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Abstract. Selenocystine (SeC), a naturally occurring
selenoamino acid, has been shown to be a novel
compound with broad-spectrum anticancer activity. In
this study, we showed that SeC triggered time- and
dose-dependent apoptosis in A375 human melanoma
cells by activating the mitochondria-mediated and
death receptor-mediated apoptosis pathways. Pre-
treatment of cells with a general caspase inhibitor z-
VAD-fmk significantly prevented SeC-induced apop-
tosis. A375 cells exposed to SeC showed an increase in
levels of total pS3 and phosphorylated p53 (serine-15).

Silencing of p53 expression with RNA interference
significantly suppressed SeC-induced p53 phosphor-
ylation, caspase activation and apoptotic cell death.
Moreover, generation of reactive oxygen species and
subsequent induction of DNA strand breaks were
found to be upstream mediators of p53 activation
induced by SeC. In a nude mice xenograft experiment,
SeC significantly inhibited the tumor growth of A375
cells via induction of apoptosis. Taken together, these
results suggest the potential applications of SeC in
cancer chemoprevention.
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Introduction

Malignant melanoma is a rapidly spreading skin
tumor with a very high invasive capacity and growing
incidence [1]. Due to the high metastatic potentials
and resistance towards chemotherapy, radiotherapy,
and immunotherapy [2], the management of melano-
ma represents one of the most challenging problems in
clinical oncology [3]. Although great improvement in
survival rate of disseminated melanoma by using the
contemporary therapeutic strategies, severe side ef-
fects, such as thrombocytopenia, neutropenia and
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anemia are unavoidable. Therefore, the search for
new agents capable of selectively killing melanoma
cells constitutes an urgent priority.

Apoptosis or programmed cell death plays a major
role in the development, homeostasis, and prevention
of cancer. Induction of apoptosis has been considered
the major cytotoxic mechanism of anticancer thera-
pies. Generally, apoptosis may occur via the mito-
chondrial (intrinsic) pathway [4] and the death
receptor (extrinsic) pathway [5]. The mitochondrial
pathway is mediated by Bcl-2 family proteins, which
disrupt the mitochondria membrane potential, result-
ing in release of apoptogenic factors from the mito-
chondria to the cytosol, such as cytochrome ¢, Smac/
Diablo and apoptosis-inducing factor (AIF). Cyto-
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chrome c in cytosol would form an apoptosome with
apoptosis activating factor 1 and caspase-9, and then
activate the downstream apoptotic signals [4, 6]. The
extrinsic pathway is triggered through the formation
of death inducing signaling complex, which subse-
quently activates initiator caspase-8 and then cleaves
executioner caspases [3,7]. At present, it is recognized
that resistance to apoptosis is a critical factor in tumor
progression and malignancy. Studies showed that the
major mechanism accounting for drug resistance in
melanoma is the dysregulation of apoptosis through
over-expression of pro-survival proteins and down-
regulation of pro-apoptotic proteins [8]. The under-
standing of the mechanisms by which melanoma cells
escape from apoptosis would be beneficial in the
design and development of novel chemopreventive
agents.

Selenium (Se) is a mineral trace element of funda-
mental importance to humans and animals [9]. The
role of selenocompounds as potential cancer chemo-
preventive and chemotherapeutic agents has been
supported by epidemiological, preclinical and clinical
studies [10, 11]. Mechanistic studies indicated that cell
apoptosis was one of the most critical mechanisms for
anticancer action of Se [12]. Experimental studies
have found that dietary supplementation of seleno-
methionine and high-Se soy protein reduced meta-
stasis of melanoma cells in mice [13, 14]. Recently,
selenomethionine was also found to be able to protect
human skin cells from ultraviolet radiation-induced
p53 transactivation [15]. However, the mechanism for
the anticancer activity of Se against melanoma was
never explored.

Selenocystine (SeC), a nutritionally available sele-
noamino acid, exhibits potential applications in che-
motherapy. In our previous works, SeC was identified
as a novel agent with higher antitumor activity than
selenomethionine, Se-methyl-seleno-cysteine, sele-
nite and selenate [16]. SeC showed novel antiprolifer-
ative effects on A375 human melanoma cells via
induction of apoptosis in association with reactive
oxygen species (ROS) generation. Despite this po-
tency, SeC showed much lower cytotoxicity toward the
HS68 human fibroblasts. The aim of this study was to
investigate the roles of caspases, mitochondria, ROS
and p53, and their crosstalk in SeC-induced apoptosis
pathways. The results showed that SeC exhibited in
vitro and in vivo inhibitory effects on A375 melanoma
cells and triggered apoptosis by activating the ROS-
mediated mitochondrial pathway and p53 phosphor-
ylation.

Apoptosis induced by selenocystine

Materials and methods

Materials. Selenocystine, propidium iodide (PI), solid
JC-1, 4,6-Diamidino-2-phenyindole (DAPT), 2',7'-di-
chlorofluorescein diacetate (DCF-DA), pifithrin-a
and bicinchoninic acid kit for protein determination
were purchased from Sigma. Reagent kit for single cell
gel electrophoresis assay (Comet Assay) was pur-
chased from Trevigen. The mitochondrial dye mito-
tracker red (CM-H,Ros) was obtained from Molec-
ular Probes. All of the antibodies used in this study and
p53 small interfering RNAs (siRNA) were purchased
from Cell Signaling Technology (Beverly, MA). The
general caspase inhibitor (z-VAD-fmk) was pur-
chased from Calbiochem. Se standard for ICP-AES
detection was purchased from J. T. Baker. Eight
chamber polystyrene vessels were obtained from
Becton Dickinson Labware. The ultrapure water
used for all experiments was supplied by a Milli-Q
water purification system from Millipore.

