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Abstract
Combination of chemopreventive agents with distinct molecular mechanisms is considered to offer
a potential for enhancing cancer prevention efficacy while minimizing toxicity. Here we report two
chemopreventive agents, selenite and genistein, that have synergistic effects on apoptosis, cell cycle
arrest, and associated signaling pathways in p53-expressing LNCaP and p53-null PC3 prostate cancer
cells. We show that selenite induced apoptosis only, whereas genistein induced both apoptosis and
G2/M cell cycle arrest. Combination of these two agents exhibited enhanced effects, which were
slightly greater in LNCaP than PC3 cells. Selenite or genistein alone upregulated protein levels of
p53 in LNCaP cells only and p21waf1 and Bax in both cell lines. Additionally, genistein inhibited
AKT phosphorylation. Downregulation of AKT by siRNA caused apoptosis and G2/M cell cycle
arrest and masked the effects of genistein. Treatment with insulin-like growth factor I (IGF-I)
elevated levels of total and phosphorylated AKT and suppressed the effects of genistein. Neither
downregulation of AKT nor IGF-I treatment altered the cellular effects of selenite. Our study
demonstrates that selenium and genistein act via different molecular mechanisms and exhibit
enhanced anticancer effects, suggesting that a combination of selenium and genistein may offer better
efficacy and reduction of toxicity in prostate cancer prevention.
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INTRODUCTION
Prostate cancer is the most commonly diagnosed cancer and the second leading cause of cancer
deaths in men in the United States and Europe (1,2). Studies have shown that prostate cancer
incidence may be reduced by chemopreventive strategies (3). Selenium is an essential element
in maintenance of the activity of some antioxidant enzymes and redox-regulatory proteins.
Epidemiological studies have shown an inverse association between serum selenium levels
and cancer risk in humans (4,5). Previous studies have documented that selenium accumulated
preferentially in the human prostate gland (6,7). The most compelling findings relating
selenium to prostate cancer prevention were from a double-blind, placebo-controlled,
randomized cancer prevention trial (8). The study showed that selenium supplement reduced
prostate cancer incidence. The results of this study have led to a current larger Phase III, double-
blind, placebo-controlled clinical trial, the Selenium and Vitamin E Chemoprevention Trial
(SELECT) (9).

The anticancer mechanisms of selenium are still not fully understood. Several mechanisms
have been proposed, which include maintenance of glutathione peroxidase (GPx) activity to
protect against oxidative damage, detoxification of intermediate metabolites of chemical
carcinogens, stimulation of the immune system, induction of cell cycle arrest and apoptosis,
and inhibition of angiogenesis (4,10–12). Studies have shown that selenium induced prostate
cancer cell apoptosis and cell cycle arrest, processes that have been postulated to be critical
for cancer chemoprevention by selenium (13–15). However, the toxicity of selenium to normal
organs may limit the utilization of this agent in cancer chemoprevention. Selenium has been
reported to induce DNA damage, particularly DNA strand breaks and base damage, at high
doses (16,17). Dose-dependent fetocidal effects and fetal growth retardation were observed in
pregnant mice injected subcutaneously with selenite (9,18). Therefore, toxic effects of
selenium might be a problem if it is used at higher doses that are required for cancer prevention.
Combination strategies utilizing two or more chemopreventive agents may be more effective
and require lower doses of each agent to minimize toxicity. This strategy is currently being
used in the SELECT trial (9,19).

Epidemiological studies have shown that Asian men who consume diets rich in soy isoflavones
have low incidence of prostate cancer (20). Genistein (4′, 5, 7-trihydroxyisoflavone), the most
abundant isoflavone present in soy, has been shown to inhibit growth of both androgen-
dependent and -independent prostate cancer cells in vitro (21). Prostate cancer incidence was
significantly reduced in chemically induced animal cancer models after ingestion of genistein
in the diet at nutritionally relevant concentrations (22,23). Several mechanisms have been
proposed for genistein anticarcinogenic activity. These include induction of apoptosis,
inhibition of angiogenesis, inhibition of protein tyrosine kinases, inhibition of DNA
topoisomerase II , inhibition of NF-kappa B, downregulation of transforming growth factor-
beta (TGF-β) and inhibition of epidermal growth factor (EGF) (24–28). Safety and efficacy
are also issues for the use of genistein in cancer chemoprevention (29).

