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Abstract We examined the ability of the synthetic selenium compound, 2-(4-methylphenyl)-1,3-selenazol-4-one
(hereafter designated3a), to induce apoptosis in a human ovarian cancer cell line (SKOV3) and a human leukemia cell line
(HL-60). Flow cytometry showed that3a treatment induced apoptosis in both cell lines to degrees comparable to that of the
positive control, paclitaxel. Apoptosis was measured by PS externalization, DNA fragmentation and decreased
mitochondrial membrane potential (MMP). However, analysis of the mechanism of action revealed differences between
the responses of the two cell lines. Treatment with 3a arrested the cell cycle and induced caspase-3 activation in HL-60
cells, but not in SKOV3 cells. In contrast, 3a treatment induced apoptosis through translocation of AIF, a novel pro-
apoptotic protein, in SKOV3 cells, but not in HL-60 cells. Collectively, our data demonstrated that3a induced apoptosis in
both cell lines, but via different action mechanisms. J. Cell. Biochem. 99: 807–815, 2006. � 2006 Wiley-Liss, Inc.
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First discovered in 1817, the element sele-
nium is found as a red amorphous powder, a
glass-like substance, or a gray metal. The uses
and properties of selenium have proven con-
troversial over time. It was considered a
dangerous poison until it was identified as a
growth factor for certain bacteria and an
essential trace element for rats. Similarly,
selenium was once thought to be carcinogenic,
but it is nowunder consideration as an agent for

cancer prevention. And finally, selenium is sold
in supermarkets as an antioxidant, yet toxicol-
ogists have noted that selenium is able to
undergo pro-oxidant redox cycling [Flohe
et al., 2000]. A landmark study by Clark et al.
[1991] showed that a Se supplement had cancer
chemopreventive effects in humans. More
recent studies have confirmed the cancer che-
mopreventive activity of selenium [Ganther,
1999] andhave suggested that this effectmaybe
related to selenium-induced apoptosis of cancer
cells. Indeed, several groups have shown that
selenocompounds, as Se-methylselenocystein,
induce apoptosis in cell culture systems [Lu
et al., 1994; Cho et al., 1999; Shen et al., 1999].
Other studies revealed that selenium exhibited
inhibitory effects in various tumor cell lines and
acted against chemically induced and trans-
planted tumors [Ip, 1985]. However, the
mechanism by which selenium inhibits tumor-
igenesis in vivo and cell growth in vitro remains
to be eludicated.

Lu et al. [1995] showed that selenite inhibits
the growth ofmammary cancer cells specifically
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in the lateSand earlyG2phases of the cell cycle.
In addition, the authors reported that selenite
induces single strand DNA breaksmore rapidly
than organic selenium compounds, and hypo-
thesized that selenite has non-specific effects on
cell growth in vitro in contrast to the more
specific effects of organic compounds. Clinical
studies revealed that Se reduced the side effects
of cancer chemotherapeutic agents and improv-
ed the immune status of treated cancer patients,
indicating that Se holds promise in both cancer
prevention and tumor therapy [Schrauzer,
2000].

We recently reported the generation of 1,3-
selenazol-4-one (here after called 3a), by reac-
tion of primary selenoamides with a-haloacyl
halides in the presence of pyridine [Koketsu
et al., 2001]. In the present study, we investi-
gated the mechanisms underlying apoptosis
induced by treatment with 3a in SKOV3 and
HL-60 cells, as compared to that induced by the
positive control, taxol. [Ahn et al., 2004]

