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Introduction

Mediating estradiol (E2) signaling, the estrogen receptor-alpha (ERα) is central in controlling proliferation of epithelial mammary cells and is therefore intimately associated with the onset of breast cancers [START_REF] Couse | Estrogen receptor null mice: what have we learned and where will they lead us?[END_REF]. More than two-thirds of primary breast tumors are ERα-positive and exhibit E2-dependent growth [START_REF] Dahlman-Wright | International Union of Pharmacology. LXIV. Estrogen receptors[END_REF][START_REF] Platet | Estrogens and their receptors in breast cancer progression: a dual role in cancer proliferation and invasion[END_REF]. These tumors define the luminal breast cancer subtypes that are distinct from HER2enriched and basal-like tumor subtypes [START_REF] Perou | Molecular portraits of human breast tumours[END_REF][START_REF] Sørlie | Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications[END_REF]. Luminal subtypes are more differentiated and less invasive than the other subtypes and in general initially respond well to endocrine therapy [START_REF] Osborne | Steroid hormone receptors in breast cancer management[END_REF]. Unfortunately, tumors eventually acquire resistance and become unresponsive to hormonal therapy [START_REF] Clarke | Endocrine resistance in breast cancer--An overview and update[END_REF][START_REF] Jordan | Selective estrogen-receptor modulators and antihormonal resistance in breast cancer[END_REF]. Escape of proliferation to hormonal control enables tumor cells to undergo invasive and metastatic processes that are associated with an unfavorable vital prognosis. A better understanding of molecular mechanisms underlying hormonal resistance is thus critical for designing effective treatments that lower the rate of cancer relapse or tumor recurrence.

ERα is a ligand-inducible transcription factor that belongs to the nuclear receptor superfamily [START_REF] Evans | The steroid and thyroid hormone receptor superfamily[END_REF]. ERα regulates gene expression upon binding to regulatory sequences, either directly through the association of an ERα dimer with palindromic DNA target sequences called estrogen responsive element (ERE), or indirectly through protein-protein interactions with other transcriptional regulators [START_REF] Beato | Gene regulation by steroid hormones[END_REF]. Recent developments in chromatin immunoprecipitation and DNA high-throughput sequencing (ChIP-Seq) allowed for the identification of the ERα cistrome in several ERα-positive breast cancer cell lines such as MCF7, for which the genome contains 5,000 to 10,000 ERα binding sites (ERBSs), 75% of which containing EREs [START_REF] Carroll | Genome-wide analysis of estrogen receptor binding sites[END_REF][START_REF] Stender | Genome-wide analysis of estrogen receptor alpha DNA binding and tethering mechanisms identifies Runx1 as a novel tethering factor in receptormediated transcriptional activation[END_REF]. ERα recruits co-activators or corepressors in an ordered, cyclical and combinatorial process leading to transcriptional activation or repression of its target genes [START_REF] Métivier | Estrogen receptor-alpha directs ordered, cyclical, and combinatorial recruitment of cofactors on a natural target promoter[END_REF]. In addition to the so-called genomic regulatory activity as a DNA binding transcriptional regulator, ERα also associates with the plasma membrane where it responds to many signal transduction pathways, including MAP kinase (MAPK) and phosphatidyl-inositol 3-kinase (PI3K) signaling (Edwards, 2005a). The rapid signaling activity of ERα can ultimately result in the regulation of gene expression, thereby highlighting the complex interrelationship between membrane and nuclear events [START_REF] Arnal | Membrane and Nuclear Estrogen Receptor Alpha Actions: From Tissue Specificity to Medical Implications[END_REF].

Tumors status regarding ERα relies on mechanisms that are established during endocrine resistance. In the majority of endocrine resistant breast cancers ERα continues to be highly expressed when they become resistant to hormone therapy. This phenomenon is based on an adaptation of the functional properties of ERα from ligand-dependent activities to ligandindependent activities, which renders the receptor insensitive to anti-estrogens [START_REF] Clarke | Endocrine resistance in breast cancer--An overview and update[END_REF][START_REF] Jordan | Selective estrogen-receptor modulators and antihormonal resistance in breast cancer[END_REF]. Tumors remain, however, associated with a luminal breast cancer subtype. The loss of ERα expression, observed in almost 30% of endocrine resistant breast cancers, is associated with cancers shifting from luminal to basal-like cancer subtypes and a more adverse prognosis [START_REF] Kuukasjärvi | Loss of estrogen receptor in recurrent breast cancer is associated with poor response to endocrine therapy[END_REF]. We have recently shown that MRTFA (MKL1) in estrogen sensitive breast cancer cells triggers epithelial to mesenchymal transition (EMT) with a partial luminal to basal-like phenotype transition that leads to endocrine resistance [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF][START_REF] Kerdivel | Activation of the MKL1/actin signaling pathway induces hormonal escape in estrogenresponsive breast cancer cell lines[END_REF]. MRTFA is a master regulator of actin polymerisation and cellular motility functions in many processes [START_REF] Pipes | The myocardin family of transcriptional coactivators: versatile regulators of cell growth, migration, and myogenesis[END_REF]. MRTFA also functions as a coactivator of the serum response factor (SRF) whose activity is regulated by the level of actin polymerization [START_REF] Miralles | Actin dynamics control SRF activity by regulation of its coactivator MAL[END_REF]. MRTFA is sequestered in an inactive form in the cytoplasm, but when G actin polymerises into filamentous (F) actin MRTFA translocates into the nucleus. In breast tissue, the protein's activity is restricted to basal/myoepithelial breast cells responsible for milk ejection during lactation [START_REF] Sun | Acute myeloid leukemia-associated Mkl1 (Mrtf-a) is a key regulator of mammary gland function[END_REF]. MRTFA expression was shown to promote tumor cell invasion and metastasis during malignant transformation [START_REF] Medjkane | Myocardin-related transcription factors and SRF are required for cytoskeletal dynamics and experimental metastasis[END_REF]. Its locus was recently Accepted Manuscript identified by genome-wide association studies as a susceptibility risk factor for triple-negative breast cancers [START_REF] Gurbuz | SAP domaindependent Mkl1 signaling stimulates proliferation and cell migration by induction of a distinct gene set indicative of poor prognosis in breast cancer patients[END_REF][START_REF] Lindström | Genome-wide association study identifies multiple loci associated with both mammographic density and breast cancer risk[END_REF]Purrington et al., 2014). Corroborating these data, we recently demonstrated that the nuclear translocation of MRTFA is associated with endocrine resistance in a cohort of breast cancers [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF]. Following nuclear accumulation of MRTFA in luminal ERα positive breast cancer cells, estrogen signaling is impaired by a massive loss of ERα binding sites (ERBSs) on chromatin, associated with lower ERα-binding activity. The estrogen-dependent regulation of gene expression is almost entirely abolished [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF]. In the present study, we elucidate molecular aspects of functional changes in ERα activity that occur during MRTFA-induced EMT of breast cancer cells. We demonstrate that the decline of ERα's genomic DNA-mediated regulatory activity during the dedifferentiation process is accompanied by a dramatic increase of its non-genomic membrane-associated signaling activity. This is in part due to a relocation of unliganded (Apo)-ERα protein from the nucleus to the entire cell volume and a displacement of its monomer/dimer ratio towards its monomer state.
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Material and methods

