
Abstract. Recent studies establish a critical role of selenium
in cancer prevention in vitro and in vivo. Selenium may
sensitize TRAIL-mediated apoptosis in human renal cancer
cells and increase therapeutic efficacy. In this study, we
demonstrate that concomitant administration of TRAIL and
Se-methylselenocysteine (Se-MSC) produces synergistic
effects on the induction of apoptosis in Caki cells. Se-MSC
rapidly and specifically down-regulates expression of the
Bcl-2 at transcriptional level. The forced expression of
Bcl-2 attenuated Se-MSC plus TRAIL-mediated apoptosis,
suggesting that the lessened Bcl-2 expression caused by
Se-MSC treatment is critical to the increased sensitivity to
TRAIL in renal cancer cells. In addition, we demonstrate
that the synergistic effects of Se-MSC and TRAIL result
from the activation of the caspase-dependent pathways.
Co-administration of HA14-1, a small molecule Bcl-2 inhibitor
and TRAIL increased apoptosis in Caki cells. Taken together,
Se-MSC-mediated down-regulation of Bcl-2 is able to sensitize
Caki cells for TRAIL-induced apoptosis. Thus, selenium-
based dietary compounds may help to overcome resistance to
TRAIL-mediated apoptosis in renal cancer cells.

Introduction

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) induces apoptosis in a wide variety of transformed
and cancer cells but not in non-neoplastic cells (1). Since
TRAIL is a tumor-selective and apoptosis-inducing cytokine,
it is considered to be a promising new candidate for cancer
prevention and treatment. However, recent studies have shown
that some cancer cells are resistant to the apoptotic effects of
TRAIL (2-4). TRAIL-resistant cancer cells can be sensitized
by chemotherapeutic drugs in vitro, indicating that combination

therapy may be a possibility. Therefore, understanding the
molecular mechanisms of TRAIL resistance and ways to
sensitize these cells to undergo apoptosis by TRAIL are
important issues for effective cancer therapy.

Selenium is an essential dietary nutrient for all mammalian
species, which is primarily taken up from the soil by plants.
Selenium exists in mostly organic forms in normal diets that
is present in foods mainly in the forms of Se-Met, Se-Cys
and Se-methylselenocysteine (CH3SeCys), whereas inorganic
selenium either as selenite or selenate occurs much less
frequently and in very low amounts (5). Several mechanisms
have been proposed for the chemopreventive activity of
selenium, including induction of apoptosis, inhibition of
angiogenesis, and arrest of cell cycle (6-9). Although a number
of selenocompounds are effective chemopreventive agents,
Se-MSC continues to attract great attention because of its
chemical nature, low toxicity, and significant chemopreventive
effects (9). 

The goal of this study is to evaluate Se-MSC as a sensitizer
of TRAIL and to understand the mechanism of the synergy
between Se-MSC and TRAIL against human renal cancer
cells. In the present study, we found that Se-MSC treatment
rendered human renal cancer cells more sensitive to the
cytotoxic activity of TRAIL, suggesting that the combined
treatment with Se-MSC and TRAIL may offer a safe and
effective cancer therapy. We also found that Bcl-2 down-
regulation caused by Se-MSC treatment contributes to the
sensitizing effect of Se-MSC on TRAIL-induced apoptosis.

Materials and methods

Cells and materials. Caki cells were obtained from the
American Type Culture Collection (ATCC: Rockville, MD).
The culture medium used throughout these experiments was
Dulbecco's modified Eagle's medium (DMEM), containing
10% fetal bovine serum (FBS), 20 mM HEPES buffer and
100 μg/ml gentamicin. Se-MSC and TRAIL was directly
added to cell cultures at the indicated concentrations. Anti-
Bcl-2, anti-Bax, anti-Bcl-xL, anti-c-IAP1, anti-XIAP, anti-
procaspase-3, anti-PARP, and anti-HSC70 antibodies were
purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA). Soluble recombinant TRAIL was purchased from
R&D Systems (Minneapolis, MN). Se-MSC was obtained
from Sigma Chemical Co. 
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Western blotting. Cellular lysates were prepared by suspending
1x106 cells in 100 μl of lysis buffer (137 mM NaCl, 15 mM
EGTA, 0.1 mM sodium orthovanadate, 15 mM MgCl2, 0.1%
Triton X-100, 25 mM MOPS, 100 μM phenylmethylsulfonyl
fluoride, and 20 μM leupeptin, adjusted to pH 7.2). The
cells were disrupted by sonication and extracted at 4˚C for
30 min. The proteins were electrotransferred to Immobilon-P
membranes (Millipore Corp., Bedford, MA, USA). Detection
of specific proteins was carried out with an ECL Western
blotting kit according to the manufacturer's instructions.

