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Summary

Numerous studies have shown that selenium provides beneficial effects as a cancer chemoprevention agent. Al-
though long-term intervention trials failed to confirm selenium protection against breast cancer in humans because
of insufficient cases, the evidence of effective selenium chemoprevention in animal mammary tumor models or
human breast cancer cells is substantial and convincing. The present study demonstrates that the selenium com-
pound methylseleninic acid (MSA) inhibits estrogen receptor a (ERa) signaling in ER-positive MCF-7 breast cancer
cells as evidenced by decreased estradiol-dependent cell growth and gene expression. MSA diminishes estradiol
induction of endogenous ER-regulated pS2 and c-myc genes as well as the expression of an ER-regulated reporter
gene. A major mode of MSA action on ER signaling is through a downregulation of ERa gene expression that
precedes a decrease in ERa protein level. This study provides a mechanism driven rationale for using selenium as a
chemopreventive agent for women at high risk for developing breast cancer or as a therapeutic strategy for
ER-positive breast cancer.

Introduction

Breast cancer is the most common female neoplasia in
the western world with one in eight women developing
breast cancer in the United States [1]. Estrogens pro-
mote the growth of breast cancer and a strong correla-
tion exists between prolonged estrogen exposure and
breast cancer risk [2]. The major mechanism of estrogen
action in breast tissues is through binding to a specific
nuclear estrogen receptor (ER) [3,4]. Two isoforms of
ER have been identified. The role of the major isoform,
ERa, in breast cancer has been clearly defined although
the role of the recently discovered ERb remains unclear
[5–7]. ER is a ligand-activated transcription factor that
upon estrogen stimulation binds to promoter regions of
ER-regulated genes to modulate the expression of genes
important for estrogen-regulated cell proliferation [4].

The micronutrient selenium has beneficial effects in
inhibiting cancer growth. In a clinical trial Clark et al.
demonstrated the protective effects of selenium against
prostate, lung and colon cancer [8,9]. In addition, sele-
nium inhibits mammary tumorigenesis [10] and breast-
derived cell growth [11]. A recent study demonstrated
that selenium interferes with androgen receptor (AR)
signaling to decrease prostate cancer cell growth [12].
Since the ER belongs to the same superfamily of ligand-
activated nuclear receptors as does the AR, it was of
interest to determine whether selenium compounds
could impact on ER signaling in breast cancer cells.

The present study used methylseleninic acid (MSA),
developed specifically for testing selenium effects in in
vitro cell line experiments [13]. MSA is a monomethy-
lated selenium compound that bypasses the need for
metabolic enzymes required to convert other selenium
species to the active metabolite, methylselenol. This al-
lows MSA, as opposed to other selenium species to act
rapidly in cell lines. Selenomethionine, currently used in
the SELECT clinical trail of prostate cancer, cannot be
used in cell culture studies because most epithelial cell
lines lack enzymes needed for metabolism to the active
methylselenol [14]. Our results in the estrogen-depen-
dent MCF-7 breast cancer cell line demonstrate that
MSA inhibits ERa-dependent gene transcription by
decreasing ERa mRNA levels and resulting protein
levels. Attenuation of ER signaling in breast cancer cells
is likely a major mechanism contributing to the growth
inhibitory effect of MSA.

Material and methods

MTT assay

MCF-7 cells were plated in 24 well plates (20,000 cells/
well) and cultured in phenol red-free DMEM (Gibco,
Grand Island, NY) containing 10% fetal bovine serum
(FBS). Cells were incubated with 1, 5, or 10 lM of MSA
at 24 h after plating. An aliquot of 125 ll of MTT
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reagent (5 mg/ml of 2,5-diphenyl tetrazolium bromide in
PBS) was pipetted into each well after 24, 48, or 72 h of
exposure to MSA. The media with the MTT reagent was
removed after 15–30 min and 300 ll of DMSO (Fisher
Biotech, Fairlawn, NJ) was added to each well. The
plates were read at a wavelength of 570 nm.