MATERIALS AND METHODS

Synthesis of
2-(4-Methylphenyl)-1,3-Selenazol-4-One

3a was prepared according to the previously
reported procedure [Koketsu et al., 2001].
Briefly, chloroacetyl chloride (0.12 g, 1.0 mM)
in dry dichloromethane (5 ml) was added
dropwise (with stirring) to a solution of 4-
methyl benzeneselenoamide (0.20 g, 1.0 mM)
in dry dichloromethane (5 ml) at 08C under an
argon atmosphere. The reaction mixture was
stirred for 1 h at room temperature, and then
dry pyridine (0.16 g, 2.0 nM) in dry dichlor-
omethane (5ml)was addeddropwise at 08C.The
reaction mixture was stirred for 2 h at 08C,
extracted with dichloromethane (100 ml), and
then washed with water (30 ml). The organic
layer was dried over sodium sulfate and evapo-
rated to dryness. The residue was purified by
flash chromatography on silica gel with dichlor-
omethane to yield 3a (0.19 g, yield: 80%).

Cell Culture

The human ovarian SKOV3 carcinoma cell
line was obtained from the American Tissue
Culture Collection (ATCC, HTB-77) and grown
at 378C in RPMI 1640 supplemented with 10%
fetal bovine serum, 1% L-glutamine, and 1%
penicillin/streptomycin (pH 7.4) in a humidified
atmosphere containing 5% CO2. The human

leukemia cell line, HL-60was obtained from the
ATCC, (CCL 240) and grown at 378C in Iscove’s
Modified Dulbecco’s Medium (IMDM) supple-
mented with 20% fetal bovine serum, 25 mM
HEPES, 1% L-glutamine, and 1% penicillin/
streptomycin (pH 7.4) in a humidified atmo-
sphere containing 5% CO2. All cell culture
reagents were purchased from Gibco BRL
(Grand Island, NY).

Cytotoxicity

The cytotoxicity of 3a and taxol (positive
control) was evaluated by measuring lactate
dehydrogenase (LDH) activity in themedia 24 h
after drug exposure. Briefly, SKOV3 andHL-60
cells were seeded at 2� 104 cells per well or
1� 105 cells per well, respectively, and incu-
bated with the indicated doses of taxol or 3a for
24 h at 378C in a humidified atmosphere con-
taining 5%CO2.Cellswere then subjected to the
CytoTox96 non-radioactive assay according to
manufacture’s protocol (Promega,WI), followed
by spectrophotometric analysis at 490 nm.

Determination of Cell Cycle and
DNA Fragmentation

For analysis of DNA fragmentation and cell
cycle, cells were harvested, resuspended to
1� 106 cells/ml, washed with PBS, and fixed in
ice-cold 70% ethanol for 1 h at 48C. After
centrifugation, cells were resuspended, incu-
bated for 30 min in PBS containing 0.5 mg/ml
RNase A and 40 mg/ml PI at 378C, and analyzed
with a FACSCalibur flow cytometer (Becton
Dickson, San Jose, CA) as previously described
[Ormerod et al., 1992].

Measurement of Phosphatidylserine (PS)
Externalization and Chromatin Condensation

PS externalization was examined with a two-
color analysis of FITC-labeled annexin V bind-
ing and PI uptake using flow cytometry and a
Leica TCS SP2 confocal microscope (Leica,
Germany). Briefly, cells were stained according
to the manufacturer’s instructions. Flow cyto-
metry was performed on a FACSCalibur flow
cytometer (Becton Dickson), and data acquisi-
tion and analysis were performed using the
CellQuest software package (Becton Dickson).
Annexin V/PI dot plots were sectioned and
analyzed as previously reported [Van Engeland
et al., 1996;Ahnet al., 2004], for identification of
living cells (annexin V�/PI�), early apoptotic
cells (annexin Vþ/PI�), late apoptotic cells
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(annexin Vþ/PIþ), and necrotic cells (annexin
V�/PIþ).

Detection of Mitochondrial Membrane
Potential (Dcm)

The mitochondrial membrane potential
(MMP) was analyzed using JC-1, a lipophilic
cationic fluorescence dye that selectively enters
mitochondria and acts as a dual emission probe
by reversibly changing color from red-orange
color (FL-2) to green (FL-1) as themitochondrial
membrane becomes more depolarized [Cossar-
izza et al., 1993]. SKOV3 and HL-60 cells were
seeded at 1� 106 and 5� 103 cells per well and
incubated with 5 mg/ml JC-1 (prepared as a
5 mg/ml stock in DMSO) for 30 min at 378C in
the dark. Cells were then washed with PBS at
48C, and analyzed by FACSCalibur flow cyto-
metry and Leica TCS SP2 confocal microscopy.

