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Abstract

Prostate cancer is the most frequently diagnosed cancer and a leading cause of cancer deaths in American men. High dietary intake and

status of the essential trace element selenium (Se) have been consistently correlated with reduced risk for prostate cancer. One molecular

mechanism by which Se may reduce prostate cancer risk is by catalyzing disulfide bond formation or, otherwise, complexing with reactive

sulfhydryl groups in transcription factors, thus altering their binding to DNA and regulation of gene expression. Estrogen plays a role in the

etiology of prostate cancer. Estrogen receptors contain cysteines in zinc fingers that are susceptible to oxidation and internal disulfide bond

formation, which can prevent DNA binding. We hypothesized that Se alteration of estrogen receptor (ER) binding to DNA and estrogen-

regulated gene expression may be one mechanism by which it exerts its chemopreventive effects. LNCaP human prostate cancer cells were

treated with 0.05 Amol/L (control) or 5.0 Amol/L (high) Se as methylseleninic acid (MSA). Electrophoretic mobility shift assays showed that

binding of ER-beta to the estrogen response element was a nonsignificant 14% lower in cells treated with high MSA. Run-on transcription

assays showed no significant changes in transcription rates for estrogen-regulated genes, and steady-state mRNA levels for those genes,

assayed by reverse transcription-polymerase chair reaction, were likewise unaffected by MSA. These results suggest that the well-

documented chemopreventive effects of Se against prostate cancer may be mediated by mechanisms other than inhibition by monomethylated

Se compounds of ER-beta activation or estrogen-regulated gene expression.

D 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The American Cancer Society estimates that prostate

cancer will account for 33% of new cancers in men, totaling

over 234,000 new cases, with 27,350 deaths in 2006,

making it the most frequently diagnosed cancer in American

men and the third leading cause of cancer deaths [1]. The

landmark study of Clark et al. [2,3] showed that a

supplement of 200 Ag of selenium (Se) significantly reduced

the incidence of prostate cancer in patients with carcinoma

of the skin. Since that time, numerous prospective cohort

and case-control studies have confirmed that high Se intake
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or status is associated with reduced prostate cancer risk

[4–8]. A recent review of diet in the development and

progression of prostate cancer [9] found the evidence more

convincing for a protective effect of Se than for any other

dietary component. A randomized, placebo-controlled trial

of Se and vitamin E as prostate cancer chemopreventive

agents in 32,400 men (Selenium and Vitamin E Cancer

Prevention Trial [SELECT]) is currently ongoing [10].

Many possible molecular targets for Se have been

identified [4,11–13] to account for its chemoprotective

effects. Ganther [14,15] proposed that one molecular

mechanism by which monomethylated Se compounds may

affect cancer risk is by catalyzing disulfide bond formation

or, otherwise, complexing with reactive sulfhydryl groups in

cellular proteins. Formation of such structures has been

demonstrated in catalytic proteins [16]. A transcription

factor whose activation may be regulated by disulfide bond

formation is the estrogen receptor (ER). The ER contains
chemistry 18 (2007) 746–752
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cysteines in zinc (Zn) fingers that are susceptible to

oxidation and internal disulfide formation, which can

prevent DNA binding [17,18]. Whittal et al. [18] showed

that Zn is expelled from the Zn finger previous to disulfide

formation when treated with H2O2 or diamide. Jacob et al.

[19] detailed the conditions under which Se compounds can

catalyze the release of Zn from Zn fingers in metallothionein

(MT). More recent results have confirmed that Se can

damage or distort Zn finger domains [20].

The ER mediates the effects of estrogen. Animal models

and human epidemiological studies have implicated estro-

gen as a promoter of prostate cancer in its early stages

[21–24]. We hypothesized that one mechanism by which Se

may exert its chemoprotective effects against prostate cancer

may be to displace Zn in ER Zn fingers and catalyze

disulfide bond formation, thus decreasing ER binding to

DNA and expression of ER-regulated genes. To test this

hypothesis, we examined ER binding to its DNA response

element and associated expression of ER-regulated genes in

human prostate cancer cells (LNCaP) treated with control

(0.05 Amol/L) or high (5.0 Amol/L) concentrations of Se as

methylseleninic acid (MSA) [25].
2. Materials and methods

2.1. Cell culture

LNCaP human prostate cancer cells (CRL-1740, ATCC,

Manassas, VA, USA) were cultured at 378C in an

atmosphere of 5% CO2 in RPMI 1640 with phenol red

(30-2001, ATCC), with 10% heat-inactivated fetal bovine

serum (SH30070, HyClone Laboratories, Logan, UT, USA)

and 1% penicillin–streptomycin solution (P-4333, Sigma–

Aldrich, St. Louis, MO, USA). This cell line expresses ER-

h but not ER-a [26,27]. All media included 30 Amol/L

a-tocopherol (T-3251, Sigma–Aldrich) and 0.05 Amol/L Se

(see below), as recommended by Leist et al. [28].