BrdU labeling assay

Cells were seeded in T75 culture flasks at a density de-
signed to reach 70–80% confluency at the time of assay.
At 48 h after seeding, cells were exposed to 10 lM MSA
for 16 or 24 h. During the last 30 min of MSA treat-
ment, cells were labeled with 10 lM of bromodeoxy-
uridine (10 ll of 1 mM BrdU was added to each
millilitre of culture media). BrdU-labeled cells were
trypsinized, fixed, treated with DNase I, and stained
with fluorescein isothiocyanate (FITC)-conjugated anti-
BrdU antibody using the BrdU Flow Kit from BD
Pharmigen (San Diego, CA). Stained cells were then
quantified by flow cytometry, and the data were ana-
lyzed with the WinList software (Variety Software
House, Topsham, ME).

Detection of apoptosis

Cells were seeded in triplicate in a 96-well microtiter
plate at a density designed to reach �104 cells per well at
the time of assay. At 48 h after seeding, cells were ex-
posed to either 5 or 10 lM MSA for 24 h. Detached
cells were pulled with attached cells by centrifugation.
Cytoplasmic histone-associated DNA fragments were
quantified using the Cell Death Detection ELISAPLUS

Kit (Roche Applied Science, Indianapolis, IN) as per
manufacturer’s protocol. The absorbance measured at
405 nm (with reference wavelength 492 nm) was nor-
malized by the protein concentration of the samples.

Quantitation of propidium-iodide-stained cells by flow
cytometry

MCF-7 cells were seeded in T75 culture flasks at a
density designed to reach 70–80% confluency at the time
of assay. At 48 h after seeding, cells were exposed to
either 5 or 10 lM MSA for 6, 16 or 24 h. Adherent cells
harvested by mild trypsinization were pooled together
with detached cells (if any). Cells were incubated with
1 lg/ml of propidium iodide (PI) for 5 min on ice. PI-
stained cells were subsequently quantified by flow
cytometry, and the data were analyzed with the WinList
software (Variety Software House, Topsham, ME).

Luciferase assay

MCF-7 and HeLa cells were plated in 6-well plates
(2 · 105 cell/well) and cultured in phenol red-free
DMEM containing 2% FBS that had been charcoal
stripped to remove endogenous steroids. At 24 h after

plating, the MCF-7 cells were transfected with 500 ng of
EREe1b-luciferase reporter, and the HeLa cells were
cotransfected with 50 ng of ERa and 500 ng EREe1b-
luciferase reporter using Fugene transfection reagent
(Roche, Madison, WI). At 24 h posttransfection, the
cells were incubated with either vehicle, estradiol
(10)8 M) (Sigma, St. Louis, MO), MSA (1, 5 or 10 lM),
or a combination of estradiol and MSA for 24 h.
Luciferase expression was measured and normalized as
previously described [15].

Western blot analysis

MCF-7 and HeLa cells were plated in 100 mm dishes
(3 · 106 cell/plate), and cultured in 2% charcoal-
stripped FBS in DMEM. MCF-7 cells were maintained
in the stripped media for 3 days until 90% confluency.
HeLa cells were transfected at 24 h post plating with the
expression vector for hERa (0.5 lg /plate) or the empty
vector (0.5 lg/plate) and maintained in 2% stripped FBS
in DMEM for an additional 48 h. Both MCF-7 and
HeLa cells were incubated with either vehicle, estradiol,
MSA or a combination of estradiol and MSA at varying
concentrations and times as indicated in the figure leg-
ends. The cells were lysed and prepared for Western
blotting as previously described [15]. The membranes
were incubated with an antibody against ERa (Nova-
castra, Newcastle on Tyne, UK), and normalized to
b-actin (SantaCruz Biotechnology INC, SantaCruz, CA).

Real-Time RT-PCR

The culture and/or transfection conditions for MCF-7
and HeLa cells were identical to that described above
for Western blot analysis. Total mRNA was extracted
from the cell pellet, reverse transcribed and gene
expression was measured by real-time RT-PCR as de-
scribed previously [15].

