
Abstract. Background: The role of selenium in reducing the
risk of multiple cancers has been described in the literature.
Although reports have described the antiproliferative and pro-
apoptotic function of selenium by up-regulation of genes in
these pathways, information is lacking on the target
mechanisms of selenium on specific genes. This study examines
whether selenium treatment alters the methylation status of
epigenetically silenced genes in prostate cancer cells. Materials
and Methods: Methylation of glutathione sulfotransferase pi
(GSTP1) and Ras associated family 1A (RASSF1A) genes was
studied using methylation sensitive PCR (MS-PCR). Gene
expression was studied using Reverse Transcriptase PCR and
Western Blotting. Results and Conclusion: Treatment of
prostate cancer cells with selenium did not alter the expression
of genes that were silenced by DNA methylation. Furthermore,
the methylation status of these genes remained unaltered after
treatment with seleno-DL-methionine. 

Prostate cancer is one of the leading malignancies in the
United States and is second only to lung cancer in men. The
mechanisms underlying the initiation, progression and
metastatic dissemination of prostate cancer remains unclear.
Several risk factors for prostate cancer have been identified,
including age, race, dietary habits and androgen levels (1).
Epidemiological studies have shown that diet plays a major
role in the progression of prostate cancer (2). Changes in
lifestyle have been identified as a major cause of occurrence of
prostate cancer among migrating populations from countries
of low incidence of the disease (3, 4). Since a large fraction of
incidence of cancer has been attributed to diet alone, it has
been hypothesized that lifestyle modifications could be one of

the methods of cancer prevention. Hence, several substances
that have the potential to inhibit cancer tumor formation were
investigated that led to the development of a new area of
research namely chemoprevention (5, 6). 

Selenium is one of the many elements considered
beneficial to our health; however it is a trace element, only
needed in small amounts. Selenium is incorporated into
proteins as selenocysteine (7). Dietary intake of selenium is
of high significance since it helps to prevent cellular damage
by oxygen radicals that can damage DNA, as well as other
cellular components, and result in various diseases,
including cancer. In addition to reports that found a
potential benefit from selenium in cancer prevention, there
is an ongoing study – Selenium and Vitamin E Cancer
Prevention Trial (SELECT) – funded by the National
Institutes of Health that will provide more information
about the long term effects or benefits of this element
specifically in prostate cancer prevention. The study looks
at the role of selenium alone or in combination with vitamin
E (8, 9). Selenium intake has been found to prevent various
types of cancer including lung, colorectal, and prostate (5,
10). Other studies have shown that specific amounts of
selenium enhance the immune defense in some types of
cancer (11) and some viral infections (12). 

Epigenetic silencing of tumor suppressor genes is a
common event in most cancers, including prostate cancer. The
major epigenetic alterations include DNA methylation and
histone modifications. DNA methylation occurs by transfer of
a methyl group by DNA methyl transferases (DNMTs) that
target cytosine residues in 5’-CpG 3’ dinucleotides. Inhibition
of DNMTs results in reactivation of silenced genes, inhibitors
thus emerge as effective drugs in the treatment of cancer (13,
14). The enzyme catalyses the transfer of methyl groups from
S-adenosyl-L-methionine (SAM) to C5 of cytosine within
CpG residues after DNA replication and was found to be
elevated in cancers including that of the colon (15). In
addition, it was highly associated with promoter methylation
resulting in gene silencing of tumor suppressor genes (16, 17).
GSTP1 is the major gene that is responsible for defending the
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prostate against oxidative DNA damage. However, in prostate
cancer, this gene is a target of DNMTs and becomes
hypermethylated in the early stages of the disease. Loss of
genetic material from RASSF1A is one of the most frequent
events in several types of human solid tumors. The CpG island
promoter region of this gene is highly methylated in several
human cancers, including that of the prostate. Investigators
have reported that the DNA methyltransferase (DNMT1)
inhibitor 5-azadeoxycytidine (azadC) protected rats that were
fed a selenium deficient diet from the effects of carcinogens
(18). However, there is lack of information on the mechanism
of action of selenium compounds. Previous reports have
shown that selenium compounds can inhibit the activity of
methyl transferase (Mtase) activity (19). However, the effect
of selenium treatment on methylation of epigenetically
silenced genes has not been reported. In this study, we
investigated whether treatment of prostate cancer cells with
selenium compounds could reverse methylation and cause
reactivation of epigenetically silenced tumor suppressor genes. 

