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Abstract
Introduction: The two isoforms of estrogen receptor (ER) alpha and beta play opposite roles in regulating
proliferation and differentiation of breast cancers, with ER-alpha mediating mitogenic effects and ER-beta acting
as a tumor suppressor. Emerging data have reported that androgen receptor (AR) activation inhibits ER-positive
breast cancer progression mainly by antagonizing ER-alpha signaling. However, to date no studies have specifically
evaluated a potential involvement of ER-beta in the inhibitory effects of androgens.
Methods: ER-beta expression was examined in human breast cancer cell lines using real-time PCR, Western blotting
and small interfering RNA (siRNA) assays. Mutagenesis studies, electromobility shift assay (EMSA) and chromatin
immunoprecipitation (ChIP) analysis were performed to assess the effects of mibolerone/AR on ER-beta promoter
activity and binding.
Results: In this study, we demonstrate that mibolerone, a synthetic androgen ligand, up-regulates ER-beta mRNA
and protein levels in ER-positive breast cancer cells. Transient transfection experiments, using a vector containing
the human ER-beta promoter region, show that mibolerone increases basal ER-beta promoter activity. Site-directed
mutagenesis and deletion analysis reveal that an androgen response element (ARE), TGTTCT motif located at
positions −383 and −377, is critical for mibolerone-induced ER-beta up-regulation in breast cancer cells. This
occurs through an increased recruitment of AR to the ARE site within the ER-beta promoter region, along with
an enhanced occupancy of RNA polymerase II. Finally, silencing of ER-beta gene expression by RNA interference is
able to partially reverse the effects of mibolerone on cell proliferation, p21 and cyclin D1 expression.
Conclusions: Collectively, these data provide evidence for a novel mechanism by which activated AR, through an
up-regulation of ER-beta gene expression, inhibits breast cancer cell growth.

Introduction
Sex steroid hormones are critical for the development and
progression of endocrine-dependent diseases, including
breast cancers. Estrogen and androgen hormone signals
are transduced via the action of specific members of a
superfamily of nuclear steroid receptors that, functioning
as ligand-activated transcription factors, are able to interact with a host of different coregulators to regulate gene
transcription.
The roles of estrogen receptor (ER) alpha and beta
in breast cancer pathogenesis are becoming increasingly
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elucidated by several clinical and in vitro studies. ER
alpha mediates cancer-promoting effects of estrogen and
has been shown to be an effective therapeutic target for
decades [1]. In contrast, ER beta has a well known growth
and invasion inhibitory activity in ERα-positive breast cancer cells, at least in part due to ER beta’s inhibition of ER
alpha selective target gene expression, and can be considered as an endogenous partial dominant negative receptor
[2,3]. Indeed, the progression of breast cancer is associated
with a change in the expression ratio of the isoforms of
ER, with ER alpha the predominant isoform expressed [4].
Moreover, compared with tumors expressing ER alpha
alone, the co-expression of ER beta has been correlated
with a more favorable prognosis [5] and decreased
biological aggressiveness [6-9].
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Androgen actions and androgen receptors (ARs) have
been described in human breast cancers both in vivo
and in vitro, but considerably less is known on their
impact on this disease. Emerging evidence indicates that
the androgen signaling pathway mainly exerts inhibitory
effects on the growth of normal mammary epithelial
cells and plays a protective role in the pathogenesis of
breast cancer [10-13]. In particular, AR is present in
approximately 70% to 90% of invasive breast carcinomas,
a percentage equal to or higher than that of ER (70% to
80%) and its expression shows significant association
with favorable clinicopathological characteristics, such as
lower tumor grade, smaller tumor size, better outcomes
and improved response to hormone therapy in ERpositive breast cancers [14-18]. In vitro studies have
demonstrated that androgen signaling may counteract
the proliferative effect of estrogens in AR-positive breast
cancer cells [19], while over-expression of the AR markedly decreases ER alpha transcriptional activity in ERpositive breast cancer cells [20,21]. In these latter
models, basal as well as estradiol-induced proliferation
are inhibited by the non-aromatizable androgen 5a-dihydrotestosterone (DHT) [21-23], through an increase in AR protein cell content [21], along with a
block in G1 to S transition of the cell cycle [21,22].
AR-induced apoptosis has also been reported in
these cell lines [24]. Recently, we have shown a direct
down-regulation of the cyclin D1 gene expression by
AR activation via interaction with the orphan nuclear
receptor DAX1, as an additional mechanism involved
in the androgen-dependent inhibition of ER-positive
breast cancer cell growth [25].
Given the ability of AR to function as an anti-proliferative effecter by antagonizing ERα signaling [26],
the aim of this study was to investigate whether ER
beta may also be a target of androgen actions. Here,
we demonstrate that mibolerone, a synthetic nonmetabolizable androgen, up-regulates ER beta expression and gene promoter activity, through a direct
binding of AR to a newly identified androgen response
element (ARE) located in the human ER beta gene
promoter.

Methods
Chemicals and reagents

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture
F-12 Ham, DMEM, 100 bp DNA ladder, l-glutamine,
penicillin, streptomycin, bovine serum albumin and
phosphate-buffered saline were purchased from Invitrogen
(Carlsbad, CA, USA), and Sephadex G50 spin columns
and poly (dI-dC) from Roche (Indianapolis, IN, USA).
GoTaq DNA polymerase, T4 polynucleotide kinase, dual
luciferase kit, FuGENE 6 and CMV renilla luciferase
plasmid were provided by Promega (Madison, WI, USA).
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The RETROscript kit and DNase I were purchased from
Ambion (Austin, TX, USA). Aprotinin, leupeptin, phenylmethylsulfonyl fluoride, sodium orthovanadate, formaldehyde, NP-40, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), dimethyl sulfoxide, proteinase K, tRNA, IGF-1, DHT, bicatulamide(Cx) were from
Sigma (Milan, Italy). Antibodies against cyclin D1, p21,
GAPDH, and polymerase II (N20) were provided by Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Antibody antiER beta (clone 64–4, rabbit monoclonal immunoglobulin G (IgG), 1:1000 dilution) was purchased from
Millipore. The ECL System, 3H thymidine and [γ32P]
ATP were purchased from PerkinElmer (Wellesley,
MA, USA), salmon sperm DNA/protein A agarose was
from UBI (Chicago, IL, USA), and triazol, SYBR Green
Universal PCR Master Mix was from Biosystems (Forster
City, CA, USA).
Cell cultures

