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Transcriptional Repression and Protein Degradation of the Ca2+-Activated K+ Channel KCa1.1 by Androgen Receptor Inhibition in Human Breast Cancer Cells
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The large-conductance Ca2+-activated K+ channel KCa1.1 plays an important role in the promotion of breast cancer cell proliferation and metastasis. The androgen receptor (AR) is proposed as a therapeutic target for AR-positive advanced triple-negative breast cancer. We herein investigated the effects of a treatment with antiandrogens on the functional activity, activation kinetics, transcriptional expression, and protein degradation of KCa1.1 in human breast cancer MDA-MB-453 cells using real-time PCR, Western blotting, voltage-sensitive dye imaging, and whole-cell patch clamp recording. A treatment with the antiandrogen bicalutamide or enzalutamide for 48 h significantly suppressed (1) depolarization responses induced by paxilline (PAX), a specific KCa1.1 blocker and (2) PAX-sensitive outward currents induced by the depolarizing voltage step. The expression levels of KCa1.1 transcripts and proteins were significantly decreased in MDA-MB-453 cells, and the protein degradation of KCa1.1 mainly contributed to reductions in KCa1.1 activity. Among the eight regulatory β and γ subunits, LRRC26 alone was expressed at high levels in MDA-MB-453 cells and primary and metastatic breast cancer tissues, whereas no significant changes were observed in the expression levels of LRRC26 and activation kinetics of PAX-sensitive outward currents in MDA-MB-453 cells by the treatment with antiandrogens. The treatment with antiandrogens up-regulated the expression of the ubiquitin E3 ligases, FBW7, MDM2, and MDM4 in MDA-MB-453 cells, and the protein degradation of KCa1.1 was significantly inhibited by the respective siRNA-mediated blockade of FBW7 and MDM2. Based on these results, we concluded that KCa1.1 is an androgen-responsive gene in AR-positive breast cancer cells, and its down-regulation through enhancements in its protein degradation by FBW7 and/or MDM2 may contribute, at least in part, to the antiproliferative and antimetastatic effects of antiandrogens in breast cancer cells.
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INTRODUCTION

Androgens are steroid hormones that are involved in sexual differentiation and prostate cancer progression in men, and the androgen receptor (AR) is a clinical target in androgen-dependent and castration-resistant prostate cancer (Shafi et al., 2013). More than 500 androgen-responsive genes have been identified from human prostate cancer cells (Nickols and Dervan, 2007; Romanuik et al., 2009). Recent studies showed that AR is widely distributed in primary and metastatic breast cancers, with 60–80% of all, 90% estrogen receptor (ER)-positive, 50% human epidermal growth factor receptor 2 (HER2)-positive, and 75% triple negative (TNBC) breast cancers being AR-positive (Garay and Park, 2012). Furthermore, higher dihydrotestosterone (DHT) levels are associated with a favorable prognosis in AR-positive breast cancer cells (Recchione et al., 1995). Therefore, antiandrogens have potential as a new treatment for breast cancer, preferably TNBC (Gucalp and Traina, 2016; Kono et al., 2017). Among human breast cancer cell lines, MDA-MB-453 cells express AR at high levels, and their proliferation is stimulated by androgens in an AR-dependent manner (Hall et al., 1994). However, limited information is currently available on androgen-responsive genes in breast cancer cells.

The large-conductance Ca2+-activated K+ channel is composed of a pore-forming α subunit (KCa1.1/KCNMA1) and auxiliary β (KCNMB1-4) and γ [Leucine-Rich Repeat-Containing protein (LRRC) 26, 38, 52, 55] subunits (Latorre et al., 2017). The β and γ subunits modulate macroscopic kinetics and Ca2+ and voltage sensitivities. In prostate cancer cells, the γ1 subunit, LRRC26 elicits a large negative shift in the voltage dependence of KCa1.1, thereby activating KCa1.1 at physiological voltages and resting intracellular Ca2+ levels (Yan and Aldrich, 2010). Amplified KCa1.1 is associated with a high tumor stage and poor prognosis in breast cancer (Khaitan et al., 2009), and leads to breast cancer proliferation, invasion, and metastasis (Oeggerli et al., 2012; Huang and Jan, 2014). In prostate cancer LNCaP cells, the KCa1.1 gene is amplified by DHT and repressed by antiandrogens (Nickols and Dervan, 2007). The KCa1.1 gene was identified as an androgen-responsive gene in prostate cancer using a long serial analysis of gene expression libraries (LongSAGE) (Romanuik et al., 2009). Our recent study showed the high expression of KCa1.1 in AR-positive MDA-MB-453 cells (Khatun et al., 2016).

Transcriptional, spliceosomal, epigenetic, and proteasomal regulatory pathways play essential roles in the up- and down-regulation of ion channel activity, and the AR signaling pathway cross-talks with its associated molecules such as histone deacetylases (HDACs), microRNAs, and ubiquitin E3 ligases (Ohya et al., 2016; Foot et al., 2017). miR-17-5p regulates the transcription of AR (Gong et al., 2012) and KCa1.1 (Cheng et al., 2016) in cancerous cells. HDAC1, HDAC2, HDAC3, and HDAC6 are highly expressed in breast cancer cells (Seo et al., 2014), and the inhibition of HDAC2 down-regulates the KCa1.1 gene (Khatun et al., 2016). The expression levels of the E3 ubiquitin ligase NEDD4-2 were increased by an androgen treatment in prostate cancer cells (Qi et al., 2003). Additionally, AR is a direct target for the E3 ubiquitin ligase MDM2, which plays an important role in the regulation of the AR signaling pathway (Gaughan et al., 2005). Co-operation between MDM2/FBW7 or MDM2/MDM4 induces the protein degradation of tumor suppressor genes such as p53 and p63 (Galli et al., 2010; Pellegrino et al., 2015).

The aim of the present study is to provide new mechanistic insights into the role of antiandrogens in the repression of KCa1.1 activity in breast cancer cells.

MATERIALS AND METHODS

Cell Culture

The breast cancer cell lines MDA-MB-453, YMB-1, MCF-7, BT549, and Hs578T were obtained from the RIKEN BioResource Center (RIKEN BRC, Tsukuba, Japan) and Health Science Research Resource Bank (HSRRB, Osaka, Japan). MDA-MB-231 and MDA-MB-468 cells were supplied by Dr. Nishiguchi (Kyoto Pharmaceutical University, Kyoto, Japan). Cells were cultured in Leibovitz's L-15, RPMI 1640, or D-MEM medium (Wako Pure Chemical Industries, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS), 100 units/mL of penicillin/streptomycin, and 2 mM glutamine. Cells were maintained at 37°C in an atmosphere of 5% CO2 and 95% air. Commercial FBS contains approximately 0.3 nM testosterone, and the final concentration of testosterone in culture medium is approximately 0.03 nM. Under high testosterone conditions, exogenous DHT (Tokyo Chemical Industry, Tokyo, Japan) was added to the medium at a final concentration of 10 nM. Under testosterone deprivation conditions, charcoal-stripped FBS (Sigma, St. Louis, MO, USA) was added to the medium instead of normal FBS, without the supplementation of 10 nM DHT.

Cell Viability

A cell viability assay using WST-1, which is a colorimetric assay to measure viable cell numbers was performed according to our previous study (Khatun et al., 2016). Briefly, using a density of 105 cells/ml, cells were cultured in duplicate in 96-well plates for 0–5 days. Four hours after the addition of WST-1 reagent (Dojindo, Kumamoto, Japan) into each well, absorbance was measured using a microplate reader Multiskan FC (Thermo Fisher Scientific, Yokohama, Japan) at a test wavelength of 450 nm and a reference wavelength of 620 nm.