There are no reports on combined use of selenium and genistein in prostate cancer
chemoprevention, although they have been shown to have anticancer activity individually.
Previous studies have shown that these two agents affect both similar and different signaling
pathways in prostate cancer cells (14,30). It is not known whether these two agents may have
synergistic effects in cancer cells. In this study, we investigated the effects of genistein and
selenite alone and in combination on cell cycle arrest and apoptosis and analyzed the underlying
mechanisms of these two chemopreventive agents in prostate cancer cells.
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MATERIALS AND METHODS
Chemicals and Antibodies

Sodium selenite, genistein, insulin-like growth factor-1 (IGF-1), anti-β-actin antibody, and
Annexin V Apoptotic Analysis Kit were purchased from Sigma Chemical Co. (St. Louis, MO).
Anti-p53, anti-Bax, antiphosphorylated p53 (serine 15) antibodies, and SignalSilence Akt
siRNA (#6211) were purchased from Cell Signaling Technology (Beverly, MA). siRNA
Duplex Control (nonsilencing) and RNAiFect Transfection Reagent were purchased from
QIAGEN (Valencia, CA). SuperSignal West Pico Stable Peroxide and Luminol/Enhancer
Solutions, M-PER Mammalian Protein Extraction Reagent, and Mitochondria Isolation Kit
were purchased from Pierce Biotechnology, Inc. (Rockford, IL). Anti-p21waf1 (C-19) antibody
was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Cell Culture
LNCaP and PC3 cells were obtained from the American Type Culture Collection (Rockville,
MD) and routinely maintained in 100-mm tissue culture dishes (Corning, NY) in RPMI 1640
supplemented with 5% heat-inactivated fetal bovine serum and 1% antibiotic antimycotic (Life
Technologies, Inc., Rockville, MD) at 37°C in a humidified atmosphere of 95% air and 5%
CO2. For biochemical analyses, cells were collected by rinsing in PBS 3 times, scraping with
a rubber policeman in 10-ml PBS, and then centrifuging at 2,000 rpm for 5 min. After removing
the PBS, cell pellets were stored at −80°C until use.

Cell Viability Assay
Cells were seeded at 5 × 104 cells/well in 24-well plates overnight before treatment with
different agents and then allowed to grow for an additional 5 days. For the MTT assay, MTT
solution (10 µl; 5 mg/ml in PBS) was added to each well of the plates and incubated for 3 h at
37°C. MTT lysis buffer (100 µl of 10% SDS, 45% dimethyl formamide, adjusted to pH 4.5 by
glacial acid) was then added to dissolve the formazan. The optical density was measured at
570 nm using a Beckman DU-640 Spectrophotometer (Beckman Coulter, Fullerton, CA). The
percentage of viable cells was calculated as the relative optical density compared to the control.

Flow Cytometric Analysis
Cell samples were prepared and analyzed as described previously (14). Cell cycle was analyzed
with the FITC BrdU Kit (BD Pharmingen, San Diego, CA) according to the manufacturer’s
instructions. Cells were incubated with indicated concentrations of agents for 24 h and
subsequently pulsed with BrdU for 30 min at 37°C. The cells were washed in a staining buffer
[1 × Dulbecco’s phosphate-buffered saline (DPBS) +3% FBS), fixed/permeabilized with
Cytofix/Cytoperm buffer, and then washed with Perm/Wash buffer. After permeabilization,
cells were treated with 30 µg DNAse for 1 h at 37°C and then stained with FITC-conjugated
anti-BrdU antibody and 7-AAD before flow cytometric analysis. DNA content was analyzed
using a FACScan flow cytometer (BD Bioscience, San Jose, CA). Annexin V-FITC Apoptosis
Detection Kit was used for apoptosis assay. Cells were washed with a calcium-supplemented
PBS buffer after removal from the growth plates with an EDTA-free trypsin solution. The cell
suspension was then centrifuged at 500 g for 7 min. Cells were washed in cold PBS and
centrifuged again. The supernatant was discarded and FITC-Annexin V was added to a final
concentration of 0.5 µg/ml plus 2 µg/ml PI. Cells were incubated for 30 min in the dark and
then analyzed using a FACScan flow cytometer.