The three human breast cancer cell lines MCF-7, ZR-75
and MDA-MD 231 were acquired in 2010 from American
Type Culture Collection (ATCC, Manassas, VA, USA)
where they were authenticated, stored according to the
supplier’s instructions, and used within a month after frozen aliquots were resuscitated. MCF-7 cells were cultured
in DMEM-F12 containing 5% fetal bovine serum (FBS),
1% l-glutamine and 1 mg/ml penicillin–streptomycin.
ZR-75 cells were maintained in DMEM supplemented
with 10% FBS, 1% l-glutamine and 1 mg/ml penicillin–streptomycin. MDA-MB- 231 cells were cultured in
DMEM containing 5% FBS, 1% l-glutamine and 1 mg/ml
penicillin–streptomycin.
Every four months cells were authenticated by single tandem repeat analysis at our Sequencing Core; morphology,
doubling times, estrogen sensitivity, and mycoplasma negativity were tested (MycoAlert™, Lonza, Walkersville, MD, USA).
Plasmids

The plasmids containing the human ER beta promoter 0 N region or its deletions (A: p − 1568/+315;
B: p − 1283/+315, D: p − 355/+315) were a gift from
Prof. Karin Dahlman-Wright (Department of Biosciences and Nutrition, Karolinska Institute, Sweden). C
plasmid (p-400/+315) and mutated on ARE site C
plasmid (M ARE mut) were generated by PCR using
the following primers: forward 5′- ATATACGCGTAA
TCAGACATCTGTTCTGAATGACACTTATGTGAG −3′
and reverse 5′- ATATCTCGAGCGAAGGGGCGCTT
ACC −3′; forward 5′- ATATACGCGTAATCAGACA
TCTACCCTGAATGACACTTATGTG-3′. The amplified
DNA fragments were digested with Mlu I and Xho I and
ligated into pGL3-basic vector. The sequences were confirmed by nucleotide sequence analysis.
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Cells were treated as indicated before lysis. Equal amounts
of cell extracts were subjected to SDS-PAGE, as described
previously [27,28]. Blots are representative of at least three
independent experiments.

mRNA sequence 5′-CACUUCUGCGCUGUCUGCAGC
GAUU −3′ (Life Science, Hercules, California, USA) or
with a stealth RNAi-negative control (Life Science) to a
final concentration of 100 nM using Lipofectamine 2000
as recommended by the manufacturer [35,36].

Real-time RT-PCR

Chromatin immunoprecipitation assays

The gene expression of ER beta, cyclin D1, p21 and GAPDH
was evaluated by real-time RT-PCR. Total RNA was reverse
transcribed with RETROscript kit. Diluted (1:3) cDNA (5 μl)
was analyzed in triplicate by real-time PCR in an iCycler iQ
Detection System (Bio-Rad, Hercules, California, USA)
using SYBR Green Universal PCR Master Mix, following
the manufacturer’s recommendations. Each sample was
normalized on its GAPDH mRNA content. Primers used
for the amplification were: forward 5′-CCCTGCTGTG
ATGAATTACAG −3′ and reverse 5′- TCGGTTCCCACT
AACCTTCC-3′ (ER beta); forward 5–GCATGACAGA
TTTCTACCACTCC-3′ and reverse 5′-AAGATGTAGA
GCGGGCCTTT-3′ (p21); forward 5′-CTGGAGGTCTG
CGAGGAA-3′ and reverse 5′-GGGGATGGTCTCCTT
CATCT-3′ (CYCD1); forward 5′-CCCACTCCTCCACCTT
TGAC-3′ and reverse 5′-TGTTGCTGTAGCCAAATTC
GTT-3′ (GAPDH). The relative gene expression levels were
calculated as described [29].

Cells were treated with vehicle or mibolerone 10 nM
and after 16 hours the DNA/protein complexes were
extracted as previously described [37]. The precleared
chromatin was immunoprecipitated with anti-AR and
anti-poymerase II antibodies. A normal mouse serum
IgG was used as negative control. For each sample and
input DNA, 5 μl were used for PCR amplification with
the following primers flanking ARE sequence present in
the ER beta promoter region: 5′- GGTTTCACCACT
GGCTCCTT-3′ (forward) and 5′-ACTGATACAGCCA
GTCTGGG-3′ (reverse). Final results were calculated
using the ΔΔ Ct method, using input Ct values instead
of the GAPDH mRNA. The basal sample was used as
calibrator.

Western blot analysis

Transient transfection assays

MCF-7 cells were transiently transfected using the
FuGENE 6 reagent with ER beta gene promoter, different deleted segments, and M ARE mut and treated as
indicated. Empty vectors were used to ensure that DNA
concentrations were constant in each transfection. Luciferase activities were assayed using the Dual Luciferase
assay system (Promega) [30,31].
Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from MCF-7 cells
treated with vehicle or mibolerone 10 nM for 16 hours
as previously described [32,33]. The DNA sequences
used as probe or as cold competitor are the following
(mutations are shown as lowercase letters): 5′- AGAAT
CAGACATCTGTTCTGA ATGACA −3′, 5′ T GTCAT
TCAGAACAGATGTCTGATTCT-3′ (ARE); 5′- AGA A
TCAGACATCTaccCTGAATGACA-3′, 5′- TGTCATT
CAGggtAGATGTCTGATTCT −3 (mutated ARE). Probe
generation and the protein-binding reactions were carried
out as described [34]. For experiments involving antibodies, the reaction mixture was incubated with AR or
IgG antibodies at 4°C for 12 hours before addition of
labeled probe.
RNA interference (RNAi)

MCF-7 cells were transfected with RNA duplex of stealth
RNA interference (RNAi)-targeted for human ER beta

Cell proliferation assays

Cell proliferation was determined by using the MTT
assay as previously described [38] Data are representative of three independent experiments, each performed
in triplicate. For [3H]thymidine incorporation, a total of
1 × 105 cells was seeded onto 12-well plates in complete
medium and then treated as indicated. Control (−) cells
were treated with the same amount of vehicle alone
(dimethylsulfoxide (DMSO)) that never exceeded a concentration of 0.01% (v/v). [3H]Thymidine incorporation
was evaluated after a 24-hour incubation period with
1 μCi of [3H]thymidine per well. Cells were washed once
with 10% trichloroacetic acid, twice with 5% trichloroacetic acid, and lysed in 1 ml of 0.1 M NaOH at 37°C
for 30 minutes. The total suspension was added to 10 ml
of Optifluor fluid and was counted in a scintillation
counter.
Statistical analysis

Data were analyzed for statistical significance using a twotailed Student’s t-test, performed by Graph Pad Prism 4.
Standard deviations (S.D.) are shown.

