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Mcl1 protein levels and Caspase-7 executioner protease control axial organizer cells survival
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Background: Organizing centers are groups of specialized cells that secrete morphogens, thereby influencing development of their neighboring territories.

) and the cysteine proteases Caspase-3 and Caspase-7 in formation of the axial organizing center-the notochord-that derives from the Spemann organizer, and participates in the induction and patterning of the neuroepithelium.

Results: We confirm a role for apoptosis in establishing the axial organizer in early neurula. We show that the expression pattern of mcl1 is coherent with a role for this gene in early notochord development. Using loss of function approaches, we demonstrate that Mcl1 depletion decreases neuroepithelium width and increases notochord cells apoptosis, a process that relies on Caspase-7, and not on Caspase-3, activity. Our data provide evidence that Mcl1 protein levels physiologically control notochord cells' survival and that Caspase-7 is the executioner protease in this developmental process.

Conclusions: Our study reveals new functions for Mcl1 and Caspase-7 in formation of the axial signalling center.

| INTRODUCTION

Apoptosis is a form of cell death characterized by a series of morphological changes in the dying cells such as fragmentation and condensation of the chromatin, as well as secretion of apoptotic factors, which induce the absorption of the apoptotic cell by macrophages 1 (reviewed in Reference 2. In vertebrates, studies on apoptosis during embryonic development-also called early programmed cell death (PCD)-have largely focused on cell number regulation during organogenesis (reviewed in References 3, 4. However, apoptosis fulfills important roles during patterning of the neuroepithelium, which are not entirely deciphered (reviewed in References 4-8. Neural patterning is under the control of localized organizing centers that secrete morphogens, which influence development of organizers' neighboring territories (reviewed in Elena Sena and Johnny Bou-Rouphael authors contributed equally to the work. References 9-12. In amphibian, chicken, and mice, apoptosis has been reported to: limit the size, sculpt, and sometimes erase the organizer [START_REF] Agarwala | Sonic hedgehog control of size and shape in midbrain pattern formation[END_REF][START_REF] Homma | Programmed cell death during the earliest stages of spinal cord development in the chick embryo: a possible means of early phenotypic selection[END_REF][START_REF] Nonomura | Local apoptosis modulates early mammalian brain development through the elimination of morphogen-producing cells[END_REF][START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF] (reviewed in Reference 4. Other studies performed in amphibians describe a role for the apoptotic machinery in primary neurogenesis. [START_REF] Yeo | Early neural cell death: dying to become neurons[END_REF][START_REF] Yeo | XNGNR1-dependent neurogenesis mediates early neural cell death[END_REF] Currently, the intracellular signals that influence cell survival at these early developmental stages remain unknown (reviewed in References 4, 6. Extensive work in the nematode Caenorhabditis elegans (C. elegans), the fruit fly Drosophila, and vertebrates, including mammals, has led to a better understanding of the mechanisms driving cell death, revealing that apoptosis is implemented through the activation of a conserved molecular pathway (reviewed in References 3, 18-21. Cell death signals ultimately drive the activation of initiator Caspase-9 and effector Caspases, such as Caspase-3 (Casp3) and Caspase-7 (Casp7), which leads to self-activation of Caspases by proteolytic cleavage and irreversibly to cell death by triggering degradation of the DNA and other vital cell components (reviewed in References 22-24. Noteworthy both initiator and effector Caspases display nonapoptotic activities that participate in the terminal differentiation of specialized cells, specifically in rodent lens epithelial cells [START_REF] Weil | Are caspases involved in the death of cells with a transcriptionally inactive nucleus? Sperm and chicken erythrocytes[END_REF] and in human keratinocytes. [START_REF] Weil | Caspase activation in the terminal differentiation of human epidermal keratinocytes[END_REF] In Drosophila, maintaining Caspases in an activated state while preventing the execution of the apoptotic program can lead to the production, by « undead cells », of high levels of signaling molecules from the Wnt, Tgf-β, and Sonic Hedgehog (Shh) families. Secretion, generated by Caspases activities, induces overgrowth in the neighboring tissues (reviewed in References 27, 28 Beside Caspases, the main components of the apoptotic cascade are the B-cell lymphoma 2 (Bcl2) family proteins. Bcl2 proteins include anti-apoptotic proteins such as Bcl2, Myeloid cell leukemia 1 (Mcl1), and Bcl2 like-1 (Bcl2l1); and also pro-apoptotic proteins including Bcl2 associated protein X (Bax), Bcl2 antagonist killer 1 (Bak), BH3 interacting domain death agonist (Bid) and bcl2 like 11 (bcl2l11, also known as bim) [START_REF] Tsuchiya | Apoptosis-inhibiting activities of BIR family proteins in Xenopus egg extracts[END_REF][START_REF] Tsuchiya | Anti-apoptotic activity and proteasome-mediated degradation of Xenopus Mcl-1 protein in egg extracts[END_REF] (reviewed in References 31, 32. Current knowledge explains that in most cells the ratio of pro-vs anti-apoptotic proteins of the Bcl2 family controls whether a cell lives or dies. [START_REF] Raff | Cell suicide for beginners[END_REF][START_REF] Raff | Social controls on cell survival and cell death[END_REF] In Xenopus laevis (X. laevis) eggs, analysis of RNA expression levels of Bcl2 family members revealed the presence of the anti-apoptotic bcl2, bcl2-like 10 (bcl2l10, also known as bcl-b), bcl2-like 2 (bcl2l2, also known as bcl-w), bcl-x l (long isoform encoded by bcl2l1) and mcl1 transcripts. In those eggs Bcl-W, Bcl-X L , and Mcl1 efficiently inhibit apoptosis, with Mcl1 appearing to play key role in modulating the survival balance between pro-and antiapoptotic activities. [START_REF] Tsuchiya | Anti-apoptotic activity and proteasome-mediated degradation of Xenopus Mcl-1 protein in egg extracts[END_REF] During amphibians' late gastrulation and early neurulation, apoptotic nuclei are reproducibly observed in the axial mesoderm-notochord and prechordal plate-, which secretes Bone morphogenetic protein (Bmp) inhibitors, including Chordin, and in the neural plate's midline (floor plate), which secretes Shh. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Hensey | Programmed cell death during Xenopus development: a spatio-temporal analysis[END_REF][START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF] In X. laevis embryos overexpression of Xenopus bcl-x l or human bcl2, and the use of pan-Caspases inhibitors, like Z-DEVD-fmk and z-VAD, decreases cell death at late gastrula and early neurula stages. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Hensey | Programmed cell death during Xenopus development: a spatio-temporal analysis[END_REF][START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF][START_REF] Johnston | The roles of Bcl-xL in modulating apoptosis during development of Xenopus laevis[END_REF][START_REF] Malikova | Apoptosis regulates notochord development in Xenopus[END_REF][START_REF] Van Stry | The mitochondrial-apoptotic pathway is triggered in Xenopus mesoderm cells deprived of PDGF receptor signaling during gastrulation[END_REF] Inhibition of apoptosis increases both the size of the neural plate, and the number of Chordin-and Shh-secreting cells. Therefore, in this context, it has been suggested that the apoptotic program participates in establishment of the axial organizer, and indirectly regulates formation of Bmp and Shh activities gradients. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF] Other studies, performed in amphibian, suggest a role for the apoptotic process in early neuroepithelial differentiation. [START_REF] Yeo | Early neural cell death: dying to become neurons[END_REF][START_REF] Yeo | XNGNR1-dependent neurogenesis mediates early neural cell death[END_REF] However, at this date, neither it is fully deciphered what are the functions of apoptosis, nor which endogenous apoptotic machinery factors-Bcl2-protein family members, and/or Caspases-contribute to the initiation and the induction of apoptosis within the emerging neural plate.

During nematode embryogenesis, the regulation of apoptosis is primarily regulated by transcriptional control of the cell-death execution machinery (reviewed in Reference 40. In vertebrates, a few homeodomain-containing proteins have been demonstrated to regulate apoptosis. Whether they do so by directly or indirectly modulating pro-or anti-apoptotic genes at the transcriptional level has not been addressed (reviewed in Reference 6. Investigation of Bar-class HD (Barh) transcription factors-BarH1 and BarH2-activities in nematode, Xenopus and mice revealed roles for these transcription factors in the developmental control of cell death [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Li | Hearing loss caused by progressive degeneration of cochlear hair cells in mice deficient for the Barhl1 homeobox gene[END_REF][START_REF] Li | Barhl1 regulates migration and survival of cerebellar granule cells by controlling expression of the neurotrophin-3 gene[END_REF][START_REF] Nehme | Transcriptional upregulation of both egl-1 BH3-only and ced-3 caspase is required for the death of the male-specific CEM neurons[END_REF][START_REF] Peden | Control of sex-specific apoptosis in C. elegans by the BarH homeodomain protein CEH-30 and the transcriptional repressor UNC-37/Groucho[END_REF][START_REF] Schwartz | The C. elegans protein CEH-30 protects male-specific neurons from apoptosis independently of the Bcl-2 homolog CED-9[END_REF] (reviewed in Reference 6. In Xenopus, barH-like 2 (barhl2) depletion increases the number of axial organizer cells, whereas its overexpression increases apoptosis in the midline axial organizer between stage 10 and stage 14. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Sena | Barhl2 maintains T cell factors as repressors and thereby switches off the Wnt/beta-Catenin response driving Spemann organizer formation[END_REF] Whether Barhl2 affects the decision of axial organizer cells to die by transcriptional regulation of pro-or anti-apoptotic genes is unknown.