Cell culture. A375 human melanoma cell line was
obtained from American Type Culture Collection
(ATCC, Manassas, VA) and maintained in DMEM
medium supplemented with fetal bovine serum
(10%), penicillin (100 units/ml) and streptomycin
(50 units/ml) at 37°C in a humidified incubator with
5% CO, atmosphere.

MTT assay. Cell viability was determined by measur-
ing the ability of cells to transform MTT to a purple
formazan dye [16]. Cells were seeded in 96-well tissue
culture plates at 2.0 x 10? cells/well for 24 h. The cells
were then incubated with SeC at different concen-
trations for 24, 48 and 72 h. After incubation, 20 pl/
well of MTT solution (5 mg/ml phosphate buffered
saline) was added and incubated for 5 h. The medium
was aspirated and replaced with 150 pl/well of acidic
isopropanol (0.04 N HClI in isopropanol) to dissolve
the formazan salt formed. The color intensity of the
formazan solution, which reflects the cell growth
condition, was measured at 570 nm using a microplate
spectrophotometer (SpectroAmax™ 250).

Determination of Se. Se concentration was deter-
mined by ICP-AES method as previously described
[17]. Briefly, collected cells were digested with 3 ml
concentrated nitric acid and 1 ml H,O, in an infrared
rapid digestion system (Gerhardt) at 180°C for 1.5 h.
The digested solution was reconstituted to 10 ml with
Milli-Q H,O and used for ICP-AES analysis.

Flow cytometric analysis. The cell cycle distribution
was analyzed by flow cytometry as previously descri-
bed [18]. Cells were trypsinized after treatments,
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washed with PBS and fixed with 75% ethanol over-
night at -20°C. The fixed cells were washed with PBS
and stained with propidium iodide (PI) working
solutions (1.21 mg/ml Tris, 700U/ml RNase, 50.1 pg/
ml PI, pH 8.0) for 4 h in darkness. The stained cells
were then subjected to an Epics XL-MCL flow
cytometer (Beckman Coulter, Miami, FL). Cell cycle
distribution was analyzed using MultiCycle software
(Phoenix Flow Systems, San Diego, CA). The propor-
tion of cellsin GO/G1, S, G2/M phases was represented
as DNA histograms. Apoptotic cells with hypodiploid
DNA content were measured by quantifying the sub-
G1 peak in the cell cycle pattern. For each experiment
10 000 events per sample were recorded.

TUNEL assay. Cells cultured in chamber slides were
fixed with 3.7% formaldehyde for 10 min and per-
meabilized with 0.1 % Triton X-100 in PBS. After that,
cells were incubated with 100 pul/well TUNEL reaction
mixture containing nucleotide mixture and terminal
deoxynucleotidyl transferase (TdT) for 1h at 37°C.
The cells were then washed with PBS and examined by
fluorescence microscopy (Nikon Eclipse 80i).

Evaluation of mitochondrial membrane potential
(AWm). Cells cultured in six-well plates were trypsi-
nized and resuspended in 0.5ml of PBS buffer
containing 10 pg/ml JC-1. After incubation for
10 min at 37°C in the incubator, cells were immedi-
ately centrifuged to remove the supernatant. Cell
pellets were suspended in PBS and then analyzed by
flow cytometry. The percentage of the green fluores-
cence from JC-1 monomers was used to represent the
cells that lost AWm.

Single Cell Gel Electrophoresis (Comet Assay).
Single-cell gel electrophoresis for detection of DNA
damage was performed using the Comet assay reagent
kit purchased from Trevigen according to the manu-
facturer’s instructions. Briefly, cells treated with SeC
were harvested by centrifugation at 1500 rpm (20°C,
5 min) and resuspended at 1x10° cells/ml in PBS. The
cell suspension was mixed with melted LM agarose at
a ratio of 1:10 (v/v). An aliquot (75 pul) of the mixture
was immediately pipetted onto the slide (CometSli-
de™). After refrigeration for 30 min, the slide was
immersed in prechilled lysis solution and left on ice for
60 min, followed by immersing in freshly prepared
alkaline solution (300 mM NaOH, 1 mM EDTA, pH >
13) for 60 min on ice in darkness. After DNA
unwinding, the slide was subjected to alkaline solution
for electrophoresis in a Savant ps 250 system set at 300
mA and 1 volt/cm for 30 min. After electrophoresis,
the slide was rinsed with distilled H,O, fixed in 70 %
ethanol for 5 min and air-dried overnight. DNA was
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stained with SYBR Green I (Trevigen) and visualized
under a fluorescence microscope (Nikon, Eclipse E-
600). Fifty cells per slide were selected randomly and
their olive tail moments were determined using an
image analysis system (Komet 3.1, Kinetics Imaging
Ltd., Liverpool) linked to a CCD camera.

Measurement of ROS generation. The effects of SeC
on intracellular ROS generation were evaluated by
DCEF fluorescence assay. Briefly, cells were harvested
by centrifugation, washed twice with PBS, and sus-
pended in PBS (1x10° cells/ml). Cell suspension was
incubated with 10 uM DCFH-DA at 37°C for 30 min.
After the addition of SeC, the cells were incubated at
37°C for different periods of time and analyzed by
flow cytometry.

