LCY-2-CHO is cell-type specific or not, we also
selected several cancer cell lines as compared to THP-1.
Within 24-h incubation, Table 1 revealed that even though
the apoptotic extents of CEM and HL-60 cells were less as
compared to THP-1 cells, both leukemia cells were more
susceptible to LCY-2-CHO-induced apoptosis than the
other three adherent cell types examined. Concentration
of 1 uM was sufficient to achieve cell apoptosis in CEM
cells, 10 pM was required for HL-60, while the viability of
three adherent cancer cells, PC3, HT29 and MCF-7, were
unaffected in the presence of LCY-2-CHO at concentration
as high as 30 M. When concentration was increased to
30 uM and incubation was extended to 3 days, the cell
viability of PC3, HT29 and MCF-7 were 88 + 5%,
65 £ 1% and 100%, respectively. Further treated cells with
100 uM for 3 days, the cell viability of PC3, HT29 and
MCF-7 were 36 4+ 1%, 36 & 1% and 80 £ 5%, respec-
tively (data not shown). These results suggested that LCY-
2-CHO might be apoptotic for malignant hematopoietic
cells, but not anchorage-dependent tumor cells.

4. Discussion

Apoptosis is under strict genetic control and a distinct
morphology is detectable. In contrast, necrosis is a random
process and results in cell lysis. During classical apoptosis,
caspase proteins are recruited for activation of the apop-
totic pathway [12,13]. Another hallmark of classical apop-
tosis is the fragmentation of DNA by an endogenous
endonuclease, which cleaves double-stranded DNA
between nucleosomes to produce mono- and oligonucleo-
somes. There is also a tight relationship between cell cycle
and apoptotic responses. Cell cycle components such as
p53, pRb and E2F, have been shown to participate in both

cell cycle progression and apoptosis. Apoptotic stimuli
affect both cell proliferation and death through these
regulators [4]. Most cancers require two or more mutations
to deregulate the cell cycle and to overcome the apoptotic
safeguards against inappropriate division. This study
investigating the effect of a synthetic carbazole compound
indicates that LCY-2-CHO could selectively induce cell
death of human leukemia cells in concentration and time
dependency within 1-30 wM. The results from the flow
cytometric detection of propidium iodide stained cells and
caspase-3 activity assays indicated that cells treated with
LCY-2-CHO were undergoing apoptosis. Cell death was
also assayed by studying the integrity of plasma mem-
brane, in order to determine whether necrosis was the form
of cell death. LDH release assay excluded this possibility,
as cells treated with LCY-2-CHO were negligible in this
assay.

Two pathways of caspase activation during apoptosis
have been described. The first one is mediated by death
receptors, such as Fas, and controlled by caspase-8, which
in turn activate downstream effector caspases. In the
second pathway, diverse apoptotic signals converge at
the mitochondrial level, inducing the release of cyto-
chrome ¢ from the mitochondria into the cytosol. These
two apoptotic pathways could be interconnected by the
caspase-8-mediated cleavage of Bid, which triggers the
activation of the mitochondrial pathway [9,37]. Once in the
cytosol, cytochrome c¢ binds to its cytosolic partner apop-
totic protease activating factor-1 (Apaf-1), the human
homologue of Caenorhabditis elegans apoptotic protein
CED-4, and induces the oligomerization of Apaf-1/cyto-
chrome ¢ complex in a dATP/ATP-dependent manner [38].
This multimeric complex, named “‘apoptosome”, is suffi-
cient to recruit the initiator caspase, procaspase-9, to the
complex and induces procaspase-9 autoactivation. The
activated caspase-9 is released from the apoptosome and
subsequently initiates a caspase cascade involving the
effector caspases such as caspases-3, -6, and -7 [39]. Using
broad-spectrum caspase inhibitor, zZVAD-fmk, we found
that zVAD-fmk significantly protect cells from LCY-2-
CHO-induced apoptosis. Similar results were also obtained
from caspase-6 preference inhibitor (zVEID-fmk) and
caspase-8 preference inhibitor (zZIETD-fmk) treatments
prior to the addition of LCY-2-CHO in THP-1 cells.

Table 1

Cell specificity of apoptosis to LCY-2-CHO

pM THP-1 CEM HL-60 PC3 HT29 MCE-7
0 11.6 £4.7 58+0.6 24402 3.1+04 35408 02+0.1
1 229+04" 105+ 1.8 21403 45+0.1 28403 0.4+0.1
3 363+ 02" 109 + 1.3 294038 51404 31408 02+0.1

10 549 +3" 179 +2.1" 29.1 £3.07 3.9+0.7 21404 02+0.1

30 68.1 +5.7" 2524317 415+25" 47410 3.6+1.0 12403

Flow cytometric analysis of sub-G1 phase accumulation in THP-1, CEM, HL-60. PC3, HT29, and MCF-7 cells. Cells were incubated with vehicle, indicated
concentrations of LCY-2-CHO for 24 h. Following incubation, cells were stained by propidium iodide and apoptotic cells were determined by flow cytometry.
Each data represents the mean + S.E.M. of at least three independent experiments.

