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Introduction: Triple negative breast cancer (TNBC) is an aggressive type of breast cancer that lack of expression of hormonal receptors and HER-2 that limits the approach of effective therapies. Currently, the expression of the androgen receptor (AR), and its prognostic potential are being explored in these tumors. Therefore, this study aimed to determine the mechanisms of action of AR in TNBC and the potential of AR antagonists as treatment in canine (IPC-366) and human (SUM149) TNBC cell lines.

Methods: To achieve this, AR silencing assays were performed to determine evaluate the changes in AR signaling and the role of AR in cellular processes. Also, the effect of different AR-antagonists was evaluated on both cell lines.

Results: The findings showed that AR promotes tumor progression by upregulating EGFR expression, which drives cell proliferation through the MAPK and PI3K signaling pathways. Additionally, AR downregulated Src expression, preventing the antiproliferative effects of ERβ, thus ensuring cancer cell survival. The study found that AR activation in TNBC is largely dependent on hormonal signals, highlighting the importance of the balance between androgen and estrogen levels.

Discussion: Finally, results revealed that ailanthone acted as a potent AR antagonist, effectively blocking AR and Src expression in both canine and human cell lines, reducing significantly cell proliferation. The study concludes that AR and the tumor’s hormonal environment are critical for TNBC progression and that ailanthone could be a beneficial treatment for both human and canine TNBC.
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Background

Triple negative breast cancer (TNBC) is defined as a heterogeneous group of breast cancers characterized by the absence of estrogen receptor (ER), progesterone receptor (PR) and human epidermal factor 2 (HER2) expression. Due to the lack of specific targets, treatment options are limited, remaining the cytotoxic chemotherapy as the standard therapeutic option obtaining poor outcomes (1, 2). The natural heterogeneity of this disease turns TNBC into the most aggressive breast cancer subtype with high recurrence and poor prognosis that can be divided into six different subclasses of TNBC based on molecular analysis (2–4). One of the subtypes that Lehman’s classification contemplated was the luminal-androgen receptor (LAR), characterized by presenting a high expression of genes associated with the androgen receptor (AR) (3, 4).

AR expression in breast cancer is approximately 70–80% (5) and varies from 20 to 50% in TNBC patients regardless of the subtype (6), and its positivity is associated with favorable clinical features in hormone positive-receptor tumors (7, 8) and in TNBC (5). AR is a steroid receptor that belongs to the Type I class of nuclear hormone transcription factors. Its inactive form is located in the cytoplasm bind to heat shock proteins (HSP) and it is activated when androgens bind to AR’s binding domain (LBD) and displacing the HSP bound. This results in a conformational change that promotes the translocation of AR to the nucleus, binds to androgen response elements (ARE) activating gene transcription and influencing functions such as cell growth, migration, and apoptosis (9). Indeed, AR can be activated by non-genomic actions that involve the activation of different signaling pathways including phosphoinositide 3-kinase / protein kinase B (PI3K/Akt) and mitogen-activated protein kinases (MAPK) pathways (9, 10), and also, can be activated by its interaction with other receptors such as the epidermal growth factor receptor (EGFR) (11, 12). Particularly, AR positivity in TNBC has been related to estrogen receptor beta (ERβ) expression (13, 14). ERβ exerts its action by upregulating the protein phosphatase and tensin homolog (PTEN) and consequently decreasing the activation of the PI3K/Akt pathway and downregulating AR expression (1, 13, 14).

Scarce data exists regarding the function of the androgen receptor (AR) and the role of androgens in triple-negative breast cancer (TNBC). While several studies propose that AR drives cell proliferation, others suggest an antiproliferative role (15). This scenario is further complicated by the existence of up to 22 splice variants of AR. These variants, which have been described in prostate tumors, have been linked to resistance to AR-targeted therapies. Whereas the variant 7 (ARV7) has been found to be the most clinically relevant variant in prostate cancer, its role in breast cancer remains unraveled (16). However, it has been observed that ARV7 is also the predominant AR variant expressed in breast specimens and its presence is associated with poor clinical outcomes and resistance to endocrine therapies (7, 17, 18).

Based on these findings, AR has emerged as a potential target for TNBC treatment. One of the hallmark therapies in prostate cancer is androgen depletion therapy and thanks to advances in this type of cancer, more potent and promising new therapies that block AR signaling continue to be developed (19). The first-generation of AR antagonists such as bicalutamide or nilutamide, exerts its action blocking the AR activation. These compounds have been explored in TNBC demonstrating to be safe and improve patient survival (20). Those compounds were developed for targeting AR-LBD domains, and it are often associated with a resistance acquisition in prostate cancer, denoting the emerge on developing next-generation compounds that impact to other AR domains or mutants (20). In this regard, two other promising molecules are VPC-13566 and Ailanthone. While VPC-13566 targets the AR binding function 3 (BF·3) inhibiting AR transcriptional activity, ailanthone inhibits transcriptional activity of full-length and AR splicing variants, presenting both excellent results as anticancer drugs in prostate cancer (21–23).

Since all these therapies are widely studied in prostate cancer, breast cancer remains limited, in part, due to the complexity of AR signaling in these tumors (5). It has been shown that canine and human breast cancer share biological and molecular characteristics denoting that the canine model can be a useful tool for comparative (24). Research on canine model has provided results that can be applied to human research (25, 26). Therefore, advances in research into new therapies using canine and human research models may offer advantages for both species.

Overall, the aim of this study is to identify AR as a promising biomarker for the diagnosis and treatment of TNBC. To this purpose, the mechanism of action of AR is evaluated in TNBC cells that differ in the intensity of its expression, exploring the changes in AR signaling when cells are exposed to different AR antagonists.



Methods


Cell culture

Canine IPC-366 and human SUM149 cell lines were chosen for this study since both are inflammatory TNBC cell lines that shared biological and histopathological characteristics (24).

IPC-366 cell line was obtained from the Department of Physiology, School of Veterinary Medicine (University Complutense of Madrid, Spain). This cell line is a canine inflammatory mammary cancer cell line with high AR-positivity (25). It was cultured in Dulbecco’s modified Eagle medium nutrient mixture F-12 Ham (DMEM/F12) (Sigma-Aldrich, Missouri, USA), supplemented with 5% charcoal-stripped fetal bovine serum (CH-FBS), 1% penicillin–streptomycin solution, and 1% L-glutamine (Sigma-Aldrich, Missouri, USA). On the other hand, SUM149 cell line, a human inflammatory breast cancer cell line with a low AR-positivity (25), was purchased from Asterand, Plc. (Detroit, Michigan, USA). It was cultured in Nutrient mixture F-12 HAM medium (Sigma-Aldrich, Missouri, USA) supplemented with 5% CH-FBS, 1 μg/mL hydrocortisone, 5 μg/mL insulin, and 1% penicillin–streptomycin solution (Sigma-Aldrich, Missouri, USA).

The cells were cultured in 25-cm2 culture flasks and maintained at 37 °C in a humidified 5% CO2 atmosphere. Cell cultures were monitored daily by phase-contrast microscope (Optika XDS-2 Inverted Microscope, Euromicroscopes, S. L., Barcelona, Spain) to determine cell viability and growth.



Treatments

The AR antagonists used in this study were as follows: nilutamide and bicalutamide (Sigma-Aldrich, Missouri, USA), non-steroidal antiandrogens that block AR and are widely used for prostate cancer treatment (23); and VPC-13566 and ailanthone (Sigma-Aldrich, Missouri, USA), that induce protein degradation of full-length and splicing variant AR proteins (23). Treatments were dissolved in dimethyl sulphoxide (DMSO) at a stock concentration of 10 mM and stored at −20 °C until use.



Sensitivity assays

In order to determine the half maximal effective concentration (EC-50) of each AR antagonist in vitro, a sensitivity assay was performed (26). Briefly, IPC-366 and SUM149 cells were seeded at a density of 103 cells per well in 96-well polystyrene plates (Corning Incorporated, New York, USA) in culture media and administered 5-fold serial dilutions of each compound starting at a dose 10 mM to 64 nM. Control cells were treated with DMSO at a final concentration <0.1%. Then, cells were incubated for 72 h at 37 °C in a humidified 5% carbon dioxide atmosphere. Finally, bromide of 3-(4,5-dimetiltiazol-2-ilo)-2,5-difeniltetrazol (MTT) (Sigma-Aldrich, Missouri, USA) was added in all wells and the absorbances were measured at a wavelength of 568 nm with an automatic plate reader (ThermoFisher Scientific, Massachusetts, USA). Sensitivity curves were processed with GraphPad Prism 6.01 software to obtain the EC-50 values of each compound. The assay was carried out in duplicate.

Sensitivity results revealed that IPC-366 and SUM149 were sensitive to all treatments at a concentration of 1 μM, thus, in vitro cell viability and migration assays were performed at a concentration of 1 μM for each compound.



