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Abstract: Androgen receptor (AR) expression in estrogen receptor-positive (ER+) breast cancer (BC)
correlates with lower tumor grade and a better clinical outcome. Additionally, in normal mammary
epithelium or ER+ BC preclinical models, androgens counteract basal/ER-dependent proliferation.
Here, we report an additional mechanism, underlining the protective role exerted by AR. Specifically,
the activation of intracellular AR upregulates the Bcl-2-family protein BAD, and TCGA database
analyses show that in ER+ BC, BAD expression is associated with better disease-free survival. Ligand-
activated AR influences its own and BAD cellular compartmentalization by enhancing levels in the
nucleus, as well as in mitochondrial fractions. In both compartments, BAD exerts unconventional
functions. In the nucleus, BAD and AR physically interact and, upon androgen stimulation, are
recruited at the AP-1 and ARE sites within the cyclin D1 promoter region, contributing to explaining
the anti-proliferative effect of androgens in BC cells. Androgens cause an enrichment in BAD and
AR content in the mitochondria, correlated with a decrease in mitochondrial function. Thus, we
have defined a novel mechanism by which androgens modulate BAD expression, its mitochondria
localization, and nuclear content to force its ability to act as a cell cycle inhibitor, strengthening the
protective role of androgen signaling in estrogen-responsive BCs.
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1. Introduction

Although breast cancer is a heterogeneous disease [1] with different behavior, outcome,
and response to therapy, breast tumorigenesis is considered a hormone-driven transfor-
mation process [2,3]. As a consequence, the expression status of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) define
prognostic differences in patient outcomes, resulting in routine clinical stratification of
tumors [4,5]. Although the presence of AR in normal and neoplastic breast tissues was
revealed decades ago [6–8], only in recent years the role played by androgens/androgen
receptor (AR) signaling in breast cancer growth and progression, prognosis, and treatment
has gained much interest. Consequently, AR signaling has been analyzed, mainly for the
definition of new tailored therapies [9–11].

AR expression/action in breast tumors appears to be clinically relevant and disease-
context-specific [12]. AR is the most widely expressed nuclear steroid receptor in all stages
of breast cancer, being present in up to 90% of primary mammary tumors and 75% of
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metastatic tumors [13–17]. The frequency of AR expression differs between breast cancer
subtypes, varying from 85–95% in ER-positive (ER+) to 15–75% in ER-negative (ER−)
breast tumors [18–26]. Moreover, in ER+ primary breast cancers, AR positivity correlates
with lower tumor grade, burden, and Ki67 labeling index, as well as with a better clinical
outcome [27–30]. Indeed, AR expression is associated with a better outcome in ER+ breast
cancer patients, including high-risk ER+ cancers undergoing endocrine therapy. The
latter observation emphasizes a putative role for AR as a positive predictive biomarker of
response to endocrine therapy in these subsets of breast tumors [31]. Androgens’ ability
to counteract estrogens/ER-dependent tumor growth has been observed in both normal
mammary epithelium [32] and preclinical models of ER+ breast cancer [31,33–40]. In
both contexts, the pro-apoptotic effects exerted by androgen/AR-dependent have been
extensively evidenced [35,36,41,42].

The dysregulation of programmed cell death is critical for cancer cell survival and
cancer development. There are numerous mechanisms adopted by cancer cells to override
barricades that otherwise would cause apoptosis. These mechanisms include blockage
of apoptosis by activation of oncogenes such as Myc and Cyclin D1 [43], as well as am-
plification of the anti-apoptotic apparatus, downregulation of the pro-apoptotic program,
or both [44]. The members of the Bcl-2 family of proteins, which includes proteins acting
as blockers and others working as promoters of cell death, are fundamental regulators of
apoptosis [43].

Interestingly, several Bcl-2 family members exert regulatory functions that go beyond
the modulation of apoptosis [45,46]. Some, by acting as metabolic regulators, are implicated
in metabolic reprogramming in cancer development [47–49]; some others may influence
cancer cell cycle progression [50], as well as several crucial factors governing the epithelial–
mesenchymal transition [51].

