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Introduction

The tail regression of the ascidians Ciona intestinalis and Ciona robusta represents an exciting model to investigate in vivo apoptosis regulation in a developmental context, since apoptosis was reported as the driving force of this process (Chambon et al., 2002, both species were used in this work but only referred as C. intestinalis). Ciona has a biphasic life cycle: a pelagic larva and a benthic adult. After fertilization, a rapid embryogenesis generates a tadpole-like larva composed of an anterior trunk and a posterior tail, consisting of approximately 2600 cells [START_REF] Satoh | Developmental Biology of Ascidians[END_REF]. After hatching, the tadpole larvae swim for few hours, then adhere to a substrate and finally metamorphose into a juvenile that is a sessile filter feeder. One of the first and most dramatic events is the regression of the larval tail followed by morphological changes such as rotation of visceral organs or expansion of the branchial basket (reviewed in Karaiskou et al., 2014).

During embryogenesis, in the elongating tail of the Ciona tailbud, a Retinoic Acid (RA) signaling pathway was reported, active at the anterior tail epidermis, while the FGF/MAPK and canonical Wnt pathways are restricted to the posterior tail epidermis [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF]. In the Ciona embryo, the antagonism of these two signalling pathways is required to control the antero-posterior axis establishment and the patterning of the tail epidermis through spatial Ci-hox1 and Ci-hox12 expression [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF]. In Ciona, nine hox genes (Ci-hox) have been identified: Ci-hox1, 2, 3, 4, 5, 6, 10, 12 and 13 [START_REF] Dehal | The draft genome of Ciona intestinalis: insights into chordate and vertebrate origins[END_REF][START_REF] Spagnuolo | Unusual number and genomic organization of Hox genes in the tunicate Ciona intestinalis[END_REF]. Ci-hox1 to 5 and Ci-hox10 and 12 seem to be involved in regionalization of the larval Central Nervous System (CNS). Moreover, at the tailbud stage (ETB, MTB, LTB), Ci-hox12 which is expressed in the end of the posterior nerve cord and epidermis plays a pivotal role in tail development by maintaining the posterior expression of Ci-fgf8/17/18 and Ci-wnt5 [START_REF] Ikuta | Ciona intestinalis Hox gene cluster: Its dispersed structure and residual colinear expression in development[END_REF][START_REF] Ikuta | Limited functions of Hox genes in the larval development of the ascidian Ciona intestinalis[END_REF]. Inversely, Ci-hox1 was detected at the early tailbud stage in the epidermis and the CNS around the junction of the trunk (head of the ascidian tadpole) and the tail [START_REF] Ikuta | Ciona intestinalis Hox gene cluster: Its dispersed structure and residual colinear expression in development[END_REF]. The FGF/MAPK signals promote Ci-hox12 expression at the posterior-most third part of the tail while the opposite RA gradient inhibits it at the anterior-most third part and promote Ci-hox1 expression in this region [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF]. Although these expression patterns seem to be maintained in the subsequent developmental stage, the hatching-larvae (St. 26 of Hotta et al., 2007) [START_REF] Ikuta | Ciona intestinalis Hox gene cluster: Its dispersed structure and residual colinear expression in development[END_REF], data concerning Ci-hox1 and Ci-hox12 expression in the swimming, competent and metamorphic larvae have yet to be reported.

After the hatching stage and to reach the metamorphic changes successfully, a swimming-larva needs to acquire metamorphic competence during the larval period. This has been shown to occur in response to a wide variety of external but also endogenous signals [START_REF] Jackson | Larval mortality from offshore mixing as a link beween precompetent and competent period of development[END_REF][START_REF] Cloney | Ascidian larvae and the events of metamorphosis[END_REF][START_REF] Davidson | A molecular analysis of ascidian metamorphosis reveals activation of an innate immune response[END_REF][START_REF] Jackson | Ecological regulation of development: Induction of marine invertebrate metamorphosis[END_REF]; review in Karaiskou et al., 2014). In addition, we previously demonstrated that the phosphorylation of the MAP Kinases (MAPK) ERK and JNK, respectively in papillae and CNS, occur during the competency acquisition period, and initiate a MAPK-dependent-genenetwork essential for the tail regression triggering pathway [START_REF] Chambon | ERK-and JNK-signalling regulate gene networks that stimulate metamorphosis and apoptosis in tail tissue of ascidian tadpoles[END_REF]. When the larvae become competent, they are able to adhere to substrates with their adhesive papillae located at the anterior-most part of the trunk [START_REF] Cloney | Ascidian larvae and the events of metamorphosis[END_REF]Degnan, 2001).