Western Blot Analysis
Cell pellets were lysed with M-PER mammalian protein extraction reagent and protein
concentrations were determined using the Bradford assay. Cell lysates (20–50 µg) were
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electrophoresed in 12.5% SDS polyacrylamide gels and then transferred onto nitrocellulose
membranes. After blotting in 5% nonfat dry milk in Tween 20 Tris-buffered saline (TTBS),
the membranes were incubated with primary antibodies at 1:1,000 to 2,000 dilutions in TTBS
overnight at 4°C and then secondary antibodies conjugated with horseradish peroxidase at
1:10,000 dilution in TTBS for 1 h at room temperature. Protein bands were visualized on X-
ray film using an enhanced chemiluminescence system.

siRNA Transfection
Cells were seeded at 2 × 105 cells/well in 6-well plates and allowed to grow to 60% confluence.
Cells were transfected with 50 nM AKT siRNA with 2 µl RNAiFect™ Transfection reagent
in 1 ml serum-free medium for 12 h, and then 1 ml fresh medium with 10% FBS was added
to each well for 24 h before treatments. Cells were also transfected with negative control
siRNA.

IGF-1 Treatment
Cells were seeded at 5 × 105 cells/well in 100-mM plates or at 5 × 104 cells/well in 24-well
plates and allowed to grow to 60% confluence. Cells were treated with 20 nM IGF-1 for 12 h,
and then 1 ml fresh medium with 10% FBS was added to each well for 24 h before other
treatments.

Statistical Analysis
All data are presented as the mean ± SD from at least 3 sets of independent experiments. Data
were analyzed by 1-, 2- or 3-way ANOVA followed by pairwise or post hoc comparisons using
SPSS (Version 10.0.1; Chicago, IL). Differences were considered significant at P < 0.05.

RESULTS
Induction of Cell Death, G2/M Cell Cycle Arrest, and Apoptosis by Selenite and Genistein

LNCaP and PC3 cells were treated with different doses of selenite or genistein for 5 days, and
cell viability was assessed by the MTT assay. As shown in Figs. 1A and 1B, selenite and
genistein decreased cell viability of both cell lines in a dose-dependent manner. Significant
cell viability decreases occurred in cells treated with 1.0 µM and higher doses of selenite (Fig.
1A) or 5.0 µM and higher doses of genistein (Fig. 1B). Reduction of cell viability by 50%
(IC50) required 1.7 µM selenite or 10 µM genistein for LNCaP cells and 3.0 µM selenite or 20
µM genistein for PC3 cells (Figs. 1A and 1B); therefore, PC3 cells were almost twofold more
resistant to selenite or genistein than LNCaP cells (Figs. 1A and 1B). The different sensitivity
between LNCaP and PC3 cells remained in selenite in the doses above IC50 but disappeared
in genistein. Flow cytometric analysis showed that selenite did not induce significant G2/M
cell cycle arrest in either cell line. Selenite treatment at 3.5 µM concentration only had a slight
effect (a 1.2-fold increase) on G2/M cell cycle arrest in both cell lines (Fig. 1C). In contrast,
genistein induced G2/M cell cycle arrest in a dose-dependent manner in both LNCaP and PC3
cells after 24 h treatment. LNCaP or PC3 cells treated with 10 µM genistein for 24 h showed
a 1.8-fold increase (from 15% to 28%) or a 2.3-fold increase (from 12% to 27%) in the G2/M
phase cell population (Fig. 1D). Selenite had no significant effect on G0/G1 and S phases of
the cell cycle except for 3.5 µM selenite, which decreased S phase only in LNCaP cells
(supplemental Fig. 1). Genistein decreased G0/G1 in a dose-dependent manner, but only 50
µM genistein decreased S phase in both cell lines (supplemental Fig. 1S). These data suggest
that G2/M phase is the primary target of genistein. Flow cytometry analysis showed that selenite
induced LNCaP cell apoptosis in a dose-dependent manner after 48 h treatment (Fig. 1E).
LNCaP cells treated with 2.5 µM selenite for 48 h showed a 2.6-fold increase (from 5% to
13%) in apoptosis compared to cells without treatment. In contrast to LNCaP cells, PC3 cells
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were more resistant to selenite, and a significant increase (from 2% to 10%) in apoptosis was
observed only with 3.5 µM selenite treatment at 48 h (Fig. 1E). Genistein induced cell apoptosis
in a dose-dependent manner after 48 h treatment in both cell lines (Fig. 1F). Treatment with
10 µM genistein induced a 2.2-fold increase (from 5% to 11%) and fourfold increase (2% to
8%) in apoptosis in LNCaP and PC3 cells, respectively, compared to cells without treatment
(Fig. 1F).