In this study we confirm that the apoptotic machinery participates to axial organizer development, 

| RESULTS

| Endogenous apoptosis contributes to axial organizer formation through a pathway independent of Casp3

Apoptosis can be characterized by either DNA fragmentation, which is detected via Terminal deoxynucleotidyl transferase dUTP Nick End Labelling (TUNEL) staining, and/or via the presence of an activated form of Casp3 (Act-Casp3). [START_REF] Gavrieli | Identification of programmed cell death in situ via specific labeling of nuclear DNA fragmentation[END_REF][START_REF] Srinivasan | In situ immunodetection of activated caspase-3 in apoptotic neurons in the developing nervous system[END_REF] TUNEL analysis performed in X. laevis embryos between blastula and early neurula stages shows TUNEL positive nuclei around the blastopore and in the midline of the dorsal ectoderm and mesoderm. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Hensey | Programmed cell death during Xenopus development: a spatio-temporal analysis[END_REF][START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF] We confirmed these observations performing TUNEL staining at stage 12 (Figure 1A) (this study and References 16, 36. We also performed immuno-staining against Act-Casp3 on stage 10 to stage 14 X. laevis embryos (Figure 1B). Surprisingly, we only detected a small number of cells expressing Act-Casp3 with none of them present in the midline (Figure 1Be). We asked whether interference with developmental apoptosis, either by overexpression of the anti-apoptotic protein Bcl-X L , or depletion of the pro-apoptotic enzyme Casp3, affected development of the neural plate similarly. We overexpressed X. laevis bcl-x l or used previously validated MO specific of Casp3 (MOcasp3), [START_REF] Juraver-Geslin | Barhl2 limits growth of the diencephalic primordium through Caspase3 inhibition of beta-catenin activation[END_REF] and followed establishment of the neural plate using the early marker of neural commitment sry-box 3 (sox3) by whole mount in situ hybridization (ISH) (Figure 1C). We observed that bcl-x l overexpression generates a widening of the neuroepithelium whereas MOcasp3 does not (Figure 1C).

To validate that the enlargement of the neuroepithelium was due to Bcl-X L activity within the axial organizer we injected bcl-x l mRNA either in the dorsal mesoderm (prechordal plate and notochord) and axial ectoderm (floor plate) (Figure 1Db,Ea,b), or in mediolateral ectodermal cells (Figure 1Dc,Ec,d). We observed that Bcl-X L overexpression, either in the entire neural plate or in the midline cells, generated an increase in sox3 staining (Figure 1Da,b,Ea,b). In contrast, injection of bcl-x L in the medio-lateral neuroectodermal cells had no effect on the size of the neuroepithelium (Figure 1Dc, Ec,d). When MOcasp3 was targeted in the anterior neural plate, we observed an enlargement of the anterior neuroepithelium (Figure 1Dd,Fc,d), which can be explained by Casp3 function in patterning the anterior neural plate independently of its role in apoptosis. [START_REF] Juraver-Geslin | Barhl2 limits growth of the diencephalic primordium through Caspase3 inhibition of beta-catenin activation[END_REF] In conclusion, the increase in the neural plate size driven by Bcl-X L overexpression is an indirect consequence of apoptosis inhibition in axial organizer cells. At these developmental stages Casp3 activity is not strictly required in the axial midline.

| mcl1 expression pattern indicates a possible role for this anti-apoptotic protein in axial organizer development

We next aimed to identify which apoptotic factors were involved in mediating axial organizer cell survival. Using Real Time quantitative PCR (RT-qPCR) on the dissected dorsal and ventral ectoderm of stage 13.5 Xenopus embryos, we investigated the presence of RNA encoding for pro-and anti-apoptotic members and measured the ratio of RNA transcripts enriched in the dorsal, relative to the ventral, ectoderm (Figure 2A). The genes studied were members of the Bcl2 family, which include the proapoptotic genes bax, bak, bid, and bim (bcl2l11), the genes encoding caspases (casp9, casp3, and casp7), and antiapoptotic genes bcl2l10 (bcl-b), bcl2l2 (bcl-w), bcl2l1 (bclx l ), and mcl1. In agreement with databases, [START_REF] Owens | Measuring absolute RNA copy numbers at high temporal resolution reveals transcriptome kinetics in development[END_REF][START_REF] Session | Genome evolution in the allotetraploid frog Xenopus laevis[END_REF] we detected very low levels of bax, bak, bid, bim, and bcl2l2, and an increase neuroepithelial presence of transcripts encoding casp9, casp3, casp7, bcl2l10, bcl-x l , and mcl1 (Figure 2A).

Both Bcl-x l and Mcl1 exhibit strong anti-apoptotic activities in Xenopus eggs. [START_REF] Tsuchiya | Anti-apoptotic activity and proteasome-mediated degradation of Xenopus Mcl-1 protein in egg extracts[END_REF] In both Xenopus tropicalis (X. tropicalis) and rodents, the levels of mcl1 transcripts have been reported to increase when maternal mRNA pools wane and embryonic gene expression starts ( 50 reviewed in Reference 32. We next analyzed the expression pattern of mcl1 and bcl-x l , in X. laevis embryos at late gastrula, early neurula stages. Using ISH we observed that mcl1 mRNA is weakly detected at stage 11; but between stage 13 and stage 20, mcl1 transcripts are present within the neuroepithelium (Figure 2B). Between stage 13 and stage 16, mcl1 transcripts are present in the anterior neuroectoderm, in two stripes along the forming axial organizer (Figure 2Bc,d), which appear on transverse section to be in the mesoderm and the neuroectoderm (Figure 2Bg). mcl1 transcripts are also present at the border between the neuroectoderm and the ectoderm (Figure 2Bc). At stage 20, mcl1 expression is detected within the future neural tube, specifically in the eye primordium. At the same developmental stages, we observed very low levels of expression of bcl-x l between stage 12 and stage 16 (Figure 2C). Our results are in agreement with X. laevis and X. tropicalis data-bases reporting level of mcl1 transcripts at stage 13 that are higher than any of the other bcl2 antiapoptotic proteins transcripts. [START_REF] Owens | Measuring absolute RNA copy numbers at high temporal resolution reveals transcriptome kinetics in development[END_REF][START_REF] Session | Genome evolution in the allotetraploid frog Xenopus laevis[END_REF] Therefore, mcl1 expression pattern is consistent with an early activity for this anti-apoptotic gene in axial organizer survival. Specific antibodies against Xenopus Mcl1 are not available. To establish the specificity of the MOs effect, we tested the ability of both MOs to inhibit translation of mcl1-myc mRNA. Western Blot (WB) analysis of stage 13 Xenopus protein extracts revealed that both MOmcl1-1 and MOmcl1-2 inhibited the translation of mcl1-myc while MOmcl1-ct did not (Figure 3C). Results were similar with MOmcl1-1 and MOmcl1-2, however, MOmcl1-2 generated stronger developmental disruptions. We therefore used MOmcl1-1, referred to as MOmcl1, for further experiments. We tested MOmcl1 as a specific inhibitor of endogenous Mcl1 activity by co-injecting MOmcl1 with flag-mcl1 mRNA, which is not recognized by MOmcl1 (Figure 3D,E). We first validated that RNA encoded by flag-mcl1 is expressed in stage 13 Xenopus First, development of the notochord was assessed in Mcl1 depleted embryos at stage 13.5 using the dorsal mesoderm marker chordin. We observed a decrease in the size of chordin-expressing structure on the injected side of MOmcl1 injected neurula embryos (Figure 4Aa-c). Transverse sectioning of MOmcl1 injected embryos confirmed a diminution of the notochord size on the injected side (Figure 4Ad-f).

| Depletion of Mcl1 activity influences neuroepithelium development

We next evaluated the Mcl1 depletion impact on notochord cells' death, vs neuro-epithelial cells' death. MOmcl1, or MOmcl1-ct, were injected into one dorsal blastomere at the 4-cell stage and TUNEL staining was performed at stage 13.5. We counted the number of apoptotic nuclei in the injected area (Figure 4Ba,zone A), and in the midline area (Figure 4Ba, zone B). Injection of MOmcl1-ct did not significantly increase the number of apoptotic nuclei in the dorsal part of the embryo (Figure 4Bb). In contrast, MOmcl1 injection generated embryos displaying numerous apoptotic nuclei in their dorsal part (Figure 4Bc). Whereas the midline area corresponds to one quarter of the total area, in the Mcl1-depleted embryos, 66 ± 4% of apoptotic nuclei were present within this midline domain (Figure 4Bd).

