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Abstract
Purpose Androgen receptor (AR) is playing an important role in the progression of a subset of TNBC. We evaluated the 
impact of ERβ expression along with anti-AR drugs in AR-positive TNBC.
Methods ERβ expression was examined in AR-positive TNBC cell line using MTT assay, scratch and Annexin V-FITC 
assay in the presence or absence of anti-androgens. Protein levels of involved molecules were assessed using Western blot. 
Receptors’ localization was detected by immunofluorescence and their physical association was examined using proximity 
ligation assay (PLA), which enables the visualization of interacting proteins in fixed cells and tissues.
Results Transient transfection of ERβ in MDA-MB 453 AR-positive TNBC cell line significantly inhibited cell prolifera-
tion, metastatic potential and induced apoptosis. ERβ expression reversed the aggravating role of AR in both indirect and 
direct ways. Indirectly, ERβ decreased AR activation through the inhibition of PI3K/AKT signaling pathway. Directly, ERβ 
formed heterodimers with AR in MDA-MB 453 cells and in human tissue samples impeding AR from forming homodi-
mers. Enzalutamide is a more potent anti-androgen in AR + TNBC compared to bicalutamide. ERβ expression increased 
the sensitivity of MDA-MB 453 cells to anti-androgens and especially to enzalutamide. The administration of enzalutamide 
enhanced AR:ERβ heterodimers formation increasing the anti-tumor capacity of ERβ.
Conclusions Collectively, our results provide evidence for a novel mechanism by which ERβ exerts oncosuppressive effect 
in AR-positive TBNC through direct and indirect interactions with AR. Moreover, ERβ expression may identify a new subset 
of TNBC that would respond more favorable to anti-androgens.
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Introduction

Triple-negative breast cancer (TNBC) is a subset of breast 
cancer, which comprises approximately 15% of all breast 
cancers and is defined by lack of estrogen receptor-α (ER-
α), progesterone receptor (PR), and human epidermal 
growth factor receptor-2 (HER2) amplification. TNBC 
is associated with aggressive pathology, poor clinical 
prognosis, and diminished overall survival (Lebert et al. 
2018). Due to the lack of ER and PR receptors, patients 
with TNBC do not benefit from well-tolerated targeted 
therapies and cytotoxic chemotherapy remains the main 
active systemic therapy, with disappointing outcomes; 
TN patients are likely to develop recurrent disease within 
5 years of diagnosis following chemotherapy regimens 
(Anestis et al. 2015; Li et al. 2018).

Recent research on gene expression has revealed a sub-
set of TNBC where the expression of androgen receptor 
(AR) is increased and was proposed as luminal androgen 
receptor (LAR) subtype (Doane et al. 2006; Farmer et al. 
2005). In TNBC, AR is expressed significantly lower com-
pared to other breast cancer subtypes reaching approxi-
mately 10–35% (Safarpour et al. 2014). Numerous research 
studies have investigated the prognostic value of AR in 
TNBC with controversial results; some studies report 
improved survival, whereas others worse survival (Rahim 
and O’Regan 2017). The proliferative activity of andro-
gens in preclinical models led to the studying of the thera-
peutic potential of anti-androgens (Cochrane et al. 2014), 
bicalutamide and enzalutamide, for AR-positive advanced 
or metastatic TNBC (Gucalp et al. 2013; Traina et al. 
2018). Bicalutamide is a non-steroidal selective androgen 
antagonist which inhibits AR and has been approved for 
the treatment of advanced prostate cancer (Akaza et al. 
2009). Enzalutamide is a newer generation anti-androgen 
with higher affinity to AR than bicalutamide approved for 
the treatment of metastatic castration-resistant prostate 
cancer (Tran et al. 2009). Phase II clinical trials for both 
anti-androgens in metastatic TNBC have revealed promis-
ing results and demonstrated enzalutamide’s higher clini-
cal benefit rate (Gucalp et al. 2013; Traina et al. 2018). 
Based on these encouraging results, enzalutamide is cur-
rently being assessed in phase II clinical trial in early-stage 
AR-positive TNBC (NCT02750358).

AR promotes tumor progression in concert with a 
network of oncogenic signaling pathways (PI3K/AKT/
mTOR, cell cycle and MAPK pathways) and key pro-
teins. The PI3K/AKT/mTOR signaling pathway is known 
to be implicated in breast cancer development (Costa 
et al. 2018). In TNBC, PIK3CA mutations in AR-positive 
tumors occurred more frequently than in AR-negative 
TNBC (40% versus 4%, respectively) (Lehmann et  al. 

2011). Moreover, research data show interplay between 
AR and mTOR/p-AKT, both molecules of PI3K signaling 
pathway (Aleskandarany et al. 2011).

Although ERα is not expressed in TNBC, the second 
form of estrogen receptors, ERβ, has been detected in 
approximately 30% of TNBC patients (Wang et al. 2015). A 
recent meta-analysis in ERα-negative breast cancer patients 
correlated ERβ expression with increased disease-free sur-
vival (DFS) and overall survival (OS) (Joseph et al. 2013; 
Karamouzis et al. 2016; Kim et al. 2017; Lazennec 2006). 
In vitro, ERβ has been shown to inhibit human breast can-
cer cell proliferation by repressing the transcription of cell 
cycle genes (Reese et al. 2017). The fact that ERβ increases 
the expression of phosphatase and tensin homologue deleted 
on chromosome 10 (PTEN), the natural inhibitor of Akt, 
indicates a potential implication of ERβ in AR signaling 
(Lindberg et al. 2011; Karamouzis et al. 2016). Here, we 
have demonstrated that Erβ exerts oncosuppressive potential 
in AR + TNBC and we provide, for first time, mechanistic 
insights about its predictive role about the efficacy of anti-
androgens in this TNBC subset.