RNA Extraction, Reverse Transcription, and Real-Time PCR

Total RNA extraction and reverse transcription were performed as previously reported (Khatun et al., 2016). Quantitative real-time PCR was performed using SYBR Green chemistry on an ABI 7500 fast real-time PCR system (Applied Biosystems). Gene-specific PCR primers were designated using Primer ExpressTM software (Ver 3.0.1, Life Technologies, Carlsbad, CA, USA). The following gene-specific PCR primers of human origin were used for real-time PCR: AR (GenBank accession number: M20132), 2,457–2,583, 127 bp; KCa1.1 (NM_001014797), 1,120–1,239, amplicon = 120 bp; LRRC26 (NM_001013653), 718–837. 120 bp; LRRC38 (NM_001010847), 891–1,022, 130 bp; LRRC52 (NM_001005214), 852–971, 120 bp; LRRC55 (NM_001005210), 553–674, 120 bp; KCNMB1 (NM_004137), 488–608, 121 bp; KCNMB2 (NM_181361), 734–854, 120 bp; KCNMB3 (NM_171828), 556–676, 121 bp; KCNMB4 (NM_014505), 880–1,010, 131 bp; FBW7, (NM_033632), 1,441–1,560, 120 bp; MDM2, (NM_002392), 1,255–1,374, 120 bp; MDM4 (NM_002393), 1,138–1,257, 120 bp; NEDD4-1 (NM_006154), 1,372–1,491, 120 bp; NEDD4-2 (AY312514), 1,039–1,158, 120 bp; β-actin (ACTB) (NM_001101, 411–511), 101 bp. Unknown quantities relative to the standard curve for a particular set of primers were calculated as previously reported (Khatun et al., 2016), yielding the quantitation of gene products relative to ACTB. In order to examine whether the pre-mRNA splicing of KCa1.1 was changed by the treatment with antiandrogens, the PCR amplification of partial fragments including several exons of KCa1.1 was performed as previously reported (Khatun et al., 2016). The amplification profile was as follows: a 15 s denaturation step at 96°C and a 30 s primer extension step at 60°C. The following PCR primers were used: KCa1.1 (NM_001014797) exons 1–4: 104–960, amplicon = 857 bp; exons 5–14: 860–1,849, 990 bp; exons 15–23: 1,761–2,916, 1,156 bp; exons 24–30: 2,688–3,741, 1,054 bp. Amplified products were separated on 1.0% agarose gels, and visualized by ethidium bromide staining. One kbp DNA Ladder One (Nacalai Tesque, Kyoto, Japan) was used as a molecular weight marker.

Western Blotting

Protein lysates were prepared from MDA-MB-453 using RIPA lysis buffer with a protease inhibitor (Thermo Scientific Pierce, Yokohama, Japan) for Western blotting (Khatun et al., 2016). Protein expression levels were measured 48 h after antiandrogen treatments. Equal amounts of protein (20 μg/lane) were subjected to SDS-PAGE (10%). Blots were incubated with anti-AR (110 kDa) (C-19, Santa Cruz Biotechnology), anti-KCa1.1 (100 kDa) (APC-021, Alomone Labs, Jerusalem, Israel), anti-LRRC26 (50 kDa) (ab124181, Abcam, Tokyo Japan), anti-HDAC2 (60 kDa) (H-54, Santa Cruz Biotechnology), and anti-ACTB (43 kDa) (6D1, Medical and Biological Laboratories, Nagoya, Japan) antibodies, then incubated with anti-rabbit or anti-mouse horseradish peroxidase-conjugated IgG (Merck Millipore, Darmstadt, Germany). An enhanced chemiluminescence detection system (GE Healthcare Japan, Tokyo, Japan) was used to detect the bound antibody. The resulting images were analyzed using a VersaDoc5000MP device (Bio-Rad Laboratories, Hercules, CA, USA). The optical density of the protein band signal relative to that of the ACTB signal was calculated using ImageJ software (Ver. 1.42, NIH, USA), and protein expression levels in the vehicle control were then expressed as 1.0.

Gene Silencing by siRNA Transfection

Lipofectamine® RNAiMAX reagent (Thermo Fisher Scientific) was used in the siRNA-mediated blockade of AR, FBW7, MDM2, and MDM4 (Life Technologies) (Khatun et al., 2016). Control siRNA (type A) was purchased from Santa Cruz Biotechnology. The expression levels of the target transcripts were assessed 72 h after the transfection of siRNAs using a real-time PCR assay.

Measurements of KCa1.1 Activity by Voltage-Sensitive Dye Imaging and Whole-Cell Patch Clamp Recordings

Membrane potential was measured using the fluorescent voltage-sensitive dye DiBAC4(3) as previously reported (Khatun et al., 2016). Briefly, prior to fluorescence measurements, cells were incubated in normal HEPES buffer containing 100 nM DiBAC4(3) at room temperature for 20 min, and cells were then continuously incubated in 100 nM DiBAC4(3) throughout the experiments. Depolarization responses induced by the selective KCa1.1 blocker, paxilline (PAX, 1 μM) (increase in fluorescence intensity) were measured using an ORCA-Flash2.8 digital camera (Hamamatsu Photonics, Hamamatsu, Japan). Data collection and analyses were performed using an HCImage system (Hamamatsu Photonics). Images were measured every 5 s.

A whole-cell patch clamp was applied to single MDA-MB-453 cells using the HEKA EPC 10 USB amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany) at room temperature (23 ± 1°C) as previously reported (Khatun et al., 2016). Data acquisition and analyses of whole cell currents were performed using PatchMaster (HEKA). Whole-cell currents were measured in the voltage-clamp mode and induced by 500-ms voltage steps, every 15 s, from−80 mV to +60 mV at a holding potential of −60 mV. The external solution was (in mM): 137 NaCl, 5.9 KCl, 2.2 KCl, 1.2 MgCl2, 14 glucose, and 10 HEPES, pH7.4. The pipette solution was (in mM): 140 KCl, 4 MgCl2, 3.2 CaCl2, 5 EGTA, 10 HEPES, and 2 Na2ATP, pH 7.2, with an estimated free Ca2+ concentration of 300 nM (pCa 6.5).

To evaluate the voltage-dependence of KCa1.1 channel activation in MDA-MB-453 cells, 30-ms voltage pulses between −80 and +200 mV were applied in 20-mV increments using a holding potential of −80 mV. The whole cell conductance was expressed as the normalized conductance (G/Gmax) calculated from the relative amplitude of the tail currents (deactivation at −60 mV). The relations of normalized conductances (G/Gmax) vs. voltage were fitted by the single-Boltzmann distribution: G/Gmax = 1/(1+exp(V1/2-V)/s), where V1/2 is the voltage of half-maximal activation and s is the slope factor. The external solution contained (in mM): 140 KCl, 2 MgCl2, and 10 HEPES, pH 7.4. The pipette solution was (in mM): 140 KCl, 5 EGTA, and 10 HEPES, pH 7.2.

Chemicals

Bicalutamide (BCT) was purchased from AdooQ Biosciences (Irvine, CA, USA). Enzalutamide (EZT) was purchased from MedChem Express (Monmouth Junction, NJ, USA). Everolimus, AZD5363, 5,15-diphenylporphyrin (DPP), and Nutlin-3a were purchased from Cayman Chemical (Michigan, MI, USA). SJ172550 was purchased from Tocris Bioscience (Minneapolis, MN, USA). All other reagents were purchased form Sigma-Aldrich (Tokyo, Japan) or Wako Pure Chemicals (Osaka, Japan).

Statistical Analysis

The significance of differences among two and multiple groups was evaluated using the Student's t-test and Tukey's test after the F test and ANOVA, respectively. Significance at p < 0.05 and 0.01 is indicated in the figures. Data are presented as means ± SEM.