Results
Mibolerone increases ER beta expression in breast cancer
cells

We have previously demonstrated that the non-aromatizable androgen DHT decreased cell proliferation in a dosedependent manner in ER-positive MCF-7 breast cancer
cells [21,26]. In this study, to minimize the metabolic conversion of androgen to estrogenic compounds by cultured
cells, we used the synthetic non-metabolizable androgen
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mibolerone to test its effects on cell proliferation by measuring changes in the rate of DNA synthesis (3H thymidine
incorporation). We found similar inhibitory effects on the
proliferation of ER-positive MCF-7 and ZR 75 breast
cancer cells after two, four and six days of mibolerone
treatment (Figure 1A). Given the known tumor repressive
role of ER beta in breast cancer cell lines, we wondered
whether AR also functions as an anti-proliferative effector
in ER-positive breast cancer by affecting ER beta expression. First, MCF-7 and ZR75 breast cancer cells were
treated with mibolerone for 24 and 48 hours and ER beta
mRNA and protein levels were evaluated by real time
RT-PCR and western blotting analysis. As shown in
Figure 1B and C, mibolerone treatment increased ER
beta expression at all times investigated in both MCF-7
and ZR75 cells.
Clear evidence of the crucial role of AR in mediating
these effects has been pointed out by the fact that the
AR inhibitor hydroxyflutamide (OH-Fl) completely reversed the up-regulation of ER beta mRNA and protein
content induced by mibolerone (Figure 2A and B). It
is important to underline that using another androgen

To analyze if mibolerone might positively modulate ER
beta gene transcription, MCF-7 and ZR75 breast cancer
cell lines were transiently transfected with a luciferase
reporter plasmid containing the human ER beta promoter
region spanning from −1568 bp to +315 bp. As shown in
Figure 3A, a significant increase in ER beta promoter
activity was observed in cells treated with mibolerone,
while this induction was abrogated in the presence of the
AR inhibitor OH-Fl (Figure 3A). The human ER beta
promoter contains multiple consensus sites for several
transcription factors, including an AP-1 box, OCT-1,
GATA, and ARE [39]. To identify the regions within the
ER beta promoter responsible for mibolerone-mediated
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Figure 1 Mibolerone up-regulates ER beta expression in breast cancer cells. (A) 3H Thymidine incorporation assays in MCF-7 and ZR-75 cells
treated with vehicle (−) or mibolerone (Mib) 10 nM for two, four and six days. Columns, mean of three independent experiments, each performed
with triplicate samples expressed as percent of control. (B) Total RNA was isolated from MCF-7 and ZR75 cells treated with vehicle (−) or Mib
10 nM for 24 and 48 hours, and reverse transcribed. cDNA was subjected to real time PCR using specific primers for ER beta and GAPDH. Each
sample was normalized to its GAPDH mRNA content. Data represent the mean ± S.D. of values from three separate RNA samples expressed as a
percentage of control assumed to be 100%. (C) Bottom panel, Western blot analysis of ER beta expression in total protein extracts from MCF-7
and ZR75 cells, treated with vehicle (−) or Mib 10 nM for 24 and 48 hours. GAPDH was used as loading control. Upper panel, the histograms
represent the mean ± S.D. of three independent experiments in which band intensities were evaluated in terms of optical density arbitrary units
and expressed as the percentage of the control assumed to be 100%. *, P <0.05 compared to vehicle-treated cells. ER, estrogen receptor.
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Figure 2 Hydroxyflutamide (OH-Fl) reverses mibolerone’s effects on ER beta expression. (A) Real-Time RT-PCR for analyzing ER beta mRNA
levels in cells treated as indicated. Each sample was normalized to GAPDH RNA content. Data represent the mean ± S.D. of values from three
separate RNA samples expressed as the percentage of control assumed to be 100%. (B) Bottom panel, Western blot analysis of ER beta expression
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density arbitrary units and expressed as the percentage of the control assumed to be 100%. *, P <0.01 compared to vehicle treated-cells. **, P <0.01
compared to Mib treated cells. ER, estrogen receptor.

stimulatory effects, we transiently transfected both MCF-7
and ZR-75 cell lines with plasmids containing a series of
5′deleted segments of the human ER beta promoter.
Schematic representation of these constructs is shown in
Figure 3B. In transfection experiments performed using
p-1568/+315 (A), p1256−/+315 (B) and p-400/+315
(C) plasmids, the responsiveness to mibolerone was
still maintained (Figure 3B), suggesting that the region
between −400 to +315 might be involved in the transactivation mechanisms exerted by mibolerone. Thus, we
focused our attention on the latter construct, p-400/+315
(C), and we identified, upstream to the initiation transcription site, one ARE site, which is the putative effector of
AR signaling. We observed that in MCF-7 cells transiently
transfected with the ER beta promoter plasmid bearing
the ARE-mutated site or with a deleted construct of ER
beta promoter without the ARE site (p-355/+315, D),
mibolerone was no longer able to induce ER beta promoter activity (Figure 3C). Similar results were obtained
in ZR75 breast cancer cells (data not shown). Taken together, our findings demonstrated that the up-regulatory

effects exerted by mibolerone on ERβ promoter gene
expression require an ARE sequence motif.
The AR protein is recruited at an ARE site to ER beta
promoter region

The specific role of the ARE motif in mediating the
stimulatory role of mibolerone on ER beta gene expression
was then investigated using EMSAs and chromatin immunoprecipitation (ChIP) assays. Using synthetic radiolabeled oligonucleotides bearing the ARE site present in the
ER beta promoter region (Figure 4A, lane 1), we observed
the formation of a protein complex in nuclear extracts
from MCF-7 cells, which was abrogated by incubation
with 100-fold molar excess of unlabeled probe (Figure 4A,
lane 2), demonstrating the specificity of the DNA-binding
complex. This inhibition was no longer observed when a
mutated oligodeoxyribonucleotide probe was used as
a competitor (Figure 4A, lane 3). Interestingly, treatment with mibolerone strongly increased the DNAbinding protein complex compared with control samples
(Figure 4A, lane 4). The inclusion of the anti-AR antibody
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in the reaction supershifted the specific band, confirming
the presence of this protein in the complex (Figure 4A,
lanes 5). Non specific IgG did not affect AR complex
formation (Figure 4A, lane 6).
Moreover, to better evaluate the functional importance
of the ARE site at the ER beta promoter level, ChIP
assays were performed. Protein-chromatin complexes
were immunoprecipitated from MCF-7 cells treated with
mibolerone using specific antibodies against AR or RNA-

polymerase II (Figure 4B and C). Real-time PCR using
primers spanning the AR binding element in the ER
beta promoter region clearly showed an enhanced recruitment of AR upon treatment with mibolerone.
These results were concomitant with an increased association of RNA-polymerase II to the ER beta regulatory
region (Figure 4C), indicating that the chromatin in this
region is probably in a better permissive environment for
gene transcription.
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AR activation enhances ER beta expression in MDA-MB-231
breast cancer cells