Flow cytometry analysis. Approximately 1x106 Caki cells
were suspended in 100 μl of PBS, and 200 μl of 95% ethanol
were added while vortexing. The cells were incubated at 4˚C
for 1 h, washed with PBS, and resuspended in 250 μl of
1.12% sodium citrate buffer (pH 8.4) together with 12.5 μg
of RNase. Incubation was continued at 37˚C for 30 min.
The cellular DNA was then stained by applying 250 μl of
propidium iodide (50 μg/ml) for 30 min at room temperature.
The stained cells were analyzed by fluorescent activated cell
sorting (FACS) on a FACScan flow cytometer for relative
DNA content based on red fluorescence.

Asp-Glu-Val-Asp-ase (DEVDase) activity assay. To evaluate
DEVDase activity, cell lysates were prepared after their
respective treatment with TRAIL or Se-MSC. Assays were
performed in 96-well microtiter plates by incubating 20 μg of
cell lysates in 100 μl of reaction buffer (1% NP-40, 20 mM
Tris-HCl, pH 7.5, 137 mM NaCl, 10% glycerol) containing
the caspases substrate [Asp-Glu-Val-Asp-chromophore-p-
nitroanilide (DVAD-pNA)] at 5 μM. Lysates were incubated
at 37˚C for 2 h. Thereafter, the absorbance at 405 nm was
measured with a spectrophotometer. 

RNA isolation and reverse transcriptase-polymerase chain
reaction (RT-PCR). Bcl-2 mRNA expression was determined
by RT-PCR. Total cellular RNA was extracted from cells
using the TRIzol reagent (Life Technologies). A cDNA was
synthesized from 2 μg of total RNA using M-MLV reverse
transcriptase (Gibco-BRL, Gaithersburg, MD). The cDNA
for Bcl-2 and actin were amplified by PCR with specific
primers. The sequences of the sense and antisense primers
for Bcl-2 were 5'-GGTGAACTGGGGGAGGATTGT-3'
and 5'-CTTCAGAGACAGCCAGGAGAA, respectively.
The sequence of the sense and antisense primers for actin
were 5'-GGCATCGTCACCAACTGGGAC -3' and 5'-CGAT
TTCCCGCTCGGCCGTGG-3', respectively. PCR products
were analyzed by agarose gel electrophoresis and visualized
by ethidium bromide. 

Statistical analysis. Three or more separate experiments
were performed. Statistical analysis was done by paired
Student's t-test or ANOVA. A p<0.05 was considered to have
pronounced difference between experimental and control
groups.

Results

Se-MSC sensitizes TRAIL-mediated apoptosis in human renal
cancer cells. To investigate the effect of Se-MSC on TRAIL-

mediated apoptosis, human renal cancer Caki cells were
treated with Se-MSC alone (10-200 μM), TRAIL alone
(100 ng/ml), or combination of Se-MSC and TRAIL. First,
apoptosis in Caki cells was determined using flow cytometric
analysis to detect hypodiploid cell populations. As shown in
Fig. 1A, co-treatment of Caki cells with Se-MSC and TRAIL
resulted in a markedly increased accumulation of sub-G1
phase cells, whereas treatment with Se-MSC alone or TRAIL
alone did not. Second, we analyzed whether co-treatment
with Se-MSC and TRAIL gave rise to the activation of
caspase, a key executioner of apoptosis. Co-treatment of
Caki cells with Se-MSC and TRAIL strongly stimulated
DEVDase activity and led to a reduction of the protein levels
of 32-kDa precursor together with a concomitant cleavage of
PARP, a substrate protein of caspases (Fig. 1B and C). Taken
together, these results indicate that treatment with Se-MSC
sensitizes Caki cells to TRAIL-mediated apoptosis.