Cell viability and migration assays

AR antagonists were administered to IPC-366 and SUM149 cells to evaluate cell viability and migration characteristics. For cell viability assay, cells were cultured in 96-well polystyrene plates at a density of 104 cells per well in culture media and were administered with 1 μM of nilutamide, bicalutamide, VPC-13566, and ailanthone. Cells treated with DMSO were considered control group. Cells were maintained for 24 h at 37 °C in a humidified 5% CO2 atmosphere. Two experiments were carried out by duplicates. Then, MTT was added to all wells and the absorbances were measured at a wavelength of 568 nm with an automatic plate reader. Results were expressed as percentage of viable cells respect to control.

Likewise, for migration assays 105 IPC-366 and SUM149 cells per well were cultured in 24-well polystyrene plates (Corning Incorporated, New York, USA). When the cells reached a confluence of 90%, a wound was performed in the middle of the well and the compounds were added to each well. Cells were incubated at 37 °C in a humidified 5% carbon dioxide atmosphere for 24 h. Two experiments were carried out by duplicates. Images for each well were taken with a phase-contrast microscopy (Optika XDS-2 Inverted Microscope, Euromicroscopes, S. L., Spain) at the time of performing the wound (zero hours) and 24 h after. Besides, culture media was collected at 24 h for hormonal analysis.

Data were processed by ImageJ MRI-Wound Healing Tool software 1.53e version, comparing the wound width at zero and 24 h of the different treatments with respect to the control. Measures were obtained in pixels and represented as a percentage of wound closure with respect to the control group.



siAR transfections

IPC-366 cells were cultured in 12-well plates. When cells reached 80–85% confluence, 0.1 μM siRNA against AR (siAR) (s1539; s1540, Thermo Fisher, Scientific, Massachusetts, USA) and 0.1 μM siRNA negative and positive controls (siCNT) (4,390,843; 4390849, Thermo Fisher, Scientific, Massachusetts, USA). The transfection was performed using Lipofectamine® RNAiMAX (ThermoFisher, Scientific, Massachusetts, USA) according to manufacturer’s instructions. Cells were incubated for 24 h at 37 °C and subsequently media was replaced with supplemented media for 24 h. Then, media from all wells was collected and stored at −20 °C for hormonal determinations. siCNT and siAR cells were washed and used both for cell viability and tumor growth assays. A part of the control and siAR, cells were used to obtain protein extracts for transfection evaluation by Western blot analysis. The assay was carried out in duplicate.



DHT and E2 administration

Once the transfection was complete, IPC-366 control and siAR cells were harvested and cultured in 96-well polystyrene plates at a density of 104 cells per well in fresh culture media or supplemented with 100 nM of dihydrotestosterone (DHT) or 17β-estradiol (E2) (Steraloids Inc. Newport, R. I) and maintained at 37 °C in a humidified 5% CO2 atmosphere for 24 h. The selection of the dose was based on previous studies (27). Then, culture media from control and siAR cells administered with DHT and E2 were collected and MTT was added to all wells. The absorbances were measured at a wavelength of 568 nm with an automatic plate reader and results were expressed as percentage of viable cells respect to control or siAR. Two experiments were carried out by duplicates.



Tumor growth assay

A total of twenty 6-to-8 weeks old female immunocompromised Balb/SCID mice obtained from Janvier Labs (Madrid, Spain), were maintained and acclimatized for 7 days in the Animal Facility (Department of Animal Physiology, School of Veterinary Medicine, University Complutense of Madrid). The mice were housed in polycarbonate cages (three animals per cage) in a room with controlled environmental conditions (temperature: 23 ± 2 °C; relative humidity: 50 ± 10%; 10–15 air changes per hour; and a light:dark cycle of 12:12 h). Soy-free pellet food (Dyets, Inc., Bethlehem, Pennsylvania, USA) and water, previously sterilized, were provided ad libitum. The required sample size needed to simultaneously compare the normal means of the groups was determined using the sample size determination module of the statistical package Statgraphics Centurion XVI (Statpoint Technologies, Inc., Warrenton, Virginia, USA). The experimental protocols were approved by the Institutional Animal Care and Use Committee of the Complutense University of Madrid, Spain (number: Proex 176/19). All procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals and conformed with the relevant EU Directive and the ARRIVE guidelines 2.0.

Animals were anesthetized prior to all procedures with isoflurane (IsoVet) at 4% for induction and 1.5% to maintain sedation, supplied in a fresh gas flow rate of 0.5 L oxygen/min, and were observed until fully recovery. A suspension of 106 siCNT and siAR IPC-366 cells diluted in PBS were inoculated in the mammary fat pad of 10 female mice, respectively. The mice were inspected twice weekly for the development of tumors until a volume of 0.5 cm3 was reached. Then, mice were monitored by palpation and tumors were measured using calipers every 2 days for 15 days. Tumor volume was estimated using the following formula: volume = ((length) x (width)^2)/2 (28). When tumors reached a volume of 1.5 cm3 (endpoint), mice were sacrificed with a lethal dose of isoflurane. Prior to sacrifice, blood samples were obtained by intracardiac puncture. At necropsy tumors were harvested and divided into two fragments: one for histological analysis and the other for hormonal analysis.

The tumor fragment for hormonal analysis was homogenized in PBS, centrifuged at 1200 xg for 20 min at 4 °C, and frozen at −20 °C until hormonal analysis. Blood samples were also centrifuged at 1200 xg for 20 min at 4 °C and serum was separated and stored at −20 °C until hormonal analysis.



Steroid hormone determinations

Progesterone (P4), androstenedione (A4), estrone sulfate (E1), E2, and testosterone (T) levels were determined in culture media from in vitro assays and tumor and serum samples using an enzyme-immunoassay (EIA) previously validated (29, 30). The antibodies used for this technique were developed in the Department of Physiology (UCM, Spain). Samples were run in duplicates in two different replicates.

Dihydroepiandrostenedione (DHEA) and DHT determinations were performed using a commercially available EIA kit (Demeditec, Germany) according to the manufacturer’s instructions.

Hormone concentrations were calculated using a software developed for this technique (ELISA AIS, Eurogenetics, Belgium). A standard dose–response curve was constructed by plotting the binding percentage (B/BO × 100) against each standard concentration of steroid hormone. All hormone concentrations were expressed in ng/ml for culture medium and serum, and in ng/g for tumor homogenates; DHT culture media, serum and tumor homogenate hormone concentrations were expressed in pg./ml and pg./g, respectively. DHT/E2 ratios were calculated as DHT concentrations divided by E2 concentrations. Ratios were expressed as mean percentages.



Western blot analysis

Expression of proteins related to AR signaling was evaluated in siCNT, siAR, and IPC-366 and SUM149 treated cells. Expression of protein levels of AR, ARV7, phospo-AR (pAR), ERβ, EGFR, signal transducer and activator of transcription 3 (STAT3), Ras, Src, and extracellular response kinases 1 and 2 (ERK1/2) was assayed by western blot techniques. The total proteins from IPC-366 and SUM149 control, siAR, and treated cells, were extracted in RIPA buffer with protease and phosphate inhibitors (ThermoFisher Scientific, Massachusetts, USA). Protein concentrations were determined with a BCA Protein Assay Kit (ThermoFisher Scientific, Massachusetts, USA) following manufacturer’s instructions. Then, proteins were denaturalized adding LDS sample buffer that contains lithium dodecyl sulfate (ThermoFisher Scientific, Massachusetts, USA) to 40 μg of protein extracts and boiled at 70 °C for 10 min before loading. Samples were separated on NuPAGE Bis-Tris 4–12% gels (ThermoFisher Scientific, Massachusetts, USA) and transferred to iBlot 2 transfer stacks nitrocellulose membranes (ThermoFisher Scientific, Massachusetts, USA). Subsequently, membranes were blocked with 5% nonfat dried milk (Panreac Applichem, Barcelona, Spain) for 1 h at room temperature and probed overnight at 4 °C with the correspondence dilution of primary antibodies. Anti-AR (PA1-37079; 1/500); anti-p-AR (PA5-106115;1/1000); anti-ERβ (51–7,700; 1/500); anti-EGFR (PA1-1110; 1/1000); Anti-STAT3 (MA1-13042; 1/2000); Anti-Ras (PA5-87037; 1/1000); Anti-Src (44–655; 1/1000); Anti-Akt (PA5-104548; 1/1000); Anti-ERK1/2 (MA5-15134; 1/1000) (ThermoFisher Scientific, Massachusetts, USA); ARV7 (68,492; 1/500) (Cell Signaling Technology, Danvers, MA, USA), and GADPH (used as loading control) (HRP-60004; 1/10,000) (Proteintech, Planegg-Martinsried Germany), were used as primary antibodies. After washing the membranes with Tris-buffered saline plus Tween20, the secondary antibody, Goat anti-Rabbit IgG (H + L) HRP (32,460; 1/1000) or Goat anti-Mouse IgG (H + L) HRP (32,430; 1/1000), was added to the membranes and incubated for 1 h at room temperature. The protein expression was observed by chemiluminescence with Supersignal West Pico PLUS (ThermoFisher Scientific, Massachusetts, USA) and visualized with Alliance Q9 Atom imaging system (Uvitec, Cambridge, UK). Images processed and quantification were performed using the Alliance Q9 software.