ER beta knockdown reverses mibolerone’s effects on cell
proliferation

To extend the results obtained, we also evaluated the
effects of mibolerone on ER beta expression in the ER
alpha-negative, ER beta-positive MDA-MB-231 breast
cancer cell line. As previously shown for MCF-7 and
ZR-75 cells, treatment with mibolerone for 48 hours
enhanced ER beta mRNA and protein levels that were
completely reversed in the presence of the androgen
antagonist OH-Fl (Figure 5A and B). Again, treatment
with mibolerone significantly increased ER beta promoter activity and this induction was abrogated both
in cells treated with OH-Fl and in cells transfected with
the ER beta promoter plasmid bearing the ARE mutated
site (M ARE mut) (Figure 5C). Therefore, AR activation
resulted in an up-regulation of ER beta expression and
activity in different cellular backgrounds.

Since the anti-proliferative effects of ER beta have been
associated with a repression of cyclin D1 expression and
activation of growth-inhibitory genes, such as p21 (WAF1)
[40], and these genes are important in mediating AR inhibitory signaling [41], we aimed to examine whether ER
beta may be involved in modulation of the expression of
p21 and cyclin D1 induced by mibolerone.
To this aim, ER beta siRNA knockdown experiments
were performed in both MCF-7 and ZR-75 breast cancer
cells treated with mibolerone. As expected, mibolerone
treatment induced an increase of p21 expression along
with a reduction of cyclin D1 expression. Silencing of
ER beta gene expression (evaluated by Western blot,
Additional file 2: Figure S2) counteracted at least in part
the effects of mibolerone on p21 and cyclin D1 expression
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Figure 5 Mibolerone increases ER beta expression in MDA-MB-231 breast cancer cells. (A) Real-time PCR for ER beta mRNA expression in
cells treated with vehicle (−) or mibolerone (Mib) 10 nM in the presence or absence of OH-Fl for 48 hours. Each sample was normalized for its
GAPDH mRNA content. Data represent the mean ± S.D. of values from three separate RNA samples expressed as the percentage of the control
assumed to be 100%. (B) Bottom panel, Western blot analysis of ER beta in total protein extracts from cells treated with vehicle (−) or Mib 10 nM
in the presence or absence of OH-Fl for 48 hours. GAPDH was used as loading control. Upper panel, the histograms represent the mean ± S.D. of
three independent experiments in which band intensities were evaluated in terms of optical density arbitrary units and expressed as the percentage
of the control assumed to be 100%. (C) ER beta luciferase promoter activity in cells transfected and treated as indicated. The values represent the
means ± S.D. of three different experiments each performed in triplicate. *, P <0.05 compared to vehicle-treated cells. **, P <0.05 compared to
Mib-treated cells. ER, estrogen receptor.

at both the mRNA and protein levels. No changes were
observed after transfection of cells with a scrambled
siRNA control (Figure 6A and B). Accordingly, ER beta
gene silencing partially reversed the inhibition mediated by mibolerone on MCF-7 and ZR-75 cell growth
(Figure 6C and E), suggesting how the anti-proliferative
effects exerted by mibolerone may also be related to an
induction of ER beta levels.

Discussion
In this study, we show, for the first time, that androgens
increase ER beta gene expression in ERα-positive breast
cancer cells. This occurs through an enhanced recruitment of AR to the ARE site located at −383 to −377 bp

up-stream of the initiating transcription site within the
human ER beta promoter region (Figure 7).
The ER expression is a well established marker in
clinical practice, reflecting the biology of the tumor, the
prognosis and the prediction of responsiveness to endocrine therapy [42,43]. However, the clinical significance
of other endocrine-related pathways such as androgen
and AR signaling has been recently proposed in primary
breast cancer patients [44]. Indeed, several studies
have suggested that AR expression correlates with
favorable clinicopathological characteristics at diagnosis, including lower histologic grade, smaller tumor
size, negative nodal status and ER positivity, and
better outcomes among study populations as a whole
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Figure 6 ER beta silencing counteracts the effects of mibolerone on p21, cyclin D1 expression and cell proliferation. (A) RNA was
extracted from MCF-7 cells treated with vehicle (−) or Mib 10 nM for 48 hours in the presence of a non-specific or an ER beta siRNA, reverse
transcribed and cDNA was subjected to Real-Time RT-PCR for p21 and cyclin D1 mRNA expression. Each sample was normalized to GAPDH mRNA
content. Data represent the mean ± S.D. of values from three separate RNA samples expressed as the percentage of the control (−) assumed to
be 100%. (B) Western blot analysis for p21 and cyclin D1 expression in cells treated with vehicle (−) or Mib for 48 hours in the presence of a
non-specific or an ER beta siRNA. GAPDH was used as the loading control. The histograms represent the mean ± S.D. of three independent
experiments in which band intensities were evaluated in terms of optical density arbitrary units and expressed as the percentage of the control
assumed to be 100%. (C, D) MTT assays in MCF-7 and ZR-75 cells transfected and treated as indicated. Results are expressed as fold change ± S.D
and are representative of three different experiments each performed in triplicate. *, P <0.01 compared to vehicle-treated cells. **, P <0.01 ER beta
siRNA-transfected cells compared to Mib-treated cells. ER, estrogen receptor; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.

and the subgroups who received endocrine therapy
alone [45,46]. Despite the growing evidence highlighting the potential prognostic and/or predictive role of
AR in breast cancer, the mechanisms by which androgen signaling may affect tumor progression still
remain not well clarified.
Several in vitro studies suggest that androgens may exert
a divergent role in breast cancer cells [47]. For instance, it

has been demonstrated that AR cooperates with ERs at
the non-transcriptional level leading to Src activation and
stimulation of DNA synthesis [48-50]. Nevertheless, most
in vitro and in vivo studies indicate that activated AR
exerts an anti-estrogenic, growth-inhibitory influence in
ERα-positive luminal breast cancers, partly dependent on
its ability to antagonize ERα signaling through several
mechanisms [51,52].
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Figure 7 Proposed working model of the AR-mediated regulation of ER beta expression in breast cancer cell lines. In MCF-7 and ZR-75
cells, upon mibolerone treatment, AR is recruited on the ARE-containing region of ER beta promoter, leading to an increase in ER beta expression
and resulting in an inhibition of tumor growth progression. AR, androgen receptor; ARE, androgen response element; ER, estrogen receptor.