Materials and methods

Antibodies and reagents

The following antibodies were used for Western Blot (WB), 
immunohistochemistry (IHC), immunofluorescence (IF), 
proximity ligation assay (PLA, Duolink). For WB: andro-
gen receptor antibody (#3202), phospho-androgen receptor 
antibody(Ser 650) (#PA5-37479), ERβ antibody (H-150) 
(sc-8974), phospho-Akt (Ser 473) antibody (#9271), 
Akt antibody (#9272), phospho-mTOR (Ser 2448) anti-
body (#2971), mTOR antibody (#2972), PTEN antibody 
(#9552), anti-actin antibody, clone C4 MAB1501 (Millipore, 
MA), Histone deacetylase 1 (HDAC1) antibody (# 2062), 
α-tubulin antibody (#2144).For IHC and PLA: ERβ anti-
body (H-150) (sc-8974), anti-androgen receptor antibody 
(AR441) (ab9474). For IF: ERβ antibody (H-150) (sc-8974), 
androgen receptor antibody (#3202). The secondary anti-
bodies were employed: WB: goat anti-mouse IgG, HRP-
conjugate (12–349, Millipore), goat anti-rabbit IgG, HRP-
conjugate (12–348, Millipore).For IHC: IHC: Dako Real 
Envision Detection System, peroxidase/DAB1, rabbit/mouse 
(Dako). For IF: CF 543 Donkey Anti-Rabbit IgG (H + L), 
Highly Cross-Adsorbed (#20308, Biotinum). The following 
reagents were used in this study: bicalutamide (Sigma) dis-
solved in DMSO at 0.1 to 10 µM concentration, enzaluta-
mide (MDV3100 CAS 915087-33-1) dissolved in DMSO 
at 0.1–10 µΜ concentration, dihydrotestosterone (DHT) 
(Sigma) dissolved in DMSO at 0.1–100 nM concentration 
and 17-β-estradiol (Sigma) dissolved in absolute ethanol at 
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0.1–10µΜ. The DUOLINK In Situ Ligation Kit was pur-
chased from Olink (DUO92002-Duolink In Situ PLA Probe 
Anti-Rabbit PLUS, DUO92004—Duolink In  Situ PLA 
Probe Anti-Mouse MINUS, DUO92006—Duolink In Situ 
PLA Probe Anti-Goat MINUS, DUO92007—Duolink 
In Situ Detection Reagents Orange) (Olink Bioscience, Upp-
sala, Sweden). Nuclei were stained with DAPI (Invitrogen).

Cell culture and transfection

MDA-MB 453 cell line is used extensively in TNBC 
research. It has been classified as a luminal androgen recep-
tor (LAR) subtype of TNBC cell line with high levels of AR 
mRNA and protein and undetectable levels of Erβ expres-
sion and thus provides a valuable in vitro model for this 
study (Lehmann et al. 2011; Vladusic et al. 2000). MDA-MB 
453 cells were cultured in RPMI 1640 medium GlutaMAX 
(Gibco, Life Technologies) supplemented with 10% FBS 
(Gibco, Life Technologies) and 1% penicillin streptomy-
cin. Cell cultures were incubated at 37 °C in a humidified 
atmosphere containing 5%  CO2–95% air. MDA-MB 453 
cells were transiently transfected with pEGFP-C1-ER beta 
plasmid (#plasmid 28237, Addgene). Transient transfection 
was performed using Lipofectamin 2000 (Invitrogen, CA) 
according to the manufacturer’s instructions. ERβ was acti-
vated when cells were exposed to 17β-estradiol 10 nM for 
12 h. Then media was removed and cells were treated and 
harvested accordingly.

Tissue samples

The study included 55 archival TNBC tissue sample pro-
vided by the First Department of Pathology, “Laiko” Hos-
pital, University of Athens Medical School, the Second 
Oncology Clinic, Saint Savvas Anti-Cancer Hospital, Ath-
ens, Greece and the Hematology Oncology Unit, Fourth 
Department of Internal Medicine, Attikon University Hos-
pital. Pathologic staging and the histological grade designa-
tion of the tumors followed the principles laid down in the 
World Health Organization Classification. Follow-up was 
available for 40 patients. Paraffin-embedded TNBC tissues 
from those patients were selected and were further analyzed 
with immunohistochemistry to detect their positivity for AR 
and/or ERβ. All the patients have signed Informed Consent 
Form for the use of their biological material for research 
purposes.

Western blot analysis

Protein extraction was performed using ice-cold RIPA 
buffer (Thermo Scientific). Proteins were resolved by 
electrophoresis in SDS–polyacrylamide gels with several 
densities (8%, 10% and 12%) depending on the molecular 

weight of each protein. Then, they were transferred to a 
nitrocellulose membrane (Macherey–Nagel, Germany). 
The membrane was blocked for 2 h at room temperature 
in PBST with 5% nonfat milk and then incubated with 
special primary antibodies overnight at 4 °C (dilutions 
were 1:300 for antibody against ERβ, 1:1000 for antibod-
ies against AR, p-AKT, AKT, p-mTOR, mTOR, PTEN and 
1:2000 for antibodies against actin, a-tubulin and HDAC 
in PBST containing 1% nonfat milk). The detection of the 
immunoreactive bands was performed with the LumiSen-
sor Chemiluminescent HRP Substrate kit (GenScript). 
Relative protein amounts were evaluated by a densitom-
etry analysis using Image-J software and normalized to the 
corresponding actin or a-tubulin levels.