Once adhesion occurs, Ciona initiates tail regression. Previous studies clearly demonstrated that adhesion is a compulsory stage for this metamorphic event [START_REF] Matsunobu | Time course for tail regression during metamorphosis of the ascidian Ciona intestinalis[END_REF][START_REF] Nakayama-Ishimura | Delineating metamorphic pathways in the ascidian Ciona intestinalis[END_REF]. Indeed, when the adhesive papillae are removed ("papillae-cut" experiment), the adhesion stage is abolished and the metamorphic larvae exhibit some features of metamorphosis but never the tail regression event [START_REF] Nakayama-Ishimura | Delineating metamorphic pathways in the ascidian Ciona intestinalis[END_REF]. The first tail regression mechanism proposed was based on the contractile properties of either epithelial or notochord cells that would trigger tail shortening [START_REF] Cloney | Ascidian larvae and the events of metamorphosis[END_REF]. More recently, we and others clearly showed that most of the tail cell types die by apoptosis [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF][START_REF] Jeffery | Programmed cell death in the ascidian embryo: Modulation by FoxA5 and Manx and roles in the evolution of larval development[END_REF]Tarralo and Sordino, 2004). This apoptotic cell death affects the majority, if not all, of the epidermal cells of the tail, muscle cells and at least the posterior-most notochord cells [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF]. The most remarkable feature of this apoptotic-dependent tail regression is its posterior origin and anterior propagation. We observed that apoptosis started at the tail tip and, through TUNEL temporal analyses, we showed that it continued up to the tail base [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF]. In other words, in Ciona, one of the main mechanisms of tail regression is apoptosis which is tightly controlled and even predetermined in time and space along the postero-anterior axis of the larva tail; this is a unique feature among chordate organisms (reviewed in Karaiskou et al., 2014). Significantly, C. robusta genome shares with vertebrates major central actors of the cell death machinery [START_REF] Takada | The cell death machinery controlled by Bax and Bcl-XL is evolutionarily conserved in Ciona intestinalis[END_REF][START_REF] Terajima | Identification of candidate genes encoding the core components of the cell death machinery in the Ciona intestinalis genome[END_REF][START_REF] Weill | The caspase family in urochordates: Distinct evolutionary fates in ascidians and larvaceans[END_REF], referred as C. intestinalis in these publications).

As it seems to be the case in others metazoans, the achievement of apoptosis in Ciona occurs through the activation of cysteine proteases, termed initiator/executive caspases [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF]. The vertebrate apoptotic machinery composition is substantially similar to that of non-vertebrates. In vertebrates, at least two signaling pathways are described: the "mitochondrial" (intrinsic) and the "cell death receptor" (extrinsic) pathways (reviewed in [START_REF] Meier | Apoptosis in development[END_REF]. In both cases, the activation of initiator caspases (8, 9 or 10) triggers a set of executioner caspases (3, 6 and 7 in mammals), strongly regulated through many layers of activators and inhibitors (Hernandez-Martinez et al., 2009).

It was previously suggested that the caspases machinery diversity in Ciona is similar to that found in vertebrates [START_REF] Baghdiguian | Using Ciona to study developmental programmed cell death[END_REF]. Moreover, the activation of Ciona caspases is essential for caudal cells elimination during tail regression [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF][START_REF] Chambon | ERK-and JNK-signalling regulate gene networks that stimulate metamorphosis and apoptosis in tail tissue of ascidian tadpoles[END_REF].

Among the caudal cells, Primordial Germs Cells (PGC) are localized at the posterior part of the tail in the swimming larvae (Shirae- [START_REF] Shirae-Kurabayashi | Dynamic redistribution of vasa homolog and exclusion of somatic cell determinants during germ cell specification in Ciona intestinalis[END_REF]. During tail regression, the PGC seem to escape from the apoptotic cell death fate. Indeed, they persist throughout tail regression with a localization described as always anterior to the regressing tail tip, suggesting a PGC movement (Shirae- [START_REF] Shirae-Kurabayashi | Dynamic redistribution of vasa homolog and exclusion of somatic cell determinants during germ cell specification in Ciona intestinalis[END_REF]. However, no evidence was reported to associate the posterior to anterior PGC movement toward the trunk and the tail regression mechanism.

These previous observations highlight the finely orchestrated cellular events, i.e. contraction, apoptosis and PGC movement, in a posterior to anterior manner. However, they do not provide insights into the accurate mechanism of the sequential "destruction" of a large part of the tail tissues and the associated cellular events.

In this work, we investigated the potential role of the tail epidermis in the polarisation and coordination of these events. We first observed an extension toward the anterior of the posterior Ci-hox12 expression. This "posteriorization" of the tail seems to be a prerequisite step for apoptosis intiation and progression. Moreover we observed that the postero-anterior PGC movement depends on the caspase-dependent apoptotic wave progression suggesting a regulation of immediate environment cell behaviors (i.e. PGC movement) by apoptotic cells themselves (i.e. wave of apoptosis), that we interpreted as which an evidence of a new function of apoptosis. In addition, we were able to integrate contraction, apoptosis and PGC movement in the tail regression process.