We reasoned that if the notochord was the structure preferentially affected by change in Mcl1 levels, a change in the neural plate size should be mirrored by a change in the ectoderm territory. We first followed formation of the epidermal territory in Mcl1 depleted neurula using epidermal keratin (EpKer) as a marker of the dorsal nonneural ectoderm. We observed an increase in EpKer expression on the MOmcl1 injected side compared to the noninjected side (Figure 4C). In contrast, when flag-mcl1 mRNA was injected we observed a decrease in EpKer expression on the injected side compared to the noninjected side (Figure 4D).

We conclude for a physiological role of Mcl1 in the survival of axial organizer cells.

| Depletion of the executioner Casp7 compensates for Mcl1 depletion

Casp3 and Casp7 are key mediators of mitochondrial apoptosis and are functionally redundant within the cell death machinery [START_REF] Houde | Caspase-7 expanded function and intrinsic expression level underlies strain-specific brain phenotype of caspase-3-null mice[END_REF][START_REF] Ruchaud | Caspase-6 gene disruption reveals a requirement for lamin A cleavage in apoptotic chromatin condensation[END_REF] (reviewed in Reference 24. Our data indicate that Casp3 activity is dispensable for axial organizer formation. In agreement with our observations (Figure 2A), in both X. tropicalis and X. laevis a peak of casp7 transcripts is detected between stage 5 and stage 15. [START_REF] Owens | Measuring absolute RNA copy numbers at high temporal resolution reveals transcriptome kinetics in development[END_REF][START_REF] Session | Genome evolution in the allotetraploid frog Xenopus laevis[END_REF] We asked whether, within the developing axial organizer, Casp7 physiologically acts as an executioner enzyme. We designed a splice modifying casp7 specific morpholino (MOcasp7) that targets the acceptor site of Intron3-Exon4 of casp7 mRNA (Figure 5Aa). Exon4 encodes both part of the substrate pocket, and the active site of Casp7 enzyme. Therefore, MOcasp7 should induce the mis-splicing of casp7 mRNA, and subsequently knockdown of Casp7 protease activity.

We first confirmed that MOcasp7 injection in Xenopus embryos induced mis-splicing of the casp7 mRNA (Figure 5Ab). At stage 14, embryos injected with MOcasp7 display a dose-dependent increase in the width of the sox3 expression domain, a phenotype not observed in embryos injected with MOct (Figure 5Bab,C). We next tested whether MOcasp7 specifically inhibited Casp7 endogenous activity through co-injection of MOcasp7 with human casp7 (hcasp7) mRNA, which is not recognized by MOcasp7. At stage 14, overexpression of hcasp7 significantly compensates the increase in neuroepithelium width induced by depletion of endogenous Casp7 (Figure 5Bb-d,C). These data provide strong evidence that MOcasp7 inhibits endogenous Casp7 activity and suggest a role for Casp7 in the survival of axial organizer cells.

We next investigated whether Casp7 depletion would prevent apoptosis induced by Mcl1 depletion. MOmcl1 injection at the lowest dose induces the death of about 60% of the total number of embryos, whereas coinjection of MOcasp7 with MOmcl1 significantly reduces the percentage of dead embryos (Figure 5D). We further asked whether Casp7 depletion compensates for Mcl1 loss of notochord activity. The impact of Casp7 on Mcl1 depletion phenotype was analyzed using sox3. As previously described, depletion of Mcl1 activity generated a diminution of the sox3 expression territory (Figure 5Ea), whereas MOcasp7 injected embryos exhibit a widening of the neural plate (Figure 5Bb,Ec). The co-injection of MOmcl1 with MOcasp7 fully rescues the neuroepithelium size defect (Figure 5Eb,F).

Therefore Casp7 is the executioner Caspase in the axial organizer cells death induced by mcl1 depletion.

| Mcl1 protein levels are regulated within the axial organizer

In most cells the balance between the ratio of pro-vs anti-apoptotic proteins of the Bcl2 family decides whether a cell lives or dies. [START_REF] Raff | Cell suicide for beginners[END_REF][START_REF] Raff | Social controls on cell survival and cell death[END_REF] Compared with bcl-x L , flag-mcl1 overexpression was poorly efficient in preventing the loss of notochord cells (Figure 3E). We asked whether Mcl1 protein levels could be physiologically controlled in axial organizer cells, and whether Similarly to flag-mcl1, overexpression of Xenopus mcl1 (Xmcl1) or mouse mcl1 (mmcl1), generated a slight increase in the width of the neuroepithelium (Figure 6Aa,C). However, the increase was significantly lower compared with that induced by bcl-x L overexpression (Figure 6Ad,C) arguing that compared with 6D). We investigated the activities of both human mcl1 (hmcl1) and a mutated form of hmcl1 carrying an Alanine in position 159 instead of a Serine (hMcl1S159A). This mutation prevents Gsk3βmediated phosphorylation of Mcl1 and its subsequent degradation via the proteasome. [START_REF] Maurer | Glycogen synthase kinase-3 regulates mitochondrial outer membrane permeabilization and apoptosis by destabilization of MCL-1[END_REF] Overexpression of both hmcl1 and hmcl1S159A generated the typical enlargement of the neural plate. However, the enlargement of the neural plate was significantly higher in hmcl1S159A-injected embryos compared with hmcl1-injected ones (Figure 6Abc,C). Of note, the phenotype of hmcl1S159A overexpressing embryos is as severe as that of bcl-x l overexpressing embryos (Figure 6C). We confirmed an increase of the notochord size on the injected side of hmcl1S159A-injected embryos (Figure 6B compare a,b). The higher efficiency of a form of Mcl1 resistant to Gsk3-β-mediated degradation at inhibiting endogenous apoptosis indicates that Mcl1 protein levels are endogenously regulated within the axial organizer.

We further analyzed the impact of X.laevis bax (Xbax), [START_REF] Sachs | Apoptosis in Xenopus tadpole tail muscles involves Bax-dependent pathways[END_REF] or human bak (hbak), [START_REF] Nechushtan | Bax and Bak coalesce into novel mitochondria-associated clusters during apoptosis[END_REF] overexpression induced a diminution of the sox3 expression territory (Figure 6Ea,c,F) and the coinjection of Xbax, or of hbak, with mcl1-flag significantly reduced the number of embryos exhibiting neuroepithelium size defects (Figure 6Eb-d,F). Therefore Mcl1 overexpression rescues pro-apoptotic factors induced neuroepithelium enlargement phenotype.

These observations argue that Mcl1 protein levels are endogenously regulated within axial organizer cells.

| Depletion of Barhl2 activity compensates for Mcl1 depletion but does not affect apoptotic cascade components' gene expression

Before stage 10, the transcription factor Barhl2 diminishes Spemann organizer fate determination [START_REF] Sena | Barhl2 maintains T cell factors as repressors and thereby switches off the Wnt/beta-Catenin response driving Spemann organizer formation[END_REF] ; between stage 10 and stage 14, its overexpression promotes apoptosis in the Xenopus dorsal part. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF] We asked whether Barhl2 transcriptionally regulates mcl1.

We first investigated whether Barhl2 depletion, which normally increases the notochord size, [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Sena | Barhl2 maintains T cell factors as repressors and thereby switches off the Wnt/beta-Catenin response driving Spemann organizer formation[END_REF] compensates for Mcl1 loss of notochord activity. To inhibit Barhl2 activity, we used a previously characterized MO against Barhl2. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF] The impact of Barhl2 and Mcl1 depletion on formation of the neural plate was analyzed using sox3. As previously described, depletion of Mcl1 activity generated a diminution of the sox3 expression territory (Figure 7Aa, B) whereas MObarhl2 injected embryos generated a widening of the neural plate (Figure 7Ac,B). Injection of MOmcl1 together with MObarhl2 significantly reduced the number of embryos exhibiting neuroepithelium size defects, and the severity of the phenotype (Figure 7Ab,B).

We next asked whether Barhl2 directly or indirectly compensates for Mcl1 ability to inhibit axial organizer cells' decision to die by transcriptional up-regulation of pro-apoptotic genes, or by down-regulation of antiapoptotic genes. Using Real Time quantitative PCR (RT-qPCR) on the dissected neural plate of stage 13 MObarhl2-ct and MObarhl2 injected individual embryos, we assessed mRNA levels of pro-apoptotic proteins-apaf-1, bax, bak, bim, casp3, casp7, and casp9-or anti-apoptotic proteins-bcl-b, bcl-w, bcl2l1 encoding bcl-x l, mcl1, and x-linked inhibitor of apoptosis (xiap). In early neurula, barhl2 depletion does not significantly modify the RNA levels of pro-or anti-apoptotic proteins (Figure 7C,D). Similarly, when RT-qPCR was performed on the dissected axial organizer of stage 13 MObarhl2-ct and MObarhl2 injected embryos, we did not detect any change in mcl1 RNA levels. In contrast, and in agreement with our previously published results, [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Sena | Barhl2 maintains T cell factors as repressors and thereby switches off the Wnt/beta-Catenin response driving Spemann organizer formation[END_REF] depletion of Barhl2 significantly increases chordin mRNA levels (Figure 7E). As a small peak of barhl2 transcripts in the presumptive organizer region is detected at stage 8.5 in both X. tropicalis and X. laevis embryos, [START_REF] Sena | Barhl2 maintains T cell factors as repressors and thereby switches off the Wnt/beta-Catenin response driving Spemann organizer formation[END_REF][START_REF] Owens | Measuring absolute RNA copy numbers at high temporal resolution reveals transcriptome kinetics in development[END_REF][START_REF] Session | Genome evolution in the allotetraploid frog Xenopus laevis[END_REF] we further quantified the expression changes in the three main anti-apoptotic genes mcl1, xiap, and bcl2l1 between stage 8 and stage 10. We did not measure any significant changes in the expression levels of mcl1, bcl-x l, or xiap; neither at blastula, nor at early gastrula stages (Figure 7F).