RESULTS

Inhibition of KCa1.1 Activity by the Antiandrogen, BCT or EZT in Breast Cancer Cells

We examined the gene and protein expression of AR in several human breast cancer cell lines using real-time PCR and Western blot analyses. As previously reported by Hall et al., the expression levels of AR genes and proteins in MDA-MB-453 cells were markedly higher than those in other cell lines (Figures 1A,B). Cochrane et al. (2014) demonstrated that the proliferation of MDA-MB-453 cells was suppressed by a treatment with the antiandrogen, EZT under an AR stimulation by DHT. In the present study, the antiandrogen, 1 μM BCT or 1 μM EZT significantly suppressed the viability of MDA-MB-453 cells (Figure 1D), and this suppressive effect disappeared by supplementation with charcoal-stripped FBS for 5 days into the culture medium instead of normal FBS (Figure 1E). The significant down-regulation of AR transcripts was detected by the treatment with charcoal-stripped FBS (Figure 1C).
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FIGURE 1. Gene and protein expression of the androgen receptor (AR) in human breast cancer cell lines and effects of antiandrogens on the viability of MDA-MB-453 cells. (A) Real-time PCR assay for AR in seven human breast cancer cell lines (n = 3 for each). (B) Expression of AR proteins (approximately 110 kDa) in MDA-MB-453, YMB-1, MCF-7, and MDA-MB-231 cells. Protein lysates of the examined cells were probed by immunoblotting with anti-AR (upper panel) and anti-ACTB (lower panel) antibodies on the same filter. (C) Expression of AR transcripts in MDA-MB-453 cells cultivated for 5 days with normal FBS- and charcoal-stripped FBS-supplemented (10%) medium (n = 4 for each). (D,E) Effects of treatments with the antiandrogens, bicalutamide (BCT, 1 μM) and enzalutamide (EZT, 1 μM) for 72 h on the viability of MDA-MB-453 cells pre-cultivated for 5 days with normal FCS- (D) and charcoal-stripped FCS- (E) supplemented medium. The viability of vehicle-treated cells is arbitrarily expressed as 1.0, and data are shown as “relative cell viability” (n = 5 for each). Expression levels were expressed as a ratio to ACTB (A,C). Results were expressed as means ± SEM. **p < 0.01 vs. the normal FBS group or vehicle control.



A positive correlation was detected between the expression levels of AR and KCa1.1 transcripts in human primary breast cancer tissues (Supplementary Figure S1A). In the primary breast tumor and corresponding metastatic breast tumor of the same donor (a 65-year-old female, BioChain, Hayward, CA, USA), the expression levels of AR and KCa1.1 transcripts were higher in metastatic tissue than in the primary tumor (Supplementary Figures S3A,B). Our recent study showed that KCa1.1 was the most abundantly expressed in MDA-MB-453 cells, and the pharmacological and siRNA-mediated blockade of KCa1.1 significantly suppressed cell viability (Khatun et al., 2016).

We then examined the effects of the treatment with 1 μM BCT or 1 μM EZT for 48 h in the presence of DHT on the selective KCa1.1 blocker, PAX (1 μM)-induced depolarization responses in MDA-MB-453 cells using voltage-sensitive fluorescent dye imaging. When fluorescence intensity before the application of PAX was expressed as 1.0, the increase in the relative fluorescence DiBAC4(3) intensity induced by PAX was markedly smaller in BCT- or EZT-treated MDA-MB-453 cells than in the vehicle control (Figure 2A). Ten minutes after the application of PAX, 140 mM K+ solution was applied to cells in order to omit dead cells and insufficiently dye-loaded cells. Summarized data showed that the change in relative fluorescence intensity [Δ relative fluorescence intensity of DiBAC4(3)] was significantly lower in BCT- or EZT-treated MDA-MB-453 cells than in the vehicle control (Figure 2B). No significant differences of high K+-induced depolarization responses were found among three groups (not shown). As shown in Figures 1A,B YMB-1 and MDA-MB-231 cells expressed KCa1.1 at low levels. Significant PAX-induced depolarization responses were not observed in these cells (Supplementary Figure S1B). Similar results were obtained using whole-cell patch clamp recording. Currents were elicited by a 500-ms depolarizing voltage step between −80 mV and +60 mV from a holding potential (−60 mV) with 10-mV increments. Figure 3A upper panel shows typical current traces recorded from MDA-MB-453 cells treated with 0.1% DMSO (vehicle control) for 48 h. PAX almost completely suppressed outward currents (Figure 3A, lower panel). As shown in Figures 3B,C (upper panel), outward currents were largely inhibited by the treatment with BCT or EZT for 48 h. In Figure 3D, the peak amplitudes of PAX-sensitive outward currents were plotted against test potentials as the current density after normalization by cell capacitance (pA/pF). The peak KCa1.1 current density at +40 mV was suppressed by more than 60% by the treatment with BCT (n = 10) or EZT (n = 11) [p < 0.01 vs. vehicle control (n = 10)] (Figure 3E).
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FIGURE 2. Effects of treatments with antiandrogens for 48 h on 1 μM paxilline (PAX)-induced depolarization responses in MDA-MB-453 cells. (A) Measurement of PAX-induced depolarization responses in vehicle (black symbols)-, BCT (blue symbols)-, and EZT (red symbols)-treated MDA-MB-453 cells. The fluorescence intensity of DiBAC4(3) before the application of PAX at 0 s is expressed as 1.0. The time courses of changes in the relative fluorescence intensity of DiBAC4(3) are shown. (B) Summarized data are shown as the PAX-induced Δ relative fluorescence intensity of DiBAC4(3) in vehicle-, BCT-, and EZT-treated MDA-MB-453 cells. Cells were obtained from three different batches (59, 60, and 47 cells in each group). Results were expressed as means ± SEM. **p < 0.01 vs. the vehicle control.
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FIGURE 3. Effects of treatments with antiandrogens for 48 h on paxilline-sensitive outward K+ currents in MDA-MB-453 cells. (A–C) Currents were elicited by a 500-ms depolarizing voltage step between −80 and +60 mV from a holding potential (−60 mV) with 10-mV increments in MDA-MD-453 cells treated with vehicle (A, upper panel), 1 μM BCT (B, upper panel), and 1 μM EZT (C, upper panel). The application of 1 μM PAX reduced outward currents (A–C, lower panel). (D) Current density-voltage relationship for PAX-sensitive peak current amplitude. (E) Summarized data on PAX-sensitive current density at +40 mV in vehicle- (n = 10), BCT- (n = 10), and EZT- (n = 11) treated MDA-MB-453 cells. Results are expressed as means ± SEM. **p < 0.01 vs. the vehicle control.



Decreased Gene and Protein Expression Levels of KCa1.1 by Antiandrogens in Breast Cancer Cells

Quantitative real-time PCR examinations were performed in order to investigate the effects of antiandrogens on the expression levels of KCa1.1 transcripts. As shown in Figure 4A, the expression levels of KCa1.1 transcripts in MDA-MB-453 cells treated with 1 μM BCT or 1 μM EZT for 48 h were significantly lower than those in the vehicle control (n = 4 for each, p < 0.01); however, inhibitory rates (20–30%) were largely dissociated with those of KCa1.1 activity in Figures 2B, 3E. Similarly, the siRNA-mediated inhibition of AR expression resulted in the down-regulation of KCa1.1 transcripts (Supplementary Figures S1C,D). Human KCa1.1 encoded by the KCNMA1 gene is composed of 30 exons on chromosome 10q22, and more than 20 alternatively spliced variants have been identified in the N- and C-termini (Mahmoud and McCobb, 2004). In addition, Bell et al. (2010) reported that the stress axis-regulated exon (STREX) splicing of KCa1.1 was regulated by testosterone in the pituitary. Similar to our previous study (Khatun et al., 2016), non-quantitative RT-PCR examinations were performed using specific primers for exons 1–4, exons 5–14, exons 15–23, and exons 24–30. As shown in Figure 4B, the band patterns on agarose gels in the BCT (middle panel)- and EZT (lower panel)-treated groups were the same as those in the vehicle (upper panel)-treated group, suggesting that antiandrogens do not affect any pre-mRNA splicing processes of KCa1.1 in MDA-MB-453 cells. The protein expression levels of KCa1.1 were subsequently assessed by Western blotting. The treatment of MDA-MB-453 cells with antiandrogens resulted in a greater than 70% decrease in the expression levels of the KCa1.1 protein (n = 4 for each, P < 0.01 vs. vehicle control) (Figures 4C,D), which is consistent with the inhibitory rates of KCa1.1 activity by antiandrogens shown in Figures 2B, 3E. These results suggest that the antiandrogen-induced inhibition of KCa1.1 activity is mainly due to the promotion of KCa1.1 protein degradation.
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FIGURE 4. Down-regulation of KCa1.1 transcripts and proteins in MDA-MB-453 cells by treatments with antiandrogens for 48 h. (A) Real-time PCR assay for KCa1.1 in vehicle-, 1 μM BCT-, and 1 μM EZT-treated MDA-MB-453 cells (n = 4 for each). Expression levels were expressed as a ratio to ACTB. (B) Band patterns on agarose gels for the PCR products of KCa1.1 exons (exons 1–4, 5–14, 15–23, and 24–30) in vehicle-, 1 μM BCT-, and 1 μM EZT-treated MDA-MB-453 cells. A DNA molecular weight marker is indicated on the right of the gel. (C) Protein lysates of vehicle-, 1 μM BCT-, and 1 μM EZT-treated MDA-MB-453 cells were probed by immunoblotting with anti-KCa1.1 (upper panel) and anti-ACTB (lower panel) antibodies on the same filter. (D) Summarized results were obtained as the optical density of KCa1.1 and ACTB band signals. After compensation for the optical density of the KCa1.1 protein band signal with that of the ACTB signal, the KCa1.1 signal in the vehicle control was expressed as 1.0 (n = 3 for each). Results are expressed as means ± SEM. **p < 0.01 vs. the vehicle control.