Cell proliferation assay

The cell proliferation of MDA-MB 453 rate was deter-
mined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl-tetrazolium bromide (MTT) assay. Cells were starved 
in phenol red-free RPMI supplemented with 5% charcoal-
stripped serum (CSS) for 24 h prior the treatments. Con-
trol cells were treated with the same amount of vehicle 
alone DMSO and did not exceed the concentration of 
0.01% v/v. 24, 48 and 72 h of incubation after treatment 
the medium was replaced with MTT diluted in serum-free, 
phenol red (PR)-free medium at a final concentration of 
1 mg/ml. Cells were incubated for about 3 h at 37 °C in a 
5% CO2 atmosphere and the MTT-formazan product was 
solubilized in isopropanol. The absorbance was measured 
at 570 nm with a background wavelength of 690 nm. Each 
condition was conducted in triplicate into 96-well plate.

Apoptosis assay

To assess the cell apoptosis an annexin V-florescein iso-
thiocyanate (FITC) apoptosis detection kit (Trevigen, 
Gaithersburg) was used according to the manufacturer’s 
instructions. Cells were seeded in six-well plate  (105 cells/
well) and were starved in phenol red-free RPMI supple-
mented with 5% charcoal-stripped serum (CSS) for 24 h 
prior the treatments. 72 h post-treatment cells were trypsi-
nized, washed once with PBS, and collected by centrifu-
gation. For FACS analysis, a total of 10,000 events were 
analyzed per sample in a FACSCalibur flow cytometer and 
analyzed with CellQuest software (Becton–Dickinson). A 
total of 10,000 events were measured per sample. Events 
in the Annexin V-positive/propidium iodide (PI)-negative 
quadrant were representative of apoptotic cells. Each sam-
ple was tested in duplicate.
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Migration assay

MDA-MB 453 cells were seeded in 12-well plate (10 × 105 
cells/well). 48 h after, the cell monolayer was scratched with 
a sterile 200-µl tip head marking point of zero migration. 
The debris was removed by washing with PBS and cells 
were starved for 24 h. Cells were then treated with anti-
androgens and/or DHT for 0, 24, 48, and 72 h. After the 
incubation, the migration distance for the same scratch area 
was visualized and photographed at 34 and 320 magnifica-
tions using computer-assisted microscopy. The pictures were 
analyzed by the TScratch software (Wimasis image analysis 
platform). Results were expressed as percent of cell-covered 
areas.

Immunohistochemistry

Immunohistochemistry was carried on FFPE sections from 
archival TNBC sections cut at 4-µm thickness lm using the 
two-step peroxidase-conjugated polymer technique (Dako 
Envision). Paraffin-embedded sections from prostate cancer 
and endocervical epithelium were used as positive control 
for AR and ERβ, respectively. Tissues were dried at 65 °C 
for 20 min, deparaffinized in xylene and then rehydrate in 
an ethanol series. After washing with distilled H2O (dH2O), 
tissue sections were treated in the microwave with sodium 
citrate pH 6.0 retrieval solutions for 25 min and then, with 
3% H2O2 (v/v) in dH2O for 30 min at room temperature to 
block endogenous peroxidase activity. Sections were incu-
bated with the primary antibodies overnight at 4 °C (dilu-
tions were 1: 100 for the antibody against AR and 1:50 for 
the antibody against the ERβ). Slides were incubated for 
30 min with the Dako Real Envision Detection System, Per-
oxidase/DAB+, Rabbit/Mouse (Dako, Glostruo, Denmark), 
and immunolabeling was visualized with diaminobenzidine 
for 3 min. Hematoxylin solution was used for counterstain-
ing (Sigma-Aldrich). Sections were dehydrated in ethanol 
buffers of 70, 80, 96, and 100% concentration and were 
mounted onto glass coverslips. PBS was used as the nega-
tive control instead of the primary antibody. Immunostaining 
was evaluated by the pathologist ST.

Proximity ligation assay (PLA) 
and immunofluorescence (IF)

PLA is used for visualization of endogenous protein–protein 
physical interaction by retaining the dependency of proxi-
mal binding of antibodies and providing a mean of signal 
amplification (Söderberg et al. 2006). MDA-MB 453 cells 
were cultured on glass coverslips and were transfected with 
pEGFP-C1-ERβ as described above. After reaching ~ 70% 
confluency, cells were starved for 24 h and treated accordingly 
for 48 h. After the fixation of cells with 4% PFA in PBS and 

permeabilization for 10 min at room temperature, cells were 
blocked with 3% BSA in TBST for 1 h in room temperature. 
For IF analysis, cells were incubated overnight at 4 °C with 
AR antibody diluted 1:600 in 1% BSA in PBST. For PLA 
analysis, as described in the Duolink II protocol, different set 
of primary antibodies was used (ERβ antibody (H-150) (sc-
8974) and anti-androgen receptor antibody (AR441) (ab9474) 
diluted 1:50). Cells were then incubated with the PLA probes 
diluted 1:5 in antibody diluent (Sigma-Aldrich) in a humidified 
chamber for 1 h at 37 °C. Subsequent hybridization, ligation, 
amplification, and detection were performed as per manufac-
turer’s instructions (Sigma-Aldrich). Cells were then incubated 
for 10 min with DAPI (2:1000 in PBS) for nuclei staining 
and glass coverslips were mounted on the slides. Fluorescence 
images were acquired using a Zeiss Axiovert microscope (Carl 
Zeiss Microscopy, Thornwood, NY USA). At least ten ran-
dom fields of view were selected and images were taken. Data 
analysis was performed using Duolink Image Tool Software, 
developed for quantification of PLA signals (Sigma-Aldrich) 
(Smal et al. 2010). Representative images for each condition 
are shown in the figures.