Enhanced Effects on Cell Death, G2/M Cell Cycle Arrest, and Apoptosis by Combined Selenite
and Genistein

To test combined effects of selenite and genistein, cells were treated with 1 or 1.5 µM selenite
and/or 5 or 10 µM genistein. These two concentrations of selenite and genistein were chosen
because they exhibited only low to moderate cellular effects and allowed assessment of possible
synergistic effects between selenite and genistein. As shown in Fig. 2A, 1 µM selenite or 5
µM genistein induced 15% cell death in LNCaP cells after 5 days treatment, whereas a
combination resulted in 45% cell death. Treatment with 1.5 µM selenite or 10 µM genistein
exhibited 38% or 43% cell death, respectively, whereas combined treatment resulted in 78%
cell death. Similar to LNCaP cells, PC3 cells also showed a synergistic effect between selenite
and genistein. As shown in Fig. 2B, 1 µM selenite or 5 µM genistein alone induced only 10%
or 18% cell death in PC3 cells after 5 days treatment, but the combination resulted in 58% cell
death. Similar to the low-dose treatment, 1.5 µM selenite or 10 µM genistein alone induced
18% or 43% cell death, respectively, whereas the combination resulted in 78% cell death.
Cotreatment with selenite and genistein also exhibited synergistic or additive effects on G2/M
cell cycle arrest and apoptosis. As shown in Figs. 2C and D, selenite at 1.0 or 1.5 µM did not
induce G2/M cell cycle arrest in LNCaP and PC3 cells after 24 h treatment, whereas 5 or 10
µM genistein induced significant G2/M cell cycle arrest in both cell lines in a dose-dependent
manner. Genistein at the 5 µM concentration resulted in 18% of cells arrested in the G2/M
phase, and 10 µM genistein induced 29% and 27% LNCaP and PC3 cells arrested in the G2/
M phase, respectively. The effect of combined treatment was also dose dependent, but it was
greater in LNCaP cells than PC3 cells. Combined treatment with 5 µM genistein and 1 µM
selenite resulted in 27% LNCaP cells arrested in the G2/M phase of the cell cycle, whereas
19% PC3 cells showed G2/M cell cycle arrest. Flow cytometric analysis demonstrated that 1
µM selenite or 5 µM genistein alone did not induce significant apoptosis in LNCaP cells after
48 h treatment, but the combination resulted in a 2.4-fold increase (from 8% to 19%) in
apoptosis (Fig. 2E). Cotreatment with 1.5 µM selenite and 10 µM genistein also showed a
synergistic effect (29% apoptotic cells) on induction of apoptosis in LNCaP cells compared to
1.5 µM selenite or 10 µM genistein alone, which induced apoptosis in 10% or 12% cells,
respectively (Fig. 2E). In contrast, 1 or 1.5 µM selenite or 5 µM genistein treatment alone did
not increase apoptosis in PC3 cells (Fig. 2F). Ten µM genistein alone induced 9% apoptosis,
whereas a combination with 1.5 µM selenite induced 20% apoptosis in PC3 cells (Fig. 2F).
The combined effects in PC3 cells were weaker than those in LNCaP cells. The data
demonstrate synergistic effects between selenite and genistein, which is more potent in LNCaP
cells than PC3 cells.

Involvement of AKT in Cell Death, G2/M Cell Cycle Arrest, and Apoptosis Induced by Selenite
and Genistein

Since AKT and p53 are postulated to be involved in cancer chemoprevention by selenite and
genistein, we next determined effects of selenite and genistein on levels of these two proteins
and the cell cycle regulatory protein p21waf1 and the proapoptotic protein Bax by Western blot
analysis. As shown in Fig. 3A, 1.5 µM selenite increased both total and phosphorylated p53
on serine15 (Ser 15) and p53 target genes p21waf1 and Bax but had no effect on AKT in wild
type p53-expressing LNCaP cells after 24 h treatment. A slight decrease in phosphorylated
AKT on serine 473 (Ser 473) was observed in LNCaP cells treated with 2.5 µM selenite (data
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not shown). In addition to upregulation of both total p53 and phosphorylated p53 (Ser 15), both
5 and 10 µM genistein also decreased phosphorylated AKT (Ser 473), but not total AKT (Fig.
3A). In p53-null PC3 cells, both selenite and genistein increased p21waf1 and Bax, but only
genistein decreased phosphorylated AKT (Ser 473; Fig. 3B). Similar to the effect in LNCaP
cells, genistein did not change protein levels of total AKT in PC3 cells. The results indicate
that both selenite and genistein upregulate p53, but only genistein inhibits AKT
phosphorylation. The results also indicate that both selenite and genistein can regulate
p21waf1 and Bax via a p53-independent pathway.