In particular, the BH3-only pro-apoptotic member BAD connects the cell-survival sig-
naling pathway to apoptosis [52,53]. BAD represents a central element in many types of can-
cer, including breast carcinomas [54–59], and is a strong predictor of overall survival [60–62].
BAD shows a highly tissue-specific distribution and, interestingly, its expression is higher in
normal human breast compared to other organs [63]. Remarkably, even though only limited
data are available, in ER+ human breast cancers, higher BAD expression is associated with
better disease-free survival [58]. In contrast, a lack of BAD expression correlates with lymph
node metastasis and higher tumor grade [60]. These observations suggest an important
and protective role for BAD in primary breast tumors. However, the mechanism(s) linking
BAD to the pathobiology of human breast cancer is (are) yet to be resolved.

Hence, in this study, we aimed to further clarify and analyze the specific signal trans-
duction pathway(s) by which androgens/AR exert their protective, anti-proliferative/pro-
apoptotic effect in ER+ breast tumors. In this context, we demonstrated the existence of
a novel, additional mechanism through which androgen administration maintains high
BAD levels and, more interestingly, triggers a number of unconventional BAD functions.
Our reports contribute to better explain the inhibitory role of androgen in breast tumor
cell proliferation.

2. Results
2.1. Androgens Increase BAD Expression, Which Affects Breast Cancer Patients’ Survival

The unaromatizable androgen Dihydrotestosterone (DHT) and the synthetic agonist
of AR Mibolerone (Mb) inhibit cell proliferation and trigger apoptosis in ER+ breast cancer
cells by activating AR [35,41].

Thus, we aimed to better clarify the underlying mechanisms by which androgen/AR
signaling exerts anti-proliferative/pro-apoptotic effects in breast cancer cells. Then, the
consequence of Mb treatment on the expression of several pro- and anti-apoptotic proteins
was investigated in ER+ MCF-7 breast cancer cells. As shown in Figure 1A, androgen
administration induced a significant increase in the expression of the pro-apoptotic protein
BAD that was evident after 24 h exposure and persisted thereafter. As a consequence, the
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Bcl-2/BAD ratio was reduced, altering the delicate balance between cell death inhibitors
and inducers (Figure 1B). Upregulated BAD expression by Mb treatment was also observed
at mRNA levels, as evidenced using qReal-Time PCR (Figure 1C).
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Mb for 1, 2, and 3 days. (B) Band intensities from panel A were measured and normalized to the 

Figure 1. BAD and AR relative expression in MCF-7 cells and breast cancer patients. (A) Western
blotting analysis of protein lysates from MCF-7 breast cancer cells treated with vehicle (-) or 10 nM Mb
for 1, 2, and 3 days. (B) Band intensities from panel A were measured and normalized to the relative
GAPDH content. Histogram represents the normalized Bcl-2/BAD ratio. (C) Quantitative Real-Time
RT-PCR from MCF-7 cells treated with vehicle (-) or 10 nM Mb for 24 h. BAD mRNA expression
was normalized to 18S rRNA content. Data represent the mean ± S.D. of three separate experiments,
each performed in triplicate. * p < 0.05 vs. vehicle. (D–F) Overall survival (OS) and relapse-free
survival (RFS) were evaluated in a cohort of ER+ BC patients. Kaplan–Meier analysis was performed
regardless of specific treatments. Kaplan–Meier was plotted for high (above median, in red) and low
(below median, in black) AR (D), BAD (E) and concomitant AR/BAD (F) expression. Biased and
outlier data were excluded from the analysis. Hazard-ratios were calculated at the best auto-selected
cut-off, and p-values were calculated using the log rank test.
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To better elucidate the role of AR and BAD cooperation, we investigated if our findings
may have an impact on the outcome of ER+ breast cancer patients [64]. Low expression
levels of AR and BAD are associated with decreased overall survival (OS) and relapse-free
survival (RFS) in ER+ breast cancer, while their high levels appear to be protective, as
Kaplan–Meier survival analyses show (Figure 1D,E). Moreover, ER+ patients’ database was
analyzed for concomitant AR and BAD expression, evidencing that high co-expression of
both genes is a prognostic factor of better outcomes in terms of both OS and RFS (Figure 1F).
These findings further support the use of AR agonists as adjuvant therapy for ER+ breast
cancer patients.

