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Cell migration depends on the dynamic organization of the actin cytoskeleton and assembly and disassembly of focal adhesions (FA). However the precise mechanisms coordinating these processes remain poorly understood. We previously identified the estrogen-related receptor a (ERRa) as a major regulator of cell migration. Here, we show that loss of ERRa leads to abnormal accumulation of actin filaments that is associated with an increased level of inactive form of the actin-depolymerising factor 2 cofilin. We further show that ERRa depletion decreases cell adhesion and results in defective FA formation and turnover. Interestingly, specific inhibition of the RhoA-ROCK-LIMK-cofilin pathway rescues the actin polymerisation defects resulting from ERRa silencing, but not cell adhesion. Instead we found that MAP4K4 is a direct target of ERRa and down-regulation of its activity rescues cell adhesion and FA formation in the ERRa-depleted cells. Altogether, our results highlight a crucial role of ERRa in coordinating the dynamic of actin network and focal adhesion through the independent regulation of the RhoA and MAP4K4 pathways.

Introduction

Cell migration is essential for embryonic development, wound healing and immune response [START_REF] Gardel | Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration[END_REF]. Its dysregulation contributes to many pathologies including cancer cell dissemination [START_REF] Bravo-Cordero | Directed cell invasion and migration during metastasis[END_REF].

The multistep process of cell movement requires highly coordinated changes in cell morphology and interactions with the extracellular matrix (ECM). Cell migration can be divided into four discrete steps: formation of protrusion, adhesion to the ECM, generation of traction forces at the adhesion sites and release of adhesion at the rear, which allow the cell to move forward [START_REF] Gardel | Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration[END_REF][START_REF] Ridley | Cell Migration: Integrating Signals from Front to Back[END_REF]. The growing actin network pushes the membrane and promotes lamellipodial protrusion at the leading edge. Protrusions are then stabilised by integrin-based protein complexes known as focal adhesions (FA) connecting the actin cytoskeleton to the ECM. In addition, actomyosin fibers contribute to the contraction and the retraction of the cell body. Therefore this sequence of events involves a dynamic organization of the actin cytoskeleton and a controlled assembly and disassembly of FA that must be coordinated both in space and time [START_REF] Gardel | Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration[END_REF][START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF][START_REF] De Pascalis | Single and collective cell migration: the mechanics of adhesions[END_REF].

The Rho GTPases plays a major role in regulating the actin cytoskeleton and cell migration [START_REF] Ridley | Rho GTPase signalling in cell migration[END_REF][START_REF] Lawson | Rho GTPase signaling complexes in cell migration and invasion[END_REF][START_REF] Guan | Rho GTPases and related signaling complexes in cell migration and invasion[END_REF]. Notably, RhoA initiates the process by inducing actin assembly at the cell front and mediates the interaction of contractile actin-myosin filaments that promotes FA maturation, cell body translocation and rear retraction [START_REF] Guan | Rho GTPases and related signaling complexes in cell migration and invasion[END_REF][START_REF] Machacek | Coordination of Rho GTPase activities during cell protrusion[END_REF][START_REF] Martin | Spatio-temporal co-ordination of RhoA, Rac1 and Cdc42 activation during prototypical edge protrusion and retraction dynamics[END_REF][START_REF] Seetharaman | Microtubules at focal adhesions -a double-edged sword[END_REF]. RhoA promotes actin assembly through its effectors mammalian homolog of Drosophila diaphanous (mDIA) and Rho-associated protein kinase (ROCK) [START_REF] Ridley | Rho GTPase signalling in cell migration[END_REF][START_REF] Spiering | Dynamics of the Rho-family small GTPases in actin regulation and motility[END_REF]. mDIA initiates actin filament assembly by nucleation, whereas ROCK promotes actin polymerisation through the activation of the LIM kinase (LIMK) resulting in the inhibition of the actinsevering activity of cofilin [START_REF] Mizuno | Signaling mechanisms and functional roles of cofilin phosphorylation and dephosphorylation[END_REF][START_REF] Kanellos | Cellular functions of the ADF/cofilin family at a glance[END_REF].