To examine the effects of Se, LNCaP cells that were 90%

confluent in 25 cm2 flasks were passaged 1:2 and
Table 1

Nucleotide sequences of EMSA probe (ERE) and PCR primers

Probe or primer S

ERE forward T

ERE reverse T

18S rRNA forward C

18S rRNA reverse C

IGFBP10 forward G

IGFBP10 reverse C

Cdk2 forward C

Cdk2 reverse C

Cathepsin D forward G

Cathepsin D reverse A

hpS2 forward C

hpS2 reverse A

The same PCR primers were used to determine transcription rates in run-on tra

RT-PCR analysis.
equilibrated for 48 h in phenol red-free RPMI 1640 medium

(R-8755, Sigma–Aldrich), modified as above. In addition,

h-estradiol (E-4389, Sigma–Aldrich) was supplemented to

bring the total estrogen content to 30 pg/ml to be within the

range found in serum of men with and without prostate

cancer [29–31]. Phenol red-free medium was used to

eliminate estrogenic effects of phenol red [32]. After 48 h,

medium was removed. Half of the flasks then received fresh

medium containing 0.05 Amol/L Se as MSA (CH3SeO2H)

and half received medium providing 5.0 Amol/L Se as MSA.

Methylseleninic acid was synthesized by colleagues in the

Department of Chemistry and Biochemistry at Brigham

Young University from dimethyl diselenide, according to

the published procedure of Kloc et al. [33], and its purity

verified by elemental analysis. Cells were then incubated

72 h and harvested. This incubation time was chosen based

on previous reports [34–36] in which effects of Se

treatments in LNCaP and other cell lines were more

pronounced at 72 h than at earlier time points. We

previously used a 72-h incubation of LNCaP cells with

5.0 Amol/L MSA and showed a marked decrease in

activation of the redox-regulated transcription factor

nuclear factor nB (NF-nB) and in NF-nB-regulated gene

expression [37].

2.2. Electrophoretic mobility shift assay

Nuclear extracts were prepared using a Panomics

Nuclear Extraction Kit (AY2002, Panomics, Redwood City,

CA), including dialysis (66335, Slide-A-Lyzer Dialysis

cassettes; Pierce, Rockford, IL, USA) of the final extract,

with the following modification: cells were trypsinized with

0.025% trypsin/0.265 mmol/L EDTA solution (CC-5012,

Cambrex Bio Science Walkersville, Walkersville, MD,

USA), removed from the flasks and washed twice with

phosphate-buffered saline. Protein was quantified using

Bradford reagent (B-6916, Sigma–Aldrich).

The forward and reverse sequences of the 46-mer double-

stranded probe used in electrophoretic mobility shift assays

(EMSAs) are shown in Table 1. This probe contains the
equence (5V to 3V)

AACTGTCCAAAGTCAGGTCACAGTGACCTGATCAAAGTTAATGTA

ACATTAACTTTGATCAGGTCACTGTGACCTGACTTTGGACAGTTA

GGCTTAATTTGACTCAACACG

TAAGAACGGCCATGCACC

CCGCCTTGTGAAAGAAACC

TTGCCCTTTTTCAGGCTGC

AAGCCAGTACCCCATCTTCG

AAATAGCCCAAGGCCAAGC

CAAACTGCTGGACATCG

CCATTCTTCACGTAGGTGC

AGACAGAGACGTGTACAGTGG

GCCCTTATTTGCACACTGG

nscription assays, and to quantitate steady state mRNA levels in real-time
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estrogen response element (ERE) from the Xenopus

vitellogenin A2 gene and has been used in previous studies

of protein-ERE interactions [38]. The double-stranded probe

was end-labeled with P32 using T4 polynucleotide kinase

and incubated with nuclear extracts according to the method

of Garcı́a Pedrero et al. [39]. Mixtures were electrophoresed

through a 5% nondenaturing polyacrylamide gel (polyacryl-

amide/bisacrylamide ratio, 39:1) in 0.5� TBE (tris-borate-

EDTA buffer) at 100 V for 2–3 h. Gels were dried under

vacuum at 808C for 60 min and exposed to X-ray film

(BioMax MS, Eastman Kodak, Rochester, NY, USA) at

�808C for 1–18 h and developed. Multiple exposures were

used to obtain the strongest signals within the linear range of

the film. Densitometric analysis (AlphaEase software,

Alpha Innotech, San Leandro, CA, USA) was performed

on multiple exposures of three separate EMSA gels.