Materials and Methods

Cell culture. LNCaP, Du145, PC3 and HeLa cells (obtained from
American Type Culture Collection) were grown in RPMI-1640
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum in a humidified incubator at 37ÆC with 5% CO2.

Drug treatment. Appropriate stock solutions of sodium selenite and
seleno-DL-methionine were prepared in water and 0.0001N HCl
respectively. Cells were seeded at a density of 2x106 in 100 mm
dishes for 24 h following which they were treated with 10 ÌM sodium
selenite or seleno-DL-methionine in 0.0001 N HCl (150 ÌM) for 96
h. As controls, cells were treated with similar concentrations of the
vehicle alone. As positive controls, cells were grown in 100 mm
dishes and treated with 1 Ìm 5-aza-2’-deoxycytidine for 96 h. 

RNA extraction and reverse transcriptase PCR (RT-PCR). RNA was
extracted from the cell lines using RNA Stat 60 (Tel-Test Inc.
Friendswood, TX, USA) as per the manufacturer’s instructions.
cDNA was prepared from 10 Ìg of RNA using the Reverse
Transcription System from Promega (Madison, WI, USA) using
random primers. Two microliters of the cDNA was used for the
PCR reaction. A standard curve for IGFBP3 was generated using
randomly primed cDNA prepared using RNA extracted from HeLa
cells. The cDNA was used undiluted or diluted 10–1, 10–2, 10–3,
10–4 and 10–5, and 2 Ìl of each dilution was amplified with primers
designed for IGFBP3. The primer sets used for RT-PCR analysis
were 5’ GAT ACC CAG AAC TTC TCC TCC 3’ (forward) and 5’
CAT ACT TAT CCA CAC ACC AGC 3’ (reverse). Conventional
RT-PCR analysis was performed to study the expression of
RASSF1A after selenium treatment. Primer sequences were 5’
TCT GTG GCG ACT TCA TCT GG 3’ (forward) and 5’ GGA
GGG TGG CTT CTT GCT G 3’ (reverse). 

DNA extraction, bisulfite treatment and methylation-specific PCR (MS-
PCR). DNA from drug-treated cells was extracted using DNA Stat
60 (Tel-Test Inc.). Genomic DNA was treated with sodium bisulfite

under conditions that convert unmethylated cytosine to uracil while
the 5-methylcytosine remains unchanged. The bisulfite conversion
reaction was carried out by incubating 5 Ìg DNA with a 5 M bisulfite
solution and 100 mM hydroquinone, pH 5.0 at 50ÆC for 4 hours. This
was followed by desulfonation via the addition of 3 M NaOH, and
desalting using a QIAquick column (Qiagen, CA, USA). MS-PCR
analysis for GSTP1 and RASSF1A was performed using methylated
and unmethylated primers as described elsewhere (20, 21). 

Western Blotting. Whole cell lysates were prepared using the
Nuclear Extract Kit (Active Motif, Carlsbad CA, USA). Protein
concentrations of the lysates were determined using BCA protein
assay reagent (Pierce, Rockford, IL, USA). For Western blot
analysis, the proteins were resolved on a 15% SDS-PAGE gel and
blotted onto a nitrocellulose membrane. The blot was then
probed with rabbit anti-human GSTP1 antibody (1:2000 dilution;
Assay Designs, Ann Arbor, MI, USA) and detected using anti-
rabbit Ig-HRP (GE Healthcare, Piscataway, NJ, USA), then
visualized using the SuperSignal West Femto Maximum
Sensitivity Substrate Kit (Pierce). 