The mitogen-activated protein kinase kinase kinase kinase (MAP4K4) has also been shown to be involved in cell migration, in particular by specifically controlling FA dynamics [START_REF] Gao | MAP4K4: an emerging therapeutic target in cancer[END_REF][START_REF] Tripolitsioti | The Ser/Thr Kinase MAP4K4 Controls Pro-Metastatic Cell Functions[END_REF]. Interestingly, microtubules serve as tracks to deliver proteins that act locally at FA to promote their turnover [START_REF] Seetharaman | Microtubules at focal adhesions -a double-edged sword[END_REF][START_REF] Stehbens | Targeting and transport: how microtubules control focal adhesion dynamics[END_REF]. In this way, MAP4K4 is delivered to FA sites to induce the activation of the GTPase Arf6 which promotes integrin internalization from the cell surface and FA turnover [START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF]. MAP4K4 also regulates FA disassembly in migrating cells by phosphorylating moesin, which displaces talin from integrins and induces their inactivation [START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. Furthermore, the pro-migratory function of MAP4K4 relies on its ability to induce endocytosis and activation of the integrin b1 adhesion receptor [START_REF] Tripolitsioti | MAP4K4 controlled integrin β1 activation and c-Met endocytosis are associated with invasive behavior of medulloblastoma cells[END_REF]. Overall, cell migration is a complex and dynamic phenomenon, which involves crosstalks between actin and FA. However, how these processes are coordinated to support cell migration is not clearly understood.

Our team and others have demonstrated that the estrogen-related receptor α (ERRa) is an important factor promoting cell migration [START_REF] Dwyer | WNT11 expression is induced by estrogen-related receptor alpha and beta-catenin and acts in an autocrine manner to increase cancer cell migration[END_REF][START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF][START_REF] Tam | There and back again: The journey of the estrogen-related receptors in the cancer realm[END_REF]. ERRa is an orphan member of the nuclear receptor superfamily and acts as a transcription factor [START_REF] Horard | Estrogen receptor-related receptors: orphan receptors desperately seeking a ligand[END_REF][START_REF] Ranhotra | The estrogen-related receptors in metabolism and cancer: newer insights[END_REF]. ERRa is strongly expressed in several types of cancers and its high expression correlates with poor prognosis [START_REF] Tam | There and back again: The journey of the estrogen-related receptors in the cancer realm[END_REF][START_REF] Ranhotra | The estrogen-related receptors in metabolism and cancer: newer insights[END_REF][START_REF] Ranhotra | Estrogen-related receptor alpha and cancer: axis of evil[END_REF]. In addition, accumulating evidence indicates that ERRa plays a major role in tumoral growth and progression via stimulation of cell proliferation [START_REF] Chang | The metabolic regulator ERRα, a downstream target of HER2/IGF-1, as a therapeutic target in breast cancer[END_REF][START_REF] Bianco | ERRs and cancers: Effects on metabolism and on proliferation and migration capacities[END_REF], angiogenesis [START_REF] Ao | Involvement of estrogen-related receptors in transcriptional response to hypoxia and growth of solid tumors[END_REF][START_REF] Zou | ERRα augments HIF-1 signalling by directly interacting with HIF-1α in normoxic and hypoxic prostate cancer cells[END_REF][START_REF] Stein | Estrogen-related receptor alpha induces the expression of vascular endothelial growth factor in breast cancer cells[END_REF][START_REF] Zhang | Baicalin increases VEGF expression and angiogenesis by activating the ERR{alpha}/PGC-1{alpha} pathway[END_REF], aerobic glycolysis [START_REF] Tennessen | The Drosophila estrogen-related receptor directs a metabolic switch that supports developmental growth[END_REF][START_REF] Cai | Regulation of glycolysis and the Warburg effect by estrogen-related receptors[END_REF] and ECM invasion [START_REF] Carnesecchi | ERRα induces H3K9 demethylation by LSD1 to promote cell invasion[END_REF][START_REF] Zhang | LSD1-ERRα complex requires NRF1 to positively regulate transcription and cell invasion[END_REF]. In breast cancer cells, we previously showed that ERRa promotes directional cell migration by regulating RhoA stability and activity [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF]. Consequently, the invalidation of ERRa leads to impaired cell migration which is associated with cell disorientation, disorganized actin filaments and defective lamellipodium formation [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF]. Yet the specific roles of ERRa in the regulation of the discrete processes involved in cancer cell migration, such as actin-and FA dynamics, remain unclear.

In the present study, we report that ERRa controls actin polymerisation and organisation by modulating cofilin activity through the RhoA-ROCK-LIMK pathway. We also found that ERRa promotes cell adhesion independently of its role on the actin cytoskeleton. Indeed, ERRa directly regulates the expression of MAP4K4, and thereby contributes to the modulation of FA formation and turnover. Together, our study identifies ERRa as a major actor involved in the coordination of actin and FA dynamics that may contribute to efficient cancer cell migration and metastasis.