However, no specific studies have investigated the
potential crosstalk between AR and ER beta. Here, we
have demonstrated that treatment with the synthetic
non-metabolizable androgen mibolerone induced an increase of ER beta expression both in terms of mRNA
levels and protein content in MCF-7 and ZR-75 breast
cancer cells. These effects are completely reversed by
the AR inhibitor OH-flutamide, confirming the role of
AR in the up-regulation of ER beta mediated by mibolerone. We also reproduced similar results in ER alpha
negative, ER beta positive breast cancer cells MDA-MB231 suggesting that the action of androgens on ER
beta expression may represent a general mechanism not
related to cell specificity.
In humans, different isoforms of the ER beta mRNA
which diverge in their 5′-untranslated regions were
identified [53]. They were generated by alternative splicing of two upstream exons, exon 0 K and exon 0 N, to
exon 1, indicating that transcription of the human ER
beta gene occurs from at least two different promoters.
The ER beta gene promoter 0 N has been cloned and
characterized [39]. Sequence analysis of the 5′-flanking
region of ER beta promoter 0 N has shown the presence
of several consensus transcriptional factor binding sites
and cis regulatory elements [39], including an AP-1 box,
OCT-1, GATA, and ARE. AREs are defined as chromosomal regions to which the AR is recruited in order to
modulate gene expression in an androgen-dependent
manner [54] Although the sequence 5′-AGAACAnnn
TGTTGT-3′ has been described as the canonical ARE
presenting an inverted repeat [55], different studies

revealed that AREs can significantly differ from this
‘classical’ sequence [56]. For instance, AREs can be arranged as direct repeats and differences in the sequence
and arrangement of AR-binding sites have been described
which seem to mediate variable affinity and specificity of
AR [57,58]. Indeed, ChIP-on-chip data revealed that the
AR binds to genomic regions that contain DNA elements
which might consist of simple 5′-TGTTCT-3′-like monomer binding sites [54,59,60]. Our functional experiments
using ER beta promoter-deleted or mutated constructs
have shown that the ARE sequence is an important prerequisite for the up-regulatory effects of mibolerone on
ER beta promoter activity. These results were well supported by electrophoretic mobility shift assays, which revealed a marked increase in a specific DNA-binding
complex in nuclear extracts from MCF-7 cells treated
with mibolerone. This complex was immune-supershifted
by an anti-AR antibody, indicating the presence of AR in
the complex. Furthermore, ChIP analysis clearly showed
an enhanced recruitment of AR to the ARE site within ER
beta gene promoter, that was concomitant with an increase in RNA polymerase II occupancy, supporting the
positive role for mibolerone in inducing ER beta gene
transcriptional machinery.
ER beta has been shown to inhibit human breast
cancer cell proliferation by repressing transcription of
the c-myc, cyclin D1 and cyclin A genes and increasing
the expression of the cyclin-dependent kinase inhibitors
p21Waf1/Cip1 and p27Kip1, leading to cell cycle arrest in
the G2 phase [5,40,61]. Moreover, p21 up-regulation
and cyclin D1 down-regulation have been identified as
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important events able to mediate AR signaling [25,41].
In accordance with these findings, we demonstrate that
silencing of ER beta gene expression reduced both
protein and mRNA expression of p21 induced by mibolerone, while it increased both protein and mRNA expression of cyclin D1 reduced by mibolerone. In addition, the
anti-proliferative effects exerted by androgens were partially reversed in the presence of ER beta siRNA knockdown in both MCF-7 and ZR-75 breast cancer cells,
suggesting how the growth inhibitory effects exerted
by mibolerone may also be related to an induction of
ER beta levels.

Conclusions
We suggest that induction of ER beta expression by mibolerone may play a critical regulatory role in ER-positive
cells, addressing prospectively that combined agents able
to potentiate ER beta and AR signalings may be useful to
inhibit breast cancer cell growth and progression.
Additional files
Additional file 1: Figure S1. Hydroxyflutamide (OH-Fl) and
Bicatulamide (Cx) reverse mibolerone’s or DHT's effects on cell
proliferation and ER beta expression in breast cancer cells. (A) MCF-7 and
ZR-75 cells were treated for six days with the indicated concentrations
of Mib, DHT, OH-Fl and Cx. MCF-7 and ZR-75 cell proliferation were
evaluated by [3H]thymidine incorporation analysis. Columns, mean of
three independent experiments each performed with triplicate samples
expressed as percent of control. (B) Bottom panel, Western Blot analysis
of ER beta expression in cells treated for 48 hours as indicated. GAPDH
was used as loading control. Upper panel, the histograms represent the
mean ± S.D. of three independent experiments in which band intensities
were evaluated in terms of optical density arbitrary units and expressed
as the percentage of the control assumed to be 100%. (C) Real-Time
RT-PCR for analyzing ER beta mRNA levels in cells treated as indicated.
Each sample was normalized to GAPDH RNA content. Data represent the
mean ± S.D. of values from three separate RNA samples expressed as
percentage of control assumed to be 100%. *, P <0.01 compared to
vehicle treated-cells.
Additional file 2: Figure S2. Knockdown of ER beta in MCF-7 cells.
Western blot analysis for ER beta in MCF-7 cells transfected with
non-specific siRNA (−) or targeted against human ER beta (100 nM)
for 48 hours. GAPDH was used as a loading control. LNCaP (+) was
used for positive control.
Abbreviations
AR: androgen receptor; ARE: androgen response element; bp: base pair;
ChIP: chromatin immunoprecipitation; DHT: 5-a-dihydrotestosterone;
EMSA: electrophoretic mobility shift assay; ER: estrogen receptor;
IgG: immunoglobulin G; OH-Fl: hydroxyflutamide; MTT: 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide; RT-PCR: reverse transcriptase-polymerase
chain reaction; siRNA: small interfering RNA.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
PR and IB are co-first authors of this work. PR and SA designed all the
experiments. DZ performed siRNA experiments, generated the deleted and
mutated constructs and tested them in functional assays. FG performed
western blotting and real-time RT-PCR. ML carried out ChIP assays. FDA
performed EMSA experiments. LM carried out cell proliferation assays. The