Caspase Activation Assay

Activated caspase-3 was analyzed with the
Carboxyfluoresence in FLICA Apoptosis Detec-
tion Kit (Serotec, UK), according to the manu-
facturer’s protocol. This novel methodology is
based on a Fluorochrome Inhibitor of Caspases
(FLICA). Experiments using green fluores-
cence, such as ours, use a carboxyfluorescein-
labeled fluoromethyl ketone peptide caspase
inhibitor [Ekert et al., 1999]. The results were
analyzed by FACSCalibur flow cytometry.

Western Blot Analysis

Cellswere scraped,washedwith ice-coldPBS,
and then 2� 106 cells per control or treatment
group were lysed in 100 ml lysis buffer (50 mM
Tris, 150 mM NaCl, 10% SDS, 1% NP-40, 1%
Triton X-100 and 1 mM EGTA) containing
protease inhibitors (1 mM PMSF, 1 mM Pep-
statin, 1 mM Leupeptin, and 0.3 mM Aprotinin;
Sigma). After 1 h incubation on ice, the lysates
were centrifuged at 15,000g for 15 min at 48C,
and the protein content in each supernatant
was determined using the Bio-Rad Protein
Assay Dye Reagent (Bio-Rad). Each superna-
tants were mixed with sample buffer (60 mM
Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 140mM
mercaptoethanol and 0.002% bromophenol
blue), boiled for 5 min and resolved on an
SDS–polyacrylamide gel (100 mg protein/lane).
Proteins were electrotransferred onto PVDF
membrane and immunoblotted with anti-
pro-caspase-3 (1:1,000 dilution) or anti-bcl-2
(1:1,000 dilution) antibodies. Detection was

performed with appropriate HRP-conjugated
secondary antibodies (1:5,000 dilution) (Jack-
son ImmunoResearch, PA) and an enhanced
chemiluminescence reagent (Pierce. Denmark).

Detecting the Translocation of Apoptosis
Inducing Factor (AIF)

The translocation of AIF in SKOV3 and HL-
60 cells was determined by confocal microscopy.
Treated and control cells were grown on cover-
slips, washed with PBS, fixed with 4% paraf-
ormaldehyde in PBS at room temperature for
1 h, and permeabilized with 0.3% Triton X-100
at room temperature for 30 min before incuba-
tion with rabbit anti-AIF (Upstate, VA) (0.5 mg/
ml) for 12 h at 48C. After three washes in PBS,
cells were incubated with biotin-conjugated
secondary antibodies (2 mg/ml) for 4 h at 48C,
and then stained with Alexa Fluor 488 dye
(1:500 dilution; (Molecular Probes, MO)) for 1 h
at room temperature. Cells were washed three
times with PBS and then mounted with DAKO
fluorescent mounting medium (DAKO, Carpin-
teria, CA) and observed under Leica TCS SP2
confocal microscopy. And 5� 106/ml, HL-60
cells, that was suspended cell line, was per-
formed spin down for attach onto cover glass
with cytospin at 700 rpm for 5min and observed
under Leica TCS SP2 confocal microscopy.

RESULTS

Cytotoxicity

We first sought to determine the cytotoxic
effects of 3a on SKOV3 and HL-60 cells under
our culture conditions, as compared to that
of the positive control, taxol. Cell death was
evaluated by measuring LDH release into the
media from dead or dying cells 24 h after drug
treatment. LDH release is a reliable biochem-
ical indicator of cell death in these cell lines, and
could easily be used on large-scale experiments
such as ours. Our results revealed that the IC50

of taxol was 2.3� 0.2 mM in SKOV3 cells and
3.2� 0.5 mM in HL-60 cells, while the IC50

values of 3a were 31.53� 1.35 mM and 35.95�
6.8 mM, respectively.