C-myc:
FWD-5¢-CGTCTCCACACATCAGCACAA-3¢
REV-5¢-TGTTGGCAGCAGGATAGTCCTT-3¢
Probe-5¢-56FAM/ACGCAGCGCCTCCCTCCACTC/

3BHQ-1/-3¢
pS2:
FWD-5¢-CGTGAAAGACAGAATTGTGGTTTT-3¢
REV-5¢-CGTCGAAACAGCAGCCCTTA-3¢
Probe-5¢-/56FAM/TGTCACGCCCTCCCAGTGTGCA/

3BHQ-1/-3¢
ERa
FWD-5¢-AGACGGACCAAAGCCACTTG-3¢
REV-5¢-CCCCGTGATGTAATACTTTTGCA-3¢
Probe-5¢-/56FAM/TGCGGGCTCTACTTCATCGC

ATTCC/3BHQ-1/-3¢
ERb
FWD-5¢-CCCAGTGCGCCCTTCAC-3¢
REV-5¢-CAACTCCTTGTCGGCCAACT-3¢
Probe-5¢-/56FAM/AGGCCTCCATGATGTCCCTGA/

3BHQ-1/-3¢
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Cofilin
FWD-5¢-TGTGCCGGCTGGTTCCT-3¢
REV-5¢-CTTACTGGTCCTGCTTCCATGAG-3¢
Probe-5¢-/56FAM/CTTTTCCCCTGGTCACGGCT/

3BHQ-1/-3¢
CRABPII
FWD-5¢-TTCTCTGGCAACTGGAAAATCA-3¢
REV-5¢-CATTCACCCCCAGCACTTTG-3¢
Probe-5¢-/56FAM/CCGATCGGAAAACTTCGAG

GAATTGC/3BHQ-1/-3¢
Smooth muscle actin
FWD-5¢-TCCTCCCTTGAGAAGAGTTACGA-3¢
REV-5¢-GGCAGCGGAAACGTTCATT-3¢
Probe-5¢-/56FAM/TGCCTGATGGGCAAGTGAT

CA/3BHQ-1/-3¢

Data analysis

Results are expressed as mean ± SD. P-values were
calculated using Anova Dunnett’s T-Test and Indepen-
dent t-test. p < 0.05 was considered significant.

Results

MSA inhibits MCF-7 cell growth via inhibition of
proliferation and induction of apopotosis

MCF-7 is an ER positive breast cancer cell line that
is sensitive to estradiol-induced cell growth and ER-
regulated gene expression. MCF-7 cells were incubated
with MSA and cell growth was measured by the MTT
assay. MSA at 5 or 10 lM inhibited cell growth by
approximately 50% at 24, 48, and 72 h (Figure 1(a)). To
assess the contribution of apoptosis and anti-proliferation
to MSA growth inhibition in MCF-7 cells, BrdU incor-
poration and DNA fragmentation were assessed. MSA
(10 lM) decreasedBrdU incorporation by 50% and 70%
at 16 and 24 h, respectively (Figure 1(b)). In the same
time course, MSA increased apoptosis at 24 h by 8- and
15-fold at 5 and 10 lMMSA, respectively (Figure 1(c)).
MSA had no effect on cell toxicity up to 24 h as assessed
by trypan blue staining and only very modest effects at
24 h as assessed by propidium iodine (PI) staining
(Figure 1 (d) and (e)).

MSA inhibits estradiol-dependent induction of estrogen
response element (ERE)-luciferase reporter gene
(ERE2e1b-luciferase) and endogenous
ERa-regulated genes

To assess whether MSA could alter ER signaling, MCF-7
cells were transfected with the ERE2e1b-luciferase
reporter gene and incubated with estradiol or MSA
alone, or co-incubated with estradiol and MSA. MSA
alone decreased basal luciferase expression and inhib-
ited estradiol-dependent stimulation of the ERE2e1b-
luciferase reporter presence of 5 and 10 lM MSA
(Figure 2(a)). Since MSA inhibited estradiol-dependent

induction of the ERE2e1b-luciferase reporter, it was of
interest to determine whether MSA could inhibit two
well-characterized estrogen-regulated genes, c-myc, and
pS2. Real-time RT-PCR was used to measure c-myc and
pS2 expression after incubation with estradiol alone or
in combination with MSA for 6 h. As expected, estradiol
induced pS2 and c-myc expression and this induction was
inhibited in the presence of 1, 2.5, 5, or 10 lM MSA in a
dose-dependent manner (Figure 2(b) and (c)). Additional
time course experiments revealed that estradiol induction
of pS2 and c-myc occurred at 2 h and 1 h, respectively
(Figure 2(d) and (e)). A period of 4 h co-incubation with
MSA was required to block the response to estradiol
induction (Figure 2(d) and (e)).