2.3. Selection of ER-regulated genes

The genes chosen for study in the run-on transcription

assay and steady-state mRNA experiments are regulated by

estrogen in the prostate and are expressed in LNCaP cells.

IGFBP10 [40], Cdk2 [41,42], cathepsin D [43,44] and HpS2

[26,45], also known as trefoil factor 1 [46], are all involved

in growth and/or tumor progression.

2.4. Nuclear run-on transcription assay

Transcription rates for ER-regulated genes were deter-

mined in run-on transcription assays, as we previously

described [47,48], but using biotinylated (rather than

radioactive) uridine triphosphate, as described by Patrone et

al. [49]. Biotinylated nascent transcripts were isolated using

streptavidin coated DynaBeads (M-280, Dynal Biotech,

Oslo, Norway) according to the manufacturer’s directions.

In a novel modification, quantitation of biotin-labeled

nascent transcripts was performed using real time reverse

transcriptase-polymerase chain reaction (RT-PCR). First-

strand cDNA synthesis was primed by random hexamers.

PCR amplification was followed in real time using a

LightCycler (Roche Molecular Biochemicals, Indianapolis,

IN, USA), as we have previously described [50] to amplify

transcripts for IGFBP10, Cdk2 and cathepsin D. PCR

primers were designed for published sequences (GenBank)

using OMIGA 2.0 software (Genetics Computer Group,

Madison, WI, USA). The sequences of primers used are

shown in Table 1. For each gene, six LightCycler runs

were performed. Each run included three replicates for

both 0.05 Amol/L and 5.0 Amol/L Se treatments. Tran-

scription rates for 18S rRNA were also quantified and used

for normalization.

2.5. Steady-state mRNA quantitation

Steady-state mRNA levels for ER-regulated genes were

determined by real-time RT-PCR. Total RNA was isolated

using TRIzol reagent (Invitrogen Life Technologies, Carls-

bad, CA, USA). First-strand cDNA was synthesized using,

as primer, a mixture of single base-anchored oligo dTs
(oligo dT-A, oligo dT-C, oligo dT-G). Real-time PCR

amplification was followed to determine steady state

mRNA levels for the same genes examined in run-on

transcription assays, plus hpS2. Three runs of three

replicates each of both 0.05- and 5.0-Amol/L Se treatments

were performed, except for hpS2, for which a fourth run

was completed.

2.6. Statistical analysis

For each replicate exposure of each EMSA gel, the

density of the high Se and control Se bands were added to

give a total density. The density of each band was then

expressed as a percentage of that total. For statistical

analysis, t tests were used to compare the mean band

densities, as a percentage of the total, for control and high

Se-treated samples.

To calculate relative gene expression in assays of

transcription rates and steady-state mRNA levels, the mean

of the replicates of the gene of interest was normalized by

dividing by the mean of the replicates for 18S rRNA. For

each gene the, normalized mean for the high Se group was

divided by the normalized mean for the adequate Se group

to give a ratio for relative gene expression.

To apply standard statistical methods to these data would

have required that each replicate for a gene of interest be

normalized to 18S rRNA. This would have required that

those two species be quantitated in the same LightCycler

capillary (multiplex). However, in this work, each replicate

for each gene was assayed in a separate capillary. Thus,

individual replicates of the gene of interest could not be

matched with individual replicates of 18S rRNA for

normalization, and standard statistical methods could not

be used. Instead, normalization was done using the means of

all the replicates for each gene, and the statistical

significance of the ratios for relative gene expression was

calculated using a permutation test (1000 replications of

randomized gene/18S rRNA ratios), as described by

Ramsey and Shafer [51].

Permutation tests find P values as the proportion of

regroupings that lead to test statistics as extreme as the

observed one. After calculating relative gene expression as

described above, the permutation test (sometimes called a

randomization test) was performed as follows: for each Se

treatment, the 6–9 replicates for the gene of interest and the

6–9 replicates for 18S rRNA were combined into a single

group then randomly assigned to the bgene of interestQ or
b18S rRNAQ group. The mean of the randomly assigned

gene of interest values was then normalized by dividing by

the mean of the randomly assigned 18S rRNA values. This

was done for both Se treatments, and the ratio of the

normalized high to normalized control was again calculated.