Results

ERRa regulates actin dynamics

To investigate the potential role of ERRα in the regulation of actin polymerisation, we first performed differential sedimentation of actin filaments (F-actin) and actin monomers (G-actin) using ultracentrifugation. We observed that inactivation of ERRα with a specific siRNA induced a significant increase in F-actin level with stable G-actin level in both MDA-MB231 cells (Figure 1A) and HeLa cells (Figure S1A).

Immunofluorescence experiments showed that actin filaments are highly concentrated at the cell periphery in both the control and ERRa-depleted conditions. Interestingly, these actin filaments seemed to be particularly disorganized in the ERRa-depleted cells (Figure 1B). In addition, quantitative image analysis revealed that the F-actin content significantly increased upon ERRα depletion (Figure 1C).

In order to further analyse defects in actin filaments associated with ERRα depletion, we used triangle-shaped micropatterns. When control cells adhered on these micropatterns, they spread and acquired a triangular shape. Actin filaments accumulated in these cells at the lateral edges of the triangle. By contrast, ERRαdepleted cells displayed a random localization of the actin filaments and a strongly altered triangular morphology (Figure 1D). Once again, depletion of ERRα induced an increase in the F-actin content as compared to the control condition (Figure 1E). Taken together, these results demonstrate that ERRα regulates polymerisation of actin filaments.

ERRa acts on the RhoA-ROCK pathway to modulate actin polymerisation

The small GTPase protein RhoA plays a major role in regulating the organization of the actin cytoskeleton through its effectors mDIA and ROCK [START_REF] Spiering | Dynamics of the Rho-family small GTPases in actin regulation and motility[END_REF][START_REF] Kanellos | Cellular functions of the ADF/cofilin family at a glance[END_REF]. Downstream of ROCK, the activation of LIMK results in cofilin inactivation and consecutive increase in actin polymerisation [START_REF] Mizuno | Signaling mechanisms and functional roles of cofilin phosphorylation and dephosphorylation[END_REF][START_REF] Kanellos | Cellular functions of the ADF/cofilin family at a glance[END_REF]. We previously showed that ERRα regulates cell migration by modulating RhoA protein expression and activation of the RhoA-ROCK pathway [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF].

We therefore investigated if the effects of ERRα on the actin cytoskeleton could result from LIMK-dependent cofilin inhibition. Western blot experiments showed that depletion of ERRα strongly increased the level of the inactive phosphorylated form of cofilin, whereas total levels of cofilin remained unchanged (Figure 2A). The level of RhoA also strongly increased in ERRα-depleted cells, as expected (Figure 2B and Figure S1B). In addition, treatment with the selective ROCK inhibitor Y27632 decreased the phosphorylation level of cofilin in both control and ERRα-depleted cells (Figure 2C).

Interestingly, this treatment was able to put the phosphorylation level of cofilin in

ERRα-depleted cells close to the one observed in control cells. Furthermore, the specific LIMK inhibitor Pyr1 similarly rescued the phosphorylation level of cofilin in these cells (Figure 2D). These findings indicate that the RhoA-ROCK-LIMK pathway is involved in ERRα-mediated controls of cofilin activity. We next investigated whether the deregulation of this pathway may account for the defective actin regulation observed in ERRα-depleted cells. Treating micropatterned cells with 5 µM Y27632 rescued, at least partially, the increase in F-actin intensity induced by ERR depletion (Figure 2E), indicating that the effect of the receptor on the RhoA-ROCK cascade is instrumental in regulating the F-actin content.

ERRa regulates cell adhesion

Actin filament-and FA dynamics are tightly linked. Notably, Rho GTPases and actin dynamics play a crucial role in regulating FA maturation and turnover [START_REF] Vicente-Manzanares | Integrins in cell migration -the actin connection[END_REF][START_REF] Juanes | Adenomatous polyposis coli nucleates actin assembly to drive cell migration and microtubule-induced focal adhesion turnover[END_REF][START_REF] Romero | Actin polymerization downstream of integrins: signaling pathways and mechanotransduction[END_REF].