Se-MSC down-regulates Bcl-2 protein levels. To investigate
the underlying mechanisms involved in Se-MSC plus TRAIL-
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Figure 1. Se-MSC sensitizes cancer cells to TRAIL-induced apoptosis.
(A) Caki cells were treated for 24 h with TRAIL (100 ng/ml) in either the
absence or the presence of Se-MSC (100 or 200 μM). After 24 h,
apoptosis was analyzed as a sub-G1 fraction by FACS. a and b, p<0.05 for
Se-MSC+TRAIL-treated cells versus control, Se-MSC-, or TRAIL-treated
cells by ANOVA. (B) Activation of caspases in Se-MSC-sensitized TRAIL-
induced apoptosis. Cells were treated with the indicated concentrations of
Se-MSC and TRAIL. Enzymatic activities of DEVDase were determined as
described in Materials and methods. a and b, p<0.05 for Se-MSC+TRAIL-
treated cells versus control, Se-MSC-, or TRAIL-treated cells by ANOVA.
(C) Equal amounts of cell lysates (40 μg) were subjected to electrophoresis
and analyzed by Western blotting for PARP, procaspase-3, and HSC70 for
normalization. 
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induced apoptosis, we analyzed the changes in the various
apoptotic regulating proteins such as Bcl-2 family and inhibitor
of apoptosis protein (IAP) family. As shown in Fig. 2A,
combinatory treatment with Se-MSC and TRAIL led to
reduction of the Bcl-2 protein, but not Bcl-xL, Bax, c-IAP2
and XIAP, in a dose-dependent manner. Next, we carried out
time kinetics studies to ascertain the down-regulation of Bcl-2
by Se-MSC in Caki cells. As shown in Fig. 2B, the protein
levels of Bcl-2 were progressively degraded from 6 to 24 h
after Se-MSC treatment. To further elucidate the mechanism
responsible for the changes in amounts of Bcl-2 protein, we
determined the levels of Bcl-2 mRNA by RT-PCR.
Treatment with Se-MSC resulted in marked decrease of
Bcl-2 mRNA levels, which were suppressed by Se-MSC in a
dose- and time-dependent manner (Fig. 2C).

Sensitization to TRAIL-induced apoptosis by Se-MSC and
TRAIL is dependent on caspases. To address the significance
of caspase activation in Se-MSC plus TRAIL-mediated
sensitization for TRAIL-induced apoptosis, we used a general
and potent inhibitor of caspases, z-VAD-fmk (benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethyl ketone). As shown in
Fig. 3A, an increase in apoptotic population by the co-treatment
with Se-MSC and TRAIL was significantly inhibited by
pretreatment with z-VAD-fmk. We also found that z-VAD-
fmk prevented all these caspase-related events such as cleavage
of procasapse-3 and PARP and increase of DEVDase activity
(Fig. 3B and C). These data clearly indicate that co-treatment
with Se-MSC and TRAIL-induced apoptosis is associated
with caspase activation. 

The decreased expression of Bcl-2 might be involved in Se-
MSC plus TRAIL-induced apoptosis. To investigate whether
the decreased expression of Bcl-2 is important to induce
apoptosis in Se-MSC plus TRAIL treated Caki cells, we
first established Bcl-2 over-expressing cells. Excluding the
possibility of clonal variation between the generated stable
cell lines, pooled Caki/Vector and Caki/Bcl-2 cells were used
in this study. Caki/Bcl-2 cells exhibited an increase in Bcl-2
expression compared with cells containing empty-vector only
(Fig. 4A). Treatment with Se-MSC plus TRAIL for 24 h in
Caki/Vector cells resulted in a markedly increased
accumulation of sub-G1 phase cells. In contrast, the
accumulation of sub-G1 phase induced by Se-MSC plus
TRAIL was inhibited by Bcl-2 over-expression. As shown in
Fig. 4B, protein levels of pro-caspase-3 decreased in
Caki/Vector cells exposed to Se-MSC plus TRAIL for 24 h,
but its levels were rarely altered in Se-MSC plus TRAIL-
treated Caki/Bcl-2 cells. Subsequent Western blot analysis
demonstrated that the proteolytic cleavage of PARP in
Caki/Vector cells was more prominent than in Caki/Bcl-2
cells when exposed to Se-MSC plus TRAIL (Fig. 4B).
Interestingly, the introduced Bcl-2 protein was also slightly
decreased by Se-MSC plus TRAIL treatment in Caki/Bcl-2
cells (Fig. 4B). Taken together, these results indicate that Se-
MSC plus TRAIL-induced down-regulation of Bcl-2 may be
important for Se-MSC plus TRAIL-induced apoptosis.