2.2. Androgens Influence BAD Cellular Compartmentalization in Breast Cancer Cells

Immunofluorescence analysis was performed in MCF-7 cells detecting, in the cyto-
plasm and perinuclear region, clear BAD immunoreactivity, which was enhanced following
Mb administration. Yet more interesting was the observation that the fluorescent signal
appeared to be markedly increased in the nuclear compartment, suggesting that androgen
treatment may cause the nuclear localization of BAD, as further evidenced in images from
merged DAPI and BAD signals (Figure 2A). To confirm BAD translocation into the nuclear
compartment of MCF7 cells following Mb administration, cell fractionation to separate
nuclear and cytoplasmic proteins was performed. As demonstrated by Western blotting
analysis, in untreated cells, BAD was mainly present in the cytoplasmic fraction, while
following Mb treatment, its nuclear amount significantly increased. As expected, Mb treat-
ment increased AR protein levels, as well as its nuclear translocation (Figure 2B). Similar
patterns of BAD cellular levels and localization were also observed in ER+/AR+ T47D
and ZR75, as well as in ER−/AR+ SKBR3 breast cancer cells (Figure S1A–C). These results
strongly suggest a nuclear role for BAD upon androgen stimulation. Additionally, mito-
chondrial fractions were also analyzed for BAD and AR abundance, and it was observed
that they were enriched in both AR and BAD content (Figure 2B).
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Figure 2. Androgens induce BAD nuclear translocation in breast cancer cells. (A) Immunofluores-
cence assay for BAD (green) was performed in MCF-7 cells treated with 10 nM Mb for 24 h. DAPI
staining was used for nuclei detection. Bar = 20 µm (B) Western blotting analysis of cytoplasmic, nu-
clear, and mitochondrial protein fractions from MCF-7 breast cancer cells treated for 24 h with vehicle
(-) or 10 nM Mb as indicated. Lamin B, GAPDH, actin, and VADC1 were used as a loading control.

2.3. AR Activation Affects Mitochondria Functions

A deeper analysis showed that activated AR affected the bioenergetic cell behavior.
To evaluate the mitochondrial network morphology, MCF-7 cells were stained with the
mitochondria-targeting dye MitoTracker Red CMXRos and analyzed under a fluorescence
microscope. As depicted in Figure 3A, Mb administration caused an enhancement of ROS
signal that, presumably, could be attributed to increased oxidative stress, coupled with
an effort to increase mitochondrial fission. Indeed, as indicated by qReal-Time PCR, Mb
administration also increased Drp1 mRNA levels (Figure 3B), a key player in mitochondrial
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network dynamics [65]. Moreover, upon Mb treatment, a concomitant decrease in OXPHOS
content was also observed (Figure 3C).
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Figure 3. Ligand-activated AR impairs mitochondria functions. (A) MCF-7 cells treated with vehicle
(-) or 10 nM Mb were stained with 200 nM MitoTracker Red CMXRos (CMXRos). DAPI was used to
stain nuclei. The fluorescent signal was analyzed using an FV3000 confocal laser scanning microscope
(Olympus Corporation, Tokyo, Japan). Bar = 50 µm (B) Quantitative RNA from MCF-7 cells treated
with vehicle (-) or 10 nM Mb for 24 h was analyzed using Real-Time RT-PCR for DRP1 and normalized
to 18S rRNA content. Data represent the mean ± S.D. of three separate experiments, each performed
in triplicate. * p ≤ 0.01. (C) Western blotting analysis of OXPHOS and VDAC1 in mitochondrial
protein fractions from MCF-7 breast cancer cells treated for 24 h with vehicle (-) or 10 nM Mb.
Cytoplasmic proteins demonstrate no signal. Red Ponceau demonstrates equal loading.

Together, these data indicate an attempt initiated by breast cancer cells, in response to
androgens, to control the number of functional mitochondria.

2.4. BSA-Conjugated Testosterone Induces Apoptosis without Influencing BAD Nuclear
Translocation

Several observations indicate that, in addition to the classical intracellular AR, mem-
brane androgen receptors (mAR) are also involved in the regulation of cell growth, motility,
and death by apoptosis in a number of tumors, including breast cancer. These effects may
occur independently of the intracellular AR [66–70].