Therefore, we determined whether ERRα is able to regulate cell adhesion through its action on the RhoA pathway. Using the xCELLigence system, which allows real-time monitoring of cell adhesion (40), we first showed that depletion of endogenous ERRa resulted in a significant decrease in cell adhesion to collagen I compared to control condition (Figure 3A). Similar effects were observed after depletion of ERRa in HeLa cells (Figure S1C). We also observed that cell adhesion to collagen IV or fibronectin decreased upon ERRa silencing (Figure 3B). By contrast, control and ERRα-depleted cells were not able to adhere on the positively charged poly-L-lysine substrate, showing that the adhesion of MDA-MB231 cells does not rely on electrostatic interactions (Figure S1D). To investigate whether the upregulation of the RhoA pathway due to ERRα depletion could lead to defective cell adhesion, we then tested the effect of the ROCK inhibitor Y27632 on the adhesion of ERRα-depleted cells. Y27632 treatment exacerbated, rather than rescued, the adhesion defect of ERRα-depleted cells. It also induced a decrease, albeit moderate, of cell adhesion under control conditions (Figure 3C). Treatment with the LIMK inhibitor Pyr1 also markedly reduced adhesion of the control and ERRα-depleted cells (Figure S1E). Notably, RhoA stimulates actomyosin contractility through ROCK that is required for cell adhesion [START_REF] Guan | Rho GTPases and related signaling complexes in cell migration and invasion[END_REF]. We thus tested the possibility that abnormal actomyosin contractility resulting from ERRα depletion may impact this process. We found that the specific myosin II inhibitor blebbistatin did not change the adhesion ability of ERRα-depleted cells but slightly reduced adhesion of the control cells (Figure S1F). Taken together, these observations suggest that a correct level of activation of RhoA pathway and a precise control of the actomyosin contractility contribute to optimal cell adhesion in control conditions. Our result further indicate that the RhoA-ROCK pathway is not involved in ERRa-mediated regulation of cell adhesion.

FA represent the major sites of cell attachment to the ECM [START_REF] Gardel | Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration[END_REF][START_REF] De Pascalis | Single and collective cell migration: the mechanics of adhesions[END_REF]. Therefore, to determine how ERRα impacts on cell adhesion, we analysed FA using vinculin as a marker. Immunofluorescence microscopy showed that FA appeared smaller in ERRadepleted cells as compared to control cells (Figure 4A). Quantitative analysis of vinculin staining revealed indeed a significant decrease of FA area and length upon ERRa depletion (Figure 4B and4C). The distance of FA to the cell periphery was also impaired in these cells, reflecting FA mislocalization (Figure 4D). To determine the potential role of ERRa in FA dynamics, we next used MDA-MB231 cells stably expressing GFP-paxillin, a fluorescent FA marker protein. As for their wild type counterparts, adhesion of these cells to collagen I decreased upon ERRa depletion, demonstrating that the GFP tag did not compromise ERRα involvement in cell adhesion (Figure S3A). We performed livecell imaging and we observed that FA displayed more rapid phases of assembly and disassembly in ERRa-depleted cells as compared to control cells. Representative examples of these perturbations in FA dynamics are shown in montages in Figure 4E (red arrows). Quantification of the kinetics of individual FA demonstrated that depletion of ERRα resulted in a significant increase in both the assembly and disassembly rates of FA (Figure 4F). Altogether, these data indicate that ERRα promotes cell adhesion by modulation of FA formation and turnover.

ERRa regulates FA dynamics via its transcriptional target MAP4K4

To investigate the molecular mechanisms through which ERRa controls cell adhesion, we examined its transcriptional targets. Transcriptomic and Gene Ontology (GO) analyses have been previously performed to identify ERRa target genes and associated biological functions [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF]. Of particular interest, these analyses revealed MAP4K4, which encodes a Ser/Thr kinase involved in the regulation of FA dynamics and cell migration [START_REF] Gao | MAP4K4: an emerging therapeutic target in cancer[END_REF][START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF][START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. RT-qPCR experiments verified our finding, showing that silencing of ERRα led to an up-regulation of MAP4K4 expression at the mRNA level (Figure 5A).