Effects of Antiandrogens on Expression Levels of KCa1.1 Regulatory Subunits and KCa1.1 Activation Kinetic in Breast Cancer Cells

Real-time PCR examinations were performed in order to investigate the effects of antiandrogens on the transcriptional expression levels of four KCa1.1 β subunits (KCNMB1-4) and four KCa1.1 γ subunits (LRRC26, 38, 52, and 55). Similar to KCa1.1-expressing prostate cancer cells (Yan and Aldrich, 2010), LRRC26 was the main auxiliary subunit of KCa1.1 in KCa1.1-expressing breast cancer MDA-MB-453 cells (Figure 5A, vehicle) and breast cancer tissues (Supplementary Figure S3C). The other seven subunits were less abundantly expressed in MDA-MB-453 cells (less than 0.05 in arbitrary units; Supplementary Figure S2). The expression levels of LRRC26 transcripts in metastatic breast cancer tissue were significantly higher than those in the primary tumor (Supplementary Figure S3C). We then examined the effects of antiandrogens on the expression levels of LRRC26 transcripts and proteins in MDA-MB-453 cells, and found no significant changes following the treatment with antiandrogens (Figures 5A–C). We further assessed the half-activation voltage (V1/2) of PAX-sensitive outward currents in the virtual absence of [Ca2+]i using whole-cell patch clamp recording. Consistent with the above results, no significant differences in V1/2 by the antiandrogen treatment were found in MDA-MB-453 cells (Figures 5D,E). Both antiandrogens caused a slightly hyperpolarizing shift in the voltage of V1/2: vehicle control, 39.5 ± 3.2 (n = 13); BCT-treated, 32.5 ± 2.8 (n = 9); EZT-treated, 30.0 ± 5.9 (n = 9), p > 0.05 vs. vehicle control.
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FIGURE 5. Effects of treatments with antiandrogens on expression levels of the KCa1.1 regulatory γ subunit, LRRC26 transcripts and proteins and on the voltage dependency of KCa1.1 currents in MDA-MB-453 cells. (A) Real-time PCR assay for LRRC26 in vehicle-, 1 μM BCT-, and 1 μM EZT-treated MDA-MB-453 cells (n = 4 for each). Expression levels were expressed as a ratio to ACTB. (B) Protein lysates of vehicle-, 1 μM BCT-, and 1 μM EZT-treated MDA-MB-453 cells were probed by immunoblotting with anti-LRRC26 (upper panel) and anti-ACTB (lower panel) antibodies on the same filter. (C) Summarized results were obtained as the optical density of LRRC26 and ACTB band signals. After compensation for the optical density of the LRRC26 protein band signal with that of the ACTB signal, the LRRC26 signal in the vehicle control was expressed as 1.0 (n = 4 for each).(D) The voltage dependency of activation curves was derived from the current (I)-voltage (V) relationship in vehicle- (n = 13), BCT- (n = 9), and EZT- (n = 9) treated MDA-MB-453 cells. I–V curves were obtained using the protocol with pulses to potentials ranging between −80 mV and +200 mV for 30 ms, followed by a voltage step to −60 mV for 100 ms. The peak current measured at each potential was divided by (V-Vrev), where V is the test potential and Vrev is the reversal potential. Conductance was then normalized and fit to a standard Boltzmann equation. (E) Summarized data of the half-maximal voltage (V1/2) of activation. Results were expressed as means ± SEM.



Involvement of the PI3K/Akt/mTOR Signaling Pathway in the Down-Regulation of KCa1.1 Transcripts by the Antiandrogen Treatment

We recently demonstrated that KCa1.1 transcripts were down-regulated by histone deacetylase (HDAC) 2 inhibition, and that the active vitamin D-induced protein degradation of HDAC2 was involved in the down-regulation and reduced activity of KCa1.1 (Khatun et al., 2016). We examined the effects of antiandrogens on HDAC2 protein expression, and found no significant differences between the treatment with vehicle and BCT or EZT in MDA-MB-453 cells (Figures 6A,B).
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FIGURE 6. Effects of treatments with antiandrogens on expression levels of histone deacetylase (HDAC) 2 proteins and effects of mTOR and AKT inhibitors on expression levels of KCa1.1 transcripts in MDA-MB-453 cells. (A) Protein lysates of vehicle-, 1 μM BCT-, and 1 μM EZT-treated MDA-MB-453 cells were probed by immunoblotting with anti-HDAC2 (upper panel) and anti-ACTB (lower panel) antibodies on the same filter. (B) Summarized results were obtained as the optical density of HDAC2 and ACTB band signals. After compensation for the optical density of the HDAC2 protein band signal with that of the ACTB signal, the HDAC2 signal in the vehicle control was expressed as 1.0 (dotted line, n = 4 for each). (C,D) Real-time PCR assay for KCa1.1 in vehicle-, 10 nM everolimus- (C), and 1 μM AZD5363 (D)-treated MDA-MB-453 cells (n = 4 for each). Expression levels were expressed as a ratio to ACTB. Results are expressed as means ± SEM. **p < 0.01 vs. the vehicle control.



The PI3K/AKT/mTOR signaling pathway includes important transcriptional regulators in cancer cells. mTOR is the downstream gene that is positively regulated by AR in prostate cancer cells, and the repression of the mTOR signal also exhibits a compensatory increase in AR function (Wu et al., 2010). In breast cancer MDA-MB-453 cells, the treatment with either the mTOR inhibitor, everolimus (10 nM) or the Akt inhibitor, AZD5363 (1 μM) significantly up-regulated KCa1.1 transcription (Figures 6C,D). These results suggest that the PI3K/AKT/mTOR signaling pathway may be involved in the transcriptional repression of KCa1.1 by antiandrogens in breast cancer cells. AKT/mTOR inhibitors suppressed the viability of MDA-MB-453 cells (Supplementary Figures S4A,B) and up-regulated AR transcription (Supplementary Figures S4C,D).

Involvement of E3 Ubiquitin Ligases in the Protein Degradation of KCa1.1 by Antiandrogens in Breast Cancer Cells

As described above, the antiandrogen-induced inhibition of KCa1.1 activity appears to be mainly due to the protein degradation of KCa1.1. In order to elucidate the involvement of protein degradation processes in the antiandrogen-induced down-regulation of KCa1.1 proteins in MDA-MB-453 cells, the effects of the potent proteasome inhibitor, MG132 (100 nM) on antiandrogen-induced KCa1.1 protein degradation were examined. MG132 was added 24 h after the treatment with antiandrogens. Reductions in KCa1.1 proteins induced by the treatment with BCT or EZT were almost completely prevented by the MG132 treatment for 24 h (Figures 7A,B). Consistently, the significant attenuation of PAX-induced depolarization responses in BCT- or EZT-treated MDA-MB-453 cells almost completely disappeared after the MG132 treatment (Figure 7C).