Material and Methods

Biological material

Adult Ciona intestinalis were collected on the field by the Biological Sample Collection Service of the Station Biologique de Roscoff (Britain, France) and maintained in 35‰ salinity in artificial sea water (ASW) at 18°C in the UMR7138 Evolution Paris Seine laboratory (Sorbonne University, Paris, France). Oocytes and sperms were obtained by dissection of gonoducts and cross-fertilizations were performed in plastic Petri dishes. Embryos were cultured at 18°C in 0.2 µm filtered ASW with 0.1 M Hepes (Sigma-Aldrich; Merck KGaA, #H4034). Tadpole larvae hatched at approximately 18 hours post-fertilization (18 hpf), then, they swim freely for more than 5 hours. The onset of metamorphosis started at approximately 2 hours after fixation (26 hpf) when larvae adhered to plastic dishes and stop moving.

Fixation and storage

Larvae were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) for 30 min at room temperature (RT) for immuno-fluorescent labelling. Larvae used for in situ hybridization are fixed 2 hours at 4°C in MEM-PFA (4% paraformaldehyde, 0.1 M MOPS pH7.4, 0.1 M NaCl, 1 mM EGTA, 2 mM MgSO4, 0.05% Tween-20). After fixation larvae are washed three times and dehydrated through a graded series of ethanol and stock in 100% ethanol at -20°C. Rehydratation is made by successive wash series of ethanol/PBS solution to a full PBS final solution. Larvae used for TUNEL labelling were rehydrated same days of fixation and storage at 4°C.

TUNEL and VASA labelling

Terminal Transferase-Mediated dUTP Nick-End labelling Assay (TUNEL) was performed with the In Situ Cell Death Detection Kit (Fluorescein, #11684795910) according to the manufacturer's protocol (Roche Diagnostics Corporation/ Roche Applied Science). Larvae were permeabilized in phosphate-buffered saline (PBS) + 0.2% Triton for 30 min. and wash in PBS three times during 15 min. Biological samples were incubated 75 min. at 37°C in a humidification chamber with 125 µL of reaction mix (Enzyme solution plus Label solution).

Negative control was incubated in Label solution only. As positive control, some larvae were incubated in DNAse I solution (1 mg/ml) (Fermentas, #EN0521) for 20 min. at RT before adding the reaction mix. After reaction larvae were washed three times in PBS for 15 min.

After PBS baths larvae were incubated for the night at 4°C in PBS + 0.1% Tween-20 (PBT) and 3% BSA (Sigma-Aldrich; Merck KGaA, #A7906) with primary anti-Vasa antibody CiVH designed and gifted by Maki Shirae-Kurabayashi [START_REF] Takamura | Primordial germ cells originate from the endodermal strand cell in the ascidian Ciona intestinalis[END_REF][START_REF] Shirae-Kurabayashi | Dynamic redistribution of vasa homolog and exclusion of somatic cell determinants during germ cell specification in Ciona intestinalis[END_REF]) and diluted at 1/500 in blocking buffer. Larvae were washed three time in PBS + 0.05% Tween-20 for 1 hour, and incubated 2 hours at RT in PBT + 3% BSA solution with Hoecht (1/1000) (Sigma-Aldrich; Merck KGaA, #H6024) and secondary antibody Alexa Fluor 568 goat anti-guinea pig (1/10 000) (Invitrogen, #A11075). Samples were finally washed in PBS three times for 15 min.

In situ hybridization

For larvae without treatment, eggs were dechorionated after insemination by immersion in ASW containing 1% sodium thioglycolate (Sigma-Aldrich; Merck KGaA, #T0632) and 0.05% Pronase E (Sigma-Aldrich; Merck KGaA, #P5147). Then, the eggs were washed (washing must be done before first division) and placed in 1.5 % low gelling agar-coated (Sigma-Aldrich; Merck KGaA, #A9414) Petri dishes in ASW 0.5 % bovin serum albumin (BSA) (Sigma-Aldrich; Merck KGaA, #A7906).

For the larvae used to perform in situ hybridization of Ci-hox12 in treatment conditions, we decide to remove the tunic manually. Tunic was removed from the entire tail and not the trunk because of the risk to cleave the larvae in two parts. Huge larvae samples must be dissected to obtain a final number of 10 and 20 larvae available because of the very delicate procedure.

This procedure allows us to obtain ISH whole-mount larvae without strong background generated by the tunic and an accurate labelling interpretable without doubt. Indeed tunic is a strong problem when working with larvae after hatching in opposite with developing larvae.

Larvae were fixed 2 hours at 4°C in MEM-PFA (4% paraformaldehyde, 0.1 M MOPS pH7.4, 0.1 M NaCl, 1 mM EGTA, and 2 mM MgSO4, 0.05% Tween-20). After fixation larvae were washed three times and dehydrated through a graded series of ethanol/PBS baths and stocked in 100% ethanol at -20°C. Rehydratation was made by successive washes of ethanol/PBS solution to a full PBS final solution. Hybridization was made according to the protocol of [START_REF] Christiaen | Whole-mount in situ hybridization on sea squirt (Ciona intestinalis) embryos[END_REF] except that methanol was replaced by ethanol. Probes were tested on LTB to control that the labelling was in accordance with pattern data from ANISEED before larva processing.