MSA specifically inhibits estradiol-dependent signaling

In order to rule out the nonspecific effects of MSA on
general transcription, MCF-7 cells were transfected with
constitutively active RSV-luciferase reporter and incu-
bated with 1, 5, or 10 lM MSA. No effect on the RSV-
luciferase reporter was observed at any MSA concen-
tration (Figure 3(a)). In addition to assess the specificity
of MSA towards ER signaling, MSA effects on several
genes that are expressed in MCF-7 cells but unrelated to
estrogen signaling were examined. Cellular retinoic acid
binding protein II (CRABPII) is expressed in MCF-7
cells but is not modulated by estradiol [16]. Cofilin [17]
and smooth muscle actin [18] are expressed in breast
cancer cell lines but not regulated by estradiol (data not
shown). MSA had no effect on CRABPII, cofilin, or
smooth muscle actin mRNA expression (Figure 3(b)).
These data demonstrate a specificity of MSA towards
estradiol-dependent signaling.

MSA reduces ERa protein expression in MCF-7 cells

Since MSA inhibited ER signaling, we proceeded to
determine if MSA altered ERa protein levels. MCF-7
cells were incubated with estradiol, MSA, or estradiol +
MSA for 6 h, and ERa levels were assessed by Western
blot analysis. MSA alone at 5 or 10 lM reduced ERa
level significantly compared to vehicle-incubated sam-
ples. Estradiol treatment alone reduced ERa protein
level (Figure 4(a), lane 6), most likely due to ubiquitin-
mediated downregulation as reported previously [15].
MSA at 5 or 10 lM further reduced ERa levels when
co-incubated with estradiol (Figure 4(a), lanes 9 and
10). To measure time-dependent decreases of ER by
MSA, MCF-7 cells were incubated with 10 lM of MSA
for 2, 4, 6, or 12 h. A significant reduction in ERa
protein level was detected after 4 h of incubation with
MSA (Figure 4(b)); this time frame coincided with the
time it took MSA to inhibit estradiol-dependent induc-
tion of pS2 and c-myc (Figure 2(d) and (e)). The effect
of MSA on ERb protein level was also assessed. How-
ever, Western blotting of ERb in MCF-7 cells generated
very weak signals, so the result was inconclusive (data
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not shown). To determine whether ERa protein
downregulation was a major mechanism by which MSA
inhibits ER signaling, we constitutively expressed ERa
protein in the well-characterized, ER-negative HeLa cell
line by transfection with a constitutively expressed ERa
expression plasmid. HeLa cells are cervical carcinoma
cells in which reexpression of ERa results in robust
estradiol-dependent reporter activation. Incubation of
transfected cells with 10 lM MSA did not affect ERa

protein level (Figure 4(c) inset). Under these conditions
in which ERa protein levels remained constant, MSA
did not inhibit estradiol induction of the ERE2e1b-
luciferase reporter (Figure 3(c)), nor endogenous pS2
(Figure 4(d)) or c-myc (Figure 4(e)). These results sug-
gest that a major mechanism contributing to MSA
inhibition of estrogen signaling is through reduction in
ERa protein. One caveat to this finding is that HeLa is a
cervical carcinoma and not a breast cancer cell line.
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Figure 1. MSA inhibits MCF-7 cell growth through altering proliferation and apoptosis. (a) Cell growth analysis by MTT assay of MCF-7 cells

incubated with vehicle (Veh) or 1, 5, and 10 lM of MSA for 24, 48, and 72 h. Each bar represents the mean value ± SD. Vehicle treated samples

were set at 100%. *p < 0.05 compared to vehicle. (b) MCF-7 cell proliferation was measured by BrdU incorporation. MCF-7 cells were

incubated with 10 lM MSA for 16 and 24 h. BrdU incorporation was measured as described in Material and methods, each bar represents the

mean value ± SD. *p < 0.05 compared to vehicle (Veh) incubated samples. (c) MCF-7 cells were incubated with 5 and 10 lM MSA for 24 h.