Cell culture and transfection

Stably transfected MCF7 T-Rex sub-clones (T-Rex system, Invitrogen), control MCF7 (with empty pcDNAA/TO expression vector) and MRTFA-ΔN200 MCF7 (with MRTFA-ΔN200 pcDNA4/TO expression vector), were previously described [START_REF] Flouriot | The actin/MKL1 signalling pathway influences cell growth and gene expression through large-scale chromatin reorganization and histone post-translational modifications[END_REF][START_REF] Kerdivel | Activation of the MKL1/actin signaling pathway induces hormonal escape in estrogenresponsive breast cancer cell lines[END_REF]. In MRTFA-ΔN200 pcDNA4/TO expression vector, MRTFA-ΔN200 was fused to flag epitope. MCF7 and T47D cells were routinely maintained in DMEM (Invitrogen) supplemented with 10% fetal calf serum (FCS) (Biowest) and antibiotics (Invitrogen) at 37ºC in 5% CO2. Before any experiments, cells were grown in phenol red-free DMEM (Invitrogen) containing 2.5% charcoal-stripped FCS (Biowest) for at least 72 hours. To induce expression of the constitutively active mutant of MRTFA (MRTFA-ΔN200), cells were treated for 48 hours with 1 µg/mL tetracycline before harvesting. 17β-estradiol (E2, Sigma-Aldrich), ICI 182,780 (ICI, Sigma-Aldrish) and 4-hydroxytamoxifen (OHT, Sigma-Aldrish) were used at a final concentration of 10 nM, 100 nM and 1000 nM, respectively. Jasplakinolide (Abcam) was used at the final concentration of 0.5 µg/ml. Transfection of siRNA (Mission siRNA, Sigma-Aldrich) was performed using jetPRIME transfection reagent according to manufacturer's instructions (Polyplus).

RT-PCR assays

Quantitative RT-PCRs were performed as previously described [START_REF] Kerdivel | Activation of the MKL1/actin signaling pathway induces hormonal escape in estrogenresponsive breast cancer cell lines[END_REF].

Protein extraction and Western blotting

Subcellular fractionation was performed as previously described [START_REF] Penot | The human estrogen receptor-alpha isoform hERalpha46 antagonizes the proliferative influence of hERalpha66 in MCF7 breast cancer cells[END_REF]. Whole-cell extracts were directly prepared in 3X Laemmli buffer. Following sonication, the protein extracts were denatured for five minutes at 95°C, separated on 10 % SDS polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Millipore). The proteins were then probed with specific antibodies. Antibodies used were against MRTFA (ab14984, Abcam), flag (M2, Sigma-Aldrish), phospho ERK (pERK) (sc-sc-7383, Santa Cruz Biotechnology), ERK1 (sc-94, Santa Cruz Biotechnology), phospho AKT (pAKT) (CS4060, cell Signaling), AKT (CS9272, Cell Signaling), ERα (sc-543, Santa Cruz Biotechnology), HSP70 (ab2287, Abcam), α tubulin (sc-8035, Santa Cruz Biotechnology), lamin A/C (ab40567, Abcam) and β actin (A1978, Sigma-Aldrish). An enhanced chemiluminescence system (Immune-Star, Bio-Rad) was used to the detect immunocomplexes.

Immunofluorescence

Cells were grown on 10 mm-diameter coverslips in 24-well plates. After treatment, cells were fixed with phosphate-buffered saline (PBS) containing 4% paraformaldehyde (PAF) for 10 minutes and then permeabilized in PBS containing 0.3% Triton X-100 for 10 minutes. Incubation with the primary antibody (1/1000) was performed overnight at 4°C. Primary antibodies against ERα (HC-20, sc-543) and c-src (B-12, sc-8056) were purchased from Santa Cruz Biotechnology. Antibodies directed against MRTFA (ab14984), PI3kinase P85 alpha (ab22653), MRTFA (ab14984), SRC1 (ab84), SRC3 (ab2782) and HSP70 (ab2287) were obtained from Abcam. Antibodies directed against NCOR1 (MA5-15447) and SMRT (MA1-B43) were obtained from Invitrogen. Dyeconjugated secondary antibodies (Abcam) were incubated for one hour at room temperature. The cover slides were mounted in Duolink II mounting medium with DAPI (Sigma-Aldrich), images were obtained with an ApoTome Axio Z1 Imager microscope (Zeiss) and processed with Axio Vision Software. Fluorescence was quantified with ImageJ software from images obtained with Accepted Manuscript identical exposure times. Immunofluorescence was scored for at least 20 cells per image on n images obtained from diverse experiments. The means obtained for every image were then averaged.

Proximity Ligation Assay

The proximity Ligation Assay (PLA) (Duolink, Sigma-Aldrich) was used to detect ERα interaction with different partners and ERα homodimers, according to manufacturer's instructions. Briefly, to measure ERα interaction with a given partner, MCF7 and T47D cells were plated, fixed and incubated with the corresponding primary antibodies as previously described in the immunofluorescence section. After washing, cells were incubated one hour at 37°C in a humidity chamber with PLA MINUS and PLUS probes conjugated with complementary oligonucleotides, followed by a ligation step of the oligonucleotides during 30 minutes and a rolling-circle amplification (RCA) reaction using the ligated circle as a template, in which fluorescently labeled oligonucleotides were hybridized to the RCA product. The cover slides were mounted in Duolink II mounting medium with DAPI (Sigma-Aldrich). The images were obtained with an ApoTome Axio Z1 Imager microscope (Zeiss) and processed with Axio Vision Software. PLA dots were analyzed using ImageJ software. For the detection of ERα homodimers, we directly conjugated the PLA oligonucleotides MINUS and PLUS to an ERα monoclonal antibody (sp1, ab27595, Abcam) using the Duolink in situ probemaker kits (Sigma-Aldrich). The monoclonal antibody was first purified through protein A affinity and concentrated using a centrifugal filter concentrator. Through this process, MINUS and PLUS conjugated ERα antibodies recognize the same epitope, and the RCA can only take place if ERα is under a homodimer form. Red dots were scored for at least 20 cells by image on n images obtained from diverse experiments. The means obtained for every image were then averaged.

Saturation ligand binding assays

Whole cell extracts were obtained by thawing-freezing cycles of MCF7 cells in WCE buffer (20 mM HEPES pH 7.9, 400 mM KCl, 2 mM dithiothreitol and 20% glycerol). Tritium-radiolabeled estradiol binding studies were performed at 4°C on 30 µg of whole cell extracts using up to 12.5 nM of 3 H-estradiol ( 3 H-E2). Nonspecific binding was determined in the presence of 150-fold excess of unlabelled ligand. After overnight incubation at 4°C, the assays were stopped by filtration through Whatman GF/C and washed with 10 ml ice-cold PBS. The radioactivity trapped on the filters was determined by liquid scintillation counting at 30% efficiency. Saturation isotherms for 3 H-estradiol binding and Scatchard analysis were performed on three independent experiments.

ChIP-seq data analysis

Bioinformatic analyses of ER cistromes in control or MRTFA-ΔN200 expressing MCF7 cells were made using our previously published set of ChIP-seq data (GEO, GSE 107476) [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF]. Characteristics of ER binding sites in these cells were determined using custom-made scripts and algorithms from the cistrome web-platform (http://cistrome.org/ap/). Motifs analyses were performed using the CentDist website (http://biogpu.ddns.comp.nus.edu.sg/~chipseq/webseqtools2).
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Results

Nuclear accumulation of MRTFA impacts subcellular localization and dimerization state equilibrium of Apo-ERα in MCF7 cells

We have previously shown that MRTFA is mainly cytoplasmic and inactive in luminal ERα positive breast cancer cells, while it is nuclear and active in basal-like breast cancer cells having undergone an epithelial-mesenchymal transition (EMT) [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF][START_REF] Kerdivel | Activation of the MKL1/actin signaling pathway induces hormonal escape in estrogenresponsive breast cancer cell lines[END_REF].