Examination of publicly available chromatin immunoprecipitation sequencing (ChIP-Seq) data performed on BT-474 cells [START_REF] Deblois | ERRα mediates metabolic adaptations driving lapatinib resistance in breast cancer[END_REF] indicated the recruitment of ERRα on two distinct regions of intron 2 of the MAP4K4 gene, each displaying two putative ERRα response elements (ERREs) (Figure S2A). ChIP-qPCR experiments revealed that ERRα binds these regions in MDA-MB231 cells (Figure 5B). Next, an up-regulation of the MAP4K4 protein expression resulting from ERRα-depletion was confirmed by Western blot (Figure 5C). Similar results were observed in HeLa and MDA-MB231 GFP-paxillin cells (Figure S2B). Consistently, an enhanced activity of MAP4K4 was observed in ERRα depleted cells, as indicated by an increased phosphorylation of moesin, a substrate of MAP4K4 involved in FA turnover (Figure 5D) [START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. Together, these data demonstrate that ERRa directly reduces the expression of MAP4K4 and consequently influences its activity. Interestingly, we showed that loss of ERRα reduced the adhesion of BT474 cells on the collagen I substrate (Figure S3B), and increased the expression of the MAP4K4 protein in these cells (Figure S2B), suggesting that similar molecular mechanisms are involved in the adhesion of MDA-MB231, HeLa and BT474 cells.

MAP4K4 promotes FA disassembly by inducing integrin recycling [START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF] and inactivation [START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. These data raise the possibility that the over-activation of MAP4K4 observed in ERRα-depleted cells may account for the defects of FA identified in these cells. To investigate this hypothesis, we suppressed endogenous expression of MAP4K4 in MDA-MB231 cells using siRNA targeting and we tested the ability of these cells to adhere to collagen I substrate. Unexpectedly, our results showed that the MAP4K4 knockdown induced a decrease in cell adhesion as compared to control conditions (Figure S3C). These data are contradictory with those of other teams which demonstrated an increased cell adhesion resulting from siRNA-mediated depletion of MAP4K4 in human umbilical vein endothelial cells or knockout of MAP4K4 in mice keratinocytes [START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF][START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. However, it has been suggested that MAP4K4 could play a positive role in cell adhesion through protein interactions mediated by its C-terminal domain [START_REF] Gao | MAP4K4: an emerging therapeutic target in cancer[END_REF][START_REF] Baumgartner | The Nck-interacting kinase phosphorylates ERM proteins for formation of lamellipodium by growth factors[END_REF]. This explains why deletion of MAP4K4 may impinge on the correct adhesion of cells as observed in our conditions. Therefore, since the depletion of MAP4K4 may lead to cell-type-specific effects, we choose to use specific MAP4K4 inhibitors to analyse the potential role of MAP4K4 in ERRa-mediated regulation of cell adhesion. First, cells were treated with the MAP4K4 inhibitor PF-06260933 [START_REF] Ammirati | Discovery of an in Vivo Tool to Establish Proof-of-Concept for MAP4K4-Based Antidiabetic Treatment[END_REF]. We found that a low concentration of PF-06260933 rescued cell adhesion on the collagen I substrate (Figure 6A) and restored FA area and length in ERRα-depleted cells (Figure 6B and 6C). PF-06260933 also nearly completely rescued the relative distance of FA to the cell periphery which was impaired in these cells probably due to mislocalized MAP4K4 activity [START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF], but altered FA localization in control cells (Figure 6D). Second, we observed that treatment with another MAP4K4 inhibitor, GNE-495 [START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF][START_REF] Ndubaku | Structure-Based Design of GNE-495, a Potent and Selective MAP4K4 Inhibitor with Efficacy in Retinal Angiogenesis[END_REF], also rescued adhesion of the ERRα-depleted cells (Figure S3D). Together, these data demonstrate that ERRα regulates cell adhesion through MAP4K4.

As shown above, impacting on the RhoA-ROCK axis in ERRα-depleted cells rescued the defects in actin polymerisation but not the reduced adhesion capacities. We thus examined the converse possibility, questioning whether impacting on the MAP4K4 axis could reduce the increased actin polymerisation observed upon ERRα inactivation.

As shown on Figure 6E, treatment with the MAP4K4 inhibitor PF-06260933 did not rescue the actin status in ERRα-depleted cells but rather increased actin polymerisation in control cells. Altogether our data show that ERRα regulates actin polymerisation and FA dynamics via two independent pathways.