Statistics

Data was analyzed by IBM SPSS Statistics 28.0 software. The Shapiro-Wilks test was used to assess the goodness-of-fit distribution of the data. For the data that were normally distributed, a one-way analysis of variance (ANOVA) followed by a Bonferroni test, was used to establish significant differences between control and experimental groups in terms of cell viability and migration assays, culture hormonal analysis, tumor growth, and western blot quantification analysis. Besides, for samples that were not normally distributed, a non-parametric Mann–Whitney U test was performed to establish significant differences between controls and treatments in serum and homogenate hormone determinations. In all statistical comparisons, p-values of p < 0.05 were considered statistically significant.




Results


AR expression and hormone secretion in IPC-366 and SUM149 cells

Results showed that IPC-366 and SUM149 cells expressed AR, p-AR, AR-V7, and ERβ, denoting significant differences (p < 0.05) in expression between IPC-366 and SUM149 cells, being higher in IPC-366 and weak in SUM149 (Figure 1A). Regarding androgens (DHT) and estrogens (E2) secretion, results revealed that both cell lines secreted more estrogen levels than androgens in in vitro conditions (Figure 1B). Indeed, significantly higher estrogen secretion (p < 0.05) was found in IPC-366 cells than in SUIM149 cells, while no significant differences were observed in androgen secretion, although SUM149 secreted higher androgen levels. These differences in estrogen and androgen levels contributed to find statistical differences in DHT/E2 ratio between both cell lines (Figure 1C). Results showed that SUM149 presented a significantly higher DHT/E2 ratio (p < 0.05) than IPC-366.

[image: (A) Western blot analysis shows protein expression levels of AR, p-AR, ARV7, ERβ, and GADPH in IPC-366 and SUM149 cell lines, with a bar graph indicating higher intensity ratios in IPC-366. (B) Scatter plot compares DHT and E2 levels in IPC-366 and SUM149, showing significant differences with p<0.05. (C) Bar graph displays a higher DHT/E2 ratio in SUM149 compared to IPC-366, with a significant p-value of less than 0.001.]

FIGURE 1
 (A) AR, p-AR, ARV7, and ERβ western blot analysis expression in IPC-366 and SUM149 cells. Graph represents AR, p-AR, ARV7, and ERβ relative quantification in both cell lines. (B) DHT (androgens) and E2 (estrogens) secreted by IPC-366 and SUM149 cells determined by EIA technique. (C) DHT/E2 ratio expressed as percentage calculated for IPC-366 and SUM149.




Steroid hormone administration altered AR signaling in IPC-366 siAR cells

The presence or absence of AR expression in IPC-366 cells and the changes in hormonal environment resulted in differences in cell viability, hormone secretion and protein expression. Silencing AR expression (siAR) resulted in inhibiting AR full length and p-AR expression but failed in silencing ARV7 expression (Figure 2A). The administration of DHT or E2 to siAR cells showed that ARV7 expression can be significantly reduced by hormone alterations. However, in IPC-366 control cells (CNT), the administration of DHT produced a significant reduction (p < 0.05) in AR and p-AR expressions, but not in ARV7 expression. On the other hand, siAR cells showed a significant reduction of cell viability compared to CNT cells (Figure 2B). Although CNT cells did not show significant changes in cell viability with E2 and DHT administration, siAR cells revealed a significant reduction (p < 0.05) in cell viability with these conditions. Results also indicated that CNT and siAR cells differed in steroid hormone secretion (Figure 2C). E1 and DHEA levels were significantly increased (p < 0.05) in siAR cells, while T levels were significantly decreased (p < 0.05) with respect to CNT cells. E2 administration to CNT and siAR cells, resulted in a significant increase (p < 0.05) in P4, DHEA and androgen (T and DHT) concentrations, while DHT administration produced a significant increase (p < 0.05) in P4, DHEA and estrogen (E1 and E2) concentrations.

[image: (A) Western blot analysis showing protein expression levels of AR, p-AR, ARV7, and GADPH in control and siAR groups under DHT and E2 treatments, with quantified intensity ratios. (B) Bar graphs indicating cell viability percentages in control vs. siAR groups, with statistical significance highlighted. (C) Bar graphs of DHEA and P4 concentrations across different conditions, with significant changes marked. (D) Western blot images showing expression of EGFR, STAT3, Src, ERβ, Akt, ERK1/2, Ras, and GADPH, with corresponding treatment conditions and protein size annotations. Quantitative analysis of T, A4, and DHT levels included.]

FIGURE 2
 Effects of DHT and E2 administration on IPC-366 CNT and siAR cells. (A) AR silencing in IPC-366 cells. AR, p-AR and ARV7 expressions in IPC-366 control with and without E2 and DHT administration. Bars represent protein intensity respect to GADPH expression and data was represented as percentage respect to control (CNT) group. (B) Graphs represent percentage of cell viability of siCNT and siAR cells (left), and after DHT or E2 administration. (C) Steroid hormone concentrations secreted by siCNT and siAR cells with or without DHT and E2. Bars represent ± SD of DHEA, P4 (upper), E1, E2 (middle), T, A4, and DHT (lower) concentrations. *Denoted significant differences (p < 0.05) between siCNT and siAR. (D) EGFR, STAT3, Src, Erβ, Akt, ERK1/2 and Ras protein expression in control and siAR cells and with E2 or DHT administration.


siAR cells also showed differences in expression of proteins related to AR signaling compared to CNT cells (Figure 2D; Supplementary Figure S1). EGFR and Akt were significantly reduced (p < 0.05) in siAR cells, while ERβ, Src and ERK1 expression were significantly increased (p < 0.05) in siAR cells compared to CNT cells. Indeed, E2 and DHT administration to CNT cells produced a significant reduction (p < 0.05) in STAT3 expression, and a significant increase (p < 0.05) in Ras expression. However, in siAR cells, when E2 and DHT were administered a significant reduction (p < 0.05) in Src, ERβ and ERK1 expression was observed.



Silencing AR expression reduced tumor progression in IPC-366 cells

CNT and siAR cells were inoculated in female SCID mice in order to compare tumor progression and hormone secretion patterns. The results showed that in IPC-366 siAR mice, tumor progression was significantly slower (p < 0.05) than control mice from day 8 of tumor onset (Figure 3A).

[image: Panel (A) shows a line graph of tumor volume over 14 days, comparing control and siAR groups. Tumor growth is higher in the control group. Panel (B) presents bar charts of hormone concentrations in tissue homogenate and serum, with significant differences between control and siAR groups for multiple hormones. Panel (C) displays scatter plots of the DHT to E2 ratio in homogenate and serum, showing significant differences between groups.]

FIGURE 3
 IPC-366 CNT and siAR in vivo tumor growth characteristics. (A) Graph represents tumor growth progression of IPC-366 CNT and siAR cells inoculated on SCID mice. (B) Bars represent steroid hormone determinations on tumor homogenates (upper) and serum samples (lower). (C) DHT/E2 ratio calculated in serum and tumor homogenate samples from CNT and siAR mice.


Indeed, tumor homogenate and serum hormone concentrations differed from control and siAR tumors (Figure 3B). In siAR tumors, P4 and T concentrations were significantly reduced (p < 0.05) compared to control group, although estrogens (E1 and E2) were significantly higher (p < 0.05). In serum hormone levels, siAR mice showed a significant increase (p < 0.05) in E1 and T levels respect to control group, while E2 levels significantly decreased (p < 0.05). These hormonal differences were also notable in the calculated DHT/E2 ratio (Figure 3C). Results revealed that siAR tumor homogenates presented a lower DHT/E2 ratio than control tumors, but a significantly (p < 0.001) higher DHT/E2 ratio was found in serum siAR samples respect with control.



IPC-366 and SUM149 cells were sensitive to AR antagonists

Considering that AR could be a good therapeutic target for TNBC cell lines, we explored the effect of different AR antagonists on cell lines with high and low AR expression (IPC-366 and SUM149, respectively). Sensitivity results from IPC-366 and SUM149 revealed that both cell lines were sensitive to all treatments analyzed (nilutamide, bicalutamide, VPC-13566 and, ailanthone), being SUM149 more sensitive than IPC-366 (Figures 4A,B). Particularly, ailanthone was the treatment that achieved better sensitivity results in both cell lines. These results were in line with those found in cell viability assay (Figures 4C,D). The viability of IPC-366 cells was significantly reduced (p < 0.05) in all treatment conditions compared to the control group. However, only the ailanthone treatment significantly reduced (p < 0.05) the cell viability of SUM149 cells compared to the control group.

[image: Graphs and tables depict cell viability data. (A) and (B) show dose-response curves for Nilutamide, Bicalutamide, VPC-13556, and Ailanthone with associated EC-50 and R-square values. (C) and (D) display bar charts comparing % cell viability between treatments, with statistical significance marked as P<0.01 and P<0.001. Each treatment is labeled: CNT (control), NI (Nilutamide), BI (Bicalutamide), VPC, and AIL (Ailanthone).]