This randomization and recalculation was repeated 1000

times, and the number of recalculated ratios greater than and

less than the original calculated ratio were tallied to

determine the probability (P value) of obtaining the original

ratio simply by chance.
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3. Results

Fig. 1 shows typical results from an electrophoretic

mobility shift assay. Densitometric analysis was performed

on multiple exposures of three separate EMSA gels. These

analyses showed that the band in the control Se lane

accounted for 53.8F6.9% (meanFS.D.) of the total density

of the control and high Se bands combined, while the high

Se band accounted for 46.2F6.9% of the total. This

difference was not statistically significant.

Fig. 2 shows the results of the run-on transcription

assays. The ratios of high Se/control Se, adjusted for 18S,

were 0.994 for IGFBP10, 0.880 for Cdk2 and 0.894 for

cathepsin D. The probability that the transcription rate ratio

for IGFBP10 was due strictly to random chance was 0.385;

for Cdk2, 0.347 and for cathepsin D, 0.372.

Results from the analysis of steady-state mRNA levels

for ER-regulated genes are shown in Fig. 3. The ratios,

adjusted for 18S, of high Se/control Se for IGFBP10, Cdk2,

f transcription of ER-regulated genes. Compared to cells treated with 0.05

mol/L Se, transcription rates in cells treated with 5.0 Amol/L Se were 99%

r IGFBP10, 88% for Cdk2 and 89% for cathepsin D. The probability that

ese differences were due strictly to random chance was 0.385, 0.347 and

.372 for IGFBP10, Cdk2 and cathepsin D, respectively.

Fig. 1. Binding of ER to its DNA response element. LNCaP cells were

grown in medium supplying 0.05 or 5.0 Amol/L Se as MSA. Nuclear

extracts were prepared and used in electrophoretic mobility shift assays to

examine binding of ER to its DNA response element (ERE). Arrow

indicates ER/ERE complex. Densitometric analysis of multiple exposures

for three independent gels showed that the average density of the band in

the 5.0 Amol/L lane (without unlabeled competitor) was a nonsignificant

14% lower than that of the corresponding band in the 0.05 Amol/L lane.

Disappearance of the band resulting from the addition of unlabeled

competitor oligonucleotide probe to the incubation confirmed the specific-

ity of binding to this probe.
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Cathepsin D and hpS2 were 1.231, 1.108, 1.029 and 1.126,

respectively. The probability that the 23% difference in

steady state levels of mRNA between high and control Se

samples for IGFBP10 occurred by random chance was only

0.034. For Cdk2, the probability was 0.119; for Cathepsin

D, 0.413 and for hpS2, 0.196.
Fig. 3. Steady-state levels of mRNA for ER-regulated genes. LNCaP cells

were grown in medium supplying 0.05 or 5.0 Amol/L Se as MSA. Total

RNA was harvested and used in real-time RT-PCR assays to determine

steady-state levels of mRNA for ER-regulated genes. Compared to cells

treated with 0.05 Amol/L Se, steady-state mRNA levels in cells treated with

5.0 Amol/L Se were 123% for IGFBP10, 111% for Cdk2, 103% for

cathepsin D and 113% for hpS2. *The probability that the 23% difference

in steady-state levels of mRNA between high and control Se samples for

IGFBP10 occurred by random chance was 0.034. For Cdk2, cathepsin D

and hpS2, the probabilities that differences were due to random chance

were 0.119, 0.413 and 0.196, respectively.
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4. Discussion

To have relevance to human dietary chemoprevention,

experiments in animals and cultured cells must use nutrition-

ally relevant forms of Se provided at physiologically relevant

concentrations. In addition, cell lines or animal models

chosen must be reasonably representative of some charac-

teristic of the human disease. In this work, a nutritionally

relevant form of Se was used at a physiological, serum-

achievable concentration of total Se. The contribution of

different chemical forms to total plasma Se varies with the

forms and quantity of dietary Se intake [52,53], and the

availability of various plasma Se compounds for uptake by

body tissues and conversion to metabolically active forms is

unknown. Naturally occurring food forms of Se, such as

selenocysteine or Se-methylselenocysteine, can be converted

to methylselenol (CH3SeH), which appears to be the common

metabolite derived from many anticarcinogenic Se com-

pounds [15,54]. However, cultured cells have low activity of

the lyase necessary to convert larger organic Se molecules to

the monomethylated form [55]. Supplying MSA to cultured

cells, as done in this work and other studies [56–58], directly

provides a monomethylated form of Se that can be easily

converted to CH3SeH. A concentration of 5.0 Amol/LMSA is

commonly used in cell culture studies [56,57,59]. This

concentration of total Se is well below the blood level

associated with frank toxicity in humans [60] and is

achievable in humans by consuming a high Se diet or by

supplementation. To mimic, as closely as possible, the

conditions that could be found in a human male with high

dietary Se intake, we chose not to further vary ourMSA doses

and estrogen levels or add competitors. While these decisions

limit the scope of our conclusions, they are more relevant in

application to human males.