Caspase activity assay. Harvested cell pellets were
suspended in cell lysis buffer and incubated on ice for
1 h. After centrifugation at 11 000 x g for 30 min,
supernatants were collected and immediately meas-
ured for protein concentration and caspase activity.
Briefly, cell lysates were placed in 96-well plates and
then specific caspase substrates (Ac-DEVD-AMC for
caspase-3, Ac-IETD-AMC for caspase-8 and Ac-
LEHD-AMC for caspase-9) were added. Plates were
incubated at 37°C for 1 h and caspase activity was
determined by fluorescence intensity with the excita-
tion and emission wavelengths set at 380 and 440 nm
respectively.

Western blot analysis. Cytosolic extracts were pre-
pared by incubating the cells on ice in hypotonic buffer
(20 mM Hepes, 10 mM KCl, 1.5 mM MgCl,, 1 mM
EDTA, 1 mM EGTA, 250 mM sucrose, 1 mM
dithiothreitol, aprotinin, leupeptin and pepstatin
2 mg/ml each, pH 7.5) for 30 min. Then the cells
were disrupted in a Dounce homogenizer by optimal
gentle strokes and centrifuged at 1000 g for 10 min at
4°C to remove unbroken cells and nuclei. The
homogenates were collected and centrifuged again
at 12000 x g for 30 min at 4°C to separate the
mitochondria and cytosol fraction.

Total cellular proteins were extracted by incubating
cells in lysis buffer obtained from Cell Signaling
Technology. The protein concentrations in the cell
lysates were determined by bicinchoninic acid assay
(Sigma) according to the manufacturer’s instructions.
SDS-PAGE was done in 10% tricine gels loading
equal amount of proteins per lane. After electro-
phoresis, separated proteins were transferred to nitro-
cellulose membrane and blocked with 5% non-fat
milk in TBST buffer for 1 h. After that, the mem-
branes were incubated with primary antibodies at
1:1000 dilutions in 5 % non-fat milk overnight at 4°C,
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Figure 1. SeC treatment caused
cell growth inhibition and apop-
tosis in A375 cells. (A) Quantita-
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ICP-AES analysis. (B) Cell via-
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and then secondary antibodies conjugated with horse-
radish peroxidase at 1:2000 dilution for 1 h at room
temperature. Protein bands were visualized on X-ray
film using an enhanced chemiluminescence system
(Kodak). To assess the presence of a comparable
amount of proteins in each lane, the membranes were
stripped finally to detect the 3-actin.

siRNA transfection. Cells were seeded at 2x10° cells
per well in six-well plates and allowed to grow to 50 %
confluence after 24 h. Cells were incubated with 60
nmol/L p53 siRNA and transfection reagent in serum-
free culture medium for 24 h, and then 1 ml fresh
completed medium was added to each well for another
24 h with or without SeC. Additionally, cells were also
transfected with a fluorescein-labeled non-targeted
control siRNA, which allows us to monitor the
efficiency of transfection. A non-target antibody
(p42 MAPK) was used to control for loading and
monitor specificity of p53 siRNA.

in vivo studies. Exponentially growing A375 cells
(2x10° suspended in 200 pl PBS were injected
subcutaneously into the right flank of each five-week
male nude mouse. Mice were randomized into two
groups of 12 mice/group. After one week, SeC
dissolved in PBS was given i.p. (10 pg/g body weight
per day) for ten days. Control mice received an equal
volume of the vehicle (PBS) only. At the termination
of the experiments, tumors were excised, photograph-
ed, and weighed. A portion of the tumors from control

)

by SeC by flow cytometric anal-
ysis. (D) Representative images
of DNA fragmentation and nu-
clear condensation in cells ex-
posed to SeC for 24 h (magnifi-
cation, 200 x). The apoptotic
percentages, as calculated by di-
viding the TUNEL-positive cell
number by the total cell number
(DAPI-positive) within the same
area, are listed in the parenthe-
ses. All results were obtained
from three independent experi-
ments. Significant difference be-
tween treatment and control
groups is indicated at p<0.05 (*)
or p<0.01 (**) level.
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and treated animals was used for preparation of tumor
lysate used in further analysis. Tumor dimensions were
measured with calipers and the volume was calculated
using the formula: volume = Ix w?2, with [ being the
maximal length and w being the width. Se content in
the tumor tissues was determined by ICP-AES
analysis. All animal experiments were approved by
the Animal Experimentation FEthics Committee,
CUHK.

Statistical analysis. Experiments were carried out at
least in triplicate and results were expressed as mean
=+ SD. Statistical analysis was performed using SPSS
statistical package (SPSS 13.0 for Windows; SPSS, Inc.
Chicago, IL). Difference between two groups was
analyzed by two-tailed Student’s t test, and that
between three or more groups was analyzed by one-
way ANOVA multiple comparisons. Difference with
p<0.05 (*) or p<0.01 (**) was considered statistically
significant.