DNA Fragmentation

To investigate the type of cell death induced
by 3a and taxol in SKOV3 and HL-60
cells, PS externalization and PI uptake were
analyzed by flow cytometry. Figure 1a shows
a dot plot of four quadrants scaled with
logarithms, representing thefluorescence levels
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of FITC-labeled annexin V (FL-1H) and PI
(FL-2H), respectively. Our results revealed that
treatment with 45 mM 3a increased the number
of cells in the early stage of apoptosis (annexin
Vþ/PI) by fivefold in SKOV3 cells, and that
treatment with 5 mM taxol showed similar
effects. In contrast, HL-60 cells showed a �30-
fold increase in early apoptotic cells in response
to 45 mM 3a, but only a fourfold increase in
response to 5 mM taxol.

PI staining was used to examine the nuclear
events after 3a treatment. Chromatin conden-

sation was seen in 3a-treated cells. In addition,
3a-treated SKOV3 cells showed up to sixfold
increases in the sub-G1 population (P< 0.05)
when compared with control cells. In HL-60
cells, 3a treatment induced a 10-fold increase in
the sub-G1 population (Fig. 1b).

3a Induces Caspase-3 Activation in
HL 60 But not SKOV3 Cells

The caspases are key factors in the apoptotic
pathway [Zamzami and Kroemer, 1999], with
caspase-3 playing a critical role in apoptosis.

Fig. 1. Staining with annexin V/ PI and DNA fragmentation rate.
a: 3a and taxol induced early-and late-stage apoptosis in SKOV3
and HL-60 cells. A and D, untreated cells; B and E, cells treated
with 5 mM of taxol; C and F, cells treated with 45 mM of 3a. Each
sample was measured 24 h post-treatment. Cells undergoing
early apoptosis stained positive for only Annexin V (conjugated
FITC), it was shown lower right panel, while those that had
progressed to late apoptosis stained positive for both Annexin V
and Propidium iodide (PI), it was shown upper right panel due to

disruption of the plasma membrane. b: A and D, untreated cells;
B and E, cells treated with 5 mM of taxol; C and F, cells treated
with 45 mM of 3a. Sub-G1 phase populations were increased by
twofold (11.33�1.91, B) and sixfold (28.93�7.49, C) in SKOV3
cells compared to controls (5.25�1.23), and by eightfold
(29.72�3.25, E) and tenfold (36.68�4.02, F){ in HL-60 cells
compared to controls (3.70� 1.32){. {, (mean� SD, P<0.05).
The M1 bar under the G1 phase cells represents the mean DNA
fragmentation because Maximun peak was mean the G1 phase.

810 Ahn et al.



Here, we examined whether 3a treatment
induced apoptosis in a caspase-3-dependent
manner in SKOV3 and/or HL-60 cells. Western
blot analysis suggested that treatment with 3a
(45 mM) or taxol (5 mM) resulted in caspase-3
activation only in HL-60 but not SKOV3 cells
(Fig. 2). However, activation of caspase-3 inHL-
60 cells increased threefold (4.24� 0.34) follow-
ing 3a treatment, and twofold (3.21� 0.75)
following taxol treatment, as compared with
untreated controls (1.43� 0.27) with FLICA
assay by flow cytometry. These results suggest
that the mechanism of apoptotic induction may
differ between the two cell lines.