Following incubation with MSA DNA fragmentation was assessed as described in Material and methods, each bar represents the mean

value ± SD. *p < 0.05 compared to vehicle (Veh) incubated samples. (d) MCF-7 cells were incubated with 5 and 10 lM MSA for 6, 16, and

24 h. Cell toxicity was measured by PI staining (top panel) and by trypan blue staining (bottom panel) as described in Material and methods, each

bar represents the mean value ± SD. *p < 0.05 compared to vehicle (Veh) incubated samples.
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Figure 2. MSA inhibits estradiol-dependent activation of an EREe1b-luciferase reporter, pS2, and c-myc gene expression. (a) MCF-7 cells were

transfected with ERE2e1b-luciferase reporter (0.5 lg/well). Twenty-four hours posttransfection cells were incubated with vehicle (Veh), 10)8 M

estradiol (E2) or 1, 5, or 10 lM MSA alone or co-incubated with 10)8 M estradiol and 1, 5, or 10 lM MSA. Standard luciferase assays were

performed on cell extracts in triplicate as described in the Materials and methods. Each bar represents the mean value ± SD. *p < 0.05

compared to vehicle incubated samples �p < 0.05 compared to estradiol (E2) incubated samples. Dose response of MSA on (b) pS2 or (c) c-myc

gene expression. MCF-7 cells (2 · 106 cells/plate) were incubated with vehicle (Veh), 10)8 M estradiol (E2) or 1, 2.5, 5, or 10 lM MSA alone or

co-incubated with 10)8 M estradiol and 1, 2.5, 5, or 10 lM MSA for 6 h. Time titration of MSA on (d) pS2 or (e) c-myc gene expression. MCF-7

cells (2 · 106 cells/plate) were incubated with vehicle (Veh), 10)8 M estradiol (E2) or 10 lM MSA alone or co-incubated with 10)8 M estradiol

(E2) and 10 lM MSA. Expression of (b and d) pS2 and, (c and e) c-myc genes was measured by real time RT-PCR as described in the Materials

and methods. Expression was normalized to GAPDH and each bar represents the mean value ± SD. *p < 0.05 compared to vehicle incubated

samples �p < 0.05 compared to estradiol (E2) incubated samples.
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Although similar experiments were attempted in two
ER-negative breast cancer cell lines (MDA-MB-231,
MDA-MB-468) transfected with ERa, results were
inconclusive since neither cell line displayed estradiol
activation of cotransfected ERE2e1b-luciferase (data not
shown).

MSA reduces ERa mRNA

To determine whether the effect of MSA on ERa was at
the transcriptional level, ERa mRNA in MCF-7 cells
was measured by real time RT-PCR following incuba-
tion of cells with estradiol, MSA, or estradiol + MSA.
MSA at 5 or 10 lM inhibited ERa gene expression
(Figure 5(a)) but had no effect on ERb gene expression
(Figure 5(b)). Time course studies revealed that ERa
mRNA was inhibited by 10 lM MSA within 2 h (Fig-
ure 5(c)), thereby preceding the decrease in protein level
that was not detected until after 4 h, (see Figure 5(b)),
suggesting that the mechanism by which MSA reduces
ERa protein level is through decreased ERa mRNA
transcription.

Discussion

ER is a major therapeutic target for hormone-
dependent, ER-positive breast cancers. Antiestrogen

therapies designed to compete with estrogen for bind-
ing to ER have proven effective in reducing estrogen-
dependent tumor growth. In addition to targeting ER
function, strategies designed to lower ER protein level are
also useful in the management of hormone-dependent,
ER-positive tumors. The present study is the first to
describe the disruption of ER signaling in breast cancer
cells by a selenium compound. We found that MSA
blocked estradiol-dependent activation of a reporter
gene (ERE2e1b-luciferase) as well as the transcription
of endogenous ER-regulated genes. A major underlying
mechanism by which MSA interferes with ER signaling
was through a decrease in ERa gene transcription and the
subsequent reduction of ERa protein.