FIGURE 4
 Sensitivity results from (A) IPC-366 and (B) SUM149 were carried out. Graphs represent percentage of cell viability respect to Control (CNT) in cells treated with nilutamide (NI), bicalutamide (BI), VPC-13566 (VPC), and ailanthone (AIL). The tables indicated the EC-50 values for each treatment and cell line. Cell viability results from (C) IPC-366 and (D) SUM149 were also performed. Bars represent percentage of cell viability with the administration of the compounds with respect to control group.




AR antagonists reduced cell migration in IPC-366 and SUM149 cell lines

In both cell lines, AR antagonists’ administration resulted in a reduction in the percentage of migrated cells. IPC-366 showed significant reductions (p < 0.05) in percentage of migrated cells under nilutamide, bicalutamide and ailanthone conditions. Also, administration of VPC-13566 showed a reduction in cell migration but not statistically significant (Figure 5A). Nevertheless, SUM149 cells showed significant reductions (p < 0.05) in cell migration with all treatments (Figure 5B). Interestingly, ailanthone reduced the percentage of migrated cells by approximately 87.24% ± 0.69 in both cell lines.

[image: Cell migration assay results comparing different treatments with two cell lines, IPC-366 and SUM149. Microscopic images show wound healing with yellow dashed lines marking migration boundaries. Bar charts labeled A and B display percentage of migrated cells compared to control, with statistical significance indicated between treatments CNT, NI, BI, VPC, and AIL. Significant differences are highlighted with P-values.]

FIGURE 5
 Migration assay. Images from wound closure and percentage of migrated cells of (A) IPC-366 and, (B) SUM149 cells untreated (CNT) and administered with nilutamide (NI), bicalutamide (BI), VPC-13566 (VPC), and ailanthone (AIL). Images were taken at a magnification of 10x (scale bar 1,000 μm) and processed with ImageJ MRI software. Bars represent percentage of migrated cells respect to control group.




AR antagonists altered steroid hormone secretion in IPC-366 and SUM149 cultured cells

In general, all AR antagonists administered to IPC-366 and SUM149 cells altered steroid hormone secretion by producing a decrease in hormone secreted levels (Figure 6). P4 levels showed a significant increase (p < 0.05) with all treatments in IPC-366 cells, while in SUM149, only nilutamide and bicalutamide significantly increased P4 secretion (p < 0.05) but VPC-13566 and ailanthone produced a significant decrease (p < 0.05) in P4 concentrations (Figure 6A).

[image: Bar graphs labeled A to H show hormone levels and DHT/E2 ratio for IPC-366 and SUM149 cell lines under control, nilutamide, bicalutamide, VPC-13566, and ailanthone treatments. Significant differences are marked by P-values.]

FIGURE 6
 Steroid hormone concentrations of (A) P4; (B) E1; (C) E2; (D) A4; (E) DHEA; (F) T; and (G) DHT determined in culture media from IPC-366 and SUM149 cells untreated and treated with the different AR antagonists. (H) DHT/E2 ratio expressed as percentage.


Regarding estrogen levels, significant changes in E1 and E2 concentrations were found in IPC-366 cells, but no significant alterations were found in SUM149. IPC-366 showed a significant decrease (p < 0.05) in E2 levels with all treatments, and a significant decrease in E1 levels with VPC-13566 and ailanthone (Figures 6B,C).

Androgen levels were also decreased in both cell lines (Figures 6D–G). All treatments produced a significant drop (p < 0.05) in T levels in IPC-366 and SUM149 cells. However, DHT levels were only reduced in IPC-366 under ailanthone treatment, while in SUM149 all treatments reduced DHT levels significantly (p < 0.05). Similarly, A4 levels in IPC-366 were significantly decreased (p < 0.05) with ailanthone, while in SUM149 nilutamide decreased significantly (p < 0.05) A4 secreted levels, and VPC-13566 increased them significantly (p < 0.05). In addition, DHEA secreted levels were also reduced in IPC-366 and SUM149 cells, being this decreased significant (p < 0.05) under all treatments except for nilutamide and VPC-13566 in SUM149.

Besides, the differences found in androgen and estrogen secretion under treatment conditions, altered also DHT/E2 ratios respect to control (Figure 6H). In IPC-366, a significant increase in DHT/E2 ratio (p < 0.05) was found, while In SUM149 DHT/E2 ratio decreased significantly (p < 0.05), except for ailanthone treatment.



AR antagonists reduced AR expression in IPC-366 and SUM149 cells

The AR antagonists used in this study showed different effects in AR, p-AR and ARV7 expressions in IPC-366 and SUM149 cell lines (Figure 7). The results revealed that all treatments reduced significantly (p < 0.05) AR expression in both cell lines, but especially in SUM149. In this cell line, results also revealed a significant decrease (p < 0.05) in p-AR and ARV7 expression. However, in IPC-366 cells p-AR expression increased significantly (p < 0.05), but ARV7 expression showed a significant decrease (p < 0.05).

[image: Western blot images and bar graphs show protein expression levels of AR, p-AR, and ARV7 against GADPH in IPC-366 and SUM149 cells under different treatments (CNT, NI, BI, VPC, AIL). The bar graphs illustrate quantified intensity ratios, with significant differences marked by p-values less than 0.001. The proteins have molecular weights of 110 kd, 100 kd, 80 kd, and 36 kd, respectively.]

FIGURE 7
 AR, p-AR and ARV7 expression in IPC-366 and SUM149 untreated cells (CNT) and treated with nilutamide (NI), bicalutamide (BI), VPC-13566 (VPC), and ailanthone (AIL). GADPH expression was determined as loading control. Bars represent AR, p-AR and ARV7 (from left to right) intensities respect to GADPH expression and data was represented as percentage respect to control (CNT) group.




AR signaling alterations with the administration of AR antagonists

The reduction of AR expressions by the administration of AR antagonists also produced alterations in the expression of AR signaling related proteins in both cell lines (Figure 8). Ras expression increased significantly (p < 0.01) in both cell lines with all treatments. However, STAT3 and Src expression in IPC-366 and SUM149 cells significantly decrease (p < 0.05; p < 0.01) with ailanthone administration. Similarly, Akt expression significantly decreased (p < 0.05) with all treatments in SUM149 cells, but in IPC-366 cells, only ailanthone significantly decreased (p < 0.01). In addition, ERK1/2 expression in IPC-366 cells was reduced with all treatments being significantly (p < 0.01) with the administration of nilutamide, VPC-13566, and ailanthone. However, in SUM149 cells, ERK1 expression did not showed any difference, but ERK2 expression significantly increased (p < 0.05) in cells treated with nilutamide, bicalutamide and VPC-13566.

[image: Western blot analysis and bar graphs show protein expression levels in IPC-366 and SUM149 cells. Proteins analyzed include STAT3, Ras, Src, Akt, ERK1/2, and GADPH. Molecular weights range from 20 to 88 kd. Bar graphs depict intensity ratios for STAT3, Ras, Src, Akt, and ERK1/2 compared to GADPH under various treatments: CNT, NI, BI, VPC, and AIL, with statistical significance indicated.]

FIGURE 8
 A STAT3, Ras, Src, Akt, and ERK1/2 protein expression in untreated and treated IPC-366 and SUM149 cells. GADPH expression was determined as loading control. Graphics of STAT3, Ras, Src, Akt, and ERK1/2 expression quantification. Bars represent protein intensity respect to GADPH, and data was represented as percentage respect to CNT group. ERK1/2 expression was represented in different graphics for IPC-366 (blue bars) and SUM149 (green bars).




Crosstalk between AR and other related receptors

Interfering in AR signaling with the administration of different AR antagonists resulted in differences in expression of other receptors related to AR signaling such as EGFR and ERβ (Figure 9). While EGFR expression was not altered in IPC-366 cells with all the treatments, in SUM149 cells EGFR expression decreased significantly (p < 0.05) with the administration of nilutamide and ailanthone, but significantly increased (p < 0.05) with bicalutamide treatment. Likewise, ERβ expression showed a significant increased (p < 0.05) with nilutamide treatment in SUM149 cells. IPC-366 cells, ERβ expression was significantly increased (p < 0.05) by VPC-13566 treatment, but significantly decreased (p < 0.05) by ailanthone treatment.

[image: Western blot analysis and bar graphs showing protein expression levels of EGFR, ERβ, and GAPDH in IPC-366 and SUM149 cell lines. The blot displays bands for CNT, NI, BI, VPC, and AIL treatments, with molecular weights of 130 kDa, 50 kDa, and 36 kDa respectively. Bar graphs compare EGFR and ERβ intensity ratios relative to GAPDH, featuring statistical significance marked by P<0.001 for comparisons between conditions.]

FIGURE 9
 EGFR and ERβ expression in IPC-366 and SUM149 untreated and treated cells. GADPH expression was determined as loading control. Graphics of EGFR and ERβ expression quantification (from left to right). Bars represent protein intensity respect to GADPH expression and data was represented as percentage respect to CNT group.