Recent results from other laboratories have revealed

multiple mechanisms by which MSA may inhibit growth of

prostate cancer cells. These mechanisms include decreased

androgen receptor (AR) expression and reduced AR

signaling [61,62], global thiol redox modification of

proteins [63], induction of apoptosis [64] and potentiation

of the effects of other antitumorigenic agents [65,66].

The LNCaP cell line used in this study is AR-positive

and androgen-sensitive, representing an earlier form of the

disease. Other commonly used prostate cancer cell lines,

such as PC-3 or DU-145, are AR-negative and androgen-

insensitive. Almost all prostate tumors, regardless of their

sensitivity to androgen, express the AR [67]. Thus, any cell

line lacking an AR is of uncertain relevance as a model of

human disease.

Previous studies clearly demonstrated that (1) Zn finger

oxidation in purified ERs reduced their binding to DNA

[18]; (2) Se interacts oxidatively with protein sulfhydryl

clusters [16] and (3) Se may displace Zn from MT in vitro

[19]. However, our results suggest that such alterations of

ER-h by MSA do not readily take place in prostate cancer

cells. There are several differences in experimental con-
ditions between those studies and the present experiments,

which likely account for the differences in results.

Jacob et al. [19] displaced Zn from MT using phenyl

derivatives of Se, which are more stable than their aliphatic

counterparts, but are not as biologically relevant. Whittal

et al. [18] treated purified full-length ER or a recombinant

ER-DNA binding domain with diamide or hydrogen

peroxide to induce disulfide bond formation and showed

reduced binding of the treated, purified proteins to DNA.

However, those experiments did not include the cofactors

known to be required in vivo for ER binding to its DNA

response element [68,69]. If cofactors are unaffected in vivo

by MSA, a modest effect of MSA on ER-h Zn fingers may

not be sufficient to significantly alter ER-h DNA binding.

Likewise, cofactors or other regulators of transcription rates

or mRNA turnover for ER-regulated genes may be

unaffected by MSA, thus minimizing effects of any slight

structural alteration of the ER-h protein on downstream

gene expression.

Quantitatively, the concentration of ERs is minor,

compared to other Zn finger-containing proteins, which

may account for as much as 1% of all human gene products

[17]. LNCaP cells express ER-h at a low level and express

no ER-a [26,27]. It is possible that at the concentration

used, the MSA in our experiments interacted primarily with

other more abundant Zn fingers present in the cell,

diminishing interaction with ER-h.
Our results are internally consistent, showing no signif-

icant effects on ER-h DNA binding nor on associated

transcription rates and steady state mRNA levels for ER-

regulated genes. In only one case (IGFBP10 mRNA levels)

was the effect of MSA statistically significant. It is uncertain

if a 23% higher mRNA level for this gene would be

biologically significant. The minimal, statistically insignif-

icant changes seen for all other genes in mRNA levels, and

for transcription rates of all genes tested, strongly support

the conclusion that there was no significant biological effect

of MSA treatment on any of these parameters. While it is

possible that other chemical forms of Se, tested in other cell

lines or animal models, could produce different results, our

experiments suggest that the chemopreventive effects of

MSA against prostate cancer are likely accounted for by

mechanisms other than an inhibitory effect on ER-h
activation and ER-regulated gene expression.
References

[1] American Cancer Society. Cancer facts and figures 2006. Atlanta (Ga)7

American Cancer Society; 2006.

[2] Clark LC, Combs Jr GF, Turnbull BW, et al. Effects of selenium

supplementation for cancer prevention in patients with carcinoma of

the skin. A randomized controlled trial. Nutritional Prevention of

Cancer Study Group. J Am Med Assoc 1996;276:1957–63.

[3] Duffield-Lillico AJ, Dalkin BL, Reid ME, et al. Selenium supple-

mentation, baseline plasma selenium status and incidence of prostate

cancer: an analysis of the complete treatment period of the Nutritional

Prevention of Cancer Trial. BJU Int 2003;91:608–12.



T.L. Parker et al. / Journal of Nutritional Biochemistry 18 (2007) 746–752 751
[4] Combs Jr GF. Status of selenium in prostate cancer prevention. Br J

Cancer 2004;91:195–9.

[5] Meuillet E, Stratton S, Prasad Cherukuri D, et al. Chemoprevention of

prostate cancer with selenium: an update on current clinical trials and

preclinical findings. J Cell Biochem 2004;91:443–58.