Synergistic effects of combined treatment with TRAIL and
BH3 mimetics. Since HA14-1 was originally identified as a
functional inhibitor of the Bcl-2 (10), we tested whether
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Figure 2. Se-MSC down-regulates Bcl-2 protein levels. (A) Caki cells were treated with the indicated concentrations of Se-MSC for 24 h and harvested in
lysis buffer and equal amounts of cell lysates (50 μg) were resolved by SDS-PAGE. Western blotting was performed using anti-Bcl-2, -Bcl-xL, -Bax, -XIAP,
and -c-IAP2, or with anti-HSC70 antibody to serve as control for the loading of protein level. (B) Caki cells were treated with 100 μM Sc-MSC for the
indicated times and harvested in lysis buffer and equal amounts of cell lysates (50 μg) were resolved by SDS-PAGE. Western blotting was performed using
anti-Bcl-2 and -Bcl-xL, or with anti-HSC70 antibody to serve as control for the loading of protein level. (C) Caki cells were treated with the indicated
concentrations of Se-MSC for 24 h (upper panel). Total RNA was isolated and RT-PCR analysis was performed as described in Materials and methods (upper
panel). Caki cells were treated with 100 μM Sc-MSC for the indicated times. Total RNA was isolated and RT-PCR analysis was performed as described in
Materials and methods (lower panel). A representative study is shown; two additional experiments yielded similar results.
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HA14-1 were capable of acting in a synergistic manner with
TRAIL in Caki cells. As shown in Fig. 5A, co-treatment of
Caki cells with HA14-1 and TRAIL resulted in a markedly
increased accumulation of sub-G1 phase cells, whereas
treatment with HA14-1 alone or TRAIL alone did not. Next,
we analyzed whether co-treatment with HA14-1 and TRAIL
gives rise to the activation of caspase-3 as well as PARP
cleavage. Co-treatment of Caki cells with HA14-1 and TRAIL
strongly stimulated DEVDase activity and led to a reduction
of the protein levels of 32-kDa precursor together with a
concomitant cleavage of PARP, a substrate protein of caspases
(Fig. 5B and C). Taken together, these results indicate that
functional inhibition of the Bcl-2 by HA14-1 sensitizes Caki
cells to TRAIL-mediated apoptosis.

Discussion

Selenium is currently being tested for cancer chemoprevention
but only few studies have investigated its synergistic effects
on TRAIL-mediated apoptosis in cancer cells. In general, the
molecular mechanisms of selenium-mediated effects remain
to be elucidated. In this report, we have presented evidence
that selenium sensitized TRAIL-mediated apoptosis and
down-regulated Bcl-2 expression in human renal cancer
cells. Selenium-mediated Bcl-2 down-regulation is controlled
at transcriptional levels at a dose- or time-dependent manner.
Furthermore, we demonstrate that the synergistic effects of
Se-MSC and TRAIL were resulted from the Bcl-2 down-
regulation induced by Se-MSC treatment, which was attenuated
by the ectopic expression of Bcl-2 expression vector. Pre-
treatment with Bcl-2 functional inhibitor, HA14-1 sensitizes
Caki cells to TRAIL-mediated apoptosis.

Several studies demonstrate that TRAIL induces apoptosis
in various human tumors (11-13), when investigated as a new
cancer therapeutic agent. However, treatment with TRAIL
alone may be insufficient for cancer therapy because some
cancers display resistance to TRAIL. Therefore, natural
compounds have gained considerable attention as cancer
chemopreventive agents to escape TRAIL resistance in cancer
cells or to sensitize cancer cells to TRAIL-induced apoptosis. 

Recently, it has been generally accepted that Bcl-2 protein
blocks the release of cytochrome c from mitochondria to
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Figure 3. Se-MSC plus TRAIL treatment activated caspase-dependent
pathways. (A) Effect of z-VAD-fmk on apoptosis induced by Se-MSC plus
TRAIL. Caki cells were incubated with 50 μM z-VAD-fmk or solvent for
1 h before treatment with Se-MSC (200 μM) and/or TRAIL (100 ng/ml) for
24 h. DNA contents of treated cells were evaluated after propidium iodide
staining and apoptosis was measured as a sub-G1 fraction by FACS. Data
are mean values obtained from three independent experiments and bars
represent standard deviation. a, p<0.05 compared to Se-MSC plus
TRAIL-treated cells. (B) Effect of z-VAD-fmk on DEVDase activities in
Se-MSC plus TRAIL treated cells. Cells were treated with the indicated
concentrations of Se-MSC and TRAIL. Enzymatic activities of DEVDase
were determined as described in Materials and methods. a, p<0.05 compared
to Se-MSC plus TRAIL-treated cells. (C) Equal amounts of cell lysates
(40 μg) were subjected to electrophoresis and analyzed by Western blotting
for procaspase-3 and PARP. The proteolytic cleavage of PARP is indicated
by an arrow. A representative study is shown; two additional experiments
yielded similar results. 