Page 11 of 13

paper was written by PR, IB and SA. DS and SC prepared figures and assisted
in editing the manuscript. KDW and JAG were involved in manuscript
revision. All authors were involved in drafting the manuscript or revising it
critically for important intellectual content. All authors read and approved
the final manuscript.
Acknowledgements
This work was supported by Progetti di Ricerca di Interesse Nazionale (PRIN),
Ministero Istruzione Universita` e Ricerca (MIUR) (grant number 20085Y7XT5);
and Associazione Italiana Ricerca sul Cancro (AIRC) (grant number 11595).
’Futuro in ricerca’ RBFR12FI27 to IB. Lilli Funaro Fondation to DZ.
Author details
1
Department of Pharmacy, Health and Nutritional Sciences, University of
Calabria, Via P. Bucci, Arcavacata di Rende (CS), Cosenza 87036, Italy.
2
Department of Biosciences at Novum, Karolinska Institutet, S-14157
Huddinge, Sweden. 3Department of Biology and Biochemistry, Center for
Nuclear Receptors and Cell Signaling, University of Houston Director,
Houston, Texas.
Received: 2 August 2013 Accepted: 10 February 2014
Published: 19 February 2014
References
1. Shanle EK, Xu W: Selectively targeting estrogen receptors for cancer
treatment. Adv Drug Deliv Rev 2010, 62:1265–1276.
2. Powell E, Shanle E, Brinkman A, Li J, Keles S, Wisinski KB, Huang W, Xu W:
Identification of estrogen receptor dimer selective ligands reveals
growth-inhibitory effects on cells that co-express ERα and ERβ. PLoS One
2012, 7:e 30993.
3. Sotoca AM, van den Berg H, Vervoort J, van der Saag P, Strom A,
Gustafsson JA, Rietjens I, Murk AJ: Influence of cellular ERalpha/ERbeta
ratio on the ERalpha-agonist induced proliferation of human T47D
breast cancer cells. Toxicol Sci 2008, 105:303–311.
4. Bardin A, Boulle N, Lazennec G, Vignon F, Pujol P: Loss of ERbeta
expression as a common step in estrogen-dependent tumor progression.
Endocr Relat Cancer 2004, 11:537–551.
5. Chang EC, Frasor J, Komm B, Katzenellenbogen BS: Impact of estrogen
receptor beta on gene networks regulated by estrogen receptor alpha
in breast cancer cells. Endocrinol 2006, 147:4831–4842.
6. Williams C, Edvardsson K, Lewandowski SA, Ström A, Gustafsson J: A
genome-wide study of the repressive effects of estrogen receptor beta
on estrogen receptor alpha signaling in breast cancer cells. Oncogene
2008, 27:1019–1032.
7. Lin CY, Ström A, Li Kong S, Kietz S, Thomsen JS, Tee JB, Vega VB, Miller LD,
Smeds J, Bergh J, Gustafsson JA, Liu ET: Inhibitory effects of estrogen
receptor beta on specific hormone-responsive gene expression and
association with disease outcome in primary breast cancer. Breast Cancer
Res 2007, 9:R25.
8. Warner M, Gustafsson JA: The role of estrogen receptor beta (ERbeta) in
malignant diseases–a new potential target for antiproliferative drugs in
prevention and treatment of cancer. Biochem Biophys Res Commun 2010,
396:63–66.
9. Zhao C, Matthews J, Tujague M, Wan J, Strom A, Toresson G, Lam EW,
Cheng G, Gustafsson JA, Dahlman-Wright K: Estrogen receptor beta2
negatively regulates the transactivation of estrogen receptor alpha in
human breast cancer cells. Cancer Res 2007, 67:3955–3962.
10. Castellano I, Allia E, Accortanzo V, Vandone AM, Chiusa L, Arisio R,
Durando A, Donadio M, Bussolati G, Coates AS, Viale G, Sapino A:
Androgen receptor expression is a significant prognostic factor in
estrogen receptor positive breast cancers. Breast Cancer Res Treat 2010,
124:607–617.
11. Somboonporn W, Davis SR: Testosterone effects on the breast:
implications for testosterone therapy for women. Endocr Rev 2004,
25:374–388.
12. Gonzalez LO, Corte MD, Vazquez J, Junquera S, Sanchez R, Alvarez AC,
Rodriguez JC, Lamelas ML, Vizoso FJ: Androgen receptor expression in
breast cancer: relationship with clinicopathological characteristics of the
tumors, prognosis, and expression of metalloproteases and their
inhibitors. BMC Cancer 2008, 8:149.

Rizza et al. Breast Cancer Research 2014, 16:R21
http://breast-cancer-research.com/content/16/1/R21