Discussion

Endocrine therapies are known to have limited efficacy in TNBC patients, in part because of the lack of hormone receptors (ER and PR) expression. Thus, the use of these therapies is restricted to hormone receptor-positive breast tumors (4, 13, 20). However, several studies have shown that endocrine therapies, targeting steroid hormone production, showed beneficial results in in vivo and in vitro studies carried out using TNBC cell lines (26, 27, 31). Therefore, these treatments must exert their action through mechanisms that, currently, are scarcely studied. Despite not expressing the classical hormone receptors, TNBC tumors can express other hormonal receptors not contemplated on tumor diagnosis such as AR and ERβ. AR positivity has been reported between 20 and 50% in TNBC tumors (1, 5, 32) while ERβ positivity accounts for around 20–30% of these tumors (33, 34). The expression of these receptors in TNBC is beginning to gain relevance, since it may provide opportunities for the development of novel effective therapies (9, 13). Hence, the present study demonstrates that AR and the hormonal environment play an important role in TNBC progression and AR antagonists are effective against canine and human TNBC cell lines.

In this context, the role of AR results controversial in TNBC tumors; some studies suggest that AR acts as a driver of tumor progression and, other studies have shown that AR expression in TNBC is associated with lower histologic grade (5, 32). Therefore, there is a need of unraveled AR role in these tumors in order to propose it as an efficient therapeutic target.

For the hormone receptors to be activated, the presence of steroid hormones that bind to it is necessary, and the balance between androgens and estrogens is essential for vital functions (5, 35). It has been observed that tumor cells are capable of producing and secreting steroid hormones under both in vitro and in vivo conditions (29). Estrogen production promotes tumor cell proliferation and survival, while androgens are mainly involved in cell migration processes in TNBC cell lines (25). Therefore, steroid hormones exert an autocrine and paracrine effect on the tumor environment and can be considered strategic in tumor progression (30, 31).

Previously it was reported that the two TNBC cell lines used in this study (IPC-366 and SUM149) share biological and histopathological characteristics demonstrating that the canine cell line model can be a useful tool for comparative canine and human studies (24). Although these TNBC cell lines present multiple similarities, it has been reported that both cell lines were positive for AR and ERβ expression but differed on expression intensity, being this higher in IPC-366 cells than in SUM149 cells for both receptors (25, 26). Furthermore, this study revealed that IPC-366 cells secreted more estrogens, whereas SUM149 cells secreted more androgens, so the DHT/E2 ratio in IPC-366 was lower than in SUM149. These differences in receptor expression and steroid hormone secretion suggest variations in receptor signaling and also in the efficacy of endocrine therapies.

In fact, it is also demonstrated that AR expression is involved in cell proliferation, since when its expression is silenced under in vitro conditions, cell viability decreases in IPC-366 cells. In vivo results also confirmed that AR blockade can reduce tumor progression in SCID mice inoculated with IPC-366 siAR cells. In addition, the presence or absence of AR expression can modulate the hormonal environment of the tumor, which may be associated with this reduction in tumor progression. Mice inoculated with siAR cells presented a significantly higher blood DHT/E2 ratio than control mice, denoting an increase in circulating androgen levels that are associated with tumor progression reduction (31). Hence, the DHT/E2 ratio may provide information regarding tumor progression.

Also, the hormonal environment is indispensable for AR activation as in vitro results showed that an androgenic environment promotes proliferation through its activation. The AR can also be activated by androgen-independent pathways such as PI3K or MAPK signaling (6, 16, 33). However, this study demonstrates that in TNBC cells, AR is mainly activated by androgen-dependent pathways and can modulate these signaling pathways.

Nevertheless, even in the absence of AR expression in TNBC cells, alterations in the hormonal microenvironment can influence the activation of these signaling pathways by altering the expression of molecules such as Ras or Akt and thus modulating cell proliferation (36). This may be because steroid hormones act through other receptors. Results showed that, in the absence of AR expression, there is an increase on ERβ expression that may block PI3K/Akt signaling and consequently inhibit cell proliferation, which is in accordance with other authors that demonstrated that ERβ interacts with PI3K/Akt signaling increasing PTEN expression and inducing apoptosis in TNBC cells, associating its expression with good prognosis (14, 37). Also, silencing AR expression resulted in a downregulation of EGFR and producing an antiproliferative effect in TNBC cells, as other authors demonstrate in ER + tumors (38). These results indicate that the non-genomic actions of AR are due to the AR-induced-activation of other receptors such as EGFR, which in turn activate MAPK and PI3K signaling pathways. Therefore, AR activation drives cell proliferation and survival by upregulating EGFR and downregulating ERβ activation (Figure 10A).

[image: Diagram comparing signal pathways in TNBC AR+ cells and TNBC siAR cells, showing interactions between hormones, EGFR, IL-R, Akt, ERK1/2, STAT3, AR, and Src. Hormonal environment affects STAT3, AR, and tumor cell survival. Key differences include pathway activations and inhibitions, indicated by directional arrows and red bars.]

FIGURE 10
 (A) AR signaling in TNBC AR positive (AR+) and negative (AR-) cells. In TNBC AR + cells, AR activation promotes cells proliferation directly or indirectly by upregulating EGFR activity, and consequently activating PI3K and MAPK signaling, and repressing Src activation. In TNBC AR- cells, Src is overexpressed and plays a pivotal role on cell survival. Src promotes cell proliferation by activating MAPK signaling, and also mediates the inhibition of cell proliferation activating ERβ by inhibiting PI3K signaling. Green continuous arrows denoted a positive regulation; green dashed arrows a negative regulation; and red lines an inhibition process. (B) Hormonal tumor environment also modulates STAT3 expression which regulates AR activation that exerts a negative regulation on Src expression. The balance between STAT3 and Src expression guarantees tumor cell survival.


ERβ expression is also associated with Src expression, which acts as its co-activator (39). Src is a proto-oncogene that regulates cell proliferation, adhesion and modulates signaling pathways. In addition, this protein is recruited by steroid receptors (ER or AR) activating gene transcription (40), denoting Src expression can be modulated by AR (41). This can be demonstrated by comparing SUM149 and IPC-366 expressions. SUM149 presented low AR positivity but a high Src positivity and, on the contrary, IPC-366 cells showed high AR expression but low Src expression. Results also showed that Src expression increased in siAR cells compared to AR + cells, indicating a crosstalk between Src and AR. In these cells, Src expression can contribute to the activation of ERβ inhibiting cell proliferation and also can activate the MAPK signaling by increasing ERK1 expression and modulating cell proliferation (42). Therefore, in the absence of hormonal receptor expression, Src is responsible for modulating cell survival.

The hormonal tumor environment will also contribute to an AR-mediated response. Tumor cells, regardless of their AR expression, in a highly estrogenic environment tend to produce and secrete more androgens, whereas in a highly androgenic environment they secrete more estrogens. This homeostatic mechanism or adaptation of tumor cells to the surrounding environment may give them their ability to proliferate and survive. Indeed, the hormonal environment can interfere with signaling pathways. This study revealed that hormone administration (DHT or E2) to AR + cells decrease STAT3 expression, while in siAR cells this expression increased. These results suggest that STAT3 expression may be modulated by the hormonal environment. STAT3 is mainly activated by IL-6 receptor signaling and can also modulate AR activation in prostate cancer cells (43). IL6 is one of the most studied interleukins, and several studies show that androgens can suppress IL-6 secretion in vitro models, thereby influencing STAT3 expression (44). Therefore, the hormonal imbalance caused by the administration of steroid hormones may decrease interleukin secretion in vitro and interfere with STAT3 expression and, consequently, with AR activation. Other possible explanation may reside on Src expression. Results revealed a negative association between STAT3 and Src expression in IPC-366 cells; as STAT3 expression decreased, there was an increase in Src and vice versa. Some authors reported that Src inhibition may activate STAT3 for cell survival and proliferation (45). Taken together, these results suggest that hormonal signals can interfere with STAT3/AR activation and modulate Src expression. Thus, there must be a balance between Src and STAT3 expressions mediated by AR activation, which acts as a tumor resistance mechanism for cell survival (Figure 10B).

These findings establish that AR can be considered a therapeutic target as it plays a crucial role in the progression of TNBC. Therefore, the in vitro effect of different AR antagonists was evaluated in IPC-366 and SUM149 cell lines, with high and low AR positivity, respectively. For this purpose, two treatments that block the AR binding site (bicalutamide and nilutamide), and two compounds that block the AR transcription and its variants (VPC-13566 and ailanthone) were used (23).

The use of these AR antagonists showed a reduction in AR expression in IPC-366 cells with an increase in p-AR expression; whereas in SUM149 cells, these treatments were able to block AR and p-AR expressions. These treatments also affected androgen secretion. Although T levels were significantly decreased with all treatments and both cell lines, DHT levels were significantly reduced only in SUM149 which may be related to the blockade of AR expression. However, in IPC-366 DHT levels do not vary with treatments which may explain the partial reduction in AR expression found.