Figure 4. The decreased expression of Bcl-2 might be involved in Se-MSC
plus TRAIL-induced apoptosis. (A) Caki/Vector and Caki/Bcl-2 cells were
treated for 24 h with Se-MSC alone (200 μM), TRAIL alone (100 ng/ml), or
combination of Se-MSC and TRAIL. Apoptosis was analyzed as a sub-G1
fraction by FACS. Data shown are means ± SD (n=3). a, p<0.05 compared
to Se-MSC plus TRAIL-treated Caki/Vector cells. (B) Equal amounts of cell
lysates (40 μg) were subjected to electrophoresis and analyzed by Western
blotting for PARP, procaspase-3, Bcl-2, and HSC70. The proteolytic
cleavage of PARP is indicated by an arrow.
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the cytosol and therefore blocks the activation of caspases,
which is pivotal for ensuing apoptotic process (14,15). In
addition, Bcl-2 itself is a pro-survival member of the family
and its aberrant expression has been linked to a variety of
different cancers, and cancer cells (16). Selenocystine (SeC)
treatment suppressed the expression of pro-survival Bcl-2
family proteins, such as Bcl-2 and Bcl-xL, and moderately
increased the expression levels of pro-apoptosis Bcl-2 family
proteins, such as Bax and PUMA-· (17). There are several
reports that chemopreventive agents such as sulforaphane,
acetylsalicylic acid, and kaempferol inhibited Bcl-2
expression, increasing the sensitivity to TRAIL in cancer
cells (16,18,19). In our study, we found that Se-MSC
treatment down-regulated Bcl-2 expression at transcriptional
level but failed to detect any differences in the levels of Bcl-xL
and Bax proteins. It seems that Se-MSC, as an apoptogenic
agent, might suppress the on-going expression of Bcl-2 in
Caki cells, and thus triggers and maintains apoptosis during
the time of TRAIL exposure. In addition, ectopic expression
of Bcl-2 gene is inhibited in Se-MSC plus TRAIL-mediated
apoptosis. These results indicate that Se-MSC-induced
Bcl-2 down-regulation is critical to the sensitizing effect of

TRAIL-mediated apoptosis in Caki cells. Future studies will
determine the mechanism of action of Se-MSC treatment for
down-regulating Bcl-2 at transcriptional levels.

Since Se-MSC increased the sensitivity to TRAIL via
down-regulating Bcl-2 expression, we next determined whether
the small molecule Bcl-2 inhibitor, HA14-1, could increase
TRAIL sensitivity in human renal cancer cells. Recently,
several studies showed that the synergism between HA14-1
treatment and TRAIL could be demonstrated in different cell
lines and with different substances including TRAIL in renal
carcinoma, glioma, and colon cancer cells (20-22). In our
study, pretreatment with HA14-1 sensitized TRAIL-mediated
apoptosis in renal cancer cells. This is in accordance with
recent data indicating that co-treatment of renal carcinoma
cell lines with HA14-1 further sensitized TRAIL-induced
apoptosis (20). 

Recent reports show that selenium-containing reagents,
for example, methylseleninic acid (MSA) and inorganic
selenium compounds (e.g., sodium selenite), sensitized
prostate cancer cells to TRAIL-mediated apoptosis (23,24).
In addition, sodium selenite is reported to be specifically up-
regulated in DR5 expression, mediating selenium-mediated
apoptosis in human prostate cancer cells (25). Although,
sodium selenite can lead to Bax up-regulation and trans-
location into mitochondria sensitizing prostate cancer LNCaP
cells to TRAIL (24), we failed to detect up-regulation of Bax
and DR5 in Se-MSC-treated human renal cancer cells.
Administration of TRAIL and MSA has been reported to
produce synergistic effects on the induction of apoptosis in
androgen-dependent LNCaP and androgen-independent
DU-145 prostate cancer cells via down-regulation of cellular
FLICE inhibitory protein (c-FLIP), a negative regulator of
death receptor signaling as well as the activation of the
mitochondrial pathway-mediated amplification loop (23).
Yamaguchi et al, also showed that only MSA sensitized
prostate cancer cells to TRAIL-mediated apoptosis among
selenium-containing reagents, for example, MSA, sodium
selenite, Se-Met and Se-MSC (23). In contrast, we observed
that Se-MSC can sensitize human renal cancer cells to
TRAIL-mediated apoptosis via down-regulation of Bcl-2
without any effect on c-FLIP expression (data not shown).

Collectively, the synergy between Se-MSC and TRAIL in
human renal cancer cells is associated with decreased level of
Bcl-2 and activation and caspase-dependent pathways. Thus,
our present study suggests that selenium-based dietary
compounds may help to overcome resistance to TRAIL-
mediated apoptosis in renal cancer cells.
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