[6] Etminan M, FitzGerald JM, Gleave M, Chambers K. Intake of

selenium in the prevention of prostate cancer: a systematic review and

meta-analysis. Cancer Causes Control 2005;16:1125–31.

[7] Klein EA. Selenium: epidemiology and basic science. J Urol

2004;171:S50.

[8] Rayman MP. Selenium in cancer prevention: a review of the evidence

and mechanism of action. Proc Nutr Soc 2005;64:527–42.

[9] Chan JM, Gann PH, Giovannucci EL. Role of diet in prostate

cancer development and progression. J Clin Oncol 2005;23:

8152–60.

[10] Lippman SM, Goodman PJ, Klein EA, et al. Designing the Selenium

and Vitamin E Cancer Prevention Trial (SELECT). J Natl Cancer Inst

2005;97:94–102.

[11] Klein EA. Chemoprevention of prostate cancer. Crit Rev Oncol

Hematol 2005;54:1–10.

[12] Klein EA, Thompson IM. Update on chemoprevention of prostate

cancer. Curr Opin Urol 2004;14:143–9.

[13] McCarty MF. Targeting multiple signaling pathways as a strategy for

managing prostate cancer: multifocal signal modulation therapy.

Integr Cancer Ther 2004;3:349–80.

[14] Ganther HE. Selenium metabolism, selenoproteins and mechanisms of

cancer prevention: complexities with thioredoxin reductase. Carcino-

genesis 1999;20:1657–66.

[15] Ganther H. Selenium metabolism and mechanisms of cancer

prevention. Adv Exp Med Biol 2001;492:119–30.

[16] Gopalakrishna R, Gundimeda U, Chen ZH. Cancer-preventive

selenocompounds induce a specific redox modification of cysteine-

rich regions in Ca(2+)-dependent isoenzymes of protein kinase C.

Arch Biochem Biophys 1997;348:25–36.

[17] Baldwin M, Benz C. Redox control of zinc finger proteins. Methods

Enzymol 2002;353:54–69.

[18] Whittal RM, Benz CC, Scott G, Semyonov J, Burlingame AL,

Baldwin MA. Preferential oxidation of zinc finger 2 in estrogen

receptor DNA-binding domain prevents dimerization and, hence,

DNA binding. Biochemistry (Mosc) 2000;39:8406–17.

[19] Jacob C, Maret W, Vallee BL. Selenium redox biochemistry of zinc-

sulfur coordination sites in proteins and enzymes. Proc Natl Acad Sci

U S A 1999;96:1910–4.

[20] Witkiewicz-Kucharczyk A, Bal W. Damage of zinc fingers in DNA

repair proteins, a novel molecular mechanism in carcinogenesis.

Toxicol Lett 2006;162:29–42.

[21] Steiner MS, Raghow S, Neubauer BL. Selective estrogen receptor

modulators for the chemoprevention of prostate cancer. Urology

2001;57:68–72.

[22] Harkonen PL, Makela SI. Role of estrogens in development of

prostate cancer. J Steroid Biochem 2004;92:297–305.

[23] Ho S-M. Estrogens and anti-estrogens: key mediators of prostate

carcinogenesis and new therapeutic candidates. J Cell Biochem

2004;91:491–503.

[24] Risbridger GP, Bianco JJ, Ellem SJ, McPherson SJ. Oestrogens and

prostate cancer. Endocr Relat Cancer 2003;10:187–91.

[25] Ip C, Thompson HJ, Zhu Z, Ganther HE. In vitro and in vivo studies

of methylseleninic acid: evidence that a monomethylated selenium

metabolite is critical for cancer chemoprevention. Cancer Resf 2000;

60:2882–6.

[26] Lau KM, LaSpina M, Long J, Ho SM. Expression of estrogen receptor

(ER)-alpha and ER-beta in normal and malignant prostatic epithelial

cells: regulation by methylation and involvement in growth regulation.

Cancer Res 2000;60:3175–82.

[27] Linja MJ, Savinainen KJ, Tammela TLJ, Isola JJ, Visakorpi T.

Expression of ERalpha and ERbeta in prostate cancer. Prostate 2003;

55:180–6.
[28] Leist M, Raab B, Maurer S, Rosick U, Brigelius-Flohe R.

Conventional cell culture media do not adequately supply cells with

antioxidants and thus facilitate peroxide-induced genotoxicity. Free

Radic Biol Med 1996;21:297–306.

[29] Khosla S, Melton III LJ, Atkinson EJ, O’Fallon WM. Relationship

of serum sex steroid levels to longitudinal changes in bone density

in young versus elderly men. J Clin Endocrinol Metab 2001;86:

3555–61.