Therefore, the effect exerted on MCF-7 breast cancer cells by treatment with testosterone-
BSA (T-BSA), a testosterone analog that does not penetrate the cell membrane, was also
evaluated. Unsurprisingly, treatment with T-BSA increased apoptotic nuclei compared to
control, as indicated by TUNEL assay (Figure 4A). Nevertheless, T-BSA administration
was not able to induce nuclear translocation of either BAD or AR (Figure 4B). These data
strongly suggest that, following androgen treatment, BAD cellular localization and function
relies on the activation of the classical intracellular AR.
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2.5. Mibolerone Induces the Formation of an AR/BAD Complex and Influences BAD Recruitment
at the AP-1 and ARE Sites on the Cyclin D1 Gene Promoter

To assess whether androgen-regulated BAD nuclear localization could require direct
interaction with AR, a co-immunoprecipitation assay was performed using nuclear and
cytoplasmic proteins extracted from vehicle- and Mb-treated MCF-7 cells. A constitutive
association between AR and BAD was present in the cytoplasm as well as in the nuclear
fraction of vehicle-treated cells. In contrast, AR/BAD complex abundance clearly increased
in the nucleus upon Mb treatment (Figure 5A). We then investigated the biological signifi-
cance of the nuclear AR/BAD complex. It has been previously demonstrated that nuclear
BAD influences breast cancer cell-cycle progression by preventing cyclin D1 transcription.
This event requires a negative regulation of c-Jun at an AP-1 site within the cyclin D1 gene
promoter [50]. In addition, cyclin D1 is an AR target gene, downregulated by androgens in
ER+ breast cancer cells [36]. Thus, we investigated whether AR and BAD could cooperate
at the cyclin D1 promoter by performing DNA affinity precipitation assay (DAPA). To this
aim, double-stranded oligonucleotides containing AP-1 (Figure 5B) or ARE (Figure 5C)
sequences of the cyclin D1 promoter were used. BAD was bound to the AP-1 sequence
in control lysates, as previously demonstrated [50], and this association increased follow-
ing Mb treatment (Figure 5B). Moreover, a band indicating BAD association to the ARE
consensus sequence was also present (Figure 5C). As expected, endogenous AR associated
with the ARE consensus oligonucleotide in basal conditions and its abundance increased in
Mb-treated samples [36] (Figure 5C). Interestingly AR association to the AP-1 consensus
oligonucleotide was also present (Figure 5B). Furthermore, a similar pattern of AR/BAD
binding to the ARE site from the cyclin D1 promoter was observed in T47D breast cancer
cells (Figure S2). These results suggest that Mb administration induces the formation of a
nuclear AR/BAD complex able to bind to the ARE and AP-1 sites of the cyclin D1 promoter.
This observation was further confirmed by ChIP assay using anti-AR or anti-BAD antibod-
ies: AR and BAD do interact with cyclin D1 promoter on the native chromatin. Indeed,
both AR and BAD occupancy of either the ARE or AP-1 consensus sequences within the
cyclin D1 promoter increased upon Mb administration (Figure 5D,E).
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10 nM Mb or vehicle (-) for 2 h were incubated with biotinylated oligonucleotides containing the
CCND1-AP-1 and -ARE sites and subjected to DAPA. Bound proteins were subjected to Western
blotting analysis using anti-AR or anti-BAD antibodies. The unbound fraction was loaded as negative
control; nuclear extracts were loaded as positive control. (D–E) Chromatin from MCF-7 cells treated
with 10 nM Mb or vehicle (-) for 2 h was precipitated using anti-AR or anti-BAD antibodies. PCR was
carried out using primers amplifying the region indicated by arrows and analyzed by agarose gel
electrophoresis. IgG indicates negative control samples. DNA input indicates the loading control.

3. Discussion

In this study, we report a novel, additional, mechanism that contributes to explain the
protective, anti-proliferative role exerted by androgens/AR signaling in ER+ breast cancers.
This mechanism involves the modulation of the amount, cellular distribution, and function
of BAD, a BH3-only pro-apoptotic member of the Bcl-2 family proteins.

Tumor growth and progression are linked to cancer cells’ ability to acquire several
“hallmarks of cancer”, including escape from apoptosis, through deregulation of the BCL-
2 family members [71,72]. Cancer cells are able to bypass apoptotic stimuli through a
number of mechanisms, including the upregulation of anti-apoptotic or the loss of pro-
apoptotic proteins [73]. The downregulation or inactivation of pro-apoptotic BH3-only
proteins in breast cancer contributes to the development of therapy-unresponsive cancer
phenotypes. On the contrary, their over-expression contributes to sensitize tumor cells to
various anti-cancer drugs [58,59,74].