Results

Uptake of SeC and induction of apoptotic cell death in
A375 melanoma cells. Firstly, we used the ICP-AES
method to investigate the uptake of SeC in A375 cells.
As shown in Figure 1A, the intracellular Se concen-
tration increased significantly in a time-dependent
manner. Accumulation of SeC in A375 cells resulted
in time- and dose-dependent growth inhibition as
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examined by MTT assay (Fig. 1B), with ICs, values at
50.1 uM (24 h), 12.8 uM (48 h) and 3.6 uM (72 h)
respectively. In contrast, SeC was relatively nontoxic
toward HS68 and Detroit 551 human fibroblasts with
an ICs, values at 432.5 pM and 278.9 uM after a 72 h
treatment (data not shown). These results suggest that
SeC possesses great selectivity between cancer and
normal cells and displays potential application in
melanoma chemoprevention. To investigate the ki-
netics of the apoptotic cell death induced by SeC, we
treated the cells with different concentrations of SeC
for various times and analyzed the cell cycle distribu-
tion by DNA-flow cytometric analysis. Data in Figure
1C showed that SeC induced a dose- and time-
dependent increase in the proportion of apoptotic
cells as reflected by sub-G1 peak. Apoptotic cell death
was further confirmed by DNA fragmentation as
examined by TUNEL assay (Fig. 1D).

SeC triggers caspase-dependent apoptosis pathway in
A375 cells. Apoptosis can be initiated by two central
mechanisms, the extrinsic [5] and intrinsic pathways

— [ S " e | Factin
TUNEL
’

[4]. To delineate the molecular events initiated by
SeC, we first examined the requirement of caspases
for the apoptotic program. Exposure of A375 cells to
SeC resulted in a dose-dependent activation of
caspase-3, caspase-7, caspase-9, caspase-8 and cas-
pase-10 (Figs. 2A and B), which indicated the activa-
tion of both the intrinsic and extrinsic apoptosis
pathways. Caspase activation subsequently induced
proteolytic cleavage of PARP, which serves as a
biochemical marker of cells undergoing apoptosis.
SeC treatment also strongly decreased the expression
level of survivin (Fig. 2A), but did not affect the levels
of other TAP (inhibitor of apoptosis protein) family
members, including cIAP and XIAP (data not shown).
Moreover, increase in expression levels of death
receptor DR4 and DRS, and truncation of Bid, a
death agonist member of BH3 domain-only protein
family, were observed in cells treated with SeC, which
confirmed the activation of the extrinsic apoptosis
pathway.

To address the significance of caspase activation in
SeC-induced apoptosis, we examined the effects of a
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Figure 3. SeC triggered the dis-
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general caspase inhibitor z-VAD-fmk. As shown in
Figures 2C and D, pretreatment of cells with 60 uM z-
VAD-fmk significantly prevented SeC-induced cell
death and cell apoptosis as measured by MTT assay
and flow cytometric analysis. Consistent with these
results, an analysis by microscopy showed that z-
VAD-fmk treatment decreased membrane shrinkage,
cell rounding, formation of apoptotic bodies and DNA
fragmentation induced by SeC (Fig. 2E). The cleavage
of PARP was also significantly inhibited by z-VAD-
fmk (Fig. 2F), indicating that caspase activity had
been effectively abolished. These results indicate that
SeC-induced apoptotic cell death occurs mainly in a
caspase-dependent manner. However, z-VAD-fmk
could not completely prevent PARP cleavage, DNA
fragmentation and overall apoptotic cell death, sug-
gesting the existence of a minor component of SeC-
induced apoptosis that is independent of caspases.

SeC induces mitochondria dysfunction by regulating
the expression of Bcl-2 family proteins. Mitochondria
act as a point of integration for apoptotic signals
originating from both the extrinsic and intrinsic
apoptosis pathways [19]. Loss of mitochondrial mem-
brane potential (AWm) is associated with the activa-

tion of caspases and the initiation of apoptotic
cascades. Therefore, we studied whether SeC-induced
apoptosis occurred through destroying mitochondrial
homeostasis. A375 cells were treated with different
concentrations of SeC for various time and the AWm
was assessed by flow cytometry using JC-1 as a
molecular probe. JC-1 is a cationic dye that exhibits
potential-dependent accumulation in mitochondria.
During the loss of AWm, the fluorescence of JC-1 dye
shifts from red to green. Therefore, the increase in
green fluorescence indicates the loss of AWm in the
treated cells. As shown in Figure 3A, SeC induced
dose- and time- dependent disruption of AWm in
A375 cells. A remarkable loss of AWYm was observed
after 1h of SeC treatment. Our next task was to
determine whether loss of AWm caused a mitochon-
drial release of apoptogenic factors. As shown in
Figure 3B, treatment of SeC dramatically induced the
release of cytochrome c, apoptosis-inducing factor
(AIF) and Smac/Diablo from mitochondria to the
cytosol in a dose-dependent manner.

Bcl-2 family members have been described as key
regulators of mitochondrial permeability [20]. There-
fore, we examined the effects of SeC on the expression
levels of pro-survival and pro-apoptotic Bcl-2 family
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Figure 4. ROS generation and
DNA damage were involved in
SeC-induced apoptosis in A375

12 h cells. (A) Intracellular ROS gen-

+ NAC 1 mM
SeC -

- SeC

eration was determined by meas-
uring the fluorescence intensity
of an oxidation-sensitive fluores-
cein DCFH-DA on a flow cytom-
eter. Cells were treated with 20
uM SeC for the indicated time
with or without the pretreatment
of 1 mM NAC for 4 h. (B) Pro-
tective effects of NAC on DNA

56.3% 43.8%

+ NAC 1 mM

damage induced by SeC. A375
cells were pretreated with NAC
(1 mM) for 4h, followed by
incubation with 40 uM SeC for
2 h, and then immediately ana-
lyzed by Comet assay as descri-
bed in section of Materials and
methods. Arrow indicates cells
with damaged DNA. Average
olive tail moment is listed below