Results

Selenium treatment up-regulates IGFBP3 in LNCaP prostate
cancer cells. Earlier reports described anti-proliferative effects
of selenium treatment in androgen-dependent LNCaP cells
with no effect on androgen-insensitive PC3 cells (2).
Treatment with selenium was shown to up-regulate the
expression of insulin-like growth factor binding protein 3
(IGFBP3) and retinoic X receptor alpha (RXRa) in PC3 cells
and prostate cancer tissues (22). In order to optimize the
treatment conditions, we treated LNCaP cells with seleno-
DL-methionine and sodium selenite. IGFBP3 expression
after 24, 48 and 96 h was measured using quantitative RT-
PCR analysis. We observed similar effects with both selenium
compounds: after 96 h there was an approximately 2.7-fold
increase in IGFBP3 expression relative to treatment with the
vehicle (Figure 1). These results are consistent with the
previously reported effects of selenium treatment on gene
expression in prostate cancer cells (22).

Selenium treatment does not reactivate GSTP1 expression in
LNCaP prostate cancer cells. Previous studies have shown
that treatment of androgen-responsive LNCaP cells with
selenium (such as seleno-DL-methionine) resulted in
inhibition of cell proliferation in a time- and dose-dependent
manner (2). The mechanism of action of selenium
compounds on gene regulation has not yet been elucidated.
Selenium was also shown to inhibit Mtase activity and
growth in human colon carcinoma HCT116 cells (19).
However, the effect of selenium on methylation of genes has
not yet been described. Using GSTP1 as a marker, we
examined whether seleno-DL-methionine treatment results
in demethylation and re-expression of genes in LNCaP cells.
As control, cells were treated with the known demethylating
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agent, 5-aza-2’-deoxycytidine. The methylation status of the
GSTP1 gene promoter after drug treatment was analyzed
using MS-PCR. Treatment with 1 ÌM 5-aza-2’-deoxycytidine
for 96 h resulted in significant demethylation of the
promoter. However, the methylation status of the gene
remained unaltered after treatment with 150 ÌM of seleno-
DL-methionine (Figure 2A). Western blotting analysis
showed an increase in the levels of GSTP1 protein upon
treatment with 1 ÌM 5-aza-2’-deoxycytidine, whereas no
protein expression was seen after treatment with selenium
compounds (Figure 2B). 

Effect of selenium treatment in androgen insensitive prostate
cancer cells. Using gene expression profiling, Schlicht et al.,
have identified up-regulation of IGFBP3 and RXR· in PC3
cells (22). Treatment with selenium was shown to cause G1
arrest in androgen-dependent LNCaP cells concomitant
with the up-regulation of cyclin-dependent kinase inhibitors
while there was no effect in androgen-negative PC3 cells
(2). We examined the effect of selenium on RASSF1A in
Du145 and PC3 cells. RASSF1A is epigenetically
deregulated by DNA methylation in both the cell lines.
After treatment with 150 ÌM seleno-DL-methionine for 96
h, no change in expression of RASSF1A was observed using
RT-PCR analysis. MS-PCR analysis showed that the gene
remained methylated after the drug treatment (Figure 3). 

Discussion

Selenium, an essential nutrient found in trace amounts in
food, has been demonstrated to have a chemopreventive
role against various cancers (11, 23). Several studies have
demonstrated an inverse relationship between selenium
intake and prostate cancer risk (8, 9, 24, 25). Nutritional
Prevention of Cancer was a pioneering study by Clark et
al., to test the chemopreventive action of selenium against

skin cancer (10). Although selenium treatment did not
protect against cancer of the skin, results showed that
selenium supplementation reduced the incidence of other
carcinomas, including lung, colorectal and prostate. This
observation formed the basis for subsequent investigations
on effects of selenium on cancer including the ongoing
SELECT study (26). Anti-proliferative effects of selenium
were reported in androgen-dependent LNCaP and
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Figure 1. IGFBP3 expression in LNCaP cells treated with selenium
compounds. Cells were treated with sodium selenite in water (10 ÌM) or
seleno-DL-methionine in 0.0001 N HCl (150 ÌM) for 96 h. As controls,
the cells were treated with the respective vehicles alone. RNA was then
extracted, reverse transcribed and the percentage of expression was plotted
after quantitative RT-PCR analysis.