[image: image]

FIGURE 7. Effects of the potent proteasome inhibitor, MG132 (100 nM) in the presence of 10 nM DHT on expression levels of KCa1.1 proteins in antiandrogen-treated MDA-MB-453 cells. MG132 was applied 24 h after the treatment with antiandrogens. (A) Protein lysates of vehicle-, 1 μM BCT-, and 1 μM EZT-treated MDA-MB-453 cells were probed by immunoblotting with anti-KCa1.1 (upper panel) and anti-ACTB (lower panel) antibodies on the same filter. (B) Summarized results were obtained as the optical density of KCa1.1 and ACTB band signals. After compensation for the optical density of the KCa1.1 protein band signal with that of the ACTB signal, the KCa1.1 signal in the vehicle control was expressed as 1.0 (dotted line, n = 3 for each). (C) Measurement of PAX-induced depolarization responses in vehicle-, BCT-, and EZT-treated MDA-MB-453 cells. Summarized data are shown as the PAX-induced Δ relative fluorescence intensity of DiBAC4(3) in vehicle-, BCT-, and EZT-treated MDA-MB-453 cells. Cells were obtained from three different batches (64, 43, and 35 cells in each group). Results were expressed as means ± SEM.



We then identified the ubiquitin E3 ligase(s) involved in the antiandrogen-induced protein degradation of KCa1.1 in MDA-MB-453 cells. MDM2 is the ubiquitin E3 ligase regulating AR-downstream target genes by AR degradation (Qi et al., 2003). The complexes, MDM2/MDM4 (MDMX) and MDM2/FBW7 (F-box/WD repeat-containing protein 7) promote protein ubiquitination and degradation (Gaughan et al., 2005; Galli et al., 2010). Moreover, NEDD4s (neural precursor cell expressed developmentally down-regulated protein 4) regulates ion channel functions via their ubiquitination (Qi et al., 2003; Foot et al., 2017). We examined changes in the expression levels of FBW7, MDM2, MDM4, NEDD4-1, and NEDD4-2 transcripts by the antiandrogen treatment for 48 h. As shown in Figures 8A–C, the expression of FBW7, MDM2, and MDM4 was significantly up-regulated by the treatment with BCT or EZT, without changes in the expression levels of NEDD4-1 and NEDD4-2 (Supplementary Figure S5). The significant up-regulation of FBW7, MDM2, and MDM4 occurred 24 h after the antiandrogen treatment (Supplementary Figure S6). We then examined the effects of the siRNA-mediated inhibition of FBW7, MDM2, and MDM4 on KCa1.1 protein expression in MDA-MB-453 cells by Western blotting. As shown in Figures 8D,E a significant increase in the protein expression levels of KCa1.1 was observed in FBW7- and MDM2-down-regulated MDA-MB-453 cells; however, no significant changes were observed in MDM4-down-regulated cells. Approximately 50–70% of transcripts were inhibited by siRNA transfection (Supplementary Figure S7). The antiandrogen-induced protein degradation of KCa1.1 was observed by the treatment with the MDM4 inhibitor, SJ172550 (20 μM) for 12 h (Supplementary Figure S8B); however, it disappeared following the addition of the MDM2 inhibitor, nutrin-3a (10 μM) (Supplementary Figures S8A). Similarly, the inhibition of PAX-induced depolarization responses by antiandrogens disappeared with the treatment with nutrin-3a, but not SJ172550 (Supplementary Figures S8C,D). Consistent with the above results, the up-regulation of the ubiquitin E3 ligases FBW7 and MDM2 may contribute to the antiandrogen-induced protein degradation of KCa1.1 in MDA-MB-453 cells.
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FIGURE 8. Effects of treatments with antiandrogens on expression levels of ubiquitin E3 ligases, FBW7, MDM2, and MDM4 transcripts and effects of the siRNA-mediated inhibition of ubiquitin E3 ligases on expression levels of KCa1.1 proteins in MDA-MB-453 cells. (A–C) Real-time PCR assay for FBW7 (A), MDM2 (B), and MDM4 (C) in vehicle-, 1 μM BCT-, and 1 μM EZT-treated MDA-MB-453 cells (n = 4 for each). (D) Protein lysates of FBW7, MDM2, and MDM4 siRNA-transfected MDA-MB-453 cells (for 72 h) were probed by immunoblotting with anti-KCa1.1 (upper panel) and anti-ACTB (lower panel) antibodies on the same filter. (E) Summarized results were obtained as the optical density of KCa1.1 and ACTB band signals. After compensation for the optical density of the KCa1.1 protein band signal with that of the ACTB signal, the KCa1.1 signal in the vehicle control was expressed as 1.0 (n = 4 for each). Expression levels were expressed as a ratio to ACTB. Results are expressed as means ± SEM. **p < 0.01 vs. the vehicle control or control siRNA (si-cont).



DISCUSSION

The large-conductance Ca2+-activated K+ channel KCa1.1 encoded by the KCNMA1 gene is overexpressed in breast cancer cells, and plays a crucial role in breast cancer proliferation, invasion, and metastasis (Khaitan et al., 2009; Huang and Jan, 2014). AR is expressed in most breast cancers and has been proposed as a therapeutic target for triple negative breast cancer and breast cancer with drug resistance (Gucalp and Traina, 2016; Kono et al., 2017). Lehmann et al. (2011) categorized into six TNBC groups based on significant heterogeneity. The luminal AR (LAR) subtype was characterized by high expression of the AR, AR downstream effectors, and so on. The AR-positive breast cancer MDA-MB-453 cells have a similar molecular profiling to LAR subtype. However, the regulatory mechanisms of KCa1.1 expression through AR signaling are poorly understood. We herein demonstrated 1) the prevention of KCa1.1 activity by a long-term treatment with antiandrogens in MDA-MB-453 cells (Figures 2,3), 2) the antiandrogen-induced transcriptional repression of KCa1.1 in MDA-MB-453 cells (Figure 4A), and 3) the antiandrogen-induced enhancement of KCa1.1 protein degradation mediating FBW7 and/or MDM2 in MDA-MB-453 cells (Figures 4C,D, 7, 8).

Recent studies reported acute testosterone-induced, non-genomic KCa1.1 activation in vascular and urinary bladder smooth muscle cells (Hristov et al., 2016; Ruamyod et al., 2017); however, the long-term effects of an AR stimulation or inhibition on KCa1.1 expression remain inconclusive. As shown in Figures 2, 3 KCa1.1 activity measured by voltage-sensitive dye imaging and whole-cell patch clamp recording was significantly prevented by the antiandrogen treatment in MDA-MB-453 cells. Concomitant with the antiandrogen-induced inhibition of KCa1.1 activity, significant decreases were observed in the expression levels of KCa1.1 transcripts and proteins by the antiandrogen treatment (Figure 4). The expression levels of KCa1.1 proteins were markedly lower (more than 70%) following the antiandrogen treatment than those of KCa1.1 transcripts (20-30%). Therefore, the main mechanistic cause of antiandrogen actions in the inhibition of KCa1.1 activity in breast cancer cells is considered to be the enhancement of KCa1.1 protein degradation. In prostate cancer cells, KCa1.1 amplification is observed in the early stages of carcinogenesis (Ohya et al., 2009; Altintas et al., 2013); however, KCa1.1 was more strongly expressed in metastatic breast cancer tissues than in the primary tumor (Supplementary Figure S3B).

On the other hand, the auxiliary γ 1 subunit, LRRC26, which activates KCa1.1 via a large negative shift in voltage dependence, is mainly expressed in MDA-MB-453 cells and breast cancer tissues (Supplementary Figures S2, S3). No significant changes in the expression levels of LRRC 26 transcripts and proteins were found in antiandrogen-treated MDA-MB-453 cells (Figures 5A–C). As shown in Figures 5D,E a slight shift in the half maximal voltage (V1/2) in a negative direction was noted. This may have been due to a relative increase in LRRC26 to KCa1.1 in the plasma membrane by the down-regulation of KCa1.1. In line with the above results, antiandrogen-induced KCa1.1 protein degradation may be, at least in part, responsible for reduced viability in MDA-MB-453 cells.

Our previous study demonstrated that the protein degradation of type 2 histone deacetylase (HDAC2) by vitamin D receptor (VDR) agonists contributed to the transcriptional repression of KCa1.1 in MDA-MB-453 cells (Khatun et al., 2016). However, no significant changes in the protein expression levels of HDAC2 were found in antiandrogen-treated MDA-MB-453 cells (Figures 7A,B). These results are reasonable because HDACs are upstream effectors of the AR signaling pathway in prostate cancer (Welsbie et al., 2009).