Previous studies reported that both cell lines were sensitive to AR antagonists such as flutamide or bicalutamide (25, 31). In accordance, results revealed that IPC-366 was more sensitive and reduced cell viability by a higher percentage with the administration of AR antagonists than SUM149 cells. However, these treatments were more effective in SUM149 in terms of cell migration than in IPC-366. It has been observed that androgen concentrations are related to migration processes, whereas estrogen levels have been related to proliferation processes (25). This is in agreement with the results obtained on hormone secretion, where it is observed that IPC-366 significantly reduced estrogen levels after the administration of the treatments, and SUM149 significantly reduced androgen levels. Therefore, these differences may be due to the fact that IPC-366 is more influenced by estrogens and therefore the changes are evidenced in terms of proliferation, while SUM149 is more influenced by androgens and therefore presents notable changes in terms of migration. These differences were also reflected in the DHT/E2 ratio after treatment administration. While the DHT/E2 ratio increases in IPC-366 cells that were more sensitive to AR antagonists, this ratio decreases in SUM149 cells that were less sensitive to the treatments. Therefore, the DHT/E2 ratio could be a good indicator of the efficacy of endocrine therapies in TNBC. However, this ratio still needs to be validated using a large number of samples and under various conditions.

In addition, in IPC-366 cells, no changes were found in the expression of molecules related to AR signaling, except for a decrease in ERK1/2 expression that may be associated with reduced cell proliferation (42). However, in SUM149 cells, AR antagonists produced an effect similar to that produced in IPC-366 siAR cells: in the absence of AR, there was an overexpression of Src that regulates ERβ and thus reduced cell proliferation. On the other hand, Src ensured cell survival by upregulating Ras and ERK2 expressions. The resemblance of the responses in IPC-366 siAR and treated SUM149 cells strengthens the canine model as a great research model for this disease in both species.

Expression of ARV7 was reduced in IPC-366 cells. Indeed, only ailanthone blocked ARV7 expression in IPC-366 cells. ARV7 is an AR RNA splicing alternative that results in a truncated AR protein that can be expressed in prostate and breast tumors. Although its expression is not well-studied in breast cancer models, ARV7 expression is associated with castration-resistant prostate cancer models and resistance to androgen deprivation therapies (17, 46, 47). In accordance, our results showed that ARV7 expression is maintained in IPC-366 siAR cells, but the hormonal environment can reduce its expression reducing cell proliferation and enhancing hormonal therapy efficacy. Thus, these results corroborate that ARV7 expression can be maintained in AR negative cells, but hormonal environment can modulate it. In fact, AR antagonists produced an increase of DHT/E2 in IPC-366 cells especially with ailanthone, which can be associated with the decrease of ARV7 expression found. Therefore, if ARV7 is involved in therapy resistance and the hormonal environment can modulate its expression, determining the hormonal microenvironment may help to prevent resistance to endocrine therapies.

From all the treatments analyzed, ailanthone presented more effectiveness in both cell lines in terms of cell proliferation and migration. Ailanthone is a natural compound extracted from the seeds of Ailanthus altissima that presented antitumoral activity but so far little is known about it. This small-molecule has been found to reduce AR full length and AR-variants protein expression resulting in a cell growth inhibition in prostate cancer (48). However, there is scarce information regarding the potential of this compound in breast cancer. Compared to other AR antagonists used, this compound appears to be more effective at blocking AR action by altering both its signaling and the hormonal environment. Results revealed that ailanthone was able to significantly reduce AR expression while also reducing Akt expression, thereby decreasing cell proliferation. In addition, ailanthone reduced the expression of ARV7 and Src, which may limit the activation of resistance mechanisms in these cells. Furthermore, ailanthone produces a large increase in androgen secretion leading to an increase in the DHT/E2 ratio suggesting its efficacy as a good endocrine therapy for TNBC tumors.

In summary, this study demonstrates that AR expression and the hormonal environment play a crucial role in tumor progression in TNBC, where an imbalance in hormonal homeostasis can trigger intracrine and paracrine signals that module AR function. This hormonal homeostasis will influence the expression of STAT3, which contribute to the activation of AR in TNBC cells. In turn, AR will modulate other receptors such as EGFR which, through PI3K and MAPK signaling, will promote cell proliferation processes. Furthermore, in the absence of AR, Src is overexpressed and ensures cell survival by activating the MAPK signaling and also regulates ERβ inhibiting PI3K pathway and cell proliferation. However, more specific mechanistic studies are needed in more TNBC models to confirm the AR-mediated function.

This study reveals that the presence of AR and ERβ in canine and human TNBC tumors may confer them sensitivity to endocrine therapies and that the DHT/E2 ratio proposed in this study could be an indicator of the efficacy of endocrine therapies in TNBC. Ailanthone has been shown to be an effective endocrine therapy in TNBC cell lines due to its dual function in blocking AR and Src and inhibiting cell proliferation and migration and blocking ARV7 expression truncating endocrine resistance.



Conclusion

In conclusion, the expression of AR in canine and human TNBC promotes tumor progression by driving the expression of other proteins and receptors to ensure cell survival, and that novel compounds such as ailanthone can block AR activity and have been shown to be very effective in canine and human TNBC cells.
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SUPPLEMENTARY FIGURE S1 | Protein expression quantification (EGFR, STAT3, Src, Erβ, Akt, ERK1/2 and Ras) in IPC-366 control and siAR cells after DHT and E2 administration. (A) Bars represent siCNT and siAR protein intensity respect to GADPH expression and data was represented as percentage respect to control (CNT) group. (B) Graphs represent protein intensity respect to GADPH of siCNT cells (left) and siAR cells (right) with or without E2 and DHT administration. (C) Steroid hormone concentrations secretd by siCNT and siAR cells.




Abbreviations


A4, androstenedione; AR, androgen receptor; DHEA, dihydroepiandrostenedione; DHT, dihydrotestosterone; E1, estrone sulfate; E2, 17β-estradiol; ERβ, estrogen receptor beta; P4, progesterone; T, testosterone; TNBC, triple negative breast cancer.