3a Induces Mitochondrial Depolarization

Mitochondrial membrane depolarization is
an early event of apoptosis that increases
mitochondrial membrane permeability (MMP)
and facilitates the release of pro-apoptotic
factors such as cytochrome-c and AIF into the
cytosol [Cande et al., 2002; Ravagnan et al.,
2002]. To assess mitochondrial depolarization
in 3a- and taxol-treated cells, we used JC-1, a
mitochondria-specific, lipophilic cationic fluor-
escence dye. The green-fluorescent JC-1 probe
(emission maxima �530 nm) exists as a mono-
mer at low concentration or at low MMP.
However, at higher concentration or higher
potential, JC-1 forms red-fluorescent J-aggre-
gates that exhibit a broad excitation spectrum
and an emission maximum at �590 nm. As
shown in Figure 3a, the fluorescence intensity
at 530 nm increased significantly in 3a- and
taxol-treated SKOV3 cells as compared to
untreated controls (6.56� 0.03 and 4.51� 0.83,
respectively, vs. 2.77� 0.90; P< 0.05 in both
cases) (Fig. 3b,c) and untreated HL60 cells
showed mostly greenish orange mitochondria,
too. It was mean untreated HL60 cells

(3.71� 0.22) maintained their MMPs highly,
while taxol- and 3a-treated HL60 cells showed
increased green fluorescence in 11.84� 3.71
and 16.01� 0.36 of cells, respectively, indicat-
ing that the MMP were decreased like SKOV3
cells (Fig. 3b,c). We tried to analyze these
fluorescence data using flow cytometry.

AIF Translocates Into the Nucleus in Response to
3a Treatment in SKOV3 But not HL-60 Cells

The AIF protein is a caspase-independent
pro-apoptotic factor released frommitochondria
and translocated into nucleus [Susin et al.,
1999].However, the precise connection between
AIF and MMP is not completely clear in
caspase-independent apoptosis. Here, we used
confocal microscopy to examine AIF transloca-
tion in response to 3a treatment of SKOV3 and
HL-60 cells stained with an FITC-conjugated
anti-AIF antibody (green fluorescence). Confo-
calmicroscopy revealed that AIFwas present in
the cytosol of untreated cells, presumably in the
mitochondria. SKOV3 cells treated with 3a or
taxol showed nuclear localization of AIF, indi-
cating the AIF translocation known to be a
hallmark of caspase-independent apoptosis
(Fig. 4). In contrast, we observed no evidence
of AIF translocation in HL-60 cells treated with
3a or taxol. These data suggest that mitochon-
dria may play a role in triggering both caspase-
independent and -dependent apoptotic path-
ways.

DISCUSSION

While selenium biochemistry has gained
recent attention, many aspects of its effects
on natural systems remain unexplored [Flohe
et al., 2000]. Although several mechanisms have
been proposed for these cancer chemopreventive

Fig. 2. Western blotting of caspase-3 activation. A: SKOV3 and B: HL-60 cells. Lane 1, untreated cells;
lane 2, cells treated with 5 mM of taxol; lane 3, cells treated with 45 mM of 3a. Treatment with 3a or taxol
induced caspase-3 activation in HL-60 but not SKOV3 cells.
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effects, the most likely seems to hinge on the
ability of selenium to inhibit cell proliferation
[Ip et al., 2000].
Some reports showed that apoptotic signaling

involves the activation of the caspase proteases
that cleave key protein substrates; numerous
reports have shown that caspase inhibition
blocks the acquisition of apoptotic traits and
prevents mammalian cell death [Joza et al.,
2001]. The most commonly activated caspase,
caspase-3, cleaves and inactivates the inhibitor
of caspase-activated DNase (ICAD), leading to
stimulation of CAD, an important DNA frag-

mentation factor. In vitro and in vivo studies on
the interrelationship of caspase-3 and -9 signal-
ing have suggested the existence of four differ-
ent apoptotic pathways [Hakem et al., 1998;
Srinivasula et al., 1998; Cain et al., 1999; Saleh
et al., 1999]. As several apoptotic pathways
appear to co-exist in mammalian cells, it is
important to explore the mechanism of apopto-
sis induced by drugs that are considered
candidates for development as anti-cancer
agents.