Proximity ligation assay in human tissue samples

Patients’ samples that were immunohistochemically positive 
for both AR and ERβ were selected for PLA assay. Sections 
were deparaffinized following a standard protocol of xylene 
and ethanol series, antigen retrieval (sodium citrate pH 6.0), 
wash with ddH20 and PBS and all other reactions (blocking, 
primary antibodies, PLA probes, ligation, amplification and 
cover slips mounting) according to manufacturer’s instruc-
tions. Fluorescence images were acquired using a Zeiss 
Axiovert microscope. At least ten random fields of view were 
selected and images were taken. Data analysis was performed 
using Duolink Image Tool (Olink Bioscience) (Smal et al. 
2010). Representative images for each condition are shown 
in the figures.

Statistical analysis

All experiments were performed at least two or three times 
and representative results of one experiment are shown. The 
data are presented as mean ± SE for the number of experiments 
indicated and analyzed by Student’s t test. All statistical tests 
were two-sided. p values less than 0.05 were considered sta-
tistically significant.
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Results

Overexpression of ERβ negatively relates to AR 
expression in AR + TNBC cells through the regulation 
of PI3K/Akt/mTOR pathway

We first investigated the impact of ERβ overexpression on 
the AR protein expression in MDA-MB 453 TNBC cell line. 
Initially, we transiently transfected ERβ-bearing plasmid con-
struct into the cells. The efficacy of transfection with the green 
fluorescent protein (GFP)-tagged ERβ plasmid construct was 
confirmed through fluorescent microscopy (Fig. 1a). As shown 
in Fig. 1b the expression of ERβ was significantly higher 
compared to that in the control (pEGFP-C1 empty vector) 
(p < 0.01) as quantified by immunoblotting. ERβ overexpres-
sion, resulted in significant AR downregulation compared to 
control (p < 0.05) (Fig. 1e). We investigated the implication of 
mTOR pathway in ERβ-mediated AR downregulation. West-
ern blot analysis (Fig. 1c, d) showed that ERβ overexpres-
sion, following E2 treatment, significantly increased PTEN 
(p < 0.05) (Fig. 1f), the natural inhibitor of mTOR pathway 
resulting in a significant downregulation of phosho-AKT 
(Fig. 1g) compared to control (cells transfected with pEGFP-
C1 vector treated with DMSO). No significant change in the 
expression of phosho-mTOR was observed (Fig. 1h).

To compare the action of anti-androgens in AR + TNBC, 
MDA-MB 453 cells were starved and then treated with 
bicalutamide or enzalutamide. AR expression was evalu-
ated with immunoblotting (Fig. 1c). Comparing to the con-
trol, AR expression was significantly suppressed (p < 0.05) 
when cells were treated with enzalutamide (p < 0.05) than 
with bicalutamide (Fig. 1e). Moreover, enzalutamide showed 
more suppressive effect than bicalutamide. The addition of 
androgens, 5 alpha dihydrotestosterone (DHT) dramatically 
increased AR expression (p < 0.01) but this ligand-mediated 
effect was significantly reversed by bicalutamide (p < 0.05) 
and enzalutamide (p < 0.05). The same AR expression pat-
tern was followed with ERβ overexpression as observed with 
immunoblotting analysis (Fig. 1d, e). DHT does not seem to 
affect the PI3K pathway and, rationally, anti-androgens bicalu-
tamide and enzalutamide did not exhibit any significant change 
in the expression of the mTOR pathway modulators PTEN, 
AKT and mTOR (Fig. 1f–h). These data suggest that ERβ 
dοwnregulates the expression of AR through the mTOR path-
way and this effect tends to be enhanced by enzalutamide but 
this trend should be further investigated.

Enzalutamide inhibits cell viability and induces 
apoptosis in AR + TNBC. Enzalutamide’s 
anti‑proliferative and anti‑metastatic effect 
is enhanced with Erβ

MTT assay was performed to assess the effect of anti-
androgens bicalutamide and enzalutamide on the viability of 
AR + TNBC cells. In the absence of DHT, enzalutamide sig-
nificantly inhibited (p < 0.05) cell proliferation on 72 h post-
treatment in MDA-MB 453 cells compared to the control 
group. DHT alone dramatically increased cell proliferation 
(p < 0.01). Enzalutamide retained its anti-androgenic proper-
ties after the addition of DHT (p < 0.05). In contrast, bicalu-
tamide did not affect cell proliferation at 72 h per se. How-
ever, bicalutamide did inhibit DHT-mediated cell growth 
(p < 0.05) (Fig. 2a left panel). These data are in accordance 
with the annexin V/PI apoptosis assay results. Enzalutamide 
significantly induced (p < 0.05) late apoptosis in MDA-MB 
453 cells with or without the addition of DHT compared to 
DMSO-treated control cells 72 h post-treatment. In contrast 
to MTT, bicalutamide significantly induces (p < 0.05) late 
apoptosis, also in the absence of DHT, reaching almost the 
same efficacy as of enzalutamide (Fig. 2b upper panel and 
c left panel).

Then, the effect of ERβ on the viability of AR-positive 
TNBC cells was evaluated under the same conditions. MDA-
MB 453 transfected with pEGFP-C1-ERβ plasmid exhibited 
significantly lower cell viability than the control (p < 0.05) in 
all treatment groups following E2 treatment. In 72 h, enza-
lutamide significantly inhibited cell proliferation indepen-
dently of DHT, whereas bicalutamide did not (Fig. 1a right 
panel). ERβ overexpression induced high rates of cell necro-
sis after the addition of enzalutamide or bicalutamide. How-
ever, only enzalutamide exhibited significantly late apoptosis 
rates (p < 0.05) (Fig. 1b lower panel and c right panel).