To study the consequences of a nuclear accumulation of MRTFA in luminal ERα positive breast cancer cells, we previously established a MCF7 cell line expressing a mutated form of MRTFA (MRTFA-ΔN200) devoid of its N-terminal actin binding sites, which allows a permanent translocation and a constitutive activity of MRTFA into the nucleus. Thanks to the T-Rex system, MRTFA-ΔN200 is produced in MCF7 cells after tetracycline treatment (see Fig. 1, A andB). Through this approach, we further demonstrated that nuclear translocation of MRTFA favored the commitment of hormone-dependent breast cancer cells towards EMT by inducing invasiveness [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF][START_REF] Kerdivel | Activation of the MKL1/actin signaling pathway induces hormonal escape in estrogenresponsive breast cancer cell lines[END_REF]. In the present study, western blot analysis and immunofluorescence experiments showed that the expression level of Apo-ERα was reduced by 50-60% in MRTFA-ΔN200 MCF7 cells compared to untreated control MCF7 cells (Fig. 1, A andC). In addition, the remaining ERα relocated from the nucleus to the entire cell, partly depleting the nucleus of MRTFA-ΔN200 MCF7 cells from the receptor (Fig. 1, C andD). Nuclear translocation of MRTFA is favors by actin polymerization into F-actin [START_REF] Miralles | Actin dynamics control SRF activity by regulation of its coactivator MAL[END_REF]. Therefore, to confirm the changes in Apo-ERα expression and subcellular localization following MRTFA nuclear translocation, normal MCF7 cells were treated with jasplakinolide, a commonly used F-actin polymerization and stabilizing drug. Indeed, nuclear translocation of MRTFA in MCF7 cells induced by jasplakinolide treatment is accompanied by a decrease in ERα expression and a relocation of the protein at the cytoplasmic level. Similar results were observed with T47D, another luminal ERα positive breast cancer cell line (see Supplementary Fig. 1, C andD).

To further characterize whether ERα properties are changed in MCF7 cells expressing the mutant MRTFA protein, we performed a saturation [ 3 H]-E2 binding assay using whole cell extracts of control samples and MRTFA-ΔN200 MCF7 cells. [ 3 H]-E2 binding was specific in both cell extracts, whereby three times more specific binding sites were recognized in control cells than MRTFA-ΔN200 MCF7 cells. This is in agreement with the ERα expression level assayed by Western blots and immunofluorescence experiments (Fig. 1). The equilibrium dissociation constants (Kd) tended toward a common value (0.4 nM) in both cell types. However, the Scatchard plot from MRTFA-ΔN200 MCF7 cells was almost linear, while the one from control MCF7 cells revealed a convex curve with a positive cooperativity (Fig. 1E, bottom panel). Such a phenomenon was previously shown to depend upon the monomer/dimer equilibrium of the binding element, E2 [START_REF] Notides | Positive cooperativity of the estrogen receptor[END_REF], thereby suggesting a disequilibrium in favor of ERα monomers in untreated MRTFA-ΔN200 MCF7 cells. To this end, we performed a proximity ligation assay (PLA) using a monoclonal ERα antibody directly conjugated to the MINUS and PLUS probes. Recognizing the same epitope, the two ERα probes interact together only if ERα is under a homodimer form, with one probe on each monomer. To validate the approach, we first established the relationship between the amounts of ERα homodimers assessed by PLA and the expression level of ERα measured by immunofluorescence in untreated and E2-treated control MCF7 cells (see Supplementary Fig. 2). Cells were classified according to the relative intensity of ERα staining, grouped into intensity bins. The number of dots per cell was then averaged for a given intensity bin. The results obtained demonstrated that the number of homodimer dots per cell is proportional to the ERα amount above a threshold level of receptor molecules. The threshold was 2-3 times lower in the presence of E2 than in its absence. This fold change was also in agreement with previous FRET-based studies measuring unliganded (Apo)-and liganded (Holo)-ERα homodimer affinity [START_REF] Padron | Ligand-selective interdomain conformations of estrogen receptor-alpha[END_REF][START_REF] Tamrazi | Estrogen receptor dimerization: ligand binding regulates dimer affinity and dimer dissociation rate[END_REF]. Further analysis of our PLA data showed that the homodimer dots were mainly nuclear in control cells (80%), increasing more than two-fold after E2 treatment. On the contrary, they were distributed uniformly throughout the cells in MRTFA-ΔN200 MCF7 cells, and their numbers were reduced (Fig. 1F). Ultimately, to ensure that the expression of MRTFA-ΔN200 in MCF7 impacts the ERα monomer/dimer equilibrium, we extended our study by monitoring ERα interaction with HSP70 using the PLA approach. In the absence of E2, ERα monomers are thought to be associated with chaperone proteins such as HSP90 and HSP70 [START_REF] Dhamad | Systematic Proteomic Identification of the Heat Shock Proteins (Hsp) that Interact with Estrogen Receptor Alpha (ERα) and Biochemical Characterization of the ERα-Hsp70 Interaction[END_REF][START_REF] Pratt | Steroid receptor interactions with heat shock protein and immunophilin chaperones[END_REF]. Dissociation from the chaperone complexes is induced by E2 and this process is a prerequisite for ERα dimerization. Western blot analysis of HSP70 expression indicates an accumulation of the chaperone in the nuclear fraction of MRTFA-ΔN200 MCF7 cells while the protein remained cytoplasmic in control cells (Fig. 1D). In addition, PLA results showed that ERα/HSP70 interactions were mainly detected in the cytoplasm. As expected, they also reveal a strong reduction in the number of interactions in both cell types after E2 treatment, (Fig. 1G). Finally, we detected a greater number of ERα/HSP70 interactions in untreated MRTFA-ΔN200 MCF7 cells, thereby confirming the perturbed monomer/dimer equilibrium in favor of the monomeric state in these cells.

In conclusion, the expression of the constitutive nuclear and active form of MRTFA in MCF7 cells down-regulates Apo-ERα, its homodimerization and relocates the protein from the nucleus to the entire cell. The nuclear depletion of ERα homodimers was only very partially restored in the presence of E2.

Apo-ERα binding to ERE sequences is strongly reduced after nuclear accumulation of MRTFA in the luminal ERα positive breast cancer MCF7 cell line

Changes in Apo-ERα dynamic in MCF7 cells expressing the MRTFA-ΔN200 mutant should impact significantly the DNA binding capacity of ERα, especially since le main ERBSs, the ERE motif, is bound only by an ERα dimer. We have previously established ERα transcriptome and cistrome in these cells and have shown that nuclear accumulation of MRTFA almost entirely abolished gene regulation by estrogen and reduced the number of ERBSs identified in control MCF7 cells in the absence or presence of E2 by 60-70% [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF]. In light of the new data, we reanalyzed Apo-ERα cistrome in more detail. Thus, in addition to the loss of ERBSs, we also found that the ERBSs specifically identified in MCF7 expressing the mutant form of MRTFA shared little overlap with ERα cistromes determined in control cells (Fig. 2A). Particularly, only 31/454 genomic sites bound by ERα in the absence of E2 in MRTFA-ΔN200 expressing MCF7 cells were common with ERα cistromes determined in any of the other conditions (Fig. 2A). This led us to assess if Apo-ERα binding in these cells had any specific property. First, DNA binding motif analyses were carried out to investigate the possibility that ERα may bind to DNA with specific partners within these genomic regions. Strikingly, as shown in Fig. 2B, the types of motifs identified in MRTFA-ΔN200 MCF7 cells was extremely limited as compared to other conditions. This reflects the limited number of sites identified in these cells under untreated conditions. These results also showed a clear under-representation of the ERE motifs in the genomic regions bound by Apo-ERα in MRTFA-ΔN200 MCF7 cells (Fig. 2B). As illustrated in the bar chart in Fig. 2C, such a loss of enrichment was also observed on sequences known to indirectly recruit ERα through protein-protein interactions (AP and SP1), although the effect is not as drastic as in the case of ERE. Finally, when measuring the mean enrichment in ERα on all four cistromes (as evaluated from the ChIP-Seq signals), we determined that the genome-wide DNA binding affinity of Apo-ERα in MRTFA-ΔN200 MCF7 cells was significantly lower than in control cells, while no difference was observed in the presence of E2 (Fig. 2D).