References
	 1. Brumec,M, Sobočan,M, Takač,I, and Arko,D. Clinical implications of androgen-positive triple-negative breast Cancer. Cancers (Basel). (2021) 13:1642. doi: 10.3390/cancers13071642 
	 2. Leon-Ferre,RA, and Goetz,MP. Advances in systemic therapies for triple negative breast cancer. BMJ. (2023) 381:e071674. doi: 10.1136/bmj-2022-071674 
	 3. Lehmann,B, Jovanović,B, Chen,X, Estrada,M, Johnson,K, Shyr,Y , et al. Refinement of triple-negative breast cancer molecular subtypes: implications for neoadjuvant chemotherapy selection. PLoS One. (2016) 11:e0157368. doi: 10.1371/journal.pone.0157368 
	 4. Li,Y, Zhang,H, Merkher,Y, Chen,L, Liu,N, Leonov,S , et al. Recent advances in therapeutic strategies for triple-negative breast cancer. J Hematol Oncol. (2022) 15:121. doi: 10.1186/s13045-022-01341-0 
	 5. Dai,C, and Ellisen,LW. Revisiting androgen receptor signaling in breast Cancer. Oncologist. (2023) 28:383–91. doi: 10.1093/oncolo/oyad049 
	 6. Dubrava,AL, Kyaw,PSP, Newman,J, Pringle,J, Westhuyzen,J, La Hera Fuentes,G , et al. Androgen receptor status in triple negative breast cancer: does it correlate with clinicopathological characteristics? Breast Cancer. (2023) 15:359–71. doi: 10.2147/BCTT.S405719 
	 7. Hickey,TE, Irvine,CM, Dvinge,H, Tarulli,GA, Hanson,AR, Ryan,NK , et al. Expression of androgen receptor splice variants in clinical breast cancers. Oncotarget. (2015) 6:44728–44. doi: 10.18632/oncotarget.6296 
	 8. Shukla,N, Shah,K, Rathore,D, Soni,K, Shah,J, Vora,H , et al. Androgen receptor: structure, signaling, function and potential drug discovery biomarker in different breast cancer subtypes. Life Sci. (2024) 348:122697. doi: 10.1016/j.lfs.2024.122697 
	 9. Michmerhuizen,AR, Spratt,DE, Pierce,LJ, and Speers,CW. ARe we there yet? Understanding androgen receptor signaling in breast cancer. NPJ Breast Cancer. (2020) 6:47. doi: 10.1038/s41523-020-00190-9 
	 10. Ravaioli,S, Maltoni,R, Pasculli,B, Parrella,P, Giudetti,AM, Vergara,D , et al. Androgen receptor in breast cancer: the "5W" questions. Front Endocrinol. (2022) 13:977331. doi: 10.3389/fendo.2022.977331 
	 11. Heinlein,CA, and Chang,C. Androgen receptor in prostate cancer. Endocr Rev. (2004) 25:276–308. doi: 10.1210/er.2002-0032 
	 12. Medić-Milijić,N, Jovanić,I, Nedeljković,M, Marković,I, Spurnić,I, Milovanović,Z , et al. Prognostic and clinical significance of PD-L1, EGFR and androgen receptor (AR) expression in triple-negative breast cancer (TNBC) patients. Life. (2024) 14:682. doi: 10.3390/life14060682 
	 13. Karamouzis,MV, Papavassiliou,KA, Adamopoulos,C, and Papavassiliou,AG. Targeting androgen/estrogen receptors crosstalk in Cancer. Trends Cancer. (2016) 2:35–48. doi: 10.1016/j.trecan.2015.12.001 
	 14. Anestis,A, Sarantis,P, Theocharis,S, Zoi,I, Tryfonopoulos,D, Korogiannos,A , et al. Estrogen receptor beta increases sensitivity to enzalutamide in androgen receptor-positive triple-negative breast cancer. J Cancer Res Clin Oncol. (2019) 145:1221–33. doi: 10.1007/s00432-019-02872-9 
	 15. Giovannelli,P, Di Donato,M, Galasso,G, Di Zazzo,E, Bilancio,A, and Migliaccio,A. The androgen receptor in breast cancer. Front Endocrinol. (2018) 9:492. doi: 10.3389/fendo.2018.00492 
	 16. Kallio,HML, Hieta,R, Latonen,L, Brofeldt,A, Annala,M, Kivinummi,K , et al. Constitutively active androgen receptor splice variants AR-V3, AR-V7 and AR-V9 are co-expressed in castration-resistant prostate cancer metastases. Br J Cancer. (2018) 119:347–56. doi: 10.1038/s41416-018-0172-0 
	 17. Ferguson,DC, Mata,DA, Tay,TK, Traina,TA, Gucalp,A, Chandarlapaty,S , et al. Androgen receptor splice variant-7 in breast cancer: clinical and pathologic correlations. Mod Pathol. (2022) 35:396–402. doi: 10.1038/s41379-021-00924-5 
	 18. Srivastava,TP, Ajmeriya,S, Goel,I, Talukdar,J, Srivastava,A, Parshad,R , et al. Prognostic role of androgen receptor splice variant 7 (AR-V7) in the pathogenesis of breast cancer. BMC Cancer. (2024) 24:1398. doi: 10.1186/s12885-024-13165-x 
	 19. Sharifi,MN, O'Regan,RM, and Wisinski,KB. Is the androgen receptor a viable target in triple negative breast Cancer in 5 years? Clin Breast Cancer. (2023) 23:813–24. doi: 10.1016/j.clbc.2023.06.009 
	 20. Kirkby,M, Popatia,AM, Lavoie,JR, and Wang,L. The potential of hormonal therapies for treatment of triple-negative breast Cancer. Cancers. (2023) 15:4702. doi: 10.3390/cancers15194702 
	 21. Lallous,N, Leblanc,E, Munuganti,RS, Hassona,MD, Nakouzi,NA, Awrey,S , et al. Targeting binding function-3 of the androgen receptor blocks its co-chaperone interactions, nuclear translocation, and activation. Mol Cancer Ther. (2016) 15:2936–45. doi: 10.1158/1535-7163.MCT-16-0354 
	 22. Ding,H, Yu,X, Hang,C, Gao,K, Lao,X, Jia,Y , et al. Ailanthone: a novel potential drug for treating human cancer. Oncol Lett. (2020) 20:1489–503. doi: 10.3892/ol.2020.11710 
	 23. Huang,J, Lin,B, and Li,B. Anti-androgen receptor therapies in prostate Cancer: a brief update and perspective. Front Oncol. (2022) 12:865350. doi: 10.3389/fonc.2022.865350 
	 24. Caceres,S, Peña,L, Lacerda,L, Illera,MJ, de Andres,PJ, Larson,RA , et al. Canine cell line, IPC-366, as a good model for the study of inflammatory breast cancer. Vet Comp Oncol. (2017) 15:980–95. doi: 10.1111/vco.12238 
	 25. Crespo,B, Illera,JC, Silvan,G, Lopez-Plaza,P, Herrera de la Muela,M, de la Puente,YM , et al. Androgen and estrogen β receptor expression enhances efficacy of Antihormonal treatments in triple-negative breast Cancer cell lines. Int J Mol Sci. (2024) 25:1471. doi: 10.3390/ijms25031471
	 26. Crespo,B, Caceres,S, Silvan,G, Illera,MJ, and Illera,JC. The inhibition of steroid hormones determines the fate of IPC-366 tumor cells, highlighting the crucial role of androgen production in tumor processes. Res Vet Sci. (2023) 161:1–14. doi: 10.1016/j.rvsc.2023.05.014 
	 27. Zhu,A, Li,Y, Song,W, Xu,Y, Yang,F, Zhang,W , et al. Antiproliferative effect of androgen receptor inhibition in mesenchymal stem-like triple-negative breast cancer. Cell Physiol Biochem. (2016) 38:1003–14. doi: 10.1159/000443052 
	 28. Teply,BA, and Antonarakis,ES. Novel mechanism-based therapeutics for androgen axis blockade in castration-resistant prostate cancer. Curr Opin Endocrinol Diabetes Obes. (2016) 23:279–90. doi: 10.1097/MED.0000000000000254 
	 29. Illera,JC, Caceres,S, Peña,L, de Andres,PJ, Monsalve,B, Illera,MJ , et al. Steroid hormone secretion in inflammatory breast cancer cell lines. Horm Mol Biol Clin Investig. (2015) 24:137–45. doi: 10.1515/hmbci-2015-0024 
	 30. Caceres,S, Peña,L, Silvan,G, Illera,MJ, Woodward,WA , et al. Steroid tumor environment in male and female mice model of canine and human inflammatory breast cancer. Biomed Res Int. (2016) 2016:8909878. doi: 10.1155/2016/8909878
	 31. Caceres,S, Monsalve,B, Peña,L, de Andres,PJ, Alonso-Diez,A, Illera,MJ , et al. In vitro and in vivo effect of flutamide on steroid hormone secretion in canine and human inflammatory breast cancer cell lines. Vet Comp Oncol. (2018) 16:148–58. doi: 10.1111/vco.12324 
	 32. Kolyvas,EA, Caldas,C, Kelly,K, and Ahmad,SS. Androgen receptor function and targeted therapeutics across breast cancer subtypes. Breast Cancer Res. (2022) 24:79. doi: 10.1186/s13058-022-01574-4
	 33. Aspros,KGM, Carter,JM, Hoskin,TL, Suman,VJ, Subramaniam,M, Emch,MJ , et al. Estrogen receptor beta repurposes EZH2 to suppress oncogenic NFκB/p65 signaling in triple negative breast cancer. NPJ Breast Cancer. (2022) 8:20. doi: 10.1038/s41523-022-00387-0 
	 34. Takano,EA, Younes,MM, Meehan,K, Spalding,L, Yan,M, Allan,P , et al. Estrogen receptor beta expression in triple negative breast cancers is not associated with recurrence or survival. BMC Cancer. (2023) 23:459. doi: 10.1186/s12885-023-10795-5 
	 35. Dimitrakakis,C, and Bondy,C. Androgens and the breast. Breast Cancer Res. (2009) 11:212. doi: 10.1186/bcr2413 
	 36. Zhang,HP, Jiang,RY, Zhu,JY, Sun,KN, Huang,Y, Zhou,HH , et al. PI3K/AKT/mTOR signaling pathway: an important driver and therapeutic target in triple-negative breast cancer. Breast Cancer. (2024) 31:539–51. doi: 10.1007/s12282-024-01567-5 
	 37. Wang,J, Zhang,C, Chen,K, Tang,H, Tang,J, Song,C , et al. ERβ1 inversely correlates with PTEN/PI3K/AKT pathway and predicts a favorable prognosis in triple-negative breast cancer. Breast Cancer Res Treat. (2015) 152:255–69. doi: 10.1007/s10549-015-3467-3 
	 38. Ciupek,A, Rechoum,Y, Gu,G, Gelsomino,L, Beyer,AR, Brusco,L , et al. Androgen receptor promotes tamoxifen agonist activity by activation of EGFR in ERα-positive breast cancer. Breast Cancer Res Treat. (2015) 154:225–37. doi: 10.1007/s10549-015-3609-7 
	 39. Nagandla,H, and Thomas,C. Estrogen signals through ERβ in breast Cancer; what we have learned since the discovery of the receptor. Receptor. (2024) 3:182–200. doi: 10.3390/receptors3020010 
	 40. Yu,L, Wang,L, Kim,JE, Mao,C, and Shapiro,DJ. Src couples estrogen receptor to the anticipatory unfolded protein response and regulates cancer cell fate under stress. Biochim Biophys Acta, Mol Cell Res. (2020) 1867:118765. doi: 10.1016/j.bbamcr.2020.118765 
	 41. Siu,MK, Chen,WY, Tsai,HY, Yeh,HL, Yin,JJ, Liu,SY , et al. Androgen receptor regulates SRC expression through microRNA-203. Oncotarget. (2016) 7:25726–41. doi: 10.18632/oncotarget.8366 
	 42. Zhang,W, Xia,D, Li,Z, Zhou,T, Chen,T, Wu,Z , et al. Aurora-a/ERK1/2/mTOR axis promotes tumor progression in triple-negative breast cancer and dual-targeting Aurora-a/mTOR shows synthetic lethality. Cell Death Dis. (2019) 10:606. doi: 10.1038/s41419-019-1855-z 
	 43. Tošić,I, and Frank,DA. STAT3 as a mediator of oncogenic cellular metabolism: pathogenic and therapeutic implications. Neoplasia. (2021) 23:1167–78. doi: 10.1016/j.neo.2021.10.003 
	 44. Wu,YT, Tang,MX, Wang,YJ, Li,J, Wang,YX, Deng,A , et al. Lower androgen levels promote abnormal cartilage development in female patients with adolescent idiopathic scoliosis. Ann Transl Med. (2021) 9:784. doi: 10.21037/atm-20-3171 
	 45. Sen,B, Saigal,B, Parikh,N, Gallick,G, and Johnson,FM. Sustained Src inhibition results in signal transducer and activator of transcription 3 (STAT3) activation and Cancer cell survival via altered Janus-activated kinase–STAT3 binding. Cancer Res. (2009) 69:1958–65. doi: 10.1158/0008-5472.CAN-08-2944 
	 46. Asemota,S, Effah,W, Young,KL, Holt,J, Cripe,L, Ponnusamy,S , et al. Identification of a targetable JAK-STAT enriched androgen receptor and androgen receptor splice variant positive triple-negative breast cancer subtype. Cell Rep. (2023) 42:113461. doi: 10.1016/j.celrep.2023.113461 
	 47. Sekine,Y, Nakayama,H, Miyazawa,Y, Arai,S, Koike,H, Matsui,H , et al. Ratio of the expression levels of androgen receptor splice variant 7 to androgen receptor in castration refractory prostate cancer. Oncol Lett. (2021) 22:831. doi: 10.3892/ol.2021.13092 
	 48. He,Y, Peng,S, Wang,J, Chen,H, Cong,X, Chen,A , et al. Ailanthone targets p23 to overcome MDV3100 resistance in castration-resistant prostate cancer. Nat Commun. (2016) 7:13122. doi: 10.1038/ncomms13122 