To determine the role of AKT, cells were transfected with the AKT specific siRNA or control
(scrambled) siRNA. As shown in Figs. 4A and 4B, both AKT and phosphorylated AKT (Ser
473) were decreased in both LNCaP and PC3 cells transfected with 50 nM AKT siRNA for 48
h, but there were no changes in cells transfected with the control siRNA. Cotreatment with
selenite and genistein resulted in decreased phosphorylated AKT (Ser 473) only in cells
transfected with the control siRNA. There were no further decreases in total or phosphorylated
AKT (Ser 473) by genistein in cells transfected with the AKT siRNA. AKT siRNA transfection
alone decreased cell viability by 30% in LNCaP cells (Fig. 4C). AKT siRNA transfection plus
selenite treatment increased cell death to 55% in LNCaP cells compared to 40% by selenite
with control siRNA transfection (Fig. 4C). There was no enhanced effect between the AKT
siRNA and genistein. AKT siRNA transfection had a slightly greater effect on cell death in
PC3 cells than LNCaP cells, 45% vs. 30%, but combined AKT siRNA and genistein plus
selenite had no further additive effect in PC3 cells (Fig. 4D). In contrast, AKT siRNA
transfection decreased cell death induced by cotreatment with genistein and selenite in both
LNCaP and PC3 cells. AKT siRNA transfection increased G2/M cell cycle arrest in both
LNCaP (35%) and PC3 (32%) cells (Figs. 4E and 4F) and slightly enhanced the effect of
genistein alone (45% in LNCaP, 41% in PC3) or combined with selenite (46% in LNCaP, 45%
in PC3) but did not change the effect of selenite alone. AKT siRNA transfection also increased
apoptosis in both LNCaP (11%) and PC3 (10%) cells and enhanced the apoptotic effect of
selenite in LNCaP cells only (Figs. 4G and 4H). AKT siRNA transfection caused 20%
apoptosis in LNCaP cells treated with 1.5 µM selenite compared with 11% apoptosis in cells
transfected with the control siRNA but had no enhancement effect on genistein-induced
apoptosis and slightly decreased (27% to 22% in LNCaP cells; 20% to 17% in PC3 cells) the
apoptotic effect by cotreatment with selenite and genistein in both cell lines. Our previous study
demonstrated that downregulation of p53 decreased apoptosis induced by selenite in LNCaP
cells, whereas reexpression of p53 enhanced apoptosis by selenite in PC3 cells [13]. However,
downregulation of p53 by p53 siRNA transfection in LNCaP cells or reexpression of p53 by
adenoviral p53 constructs in PC3 cells did not alter cellular sensitivity to genistein (data not
shown). The results suggest that genistein is more dependent on the AKT signaling pathway,
whereas selenite is dependent on the p53 pathway.

Inhibition of Genistein-Induced Cell Death, G2/M Cell Arrest, and Apoptosis by IGF-I
IGF-I is known to promote cell survival and proliferation by activation of the AKT signaling
pathway. To test whether IGF-I would inhibit the effects of selenite and genistein on cell
survival, G2/M cell cycle arrest, and apoptosis, cells were pretreated with 20 nM IGF-I for 24
h followed by treatment with selenite and/or genistein for another 24 h. IGF-I treatment
significantly increased protein levels of both total AKT and phosphorylated AKT (Ser 473)
and suppressed inhibition of AKT phosphorylation by genistein or combined selenite and
genistein treatment (Figs. 5A and B). The MTT assay showed that IGF-I slightly stimulated
proliferation of both LNCaP (118% viability) and PC3 cells (117%) and decreased genistein-
induced cell death in both cell lines (Figs. 5C and D). However, IGF-I did not inhibit selenite-
induced cell death, but decreased cell death induced by the combination of selenite and
genistein to levels of selenite alone, suggesting that IGF-I only inhibited effects of genistein.
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Like the effect on cell viability, IGF-I pretreatment suppressed G2/M cell cycle arrest and
apoptosis induced by genistein alone or combined with selenite in both cell lines (Figs. 5E–
5H). However, IGF-I did not inhibit apoptosis by selenite in LNCaP cells (Fig. 5G). The results
suggest that IGF-I may protect cells from genistein-induced death, G2/M cell cycle arrest, and
apoptosis by upregulation of total AKT and phosphorylated AKT (Ser 473), whereas selenite-
induced cell death and apoptosis are independent of the AKT signaling pathway.