Several mechanisms may contribute to the growth
inhibitory effects of MSA including antioxidant prop-
erties and alteration of redox reactions that may sub-
sequently induce apoptosis [14,19]. Several independent
studies have demonstrated MSA-induced growth inhi-
bition in in vitro cell lines via induction of apoptosis. In
hyperplastic mammary epithelium cells TM12 and
TM2H [13] and in premalignant human breast cells
MCF10AT1 and MCF10AT3B [20], MSA inhibited cell
proliferation and induced apoptosis. MSA also dem-
onstrated similar effects in human lung cancer cell lines
[21] and human prostate carcinoma cell lines [22, 23].
Moreover, MSA effects on cell growth were not medi-
ated by selenium related toxicity [13] as is detected with
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Figure 2. Continued.
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inorganic selenium compounds such as sodium selenite
and sodium selenide [24]. In addition, based on our
characterization of MSA action in MCF-7 cells, the
growth inhibitory effects of MSA occur through both
apoptosis and antiproliferation mechanisms
(Figure 1(b) and (c)). Comprehensive analysis of these
mechanisms in a variety or hormone-dependent and
hormone-independent breast cancer cell lines is cur-
rently being assessed. What is demonstrated here for the
first time in estrogen-dependent breast cancer cells is a
novel component of the overall antiproliferative effect of
MSA; the inhibition of ER signaling. Estrogens are
important mitogenic signals for the growth of breast
cancers, and have been shown to induce G1/S transition
in breast cancer cells [25] by control of several key cell-
cycle regulators (for ref see [26]). In addition to inducing
cellular proliferation, estrogens increase cell survival by
upregulating the antiapoptotic factor bcl-2 [27] and
downregulating several proapoptotic factors [28]. The
overall growth inhibitory effects of MSA in estrogen

dependent breast cancer cells are likely attributed to
MSA disruption of ER signaling and non ER antipro-
liferative and apoptotic effects of MSA in hormone
dependent breast cancer. Indeed, MSA also inhibited
growth of an ERa-negative breast cancer cell line
(MDA-MB-231, data not shown). Future work is being
performed to assess the relative contribution of loss of
ER-signaling to the overall growth inhibitory effect of
MSA in ERa positive breast cancer cells.

Low concentrations of MSA (1 or 2.5 lM) had no
significant effect on ERa protein levels although both
concentrations were capable of inhibiting estradiol-
dependent reporter gene activation (Figure 2(a)) and
endogenous pS2 and c-myc genes (Figure 2(b) and (c)).
This apparent discrepancy may be attributed to MSA
effects on other proteins important for ERa action.
Dong et al. [20] demonstrated that MSA regulates
expression of several proteins shown to be key media-
tors of ER signaling. For example, MSA decreased
expression of cyclin D1, a known coregulator for ER
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action [29]. In addition, MSA decreased the expression
of AKT2, a kinase known to phosphorylate ERa
resulting in increased transcriptional activity [30] and
stabilization of ERa binding to the pS2 and c-myc
promoters (Shah and Rowan, Molecular Endocrinol-
ogy, in press).

Although both ERa (present study) and AR [12]
gene expression and protein levels were reduced by
MSA, ERb mRNA expression was unaltered. The lack
of unanimity suggests a specificity of MSA for some, but

not all, nuclear receptors. Future studies will examine
the promoter regions of ERa and AR genes to assess
whether homologous transcription factor binding sites
are present, and to delineate the promoter regions
required for MSA downregulation of ERa and AR
transcription.

Although our study demonstrates a strong MSA
inhibition of estrogen signaling and cell growth inMCF-7
breast cancer cells in vitro, selenium compounds appear to
have negligible effects on proliferation of normal rodent

0

500000

1000000

1500000

2000000

2500000

U
L

R

+ERα -ERα

ConE2

10
µM

M
SA E2+

10
µM

M
SA

V
he E2

C
on M
SA

ERα

β-actin

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5 pS2

0

0.5

1

1.5

2

2.5

3 C-myc

E2

10
µM

M
SAV

he

E2+
10

µM
M

SA

ecnereffi
D  dlo

F
ecnereffi

D  dlo
F

*

*

*

‡

*

E2

10
µM

M
SAV

he

E2+
10

µM
M

SA

(c)

(d)

(e)

*

Figure 4. Continued.