Pharmacological treatments

Swimming larvae were distributed in small Petri dishes after hatching. If number of larvae allows it, three biological replicates were made for each treatment. When 70% of larvae were settled on the dish and when some of them were not moving anymore -this mean that metamorphosis will begin soon -supernatant was discarded and replaced by filtered ASW containing each pharmacological treatments or dimethylsulfoxid (DMSO) (Sigma-Aldrich; Merck KGaA, #D8418) as control. Drugs were stored in DMSO at -20°C. Pan-caspases inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (Z-VAD-FMK) (Sigma-Aldrich; Merck KGaA, #V116) was used at final concentration in ASW at 10 µM SU5402 (Sigma-Aldrich; Merck KGaA, #SML0443), retinoic acid (RA) (Sigma-Aldrich; Merck KGaA, #R2526) and diethylaminobenzaldehyde (DEAB) (Sigma, #D86256) were used at final concentration of 1.5 µM, 10 µM, and 150 µM respectively. U0126 (Promega, V1121) and SP600125 (Sigma-Aldrich; Merck KGaA, #S5567) were used at final concentration of 6 µM and 10 µM respectively. For each treatment, same quantity of DMSO was added in all controls.

Measures and statistics

The beginning of the tail regression in the control allows determining the T0 of the experiments. From this starting point, proportions of larvae with tail regression in progress were calculated at different time (2, 4 and 6 hours) in each treatment. PGC relative position was evaluated by calculated the ratio (Z) between the posterior length behind the PGC (PL) and the anterior length in front of the PGC (AL). Differences between all conditions take together (DMSO, DEAB, RA, SU) were evaluated by Kruskal-Wallis analysis. Differences between control and each condition taken separately were made by Wilcoxon Mann Whitney test. Effects were considered significant with a p-value < 0.05. All statistics were done using tools implemented in the stats package of the software R 2.14.1 from the R Development Core Team (2011) (R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. Available: www.R-project.org). 

Microscopy and Image acquisition

Results

1. Polarized Caspases activation, apoptosis onset and PGCs movement are major postero-anterior events during tail regression.

Among the executive caspases, we previously reported that a Caspase 3-like protein is expressed and activated during Ciona metamorphosis [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF]. In order to follow in vivo activation of this executive caspase (Ci-Caspase 3-like) in Ciona intestinalis, prior to tail regression, we combined time-lapse microscopy and activated caspases-labelling using a fluorescent marker ("caspase event 3/7") (video 1 and video 2). For this approach, we embedded live larvae in low gelling agarose in order to limit tail movement during the timelapse acquisition. Using this experimental approach, we were able to detect, at the onset of the metamorphosis a discrete shortening (about 10 % of total length) that occurs at the posterior tail tip just before caspases' activation (video 1 and 2). This process is followed by a wave of fluorescent labelling which progresses along the tail from the posterior tip to the trunk. This event corresponds to executive caspases activation starting at the tail extremity and propagating towards the tail basis.

Given the physical constraint imposed to the larvae in this approach (see materials and methods for details) due to low gelling agarose, we assume to slow down the tail regression process (each video corresponds to 4 hours acquisition). We always observed the same specific time sequence of events, and the co-existence of two distinct temporal phenomena: a physical contraction followed by a caspase activation. Moreover, this time lapse approach confirms that both, contraction and apoptosis start at the most posterior part of the tail, with apoptosis extending to the anterior part and seemingly affecting the vast majority of the caudal cells.

PGC labelling using a polyclonal anti-Vasa antibody (a well-known PGC marker) coupled with a TUNEL staining, confirms that PGC movement co-occurs with tail regression in Ciona intestinalis (Fig. 1), as in Ciona robusta (Shirae-Kurabayashi et al., 2007). However, as shown in Figure 1 (red arrow), Vasa labelling precedes the TUNEL staining and colocalization between TUNEL and Vasa was not observed. This result implies that PGC move towards the trunk while being just at the anterior front of the apoptotic wave meaning that the relative position of PGC (Fig. 1, Z indice) is maintained just anterior to the apoptosis wave during the full process. Taken together these results suggest that all three processes (contraction, apoptosis and PGC movement) are coordinated during tail regression in a posterior to anterior manner and we focused on the last two for the rest of the study.

PGC movement is coordinated with the cellular events of the tail regression

The PGC movement described above could be either independent but concomitant to the apoptotic regression wave or participate in a coordinated process.