DISCUSSION
Our study documents that selenite and genistein synergistically induced cell death, G2/M cell
cycle arrest, and apoptosis in two human prostate cancer cell lines. Selenite was more effective
in wild-type p53-expressing LNCaP cells than p53-null PC3 cells, whereas genistein at the
doses above IC50 was almost equally effective in both cell lines. In addition, selenite induced
apoptosis only, whereas genistein induced apoptosis and G2/M cell cycle arrest. Our study also
showed that genistein inhibited AKT phosphorylation. Downregulation of AKT masked the
effects of genistein, and upregulation of AKT by IGF-I antagonized genistein. Unlike genistein,
selenite at the tested doses did not modify AKT, and changes in the AKT status by siRNA
transfection or IGF-I pretreatment in cells did not alter the effects of selenite. Combined selenite
and genistein resulted in synergistic or additive effects on cell death, G2/M cell cycle arrest,
and apoptosis in both prostate cancer cell lines.

AKT plays a role in regulation of cell growth and survival by modification of some proteins
essential for cell cycle regulation and apoptosis through phosphorylation modifications (31).
Studies have showed that constitutive activation of AKT in some cancer cells overcame cell-
growth arrest in the G2/M phase and apoptosis induced by certain anticancer agents (32,33).
In contrast, inactivation of AKT inhibited cell proliferation by arresting the cells in the G2/M
phase (34). It has been shown that genistein regulates cell signaling genes that are critical for
cell proliferation, apoptosis, oncogenesis, and transcriptional regulation (35). Studies have
demonstrated that genistein inhibited cancer growth and induced apoptosis through inhibition
of the AKT signaling pathway (36,37). In our study, we found that genistein treatment induced
G2/M cell cycle arrest and apoptosis in both LNCaP and PC3 cells. Cells treated with genistein
showed decreased levels of phosphorylated AKT. These results suggest that the cellular effects
of genistein observed in our study are likely through inhibition of AKT phosphorylation. If
this is true, downregulation of AKT should result in similar cellular effects to genistein
treatment. Indeed, our study showed that downregulation of AKT using siRNA transfection
resulted in G2/M cell cycle arrest and apoptosis, results similar to those observed following
genistein treatment. Additionally, downregulation of AKT masked the effects of genistein. One
possibility is that downregulation of AKT by siRNA suppressed the signaling pathway for
genistein action. Another possibility is that AKT-mediated cellular effects had already reached
maximum by AKT siRNA transfection, and therefore no further cellular effects could be
observed in cells treated with genistein. On the other hand, cells treated with IGF-I, a growth
factor that has been shown to promote cancer cell growth and inhibit apoptosis (38), increased
protein levels of total and phosphorylated AKT and inhibited the cellular effects of genistein.
This is most likely due to upregulation of AKT by IGF-I with resultant suppression of genistein
effects. These results suggest that inhibition of AKT is an underlying mechanism by which
genistein induces G2/M cell cycle arrest and apoptosis in prostate cancer cells.

Unlike genistein, selenite treatment did not change levels of AKT or its phosphorylation status.
Wu et al. (39) reported that methylseleninic acid (MSA) downregulated phosphorylated AKT
by inhibition of the activity of phosphatidylinositol 3-kinase (PI3K) in PC3 cells (39). This
discrepancy may be due to the different chemical forms of selenium used in the two studies.
It has been reported that cellular effects of these two selenium compounds are different (40).
Our study shows that alterations of AKT by siRNA transfection or IGF-I pretreatment did not
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change the cellular effects of selenite. Additionally, selenite treatment induced apoptosis only,
and wild-type p53-expressing LNCaP cells were more sensitive to selenite than p53-null PC3
cells. These results indicate that the cellular effects of selenite and genistein are different.
Genistein acts at least partially via the AKT signaling pathway, whereas selenite acts via p53
and other signaling pathways (12–15). Zu et al. (41) demonstrated that a combination of MSA
and D-α-tocopheryl succinate (VES) synergistically induced apoptosis in PC3 cells but did not
alter the distribution of cell cycle phases. MSA induced apoptosis via mitochondrial-
independent pathways by activation of caspases 8 and 12, whereas VES caused apoptosis
through the mitochondrial-dependent pathway by activation of caspase 9. This synergistic
effect required 5 µM MSA and 20 µM VES. Similar to the study by Zu et al. (41), our study
shows that the combination of selenite and genistein had a greater effect on induction of
apoptosis than single agents in both androgen-sensitive LNCaP cells and androgen-insensitive
PC3 cells. However, our study also demonstrates that the combination required 1 to 1.5 µM
selenite and 5 to 10 µM genistein, dosages that were lower compared to the combination of
SMA and VES. In contrast, our study demonstrates that the combination of selenite and
genistein also enhanced cell cycle arrest. In addition to combinations of selenium with other
chemopreventive agents, recent studies have shown that selenium compounds also enhanced
the effects of radiation and chemotherapeutic agents on cancer cells. Results from ours and
others suggest that Se may have the potential to enhance the efficacy of other chemopreventive
or chemotherapeutic agents (42–46).