[30] Mikkola AK, Aro JL, Rannikko SA, Salo JO. Pretreatment plasma

testosterone and estradiol levels in patients with locally advanced or

metastasized prostatic cancer. FINNPROSTATE Group. Prostate

1999;39:175–81.

[31] van den Beld AW, de Jong FH, Grobbee DE, Pols HA, Lamberts

SW. Measures of bioavailable serum testosterone and estradiol and

their relationships with muscle strength, bone density, and body

composition in elderly men. J Clin Endocrinol Metab 2000;85:

3276–82.

[32] Berthois Y, Katzenellenbogen JA, Katzenellenbogen BS. Phenol red

in tissue culture media is a weak estrogen: implications concerning the

study of estrogen-responsive cells in culture. Proc Natl Acad Sci U S

A 1986;83:2496–500.

[33] Kloc K, Mlochowski J, Syper L. Oxidation of organic diselenides with

hydrogen peroxide to alkane- and areneseleninic acids and selenium-

containing heterocycles. Liebigs Ann Chem 1989;811–3.

[34] Zhong W, Oberley TD. Redox-mediated effects of selenium on

apoptosis and cell cycle in the LNCaP human prostate cancer cell line.

Cancer Res 2001;61:7071–8.

[35] Venkateswaran V, Klotz LH, Fleshner NE. Selenium modulation of

cell proliferation and cell cycle biomarkers in human prostate

carcinoma cell lines. Cancer Res 2002;62:2540–5.

[36] Dong Y, Ganther HE, Stewart C, Ip C. Identification of molecular

targets associated with selenium-induced growth inhibition in

human breast cells using cDNA microarrays. Cancer Res 2002;

62:708–14.

[37] Taylor AL, Nartey ET, Christensen MJ. High selenium reduces NF-

kB-regulated gene expression in human prostate cancer cells. FASEB

J 2003;17:A1371.

[38] Resnick EM, Schreihofer DA, Periasamy A, Shupnik MA. Truncated

estrogen receptor product-1 suppresses estrogen receptor transactiva-

tion by dimerization with estrogen receptors alpha and beta. J Biol

Chem 2000;275:7158–66.

[39] Garcia Pedrero JM, Del Rio B, Martinez-Campa C, Muramatsu M,

Lazo PS, Ramos S. Calmodulin is a selective modulator of estrogen

receptors. Mol Endocrinol 2002;16:947–60.

[40] Harkonen P, Torn S, Kurkela R, et al. Sex hormone metabolism in

prostate cancer cells during transition to an androgen-independent

state. J Clin Endocrinol Metab 2003;88:705–12.

[41] Karan D, Kelly DL, Rizzino A, Lin M-F, Batra SK. Expression profile

of differentially-regulated genes during progression of androgen-

independent growth in human prostate cancer cells. Carcinogenesis

2002;23:967–75.

[42] Lewis JS, Thomas TJ, Klinge CM, Gallo MA, Thomas T. Regulation

of cell cycle and cyclins by 16alpha-hydroxyestrone in MCF-7 breast

cancer cells. J Mol Endocrinol 2001;27:293–307.

[43] Klinge CM. Estrogen receptor interaction with estrogen response

elements. Nucleic Acids Res 2001;29:2905–19.

[44] Konno S, Cherry JP, Mordente JA, et al. Role of cathepsin D in

prostatic cancer cell growth and its regulation by brefeldin A. World J

Urol 2001;19:234–9.

[45] Jakowlew SB, Breathnach R, Jeltsch JM, Masiakowski P, Chambon P.

Sequence of the pS2 mRNA induced by estrogen in the human breast

cancer cell line MCF-7. Nucleic Acids Res 1984;12:2861–78.

[46] Colombel M, Dante R, Bouvier R, et al. Differential RNA expression

of the pS2 gene in the human benign and malignant prostatic tissue. J

Urol 1999;162:927–30.

[47] Christensen MJ, Burgener KW. Dietary selenium stabilizes glutathi-

one peroxidase mRNA in rat liver. J Nutr 1992;122:1620–6.



T.L. Parker et al. / Journal of Nutritional Biochemistry 18 (2007) 746–752752
[48] Christensen MJ, Nelson BL, Wray CD. Regulation of glutathione S-

transferase gene expression and activity by dietary selenium. Biochem

Biophys Res Commun 1994;202:271–7.

[49] Patrone G, Puppo F, Cusano R, et al. Nuclear run-on assay using

biotin labeling, magnetic bead capture and analysis by fluorescence-

based RT-PCR. BioTechniques 2000;29:1012–7.