Figure 2. A) GSTP1 MS-PCR analysis after selenium treatment. LNCaP
cells were treated with 150 ÌM seleno-DL-methionine (Se) or 1 ÌM
azadeoxycytidine (AzadC) for 96 h. After treatment, DNA was extracted,
treated with bisulfite and analyzed using methylation specific polymerase
chain reaction (MS-PCR) with methylation specific primers. U-
unmethylated, M- methylated. B) Western Blot Analysis. LNCaP cells were
treated with 150 ÌM of seleno-DL-methionine (Se) or 1 ÌM azadeoxycytidine
(AzadC). After 96 h, cells were harvested and whole cell lysates were
prepared. The lysates were resolved using SDS-PAGE and probed with anti-
GSTP1 antibody. Top panel shows levels of GSTP1 in untreated, selenium
treated and AzadC-treated cells. The blots were stripped and reprobed with
anti-actin antibody to ensure equal loading (bottom panel).

Figure 3. RASSF1A MS-PCR analysis after treatment with selenium
compounds. Du145 and PC3 prostate cancer cell lines were treated with
150 ÌM seleno-DL-methionine (Se) or 1 ÌM azadeoxycytidine (AzadC).
After 96 h of treatment, DNA was extracted, treated with bisulfite and
analyzed through methylation specific polymerase chain reaction with
specific primers. U, unmethylated, M, methylated, –, negative control.



androgen-insensitive PC3 and Du145 prostate cancer cell
lines (2, 24, 27-30). Selenium was shown to inhibit growth,
block cell cycle progression and induce apoptosis in
prostate cancer cells (27). Selenium treatment resulted in
increased androgen receptor (AR) degradation and
reduced nuclear AR, thus disrupting AR signaling (27).
Selenium was also shown to act synergistically with vitamin
E to inhibit growth of LNCaP cells via two distinct
pathways (31). In addition, in vivo studies using mouse
xenograft models have demonstrated anti-tumorigenic
properties of selenium (32). 

Although selenium treatment was found to result in up-
regulation of genes responsible for blocking cell cycle
progression and subsequent growth arrest, the mechanism
of gene induction has yet to be described. Whether selenium
can reactivate genes by reversing epigenetic silencing has
not been addressed in literature yet. Hence, we carried out
this study to examine the re-expression of genes commonly
inactivated by DNA methylation in prostate cancer. GSTP1
methylation is an early event in prostate cancer and was
demonstrated in high-grade prostatic intraepithelial
neoplasia (PIN) lesions and prostate cancer, while it was
absent in normal prostate tissues (20, 33). This identified
GSTP1 methylation as the most potential biomarker for
early detection of the disease (34). We examined the effect
of selenium treatment on the expression of GSTP1 in
LNCaP, in which the promoter is methylated leading to
repression of gene expression (20). While selenium
treatment was effective in up-regulating IGFBP3, as has
been previously described, it did not induce expression of
GSTP1 in LNCaP prostate cancer cells. Loss of genetic
material from RASSF1A at 3p21.3 is one of the most
frequent events in several types of human solid tumors. The
CpG island promoter region of this gene is highly
methylated in several human cancers, including that of the
prostate (35). Complete silencing and methylation of
RASSF1A promoter was observed in widely used prostate
carcinoma cell lines including LNCaP, PC3 and Du145. Our
results on selenium treatment of LNCaP, Du145 and PC3
cells showed no effect on RASSF1A methylation on
expression in these cells. 

Conclusion

Our results show that selenium does not alter the epigenetic
state of the studied genes. Further, selenium treatment does
not reactivate genes that are predominantly regulated by
DNA methylation. 
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