Copyright
 © 2025 Caceres, Crespo, Herrera, de la Puente, Diaz Del Arco, Alonso-Diez, Illera and Illera. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Androgen receptor activation promotes tumor progression in canine and human triple negative breast cancer cell lines



		Background



		Methods



		Cell culture



		Treatments



		Sensitivity assays



		Cell viability and migration assays



		siAR transfections



		DHT and E2 administration



		Tumor growth assay



		Steroid hormone determinations



		Western blot analysis



		Statistics









		Results



		AR expression and hormone secretion in IPC-366 and SUM149 cells



		Steroid hormone administration altered AR signaling in IPC-366 siAR cells



		Silencing AR expression reduced tumor progression in IPC-366 cells



		IPC-366 and SUM149 cells were sensitive to AR antagonists



		AR antagonists reduced cell migration in IPC-366 and SUM149 cell lines



		AR antagonists altered steroid hormone secretion in IPC-366 and SUM149 cultured cells



		AR antagonists reduced AR expression in IPC-366 and SUM149 cells



		AR signaling alterations with the administration of AR antagonists



		Crosstalk between AR and other related receptors









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Abbreviations



		References



















OPS/images/fvets-12-1677830-g010.jpg
(8)
S \ [ - TNBC siAR cells EnviW[mgm

No 3 N 5 e |
N A/ L TN
' ~1iR g






OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Androgen receptor activation
promotes tumor progression in
canine and human triple negative
breast cancer cell lines












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






OPS/images/fvets-12-1677830-g005.jpg
=2 Al 2
Z E
o o
9 B £
& =
g
g 3 H
g S
<
§ BiE B 5
g | g
q o 4 &
Z = z
% G
= = s s = = _ 8 8 8 8 8 °
L (10nu0p “sn) speo pareiBi % 5 (010D *sa) s[> PAIEIBIN %






OPS/images/fvets-12-1677830-g006.jpg
Progesterone (ng/ml)

peoos g
(A) o, P05 |
2y oo pea 50
. I ]
os .
)

IPC-366 SUM149 IPC-366 SUM149

o 1 . &
B s e EmT
® 2 0 P<0.05
EfE T 7] 2%
4 HIRY
H %08
H iz
£ £2u
HE 70
H H
3 £ u
i 3
IPC-366 SUMI49 A IPC-366 SUMI49
P<0.001
p<0.001
a0 e
(F) p<0.001 Pe0.001" G) P<0.007
G Wzl B0 5 Bg0dr
206 M
g TS
Fos £
g el
£ HE
%o 3
Zu £
o
1PC-366 SUM149 1PC-366 SUM149
H) s pacer
) 45
g
2%
Z2s
a2
E 15
1
A 05
0

1PC-366 SUM149
HControl ® Nilutamide #Bicalutamide ®VPC-13566 Ailanthone





OPS/images/fvets-12-1677830-g003.jpg
& 1600

‘Tumor Volume (mm3;

©

Homogenate DHT/E2 ratio

Pe0.05

Day 0 Day2 Day 4 Day 6 Day § Day 10Day 12Day 14
—Control —siAR

P<0.001

15 30
. 4
<
1.0 20 5
o
X
=)
054 F1o 8
ES
f 5 e

00, 00

Control|  [siAR]  [Control

Homogenate Hormone

E2 T A4 DHEA DHT

HControl WSiAR

N
how

N

Serum Hormone

Concentration (ng/ml)

=

n

e

P4

E1 E2 T

u Control ®siAR

A4 DHEA DHT





OPS/images/fvets-12-1677830-g004.jpg
Nitanido

VPC-135%
Alanihone

Nitanide
Bicaianide
VPC-13556
Alaritone

Treatment | EC-50 R-square
Nilutamide | 4.690e-006 | 0.7401
Bicalutamide | 5.466¢-008 | 0.7302
VPC13566 | 1.657¢-006 | 0.7642
Ailanthone [ 1.404-008 | 0.9488
Treatment | EC-50 R-square
Nilutamide [ 1.226e-009 | 0.5336
Bicalutamide | 1.248¢-007 | 0.5538
VPC-13566 | 1.060e-009 | 0.4770
Allanthone | 2.400e-008 | 0.8399

%% Cell viable (. Contra)

% Cell viabliy vs. Contrl)

ica

B

B

P<0.001

vee

AL





OPS/images/fvets-12-1677830-g009.jpg
SUM149

CNT NI BI VPC AIL CNT NI BI VPC AIL
EGFR | e s s S S — 130kd
R
ERB e —— TN w— v w——— | o4
GADPH -— - 36kd
S
ES w0
[Ch)
E 20
CNT NI BI VPC AIL . CNT NI BI VPC AIL

WIPC-366 ®mSUM149

wIPC-366 ®SUMI149





OPS/images/fvets-12-1677830-g007.jpg
IPC-366 SUM149
CNT NI BI VPC AIL CNT NI BI VPC AIL

AR | - — e — n— 110kd
IV ——— 100kd
ARV7 | wom - 80kd

[c715) 4> § ——- e il )

— _— e —
=

P =y
—=

ONT NIl Bl VRC AL ONT NI Bl VPC AL oNT N
BIPC-365 @SUM14S

Bl VPC  AIL
366 WSUMI49 ®IPC-366 mSUMI149






OPS/images/fvets-12-1677830-g008.jpg
IPC-366 SUM149
CNT BI VPC AIL CNT NI BI VPC AIL
STAT3 88 kd
) PR —— . . e e 20K
Src 60 kd
Akt | W— — —— — 50 kd
BT e e p— | e —— 40-50 kd
e oy e w— | — — ——
[TVo)2: G — L [ R}
- roe s W . e
H e H z T
Eow £ o
it = EERY Zzm0
Eg E§ £Z w0
e @ gm0 EX
23w £3 E3
= 2 2< 10 Es @
g 2 ¢ 3w
0 i oo g
ot M B vee am ot N B VEC AL 4 T M B vee AL
BIPC366 ®SUMI4O BIPC366 8 SUMI14 IPC-366 =SUMI1dY
N, ran s
2 1m0, e e ——r
o
L
EE
ES w
EE)
3 o
= oT N B VPC AL B VPC AL OT N B VRC AL
aIPC-366 = SUMI49 ERIQ WERKI ~ERK2






OPS/images/fvets-12-1677830-g001.jpg
( A) IPC-366 SUM149
AR

P-AR | 100kd

P<0.001
—

P<0.001
—

P<0.001

P<0.001
—

ARVT | v 80kd

ERB | wm e | S0Kd

AR p-AR ARV7 Erp

GADPH | s o | 36kd mIPC-366 ®SUM149
(B) peo.05 ©) pe00r
0,03 20 18 —
£ 0,024 % 35
k)
£ 1.0
|
Sonq
Fos
0,00 00
1pC-366] [SUM149] [IPC-366] [SUM149

ANDROGENS ESTROGENS 00

IPC-366 SUM149





OPS/images/fvets-12-1677830-g002.jpg
PAR 100kt

s | e
H Sre
GADRE iy ot oxTDHT TR

BAR ®pAR ®ARVT ERp [l S s
(B) .
3 o
HO " ey :
Zw S
= Z ERK172
fa
i e ==
i
# ! e .
Contal AR
peos
oo oz x el
—— rons = a0, _
= H E]
5 E peoor E
B g
) 20 &
Control Control Control siAR SIAR+ SIAR + Control  Control +  siAR SIAR + o Control Control+E2  SiAR  SIAR+E2 L)
o e b 5 ‘Dut it 2 3
i ey AT mA4 DHT