SeC

(2415%72 (1324.7%)P  (4.642.5%)

D

-t

Cell Viability (%)

proteins in A375 cells by western blotting. As shown in
Figure 3C, SeCsignificantly suppressed the expression
level of Bcl-2, and increased the expression levels of
Bax and PUMA -a. In addition, the expression of Bcl-
x1, Mcl-1, Bad, Bik and Bok was not affected by SeC
treatment (data not shown), thus supporting the
specific activation by SeC. The results in Figure 2B
demonstrated that SeC induced the truncation of Bid
in A375 cells in a dose-dependent manner, which is
consistent with the activation of caspase-8 and cas-
pase-10 in response to SeC treatment. These results
indicate that mitochondrial-mediated apoptosis in
A375 cells triggered by SeC is predominantly associ-
ated with down-regulation of Bcl-2/Bax expression
ratio and the truncation of Bid.

- each image. (C and D) Protective
effects of NAC on cell growth
inhibition and apoptosis induced
by SeC. A375 cells were pre-
treated with NAC (1 mM) for
4h, followed by co-incubation
with 40 uM SeC for 24 h, and
then immediately subjected to
flow cytometric analysis (C) and
MTT assay (D) as described in
section of Materials and methods.
Values with different characters
are statistically different at
p<0.05 level.
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ROS-mediated DNA damage is involved in SeC-
induced apoptosis. It has been reported that ROS play
an important role in the induction of apoptosis by
various chemopreventive and chemotherapeutic
agents [21]. The mitochondrial respiratory chain is a
potential source of ROS, such as superoxide and
hydrogen peroxide [22]. The observation of mito-
chondrial dysfunction (Fig. 3) led us to examine the
role of ROS in SeC-induced apoptosis. The intra-
cellular ROS generation in A375 cells treated by SeC
was measured by DCF-flow cytometry. This assay is
based on the cellular uptake of a non-fluorescent
probe (DCFH-DA), which is subsequently hydro-
lyzed by intracellular esterase to form dichlorofluor-
escin, DCFH. The non-fluorescent substrate is oxi-
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Figure 5. SeC treatment activat-
ed p53-dependent apoptosis in
A375 cells. (A) Western blot
analysis of expression levels of
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dized by the intracellular free radicals, producing a
fluorescent product DCF [23]. As shown in Figure 4A,
a time-course study showed an increase in ROS
generation as early as 2 h after SeC treatment, which
peaked at approximately 12 h, followed by a decreas-
ing trend from 12 h to 48 h (data not shown). Pretreat-
ment of the cells with a thiol-reducing antioxidant N-
acetylcysteine (NAC) effectively prevented SeC-in-
duced ROS generation (Fig. 4A).

The induction of DNA damage by SeC was inves-
tigated by Comet assay, which provides a measure of
both single- and double-strand breaks in DNA.
Following treatment of SeC, time- and dose-depend-
ent DNA damage was observed in A375 cells (data not
shown). As shown in Figure 4B, a significant elevation
of DNA strand breaks (DSBs) in A375 cells was
detectable in cells exposed to 40 uM SeC for 2 h.
Furthermore, we found that SeC-induced DSBs
occurred upstream to the caspase activation, because
pretreatment of the cells with a general caspase
inhibitor z-VAD-fmk showed no protective effects
on DNA damage (data not shown).

To further examine the important role of ROS
generation in SeC-induced apoptosis, we next inves-
tigate the effects of NAC on DSBs and overall
apoptotic cell death. Data shown in Figures 4 B and
Crevealed that ImM NAC almost completely blocked
the increase in Sub-G1 cell populations and DSBs
induced by SeC. Thus, SeC-induced cell death was
completely suppressed by NAC (Fig.4D). These
results indicate that SeC-induced apoptosis in A375
cells is ROS-dependent.

growth inhibition induced by
SeC. Caspase activity was meas-
ured using synthetic fluorogenic
substrate as described in Materi-
als and methods. Cell viability
was examined by MTT assay.
Bars with different characters
are statistically different at

- SeC p<0.05 level.

+ + p53 siRNA

pS3 is a potential target for SeC action in A375 cells.
The previous results showed that SeC treatment up-
regulated the expression of some p53-inducible genes,
such as Bax and PUMA (Fig. 3C), and induced ROS-
mediated DNA damage (Fig. 4), suggesting the pos-
sible involvement of p53 pathway in SeC-induced
apoptosis. To examine whether p53 is activated by
SeC, we determined the p53 expression and phos-
phorylation in A375 cells treated with 10-40 pM SeC
for 24 h. As shown in Figure 5A, SeC treatment
resulted in elevations of total and phosphorylated p53
at Ser 15 in a dose-dependent manner. However,
phosphorylation at residues of Ser6, Ser20, Ser37 and
Ser46 was not detected in cells exposed to SeC (data
not shown). These results indicated that Ser15 was the
major phosphorylation site of p53 induced by SeC.
Protein levels of p21Waf1l and a DNA damage marker
Ser139-Histone H2A.X were also up-regulated in
A375 cells treated with SeC.