We evaluated the effect of anti-androgens and ERβ 
overexpression on the migration potential of AR-positive 
TNBC cells by wound-healing assay. Enzalutamide effi-
ciently inhibit cell migration 48 h post-treatment with or 
without DHT (p < 0.05). Cell migration rate was slightly but 
insignificantly reduced with bicalutamide in the presence of 
androgens. ERβ overexpression significantly inhibited the 
migration capacity of cells compared to untransfected ones 
(p < 0.05). Notably, a dramatic inhibition of migration rate 
was observed when cells overexpressing ERβ were treated 
with enzalutamide for 48 h with or without DHT (p < 0.01) 
(Fig. 1d). The above findings suggest that enzalutamide 
impairs AR better than bicalutamide leading to lower cell 
viability, increased late apoptosis and lower migration rate 
in AR + TNBC cells. ERβ expression enhanced the in vitro 
anti-proliferative and anti-metastatic effect of enzalutamide.

Androgens induce the nuclear translocation of AR, which 
modulates the transcription of specific genes regulating the 
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Fig. 1  Effect of ERβ along with anti-androgens bicalutamide and 
enzalutamide in AR signaling and PI3K signaling pathway in MDA-
MB 453 cells. a Detection of ERβ by fluorescent microscopy and pro-
tein level b after the transient transfection of pEGFP-C1-ERβ plasmid 
vector into MDA-MB 453 cells. 24  h post-transfection, cells were 
treated with 17β-estradiol 10 nM for 12 h to activate ERβ and then 
media was removed. Immunoblots showing efficient ERβ transfec-
tion compared to mock cells transfected with empty vector (pEGFP-
C1). MDA-MB 453 cells were cultured in castrate conditions (DCC) 
with DMSO, 10µΜ bicalutamide (Bica), 10 µΜ enzalutamide (Enza) 
in the presence or absence of 10  nM DHT for 48  h. c Cell lysates 

were analyzed by western blot for AR, PTEN, p-Akt, Akt, p-mTOR 
and mTOR. Actin was used as a protein loading control. The experi-
ments were repeated two times and representative blots are presented. 
d The same western blot as c was carried out 48 h post transfection 
of MDA-MB 453 cells with pEGFP-C1-ERβ vector. The histograms 
represent the mean ± SD of two separate experiments in which west-
ern blot band intensities of c and d were evaluated in terms of opti-
cal density showing the fluctuation of relative protein levels of AR 
e, PTEN f, phopho-Akt g and phospho-mTOR h after normalized by 
actin levels. Data are represented as mean ± SD and were analyzed by 
Student’s t test. All statistical tests were two-sided. *p < 0.05
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cancer progression. We compared the capacity of anti-andro-
gens to prevent this translocation. Using confocal micros-
copy, immunofluorescence staining of AR in MDA-MB 543 
cells showed that the endogenous localization of AR is in 
both nucleus and cytoplasm (control group) (Fig. 3a). An 

increase in AR nuclear translocation was revealed when cells 
were treated with DHT (Fig. 3a). This DHT-driven result 
was blocked after the addition of anti-androgens (Fig. 3a). 
Enzalutamide is a more potent AR-translocation inhibitor 
than bicalutamide, confirming the results of the Fig. 2. The 

Fig. 2  Antitumor effect of 
ERβ along with anti-androgens 
bicalutamide and enzaluta-
mide in MDA-MB 453 cells. a 
MTT assay in MDA-MB 453 
cells transfected with pEGFP-
C1-ERβ (right panel) or with 
empty vector (left panel). 24 h 
post-transfection, cells were 
treated with 17β-estradiol 
10 nM for 12 h to activate ERβ, 
then media was renewed and 
cells were treated as indicated. 
Results are expressed in the 
histogram as the optical density 
(O.D. value) and represent 
mean ± SD of two different 
experiments each performed 
in triplicate. b Flow cytometry 
analysis of annexin V and 
propidium iodite (PI) staining 
of apoptotic cells after 72 h of 
treatment. MDA-MB 453 cells 
were transfected with pEGFP-
C1-ERβ (lower panel) or with 
empty vector (upper panel) and 
treated as indicated. c Summary 
of apoptosis assay showing per 
cent population in different cell 
death modes: apoptosis, necro-
sis in the absence (left panel) or 
presence (right panel) of ERβ. 
Histogram σ represents the 
mean ± SD of three independent 
experiments and was analyzed 
by Student’s t test. All statistical 
tests were two-sided. *p < 0.05, 
*p < 0.01. d MDA-MB 453 
cells were subjected to a scratch 
assay and then treated as indi-
cated in the absence (left panel) 
or absence of ERβ (right panel). 
The histogram shows percent 
area covered at 48 h compared 
to the original gap at 0 h. Data 
represent mean ± SD of two 
separate experiments and were 
analyzed by Student’s t test. All 
statistical tests were two-sided. 
*p < 0.05, *p < 0.01. #p < 0.05 
compared to DHT treated cells 
for each panel
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above results were being confirmed with immunoblotting; 
cytoplasmic and nuclear proteins were isolated and the 
activated form of AR phosho-AR was probed with an AR 
antibody and quantified (Fig. 3b). However, when ERβ is 
overexpressed, a different pattern of AR nuclear transloca-
tions was observed (Fig. 3c). In the control group, AR is 
mainly located in the cytoplasm, implying the interaction 
between AR and ERβ. DHT, as expected, increased the 
nuclear localization of AR (Fig. 3c). However, an unex-
pected effect of anti-androgens was observed when ERβ is 
overexpressed. The androgen-specific effect was not notably 
reversed after the treatment with bacalutamide and enzaluta-
mide. Moreover, the fluorescent signal of AR in the nucleus 
was increased with enzalutamide compared to bicalutamide 

(Fig. 3c), generating the hypothesis that the addition of 
anti-androgens, especially enzalutamide, affect not only the 
AR but also the crosstalk between AR and ΕRβ. The above 
results were being confirmed with immunoblotting; cyto-
plasmic and nuclear proteins were isolated and the activated 
form of AR phosho-AR was probed with an AR antibody 
(Fig. 3d). Enzalutamide further reduced the phosphorylation 
of AR compared to bicalutamide and, consequently, inhib-
ited more effectively the nuclear translocation of the recep-
tor, before and after the stimulation with DHT (Fig. 3b). 
Oddly, when ERβ overexpressed, the expression of nuclear 
AR was changed only after DHT treatment, whereas not any 
dramatic fluctuation in AR translocation was blotted after 
the addition of anti-androgens (Fig. 3d).