Taken together, these observations strengthen the hypothesis of a change in Apo-ERα monomer/dimer ratio towards the monomeric state in MCF7 cells expressing the MRTFA-ΔN200 mutant. They also led us to hypothesize that the nuclear accumulation of MRTFA in MCF7 might strongly influence which motifs and which protein-interactors ERα binds to exert its function.

ERα interaction with P160 family coactivators is partly impacted by MRTFA-1ΔN200 expression in MCF7 cells

To further explore ERα functional changes, we studied the expression, localization and ERαinteraction of SRC1 and SRC3/AIB1, two steroid receptor coactivator P160 family members [START_REF] Arnal | Membrane and Nuclear Estrogen Receptor Alpha Actions: From Tissue Specificity to Medical Implications[END_REF][START_REF] Mckenna | Combinatorial control of gene expression by nuclear receptors and coregulators[END_REF], in MRTFA-ΔN200 versus control cells. The amounts of SRC1 mRNA and protein levels were comparable between control and MRTFA-ΔN200 MCF7 cells, whereas SRC3 was two-fold induced in cells expressing nuclear MRTFA (data not shown, Fig. 3A). However, the cellular location of the coactivators exhibited major changes in the cell types. Indeed, as ERα, SRC1 and SRC3 were relocated from a main nuclear localization in control MCF7 cells to the whole volume of MRTFA-1ΔN200 MCF7 cells (Fig. 3A). When measured by PLA, the interaction between ERα and the coactivators was detected in both the nuclear and cytoplasmic compartment of the cells (Fig. 3B). Interestingly, the expression of MRTFA-∆N200 enhances the cytoplasmic localization of the interactions between ERα and SRC proteins, thus following the relocation of the corresponding proteins (Fig. 3B). This resulted in a decrease in the number of dots in the nucleus of untreated MRTFA-ΔN200 MCF7 cells. In contrast to control cells, E2 treatment strongly and uniformly enhanced ERα/SRC interactions in the entire MRTFA-ΔN200 MCF7 cells. Treatment of both cell types with the antagonist ICI 182,780 (ICI) abolished ERα/SRC interactions as expected (see Supplementary Fig. S3A). Changes in the dynamic of ERα/SRC interactions in MRTFA-1ΔN200 MCF7 cells were specific to MRTFA-ΔN200 expression since MRTFA-1ΔN200 MCF7 cells behave as control MCF7 cells in the absence of tetracycline treatment (see Supplementary Fig. S4A). On the other hand, jasplakinolide treatment exhibits no major effect on ERα/SRC interactions in normal MCF7 and T47D cells, suggesting that the nuclear translocation of MRTFA alone is not sufficient to explain the effect of MRTFA-1ΔN200 on ERα/SRC interactions. It can be noted that the dynamic of ERα/SRC1 interactions in T47D was similar to that observed in tetracycline-treated MRTFA-ΔN200 MCF7 cells.

MRTFA nuclear translocation suppresses ERα interaction with corepressors

ERα is also able to recruit corepressors, such as SMRT and NCOR1, to transcriptionally repress its target genes [START_REF] Keeton | Cell cycle progression stimulated by tamoxifen-bound estrogen receptor-alpha and promoter-specific effects in breast cancer cells deficient in N-CoR and SMRT[END_REF][START_REF] Lavinsky | Diverse signaling pathways modulate nuclear receptor recruitment of N-CoR and SMRT complexes[END_REF]. We therefore monitored corepressor expression, localization and interaction with ERα following the nuclear accumulation of MRTFA in MCF7 cells. Immunofluorescence experiments showed mostly a nuclear staining for both corepressors; the signal was slightly stronger in MRTFA-ΔN200 MCF7 cells than in controls (Fig. 4A). The interaction between ERα and the corepressors, as determined by PLA, was observed in both the nuclear and cytoplasmic compartment of the MCF7 cells, often with a nuclear predominance. As expected, E2 treatment, as well as ICI treatment, abolished much of this interaction. (Fig. 4B and Supplementary Fig. S3). We also treated control MCF7 cells with 4hydrotamoxifen (OHT) because of its ability to promote the recruitment of corepressors by ERα in a tissue-specific manner [START_REF] Shang | Molecular determinants for the tissue specificity of SERMs[END_REF]. Results clearly show that OHT partly retained the interaction (Supplementary Fig. S3). Interestingly, the nuclear translocation of MRTFA-ΔN200 strongly inhibited ERα/corepressor interactions under all conditions (Fig. 4B and Supplementary Fig. S3B andS4B). The effect was also reproduced after jasplakinolide-induced nuclear translocation of the endogenous MRTFA, although the effect was less pronounced in T47D than MCF7 cells (Supplementary Fig. S1F). In conclusion, altogether, these results indicate that MRTFA's nuclear accumulation in luminal breast cancer cells may interfere with the repressive function of ERα on certain target genes by reducing ERα's ability to interact with corepressors.

MRTFA nuclear accumulation in MCF7 cells favors ERα interaction with several kinases in estrogen signaling pathways

In addition to its transcriptional function, ERα is also known to modulate non-genomic membrane signaling pathways through a protein pool located at the cytoplasm and/or plasma membrane [START_REF] Arnal | Membrane and Nuclear Estrogen Receptor Alpha Actions: From Tissue Specificity to Medical Implications[END_REF]Edwards, 2005b). Indeed, ERα interacts with several kinases such as c-src and PI3K, thereby regulating downstream MAPK and AKT signaling pathways. These data, together with the observed spread of ERα to the whole cell and the concomitant activation of MAPK signaling pathway after MRTFA nuclear translocation in MCF7 cells (Fig. 1A and Supplementary Fig. S1B), led us to assay ERα binding to with several potential interacting kinases. For that purpose, ERα/c-src and ERα/PI3K interactions were investigated by PLA in both control and MRTFA-ΔN200 MCF7 cells (Fig. 5A). We clearly observed an interaction between ERα and the two kinases c-src and PI3K in control MCF7 cells, in line to similar observation in a series of 175 breast tumors by Poulard et al. [START_REF] Poulard | Activation of rapid oestrogen signalling in aggressive human breast cancers[END_REF]. The interactions were significantly up-regulated by E2. Of interest, the ERα/kinase complexes remarkably increased in MRTFA-ΔN200 MCF7 cells, which exhibit an ERα relocalization from the nucleus to the entire cell volume. In opposite to control MCF7 cells, the ERα/kinase complexes in MRTFA-ΔN200 MCF7 cells were slightly down regulated by E2 and up-regulated by ICI (Fig. 5B and Supplementary Fig. S3). These effects were observed only after induction of MRTFA-ΔN200 expression by tetracycline treatment (Supplementary Fig. S3C andS4C). Corroborating the data obtained from MRTFA-ΔN200 MCF7 cells, jasplakinolide treatment of normal MCF7 yielded similar results (Supplementary Fig. S1F). No major variations were observed in T47D cells.

To assess if the increase of ERα/kinase complexes has functional consequences, we next examined by Western blot the phosphorylation status of ERK and AKT in both control and MRTFA-ΔN200 MCF7 cell types transfected with either control or ERα siRNAs (Fig. 5, C andD). As expected, the expression of the MRTFA-∆N200 drastically increased ERK and AKT phosphorylation. MRTFA-∆N200-induced phosphorylation of ERK and AKT was largely ERαdependent. Indeed, transfection of ERα siRNAs reduces it by at least 50%. However, it was independent of ligands (Fig. 5D).

In conclusion, our results show that the expression of the constitutively active MRTFA-ΔN200 in MCF7 favors ERα interaction with partners of the non-genomic membrane signaling pathways and enhances ERK and AKT phosphorylation.
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Discussion

MRTFA is a master regulator of the epithelial-mesenchymal transition (EMT) and the metastatic process. We demonstrate in the present study that MRTFA-induced EMT in ERαpositive breast cancer cells initiates changes in the expression and the functional properties of ERα shifting ERα activities from genomic to non-genomic function.