The role of p53 in SeC-induced apoptosis pathways
was further verified by using RNA interference to
reduce the mRNA of this gene. As shown in Figure 5B,
transfection of p53 siRNA significantly inhibited the
expression levels of total p53, p21Wafl and phospho-
p53 Ser15 in cells treated by SeC, whereas no change
in expression level of non-target gene p42 was
observed. In contrast, silencing of p53 failed to inhibit
the H2A.X phosphorylation in cells exposed to SeC.
To further evaluate the requirement for p53 in SeC-
induced apoptosis, we next examined the effects of
p53 silencing on PARP cleavage, caspase activation
and cell viability in cells treated with SeC. The results
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Figure 6. SeC abrogated the growth of melanoma tumor xenografts in nude mice. A375 cells (2x10°) were injected subcutaneously into five-
week male nude mice of twelve per group. After one week, mice were treated i. p. with SeC (10 pg/g body weight per day) for ten days. The
control group received vehicle only (PBS). (A) Body weight, tumor weight and tumor volume were measured at the end of experiment. (B)
Se content in the tumors was determined by ICP-MS analysis as described in Materials and methods. (C and D) Homogenized cell lysates
were prepared from the control and SeC-treated tumor tissues from both sets of nude mice. Cleavage of caspase-3 and PARP were
examined by western blot analysis. Caspase-3 activity was measured using synthetic fluorogenic substrate (Ac-DEVD-AMC) as described
in Materials and methods. Significant difference between treatment and control is indicated at p<0.05 (*) or p<0.01 (**) level.

indicate that transfection with 60 nM p53 siRNA
effectively blocked the SeC-induced PARP cleavage
(Fig. 5B), activation of caspase-3, caspase-8 and
caspase-9 (Fig. 5C) and growth inhibition (Fig. 5D).
In addition, the control siRNA showed no effects on
SeC-induced p53 activation and apoptotic cell death
(data not shown). Taken together, these results
indicate that activation of the p53 pathway is required
for SeC-induced apoptosis.

SeC inhibits the growth of A375 xenografts in nude
mice through induction of apoptosis. To further
examine the therapeutic effect of SeC in vivo, we
treated immuno-deficient nude mice bearing A375
tumor xenografts with 10 mg/kg/day of SeC for ten
days. At the end of the experiments, body weight,
tumor weight, tumor volume and total Se concentra-
tion in the tumor were measured. As shown in Figure
6A, the tumor weight and tumor volume of the SeC-
treated group were significantly reduced in compar-
ison to those of the vehicle treated control group.
Furthermore, no significant difference in body weight
of animals was observed between the control and
treatment groups. These results suggest that SeC not
only inhibits human melanoma cell proliferation in
vitro but also has therapeutic activity in vivo.

Our previous results in cell models demonstrated that
SeC induced caspase-dependent apoptosis in A375
cells, therefore we evaluated the uptake of SeC and
the induction of apoptosis in A375 tumor xenografts.
As shown in Figure 6B, treatment with SeC signifi-

cantly increased the total Se concentration in the
tumors from 1178.9 pg/g (control group) to 2214.8 ug/g
(treatment group). Accumulation of SeC resulted in
the cleavage of caspase-3 and PARP (Fig. 6C). Con-
sistent with the results of western blotting, an increase
in caspase-3 activity was observed in A375 tumors
exposed to SeC (Fig. 6D). These findings indicate that
growth inhibition of A375 tumor xenografts by SeC is
due to induction of apoptosis with involvement of
caspase activation.

Discussion

Resistance of malignant melanoma cells to drug-
induced apoptosis is now recognized as an important
mechanism for melanoma malignancy. Therefore, new
effective apoptosis-inducing agents with less non-
specific toxic effects are currently being intensively
searched for. In this study, we demonstrated that SeC,
naturally occurring selenoamino acid, showed in vitro
and in vivo inhibitory effects on A375 melanoma cells
through induction of apoptosis. Results of mechanistic
studies indicated that SeC induced apoptosis of A375
cells by activating ROS-mediated mitochondrial path-
way and p53 phosphorylation.

Apoptosis is a critical cellular event for cancer
chemoprevention and chemotherapy mediated by
selenocompound [11]. Caspases, a family of cysteine
acid proteases, are known to act as important medi-
ators of apoptosis induced by different stimuli and
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contribute to the overall apoptotic morphology by
cleavage of various cellular substrates [24]. Our data
showed that SeC induced apoptosis of A375 cells as
judged by cell morphology, DNA fragmentation,
multiple caspase activation and PARP cleavage
(Fig. 1). Cleavage of caspase-8/-10 and caspase-9
suggests the activation of both extrinsic and intrinsic
apoptosis pathways, which was further confirmed by
the up-regulation of death receptor expression and the
mitochondrial dysfunction. The extrinsic pathway was
also found to crosstalk with the intrinsic pathway
through the truncation of Bid, which relayed the
apoptotic signal from the cell surface to mitochondria.
Treatment with SeC resulted in an extremely sharp
decrease in expression level of survivin, a member of
the IAP family [25], which might contribute to the
observed activation of caspase-3, caspase-7 and cas-
pase-9. Moreover, we provided convincing evidence
that the SeC-induced apoptosis is predominantly
executed through activation of caspases. However,
the failure of the general caspase inhibitor z-VAD-
fmk to completely suppress overall apoptosis induced
by SeC suggests the existence of a minor caspase-
independent apoptosis pathway.