The onset of metamorphosis comes after the acquisition of competence and is correlated with the definitive adhesion of the larvae to the substratum [START_REF] Matsunobu | Time course for tail regression during metamorphosis of the ascidian Ciona intestinalis[END_REF][START_REF] Nakayama-Ishimura | Delineating metamorphic pathways in the ascidian Ciona intestinalis[END_REF]. Adhesion is followed by ERK and JNK-dependent-genes-network activation that controls apoptosis initiation at the tip of the tail [START_REF] Chambon | ERK-and JNK-signalling regulate gene networks that stimulate metamorphosis and apoptosis in tail tissue of ascidian tadpoles[END_REF]. To abolish each of these initiating steps we either prevented adhesion of the larva by the welldescribed "papilla cut" experiment [START_REF] Nakayama-Ishimura | Delineating metamorphic pathways in the ascidian Ciona intestinalis[END_REF] or by ERK or JNK inhibition (using their respective selective inhibitors, U0126 and SP600125) that block the subsequent genes network onset and subsequently tail regression [START_REF] Chambon | ERK-and JNK-signalling regulate gene networks that stimulate metamorphosis and apoptosis in tail tissue of ascidian tadpoles[END_REF] (Fig. 2). We combined a double Vasa/TUNEL labelling to these treatments to analyse PGC localization at a time when PGC reach the trunk in the DMSO control larvae (Fig. 2 .A2). In both experiments (Fig. 2.B1-B2) we observed that the onset of the tail regression has been abolished as expected and that the PGC are still localized at the posterior of the tail similarly to what they are in the swimming larvae, meaning that the PGC movement depends on the onset of the tail regression event. Our results suggest that the apoptotic wave and the PGC movement depend on the same initial molecular cue switching on the tail regression but they do not inform us on their interdependence. In order to investigate this process, we used a pancaspase inhibitor (Z-VAD-Fmk) that abolishes apoptotic dependent tail regression by blocking caspases activation [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF] (Fig. 2.B3). Once again, the onset of the tail regression has been abolished as apoptosis has been inhibited and in a more interesting way the PGC were still localized at the posterior part of the tail as in the swimming larvae, meaning that the PGC movement depends on the apoptotic events.

These results highlight that PGC movement is a cellular mechanism that belongs to the metamorphic sequence, and should be coordinated with other postero-anterior cellular behaviors such as apoptosis. Moreover, the chemical inhibition of caspases blocks PGC movement supporting the fact that PGC movement depends on apoptosis progression.

Ci-hox12 expression is extended in all the tail prior metamorphosis

It has been reported that in the Ciona embryo, antero-posterior polarity of the tail epidermis depends on the antagonism of the RA and FGF/MAPK [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF].

Furthermore, Ci-hox12 role has been established into maintaining the posterior expression of

Ci-fgf8 and Ci-wnt5 and it has been proven essential for the tail tip formation [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF][START_REF] Ikuta | Limited functions of Hox genes in the larval development of the ascidian Ciona intestinalis[END_REF]. We hypothesized that these early events could be linked to polarized mechanisms of the tail regression (i.e. apoptotic wave, PGCs movement) but also to other molecular cues (see Fig. 2). We investigated the expression profiles of these genes involved in tail epidermis patterning in Ciona (Ci-wnt5, Ci-hox1, and Ci-hox12) from the hatching larva to the settlement stage (Fig. 3 ).

No difference was observed for Ci-wnt5 between swimming and settled stage where it is expressed at the tip of the tail and in some ventral cells (red arrows, Fig. 3C) and as reported in previous studies [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF]. Ci-hox1 is expressed at the anterior part of the tail, the dorsal trunk border (i.e. probably the visceral ganglia as reporter in [START_REF] Ikuta | Ciona intestinalis Hox gene cluster: Its dispersed structure and residual colinear expression in development[END_REF]) and at the posterior part of the trunk in swimming larva and seems to be restricted and extended in the trunk in settled larva (Fig. 3C). These observations are in accordance with previous observations [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF][START_REF] Ikuta | Ciona intestinalis Hox gene cluster: Its dispersed structure and residual colinear expression in development[END_REF].

A contrasted situation was observed for Ci-hox12 expression between swimming and settled larvae (Fig. 3A). Previously, Ci-hox12 expression was reported in the very posterior part of the tail during embryogenesis, at the mid-tailbud and late-tailbud stage [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF]. In swimming larva, Ci-hox12 expression is extended to the posterior half of the tail (Fig. 3.A), and is present throughout the tail at the fixation stage (Fig. 3.B, the strong background in the trunk observed at this stage is due to a thick larval tunic, often producing high unspecific signal observed in this region). Given this, Ci-hox12 gene expression evolving from the posterior tail towards anterior, is compatible with the role of potential molecular cue driving postero-anterior caspase-dependent-apoptosis and PGC movement. In order to test this potential role of Ci-hox12, we modulated its expression. We therefore treated settled larvae with either RA, DEAB (inhibitor of RA synthesis) or SU (inhibitor of the FGF pathway) and followed Ci-hox12 expression (Fig. 4.A).