A remarkable feature of the ERBSs detected in untreated MRTFA-ΔN200 MCF7 cells was the absence of ERE motifs while they were the first elements found in control MCF7, as expected, but also in MRTFA-ΔN200 MCF7 treated with E2. To elucidate the reasons for this phenomenon, we thoroughly investigated ERα DNA binding and protein-interaction dynamics. ERα expression was rapidly down regulated after the expression of the MRTFA-ΔN200 mutant, reaching a level, which was, however, comparable to the one observed in control MCF7 cells treated with E2. A similar result was obtained after MRTFA nuclear translocation by a jasplakinolide treatment. The decrease in ERα expression is likely the result from both a decrease in the level of ERα mRNA expression and a degradation of ERα protein [START_REF] Kerdivel | Activation of the MKL1/actin signaling pathway induces hormonal escape in estrogenresponsive breast cancer cell lines[END_REF]. It was concomitant with the protein's redistribution throughout the entire cell, thereby deeply impacting ERα concentration in the nuclear compartment. Mechanistically, ERα relocation could be mediated by its interaction with chaperone proteins such as HSP70. Mainly present in the cytoplasm of control MCF7 cells, HSP70 is indeed partly found in the nucleus of MRTFA-ΔN200 MCF7 cells which could allow a relocalzation of ERα in the cytoplasm following the HSP70/ERα interaction.

According to the single mass action law, changes in ERα concentration should affect all reaction equilibria involving ERα, and first of all the equilibrium between the monomeric and dimeric forms of ERα itself. ERα has been shown to partly exist as a dimer in the absence of its ligand, although bound ligand enhances interaction between both monomers and dimer formation [START_REF] Padron | Ligand-selective interdomain conformations of estrogen receptor-alpha[END_REF][START_REF] Tamrazi | Estrogen receptor dimerization: ligand binding regulates dimer affinity and dimer dissociation rate[END_REF]. Earlier Scatchard analyses demonstrated cooperativity of [ 3 H]-E2 binding to ERα, which was dependent on the monomer/dimer equilibrium resulting from ERα's concentration in the tissue extract [START_REF] Notides | Positive cooperativity of the estrogen receptor[END_REF]. A decrease in ERα concentration shifts the ERα monomer/dimer equilibrium in favor of the monomer, which reduces the cooperativity in ligand binding. A reduced amount of ERα homodimers was probably the reason why no cooperativity in E2-binding was observed in whole cell extract from MRTFA-ΔN200 MCF7 cells. This hypothesis was supported by PLA experiments specifically quantifying ERα homodimers in parental and mutant MCF7 cell types. This technique was used for the first time to our knowledge to specifically quantify ERα homodimers, a recurring question difficult to solve. The presence of ERα homodimer was indeed drastically reduced in the nucleus of cells expressing the MRTFA-ΔN200 protein. Moreover, the estrogenic treatment restored a number of homodimer only comparable to the one detected in untreated control MCF7 cells. Finally, the evaluation of the number of ERα complexes with the chaperone protein HSP70 detectable by PLA directly provides evidence that ERα is preferentially found as monomers in untreated MRTFA-ΔN200 MCF7 cells. Obviously, the combination of a significant decrease in the expression level of ERα and the resulting shift of the homodimer/monomer equilibrium towards the monomeric state may directly account for the reduced number of ERBS motifs and the lacking EREs that are detected in MRTFA-ΔN200 MCF7 cells. Since ERα binds ERE motifs in its dimeric form, these observations might further explain this depletion ERE motifs in the ERBSs bound in untreated MRTFA-ΔN200 MCF7 cells, but also the increase of ERE-enriched ERBSs after estrogen-induced ERα dimerization in treated cells.

Importantly, any changes of the ERα monomer/dimer equilibrium is expected to impact ERα interaction with co-regulators which are the genomic and non-genomic partners. Beside its ability to regulate gene expression by binding directly to DNA at EREs, ERα is also known to engage DNA via a tethering mechanism through protein-protein interactions with other transcription factors, such as AP1, Sp1, CEBPβ, NF-κB or RUNX1 bound to their DNA binding site [START_REF] Stender | Genome-wide analysis of estrogen receptor alpha DNA binding and tethering mechanisms identifies Runx1 as a novel tethering factor in receptormediated transcriptional activation[END_REF].
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Some of these DNA motifs were enriched within ERBSs of both MCF7 cell lines, however at a lower level of enrichment among ERBSs of untreated MRTFA-ΔN200 MCF7 cells. To date, no studies have specifically addressed whether these protein-protein interactions involve monomeric or dimeric forms of ERα. In contrast, dimer formation is thought to be essential for coactivator recruitment by ERα as suggested by Florescence resonance energy transfer (FRET)-based approaches or recent cryoelectron microscopy studies [START_REF] Kofoed | Structure, affinity, and availability of estrogen receptor complexes in the cellular environment[END_REF][START_REF] Tamrazi | Estrogen receptor dimerization: ligand binding regulates dimer affinity and dimer dissociation rate[END_REF][START_REF] Yi | Structure of a biologically active estrogen receptor-coactivator complex on DNA[END_REF]. While the receptor interacting domain (RIDs) of the SRC/P160 family of coactivators has the highest affinity for the dimeric form of ERα, FRET experiments indicated that high RIDs concentration associated with low ERα amounts might promote complex formation with ERα monomers [START_REF] Kofoed | Structure, affinity, and availability of estrogen receptor complexes in the cellular environment[END_REF]. SRC/P160 family proteins are the primary coactivators recruited by DNA-bound ERα, which in turn recruits multiple secondary coactivators, such as CPB or P300, to form a minimal receptor-coactivator complex that promotes chromatin remodeling through histone acetyltransferase activities [START_REF] Yi | Structure of a biologically active estrogen receptor-coactivator complex on DNA[END_REF]. Consequently, we performed PLA experiments to monitor the interaction of P160 family proteins with ERα in MCF7 cells expressing or not MRTFA-ΔN200. Our data show differences between both MCF7 cell types. In particular, P160 coactivator/ERα interaction was not regulated by E2 in control MCF7 cells, whereas it was E2dependent in MRTFA-ΔN200 MCF7 cells. The unexpected ligand-independent formation of P160 coactivator/ERα complex in control MCF7 cells was abolished by an ICI treatment, confirming the specificity of the interaction. FRET-or BIAcore-based studies have described interactions between ERα and SRC/P160 coactivators in the absence of ligand, whereby E2 increases their frequency and stability [START_REF] Cheskis | Hierarchical affinities and a bipartite interaction model for estrogen receptor isoforms and full-length steroid receptor coactivator (SRC/p160) family members[END_REF][START_REF] Kofoed | Structure, affinity, and availability of estrogen receptor complexes in the cellular environment[END_REF]. Thus, the presence of large amounts of ERα homodimers in untreated control MCF7 cells might partially compensate in the recruitment of SRC/P160 family members by ERα. In addition, specific phosphorylation of ERα by growth factor signaling pathways in the absence of ligand can also strengthen P160 coactivator/ERα interactions [START_REF] Arnal | Membrane and Nuclear Estrogen Receptor Alpha Actions: From Tissue Specificity to Medical Implications[END_REF]. In contrast, the low proportion of ERα homodimers in untreated cells and the induction of dimerization in presence of E2 probably explain why the P160 coactivator/ERα interaction is E2-dependent in MRTFA-ΔN200 MCF7 cells. Nevertheless, the phenomenon is not reproduced after a jasplakinolide treatment. Lastly, the localization of the P160 coactivator/ERα interaction was also different in the MCF7 cell types. Indeed, the P160/ERα complexes were restricted to the nuclear compartment in control cells, but were redistributed to the whole cell in MRTFA-ΔN200 MCF7 cells, in agreement with the ERα relocation and a similar redistribution of SRC/P160 coactivators. Dynamic changes in the subcellular distribution of SRC/P160 coactivators were previously reported to be regulated by nuclear-cytoplasmic trafficking, phosphorylation or steroid receptor localization [START_REF] Amazit | Regulation of SRC-3 intercompartmental dynamics by estrogen receptor and phosphorylation[END_REF][START_REF] Amazit | Subcellular localization and mechanisms of nucleocytoplasmic trafficking of steroid receptor coactivator-1[END_REF]. Although SRC/P160 protein recruitment by ERα appears to occur in the cytoplasm, the functional implications of these complexes remain to be defined.