Selenium inhibits ER-a signaling in MCF-7 cells 247



mammary gland [31–33]. This discrepancy may be due to
differences in ERa expression in the normal versus
malignant mammary gland. A very small percentage of
epithelial cells in the normal, adult mammary gland are
proliferating and these proliferating cells express very
little or no ERa. In contrast, proliferating, epithelial
breast cancer cells are ERa positive [34] and these cells are

strong candidates for growth inhibition by antiestrogens
[35–37]. If disruption of ER signaling is one of the major
mechanisms for selenium-mediated growth inhibition,
then the normal mammary epithelium may only be mod-
estly affected due to absence of ERa in the proliferating
epithelial cells. These possibilities remain under intense
investigation by our laboratories.
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Lastly, the present study presents the possibility
that selenium compounds may not only be useful as a
chemopreventative, but may also be efficacious as a
therapy for existing tumors. Several studies have shown
growth inhibition of established tumors by selenium
compounds in in vivo models [33,38–41]. However these
studies used inorganic selenium compounds that are
genotoxic and no longer used for selenium chemopre-
vention and/or chemotherapy studies. In addition, Yan
et al. demonstrated that supplementation with dietary
selenium and magnesium had no effect on HTB123
human mammary cancer cells inoculated in athymic
nude mice [42]. To our knowledge no study has
examined the effects of MSA on established tumors in
an in vivo model. However, Cao et al. have shown a
synergistic interaction of organic selenium compounds
with the anticancer drug irinotecan [43]. Mice bearing
squamous cell carcinoma of the head/neck and colon
carcinoma xenografts were given selenium in form of
5-methylselenocysteine and seleno-L-methionine orally
7 days prior to intravenous injection of irinotecan.
Combination treatment of irinotecan + selenium de-
creased the toxicity of the chemotherapeutic agent and
increased the cure rate of the tumor bearing mice
inoculated with cancer cells sensitive and resistant to
irinotecan [43]. Although it is unknown whether sele-
nium monotherapy would be efficacious against MCF-7
xenografts, these tumors are tamoxifen sensitive [44]
suggesting the possibility of combination therapy of
tamoxifen with selenium compounds to improve effi-
cacy.

Tamoxifen is currently the major antiestrogen used
for breast cancer therapy, even though tamoxifen
resistance and tamoxifen uterotropic effects represent
significant drawbacks of this modality. ER signaling
remains functional in the majority of breast cancers
that exhibit tamoxifen resistance [45]. This suggests
that any strategy designed to disrupt ER signaling or
remove ERa protein in tamoxifen-resistant cells may
provide some measure of efficacy. For example the
antiestrogen fulvestrant results in ERa protein degra-
dation and apoptotic cell death. Fulvestrant is rec-
ommended for postmenopausal women who exhibit
breast cancer progression following tamoxifen therapy
(for a review see ref. [46]). We are currently assessing
whether MSA may be useful in a similar manner as
Fulvestrant since MSA potentiates the growth inhibi-
tory effects of tamoxifen in tamoxifen sensitive breast
cancer cells and resensitize tamoxifen resistant breast
cancer and endometrial cancer cells in vitro (submitted
for publication).

An important goal in the endocrine management of
hormone dependent breast cancer is to increase the
proportion of cells undergoing apoptotic cell death
relative to cell cycle arrest. Increasing the proportion
of cells undergoing apoptosis would prevent cells from
reentering the cell cycle once tamoxifen resistant
mechanisms are acquired resulting in disease recur-
rence. MSA induces significant apoptosis in MCF-7

cells. Preclinical therapeutic regimens combining
tamoxifen with selenium are being explored for effi-
cacy in preventing or delaying tamoxifen resistance
and/or reversing tamoxifen resistance.
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