Our previous studies demonstrated that LNCaP cells were more sensitive than PC3 cells to
selenite, and induction of apoptosis by selenite or combined selenomethionine and
methioninase in LNCaP cells was associated with induction of p53 phosphorylation and
elevation of total p53 (14,15). Down-regulation of p53 by siRNA transfection decreased the
sensitivity of LNCaP cells to selenite and selenomethionine. Conversely, reexpression of wild-
type p53 increased the sensitivity of PC3 cells to these two selenium compounds. These studies
have demonstrated that the apoptotic effect of selenium was mediated by superoxide via the
p53-dependent mitochondrial pathway. Similar results have also been observed by other
investigators (16,47). Selenium-induced and p53-mediated G2/M cell cycle arrest and
apoptosis were also observed in colon cancer cells (48). Although genistein treatment induced
p53 phosphorylation and upregulated p53, its cellular effects were almost equal in both p53-
null PC3 cells and wild-type p53 expressing LNCaP cells. Restoration of wild-type p53 in PC3
cells by transduction of adenoviral p53 cDNA constructs or downregulation of p53 in LNCaP
cells by transfection of p53 siRNA did not change the cellular effects of genistein (data not
shown). These results indicate that the genistein actions are p53 independent.

In addition to AKT and p53, p21waf1 and Bax may also be involved in the effects of genistein
and selenite. Our study shows that p21waf1 and Bax were upregulated by genistein or selenite
in both p53-expressing LNCaP and p53-null PC3 cells. This indicates that p21waf1 and Bax
can be regulated via p53-dependent and -independent pathways, which may be the mechanism
for cell cycle arrest and apoptosis induced by combined genistein and selenite. Other
mechanisms may also be involved in the actions of selenite and genistein in prostate cancer
cells. Studies have shown that selenium downregulated androgen receptor in prostate cancer
cells, resulting in cell growth inhibition (49,50). Genistein regulated the androgen receptor in
LNCaP cells (51). Further studies are needed to clarify whether androgen receptor or other
signaling pathways also participate in the cellular effects of combined selenite and genistein.