MicroRNAs control gene expression post-transcriptionally by preventing the protein degradation of target RNAs. Östling et al. (2011) identified 71 unique miRNAs that influenced AR levels in prostate cancer cells (Östling et al., 2011), and previous studies identified several KCa1.1-down-regulating miRNAs (Östling et al., 2011; Tatro et al., 2013; Kroiss et al., 2015; Cheng et al., 2016; Samuel et al., 2016; Lu et al., 2017). We identified miR-9, miR-17-5p, miR-135a, and miR-449a as androgen-regulated, KCa1.1-down-regulating miRNAs in prostate cancer. Shi et al. recently reported miRNAs associated with AR expression in breast cancer cell lines, excluding MDA-MB-453 cells (Shi et al., 2017); however, no common miRNAs regulated by AR were found. Further studies are required in order to identify the miRNAs, including miR-9, miR-17-5p, miR-135a, and miR-449a, that contribute to KCa1.1 translational repression via mRNA degradation in AR-overexpressing breast cancer tissues. A recent study showed that miR-17-5p also down-regulates KCa1.1 in another malignant tissue, the pleural mesothelioma (Cheng et al., 2016). In breast cancer cells, miR-17-5p negatively regulates the expression of phosphatase and tensin homolog, PTEN (Li et al., 2017), and the activation of PTEN inhibits the PI3K/AKT/mTOR signaling pathway (Guo et al., 2015), suggesting that the overexpression of miR-17-5p may promote the PI3K/AKT/mTOR signaling pathway. Consistent with these studies, the overexpression of the other AR-responsive miRNAs, miR-135a and miR-9 increased the phosphorylation of AKT (Zheng et al., 2016) and suppressed PTEN expression in carcinoma cells (Lu et al., 2016). In contrast, the overexpression of miR-449a suppressed AKT activation in hepatocellular carcinoma (Chen et al., 2015). The present study showed that AKT/mTOR inhibitors significantly up-regulated the expression levels of KCa1.1 transcripts (Figures 6C,D). Therefore, the activation of the PI3K/AKT/mTOR signaling pathway through the down-regulation of PTEN may be involved in the antiandrogen-induced transcriptional repression of KCa1.1 in MDA-MB-453 cells. The STAT3 signaling pathway is also important in the regulation of breast cancer proliferation and apoptosis. STAT3 enhances the expression of the downstream target genes of AR signaling via the transactivation of AR in prostate cancer cells (De Miguel et al., 2003; Östling et al., 2011), indicating that STAT3 is the upstream signal of AR. A treatment with the STAT3 inhibitor, 5,15-DPP (10 μM) significantly down-regulated AR and KCa1.1 transcription (Supplementary Figures S9).

A number of ubiquitin ligases are known to regulate ion channel functions, and the ubiquitin-regulated down-regulation of ion channels has been strongly implicated in human pathologies including cancers (Foot et al., 2017). As shown in Figure 7, the proteasome inhibitor MG132 almost completely suppressed the inhibitory effects of antiandrogens on KCa1.1 protein expression in MDA-MB-453 cells. The ubiquitin ligase, NEDD4-2 (also refer to NEDD4L) is responsible for the protein degradation of voltage-gated K+ channels (KV1.3 and KV11.1), resulting in the prevention of their activities (Kang et al., 2015; Vélez et al., 2016). However, Qi et al. (2003) reported that NEDD4-2 transcription was “enhanced” by an AR stimulation in prostate cancer, suggesting that an antiandrogen treatment “decreases” protein degradation via NEDD4-2. As shown in Supplementary Figures S5B, no significant changes were found in the expression levels of NEDD4-2 transcripts in antiandrogen-treated MDA-MB-453 cells.

AR is a direct target for MDM2-mediated ubiquitylation in prostate cancer cells (Gaughan et al., 2005) Of interest, MDM2 activation by phosphorylation is negatively regulated by the downstream target genes of AR signaling (Ogawara et al., 2002). Additionally, MDM2/FBW7 and MDM2/MDM4 co-operate to induce the protein degradation of tumor suppressor genes (Galli et al., 2010; Pellegrino et al., 2015). As shown in Figures 8A–C, FBW7, MDM2, and MDM4 transcripts were up-regulated in antiandrogen-treated MDA-MB-453 cells. This is the first study to show that FBW7/MDM2/MDM4 transcription is regulated by AR signaling. The androgen-dependent regulation of miRNA expression may be involved in FBW7/MDM2/MDM4 mRNA degradation. Further studies are needed in order to identify mechanistic target(s). Of importance, their siRNA-mediated inhibition (Figures 8D,E) and pharmacological blockade (Supplementary Figure S8) strongly indicated that MDM2 and FBW7 both contributed to the antiandrogen-induced promotion of KCa1.1 protein degradation. Previous studies showed that the phosphorylation of FBW7 and MDM2 via PI3K and AKT modulates the protein degradation of their targets (Ogawara et al., 2002; Schülein et al., 2011). Furthermore, phosphorylated MDM2 prevents PTEN expression via p53 degradation (Mayo et al., 2002). These insights into the AR signaling pathway will provide novel mechanisms for functional KCa1.1 regulation in breast cancer cells.

Our previous study also showed the enhanced protein degradation of KCa1.1 by a treatment with VDR agonists (Khatun et al., 2016). Significant increases in the expression levels of MDM2 and MDM4 transcripts were also found in VDR agonist (calcitriol and calcipotriol)-treated MDA-MB-453 cells (not shown). Since the inhibition of AR stimulates VDR levels (Mooso et al., 2010), antiandrogens and VDR agonists may use common inhibitory mechanisms on KCa1.1 activity.

In conclusion, the present results suggest that the ubiquitin E3 ligases FBW7 and MDM2 in the downstream of AR signaling play an important role in KCa1.1 protein degradation processes in breast cancer cells and provide novel insights into AR, VDR, and ubiquitin E3 kinase-targeted therapy for breast cancer with a poor prognosis. In this study, we focused on the long-term effect of antiandrogens on KCa1.1 expression and the underlying mechanisms in breast cancer MDA-MB-453 cells. In order to understand the ionic mechanisms underlying antiandrogen-induced inhibition of breast cancer cell proliferation and migration, further studies will be needed to clarify genomic and non-genomic regulation of the other ion channels by antiandrogens. Indeed, it has been recently reported that the K+ channels such as voltage-gated KV11.1, and Ca2+-activated KCa3.1 contribute to breast cancer cell development (Fukushiro-Lopes et al., 2017; Steudel et al., 2017).

AUTHOR CONTRIBUTIONS

AK and SO participated in research design. AK, MS, HK, MK, MayF, MR, SN, and SO conducted the experiments. AK, MS, HK, MK MayF, MR, JK, SN, MasF, and SO performed data analyses. AK, HK, and SO contributed to the writing of the manuscript.

FUNDING

This work was supported by research grants from a JSPS KAKENHI Grant (JP16K08285), a research grant from the Supported Program for the Strategic Research Foundation at Private Universities, 2013-2017 from MEXT, and Salt Science Research Foundation (No. 1723) (Tokyo, Japan; SO).