Therefore, whereas Barhl2 depletion compensates for Mcl1 loss-of function between stage 8 and stage 13, it does not affect mcl1 mRNA levels.

| DISCUSSION

In this study, performed in Xenopus embryos, we confirm a role for the apoptotic machinery in formation of the notochord between late gastrula, early neurula stages. In agreement with Mcl1 expression pattern, Mcl1 activity normally participates in notochord cell survival. Within the notochord cells Mcl1 protein levels are controlled, and a decrease in Mcl1 protein levels initiates the apoptotic program. We also show that Casp7 is the physiological executioner protease in axial organizer cells' apoptosis, whereas Casp3 does not participate to this developmental process.

| Apoptosis in axial organizer development

Our data performed on Xenopus embryos, confirm that between late gastrula and early neurula stages PCD is part of neuroepithelium, and more specifically axial organizer, development. In Xenopus early neurula, apoptotic nuclei are mostly detected in the dorsal mesoderm and neuroectoderm. A higher rate of dying cells is physiologically and reproducibly observed in a territory bordering the axial organizer and at the border between the ectoderm and the neuroectoderm. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Hensey | Programmed cell death during Xenopus development: a spatio-temporal analysis[END_REF][START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF] At similar developmental stages, analysis of TUNEL staining in chick and zebrafish support a role for PCD in axial organizer, and ectoderm/neuroectoderm, boundaries formation. In chick, apoptosis is observed in the dorsal midline of the neural plate, at the border between ectoderm and neuroectoderm, [START_REF] Gibson | Regulation of programmed cell death during neural induction in the chick embryo[END_REF] in the notochord, [START_REF] Hirata | Temporospatial patterns of apoptosis in chick embryos during the morphogenetic period of development[END_REF] and in the floor plate. [START_REF] Homma | Programmed cell death during the earliest stages of spinal cord development in the chick embryo: a possible means of early phenotypic selection[END_REF] Finally in zebrafish, TUNEL positive cells are present in the notochord [START_REF] Cole | Apoptosis in the developing zebrafish embryo[END_REF] as in Xenopus at later developmental stages. [START_REF] Malikova | Apoptosis regulates notochord development in Xenopus[END_REF] In Xenopus, overexpression of human Bcl2, or of Xenopus Bcl-X L , inhibits apoptosis efficiently, [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Johnston | The roles of Bcl-xL in modulating apoptosis during development of Xenopus laevis[END_REF][START_REF] Van Stry | The mitochondrial-apoptotic pathway is triggered in Xenopus mesoderm cells deprived of PDGF receptor signaling during gastrulation[END_REF] and induces an enlargement of the neural plate. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF] Our study reveals that the neural plate enlargement is solely detected when Bcl-X L is overexpressed in the developing organizer, supporting a role for PCD in sculpting the morphogens' secreting axial midline, including the prechordal plate and the notochord. This "sculpting" activity is similar to that described for apoptosis in limiting the size of the anterior neural ridge, a secondary brain organizing center that secretes Fibroblast growth factor, which patterns the anterior forebrain [START_REF] Nonomura | Local apoptosis modulates early mammalian brain development through the elimination of morphogen-producing cells[END_REF] (reviewed in Reference 4.

Beside a role in controlling axial organizer size, PCD could also be important for correct separation of the notochord from the flanking mesoderm, and/or separation of the floor plate from the neuroectoderm. In the latter case, apoptosis would participate in formation of boundaries between different structures, a role previously reported at later developmental stages (reviewed in References 4, 62.

| Mcl1 physiological activity participates in notochord development

Here we show that in Xenopus embryos, at early neurula stages, mcl1 transcripts are detected in the anterior neural plate, and in the territory flanking the axial organizer. At the same developmental stages, bcl-xl transcripts are not detected. Mcl1 expression pattern is congruent with that of TUNEL staining at similar developmental stages. Moreover, Mcl1 depletion decreases notochord cell survival revealing a higher dependence of these cells for Mcl1 anti-apoptotic activities. Mcl1 transcripts are also present at the border between ectoderm and neuroectoderm in agreement with a proposed role for PCD in sharpening the border between neural and non-neural territories. [START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF][START_REF] Gibson | Regulation of programmed cell death during neural induction in the chick embryo[END_REF] At this date, Mcl1 is the only anti-apoptotic Bcl2 protein that regulates neural progenitor cells survival; and is quite unique, as it is required for the survival of the stem cell niche in the sub-ventricular zone. [START_REF] Arbour | Mcl-1 is a key regulator of apoptosis during CNS development and after DNA damage[END_REF][START_REF] Malone | Mcl-1 regulates the survival of adult neural precursor cells[END_REF] Mice deficient for Mcl1 prematurely die at the peri-implantation stage, [START_REF] Rinkenberger | Mcl-1 deficiency results in peri-implantation embryonic lethality[END_REF] which is the most severe phenotype among the antiapoptotic Bcl-2 proteins. Targeted loss of Mcl1 in neuronal progenitor cells exhibit reduced size of the telencephalon, and atrophied ventricles, with increased apoptosis in neural cells [START_REF] Arbour | Mcl-1 is a key regulator of apoptosis during CNS development and after DNA damage[END_REF] (reviewed in Reference 32. Mcl1 also displays nonapoptotic activities: in mouse neural progenitors it participates in controlling their last mitosis [START_REF] Hasan | Mcl1 regulates the terminal mitosis of neural precursor cells in the mammalian brain through p27Kip1[END_REF] and in X. laevis it participates in retinal axon development. [START_REF] Roque | Tumor protein Tctp regulates axon development in the embryonic visual system[END_REF] Further studies are necessary to determine whether Mcl1 activity in the "sculpting" of organizing centers is conserved in other organizers, and/or between different species. However, our work strengthens the importance of Mcl1 protein as an anti-apoptotic factor that regulates apoptosis during early developmental steps. [START_REF] Zhong | Mule/ARF-BP1, a BH3-only E3 ubiquitin ligase, catalyzes the polyubiquitination of Mcl-1 and regulates apoptosis[END_REF] Mcl1 is also the target of a deubiquitinase, named Usp9X, which stabilizes Mcl1 by reversing its polyubiquitination. [START_REF] Schwickart | Deubiquitinase USP9X stabilizes MCL1 and promotes tumour cell survival[END_REF] Conservation of Gsk3β phosphorylation sites in Xenopus Mcl1 suggests that these regulatory roles described in human cells could be conserved in Xenopus.

| Casp7 is the executioner protease in early neurula embryos

In both X. tropicalis and X. laevis a peak of casp7 transcripts is detected between stage 5 and stage 15. [START_REF] Owens | Measuring absolute RNA copy numbers at high temporal resolution reveals transcriptome kinetics in development[END_REF][START_REF] Session | Genome evolution in the allotetraploid frog Xenopus laevis[END_REF] MOmediated depletion of Casp7 generates a dramatic increase in the neuro-epithelium territory, a phenotype similar to that of Bcl-X l overexpression. Moreover, the depletion of Casp7 completely compensates for the decrease in neural plate width induced by a decrease in Mcl1 protein levels. It also efficiently prevents embryos' apoptosis induced by Mcl1 depletion. Our study on stage 10 to stage 14 wild type embryos reveals no correlation between Act-Casp3 positive cells and TUNEL positive cells. Finally, targeted depletion of Casp3 in axial organizer cells has no impact on neural plate development.