In addition to its ability to recruit coactivators, ERα can also interact with corepressors to inactivate transcription [START_REF] Keeton | Cell cycle progression stimulated by tamoxifen-bound estrogen receptor-alpha and promoter-specific effects in breast cancer cells deficient in N-CoR and SMRT[END_REF][START_REF] Lavinsky | Diverse signaling pathways modulate nuclear receptor recruitment of N-CoR and SMRT complexes[END_REF]. Although information on ERα in particular remains limited [START_REF] Heldring | Structural insights into corepressor recognition by antagonist-bound estrogen receptors[END_REF], dimer formation also appears to be essential for corepressor recruitment by members of the nuclear receptor family [START_REF] Jeyakumar | Quantification of ligand-regulated nuclear receptor corepressor and coactivator binding, key interactions determining ligand potency and efficacy for the thyroid hormone receptor[END_REF][START_REF] Schoch | Molecular switch in the glucocorticoid receptor: active and passive antagonist conformations[END_REF][START_REF] Xu | Structural basis for antagonist-mediated recruitment of nuclear corepressors by PPARalpha[END_REF]. Our Results clearly show a drastic reduction in ERα/corepressor interaction in MRTFA-ΔN200 MCF7 cells or in jasplakinolide-treated MCF7 cells. This strong decrease in the interaction between ERα and SMRT/NCOR1 corepressors is probably due to a reduction in ERα expression level and the shift of its monomer/dimer ratio towards its monomeric state in these cells. However, our finding that OHT was unable to restore this interaction in MRTFA-ΔN200 MCF7 cells also suggests a significant change in the dynamics of recruitment of corepressors by ERα following MRTFA's nuclear accumulation. It is widely accepted that one the mechanisms responsible of the decreased therapeutic efficiency of tamoxifen in breast cancers is the loss of the ability of this molecule to induce corepressor recruitment by ERα [START_REF] Katzenellenbogen | Biomedicine. Defining the "S" in SERMs[END_REF][START_REF] Shang | Molecular determinants for the tissue specificity of SERMs[END_REF][START_REF] Smith | Coactivator and corepressor regulation of the agonist/antagonist activity of the mixed antiestrogen, 4-hydroxytamoxifen[END_REF]. This Accepted Manuscript mechanism might therefore partly explain our observation that the nuclear localization of MRTFA is associated with endocrine resistance in a cohort of breast cancer patients [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF]. It should be noted that, in addition to the expected recruitment of corepressors by ERα in the presence of OHT, an interaction between corepressors and Apo-ERα was also observed by PLA in control MCF7 cells. This contradicts the common view that, unlike most nuclear receptors, the estrogen receptor cannot repress transcription in the absence of SERMs. However, controversy also exists suggesting that corepressors are indeed involved in the repression of DNA-bound Apo-ERα [START_REF] Dobrzycka | Estrogen receptor corepressors --a role in human breast cancer?[END_REF]. Direct corepressor recruitment by ERα is primarily mediated through amino acid residues from helices 3, 4, 5 and 11 in the C-terminal hormone-binding domain of the receptor [START_REF] Xu | Structural basis for antagonist-mediated recruitment of nuclear corepressors by PPARalpha[END_REF], but is tightly regulated by the A domain located at the N-terminal end. Indeed, the latter either masks the hydrophobic surface recognized by the corepressors in the Cterminal hormone-binding domain (according to the final conformation adopted by the receptor) and thereby prevent corepressor/ ERα interactions [START_REF] Métivier | A dynamic structural model for estrogen receptor-alpha activation by ligands, emphasizing the role of interactions between distant A and E domains[END_REF], or it causes the recruitment of TAB2 as a component of the NCOR corepressor complex [START_REF] Zhu | Macrophage/cancer cell interactions mediate hormone resistance by a nuclear receptor derepression pathway[END_REF]. TAB2 acts a sensor for inflammatory signals, which can prevent the NCOR/HDAC complex from exerting its function and thus mitigate the repression of estrogen receptor target genes [START_REF] Zhu | Macrophage/cancer cell interactions mediate hormone resistance by a nuclear receptor derepression pathway[END_REF]. These intricate regulatory interactions might lead to different functional outcomes according to the tissue and its pathophysiological state and might explain the controversy over the recruitment of the corepressors by Apo-ERα.

Nuclear exclusion of ERα often promotes its non-nuclear signaling pathways. Hence, the receptor is targeted to the plasma membrane, particularly in the caveola rafts, where it physically interacts with multiple scaffold proteins and kinases [START_REF] Arnal | Membrane and Nuclear Estrogen Receptor Alpha Actions: From Tissue Specificity to Medical Implications[END_REF]Edwards, 2005b). Palmitoylation of ERα at cysteine 447 is a step required for caveolin-1 interaction and the resulting plasma membrane localization [START_REF] Acconcia | Palmitoylation-dependent estrogen receptor alpha membrane localization: regulation by 17beta-estradiol[END_REF][START_REF] Pedram | A conserved mechanism for steroid receptor translocation to the plasma membrane[END_REF]. Of interest, palmitoylation occurs only on ERα monomers, whereby the reaction is enhanced by direct interaction of monomeric ERα with HSP27 [START_REF] Razandi | Heat shock protein 27 is required for sex steroid receptor trafficking to and functioning at the plasma membrane[END_REF]. Therefore, nuclear exclusion of ERα accompanied by strong interactions with the chaperone HSP70 and an ERα monomer/dimer equilibrium shifted toward monomers should render MRTFA-ΔN200 MCF7 cells highly permissive to non-genomic signaling by ERα. Using PLA to monitor ERα/c-src and ERα/PI3K interactions in breast cancers, we demonstrate that the expression of the constitutively active form of MRTFA indeed greatly enhances ERα complexes with non-genomic signaling partners. Likewise, ERα/c-src interactions were clearly induced in jasplakinolide-treated MCF7 cells. The regulation was mostly ligand-independent. A strong ERα/kinase complex formation indeed occurred in the absence of E2. Downstream effectors such as ERK and AKT, were also found to be highly phosphorylated in an E2-independent manner. Finally, both ERα/c-src interaction and effector phosphorylation were not antagonized by ICI in MRTFA-ΔN200 MCF7 cells. The fact that ICI maintains or even promotes ERα/c-src interactions despite of its capacity for full ERα antagonism, remains to be elucidated. Its inhibitory action on ERα expression level associated with a change in ERα conformation could favor the shift of ERα monomer/dimer ratio towards the monomeric state and thus promote ERα/kinase interactions. Consequently, enhancement of MAPK and AKT signaling pathways in MCF7 cells expressing nuclear MRTFA protein seems to be based in part on ERα-dependent mechanisms, whereby the interplay between ERα and agonist/antagonist ligands is modified.