[50] Wycherly BJ, Moak MA, Christensen MJ. High dietary intake of

sodium selenite induces oxidative DNA damage in rat liver. Nutr

Cancer 2004;48:78–83.

[51] Ramsey F, Schafer D. The statistical sleuth: a course in methods of

data analysis. Belmont (Calif)7 Duxbury Press; 2002. p. 95–7.

[52] Burk RF, Hill KE, Motley AK. Plasma selenium in specific and non-

specific forms. Biofactors 2001;14:107–14.

[53] Burk RF, Norsworthy BK, Hill KE, Motley AK, Byrne DW. Effects of

chemical form of selenium on plasma biomarkers in a high-dose

human supplementation trial. Cancer Epidemiol Biomark 2006;15:

804–10.

[54] Ip C. Lessons from basic research in selenium and cancer prevention.

J Nutr 1998;128:1845–54.

[55] Jiang C, Jiang W, Ip C, Ganther H, Lu J. Selenium-induced inhibition

of angiogenesis in mammary cancer at chemopreventive levels of

intake. Mol Carcinog 1999;26:213–25.

[56] Jiang C, Wang Z, Ganther H, Lu JX. Caspases as key executors of

methyl selenium-induced apoptosis (Anoikis) of DU-145 prostate

cancer cells. Cancer Res 2001;61:3062–70.

[57] Zu K, Ip C. Synergy between selenium and vitamin E in apoptosis

induction is associated with activation of distinctive initiator caspases

in human prostate cancer cells. Cancer Res 2003;63:6988–95.

[58] Wang Z, Jiang C, Lu J. Induction of caspase-mediated apoptosis and

cell-cycle G1 arrest by selenium metabolite methylselenol. Mol

Carcinog 2002;34:113–20.

[59] Kim YS, Milner J. Molecular targets for selenium in cancer

prevention. Nutr Cancer 2001;40:50–4.
[60] Panel on Dietary Antioxidants and Related Compounds, Standing

Committee on the Scientific Evaluation of Dietary Reference Intakes,

Food and Nutrition Board, Institute of Medicine. Selenium. Dietary

reference intakes for vitamin C, vitamin E, selenium, and carotenoids.

Washington, DC7 National Academy Press; 2000. p. 529.

[61] Husbeck B, Bhattacharyya R, Feldman D, Knox S. Inhibition of

androgen receptor signaling by selenite and methylseleninic acid in

prostate cancer cells: two distinct mechanisms of action. Mol Cancer

Ther 2006;5:2078–85.

[62] Lee SO, Yeon Chun J, Nadiminty N, et al. Monomethylated selenium

inhibits growth of LNCaP human prostate cancer xenograft accom-

panied by a decrease in the expression of androgen receptor and

prostate-specific antigen (PSA). Prostate 2006;66:1070–5.

[63] Wu Y, Zhang H, Dong Y, Park Y, Ip C. Endoplasmic reticulum stress

mediators are targets of selenium action. Cancer Res 2005;65:9073–9.

[64] Hu H, Jiang C, Li G, Lu J. PKB/AKT and ERK regulation of caspase-

mediated apoptosis by methylseleninic acid in LNCaP prostate cancer

cells. Carcinogenesis 2005;26:1374–81.

[65] Hu H, Jiang C, Ip C, Rustum YM, Lu J. Methylseleninic acid

potentiates apoptosis induced by chemotherapeutic drugs in androgen-

independent prostate cancer cells. Clin Cancer Res 2005;11:2379–88.

[66] Yamaguchi K, Uzzo R, Pimkina J, et al. Methylseleninic acid

sensitizes prostate cancer cells to TRAIL-mediated apoptosis.

Oncogene 2005;24:5868–77.

[67] Feldman BJ, Feldman D. The development of androgen-independent

prostate cancer. Nat Rev Cancer 2001;1:34–45.

[68] Sathya G, Yi P, Bhagat S, Bambara RA, Hilf R, Muyan M. Structural

regions of ERalpha critical for synergistic transcriptional responses

contain co-factor interacting surfaces. Mol Cell Endocrinol 2002;

192:171–85.

[69] Nilsson S, Koehler KF. Oestrogen receptors and selective oestrogen

receptor modulators: molecular and cellular pharmacology. Basic Clin

Pharmacol Toxicol 2005;96:15–25.


	Estrogen receptor activation and estrogen-regulated gene expression are unaffected by methylseleninic acid in LNCaP prostate cancer cells
	Introduction
	Materials and methods
	Cell culture
	Electrophoretic mobility shift assay
	Selection of ER-regulated genes
	Nuclear run-on transcription assay
	Steady-state mRNA quantitation
	Statistical analysis

	Results
	Discussion
	References