Due to their similar proteolytic activities, Casp3 and Casp7 have been suggested to have redundant roles within the apoptotic machinery. A thorough analysis of Casp3 and Casp7 substrates specificities demonstrate that Casp3 is generally more promiscuous, whereas Casp7 proteolysis activities are targeted toward the external cellular machinery supporting a role for this enzyme in separation of tissues during morphogenesis. [START_REF] Brentnall | Caspase-9, caspase-3 and caspase-7 have distinct roles during intrinsic apoptosis[END_REF][START_REF] Walsh | Executioner caspase-3 and caspase-7 are functionally distinct proteases[END_REF] In zebrafish, Caspases inhibitors inhibit early apoptosis. [START_REF] Negron | Activation of apoptosis and caspase-3 in zebrafish early gastrulae[END_REF] In agreement with our observations, in chick embryos casp9 expression correlates more closely with TUNEL staining than does casp3. [START_REF] Gibson | Regulation of programmed cell death during neural induction in the chick embryo[END_REF] Similarly in zebrafish the dynamics of TUNEL staining and casp3 expression are distinct. [START_REF] Ikegami | Developmental activation of the capability to undergo checkpoint-induced apoptosis in the early zebrafish embryo[END_REF][START_REF] Yabu | Characterization of zebrafish caspase-3 and induction of apoptosis through ceramide generation in fish fathead minnow tailbud cells and zebrafish embryo[END_REF] Mice deficient in casp7 or in casp3 genes, as well as mice deficient in both genes indicate some degree of functional compensation between Casp3 and Casp7, as well as distinct activities for these two proteases. [START_REF] Houde | Caspase-7 expanded function and intrinsic expression level underlies strain-specific brain phenotype of caspase-3-null mice[END_REF][START_REF] Kuida | Decreased apoptosis in the brain and premature lethality in CPP32-deficient mice[END_REF][START_REF] Lakhani | Caspases 3 and 7: key mediators of mitochondrial events of apoptosis[END_REF] Whereas it remains to be demonstrated whether an early role for Casp7 as the key apoptotic executioner is conserved between species, our data are in agreement with Casp3 and Casp7 exhibiting distinct physiological functions at these early development steps. Indeed in amphibians Casp7 physiologically acts as the executioner enzyme driving axial organizer cells' death, a developmental process occurring independently of Casp3.

The nonproliferative notochord cells originate from the Spemann organizer and both structures are characterized by their ability to secrete the morphogen Shh, anti-BMP, and anti-Wnt, factors. In the drosophila, there are effector's Caspases in the differentiated photoreceptor neurons, which trigger the up-regulation of Hedgehog (Hh) transcription and protein levels. [START_REF] Fan | Apoptosis-induced compensatory proliferation. The cell is dead. Long live the cell![END_REF][START_REF] Fan | Distinct mechanisms of apoptosis-induced compensatory proliferation in proliferating and differentiating tissues in the Drosophila eye[END_REF] Between stage 11 and stage 14 the total number of embryos displaying the characteristic TUNEL positive nuclei pattern in the axial organizer is never more than 5%, [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF] 3.5 | Despite an evolutionarily conserved activity in regulation of apoptosis, Barhl2 does not act on mcl1 RNA levels After stage 8, Barhl2 is expressed in the axial organizer where it switches off the Wnt/β-Catenin-dependent early transcriptional response by a mechanism that depends on histone deacetylase 1 (Hdac-1) activity. [START_REF] Sena | Barhl2 maintains T cell factors as repressors and thereby switches off the Wnt/beta-Catenin response driving Spemann organizer formation[END_REF] In this way Barhl2 pushes Spemann organizer cells toward an irreversible fate commitment. The nonproliferative notochord cells originate from the Spemann organizer, and depletion of the transcription factor Barhl2 increases the size of the axial organizer. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Sena | Barhl2 maintains T cell factors as repressors and thereby switches off the Wnt/beta-Catenin response driving Spemann organizer formation[END_REF] In coherence with these data, Mcl1 depletion phenotype is compensated for by Barhl2 depletion.

We previously observed that Barhl2 overexpression promotes apoptosis in the Xenopus neuroectoderm, and mesoderm. [START_REF] Offner | The pro-apoptotic activity of a vertebrate Bar-like homeobox gene plays a key role in patterning the Xenopus neural plate by limiting the number of chordin-and shh-expressing cells[END_REF][START_REF] Sena | Barhl2 maintains T cell factors as repressors and thereby switches off the Wnt/beta-Catenin response driving Spemann organizer formation[END_REF] A phylogenetic analysis demonstrates that the nematode Ceh-30 is the ortholog of Barhl proteins (reviewed in References 81, 82. Three C. elegans genetic screens, performed independently, highlight the regulation of the apoptotic pathway by Barhl orthologs. [START_REF] Nehme | Transcriptional upregulation of both egl-1 BH3-only and ced-3 caspase is required for the death of the male-specific CEM neurons[END_REF][START_REF] Peden | Control of sex-specific apoptosis in C. elegans by the BarH homeodomain protein CEH-30 and the transcriptional repressor UNC-37/Groucho[END_REF][START_REF] Schwartz | The C. elegans protein CEH-30 protects male-specific neurons from apoptosis independently of the Bcl-2 homolog CED-9[END_REF] Indeed the sex-specific apoptosis of four cephalic male (CEMs) neurons, which die in hermaphrodites but not males, is under the control of Ceh-30. [START_REF] Peden | Control of sex-specific apoptosis in C. elegans by the BarH homeodomain protein CEH-30 and the transcriptional repressor UNC-37/Groucho[END_REF][START_REF] Schwartz | The C. elegans protein CEH-30 protects male-specific neurons from apoptosis independently of the Bcl-2 homolog CED-9[END_REF] In nematode males, Ceh-30 has been suggested to transcriptionally repress egl-1-a BH3-only protein-and ced-3the Caspase-3 ortholog-. [START_REF] Nehme | Transcriptional upregulation of both egl-1 BH3-only and ced-3 caspase is required for the death of the male-specific CEM neurons[END_REF] Between stage 8 and stage 13.5, Barhl2 depletion does not affect mcl1 mRNA levels and/or transcription of other apoptotic members. These data indicate a more complex mode of apoptosis regulation for Barhl2 in vertebrates (reviewed in Reference 6. It is possible that Barhl2 overexpression induces alterations to Hdac1 activity that are known to cause a genotoxic stress associated with cell cycle arrest and in some cases cell death (reviewed in References 83, 84, but the observations in nematode favor a more specific activity of Barhl2 in regulating the apoptotic machinery which remains to be found.

| EXPERIMENTAL PROCEDURES

4.1 | Xenopus embryos care and husbandry X. laevis embryos were obtained by in vitro fertilization and staged using standard procedures. [START_REF] Nieuwkoop | Normal table of Xenopus laevis (Daudin): a systematical and chronological survey of the development from the fertilized egg till the end of metamorphosis[END_REF][START_REF] Sive | Early development of Xenopus laevis: a laboratory manual[END_REF] Experimental procedures were specifically approved by the ethics committee of both the Institut Curie (Authorization 2016-013 given by CEEA-IC #118) and Institut de Biologie Paris Seine (IBPS) (Authorization 2020-22727 given by CEEA #005) follow the international guidelines (2010/63/UE). 

| mRNA synthesis, antisense morpholinos, and injections

Synthetic capped RNAs were prepared from pCS2+ derivatives with mMessage mMachine kit (Ambion). Antisense MO either with no 5 0 capping, either coupled to fluorescein were made by Gene-Tools as previously published: MObarhl2 16 (30 ng), MOcasp3 49 (40 ng), MOmcl1-1 (5 ng), MOmcl1-2 (10 ng), MOmcl1-ct (10 ng) MOcasp7 (12 ng), and control MO (MOct) (20 ng). Sequences of MO are given in Table 1. MO were diluted in RNAse free water at 1 nmol/μl, kept at -80 C and heated 10 min at 65 C before use. Except when otherwise specified, MOs or mRNAs were co-injected with β-gal mRNA (100 pg) or gfp mRNA (100 pg) or MOct coupled to fluorescein for lineage tracing (3 ng). β-gal activity was revealed in Red-Gal (Research Organics) staining solution. Embryos were injected unilaterally for ISH/morphology and on both sides for WB and RT-qPCR. Three independent experiments were performed and the results were pooled. For all rescue experiments, we selected the minimal mRNA quantity that both induced the specific phenotype and displayed no toxicity. Except when indicated otherwise, after stage 10 the embryos are shown dorsal view, anterior up. At stage 10 and below, embryos are shown ventral view dorsal up. For rescue experiments the means between different data sets were compared using the Wilcoxon signed-rank test and significant differences are indicated with asterisks (see Section 4.10).

| Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA from embryos was extracted using the Qiagen RNeasy Kit. RT-PCR analysis was carried out with the Superscript One-step Kit (Invitrogen) using specific primers resumed in Table 2. Histone 4 was used as a loading control and water was used as a negative control.

| Quantitative reverse transcription polymerase chain reaction (RT-qPCR)

For each time point RNA extract was obtained at least twice from five individual embryos obtained from the same fertilization. Embryos were dissociated by pipetting up-and-down with a 26G needle in Trizol (Invitrogen) and extracted according to manufacturer instructions. The RNA pellet was suspended in RNAse free water and kept at -80 C. RNA samples were reverse-transcribed using MMLV-RT enzyme (Promega). RT-qPCR was carried out using IQ SYBR green Supermix (BioRad) on a CFX96 touch Real-Time PCR Detection System (BioRad). RT-qPCRs were performed on embryos using standard procedures (39 cycles) using technical triplicates for each time point. Primers were designed using Primer 3 (http:// www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus. cgi/). Primers were selected based on their amplification efficiency and specificity. Elongation factor 1 (ef1) and ornithine decarboxylase (odc) primers were used as controls. Primers oligomers used in RT-qPCR are resumed in Table 3.