Mitochondria act as a point of integration for apoptotic
signals because both the intrinsic and extrinsic path-
ways can converge at the mitochondrial level and
trigger mitochondrial membrane permeabilization
[26]. Disruption of AWm leads to the redistribution of
apoptogenic factors, such as cytochrome c, apoptosis-
inducing factor (AIF), SMAC/Diablo and endonu-
clease G [19]. In the present study, A375 cells showed
rapid depletion of AWm as early as 1h following
exposure to SeC, and it reached a plateau within 12 h.
These results are consistent with the hypothesis that the
loss of AWm is an early cellular event in mitochondria-
mediated apoptosis [26]. Mitochondrial release of
cytochrome ¢, AIF and SMAC/Diablo was also ob-
served in A375 cells treated with SeC. Released
cytochrome ¢ would form an apoptosome with apop-
tosis activating factor 1 (Apaf-1) and caspase-9, and
subsequently activate caspase-mediated apoptosis
pathway [4, 6]. Smac/Diablo in the cytosol could bind
to IAP family members and promote cytochrome c-
mediated caspase activation [27,28]. Moreover, AIF in
the cytosol would translocate into the nucleus where
AITF causes large-scale DNA fragmentation and results
in caspase-independent apoptosis [29, 30].

The mitochondrial apoptosis pathway is tightly regu-
lated by Bcl-2 family proteins that comprise both pro-
apoptotic proteins, such as Bax, Bad and Bid, and anti-
apoptotic proteins, such as Bcl-2 and Bcl-xL. Bel-2 and
Bcl-xL bind to the outer membrane of mitochondria
and block cytochrome c efflux. However, upon
apoptotic stimulation, Bax specifically translocates

Apoptosis induced by selenocystine

to the mitochondria membrane and forms membrane-
integrated homo-oligomers with Bak, which permea-
bilize the outer mitochondrial membrane and trigger
the loss of AWm followed by the release of apopto-
genic factors into cytoplasm [20]. Not surprisingly,
many anticancer drugs trigger mitochondria-mediat-
ed apoptosis in cancer cells through down-regulation
of Bcl-2/Bcl-xL. and/or up-regulation of Bax/Bad/Bid.
Resistance of melanoma cells to drug-induced apop-
tosis has been correlated with a defect in cytochrome c
release [31] and with the expression levels of anti-
apoptotic Bcl-2 family members [32]. Our results
show that SeC treatment significantly down-regulated
Bcl-2 expression but slightly up-regulated Bax and
PUMA-a expression. Thus, down-regulation of the
Bcl-2/Bax expression ratio could be a predominant
mechanism by which SeC induces mitochondria-
mediated apoptosis in A375 cells. In addition, trunca-
tion of Bid was also observed in cells exposed to SeC,
which could be the result of the activation of the
extrinsic apoptosis pathway. Truncated Bid could
induce oligomerization of Bak and Bax, thereby
promoting the release of mitochondrial proteins into
cytoplasm.

Due to the reactive nature of ROS, overproduction of
ROS in the cells often results in the accumulation of
oxidative products of DNA, proteins, and lipids.
Growing evidence suggests that ROS is a key medi-
ator of cell apoptosis induced by Se compounds [12,
33, 34]. ROS-mediated apoptosis was thought to be
associated with the dysfunction of the mitochondrial
respiratory chain and redistribution of cytochrome c,
as well as alteration in mitochondrial membrane
permeability [35]. Results from Figure 4A indicate
that A375 cells showed rapid intracellular oxidation as
early as 2 h following exposure to SeC, which peaked
at approximately 12 h and decreased afterward. ROS
can be produced from various intracellular sources,
such as mitochondrial respiration, xanthine oxidase
and NADPH oxidase [36]. In most of the mammalian
cell types, mitochondria represent a potential source
for ROS generation [37]. In the present study, we
found that allopurinol and diphenyleneiodonium
chloride, the specific inhibitors of xanthine oxidase
and NADPH oxidase, showed little inhibition on SeC-
induced ROS generation in A375 cells (data not
shown). In addition, rapid disruption of AWm after
SeC treatment was detected in A375 cells by JC-1 flow
cytometric analysis. These results suggest the involve-
ment and important role of mitochondria in SeC-
induced ROS generation. Furthermore, it was also
found that NAC, a precursor of glutathione, effective-
ly reduced ROS production and apoptotic cell death in
SeC-treated cells. NAC have been reported to act not
only as free radical scavengers, but also by replenish-
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ing intracellular stores of endogenous antioxidants, or
as thiol-reducing agents [38]. Our results suggest the
possibility that SeC oxidized intracellular thiol-con-
taining reducing agents like GSH and thioredoxin,
and thereby allowed the accumulation of ROS, which
led to redox modulation, oxidative DNA damage and
cell apoptosis. This is consistent with a previous study
which showed that selenite and SeC generated super-
oxide anion by oxidation of glutathione and other
protein thiols in the human mammary tumor cells [39].
Another comparable mechanistic investigation by
Kim et al. [40] showed that selenite, SeC, and
selenodioxide induced apoptosis in HepG2 cells and
oxidizing protein thiols in both HepG2 cells and
isolated mitochondria. Therefore, the results from our
studies and others suggest that the pro-apoptotic
action of SeC is mediated by both thiol group
oxidation and the generation of ROS, both of which
contribute to opening of the mitochondrial perme-
ability transition (MPT) pore and mitochondrial
release of apoptogenic factors.