13. Loibl S, Muller BM, von Minckwitz G, Schwabe M, Roller M, Darb-Esfahani S,
Ataseven B, du Bois A, Fissler-Eckhoff A, Gerber B, Kulmer U, Alles JU, Mehta
K, Denkert C: Androgen receptor expression in primary breast cancer and
its predictive and prognostic value in patients treated with neoadjuvant
chemotherapy. Breast Cancer Res Treat 2011, 130:477–487.
14. Ogawa Y, Hai E, Matsumoto K, Ikeda K, Tokunaga S, Nagahara H, Sakurai K,
Inoue T, Nishiguchi Y: Androgen receptor expression in breast cancer:
relationship with clinicopathological factors and biomarkers. Int J Clin
Oncol 2008, 13:431–435.
15. Hu R, Dawood S, Holmes MD, Collins LC, Schnitt SJ, Cole K, Marotti JD,
Hankinson SE, Colditz GA, Tamimi RM: Androgen receptor expression
and breast cancer survival in postmenopausal women. Clin Cancer Res
1867–1874, 2011:17.
16. Lundin KB, Henningson M, Hietala M, Ingvar C, Rose C, Jernstrom H:
Androgen receptor genotypes predict response to endocrine treatment
in breast cancer patients. Br J Cancer 2011, 105:1676–1683.
17. Peters KM, Edwards SL, Nair SS, French JD, Bailey PJ, Salkield K, Stein S,
Wagner S, Francis GD, Clark SJ, Brown MA: Androgen receptor expression
predicts breast cancer survival: the role of genetic and epigenetic
events. BMC Cancer 2012, 12:132.
18. Yu Q, Niu Y, Liu N, Zhang JZ, Liu TJ, Zhang RJ, Wang SL, Ding XM, Xiao XQ:
Expression of androgen receptor in breast cancer and its significance as
a prognostic factor. Ann Oncol 2011, 22:1288–1294.
19. Park S, Park HS, Koo JS, Yang WI, Kim SI, Park BW: Higher expression of
androgen receptor is a significant predictor for better endocrineresponsiveness in estrogen receptor-positive breast cancers. Breast
Cancer Res Treat 2012, 133:311–320.
20. Lanzino M, De Amicis F, McPhaul MJ, Marsico S, Panno ML, Ando S:
Endogenous coactivator ARA70 interacts with estrogen receptor alpha
(ERalpha) and modulates the functional ERalpha/androgen receptor
interplay in MCF-7 cells. J Biol Chem 2005, 280:20421–20430.
21. Ando S, De Amicis F, Rago V, Carpino A, Maggiolini M, Panno ML, Lanzino
M: Breast cancer: from estrogen to androgen receptor. Mol Cell Endocrinol
2002, 193:121–128.
22. Greeve MA, Allan RK, Bentel JM, Harvey JM: Inhibition of MCF-7 breast
cancer cell proliferation by 5alpha-dihydrotestosterone; a role for p21
(Cip1/Waf1). J Mol Endocrinol 2004, 32:793–810.
23. Lanzino M, Garofalo C, Morelli C, Le Pera M, Casaburi I, McPhaul MJ,
Surmacz E, Ando S, Sisci D: Insulin receptor substrate 1 modulates the
transcriptional activity and the stability of androgen receptor in breast
cancer cells. Breast Cancer Res Treat 2009, 115:297–306.
24. Wang Y, He X, Yu Q, Eng C: Androgen receptor-induced tumor
suppressor, KLLN, inhibits breast cancer growth and transcriptionally
activates p53/p73-mediated apoptosis in breast carcinomas. Hum Mol
Genet 2013, 22:2263–2272.
25. Lanzino M, Sisci D, Morelli C, Garofalo C, Catalano S, Casaburi I, Capparelli C,
Giordano C, Giordano F, Maggiolini M, Andò S: Inhibition of cyclin D1
expression by androgen receptor in breast cancer cells–identification of
a novel androgen response element. Nucleic Acids Res 2010, 38:5351–5365.
26. Peters AA, Buchanan G, Ricciardelli C, Bianco-Miotto T, Centenera MM, Harris
JM, Jindal S, Segara D, Jia L, Moore NL, Henshall SM, Birrell SN, Coetzee GA,
Sutherland RL, Butler LM, Tylley WD: Androgen receptor inhibits estrogen
receptor-alpha activity and is prognostic in breast cancer. Cancer Res
2009, 69:6131–6140.
27. Catalano S, Barone I, Giordano C, Rizza P, Qi H, Gu G, Malivindi R, Bonofiglio
D, Andò S: Rapid estradiol/ER signaling enhances aromatase enzymatic
activity in breast cancer cells. Mol Endocrinol 2009, 23:1634–1645.
28. Barone I, Giordano C, Malivindi R, Lanzino M, Rizza P, Casaburi I, Bonofiglio
D, Catalano S, Andò S: Estrogens and PTP1B function in a novel pathway
to regulate aromatase enzymatic activity in breast cancer cells.
Endocrinology 2012, 153:5157–5166.
29. Catalano S, Rizza P, Gu G, Barone I, Giordano C, Marsico S, Casaburi I,
Middea E, Lanzino M, Pellegrino M, Andò S: Fas ligand expression in TM4
Sertoli cells is enhanced by estradiol “in situ” production. J Cell Physiol
2007, 211:448–456.
30. Sirianni R, Chimento A, De Luca A, Casaburi I, Rizza P, Onofrio A, Iacopetta
D, Puoci F, Andò S, Maggiolini M, Pezzi V: Oleuropein and hydroxytyrosol
inhibit MCF-7 breast cancer cell proliferation interfering with ERK1/2
activation. Mol Nutr Food Res 2010, 54:833–840.
31. Guido C, Panza S, Santoro M, Avena P, Panno ML, Perrotta I, Giordano F,
Casaburi I, Catalano S, De Amicis F, Sotgia F, Lisanti MP, Andò S, Aquila S:

Page 12 of 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.
44.
45.

46.
47.

48.

49.

50.