| TUNEL staining

Whole-mount TUNEL staining was performed as previously described, except embryos were not pretreated in hydroxyurea. [START_REF] Yeo | A role for programmed cell death during early neurogenesis in xenopus[END_REF][START_REF] Hensey | A developmental timer that regulates apoptosis at the onset of gastrulation[END_REF] 

| Immunostaining against Act-Casp3

Immunostaining was performed using a rabbit polyclonal anti-Cleaved Casp3 antibody, as described previously [START_REF] Saka | Mcl1 protein levels and Caspase-7 executioner protease control axial organizer cells survival[END_REF] (Table 3). The anti-Cleaved Casp3 antibody was detected using anti-rabbit (Ig) antibodies conjugated to alkaline phosphatase (Roche), followed by a staining using 4-Nitro blue tetrazolium chloride (NBT)/5-bromo-4-chloro-3-indoyl-phosphate (BCIP) substrates (Roche). The primary antibody and folds of dilutions of each antibody used for the detection of tagged or endogenous proteins are described in Tables 4 and5.

| Whole mount ISH and Paraffin sectioning

Control or injected embryos were collected at indicated stages. ISH were performed using digoxigenin labeled probes. Antisense probes were generated for Xenopus mcl1, bcl-Xl, sox3, and EpKer according to the manufacturer's instructions (RNA Labeling Mix, Roche). ISH was processed following protocol described previously. [START_REF] Juraver-Geslin | The conserved barH-like homeobox-2 gene barhl2 acts downstream of orthodentricle-2 and together with iroquois-3 in establishment of the caudal forebrain signaling center induced by Sonic Hedgehog[END_REF] Briefly, following overnight incubation with the probes and then with alkaline Phosphatase-conjugated anti-DIG enzymatic activity was revealed using NBT/BCIP substrates (Roche). Then, bleaching treatment was performed after the postfixation of the embryos. Whole mount images were captured using stereomicroscope Lumar V12. Sections (40 μm thickness) were cut using a Leica VT1000 vibratome after gelatin-albumin embedding. Pictures were captured using a digital Axiocam 506 color camera on a Zeiss microscope on PICT-IBiSA@Orsay Histology facility of Institut Curie and 

| Protein extraction and WB

Embryos were lysed on ice in lysis buffer containing 1% Triton x-100, 5 mM EDTA, 5 mM EGTA, 50 mM Tris pH 7.5, 0.3 M NaCl, 1× c0mplete proteases inhibitor (Roche 11697498001) and 1x PhosSTOP phosphatase inhibitor (Roche 04906837001). Whole cell lysates were cleared via centrifugation at 14 000g for 30 min. Protein quantification was performed using the BioRad Pc Protein Assay (BioRad). Samples were denatured with ½ volume of 2× Laemli Buffer (BioRad) and β-mercaptoethanol and boiled for 5 min. Twenty micro gram of protein extracts were separated by a 10% or 12% SDS-polyacrylamide gel and then transferred to a PVDF membrane (Immobilon-P, Millipore).

Blots were blocked with 5% milk and were detected with an ECL Western Blotting Detection Reagent (Amersham RPN2109). Densitometry analysis, standardized to actin as a control for protein loading, was performed using the ImageJ software. The primary antibodies and folds of dilutions of each antibody used for the detection of tagged or endogenous proteins are described in Tables 4 and5.

| Statistical analysis and sequence alignment

For all rescue experiments the means between different data sets were compared using the Wilcoxon signed-rank test. All statistical analyses were performed using Real statistics plugin from Microsoft Excel. N stands for the number of embryos. 

  and contributes indirectly to neural plate patterning. Both mcl1 expression pattern and analysis of morpholino-mediated depletion of Mcl1 argue for a major contribution of Mcl1 in notochord cells survival. A form of Mcl1 mutated at its putative Glycogen synthase kinase 3-β (Gsk3-β) phosphorylation site, which normally targets Mcl1 for degradation, displays an increased efficiency as an anti-apoptotic factor within the axial organizer cells. Moreover, Mcl1 depletion phenotype is mimicked by overexpression of the pro-apoptotic factors Bax and Bak which both interact with Mcl1. Bax and Bak overexpression phenotypes are both rescued by overexpression of Mcl1. Therefore, axial organizer cells' survival is physiologically controlled by Mcl1 protein levels. Whereas depletion of Casp3 activity neither alters F I G U R E 1 Endogenous apoptosis contributes to axial organizer formation independently of Caspase3 activity, A, TUNEL-staining reveals apoptosis in the axial midline. Representative TUNEL-stained wild type (wt) stage (st.) 12 Xenopus embryos. B, Activated Caspase-3 (Act-Casp3) is not detected before stage 14 in Xenopus embryos. Representative immuno-staining against Act-Casp3 performed on st. 10 to st. 14 embryos. Act-Casp3 positive nuclei are shown with black arrows; st. 10 to 12 ventral view dorsal up; st. 13 and 14 dorsal view anterior up. C to F, Endogenous apoptosis affects establishment of the posterior neural plate via its activity on axial organizer signaling independently of Casp3. C, Xenopus embryos were injected into one dorsal blastomere at the four-cell stage with mRNA encoding (a) X. laevis bcl-xl or (b) MOcasp3 together with a tracer (red) and analyzed by ISH with sox3. Representative st. 14 embryos are shown. (c) Quantification graph of (a,b). D, Xenopus embryos were injected into one dorsal blastomere at the four-(a), sixteen-(b,c) or thirty-two-(d) cells stage with mRNA encoding X. laevis bcl-xl or MOcasp3 together with a tracer (red) and analyzed by ISH with sox3. The site of injection (red dot), and the corresponding st. 14 targeted territory (red area) are represented. The graph indicates the % of embryos exhibiting the (ac) posterior, or (d) anterior, neural plate enlargement phenotype (blue). ML: medio-lateral; L: lateral; A: anterior neural plate. E,F, Bcl-XL acts on the axial organizer cells. Embryos were injected either in the axial organizer (notochord and floor plate) or in lateral ectoderm with (E) bcl-xl or, F, MOcasp3. Representative embryos are shown dorsal view, anterior up, except (Fc) shown dorsal-anterior view. Representative transverse sections (50 μm) are shown at the antero-posterior axis positions indicated with a white-dashed arrow (Eb,d; Fb,d). The black arrow indicates the limits of the injected territory. PNE: posterior neuroepithelium. Inj: injected side. White dashed lines indicate the midline. Relative normalized expression is indicated as means ± SE (s.e.) ***P < .001 notochord nor neural plate development, morpholinomediated Casp7 depletion both prevents embryos' apoptosis induced by Mcl1 depletion, and compensates for Mcl1 knockdown phenotype in the axial organizer. Finally, Barhl2 depletion does not affect RNA levels of most anti-or pro-apoptotic proteins, including those of mcl1. We conclude that in neurula embryos a decrease in Mcl1 protein levels physiologically triggers axial organizer cell death driven by Caspase-7 activation.

F

  I G U R E 2 mcl1 expression pattern suggests a role for this protein in axial organizer development. A, RTqPCR analysis of apoptotic cascade mRNA in Xenopus early neurula. Analysis performed on RNA extracted from dissected neural plates, and ventral ectoderms (N = 15) of X. laevis embryos at stage (st.) 14 for proapoptotic factors -bak, bad, bid, bim, including caspases (casp)-casp3, casp7, and casp9 and antiapoptotic factors -bcl2l10, mcl1, bcl-xl, and bcl2l2. Expression is normalized relative to ef1α. Relative normalized expression is indicated as means ± SE. B, mcl1 expression pattern. ISH using a probe for mcl1 from st. 11 to st. 20 embryos; (a) ventral view, dorsal up, (be) dorsal view anterior up, (f) anterior view dorsal up. (g) Transverse section of (c) in the posterior part of the embryo. The scale bar stands for 200 μm. The white arrow indicates the border between the ectoderm and the neuroectoderm. The black arrow indicates the notochord. C, bcl-xl expression pattern in X. laevis gastrula and neurula. ISH using a probe for the anti-apoptotic gene bcl-xl from st. 12 to st. 20. Embryos are shown dorsal side up

  We focused our study on the Mcl1 role during early neurulation, and asked whether depletion of Mcl1 activity influenced axial organizer size and neural plate formation. To inhibit Mcl1 activity we designed, in its 5 0 untranslated region, two antisense morpholinos (MOmcl1-1 and MOmcl1-2) together with a control morpholino (MOmcl1-ct) and generated constructs coding for two tagged versions of Mcl1: Flag-Mcl1 and Mcl1-Myc. Whereas MOmcl1-1 and MOmcl1-2 bind mcl1myc mRNA, they do not bind flag-mcl1 mRNA. At stage 14, we observed a dose-dependent decrease in the width of the sox3 expression domain in embryos injected with either MOmcl1-1, or MOmcl1-2, but not on embryos injected with MOmcl1-ct (Figure 3A,B). The effect was observed along the entire anterior-posterior (AP) axis and was dose-dependent.