In view of the functional consequences of nuclear translocation of MRTFA in luminal breast cancer cells, our results thus strengthen the hypothesis that the non-genomic signaling function of ERα is associated with resistance to endocrine therapy and poor prognosis in human breast cancers [START_REF] Poulard | Activation of rapid oestrogen signalling in aggressive human breast cancers[END_REF]. Interestingly, Madak-Erdogan et al. have previously showed, using the PLA approach, that among its non-genomic functions, ERα interacts with the scaffolding protein RAPTOR, a major component of the mTOR signaling pathway known to be deregulated in the resistance to endocrine therapy [START_REF] Madak-Erdogan | Accepted Manuscript Design of pathway preferential estrogens that provide beneficial metabolic and vascular effects without stimulating reproductive tissues[END_REF]. Their studies have also stressed the importance of a dynamic interplay between ERα signaling and actin reorganization through the
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ERK5/cofilin network in phenotypes of breast cancer aggressiveness [START_REF] Madak-Erdogan | Novel roles for ERK5 and cofilin as critical mediators linking ERα-driven transcription, actin reorganization, and invasiveness in breast cancer[END_REF].

The study was essentially developed on MCF7, the cell line model commonly used to study luminal breast cancers. The use of another luminal breast cancer cell line, the T47D, allows us to confirm only part of the results. Notably, the increase in the interaction between ERα and c-src after a jasplakinolide-induced MRTFA translocation was not observed in T47D. We believe that these differences are probably due to the fact that T47D are less differentiated than MCF7 cells, more closely resembling to a luminal B-type phenotype. Indeed, they express fewer estrogen receptors and the regulation of the estrogen-target genes is of lower amplitude [START_REF] Jehanno | Nuclear accumulation of MKL1 in luminal breast cancer cells impairs genomic activity of ERα and is associated with endocrine resistance[END_REF]. Finally, they have many actin stress fibers which MCF7 do not.

Our study highlights major functional changes in ERα's activity during MRTFA-induced EMT of breast cancer cells. Relocation of ERα protein from the nucleus to the entire cell and a shift towards its monomer state induce a decline in genomic activity of ERα and favor its non-genomic signaling activity. We conclude that EMT in breast cancer likely involves dramatically altered ERα activity in tumor tissues and that MRTFA is an important biomarker and actor for the progression of malign mammary tumors to the metastatic stage. Control and MRTFA-ΔN200 MCF7 cells were harvested after 0, 24 and 48h of tetracycline treatment (1 µg/mL). Total proteins from MCF7 subclones were immunoblotted for MRTFA, flag, ERα, phospho-ERK (p-ERK), ERK and β actin. MRTFA-ΔN200 was fused to flag epitope. (B) and (C), Shown are pictures of immunofluorescent detection of the subcellular localization of ERα and MRTFA in control MCF7 and MRTFA-ΔN200 MCF7 cells after 48h of tetracycline treatment. Scale bar = 10 µm. For MRTFA, the graph represents the percentage of cells with a MRTFA nuclear staining. For ERα, the bar chart represents the fluorescence intensity as measured through densitometry quantification, expressed as a percentage of the intensity measured in control MCF7 cells. The respective proportion of ERα nuclear and cytoplasmic staining is indicated. Error bars represent SEM (n = 10 to 15; P<0.01, student 's t-test). (D), Western blot analysis of ERα, HSP70, ERK, α tubuline and lamin C levels in nuclear and cytoplasmic fractions of control and MRTFA-ΔN200 MCF7 cells treated 48 h with tetracycline and stimulated or not with 10 nM E2 during the last 24h. (E), Scatchard analysis of the specific [ 3 H] estradiol binding was performed as described in the materials and methods on whole cell extracts prepared from control and MRTFA-ΔN200 MCF7 cells treated 48h with tetracycline. The specific equilibrium binding and the Scatchard plot analysis are shown, with a Kd of 0.4 nM for both cell types. Values represent the average of 3 independent experiments. (F), ERα dimer complexes were detected by PLA in control and MRTFA-ΔN200 MCF7 cells treated 48 h with tetracycline and stimulated or not with 10 nM E2 during 60 min. PLA was performed using an ERα monoclonal antibody (sp1) directly conjugated to the PLA MINUS and PLUS oligonucleotides. The detected dimers are visible as red dots. Scale bar = 10 µm. Quantification of the number of dots/cell and dots/nucleus was performed using ImageJ software and was then expressed as a percentage of the number of dots/cell measured in untreated control MCF7 cells. The respective proportion of dimer/dots in the nucleus and in the cytoplasm is shown. Values represent the mean +/-SEM. Columns with different superscripts differ significantly (n = 60; P<0.05, student 's t-test). (G), ERα/HSP70 interactions were detected by PLA in control and MRTFA-ΔN200 MCF7 cells treated 48 h with tetracycline and stimulated or not with 10 nM E2 during 60 min. The respective proportion of dots in the nucleus and in the cytoplasm is shown. Values represent the mean +/-SEM and are expressed as a percentage of the number of dots/cell measured in untreated control MCF7 cells. Columns with different superscripts differ significantly (n = 30; P<0.05, student 's t-test). 
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SRC3 in control and MRTFA-ΔN200 MCF7 cells after 48h tetracycline treatment was determined using immunofluorescent detection. Representative pictures of these experiments are shown, and were used to measure the signal intensity by densitometry quantification. Mean values shown within the graph are expressed as a percentage of the intensity measured in control MCF7 cells. The respective proportion of nuclear and cytoplasmic staining of the P160 coactivators is indicated. Error bars represent SEM (n = 15 to 20; P<0.01, student 's t-test). (B), ERα/P160 coactivator complexes were detected by PLA in control and MRTFA-ΔN200 MCF7 cells treated 48h with tetracycline and stimulated or not with 10 nM E2 during 60 min. PLA was performed using ERα, SRC1 and SRC3 specific antibodies. Representative pictures of these experiments are shown with dapi-stained nuclei. Quantification of the number of dots/cell and dots/nucleus was performed using ImageJ software and was then expressed as a percentage of the number of dots/cell measured in untreated control MCF7 cells. The respective proportion of complex/dots in the nucleus and in the cytoplasm is shown. Values represent the mean +/-SEM. Columns with different superscripts differ significantly (n = 30 to 40; P<0.05, student 's t-test). CentDist Motifs (Top20) 
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Fig. 1 .

 1 Fig. 1. Expression of MRTFA-ΔN200 in MCF7 impactsERα subcellular localization and its monomer/dimer equilibrium. (A), Induction kinetic of MRTFA-ΔN200 in MCF7 subclone cells. Control and MRTFA-ΔN200 MCF7 cells were harvested after 0, 24 and 48h of tetracycline treatment (1 µg/mL). Total proteins from MCF7 subclones were immunoblotted for MRTFA, flag, ERα, phospho-ERK (p-ERK), ERK and β actin. MRTFA-ΔN200 was fused to flag epitope. (B) and (C), Shown are pictures of immunofluorescent detection of the subcellular localization of ERα and MRTFA in control MCF7 and MRTFA-ΔN200 MCF7 cells after 48h of tetracycline treatment. Scale bar = 10 µm. For MRTFA, the graph represents the percentage of cells with a MRTFA nuclear staining. For ERα, the bar chart represents the fluorescence intensity as measured through densitometry quantification, expressed as a percentage of the intensity measured in control MCF7 cells. The respective proportion of ERα nuclear and cytoplasmic staining is indicated. Error bars represent SEM (n = 10 to 15; P<0.01, student 's t-test). (D), Western blot analysis of ERα, HSP70, ERK, α tubuline and lamin C levels in nuclear and cytoplasmic fractions of control and MRTFA-ΔN200 MCF7 cells treated 48 h with tetracycline and stimulated or not with 10 nM E2 during the last 24h. (E), Scatchard analysis of the specific [ 3 H] estradiol binding was performed as described in the materials and methods on whole cell extracts prepared from control and MRTFA-ΔN200 MCF7 cells treated 48h with tetracycline. The specific equilibrium binding and the Scatchard plot analysis are shown, with a Kd of 0.4 nM for both cell types. Values represent the average of 3 independent experiments. (F), ERα dimer complexes were detected by PLA in control and MRTFA-ΔN200 MCF7 cells treated 48 h with tetracycline and stimulated or not with 10 nM E2 during 60 min. PLA was performed using an ERα monoclonal antibody (sp1) directly conjugated to the PLA MINUS and PLUS oligonucleotides. The detected dimers are visible as red dots. Scale bar = 10 µm. Quantification of the number of dots/cell and dots/nucleus was performed using ImageJ software and was then expressed as a percentage of the number of dots/cell measured in untreated control MCF7 cells. The respective proportion of dimer/dots in the nucleus and in the cytoplasm is shown. Values represent the mean +/-SEM. Columns with different superscripts differ significantly (n = 60; P<0.05, student 's t-test). (G), ERα/HSP70 interactions were detected by PLA in control and MRTFA-ΔN200 MCF7 cells treated 48 h with tetracycline and stimulated or not with 10 nM E2 during 60 min. The respective proportion of dots in the nucleus and in the cytoplasm is shown. Values represent the mean +/-SEM and are expressed as a percentage of the number of dots/cell measured in untreated control MCF7 cells. Columns with different superscripts differ significantly (n = 30; P<0.05, student 's t-test).