Discussion

ERRα regulates many cellular processes contributing to tumor development and progression. Most of all, ERRα has been largely implicated in inducing migratory and invasive properties of cancer cells [START_REF] Dwyer | WNT11 expression is induced by estrogen-related receptor alpha and beta-catenin and acts in an autocrine manner to increase cancer cell migration[END_REF][START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF][START_REF] Tam | There and back again: The journey of the estrogen-related receptors in the cancer realm[END_REF][START_REF] Carnesecchi | ERRα induces H3K9 demethylation by LSD1 to promote cell invasion[END_REF][START_REF] Zhang | LSD1-ERRα complex requires NRF1 to positively regulate transcription and cell invasion[END_REF]. ERRα also contributes to cell migration under physiological conditions such as morphogenetic movements during gastrulation of the zebrafish embryo and chemotactic migration of activated macrophages [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF][START_REF] Bardet | The ERRα orphan nuclear receptor controls morphogenetic movements during zebrafish gastrulation[END_REF]. Although some molecular mechanisms through which ERRα promotes cell movements have been described, how these signalling actors are connected to the precise morphological changes required for cell migration per se is still unclear. In this report, we show that ERRα coordinates actin and FA dynamics, through the independent modulation of the RhoA-ROCK-LIMK-cofilin pathway and MAP4K4 activity respectively.

A proper interaction between cells and ECM is an essential prerequisite for cell migration, and it needs to be precisely regulated. Nascent adhesion complexes recruit actin-binding proteins to establish a link between ECM and the actin cytoskeleton [START_REF] Gardel | Mechanical Integration of Actin and Adhesion Dynamics in Cell Migration[END_REF].

RhoA contributes to FA maturation by controlling the growth of FA-associated actin filaments through the activation of the formin mDIA and inhibition of severing activity of cofilin [START_REF] Lawson | Rho GTPase signaling complexes in cell migration and invasion[END_REF][START_REF] Mizuno | Signaling mechanisms and functional roles of cofilin phosphorylation and dephosphorylation[END_REF][START_REF] Kanellos | Cellular functions of the ADF/cofilin family at a glance[END_REF]. RhoA also regulates actin binding to myosin II filaments via ROCK, which subsequently induces contractility required for FA maturation [START_REF] Guan | Rho GTPases and related signaling complexes in cell migration and invasion[END_REF][START_REF] Seetharaman | Microtubules at focal adhesions -a double-edged sword[END_REF]. We previously reported that ERRα depletion significantly increases RhoA expression and activation [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF]. We show here that the upregulation of RhoA activity induces an increase in actin polymerisation resulting from an enhanced phosphorylation status of the ROCK downstream target cofilin. This suggests that an excess of actin filaments may impair their interaction with FA and impact on FA maturation. Unexpectedly, our results reveal that the RhoA-ROCK pathway does not contribute to the regulation of cell adhesion downstream of ERRα. Therefore, global deregulation of RhoA activity due to ERRα depletion does not seem to have a strong influence on the precise control of actin polymerisation at the FA sites.

It has been reported that cofilin and myosin compete for binding to actin filaments [START_REF] Kanellos | Cellular functions of the ADF/cofilin family at a glance[END_REF]. We demonstrate here that upregulation of the RhoA-ROCK pathway leads to an increase in cofilin phosphorylation in the ERRα-depleted cells, which has been shown to inhibit its interaction with actin. As a consequence, depletion or inhibition of cofilin may promote actomyosin assembly [START_REF] Kanellos | Cellular functions of the ADF/cofilin family at a glance[END_REF]. In addition, we previously showed that the overactivation of ROCK resulting from ERRa depletion leads to an increased phosphorylation of MYPT1, one of the subunits of the myosin light chain phosphatase [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF]. In addition, an overactivation of ROCK can increase the myosin II ATPase activity through phosphorylation of myosin light chain (MLC) [START_REF] Amano | Rho-Kinase/ROCK: A Key Regulator of the Cytoskeleton and Cell Polarity[END_REF]. Altogether these data suggest that ERRα functions as a regulator of actomyosin contractility by controlling the RhoA-ROCK pathway. Therefore, ERRa may modulate the formation of actin stress fibers not only through LIMK and cofilin, but also through myosin II.

However, in accordance with the results obtained for the RhoA pathway, we demonstrate that ERRα does not promote cell adhesion through its potential effect on actomyosin filaments.