The results of our study demonstrate that
both 3a and the positive control, taxol, triggered

Fig. 4. Localization of AIF (apoptosis inducing factor) following treatment with taxol or 3a. A, B: SKOV3
cells;C,D, HL-60 cells. A and C, stained with an anti-AIF monoclonal antibody (mAb); B and C, stained with
an anti-AIF mAb and PI. E, untreated cells; F, treated with 5 mM taxol; G, treated with 45 mM 3a. In treated
SKOV3 cells, AIF is seen in both the cytosol and nucleus, whereas no nuclear translocation is seen in
HL-60 cells.

Fig. 3. Staining with JC-1 in SKOV3 and HL60 cells for assess
mitochondrial membrane potential. a: A and D, untreated cells;
B and E, cells treated with 5 mM taxol; C and F, cells treated with
45 mM 3a. The results revealed decreased MMP following taxol
and 3a treatment. They were figured by confocal microscopy. b:
A andD, untreated cells;B and E, cells treated with 5 mM taxol;C
andF, cells treated with 45mM3a.The results revealeddecreased
MMP following taxol and 3a treatment by flow cytometer.

c: Open-bar is on SKOV3 cells and closed-bar is HL60 cells. The
absorbance at 530 nm increased from 2.77�0.90 (mean� SD)
in untreated cells to 4.51�0.83 (P<0.05) in taxol-treated cells
and 6.56�0.03 in selenium-treated cells (P<0.05) of SKOV3
cells and 3.71� 0.22 in untreated cells to 11.84�3.71
(P< 0.05) in taxol-treated cells and 16.01� 0.36 in selenium-
treated cells (P< 0.05) of HL60 cells within 24 h. It indicates the
relative intensity of maximum green fluorescent emission.
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caspase-3-independent apoptosis in a human
ovarian cancer cell line. This is consistent with
previous reports by our group and others [Ofir
et al., 2002; Ahn et al., 2004] that SKOV3 cells
showed caspase-3 and caspase-9-independent
apoptosis in response to taxol. In contrast, both
taxol and 3a induced caspase-3-associated
apoptosis in the HL-60 human acute myelocytic
leukemia cell line. Our findings in HL-60 cells
were consistent with the previous report in
taxol [Ibrado et al., 1998], indicating that taxol
may trigger different apoptotic pathways in
different cell types.

Recent studiesand ourpreviously report have
indicated that mitochondria act as the key
coordinators of cell death. Several pro-apoptotic
signaling pathways converge to induce MMP,
often via the Bcl-2 family proteins [Fadeel et al.,
1999a, 1999b; Gogvadze et al., 2001]. The outer
mitochondrial membrane (OMM) becomes com-
pletely permeabilized to proteins, while the
inner mitochondrial membrane (IMM) remains
intact. This results in leakage of proteins
from the mitochondrial intermembrane space
[Ravagnan et al., 2002]. Of these, the apoptosis-
inducing factor (AIF) is an important released
protein that can be translocated to the nucleus
in response to death stimuli [Susin et al., 1999;
Daugas et al., 2000]. Emerging evidence sug-
gests that translocation of mitochondrial AIF
into the nucleus is a hallmark of caspase-
independent apoptosis [Cande et al., 2002].
Our data showed that 3a treatment of SKOV3
cells led to decreases in the MMP and triggered
translocation of AIF into the nucleus. Further-
more, flow cytometry revealed that 3a-treated
SKOV3 cells showed DNA fragmentation and
accumulation the sub-G1 fraction.

In sum, we herein demonstrated that 3a
effectively inhibits the proliferation of a human
ovarian cancer cell line and an acute myelocytic
leukemia cell line. Furthermore, we showed for
the first time that 3a triggers a caspase-3-
independent pathway involving nuclear trans-
location of AIF in SKOV3 cells, but did not in
HL-60 cells, althoughmitochondrial membrane
depolarization was observed following 3a treat-
ment of both SKOV3 and HL-60 cells, our
results indicate that the downstream apoptotic
mechanisms differ in these cell types.
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