Fig. 3  Effect of ERβ along 
with anti-androgens in nuclear 
translocation of AR in MDA-
MB 453 cells. a MDA-MB 453 
cells were cultured in castrate 
conditions (DCC) with DMSO, 
10µΜ bicalutamide (Bica), 10 
µΜ enzalutamide (Enza) in the 
presence or absence of 10 nM 
DHT for 6 h. The subcellular 
localization of endogenous 
AR, cell nucleus (DAPI) and 
merged images of AR and 
DAPI was assessed by confocal 
microscopy. b The inhibition of 
AR translocation was also con-
firmed by western blot analysis 
after cell fractionation. HDAC 
was used as protein loading 
control for nuclear extract and 
a-tubulin as a loading control 
for cytoplasmic extract. c, d 
Numbers indicate the blot ration 
between the experimental sam-
ples and the control (DMSO). 
The same immunofluorescence 
assay as a and western blot 
analysis as b was carried out 
48 h post transfection of MDA-
MB 453 cells with pEGFP-C1-
ERβ vector
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Physical association between AR and ERβ 
through the formation of heterodimers

We investigated the formation of AR and ERβ dimers 
to verify that the physical crosstalk occurs between the 
two receptors using Proximity Ligation Assay (PLA). 
In MDA-MB 453 transfected with Erβ cells (PLA sig-
nal scale 0–40), there is an incidence of AR:ERβ het-
erodimers formation in the control group (Fig. 4a, b). 
As expected, DHT led to AR:ERβ heterodimers decrease 
compared to the control (4.3 vs. 12.1) (Fig. 4a, b). DHT 

promotes the activation, homodimerization and nuclear 
translocation of AR (37). This is in accordance to our 
results where the addition of DHT doubled the forma-
tion of AR:AR homodimers compared to control (20.8 
vs. 10) (Fig. 4d, e). Notably, compared to the control 
group, the addition of enzalutamide soared the formation 
of AR:ERβ heterodimers and no discernible difference 
was observed after the addition of DHT (12.1 vs. 37.2 
vs. 36.6). Accordingly, bicalutamide alone increased AR/
ERβ heterodimers (28.87 vs. 12.1) but this ability was 
weakened with DHT (12.1 vs. 28.87 vs. 19.5) (Fig. 4a, 

Fig. 4  Dimer formation pattern 
in MDA-MB 453 cells. MDA-
MB 453 cells were transfected 
with pEGFP-C1-ERβ plasmid 
vector and treated as indicated 
for 48 h. Representative image 
of each condition is shown 
using confocal microscopy. 
Red dots represent the positive 
signal of AR:ERβ heterodimers 
(a) or AR/AR homodimers 
(d) using DUOLINK in situ 
proximity ligation assay 
(PLA) (scale bar 20 µΜ). b, 
e Histograms represent the 
total number of dots per cell 
as analyzed by Duolink Image 
Tool Software. The resulting 
“PLA signals per cell” in all 
groups were normalized to 
the mean value of the control 
group. c Histogram represents 
the distribution of the signal in 
the nucleus and cytoplasm
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b). Moreover, after enzalutamide, 58% of the heterodi-
mers were observed in the nucleus compared to 73% after 
bicalutamide and the same trend was detected after DHT 
(54 vs. 62.7) (Fig. 4c). PLA confirmed that enzaluta-
mide is a more potent anti-androgen than bicalutamide. 
Enzalutamide decreased by half the amount of AR:AR 
homodimers, whereas a subtle decrease was detected with 
bicalutamide compared to control group (6.6 vs. 9.2 vs. 
10) (Fig. 4d, e). These findings show that ERβ affects the 
activity and behavior of AR also directly through the het-
erodimers formation, thus generating new data regarding 
the therapeutic way we may target them.

AR:ERβ heterodimer formation in TNBC patients

In human paraffin-embedded TNBC tissues, we evaluated 
AR and ERβ expression in a cohort of TNBC patients (No 
55). AR immunostaining was observed in 32 patients. 
AR immunoreactivity was both nuclear and cytoplasmic. 
Accordingly, ERβ was detected in 22 and was mainly 
detected in the cytoplasm, in which result agrees with the 
previous reports (Söderberg 2006). Staining intensities 
were classified into four scores: 0 (no staining), 1 (pale 
yellow), 2 (deep yellow), and 3 (brown). The two recep-
tors were co-expressed in five patient cases. To expand 
our data in the in vivo setting, we performed in situ PLA 
assay to confirm the dimerization of AR and ERβ in those 
samples (5/5, 100%). Representative images with double-
positive TNBC are shown at Fig. 5a. Also, the number 
of AR:ERβ heterodimers is proportional to the staining 
intensity (0 vs. 2,8 vs. 11,3 vs. 15,5 heterodimers) Fig. 5b.