Upon ERRa silencing, cell adhesion decreases as a result from impaired FA formation and dynamics. These defects can be rescued by down-modulating the activity of MAP4K4. Interestingly, we show that ERRα depletion increases both FA assembly and FA disassembly. This is consistent with a report showing that loss of MAP4K4 exerts the inverse effect on FA dynamics [START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF]. MAP4K4 has been previously identified as a FA disassembly factor [START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF][START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. Nevertheless it has been recently reported that MAP4K4 promotes the activation of b1-integrin and its downstream effector Focal Adhesion Kinase (FAK) [START_REF] Tripolitsioti | MAP4K4 controlled integrin β1 activation and c-Met endocytosis are associated with invasive behavior of medulloblastoma cells[END_REF], suggesting that it may also regulate FA assembly. Therefore, further investigations will be needed to determine the potential contribution of these MAP4K4dependent mechanisms in the regulation of FA assembly and maturation by ERRα. MAP4K4 regulates FA dynamics by promoting internalization and inactivation of b1-integrin [START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF][START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. In migrating cells, MAP4K4 is delivered to FA sites through its association with the microtubule end-binding protein EB2 (ending binding 2). MAP4K4 subsequently activates IQSEC1 (IQ motif and SEC7 domain-containing protein 1) and Arf6 to induce FA disassembly and cell migration [START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF]. Furthermore, MAP4K4 is involved in phosphorylation of moesin, which competes with talin for binding to b1integrin. This leads to b1-integrin inactivation and FA disassembly [START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. Since we observed the activation of moesin in the ERRa-depleted cells, our results strongly suggest that ERRa reduces FA disassembly through the MAP4K4-moesin pathway. We cannot completely exclude the possibility that ERRa also regulates FA disassembly via the regulation of IQSEC1 and Arf6 activation. However, ERRa is more probably involved in the regulation of integrin inactivation rather than their recycling because surface expression of b1-integrin (and other tested integrins) is not modified upon ERRa depletion (Tribollet and Forcet, unpublished). Furthermore, ERRα promotes cell adhesion to different ECM proteins, suggesting the involvement of the MAP4K4-moesin pathway in the regulation of distinct types of integrins. In line with that observation, the role of talin in activation of multiple integrins been reported [START_REF] Klapholz | Talin -the master of integrin adhesions[END_REF][START_REF] Sun | Integrin activation by talin, kindlin and mechanical forces[END_REF]. Therefore, it is plausible that ERRa, by inducing moesin competition with talin via MAP4K4, has a more general role in the regulation of integrin activation and FA turnover.

We previously performed a transcriptomic analysis of breast cancer cells that led us to identify MAP4K4 as an ERRa-target gene [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF]. This analysis showed that the expression of MAP4K4 increased by about 80% upon ERRa depletion, and also revealed that its expression was decreased but not fully suppressed in the control condition. Thus, we postulate that a correct protein level of MAP4K4 is critical for cell migration. It has been shown that the knockout or the knockdown of MAP4K4 leads to FA stabilisation and impaired or reduced cell migration probably due to a strong attachment of the cells to the substrate [START_REF] Yue | Microtubules regulate focal adhesion dynamics through MAP4K4[END_REF][START_REF] Vitorino | MAP4K4 regulates integrin-FERM binding to control endothelial cell motility[END_REF]. On the contrary, a marked increase in expression of MAP4K4 resulting from ERRa depletion leads to FA disassembly and may result in a reduced capacity of cells to respond to extracellular matrix cues.

Consequently, the directionality of cell migration may be impaired rather than the migration process per se [START_REF] Sailland | Estrogen-related receptor α decreases RHOA stability to induce orientated cell migration[END_REF][START_REF] Petrie | Random versus directionally persistent cell migration[END_REF]. We therefore propose that ERRa is important in ensuring a correct level of MAP4K4 necessary for proper oriented cell migration.