Our data indicate that, in ER+ breast cancer cells, the expression of the BH-3-only
protein BAD is influenced by AR-dependent signaling, since its cellular levels appear to be



Int. J. Mol. Sci. 2023, 24, 13464 8 of 16

significantly increased upon androgen administration. BAD upregulation via activated AR
may assume a significant relevance, as tumor-suppressor potential has been reported for
several BH3-only proteins, consistently with their pro-apoptotic role [75,76]. It is notewor-
thy that normal mammary tissues express higher BAD levels than breast tumors [51,59].
Additionally, the BAD encoding gene is downregulated in breast cancers from patients
who developed metastasis, and its downregulation is statistically associated with positive
lymph node status, advanced pathological stages, and tumor size [77]. Conversely, in
primary ER+ breast cancers, higher BAD expression sensitizes cells to chemotherapy [57]
and is related to a significantly better disease-free survival [58,60].

Remarkably, ligand-activated AR regulates BAD intracellular localization by inducing
its translocation inside the nucleus. This was observed for ER+ cells, MCF7, T47D and
ZR75, as well as for ER- SKBR3 cells. Subcellular compartmentalization is a central feature
of eukaryotic cells as it permits the physical segregation and parallel accomplishment of
a number of distinct biochemical processes inside the cell [78]. For instance, Bcl-2 family
members have been found in the mitochondria, endoplasmic reticulum, Golgi Apparatus,
peroxisomes, and nucleus [79–83], evidencing their pleiotropic functions within the cell.

Classically, steroid hormones bind to receptors localized in the cytosol, inducing their
translocation to the nucleus. Here, they act as transcription factors by binding to specific
DNA response elements [84]. It is now well accepted that, in addition to this classic mecha-
nism of action, steroid hormones can induce a non-nuclear rapid signaling response [85–88].
This signaling is mediated by receptors mainly localized on the cell membrane [66–70],
which, once activated, trigger signaling cascades that involve the formation of a number
of secondary messengers and the activation of kinases or phospholipases [89,90]. The
use of BSA-bound hormone, which does not cross the cell membrane, allows discrimi-
nation between classic and membrane-initiated hormone signals. In our experimental
models, BSA-conjugated testosterone was able to trigger apoptosis, as is already well
documented [66,68,69]. In contrast, T-BSA did not influence BAD cellular localization,
evidencing a central role of intracellular AR in mediating BAD compartmentalization upon
Mb administration.

Then, AR seems to have a dual mechanism of action: (1) it increases BAD mRNA
and consequently protein, and (2) it is directly involved in BAD shuttling. The first
mechanism could require AR interaction with the BAD promoter, since a preliminary
sequence analysis revealed the presence of a putative ARE site (5′-TGTCCT-3) located at
−19 bp from the ATG translational starting site (unpublished data). The second mechanism
requires AR/BAD physical interaction and occurs when AR is activated by its ligand. This
mechanism is proved by immunostaining and Western blotting experiments in cells treated
with Mibolerone, manifesting a remarkable nuclear positive signal for BAD.

Within the nuclear compartment, BAD would exert “non-canonical” roles. A role for
BAD, not only restricted to cell death promotion, is actually an emerging concept [49,91,92]. In
ER+ breast cancer cells, BAD over-expression reduces cell growth [50] and prevents cancer
cell metastatic effusion by downregulating proteins that mediate epithelial-to-mesenchymal
transition [51]. The reported androgen-dependent nuclear localization of BAD might further
explain the protective action exerted by androgens against the growth of breast cancer cells.
We previously demonstrated that ligand-activated AR is able to inhibit the transcription
of cyclin D1 by binding to a specific ARE sequence present on the proximal promoter of
the CCDN1 gene [36]. We now add a new piece to the puzzle to help explain the complex
mechanisms through which androgens influence breast cancer cell biology. Indeed, as a
consequence of AR activation, BAD is forced to perform its role as a cell cycle inhibitor.
This unconventional role for BAD was demonstrated in MCF-7 cells, in which nuclear BAD
negatively regulates cyclin D1 expression, reducing the G1/S transition of the cell cycle.
The molecular mechanism underlying this inhibition involves BAD binding to the AP1 site
within the proximal promoter of the cyclin D1 gene. Through this mechanism of action,
nuclear BAD interferes with cyclin D1 transcription induced by estrogens and/or growth
factors [50]. Our experiments deepen the knowledge of this mechanism, since we observed
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that Mibolerone administration induces the formation of an AR/BAD nuclear complex and
their recruitment on the AP1 and ARE sites within the cyclin D1 promoter, as proven using
both DAPA and ChIP assays.