F I G U R E 3

 3 Mcl1 depletion decreases the neuroepithelium size. A, Mcl1 MOs decrease the posterior neural plate width. ISH for sox3. Representative stage (st.) 14 embryos injected (inj) with (a) MOmcl1-ct (N = 25); (b) MOmcl1-1 (N = 21); or (c) MOmcl1-2 (N = 8). B, Quantification of A. C, MOmcl1 blocks mcl1 translation. Western Blot on st.13 Xenopus extracts using antibody against Myc-tag. Actin is used as a loading control. D, Flag-Mcl1 rescues the MO-mediated depletion of Mcl1. RNA encoding flag-Mcl1 or MOmcl1-1 were injected in embryos either alone or together with a tracer (red) as indicated. (a) Western Blot using antiFlag antibody on st.13 Xenopus protein extracts injected with RNA encoding flag-mcl1 (200 pg). The black arrow indicates the band corresponding to the flag epitope of 33Kd. (b-d) ISH for sox3. Representative st.14 embryos are shown injected with (b) MOmcl1-1 (N = 10), (c) MOmcl1-1 and flag-mcl1 (N = 40) or (d) flagmcl1 alone (N = 16) at the indicated doses. E, Quantification of D. PNE: posterior neuroepithelium. White dashed line indicates the midline. Relative normalized expression is indicated as means ± SE. *P < .05, **P < .01, ***P < .001 protein extracts (Figure 3Da) and observed that Flag-Mcl1 significantly compensates for the decrease in neuroepithelium width induced by depletion of endogenous mcl1 (Figure 3Db-d,E). Together these results provide strong evidence that MOmcl1 specifically inhibits endogenous Mcl1 activity, and that Mcl1 physiologically participates in neural plate induction. F I G U R E 4 Mcl1 depletion specifically affects the survival of notochord cells. A, Depletion of Mcl1 affects notochord development. ISH of stage (st.) 13.5 embryos using probes against chordin (a,b). Embryos injected (inj) with (a) MOmcl1-ct (N = 24); or (b) MOmcl1 (N = 19); (c) Quantification graph showing notochord width comparison in embryos injected with MOmcl1-ct or MOmcl1. (d-f) Histological vibratome sections of respectively (d) MOmcl1-ct and (e,f) MOmcl1. Blue arrow indicates the notochord. Scale bar stands for 200 μm. B, Quantification of midline apoptosis induced by Mcl1 depletion. TUNEL staining was performed at st.13.5. (a) Schematic representation of TUNEL quantification: red dots represent injected cells; black dots represent TUNEL positive cells. All apoptotic cells were counted in A the black rectangle considered the total injected area, and B the red rectangle considered the midline area. (b, c) Representative TUNEL staining on stage 13.5 embryos injected with (b) MOmcl1-ct; or (c) MOmcl1 (N = 39). (d) Quantification of B. C,D, The decrease in neural plate width upon depletion of Mcl1 is mirrored by the increase in ectoderm territory. ISH against epidermal keratin (EpKer). Representative stage 13.5 embryo injected with C MOmcl1-1; D, flag-mcl1; (a) dorsal view anterior up; (b) View of the noninjected side: lateral view, anterior up, dorsal side right; (c) View of the injected side: lateral view, anterior up, dorsal side right. N represents the number of injected embryos. White dashed line indicates midline. Relative normalized expression is indicated as means ± SE. ***P < .001 2.4 | Depletion of Mcl1 generates a loss of axial organizer cells and activity mcl1 transcripts are mostly detected along the axial midline in a territory bordering the axial organizer. We asked whether changes in the neural plate size caused by depletion of endogenous Mcl1 were generated by a decrease in notochord cell numbers and its subsequent decrease in neural induction activity, or due to an unspecific increase in neuroepithelial cells' death.

  Mcl1 presence in the notochord could be compensated for by overexpression of two pro-apoptotic factors known to bind and inhibit Mcl1 anti-apoptotic activity, human bak[START_REF] Nechushtan | Bax and Bak coalesce into novel mitochondria-associated clusters during apoptosis[END_REF] and Xenopus bax[START_REF] Sachs | Apoptosis in Xenopus tadpole tail muscles involves Bax-dependent pathways[END_REF] (reviewed in Reference 56.
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  I G U R E 5 Depletion of caspase-7 compensates for Mcl1 depletion. A, (a) Schematic representation showing the genomic organization of the caspase-7 gene (casp7) in X. laevis. The region targeted by the spliceblocking MO casp7 (MOcasp7) is shown (blue line). The two black arrows indicate the location of the two primers used to amplify exon3 (E3) and exon4 (E4) sequences in the RT-PCR analysis (b). The substrate pocket (green double end arrow) and the active site (red double end arrow) are shown. (b) MOcasp7 efficacy was validated by RT-PCR using primers as indicated in (a). Total RNA was isolated from stage (st.) 14 MOcasp7 or control MO (MOct)-injected embryos and analyzed using E3-E4 casp7 primers (a). Misspliced casp7 mRNA forms are observed in MOcasp7 injected embryos compared to the normally spliced casp7 mRNA detected in the MOct-injected embryos (Lanes 2 and 3). Histone H4 is used as an internal control and normally spliced in MOcasp7 injected embryos (Lane 1). B, Depletion of Casp7 increases neuroepithelium width. ISH of st. 14 embryos using probes against sox3 (a-d). Embryos injected with (a) MOct (N = 12); (b) MOcasp7 (N = 30); (c) MOcasp7 together with human casp7 (hcasp7) (N = 34) and (d) hcasp7 (N = 24) at the indicated doses are shown dorsal view anterior up. C, Quantification of B. (D-F) Casp7 depletion rescues Mcl1 depletion apoptotic phenotypes. D, Percentage of dead embryos at st. 14 was calculated on MOmcl1 (N = 109), MOmcl1 together with MOcasp7 (N = 58), and MOcasp7 (N = 35) injected embryos. E, ISH using probes against sox3 on embryos injected with (a) MOmcl1 (N = 29); (b) MOcasp7 and MOmcl1 (N = 59), or (c) MOcasp7 (N = 19). Representative embryos at st. 14 are shown dorsal view anterior up. F, Quantification of E. PNE stands for posterior neuroepithelium. The dashed white line indicates the midline. N represents the number of embryos. Relative normalized expression is indicated as means ± SE. **P < .01, ***P < .001

F

  I G U R E 6 A form of Mcl1 that cannot be phosphorylated by Gsk3β increases the neural plate size with a higher efficiency and compensates the overexpression of the pro-apoptotic proteins XBax and hBak. A, ISH on stage (st.) 14 embryos using probes against sox3 on embryos injected with (a) Xenopus mcl1-myc (xmcl1), (b) human mcl1 (hmcl1), (c) hmcl1S159A or (d) Xenopus bcl-xl (bcl-xl). B, Histological sections of MOmcl1-(a) and hmcl1S159A-(b) injected embryos at stage 14 following ISH using sox3 probe and LacZ as a tracer. Blue arrow indicates the notochord. Scale bar stands for 200 μm. C, Quantification of A with addition of mouse mcl1 (mmcl1) mRNA injected embryos. D, Alignment of human Mcl1 (isoform 1) and X. laevis Mcl1 sequences. In Mcl1 sequence the enriched region in proline (P), glutamic acid (E), serine (S) and threonine (T) residues, referred to as the proline/glutamic acid/serine/threonine (PEST) region is shown in brown. S155, S159 and T163 shown in red are Gsk3β phosphorylation sites either confirmed in human, or putative in X. laevis. The X. laevis Bcl-2 Homology (BH) domains are shown in blue. In human Mcl1 sequence the black star indicates human S159 and the red star indicates T163. E Overexpression of flagmcl1 compensates for Xbax and hbak overexpression. ISH using sox3 probe was performed at stage 14 Xenopus embryos. Four-cell stage embryos were injected in one dorsal blastomere, either with (a) Xenopus bax (Xbax), (b) Xbax and flag-mcl1, (c) human bak (hBak), and (d) hbak and flag-mcl1 (N=) mRNAs. LacZ mRNA was used as a tracer of the injected side. Embryos are shown dorsal view anterior up. F, Quantification of E. PNE stands for posterior neuroepithelium. White dashed lines indicate the midline. N represents the number of embryos. Relative normalized expression is indicated as means ± SE. **P < .01, ***P < .001 bcl-x L , mcl1 gain-of-function (GOF) poorly inhibits endogenous apoptosis. We next asked whether ectopic Mcl1 proteins are degraded within the notochord. Phosphorylation of Mcl1 N-terminal region by kinases such as Gsk3-β promotes its phosphorylation and subsequent degradation. 57,58 A comparison of human Mcl1 and X. laevis Mcl1 protein sequences indicated a low degree of conservation between the N-terminal parts of human and Xenopus Mcl1 (Figure 6D). Despite, putative Gsk3-β phosphorylation sites being present in X. laevis Mcl1, Serine 159 and Threonine 163, the key residues in Gsk3-β mediated downregulation of Mcl1 stability, are conserved (Figure

  overexpression on formation of the axial organizer using sox3. Similarly to what was observed upon depletion of Mcl1, Xbax, or hbak