Clinical cancer therapies usually utilize a combination of chemotherapeutic agents to gain
better anticancer effects and reduce side effects from each agent. A combination of two or more
agents for cancer chemoprevention have also been used in clinical trials (9,52). Here we
demonstrate that a combination of selenite and genistein required lower doses of each agent to
achieve better effects on cell cycle arrest and apoptosis than single agents in prostate cancer
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cells. This approach may avoid toxic side effects of each agent used in clinical trials in humans.
Our results indicate that selenite and genistein induce G2/M cell cycle arrest and apoptosis via
different molecular mechanisms. Therefore, combined use of selenium and genistein may be
an effective strategy for prostate cancer chemoprevention. Studies to test the combined use of
selenium and genistein in animals or humans are warranted since they have been used
individually and shown to be promising chemopreventive agents against prostate cancer in
some clinical trials.
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FIG. 1.
Induction of cell death, G2/M cell cycle arrest, and apoptosis by selenite or genistein in LNCaP
and PC3 cells. A: MTT assay of cell viability of LNCaP and PC3 cells treated with different
doses of selenite for 5 days. B: The MTT assay of cell viability of LNCaP and PC3 cells treated
with different doses of genistein for 5 days. C: Flow cytometric analysis of the G2/M population
in LNCaP and PC3 cells treated with different doses of selenite for 24 h. D: Flow cytometric
analysis of the G2/M population in LNCaP and PC3 cells treated with different doses of
genistein for 24 h. E: Flow cytometric analysis of Annexin V-positive apoptotic cell population
in LNCaP and PC3 cells treated with different doses of selenite for 48 h. F: Flow cytometric
analysis of Annexin V-positive apoptotic cell population in LNCaP and PC3 cells treated with
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different doses of genistein for 48 h. Data were obtained from 3 independent experiments and
the results shown are mean ± SD. *P < 0.05 compared with 0 µM.
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FIG. 2.
Induction of G2/M cell cycle arrest and apoptosis by cotreatment with selenite and genistein
in LNCaP and PC3 cells. A and B: The MTT assay of cell viability of LNCaP cells and PC3
cells treated with selenite (Sel), genistein (Gen), or in combination for 5 days. C and D: Flow
cytometry analysis of the G2/M population in LNCaP cells and PC3 cells treated with selenite,
genistein, or in combination for 24 h. E and F: Flow cytometric analysis of Annexin V-positive
apoptotic cell population in LNCaP cells and PC3 cells treated with selenite, genistein, or in
combination for 48 h. Data were obtained from 3 independent experiments and the results
shown are mean ± SD. Means with different letters above bars indicate significant differences
(P < 0.05) in each panel. DMSO, dimethyl sulfoxide.
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FIG. 3.
Effects of genistein and selenite on Akt, p53, p21waf1, and Bax in LNCaP and PC3 cells. A
and B: Western blot analysis of total AKT, phosphorylated AKT at serine 473 [p-AKT(Ser
473)], total p53, phosphorylated p53 at serine 15 [p-p53(Ser 15)], p21waf1, and Bax in LNCaP
cells and PC3 cells. Cells were treated with selenite (Sel) or genistein (Gen) for 24 h, and 50
µg proteins were loaded for the assay. The results shown here is one representative of 3 repeated
experiments. DMSO, dimethyl sulfoxide.
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FIG. 4.
Effects of downregulation of AKT on selenite- and genistein-induced cell cycle arrest and
apoptosis in LNCaP and PC3 cells. A and B: Western blot analysis of effects of AKT siRNA
transfection on protein levels of total AKT and phosphorylated AKT (p-AKT at Ser 473) in
LNCaP and PC3 cells. Cells were transfected with 50 nM AKT siRNA for 24 h and then treated
with selenite (Sel), genistein (Gen), or in combination for another 24 h. Fifty µg of protein
were loaded for the assay. C and D: MTT assay of cell viability of LNCaP and PC3 cells treated
with selenite, genistein or in combination for 5 days after transfection with 50 nM AKT siRNA
for 24 h. E and F: Flow cytometric analysis of the G2/M population of LNCaP cells and PC3
cells treated with selenite, genistein, or in combination after transfection with AKT siRNA.
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Cells were treated with selenite, genistein, or in combination for 24 h after transfection with
50 nM AKT siRNA for 24 h. G and H: Flow cytometric analysis of apoptosis in LNCaP and
PC3 cells treated with selenite, genistein, or in combination for 48 h after transfection with 50
nM AKT siRNA for 24 h. Data were obtained from 3 independent experiments, and the results
shown are mean ± SD. Group 1, control siRNA transfection. Group 2, AKT siRNA transfection.
Means with different letters above bars indicate significant differences (P < 0.05) in each panel.
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FIG. 5.
Inhibition of genistein-induced cell cycle arrest and apoptosis by insulin-like growth factor-I
(IGF-I). A and B: Western blot analysis of effects of IGF-I on expression of total AKT and p-
AKT (Ser 473) in LNCaP and PC3 cells. Cells were treated with 20 nM IGF-I for 24 h followed
by treatment with selenite, genistein or in combination for another 24 h. Fifty µg of protein
were loaded for the assay. C and D: MTT assay of cell viability of LNCaP and PC3 cells treated
with selenite, genistein, or in combination for 5 days after pretreatment with 20 nM IGF-I for
24 h. E and F: Flow cytometric analysis of the G2/M population of LNCaP cells and PC3 cells
treated with selenite, genistein, or in combination for 24 h after pretreatment with IGF-I for 24
h. G and H: Flow cytometric analysis of apoptosis in LNCaP cells and PC3 cells treated with
selenite, genistein, or in combination for 48 h after pretreatment with IGF-I for 24 h. The data

Zhao et al. Page 18

Nutr Cancer. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were obtained from 3 independent experiments and the results shown are mean ± SD. Group
1, without IGF-I pretreatment. Group 2, with IGF-I pretreatment. Means with different letters
above bars indicate significant differences (P < 0.05) in each panel.
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