Estrogen receptor beta (ERβ) produces autophagy and necroptosis in
human seminoma cell line through the binding of the Sp1 on the
phosphatase and tensin homolog deleted from chromosome 10 (PTEN)
promoter gene. Cell Cycle 2012, 11:2911–2921.
Catalano S, Giordano C, Rizza P, Gu G, Barone I, Bonofiglio D, Giordano F,
Malivindi R, Gaccione D, Lanzino M, De Amicis F, Andò S: Evidence that
leptin through STAT and CREB signaling enhances cyclin D1 expression
and promotes human endometrial cancer proliferation. J Cell Physiol
2009, 218:490–500.
Sisci D, Middea E, Morelli C, Lanzino M, Aquila S, Rizza P, Catalano S,
Casaburi I, Maggiolini M, Andò S: 17β-estradiol enhances α5 integrin
subunit gene expression through ERα-Sp1 interaction and reduces cell
motility and invasion of ERα positive breast cancer cells. Breast Cancer Res
Treat 2010, 124:63–77.
Giordano C, Catalano S, Panza S, Vizza D, Barone I, Bonofiglio D, Gelsomino
L, Rizza P, Fuqua SA, Ando S: Farnesoid X receptor inhibits tamoxifenresistant MCF-7 breast cancer cell growth through downregulation of
HER2 expression. Oncogene 2011, 30:4129. 40.
Catalano S, Mauro L, Bonofiglio D, Pellegrino M, Qi H, Rizza P, Vizza D, Bossi
G, Ando S: In vivo and in vitro evidence that PPAR gamma ligands are
antagonists of leptin signaling in breast cancer. Am J Pathol 2011,
179:1030–1040.
Rovito D, Giordano C, Vizza D, Plastina P, Barone I, Casaburi I, Lanzino M, De
Amicis F, Sisci D, Mauro L, Aquila S, Catalano S, Bonofiglio D, Andò S:
Omega-3 PUFA ethanolamides DHEA and EPEA induce autophagy
through PPARγ activation in MCF-7 breast cancer cells. J Cell Physiol 2013,
228:1314–1322.
Panno ML, Mauro L, Marsico S, Bellizzi D, Rizza P, Morelli C, Salerno M,
Giordano F, Andò S: Evidence that mouse IRS-1 belongs to the family
gene which promoter is activated by ERα through its interaction with
Sp-1. J Mol Endocrinol 2006, 36:91–105.
Bartella V, Rizza P, Barone I, Zito D, Giordano F, Giordano C, Catalano S,
Mauro L, Sisci D, Panno ML, Fuqua SA, Ando S: Estrogen receptor beta
binds Sp1 and recruits a corepressor complex to the estrogen receptor
alpha gene promoter. Breast Cancer Res Treat 2012, 134:569–558.
Li LC, Yeh CC, Nojima D, Dahiya R: Cloning and characterization of human
estrogen receptor beta promoter. Biochem Biophys Res Communications
2000, 275:682–689.
Paruthiyil S, Parmar H, Kerekatte V, Cunha GR, Firestone GL, Leitman DC: Estrogen
receptor beta inhibits human breast cancer cell proliferation and tumor
formation by causing a G2 cell cycle arrest. Cancer Res 2004, 64:423–428.
Lu S, Liu M, Epner DE, Tsai SY, Tsai MJ: Androgen regulation of the
cyclin-dependent kinase inhibitor p21 gene through an androgen response
element in the proximal promoter. Mol Endocrinol 1999, 13:376–384.
Ma CX, Sanchez CG, Ellis MJ: Predicting endocrine therapy responsiveness
in breast cancer. Oncology 2009, 23:133–142.
Rastelli F, Crispino S: Factors predictive of response to hormone therapy
in breast cancer. Tumori 2008, 94:370–383.
Moe RE, Anderson BO: Androgens and androgen receptors: a clinically
neglected sector in breast cancer biology. J Surg Oncol 2007, 95:437–439.
Park S, Koo JS, Kim MS, Park HS, Lee JS, Lee JS, Kim SI, Park BW, Lee KS:
Androgen receptor expression is significantly associated with better
outcomes in estrogen receptor-positive breast cancers. Ann Oncol 2011,
22:1755–1762.
Garay JP, Park BH: Androgen receptor as a targeted therapy for breast
cancer. Am J Cancer Res 2012, 2:434–445.
Lin HY, Sun M, Lin C, Tang HY, London D, Shih A, Davis FB, Davis PJ:
Androgen-induced human breast cancer cell proliferation is mediated
by discrete mechanisms in estrogen receptor-alpha-positive and
-negative breast cancer cells. J Steroid Biochem Mol Biol 2009, 113:182–188.
Migliaccio A, Castoria G, Giovannelli P, Auricchio F: Cross talk between
epidermal growth factor (EGF) receptor and extra nuclear steroid
receptors in cell lines. Mol Cell Endocrinol 2010, 327:19–24.
Migliaccio A, Varricchio L, De Falco A, Castoria G, Arra C, Yamaguchi H,
Ciociola A, Lombardi M, Di Stasio R, Barbieri A, Baldi A, Barone MV, Appella
E, Auricchio F: Inhibition of the SH3 domain-mediated binding of Src to
the androgen receptor and its effect on tumor growth. Oncogene 2007,
26:6619–6629.
Migliaccio A, Auricchio F, Castoria G: Sex-steroid hormones and EGF
signalling in breast and prostate cancer cells: targeting the association
of Src with steroid receptors. Steroids 2008, 73:880–884.

Rizza et al. Breast Cancer Research 2014, 16:R21
http://breast-cancer-research.com/content/16/1/R21

Page 13 of 13

51. Hickey TE, Robinson JL, Carroll JS, Tilley WD: Minireview: the androgen
receptor in breast tissues: growth inhibitor, tumor suppressor,
oncogene? Mol Endocrinol 2012, 26:1252–1267.
52. Risbridger GP, Davis ID, Birrell SN, Tilley WD: Breast and prostate cancer:
more similar than different. Nat Rev Cancer 2010, 10:205–212.
53. Hirata S, Shoda T, Kato J, Hoshi K: The multiple untranslated first exons
system of the human estrogen receptor beta (ER beta) gene. J Steroid
Biochem Mol Biol 2001, 78:33–40.
54. Bolton EC, So AY, Chaivorapol C, Haqq CM, Li H, Yamamoto KR: Cell and
gene-specific regulation of primary target genes by the androgen
receptor. Genes Dev 2005–2017, 2007:21.
55. Roche PJ, Hoare SA, Parker MG: A consensus DNA-binding site for the
androgen receptor. Mol Endocrinol 1992, 6:2229–2235.
56. Nelson PS, Clegg N, Arnold H, Ferguson C, Bonham M, White J, Hood L,
Lin B: The program of androgen-responsive genes in neoplastic prostate
epithelium. Proc Natl Acad Sci U S A 2002, 99:11890–11895.
57. Claessens F, Verrijdt G, Schoenmakers E, Haelens A, Peeters B, Verhoeven G,
Rombauts W: Selective DNA binding by the androgen receptor as a
mechanism for hormone-specific gene regulation. J Steroid Biochem Mol
Biol 2001, 76:23–30.
58. Denayer S, Helsen C, Thorrez L, Haelens A, Claessens F: The rules of DNA
recognition by the androgen receptor. Mol Endocrinol 2010, 24:898–913.
59. Wang Q, Li W, Liu XS, Carroll JS, Janne OA, Keeton EK, Chinnaiyan AM,
Pienta KJ, Brown M: A hierarchical network of transcription factors
governs androgen receptor-dependent prostate cancer growth. Mol Cell
2007, 27:380–392.
60. Massie CE, Adryan B, Barbosa-Morais NL, Lynch AG, Tran MG, Neal DE, Mills
IG: New androgen receptor genomic targets show an interaction with
the ETS1 transcription factor. EMBO 2007, 8:871–878.
61. Frasor J, Chang EC, Komm B, Lin CY, Vega VB, Liu ET, Miller LD, Smeds J,
Bergh J, Katzenellenbogen BS: Gene expression preferentially regulated
by tamoxifen in breast cancer cells and correlations with clinical
outcome. Cancer Res 2006, 66:7334–7340.
doi:10.1186/bcr3619
Cite this article as: Rizza et al.: Estrogen receptor beta as a novel target of
androgen receptor action in breast cancer cell lines. Breast Cancer Research
2014 16:R21.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