Interestingly, in control cells, BAD has a punctuate cytoplasmic distribution, consistent
with organelle-specific localization. It has been reported that in the mitochondria, BAD
exerts unconventional roles by stimulating complex I activity, favoring tumor growth [49].
Remarkably, Mibolerone caused an increase in AR and BAD mitochondrial content; how-
ever, the observation that androgen treatment decreases OXPHOS abundance implicates a
limitation of BAD’s effects on COXI. Our previous reports demonstrated that Mibolerone
causes a reduction in breast cancer cell viability [36], as evaluated using MTT assay, a
method based on the reduction of MTT into purple formazan granules within healthy and
active mitochondria. Then, the decrease in OXPHOS levels following androgens exposure
could mechanistically explain our previous observation on cell viability and implicate a
possible repressive effect of AR on mitochondrial DNA transcription. Another relevant
observation is the upregulation of DRP-1 mRNA following Mb administration. DRP-1 reg-
ulates mitochondrial fission, an event whose role during cell death has been long debated.
Mitochondrial fragmentation could facilitate cytochrome c release and apoptosis or, alter-
natively, could represent a survival attempt to overcome cell death [93]. Androgen’s ability
to increase DRP-1 amount has been observed in prostate cancer [94], where, however, in
contrast to breast cancer, AR has a negative prognostic value. Thus, the role of AR-initiated
fission in breast cancer deserves further studies.

The clinical relevance of our data is supported by Kaplan–Meier survival analyses.
KM plots indicate that higher levels of AR and BAD have, individually, a positive impact
on the OS and RFS of ER+ breast cancer patients. More importantly, significantly longer OS
and RFS were seen in patients expressing high AR when co-expressed with BAD. Thus,
these observations support the hypothesis that the inclusion of androgen-like molecules in
the therapeutic setting could increase BAD and AR expression and improve ER+ breast
cancer patients’ outcomes.

With this study, we add an additional piece of information about the complex mecha-
nisms exerted by androgens on breast cancer. As a consequence of AR activation, BAD is
forced to perform its role as a cell cycle inhibitor by negatively modulating cyclin D1 gene
transcription. Additionally, mitochondrial AR localization, by reducing OXPHOS levels,
may prevent the potential stimulatory effects exerted by BAD on complex I activity, shown
to promote tumor growth.

4. Materials and Methods
4.1. Reagents and Antibodies

Mibolerone (Mb) was from Sigma Aldrich (St. Louis, MO, USA). The antibodies
against β-Actin (AC-15), BAD (C-7), BAX (B-9), Bcl-2 (C-2), BID (FL-195), GAPDH (FL-335),
and Lamin B (C-20) were from Santa Cruz Biotechnology (Bolivia); OXPHOS and VDAC1
were from Abcam (Cambridge, UK); and AR (D6F11) was from Cell Signaling (Boston,
MA, USA).

4.2. Cell Cultures

Human breast cancer MCF-7, T47D, and SKBR3 were purchased from American Type
Culture Collection (ATCC). Growth-medium components for each cell line are reported
in Table 1. All cell lines were regularly tested for mycoplasma negativity (MycoAlert
Mycoplasma Detection Assay). For treatment, Mibolerone was added in phenol-red-free
(PRF) medium containing 2.5% charcoal-stripped serum.
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Table 1. Cell cultured media.