* P <0.05 as compared with the control group without LCY-2-CHO treatment.
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Moreover, LCY-2-CHO-elicited caspase-3 activation
might result from upstream caspases, such as caspases-8
and -6, since zVEID-fmk and zIETD-fmk also blocked the
activation of caspase-3. These results suggest that activa-
tion of caspase cascade is contributed to the apoptotic
effect of LCY-2-CHO, and caspase-8 might play an initi-
ating role.

The Bid cleavage to tBid could induce the loss of
membrane potential, then leading to the cytochrome c
release into cytosol [40,41]. Our current data provide
evidence that the apoptotic events upstream effector cas-
pase activation by LCY-2-CHO involve caspase-8.
Although caspase-8 inhibitor could prevent the mitochon-
drial membrane potential loss, the release of cytochrome ¢
into the cytosol could not be inhibited. There have been
data proved to explain the mitochondrial membrane poten-
tial loss-independent cytochrome c¢ release. BH3-only
proteins of Bcl-2 family, such as Bik, could induce cyto-
chrome c release but without mitochondrial membrane
potential loss [42]. In addition, an in vitro model system
shows the release of cytochrome ¢ may occur via modula-
tion of mitochondrial volume by hypotonic shock or
potassium selective ionophore. Under these circumstances,
the mitochondria remain intact and functionally active
[43]. Thus, different proapoptotic Bcl-2 members or other
molecules might be involved in apoptosis of either reduc-
tion or maintenance of mitochondrial membrane potential.
In LCY-2-CHO-treated THP-1 cells, even though caspase-
6 inhibitor zZVEID-fmk could inhibit the caspase-3 activa-
tion and cell apoptosis, it did not alter mitochondrial
membrane potential loss. Thus, LCY-2-CHO-mediated
apoptosis pathway is suggested to involve caspase-
8 — Bid cleavage — loss of mitochondrial membrane
potential — cytochrome c¢ release — effector caspase-3
activation, and caspase-8 — caspase-6 — caspase-3 acti-
vation. Moreover, another mitochondrial membrane poten-
tial loss-independent pathway might promote cytochrome
c release and caspase activation (Fig. 7).

Although increase of ROS in THP-1 cell apoptosis in
response to various stimuli was shown previously [44,45],
our study indicated that LCY-2-CHO-elicited cell apopto-
sis was unaffected by GSH, NAC, MnTBAP, catalase and
carboxyfullerene. Thus, it appears that ROS cannot be
attributed to the apoptotic action of LCY-2-CHO in
THP-1 cells. In addition, since inhibitor of cathepsin B
suppressed oxysterol-stimulated THP-1 apoptosis was
reported [46], we also determined whether cathepsin B
and LCY-2-CHO-mediated cell death might be causally
associated. Using a cathepsin inhibitor CA074Me, we
found that cathepsin might not play a role in LCY-2-
CHO-mediated cell apoptosis. Therefore, it appears that
LCY-2-CHO-induced apoptosis of THP-1 leukemia cells
was independent of either ROS production or cathepsin
activation.

In addition to THP-1, LCY-2-CHO was also tested of
cytotoxicity against several human cancer cell lines. As

LCY-2-CHO

Caspase 8 Pr()zlpgptofic
mediator?

Y

Mitochondria

Mitochondrial Mitochondrial
membrane potential | | membrane potential
dependent independent
pathway pathway

Apoptosis

Fig. 7. Schematic summary of apoptotic pathways of LCY-2-CHO in THP-
1 cells.

a result, LCY-2-CHO was apparently cytotoxic against
the leukemia lines (CEM and HL-60), but had little
effect on the cell viability of PC3 (prostate cancer),
HT29 (colon cancer) and MCF-7 (breast cancer) cells.
These results suggest that LCY-2-CHO might be selec-
tively cytotoxic against certain leukemia cells. This
action would raise great interests to elucidate the distinct
apoptotic regulation between cancer cell types in the
future. Whether cell adhesion-mediated drug resistance
and/or discrepancy of apoptotic gene mutations, as
proposed previously [47,48], may contribute to the less
sensitivity of LCY-2-CHO in adherent cells needs to be
elucidated.

In conclusion, these results showed that LCY-2-CHO, a
synthetic anti-inflammatory compound, preferentially
induced cell death in leukemia cells. This action occurs
primarily through the apoptotic pathways, which include
caspase-8 activation, Bid cleavage, mitochondrial changes,
and caspases-6 and -3 activation. This work therefore
represents a potentially new area in accelerating the devel-
opment of specific anti-leukemia agents. Moreover, the
action in the resolution of inflammatory responses by LCY-
2-CHO would ameliorate tissue damage that occurs either
during cancer development or after therapeutic treatment
with some anti-tumor drugs. The dual actions of LCY-2-
CHO thus provide a new approach for chemotherapeutic
drug development.
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