A role of MAP4K4 in regulation of cortical actin dynamics has been previously

shown [START_REF] Ma | Intracellular Theileria annulata Promote Invasive Cell Motility through Kinase Regulation of the Host Actin Cytoskeleton[END_REF][START_REF] Leclaire | The Nck-interacting kinase NIK increases Arp2/3 complex activity by phosphorylating the Arp2 subunit[END_REF][START_REF] Kumar | The Ser/Thr kinase MAP4K4 drives c-Met-induced motility and invasiveness in a cell-based model of SHH medulloblastoma[END_REF]. Notably, these data show that MAP4K4 silencing decreases the accumulation of actin filaments in cell protrusions. Thus, it suggests that the upregulation of MAP4K4 resulting from ERRa depletion may promote aberrant actin polymerisation. However, we demonstrate here that MAP4K4 is not involved in the regulation of the actin network downstream of ERRa. Therefore, we speculate that ERRa-mediated regulation of MAP4K4 expression plays a major role in cell adhesion, but that another upstream signal may be needed to activate MAP4K4-dependent actin polymerisation. In this way, it has been shown that MAP4K4, or its mouse homolog NIK, phosphorylates ARP2 and the ERM proteins to induce actin polymerisation in response to growth factor stimulation [START_REF] Baumgartner | The Nck-interacting kinase phosphorylates ERM proteins for formation of lamellipodium by growth factors[END_REF][START_REF] Ma | Intracellular Theileria annulata Promote Invasive Cell Motility through Kinase Regulation of the Host Actin Cytoskeleton[END_REF][START_REF] Leclaire | The Nck-interacting kinase NIK increases Arp2/3 complex activity by phosphorylating the Arp2 subunit[END_REF]. Altogether, our data firmly demonstrate that ERRα coordinates actin polymerisation and adhesion via two independent pathways. Both ERRa and MAP4K4 have been shown to be highly expressed in cancers [START_REF] Gao | MAP4K4: an emerging therapeutic target in cancer[END_REF][START_REF] Tam | There and back again: The journey of the estrogen-related receptors in the cancer realm[END_REF]. Our data demonstrate here that ERRa is a key transcriptional regulator of the MAP4K4 gene. However, epigenetic modifications and other signalling pathways also appear to be involved in the modulation of MAP4K4 expression [START_REF] Gao | MAP4K4: an emerging therapeutic target in cancer[END_REF]. In these conditions, compensation mechanisms may bypass the MAP4K4-induced cell adhesion defects to facilitate oriented migration of cancer cells. Thus, this study revealed that the modulation of cell adhesion exerted by ERRα through MAP4K4 is one specific way to control breast cancer cell migration.

In conclusion, we report that ERRa modulates actin polymerization through the RhoA-ROCK axis and FA formation and turnover through the MAP4K4 pathway. As a consequence, deregulation of ERRα expression deeply impacts cell adhesion and cell morphology, pointing to a critical role played by ERRα in cancer cell migration. MAP4K4#A (GUAGCACACUCCAGAAACA), MAP4K4#B (GCGAAGGAGAGAACAAGAA).

Cells were harvested 48 or 72 hours after transfection.

Biochemical reagents

Y27632 dihydrochloride monohydrate (Sigma-Aldrich, Y0503) was used at 2.5; 5 or 10 µM; Pyr1 (Lim K inhibitor) (a gift from Laurence Lafanechère, Institute for Advanced Biosciences, Grenoble, France) was used at 1; 5 or 10 µM; Blebbistatin (Sigma-Aldrich, B0560) was used at 5µM; PF-06260933 dihydrochloride (Sigma-Aldrich, PZ0272) was used at 0.25 or 0.5 µM; and GNE495 (Clinisciences, HY-100343) was used at 1 µM. Cells were pre-treated (Western blot, xCELLigence) for 1h30 at 37°C before cell lysis or cell adhesion assay, or incubated (micropatterns) with these inhibitors for 4 h at 37°C before fixation.

Additional M&M can be found in Supplemental File.
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Materials and methods

found in GitHub: https://github.com/rdemets/FA_Quantif_Matlab.

The source code of the Focal Adhesion Analysis Server developed by M Berginski is also available in GitHub: https://github.com/mbergins/.

Cell lines

Mycoplasma-free MDA-MB231, HeLa and BT474 cells were cultured in 4.5 g/l glucose DMEM supplemented with 10% FCS (Gibco), 10 U/ml penicillin (Gibco) and 10 µg/ml streptomycin (Gibco). Cells were maintained in a 5% CO2 atmosphere at 37°C. MDA-MB231 cells were transfected with pEGFP-paxillin plasmid (a generous gift from Sandrine Etienne-Manneville, Institut Curie, Paris, France), selected with 1 mg/ml G418 (Sigma-Aldrich) and maintained as cell populations.

Cell transfection

siRNA were transfected using INTERFERin (Polyplus Transfection) according to the manufacturer's protocol. Briefly, 3x10 5 cells per ml were seeded in 6-well plates and transfected with 25 pmol/ml of control or ERRα siRNAs. Cells were harvested 48 or 72 hours after transfection. Control siRNAs were from Thermo Fisher Scientific (medium GC Stealth RNA interference negative control duplexes). siRNAs were from Eurogentec: ERR#1(GGCAGAAACCUAUCUCAGGUU), ERR#2(GAAUGCACUGGUGUCACAUCUGCUG),