Cell Line Media Supplements

MCF-7 DMEM (1X) 5% FBS, 1% Pen/Strep

T47D RPMI 1640 10% FBS, 1% Pen/Strep, 0.2 mM
L-Glutamine

SKBR3 RPMI 1640 phenol red-free 10% FBS, 1% Pen/Strep, 0.2 mM
L-Glutamine, 0.2 Units/mL insulin

4.3. Western Blot Analysis

Total cell proteins and the cytoplasmic and nuclear fractions were obtained from
70% confluent cell cultures. Western blotting (WB) was performed as previously de-
scribed [95]. Blots were incubated with primary antibodies (overnight, 4 ◦C) and then
with appropriate horseradish-peroxidase-conjugated secondary antibodies (1 h, room
temperature). Immunoreactive bands were detected using the ECL Western blotting
detection system (Santa Cruz Biotechnology (Dallas, TX, USA), sc-2048). Images were
captured using UltraCruz Autoradiography Film (Santa Cruz Biotechnology) or iBright
Imaging System (Thermo-Fisher (Waltham, MA, USA). The images from films were
acquired using an Epson Perfection scanner (Epson, Japan) using Photoshop software
(Adobe) (https://www.adobe.com/au/products/photoshop.html, accessed on 20 July
2023). The optical densities of the spots were analyzed by using ImageJ software (NIH)
(https://imagej.en.softonic.com/download, accessed on 20 July 2023).

4.4. Total RNA Extraction, Reverse Transcription Polymerase PCR and Real-Time RT-PCR Assay

Total RNA was extracted from MCF-7 cells using the TRIzol reagent, and cDNA was
synthesized using a reverse transcription polymerase chain reaction (PCR) method using a
RETROscript kit. The expression of selected genes was quantified using Real-Time PCR, as
previously described [36], using the primers (Invitrogen) (Waltham, MA, USA) reported in
Table 2. Assays were performed in triplicate.

Table 2. Real-Time PCR primer sequences.

Gene Forward Reverse

BAD 5′-GGAGGATGAGTGACGAGTTTGTG-3′ 5′-GGGTGGAGTTTCGGGATGT-3′

DRP1 5′-GAGAGGTAGATCCAGATGGT-3′ 5′-CCCTTCCCATCAATACATCC-3′

18S 5′-CGGCGACGACCCATTCGAAC-3′ 5′-GAATCGAACCCTGATTCCCCGTC-3′

4.5. Immunoprecipitation

Total proteins and the cytoplasmic and nuclear fractions were obtained from 70%
confluent cells. Immunoprecipitation was performed as previously described [95]. Briefly,
primary Ab was incubated with protein A/G agarose (Santa Cruz Biotechnology) at 4 ◦C
for 2 h in PBS buffer. In negative control samples, the primary antibody was substituted
with IgG. Then, protein lysates were added and incubated at 4 ◦C overnight. The immune-
precipitated proteins were washed with PBS buffer and separated on 11% polyacrylamide
denaturing gel as described for Western blotting.

4.6. Chromatin Immunoprecipitation (ChIP) Assay and PCR/Real-Time PCR ChIP

MCF-7 cells were grown in 15 cm dishes to 50–60% confluence, shifted to PRF for 24 h,
and then treated with 10 nM Mb or vehicle (-) for 2 h in PRF-CT. Thereafter, ChIP assay
was carried out as previously described [36]. Immuno-cleared chromatin was precipitated
with anti-AR or anti-BAD antibody. Immunoprecipitated DNA was analyzed through PCR
using a 2 µL volume of each sample. The following primers (Invitrogen) spanning the
ARE site or the AP-1 site of the proximal Cyclin D1 promoter were used: ARE forward

https://www.adobe.com/au/products/photoshop.html
https://imagej.en.softonic.com/download
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5′-TACCCCTTGGGCATTTGCAACGA-3′; ARE reverse 5′ACAGACGGCCAAAGAATCTCA-
3′; AP-1 forward 5′-CTGCCTTCCTACCTTGACCA-3′; and AP-1 reverse 5′-TGAAGGGACGT-
CTACACCCC-3′. Amplification products were analyzed on a 2% agarose gel and visualized
with ethidium bromide staining. The specificity of reactions was ensured using normal
mouse IgG (Santa Cruz Biotechnology).

4.7. TUNEL Assay

Cells (3 × 105) were seeded on coverslips in 35 mm Petri dishes and treated as de-
scribed for growth experiments. Apoptosis was evaluated by enzymatic labeling the
DNA strand breaks using a Dead End Fluorimetric TUNEL System (Promega, Milan,
Italy) as previously described [35]. DAPI was used to counterstain the nuclei. Apop-
totic cells were photographed at 10×magnification using an Olympus dp50 camera and
ViewFinder software (https://steamunlocked.net/6-viewfinder-free-download/, accessed
on 20 July 2023).