Discussion

ERβ has been recently detected in several tumors, such as 
breast cancer, prostate cancer, lung and colorectal cancer and 
has been associated with antitumor effect (Lazennec 2006). 
Although evidence points have emerged ERβ as a promis-
ing novel predictive and prognostic biomarker, at this time, 
it is not routinely considered in patients’ management in the 
clinic. New reports demonstrate that ERβ inhibits prolifera-
tion and induces apoptosis in ERα—low or negative breast 
cancer cell line (Murphy and Leygue 2012). In this study, 
ERβ transfection in MDA-MB 543 cells resulted in reduced 
cell proliferation after the activation of ERβ with estrogens. 
This finding is an extension of the previous studies demon-
strating the anti-proliferative effect of ERβ in several cellular 
backgrounds (Reese et al. 2017; Thomas et al. 2012). This 
can be explained by the fact that ERβ expression causes G2 
cell cycle arrest in different types of cancer cells including 
TNBC (Paruthiyil et al. 2004). Moreover, the decreased rates 
of proliferation due to the presence of ERβ contributed to 
lower metastatic activity in MDA-MB 453. Interestingly, 
programmed cell death was not changed in the presence of 
ERβ since the number of cells undergoing apoptosis was 
not significantly increased compared to when ERβ is not 
expressed. Previous studies have associated this finding with 
the lower rates of cell growth (Reese et al. 2017; Hodges-
Gallagher et al. 2008). The role of ERβ in opposing prolif-
eration and migration suggests that ERβ agonists may be 
used to prevent the progression of TNBC.

Although in ER-positive breast cancer, AR has been 
established as a favorable prognostic marker (Hu et  al. 
2011), in TNBC, AR clinical value remains an active area 

Fig. 5  AR:Erβ heterodimer 
formation pattern in human 
TNBC tissues. a Immunohisto-
chemical expression patterns of 
AR and ERβ in TNBC patients. 
b–e Representative fluorescent 
images of AR:ERβ heterodimer 
formation in TNBC patients. 
White arrowheads point to 
positive signal (red dots) of 
heterodimer formation using 
the Duolink in situ proximity 
ligation assay (PLA) (scale bar, 
20 µm). The number of AR:ERβ 
heterodimers is proportional 
to the staining intensity. (IHC 
score 0 = 0 IHC score 1 = 2,8 
IHC score 2 = 11,3 IHC score 
3 = 15,7 heterodimers)
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of research giving debatable results. A recent NHS study 
with a large cohort of breast cancer patients has demon-
strated an 83% increase in overall mortality for AR-positive 
TNBC patients compared to AR-negative TNBC (Hu et al. 
2011). Moreover, studies reported lower rate of pathological 
complete response (pCR) in AR-positive TNBC (12.85%, 
n = 358) compared to AR-negative (25.4%, n = 315) (Loibl 
et al. 2011).

Also, in preclinical reports, activation of AR with the 
AR agonist, DHT (a non-aromatizable form of testoster-
one), induced proliferation in MCF7 and BCK4 cell lines 
and epithelial-to-mesenchymal transition (EMT) in TNBC 
cell line (Smal et al. 2010; Söderberg 2006; Tan et al. 2016). 
In our study, we show that the addition of DHT increased 
the nuclear import of AR and led to increased prolifera-
tion, decreased apoptosis and increased metastatic poten-
tial. Interestingly, the tumorigenic effect of androgens was 
reversed upon the activation of ERβ with estradiol.

Given the tumor-suppressive effect of ERβ in AR-positive 
TNBC cells, we wondered whether ERβ acts as an anti-tumor 
effector also by affecting AR expression. It has been shown 
that ERβ mediates the expression of cyclin D1 and p21 
genes in which both are important in AR signaling (Reese 
et al. 2017). However, in this study we investigated whether 
ERβ interacts with AR by non-genomic inputs, including 
extracellular signaling events. The association between PI3K 
pathway and AR activation has been established. More spe-
cifically, AR can be activated by non-genomic signaling 
pathway PI3K/Akt/mTOR, an intracellular signaling path-
way mediating the regulation of cell cycle. PTEN exhibits 
its main tumor-repressive role through dephosphorylation 
of PIP3. PTEN is an important natural negative regulator 
of AKT signaling, which in turn activates AR (Costa et al. 
2018; Aleskandarany et al. 2011). Moreover, the combined 
deletion of PTEN and p53 in mammary epithelium has been 
associated with the formation of TNBC (Liu et al. 2014). 
PI3K pathway inhibition has already been proposed as a 
therapeutic approach for TNBC patients, as an early-phase 
clinical trial evaluating the efficacy of Ipatasertib (an AKT 
inhibitor) combined with paclitaxel (NCT03337724) has 
given promising primary outcomes (Kim et al. 2017). Thus, 
we found it important to clarify the effect of ERβ on PTEN 
in AR-positive TNBC cells. Our data showed that ERβ over-
expression upregulated PTEN and subsequently decreased 
the phosphorylation of AKT in MDA-MB 453. Conse-
quently, the expression of AR was downregulated. This is 
in accordance with the previous in vivo studies where PTEN 
was downregulated in the ventral prostate of ERβ knock-
out mice. The same study revealed that the administration 
of ERβ agonists in wild type mice led to increased PTEN 
and decreased AR (Wu et al. 2017). However, the precise 
mechanism by which ERβ affects PTEN expression needs to 
be studied further. These findings illustrate the non-genomic 

negative interplay between ERβ and AR in TNBC through 
PI3K signaling pathway, suggesting that combined target-
ing of both receptors may be a novel therapeutic strategy 
for AR+/ERβ + TNBC. These data bring us closer to the 
hypothesis that the role of AR on TNBC might be affected 
by the presence or absence on ERβ.