ACKNOWLEDGMENTS

We thank Yuri Masuno and Yurika Nakazono for their technical assistance. Medical English Service (Kyoto, Japan) reviewed the manuscript prior to submission.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2018.00312/full#supplementary-material

REFERENCES

 Altintas, D. M., Allioli, N., Decaussin, M., de Bernard, S., Ruffion, A., Samarut, J., et al. (2013). Differentially expressed androgen-regulated genes in androgen-sensitive tissues reveal potential biomarkers of early prostate cancer. PLoS ONE 8:e66278. doi: 10.1371/journal.pone.0066278

 Bell, T. J., Miyashiro, K. Y., Sul, J. Y., Buckley, P. T., Lee, M. T., Mcullough, R., et al. (2010). Intron retention facilitates splice variant diversity in calcium-activated big potassium channel populations. Proc. Natl. Acad. Sci. U.S.A. 107, 21152–21157. doi: 10.1073/pnas.1015264107

 Chen, S. P., Liu, B. X., Xu, J., Pei, X. F., Liao, Y. J., Yuan, F., et al. (2015). MiR-449a suppresses the epithelial-mesenchymal transition and metastasis of hepatocellular carcinoma by multiple targets. BMC Cancer. 15:706. doi: 10.1186/s12885-015-1738-3

 Cheng, Y. Y., Wright, C. M., Kirschner, M. B., Williams, M., Sarun, K. H., Sytnyk, V., et al. (2016). KCa1.1, a calcium-activated potassium channel subunit alpha 1, is targeted by miR-17-5p and modulates cell migration in malignant pleural mesothelioma. Mol. Cancer 15:44. doi: 10.1186/s12943-016-0529-z

 Cochrane, D. R., Bernales, S., Jacobsen, B. M., Cittelly, D. M., Howe, E. N., D'Amato, N. C., et al. (2014). Role of the androgen receptor in breast cancer and preclinical analysis of enzalutamide. Breast Cancer Res. 16:R7. doi: 10.1186/bcr3599

 De Miguel, F., Lee, S. O., Onate, S. A., and Gao, A. C. (2003). Stat3 enhances transactivation of steroid hormone receptors. Nucl. Recept. 1:3. doi: 10.1186/1478-1336-1-3

 Foot, N., Henshall, T., and Mumar, S. (2017). Ubiquitination and the regulation of membrane proteins. Physiol. Rev. 97, 253–281. doi: 10.1152/physrev.00012.2016

 Fukushiro-Lopes, D. F., Hegel, A. D., Rao, V., Wyatt, D., Baker, A., Breuer, E. K., et al. (2017). Preclinical study of a Kv11.1 potassium channel activator as antineoplastic approach for breast cancer. Oncotarget. 9, 3321–3337 doi: 10.18632/oncotarget.22925

 Galli, F., Rossi, M., D'Alessandra, Y., De Simone, M., Lopardo, T., Haupt, Y., et al. (2010). MDM2 and Fbw7 cooperate to induce p63 protein degradation following DNA damage and cell differentiation. J. Cell Sci. 123, 2423–2433. doi: 10.1242/jcs.061010

 Garay, J. P., and Park, B. H. (2012). Androgen receptor as a targeted therapy for breast cancer. Am J. Cancer Res. 2, 434–445.

 Gaughan, L., Logan, I. R., Neal, D. E., and Robson, C. N. (2005). Regulation of androgen receptor and histone deacetylase 1 by Mdm2-mediated ubiquitylation. Nucleic Acids Res. 33, 13–26. doi: 10.1093/nar/gki141

 Gong, A. Y., Eischeid, A. N., Xiao, J., Xhao, J., Chen, D., Wang, Z. Y., et al. (2012). miR-17-5p targets the p300/CBP-associated factor and modulates androgen receptor transcriptional activity in cultured prostate cancer cells. BMC Cancer. 12:492. doi: 10.1186/1471-2407-12-492

 Gucalp, A., and Traina, T. A. (2016). Targeting the androgen receptor in breast cancer. Curr. Probl. Cancer. 40, 141–150. doi: 10.1016/j.currproblcancer.2016.09.004

 Guo, Y., Chang, H., Li, J., Xu, X. Y., Shen, L., Yu, Z. B., et al. (2015). Thymosin alpha 1 suppresses proliferation and induces apoptosis in breast cancer cells through PTEN-mediated inhibition of PI3K/Akt /mTOR signaling pathway. Apoptosis. 20, 1109–1121. doi: 10.1007/s10495-015-1138-9

 Hall, R. E., Birrell, S. N., Tilley, W. D., and Sutherland, R. L. (1994). MDA-MB-453, an androgen-responsive human breast carcinoma cell line with high level androgen receptor expression. Eur. J. Cancer. 30A, 484–490. doi: 10.1016/0959-8049(94)90424-3

 Hristov, K. L., Parajuli, S. P., Provence, A., and Petkov, G. V. (2016). Testosterone decreases urinary bladder smooth muscle excitability via novel signaling mechanism involving direct activation of the BK channels. Am. J. Physiol. Renal Physiol. 311, F1253–F1259. doi: 10.1152/ajprenal.00238.2016

 Huang, X., and Jan, L. Y. (2014). Targeting potassium channels in cancer. J. Cell. Biol. 206, 151–162. doi: 10.1083/jcb.201404136

 Kang, Y., Guo, J., Yang, T., Li, W., and Zhang, S. (2015). Regulation of the human ether-a-go-go-related gene (hERG) potassium channel by Nedd4 family interacting proteins (Ndfips). Biochem. J. 472, 71–82. doi: 10.1042/BJ20141282

 Khaitan, D., Sankpal, U. T., Weksler, B., Meister, E. A., Romero, I. A., Couraud, P. O., et al. (2009). Role of KCNMA1 gene in breast cancer invasion and metastasis to brain. BMC Cancer. 9:258. doi: 10.1186/1471-2407-9-258

 Khatun, A., Fujimoto, M., Kito, H., Niwa, S., Suzuki, T., and Ohya, S. (2016). Down-regulation of Ca2+-activated K+ channel KCa1.1 in human breast cancer MDA-MB-453 cells treated with vitamin D receptor agonists. Int. J. Mol. Sci. 17:E2083. doi: 10.3390/ijms17122083

 Kono, M., Fujii, T., Lim, B., Karuturi, M. S., Tripathy, D., and Ueno, N. T. (2017). Androgen receptor function and androgen receptor-targeted therapies in breast cancer: a review. JAMA Oncol. 3, 12660–11273. doi: 10.1001/jamaoncol.2016.4975

 Kroiss, A., Vincent, S., Decaussin-Petrucci, M., Meugnier, E., Viallet, J., Ruffion, A., et al. (2015). Androgen-regulated microRNA-135a decreases prostate cancer cell migration and invasion through downregulating ROCK1 and ROCK2. Oncogene. 34, 2846–2855. doi: 10.1038/onc.2014.222

 Latorre, R., Castillo, K., Carrasquel-Ursulaez, W., Sepulveda, R. V., Gonzalez-Nilo, F., Gonzalez, C., et al. (2017). Molecular determinants of BK channel functional diversity and functioning. Physiol. Rev. 97, 39–87. doi: 10.1152/physrev.00001.2016

 Lehmann, B. D., Bauer, J. A., Chen, X., Sanders, M. E., Chakravarthy, A. B., Shyr, Y., et al. (2011). Identification of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J. Clin. Invest. 121, 2750–2767. doi: 10.1172/JCI45014

 Li, Z., Peng, Z., Gu, S., Zheng, J., Feng, D., Qin, Q., et al. (2017). Global analysis of miRNA-mRNA interaction network in breast cancer with brain metastasis. Anticancer Res. 37, 4455–4468. doi: 10.21873/anticanres.11841

 Lu, E., Su, J., Zheng, W., and Zhang, C. (2016). Enhanced miR-9 promotes laryngocarcinoma cell survival via down-regulating PTEN. Biomed. Pharmacother. 84, 608–613. doi: 10.1016/j.biopha.2016.09.047

 Lu, S., Ma, S., Wang, Y., Huang, T., Zhu, Z., and Zhao, G. (2017). Mus musculus-microRNA-449a ameliorates neuropathic pain by decreasing the level of KCNMA1 and TRPA1, and increasing the level of TPTE. Mol. Med. Rep. 16, 353–360. doi: 10.3892/mmr.2017.6559

 Mahmoud, S. F., and McCobb, D. P. (2004). Regulation of Slo potassium alternative splicing in the pituitary by gonadal testosterone. J. Neuroendocrinol. 16, 237–243. doi: 10.1111/j.0953-8194.2004.01154.x

 Mayo, L. D., Dixon, J. E., Durden, D. L., Tonks, N. K., and Donner, D. B. (2002). PTEN protects p53 from Mdm2 and sensitizes cancer cell chemotherapy. J. Biol. Chem. 277, 5484–5490. doi: 10.1074/jbc.M108302200

 Mooso, B., Madhac, A., Johnson, S., Roy, M., Moore, M. E., Moy, C., et al. (2010). Androgen receptor regulation of vitamin D receptor in response of castration-resistant prostate cancer cells to 1α-hydroxyvitamin D5-a calcitriol analog. Genes Cancer. 1, 927–940. doi: 10.1177/1947601910385450