4.8. DNA Affinity Precipitation Assay (DAPA)

Nuclear extracts were obtained from cells stimulated with 10 nM Mb or vehicle (-) for
2 h. DAPA was performed as previously described [36]. The DNA sequences were prepared
by annealing a biotinylated sense oligonucleotide (for ARE, 5-[Bio]-GCTAAATTAGTTCTT-
GCAATTTAC-3; for AP-1, 5-[Bio]-AATGAGTCAGAATGGAGA-3) with nonbiotinylated
antisense oligonucleotide (for ARE, 5-GTAAATTGCAAGAACTAATTTAGC; for AP-1, 5-
GTGATCTCCCATTCTGACTCATT-3). Supernatants containing the unbound fraction were
loaded on gel and used as negative controls.

4.9. Immunofluorescence Assay

Immunofluorescence assay was performed as previously described [35] with mi-
nor modifications. Briefly, cells platelet on 12 mm glass coverslips were fixed with
4% paraformaldehyde and permeabilized using 0.2% Triton X-100, followed by BSA block-
ing and incubated with anti-BAD antibody at 4 ◦C overnight and then with fluorescein-
conjugated secondary at room temperature for 1 h. DAPI (Sigma) staining was used for
nuclei detection. Fluorescence was evaluated using an Olympus BX51 fluorescence mi-
croscope at 100×magnification, and cells were photographed using ViewFinder software
(https://steamunlocked.net/6-viewfinder-free-download/, accessed on 20 July 2023) with
an Olympus camera system dp50.

4.10. Mitotracker Red CMXRos Staining

MitoTracker™ Red CMXRos was prepared as per the manufacturer’s recommendation
(Invitrogen, USA). CMXRos dye was dissolved in DMSO at a concentration of 1 mM and
stored at –20 ◦C until use. A 200 nM working solution in growth medium was prepared
prior to staining and added to cultured cells for 45 min. After treatment, cells were washed
with PBS two times and fixed with 4% PFA for 10 min at room temperature. After that,
cells were washed with PBS and incubated with 0.2% Triton solution for 3 min. Cells were
washed again and incubated with DAPI (0.2 mg/mL) for 5 min. Finally, cells were washed
again, and coverslips were mounted onto glass slides. The fluorescent signal was analyzed
using an FV3000 confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan).

4.11. Kaplan–Meier Analysis

The prognostic value of AR/BAD in breast cancer was evaluated by performing
a Kaplan–Meier (K-M) analysis using the most updated version of a publicly available
microarray database from breast cancer patients (https://kmplot.com/analysis/index.
php?p=service&cancer=breast#, accessed on 20 July 2023). Relapse-free survival (RFS) and
overall survival (OS) were evaluated in a cohort of ER+ patients, regardless of therapeutic
interventions. The p-values were calculated using the log rank test.

https://steamunlocked.net/6-viewfinder-free-download/
https://steamunlocked.net/6-viewfinder-free-download/
https://kmplot.com/analysis/index.php?p=service&cancer=breast#
https://kmplot.com/analysis/index.php?p=service&cancer=breast#
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4.12. Statistical Analysis

Statistical analysis was performed using ANOVA followed by Newman–Keuls testing
to determine differences in means. All data are reported as the mean± SD of three different
experiments, each performed in triplicates; * p ≤ 0.05 vs. control.

5. Conclusions

Our results clearly show that in breast cancer cells, ligand-activated intracellular AR
upregulates BAD expression and causes its translocation in the nuclei. Consequently, both
proteins are engaged to the promoter region of the cyclin D1 gene. These results highlight
an unconventional, apoptosis-unrelated, BAD function that can be included with other
additional non-canonical roles played by this protein in different cell compartments, such
as the mitochondria. BAD abundance in the mitochondria is increased in response to
androgens, which also induce AR translocation in this organelle. Mitochondria increase
the abundance of reactive oxygen species while decreasing the amount of OXPHOS. The
observation that the fission gene DRP1 increases in response to androgens while VDCA1
protein decreases suggests the possibility that cells are attempting a survival response that
deserves to be further investigated.

Together, our data deepen the knowledge of AR actions in breast cancer and further
support the possibility of improving the therapeutic options against ER+ breast cancers
through the use of androgen-like drugs.
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