Ci-hox12 expression modulation disrupts the apoptotic wave and the associated PGCs

As it was reported previously, RA and SU treatment strongly affected Ci-hox12 expression [START_REF] Pasini | Formation of the ascidian epidermal sensory neurons: insights into the origin of the chordate peripheral nervous system[END_REF]. In settled treated larvae we were not able to detect Ci-hox12 expression in the tail by in situ hybridization (Fig. 4.A, lower panel). On the contrary when we treated settled larvae with DEAB, we observed a stronger expression in all the tail in comparison with the DMSO control (Fig. 4.A, upper panel). The strong background observed at this stage, due to a thick larval tunic obliged us manually removed tunic from the larva tail prior to in situ hybridization.

We took advantage of this Ci-hox12 expression modulation to observe the effect on tail regression speed (Fig. 4.B). We compared percentage of larvae with tail regression in progress at different time points between all treatments and notice differences between them (Kruskal-Wallis chi-squared = 47.1334, df = 3, p-value = 1.43e-09). Same observation was made between the control and each treatment. We clearly observed that tail regression occurs faster with DEAB (W = 365, p-value = 1.312e-06) treatment compared with the control (DMSO), and an opposite situation occurred with RA (W = 102.5, p-value = 0.0001272) and SU (W = 78.5, p-value = 0.02101) treatment in which the process is delayed at all time. This result strongly correlates Ci-hox12 expression in tail with the subsequent tail regression process during metamorphosis.

We next analysed apoptosis in treated larva (with DEAB, RA or SU), at the time where apoptosis should be initiated at the tip of the tail in control (DMSO). Interestingly, apoptosis already started to propagate as a wave in DEAB-treated larva while apoptosis was not initiated in SU-and RA-treated larva (Fig. 4.C). Since apoptosis was reported as the driving force of the tail regression, this result confirms the previous result on the positive effect of Ci-hox12 expression on apoptotic-dependent tail regression in Ciona. Taken together these results offer an obvious link between the dynamic expression pattern of Ci-hox12 in the larva tail and the subsequent tail regression during metamorphosis. Moreover, Ci-hox12 participates in the initiation and the dynamics of the tail regression by influencing the cell behaviors involved in this process such as apoptosis and the subsequent PGC movement. These data demonstrated that the extension of Ci-hox12 from the posterior part to anterior part of the tail in the swimming and settled larvae is an excellent compulsory cue candidate for Ciona tail regression.

Discussion

This study focuses on the cellular and molecular mechanisms that drive the tail regression during Ciona metamorphosis.

Contraction and apoptosis act together during tail regression

We previously reported that apoptotic cell death could be considered as the driving force of the tail regression during metamorphosis [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF][START_REF] Chambon | ERK-and JNK-signalling regulate gene networks that stimulate metamorphosis and apoptosis in tail tissue of ascidian tadpoles[END_REF], since when apoptosis is abolished, i.e. with pan-caspase inhibitors, the tail regression is inhibited (Chambon et al., 2002 and this study). However, here we observed a first step of contraction (video 1 and 2), that concerns the tip of the tail, and which precedes caspase activation and results in a shortening process. It would be interesting to address if this contraction is a prerequisite to the initiation of apoptosis in this same region.

Another noteworthy observation from our videomicroscopy approach is that the tail continues the shortening process during the progression of both the PGCs and the apoptosis wave towards the trunk (Fig. 1). It will be challenging to figure out how this process occurs in an apoptotic context (video 1 and 2). Indeed, executive caspases activation is well known to highly disorganize the actin cytoskeleton and global cellular organization (reviewed in Vaculova and Zhivotovsky, 2008), which is not compatible with contractile events, as the one suggested by [START_REF] Cloney | Ascidian larvae and the events of metamorphosis[END_REF] proposing that the epidermal layer moves and pushes the other tissues toward the trunk during tail regression. Another puzzling fact is that we never observed any cell corpse clearance (apoptotic bodies phagocytosis) of the dead cells during tail regression, which is considered as the ultimate event of this physiological cell death. In Caenorhabditis elegans, Drosophila melanogaster and in vertebrates the engulfment step leads to the recycling of the dead cells energy (reviewed in [START_REF] Klöditz | Programmed cell clearance: From nematodes to humans[END_REF]. In Ciona, the shortening process could provide an excellent way to bring the dead cells toward the trunk and it would be tempting to hypothesize that the dead cells are engulfed by trunk cells in order to provide energy for the subsequent events of the metamorphosis.