Excessive production of ROS may inflict damage to
various cellular components such as DNA and pro-
tein, which leads to the generation of a variety of
ROS-mediated modified products like oxidized bases,
DNA strand breaks and DNA-protein crosslinks [41].
DNA damage has been reported to be involved in
chemopreventive action of some selenocompounds
[42]. For instance, Zhou et al. [43] found that selenite,
a highly oxidized inorganic Se species, induced
chromosomal DSBs and subsequently triggered cell
apoptosis by activating ATM/ATR and TOP II path-
ways. In the present study, SeC treatment induced
time- and dose-dependent DSBs in A375 cells. It was
also found that SeC-induced DSBs occurred down-
stream to ROS generation and upstream to the
caspase activation, because this damage was almost
completely suppressed by an ROS scavenger NAC but
not by the general caspase inhibitor z-VAD-fmk. To
clarify the role of ROS in the action mechanisms of
SeC, we evaluated the effects of NAC on SeC-induced
apoptosis. The results showed that pretreatment of
NAC significantly suppressed the SeC-induced ROS
generation and DSBs in A375 cells (Figs. 4 A and B).
NAC treatment also prevented the SeC-induced
apoptotic cell death as evidenced by decrease in
Sub-G1 cell population and increase in cell viability
(Figs. 4 C and D). These results suggest that SeC-
induced apoptosis in A375 cells is ROS-dependent.
DSB is one of the most dangerous types of DNA
damage that occurs within the cells [44]. A very early
cellular event induced by DSB is the phosphorylation
of a histone H2A variant, H2A.X, at the sites of DNA
damage [45]. For instance, H2A.X was rapidly phos-
phorylated (within seconds) at serine 139 when DSBs
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are introduced into mammalian cells [46]. Thus, we
analyzed the phosphorylation of histone H2A.X on
serine 139 by western blotting. As shown in Figure 5A,
a significant increase in this phosphorylated protein
was observed in A375 cells treated with 10-40 uM
SeC. This result suggests that a DNA damage-
mediated pathway is involved in cell apoptosis in-
duced by SeC.

Accumulative evidence suggested that DNA damage
caused apoptotic cell death via various signaling
pathways [47]. p53 is a transcription factor which
can directly or indirectly induce cell apoptosis through
both the extrinsic and intrinsic apoptosis pathways
[48]. DNA damage can activate the p53 pathway by
activating various damage sensor proteins such as
ATM (ataxia telangiectasia mutated), ATR (ataxia
telangiectasia and Rad3-related) and DNA-PK
(DNA-dependent protein kinase), and protein kin-
ases such as Chkl and Chk2 [47, 49]. We have
demonstrated that p53 activation and phosphoryla-
tion were required for SeC-induced apoptosis in A375
cells. Asshown in Figure 5A, protein levels of total pS3
and Ser 15-p53 and its target gene p21Wafl were up-
regulated by SeC treatment. Meanwhile, phosphor-
ylation of H2A.X in cells exposed to SeC suggests that
DNA damage may be the underlying mechanism that
activated the p53 pathway. However, these effects of
SeC were completely blocked by pretreatment with
NAC. These results indicate that treatment with SeC
produces ROS-mediated DNA damage and subse-
quently activates p53 phosphorylation, suggesting that
ROS may be an upstream mediator for p53 activation
in A375 cells. The importance of p53 in SeC-induced
apoptosis in A375 cells was further demonstrated by
the introduction of p53 siRNA. The results showed
that silencing of p53 effectively down-regulated the
expression levels of total p53, Ser 15-p53 and
p21Wafl, and decreased the SeC-induced mitochon-
drial dysfunction and caspase activation. Further-
more, examination of cell viability showed that
silencing of p53 rescued A375 cells from SeC-induced
growth inhibition. These results suggest that mito-
chondria-mediated apoptosis triggered by SeC in
A375 cells is p53 dependent. Additionally, the failure
of p53 siRNA to inhibit the H2A.X phosphorylation
induced by SeC indicated that ROS-mediated DNA
damage may be an upstream mediator for p53
phosphorylation and activation.

p53 induces apoptosis by target gene regulation and
transcription-independent signaling [50]. In transcrip-
tion-dependent pathway, p53 activates a number of
downstream genes that function in cellular responses
to stimuli, including pro-apoptotic genes like Noxa
and Puma, Bax, p53 AIP1 and Apaf-1, and pro-
survival genes like Bcl-2 and Bcel-xL [51]. In the
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transcription-independent pathway, mitochondrial
p53 localization directly induces mitochondrial per-
meabilization, cytochrome c release and caspase
activation by forming complexes with mitochondrial
pro-survival proteins such as pS3AIP1 and Bcl-2/Bcl-
xL [52, 53]. Our results demonstrated that SeC
significantly down-regulated the expression level of
Bcl-2, and slightly increased the expression levels of
Bax and PUMA-a. However, no mitochondrial trans-
location of p53 was observed in A375 cells treated with
SeC as examined by western blot analysis and
immunofluorescence staining. Therefore, we con-
clude that p53 induces mitochondria-mediated apop-
tosis in A375 cells in response to SeC treatment
through transcription-dependent pathway.

In summary, our results suggest that SeC inhibits the
growth of human melanoma cells in vivo and in vitro
through induction of caspase-mediated apoptosis.
Investigation on the molecular mechanisms demon-
strates that apoptosis triggered by SeC is ROS
mediated and p53-dependent via mitochondrial path-
ways. ROS acts as an upstream mediator for p53
activation. On the other hand, p53 activation synerg-
istically enhances ROS generation through induction
of mitochondrial dysfunction. Based on these results,
we suggest that SeC may be a candidate for further
evaluation as a chemopreventive agent for human
cancer, especially melanoma cancers.
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