F I G U R E 7

 7 Whereas depletion of the pro-apoptotic transcription factor Barhl2 compensates for Mcl1 depletion, Barhl2 does not regulate mcl1 transcription, A, Barhl2 depletion rescues Mcl1 depletion. ISH using probes against sox3 on embryos injected with (a) MOmcl1 (N = 10); (b) MOmcl1 and MObarhl2 (N = 10); (c) MObarhl2 (N = 10). Representative embryos at stage (st.) 14 are shown dorsal view anterior up. The dashed white line indicates the midline. B, Quantification of A. Relative normalized expression is indicated as means ± SE. PNE stands for posterior neuroepithelium. C-F, Analysis of apoptotic genes transcriptional regulation by Barhl2. RT-qPCR analysis on RNA extracted from X. laevis individual embryos injected into two dorsal blastomeres at the 2-cell stage either with MObarhl2-ct or MObarhl2. C,D, st. 13 embryos (N = 10); E, dissected st. 13 axial organizer (N = 10); F, st. 8, 9, and 10 embryos (N = 10). For C-E, expression is normalized relative to Actin and ef1α. In F, the expression of mcl1, bcl-xl and xiap is normalized to st. 8. N represents the number of embryos. Relative normalized expression is indicated as means ± SEM. chd stands for chordin. **P < .01, ***P < .001
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 3 Mcl1 is endogenously controlled at the post-translational level Our observations argue that Mcl1 levels are endogenously controlled within the forming axial organizer. Due to the absence of antibody specific for Xenopus Mcl1 we could not directly test for Mcl1 protein presence in the neural plate. However, both the similarity of Bax or Bak overexpression phenotypes with that of Mcl1 depletion, and the rescuing of Bax or Bak overexpression phenotype by Mcl1 overexpression strengthen the hypothesis that, similarly to what happens at later developmental stages, the balance between the ratio of pro-vs anti-apoptotic proteins of the Bcl2 family determines whether axial organizer cells live or die. Mcl1 differs from other members of the Bcl-2 family in having a very short halflife. 68 Whereas overexpression of Xenopus or of human mcl1 poorly protects notochord cells from apoptosis, Bcl-X L or a form of Mcl1 that cannot be phosphorylated by Gsk3 and subsequently degraded by the proteasome, display a better protective effect indicating that Mcl1 stability is under tight control within the axial organizer cells. Therefore notochord cell death appears to be physiologically triggered by a decrease in Mcl1 protein level. The regulatory mechanisms of proteasome-mediated degradation of Mcl1 have been well documented for human Mcl1 (reviewed in Reference 69. In human cells, Gsk3-β mediated phosphorylation of Mcl1 promotes its interaction with the E3 ubiquitin-ligase β-transducing containing protein (β-TrCP), 57 which catalyzes Mcl1's ubiquitination and subsequent degradation in the proteasome (reviewed in References 32, 69. Beside β-TrCP, the E3 ubiquitin ligase Mcl1 ubiquitin ligase (Mule, also called Huwe1) targets Mcl1 for degradation.

  raising the hypothesis that between stage 11 and stage 14, the local and controlled activation of Casp7 participates in the notochord differentiation process, and maybe in the production of the Shh morphogen. With this view point the activation of Casp7 80 could be part of the notochord cells differentiation program and Mcl1 would play a role in maintaining Casp7 enzymatic activities under strict constrains.

B

  Durand carries the Authorization for vertebrates' experimental use N75-1548.
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 2 PlasmidsConstructs were generated by sequential PCR amplification followed by subcloning and sequencing in pTOPO (TOPO TA cloning kit Thermofisher) and subcloned in pCS2+. A full-length cDNA for Mcl1 was obtained by RT-PCR (Invitrogen) using stage 14 neural plate X. laevis RNA and oligonucleotides 5 0 -TCATTCTCTCCCTGCTGCTGAGAG AC-3 0 and 5 0 -TCATCGGATCATGTACGCCAAACCGG-3 0 using information from Xenbase (http://www.xenbase.org/, RRID:SCR_003280). Mcl1 full-length cDNA was subcloned in pCS2+. The tagged constructs were generated by subcloning in either pCS2-Myc (C-terminal Myc tag for Mcl1-Myc), or pCS2+Flag (N-terminal Flag for Flag-Mcl1). pTOPO-Mcl1 was a gift from Ulrich Maurer (Addgene plasmid #21605). PTOPO-Mcl1S159A was a gift from Ulrich Maurer (Addgene plasmid #21606). Xenopus bax in pCS2 was a gift from L. Sachs. 55 EGFP-Bak pcDNA1 was a gift from Richard Youle (Addgene plasmid # 32564; http://n2t. net/addgene:32564; RRID:Addgene_32564). The sequence of all plasmids is available upon request.

  

  

  Morpholinos used in Primers used for RT-PCR in this study Primers used for RT-qPCR in this study For paraffin sections the embryos were kept long term in ethanol 100% then incubated in butanol 100% over night. The embryos were bathed successively in paraffin (Paraplast Plus, Sigma) then processed for microtome section at 20 μm (Leica, RM2125 RTS). Sections were unwrapped by three Xylene baths and mounted in EUKITT.

	Gene mcl1-ct	Morpholino sequence AACCAGTAAGTCCCTTTCACCCAGA	Dose (ng) 20	Reference This study	this study
	mcl1-1	GCGCCTAATCCTAAAGACCTTGTGT	10	This study	
	mcl1-2	AAGCACTAACTCCGTTTCACGCAGA	10	This study	
	casp7	TCATTGTGGTCTTGCTGAGCCAC	12	This study	
	Moct	CCTCTTACCTCAGTTACAATTTATA	20	Gene-tools	
	casp3	ACCATTCTGGGATTCTTCCATcttg	40	87	
	T A B L E 2 Gene	Forward		Reverse		Reference
	histone 4	ATGTCCGGCCGCGGCAAAGG		AGCCGTAGAGAGTGCGGCCC	This study
	Casp7	GCTGCTTCAAGGGCCTCGGC		GGCTCAGGAATATGCAGGCG	This study
	T A B L E 3 Gene	Forward		Reverse		Reference
	apaf-1	TGCTTCACGAGGGGTACAAA		CTCCCTCACAGAGTACGGTT	This study
	bak	TAATTGGAAGAATGCCGCCC		GAATGGGCAGCGAGGATTTT	This study
	bax	GAATGGGCAGCGAGGATTTT		TAATTGGAAGAATGCCGCCC	This study
	bcl2l10	GGACTGGCTGCAGAGTAGC		TGCCCGCTGAGTCCTCT	This study
	bcl-xl	TGTGGAGAGTGCAAACAAGG		ACAGGCCAACAAAAGCTTCC	This study
	Bcl2l2	TGAGAGGCTGGATTCAGAGC		GCCTCCTGGCTTCTTCTATGG	This study
	bcl-2	GACAGATCTCAGGGCTCCTC		CCTTCCCCAGTTTACCCCAT	This study
	bim casp3 processed with Zen program (version2.3), ImageJ, and GGAGGAGCAGCGATGAAGAA AGAGGAGACCGATGCAAGAC casp7 ACTGACCACTCTCTTCCGTG Adobe Photoshop CS6 software.	TTGTAACTGGCCACCTTCAC CTCCACTGGAATACGCTGGA ATCTGCCTCCAACCCATCAT	This study This study This study
	caspase-9	ATGCCACCCCTGTTTTCTCT		ATCCCTCCATGACACGTAGC	This study
	ef1	ACACTGCTCACATTGCTTGC		AGAAGCTCTCCACGCACATT	This study
	mcl1	CCTTCACGGGCATGCTACA		AGCGGGAACCTCAGAAAGTTT	This study
	odc	CATGGCATTCTCCCTGAAGT		TGGTCCCAAGGCTAAAGTTG	88
	xiap	TCACCTGCATTACCCAAGGA		ATCCGCACATACAGCACATG	This study

T A B L E 1

  Significant differences are indicated with asterisks: *P-value ≤.05; ** P-value ≤.01; ***P-value ≤.001. The alignment of human Mcl1 (isoform 1) and X. laevis Mcl1 sequences was done using the Needleman-Wunsch Global Align Nucleotide Sequences (https:// blast.ncbi.nlm.nih.gov/). ORCID Elena Sena https://orcid.org/0000-0003-1220-5639 Béatrice C. Durand https://orcid.org/0000-0002-0047-288X

validation; writing-original draft. Johnny Bou-Rouphael: Data curation; formal analysis; investigation; methodology; resources; validation. Nathalie Rocques: Conceptualization; data curation; formal analysis; investigation; methodology; resources; validation. Clemence Carron: Investigation; methodology; resources.
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