Ci-hox12 is involved in the apoptosis regulation during tail regression

In the present study, we show that Ci-hox12 expression is extended to all the tail just before the tail regression onset (Fig. 3). Moreover this extension is required for the tail regression and manages the apoptosis progression and the associated PGC movement (Fig. 4., Fig. 45). Hox-regulated apoptosis was already reported in metazoans (review in [START_REF] Domsch | The HOX-Apoptosis Regulatory Interplay in Development and Disease[END_REF]. In vertebrates, during the limb development, interdigital cell death is indirectly regulated by HoxA13 [START_REF] Knosp | HOXA13 regulates the expression of bone morphogenetic proteins 2 and 7 to control distal limb morphogenesis[END_REF]. In Drosophila, the transcriptional activation of the pro-apoptotic protein Rpr by the anterior Hox gene dfd is required for the formation of the maxillary/mandibular segment boundary [START_REF] Lohmann | The Drosophila Hox gene deformed sculpts head morphology via direct regulation of the apoptosis activator reaper[END_REF]. Moreover, the posterior Hox gene abd-A activates pro-apoptotic genes in drosophila neuroblasts that die by apoptosis, abd-A in a cell autonomous manner [START_REF] Bello | A pulse of the Drosophila Hox protein Abdominal-A schedules the end of neural proliferation via neuroblast apoptosis[END_REF]. This work also suggests a regulation of apoptosis by Hox genes at a specific developmental timing. An interesting mechanism would be a transcriptional control of pro-apoptotic proteins at the same time we observed Ci-hox12 expression extended throughout the tail. Interestingly, Ci-caspase 3 is expressed during the swimming period in the larva and activated during Ciona metamorphosis, but is undetectable at the hatching stage [START_REF] Chambon | Tail regression in Ciona intestinalis (Protochordate) involved a Caspase-dependent apoptosis event associated with ERK activation[END_REF].

However, the major function of Hox genes is the patterning of the A-P axis during metazoan embryogenesis (Hueber and Lohmann, 2008). In vertebrates, Hox genes establish the pattern of the central nervous system and vertebrae along the A-P axis [START_REF] Altmann | Neural patterning in the vertebrate embryo[END_REF][START_REF] Koussoulakos | Vertebrate limb development: from Harrison's limb disk transplantations to targeted disruption of Hox genes[END_REF][START_REF] Mallo | Hox genes and regional patterning of the vertebrate body plan[END_REF]. In Ciona, a limited role for 3 out of 9

Hox genes was reported during larval development, Ci-hox1 is required for anterior gut formation (via regulation of larval, atrial siphon primordium formation (Sasakura et al, 2012); Ci-hox10 is involved during development of GABAergic neurons in the dorsal visceral ganglion and Ci-hox12 play important roles in tail development and morphology [START_REF] Ikuta | Limited functions of Hox genes in the larval development of the ascidian Ciona intestinalis[END_REF]. Interestingly, Ci-hox10 is also required later to promote migration of endodermal strand in swimming larvae [START_REF] Kawai | Hox10-regulated endodermal cell migration is essential for development of the ascidian intestine[END_REF]. This process is regulated indirectly by Ci-hox10 by reconstructing the extracellular matrix through direct regulation of the expression of the collagen type IX [START_REF] Kawai | Hox10-regulated endodermal cell migration is essential for development of the ascidian intestine[END_REF]. In other words, Ci-hox10 promotes endodermal strand cells survival by indirectly regulating their migration. In our case, we could hypothesize that Ci-hox12 promotes PGC survival by indirectly regulating their movement through apoptosis regulation.

Apoptosis manages PGC movement in a caspase-dependent manner

During tail regression, one of the emerging issues of our investigation is the compelling fact that groups of cells in the tail will survive, as it is the case of the endodermal strand and the Primordial Germ Cells (PGC) (Shirae- [START_REF] Shirae-Kurabayashi | Dynamic redistribution of vasa homolog and exclusion of somatic cell determinants during germ cell specification in Ciona intestinalis[END_REF]Kawai et al., 2015, this study). Furthermore, these two latter groups of cells achieve survival, at least partially, by a posterior to anterior migration, which takes place in swimming larva [START_REF] Kawai | Hox10-regulated endodermal cell migration is essential for development of the ascidian intestine[END_REF] or at the onset of tail regression (our unpublished observation) for the endodermal strand, or during tail regression for the PGC (Fig. 1). For the later ones, apoptotic cells in ascidians tail could act as a driving force for their migration towards the trunk. Indeed, when apoptosis is inhibited with a pan-caspase inhibitor, PGC stay in the posterior part of the tail (Fig. 2.B3), which implies that caspases activity is necessary for this movement. Moreover, taking advantage of the polarization of this event, we successfully modulated the dynamics, i.e. the speed, of the apoptotic wave using chemical treatments that perturb tail polarity (Fig. 4). We observed that the speed of PGC migration positively correlates with the speed of the apoptotic wave toward the trunk (Fig. 4C,4D). Taken together these results strongly suggest an apoptosis-dependent-PGC movement toward the trunk. Apoptosis-dependent cell migration was already reported in several vertebrate systems. During mouse development, it was suggested that migration of olfactory sensory neuron is mediated by caspase activity. In these cells the cleavage of a membrane-anchored member of the semaphorin family of guidance proteins, Sema7A, is correlated to Caspase 3 activation. Caspase 3 KO or its upstream regulators Apaf-1 or Caspase 9 affect axonal path finding, synapse formation and maturation status in the olfactory bulb [START_REF] Ohsawa | Maturation of the olfactory sensory neurons by Apaf-1/caspase-9-mediated caspase activity[END_REF]. During tail regeneration in Xenopus laevis tadpole, when apoptosis is abolished, a mis-patterning of axons is observed, suggesting an apoptotic dependent axon guidance mechanism [START_REF] Tseng | Apoptosis is required during early stages of tail regeneration in Xenopus laevis[END_REF]. It is tempting to hypothesize that apoptotic cells in the regressing Ciona tail may provide molecular cues that activate PGC movement.