It has been reported that ERβ expression is reduced in 
the nuclei of TNBC and increased in the extranuclear sites 
(Hamilton et al. 2015). An interesting observation of our 
study was that when ERβ was expressed in MDA-MB 453, 
AR localization was observed mainly in cytoplasm instead 
of being equally distributed in the subcellular compart-
ments. Taken together, we wondered whether any physical 
interaction, beyond the functional one, occurs among the 
two receptors. Previous studies in breast cancer cell lines 
have reported that AR can regulate the genomic signaling 
of ER in MCF-7 cells and has been found to be bound in 
the same EREs sequences with ERα (Majumder et al. 2017; 
D’Amato et al. 2016). Other studies demonstrated that the 
amino-terminal domain of AR interacts with ligand-binding 
domain of the ERα (Panet-Raymond et al. 2000). However, 
none of these studies investigated whether AR and ER can 
form a heterodimer complex. This manuscript provides the 
initial evidence that ERβ also physically and functionally 
interact with AR in MDA-MB 453 cells and also this inter-
action occurs also in the absence of estradiol. However, we 
should not exclude the possibility that circulating testoster-
one was converted to estradiol by CYP19 and thus, activat-
ing ERβ (Gao et al. 2005). Moreover in this study, for first 
time, we show that the formation of AR:ERβ heterodimers 
is confirmed in human samples, strengthening the reliability 
of our findings. All these data suggest that ERβ exerts its 
non-genomic anti-proliferative effect on AR-positive TNBC 
through the direct and indirect interactions with AR suggest-
ing ERβ as a novel predictor for better clinical outcomes in 
this subset of TNBC.

Since androgens are considered to promote cell growth 
in AR-positive TNBC, many preclinical and clinical studies 
show that the administration of anti-androgens would pro-
vide benefit to AR-positive TNBC. Patients, whose tumors 
presented ≥ 10% nuclear AR expression were treated with 
bicalutamide daily (150 mg) and showed clinical benefit 
rate (CBR) of 19% with a median progression-free survival 
(PFS) of 12 weeks (NCT00468715/TBCRC011) (Gucalp 
et al. 2013). Accordingly, enzalutamide (160 mg daily) in 
AR-positive metastatic TNBC has shown 33% CBR at 4 
months in and 28% at 6 months with PFS of 3.3 months 
(Traina et al. 2018).

Mechanistically, preclinical studies have shown that 
androgens promote proliferation via several gene targets and 
impairing AR signaling with bicalutamide and enzalutamide 
did reverse this effect in both MCF-7 and MDA-MB 453 
xenografts (Cochrane et al. 2014). In our study, although 
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both anti-androgens impaired AR signaling, enzalutamide 
exhibited higher anti-androgenic effect leading to reduced 
cell proliferation and metastasis and increased apoptosis 
compared to bicalutamide. It is known that enzalutamide 
inhibits the nuclear translocation of AR and impairs the 
binding to androgen-responsive elements (ARE) with no 
known agonistic properties (Tran et al. 2009). The apoptotic 
effect of enzalutamide has been also reported in SUM159PT 
xenografts where enzalutamide caused 90% of necrotic 
tumor (Zhu et al. 2016). The most interesting finding of this 
study is that the expression of ERβ in MDA-MB 453 cells 
increased the sensitivity of the cells to anti-androgens and 
especially to enzalutamide. A more marked effect of enzalu-
tamide against proliferation and migration was noticed when 
ERβ was expressed. Moreover, in this study we observed 
that the administration of enzalutamide enhances the for-
mation of AR:ERβ heterodimers leading to more favorable 
outcomes. This may be explained by recent studies where 
enzalutamide mediates the induction of ER-regulated genes 
such as the chemokine SDF-1 which can activate ER via 
phosphorylation (Hall and Korach 2003). These findings 
raise concerns regarding the ongoing clinical trials studying 
bicalutamide (TBCR C011) and enzalutamide (MDV30100-
11) suggesting that ERβ holds a predictive role for endo-
crine response to anti-androgens in AR-positive TNBC cells. 
However, a recently identified mutation in AR which pro-
vides enzalutamide needs to be considered in TNBC patients 
(Joseph et al. 2013). Previous studies in prostate cells have 
shown that enzalutamide impairs AR nuclear translocation 
and androgen-mediated stabilization greater than bicaluta-
mide (Tran et al. 2009). Our study is in accordance with 
the previous reports as enzalutamide significantly inhibits 
nuclear translocation of AR whether androgen-dependent 
or independent compared to bicalutamide. Notably, the fact 
that enzalutamide which impairs nuclear translocation of 
AR, gives a different result when ERβ is expressed may shed 
a light into the role of ERβ in AR-positive TNBC. More 
specifically, when bound to enzalutamide, AR still translo-
cates in the nucleus but cells are more sensitive to endocrine 
therapy with enzalutamide than when ERβ is absent. This 
may be explained by the fact that AR enters the nucleus as a 
heterodimer with ΕRβ and does not bind to AREs sequences 
to promote cell growth. This finding suggests the dominant 
influence of ERβ on AR enhancing the argument that ERβ 
may be a potential predictive biomarker for AR-positive 
TNBC.

Conclusions

In conclusion, ERβ seems to play a pivotal role in the pro-
gress of TNBC. The obvious anti-tumor effect of ERβ in 
TNBC cells along with the physical association between 

ERβ and AR raise hope for new therapeutic strategies for 
AR-positive TNBC patients. In addition of being an inde-
pendent predictor of better clinical outcomes, ERβ increased 
the sensitivity of these cells to anti-androgens, especially 
to enzalutamide and thus, providing mechanistic insights 
regarding its predictive role for the efficacy of anti-AR 
agents in this TNBC group. Our preclinical data support 
the administration of enzalutamide for AR-positive and 
ERβ-positive TNBC tumors as a more potent anti-androgen 
against this subset of patients than bicalutamide. However, 
several caveats still remain and thus, further preclinical 
investigations are still needed.
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