Fig. 2 .

 2 Fig. 2. Nuclear accumulation of MRTFA in MCF7 impairs Apo-ERα binding to ERE sequences. (A), Venn diagram illustrating the overlap of genomic regions bound by ERα in control MCF7 cells or MCF7 cells expressing the MRTFA-ΔN200 protein following a 50 min treatment with either E2 or ethanol (EtOH) as vehicle control, as previously determined (Jehanno et al., 2020). (B), Table showing the top 20 of transcription factor binding motifs identified by the CentDist algorithm within ERBSs from control MCF7 cells or MCF7 cells expressing the MRTFA-ΔN200 mutant. (C), Histogram depicting the CentDist enrichment scores of ERE, AP(1/2/4) and SP1 motifs within the ER cistromes identified in the 4 conditions shown in control MCF7 cells or MRTFA-ΔN200 MCF7 cells treated with E2 or EtOH. (D), Mean enrichment of ER on its sites in the 4 depicted conditions, as calculated from the ChIP-seq signal measured within the central 50 bp of each ERBS. Columns with different superscripts differ significantly (P<0.05, Anova, post analysis: Bonferroni).

Fig. 3 .

 3 Fig. 3. Expression of MRTFA-ΔN200 protein in MCF7 cells impacts the dynamic interaction of ERα with coactivators from the P160 family. (A), The subcellular localization of SRC1 and

Fig. 4 .

 4 Fig. 4. Expression of MRTFA-ΔN200 protein in MCF7 cells impacts the dynamic interaction of ERα with the corepressors SMRT and NCOR1. (A), The subcellular localization of SMRT and NCOR1 in control and MRTFA-ΔN200 MCF7 cells after 48h tetracycline treatment was determined using immunofluorescent detection. Representative pictures of these experiments are shown, and were used to measure the signal intensity by densitometry quantification. Mean values shown within the graph are expressed as a percentage of the intensity measured in control MCF7 cells. The respective proportion of nuclear and cytoplasmic staining of the corepressors is indicated.Error bars represent SEM (n = 15 to 20; P<0.01, student 's t-test). (B), ERα/corepressor complexes were detected by PLA in control and MRTFA-ΔN200 MCF7 cells treated 48h with tetracycline and stimulated or not with 10 nM E2 during 60 min. PLA was performed using ERα, SMRT and NCOR1 specific antibodies. Representative pictures of these experiments are shown with dapistained nuclei. Quantification of the number of dots/cell and dots/nucleus was performed using ImageJ software and was then expressed as a percentage of the number of dots/cell measured in untreated control MCF7 cells. The respective proportion of complex/dots in the nucleus and in the cytoplasm is shown. Values represent the mean +/-SEM. Columns with different superscripts differ significantly (n = 30 to 40; P<0.05, student 's t-test).

Fig. 5 .

 5 Fig.5. Expression of MRTFA-ΔN200 protein in MCF7 impacts the dynamic of ERα interaction with kinases. (A), ERα/src and ERα/PI3K interactions were detected by PLA in control and MRTFA-ΔN200 MCF7 cells treated 48h with tetracycline and stimulated or not with 10 nM E2 during 10 min. The quantification of the number of dots/cell performed using ImageJ software is shown. Values represent the mean +/-SEM and are expressed as a percentage of the number of dots/cell measured in untreated control MCF7 cells. Columns with different superscripts differ significantly (n = 15 to 50; P<0.05, student 's t-test). (B), The ERα mRNA expression level in MCF7 cells after transfection with control or ERα siRNAs and treated or not with 10 nM E2 or 100 nM ICI during 24h was quantified using real-time PCR. Columns with * differ significantly from the control (untreated MCF7 cells transfected with control siRNA) (P<0.01, student 's t-test). (C), Western blot analysis of ERα, phospho-ERK (pERK), ERK, phospho-AKT (pAKT), AKT and β actin expression in control and MRTFA-ΔN200 MCF7 after 48h tetracyclin treatment and transfection with control or ERα siRNAs. Cells were treated with 10 nM E2, 100 nM ICI or vehicle during the last 24h. (D), Histograms represent the mean +/-SEM of pER/ERK or pAKT/AKT ratios from three separate experiments. Results were expressed as a percentage of the intensity measured in MRTFA-ΔN200 MCF7 cells treated with control siRNA and vehicle. Columns with different superscripts differ significantly (P<0.05, student 's t-test).
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Supplementary Fig. 1: Effects of jasplakinolide on ERα and MRTFA subcellular localization and on the interaction of ERα with SRC1, SMRT and src in MCF7 and T47D cells. Supplementary Fig. 2: In situ detection of endogenous ERα dimer complex in MCF7 cells by PLA assays. Supplementary Fig. 3: Effects of ERα antagonists on the interaction of ERα with SRC1, SMRT and src in control and MRTFA-ΔN200 MCF7 cells. Supplementary Fig. 4. Interaction of ERα with SRC1, SMRT and src in MRTFA-ΔN200 MCF7 cells in the absence of induction of MRTFA-ΔN200 expression. B) and (C), ERα/SRC1, ERα/SMRT and ERα/src interactions were detected by PLA in control and MRTFA-ΔN200 MCF7 cells which were treated 48h with tetracyclin and stimulated or not with 100 nM ICI 182,780 (ICI) or 1μM 4-hydroxytamoxifen (OHT) during the last 1 h (ERα/SRC1, ERα/SMRT interactions) or the last 10 min (ERα/src interaction). Quantification of the number of dots/cell was performed using ImageJ software. The respective proportion of complex/dots in the nucleus and in the cytoplasm is shown for ERα/SRC1 and ERα/SMRT interactions. Values are expressed in percentage to the control (untreated MCF7 control cells) and represent the mean +/-SEM. Columns with different superscripts differ significantly (n = 20 to 30; P<0.01, student 's t-test).
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. Supplementary Fig. 4. Interaction of ERα with SRC1, SMRT and src in MRTFA-ΔN200 MCF7 cells in the absence of induction of MRTFA-ΔN200 expression. (A), (B) and (C), ERα/SRC1, ERα/SMRT and ERα/src interactions were detected by PLA in Control and MRTFA-ΔN200 MCF7 cells treated or not with 10 nM E2 or 100 nM ICI 182,780 (ICI) during the last 1 h (ERα/SRC1, ERα/SMRT interactions) or the last 10 min (ERα/src interaction). Cells were not treated with tetracyclin. Quantification of the number of dots/cell was performed using ImageJ software. The respective proportion of complex/dots in the nucleus and in the cytoplasm is shown for ERα/SRC1 and ERα/SMRT interactions. Values are expressed in percentage to the control (untreated MCF7 control cells) and represent the mean +/-SEM. Columns with different superscripts differ significantly (n = 10 to 20 ; P<0.01, student 's t-test).