 Nickols, N. G., and Dervan, P. B. (2007). Suppression of androgen receptor-mediated gene expression by a sequence-specific DNA-binding polyamide. Proc. Natl. Acad. Sci. U.S.A. 104, 10418–10423. doi: 10.1073/pnas.0704217104

 Oeggerli, M., Tian, Y., Ruiz, C., Wijker, B., Sauter, G., Obermann, E., et al. (2012). Role of KCNMA1 in breast cancer. PLoS ONE 7:e41664. doi: 10.1371/journal.pone.0041664

 Ogawara, Y., Kishishita, S., Obata, T., Isazawa, Y., Suzuki, T., Tanaka, K., et al. (2002). Akt enhances Mdm2-mediated ubiquitination and degradation of p53. J. Biol. Chem. 277, 21843–21850. doi: 10.1074/jbc.M109745200

 Ohya, S., Kimura, K., Niwa, S., Ohno, A., Kojima, Y., Sasaki, S., et al. (2009). Malignancy grade-dependent expression of K+-channel subtypes in human prostate cancer. J. Pharmacol. Sci. 109, 148–151. doi: 10.1254/jphs.08208SC

 Ohya, S., Kito, H., Hatano, N., and Muraki, K. (2016). Recent advances in therapeutic strategies that focus on the regulation of ion channel expression. Pharmacol. Ther. 160, 11–43. doi: 10.1016/j.pharmthera.2016.02.001

 Östling, P., Leivonen, S. K., Aakula, A., Kohonen, P., Mäkelä, R., Hagman, Z. Kallioniemi, O., et al. (2011). Systematic analysis of microRNAs targeting the androgen receptor in prostate cancer cells. Cancer Res. 71, 1956–1967. doi: 10.1158/0008-5472.CAN-10-2421

 Pellegrino, M., Mancini, F., Luca, R., Coletti, A., Giacche, N., Manni, I., et al. (2015). Targeting the MDM2/MDM4 interaction interface as a promising approach for p53 reactivation therapy. Cancer Res. 75, 4560–4572. doi: 10.1158/0008-5472.CAN-15-0439

 Qi, H., Grenier, J., Fournier, A., and Labrie, C. (2003). Androgens differentially regulate the expression of NEDD4L transcripts in LNCaP human prostate cancer cells. Mol. Cell. Endocrinol. 210, 51–62. doi: 10.1016/j.mce.2003.08.009

 Recchione, C., Venturelli, E., Mazari, A., Cavalleri, A., Martinetti, A., and Secreto, G. (1995). Testosterone, dihydrotestosterone and oestradiol levels in postmenopausal breast cancer cells. J. Steroid Biochem. Mol. Biol. 52, 541–546. doi: 10.1016/0960-0760(95)00017-T

 Romanuik, T. L., Wang, G., Holt, R. A., Jones, S. J., Marra, M. A., and Sadar, M. D. (2009). Identification of novel androgen-responsive genes by sequencing of Long SAGE libraries. BMC Genomics. 10:476. doi: 10.1186/1471-2164-10-476

 Ruamyod, K., Watanapa, W. B., and Shayakul, C. (2017). Testosterone rapidly increases Ca2+-activated K+ currents causing hyperpolarization in human coronary artery endothelial cells. J. Steroid Biochem. Mol. Biol. 168, 118–126. doi: 10.1016/j.jsbmb.2017.02.014

 Samuel, P., Pink, R. C., Caley, D. P., Currie, J. M., Brook, S. A., and Carter, D. R. (2016). Over-expression of miR-31 or loss of KCNMA1 leads to increased cisplatin resistance in ovarian cancer cells. Tumour Biol. 37, 2565–2573. doi: 10.1007/s13277-015-4081-z

 Schülein, C., Eilers, M., and Popov, N. (2011). PI3K-dependent phosphorylation of Fbw7 modulates substrate degradation and activity. FEBS Lett. 585, 2151–2157. doi: 10.1016/j.febslet.2011.05.036

 Seo, J., Min, S. K., Park, H. R., Kim, D. H., Kwon, M. J., Kim, L. S., et al. (2014). Expression of histone deacetylases HDAC1, HDAC2, HDAC3, and HDAC6 in invasive ductal carcinomas of the breast. J. Breast Cancer. 17, 323–331. doi: 10.4048/jbc.2014.17.4.323

 Shafi, A. A., Yen, A. E., and Weigel, N. L. (2013). Androgen receptors in hormone-dependent and castration-resistant prostate cancer. Pharmacol. Ther. 140, 223–238. doi: 10.1016/j.pharmthera.2013.07.003

 Shi, Y., Yang, F., Sun, Z., Zhang, W., Gu, J., and Guan, X. (2017). Differential microRNA expression is associated with androgen receptor expression in breast cancer. Mol. Med. Rep. 15, 29–36. doi: 10.3892/mmr.2016.6019

 Steudel, F. A., Mohr, C. J., Stegen, B., Nguyen, H. Y., Barnert, A., Steinle, M., et al. (2017). SK4 channels modulate Ca2+ signaling and cell cycle progression in murine breast cancer. Mol. Oncol. 11, 1172–1188. doi: 10.1002/1878-0261.12087

 Tatro, E. T., Hefler, S., Shumaker-Armstrong, S., Soontornniyomkij, B., Yang, M., Termanos, A., et al. (2013). Modulation of BK channel by MicroRNA-9 in neurons after exposure to HIV and methamphetamine. J. Neuroimmune Pharmacol. 8, 1210–1223. doi: 10.1007/s11481-013-9446-8

 Vélez, P., Schwartz, A. B., Lyer, S. R., Warrington, A., and Fadool, D. A. (2016). Ubiquitin ligase Nedd4-2 modulates Kv1.3 current amplitude and ion channel protein targeting. J. Neurophysiol. 116, 671–685. doi: 10.1152/jn.00874.2015

 Welsbie, D. S., Xu, J., Chen, Y., Borsu, L., Scher, H. I., Rosen, N., et al. (2009). Hisotone deacetylases are required for androgen receptor function in hormone-sensitive and castrate-resistant prostate cancer. Cancer Res. 69, 958–966. doi: 10.1158/0008-5472.CAN-08-2216

 Wu, Y., Chhipa, R. R., Cheng, J., Zhang, H., Mohler, J. L., and Clement, I. P. (2010). Androgen receptor-mTOR crosstalk is regulated by testosterone availability: Implication for prostate cancer cell survival. Anticancer Res. 30, 3895–3901.

 Yan, J., and Aldrich, R. W. (2010). LRRC26 auxiliary protein allows BK channel activation at resting voltage without calcium. Nature (Lond.) 466, 513–516. doi: 10.1038/nature09162

 Zheng, Y. B., Liang, X. H., Zhang, G. X., Jiang, N., Zhang, T., Huang, J. Y., et al. (2016). miRNA-135a promotes hepetocellular carcinoma cell migration and invasion by targeting forkhead box O1. Cancer Cell Int. 16:63. doi: 10.1186/s12935-016-0328-z

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Khatun, Shimozawa, Kito, Kawaguchi, Fujimoto, Ri, Kajikuri, Niwa, Fujii and Ohya. 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 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/images/fphys-09-00312-g005.gif





OPS/images/fphys-09-00312-g006.gif
P ——

@
“

JEp—— P






OPS/images/fphys-09-00312-g003.gif
A wvehicle 8 BCT © Er






OPS/images/fphys-09-00312-g004.gif





OPS/images/fphys-09-00312-g007.gif
@

] sy
:
|

N 0

", H

o]
|
.

° ndvaiao s
< o eoussseIONy AN Y






OPS/images/fphys-09-00312-g008.gif
I






OPS/images/fphys-09-00312-g001.gif





OPS/images/fphys-09-00312-g002.gif
ety





OPS/images/cover.jpg
, frontiers
in Physiology

Transcriptional Repression and
Protein Degradation of the
Ca?*-Activated K* Channel Kg,1.1
by Androgen Receptor Inhibition in
Human Breast Cancer Cells









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