Studies on metamorphosis in insects and amphibians, where some larval structures are eliminated by apoptosis [START_REF] Tata | Requirement for RNA and protein synthesis for induced regression of the tadpole tail in organ culture[END_REF][START_REF] Lockshin | Programmed cell-death-I Cytology of degeneration in the intersegmental muscles of the Pernyl Silkmoth[END_REF] 

Conclusion

The results of this work taken with previous observations on ascidian metamorphosis (reviewed in Karaiskou et al., 2014) lead us to propose a model (Fig. 5) in which the extension towards the anterior part of the tail of Ci-hox12 expression is the first molecular event in the tail prior to the tail regression process. It will be now interesting to address the temporal coordination and the potential link between the molecular and cellular events from the swimming period to the apoptotic wave and the PGC movement. However, it is also crucial to distinguish common from distinguished mechanisms between the two Ciona species, i.e. C. intestinalis and C. robusta. Indeed, we have already identified some interesting differences in the time sequence of events. For example Ci-hox10-dependent endodermal strand migration was reported during the swimming period in C. robusta [START_REF] Kawai | Hox10-regulated endodermal cell migration is essential for development of the ascidian intestine[END_REF], we observed this migration process at the onset of tail regression (unpublished data) in C. intestinalis. The comparison of the time sequences of metamorphic events between these two phylogenetically close species should provide clues on the evolution of the metamorphic process.

Legends Video 1 and video 2: Contraction at the tip of the tail is followed by a wave of executive caspase activation during the tail regression process.

Caspase activation is visualized by green fluorescence. Each video corresponds to 4 hours acquisition. 

  Images are taken with a confocal Leica TCS SP5 microscope and an Olympus BX61 microscope. All images are analysis with ImageJ 1.46a-1 software version or the LAS AF Lite. Images with DAPI labelling were treated by ImageJ filters to well delimit the nuclei contour (Process-Filters-Convolver). Larvae pictured in several parts was reconstruct with ImageJ Fiji (Plugins-Stitching-Pairewise stitching) Macroscopes used for the in vivo video is a whole Ciona larvae were mounted on glass slides and coverslipped with Mowiol 4-88 (Calbiochem, #475904). Images were acquired with a BX61 microscope (Olympus) and a confocal TCS SP5 microscope (Leica). Sequential optic sections were acquired in z-stacks and processed using ImageJ 1.46a-1 software version or the LAS AF Lite. In vivo macroscopy Settled larvae were harvest and bathed in ASW contained the live fluorescent marker of caspase activity Cell Event Caspase-3/7 Green Detection Reagent (Invitrogen, #C10423) for a final concentration of 20 µM during 2 hours. They were anesthetized in ASW containing 200mg/L of ethyl-3-aminobenzoate methylsulfonate (MS222)(Sigma-Aldrich; Merck KGaA, #E10521) and then immobilized in ASW containing 0.25% agarose low melting (Sigma-Aldrich; Merck KGaA, #A9414) in Ibidi µ-Slide VI 0.1 (Biovalley, #80661). Temperature is maintained at 18°C. Images were taken with a Macro-Apotome (ZEISS). Papilla cut experiments Papilla cut was realized according to the protocol of Nakayama et al. (2009).

  movement[START_REF] Huh | Compensatory proliferation induced by cell death in the Drosophila wing disc requires activity of the apical cell death caspase Dronc in a nonapoptotic role[END_REF] 

Finally, we measured

  the relative position of the PGC during the tail regression at different time (Fig.4.D1-D2) and found no differences between all treatments (Kruskal-Wallis chisquared = 1.5787, df = 3, p-value = 0.6642). We found same results when we compared each treatment with the control (DMSO), respectively DEAB (W = 2127, p-value = 0.5243), RA (W = 1468, p-value = 0.8656) and SU (W = 453, p-value = 0.2939). It clearly appeared that PGC move towards the trunk in accordance with the progression of apoptosis and the associated tail regression. In other words, when apoptosis propagated faster, the PGC reached the trunk faster, and on the opposite when apoptosis propagated slower, the PGC moved slower. Moreover, we combined DEAB with pan-caspase inhibitor (Z-VAD-Fmk) treatment (Supplemental Fig. A, B) and we confirmed that PGC movement is effected by the caspase dependent-apoptotic wave and not a parallel effect of the DEAB.

  and the work on embryogenesis in some Bilateria, where apoptosis sculpts developing structures by elimination of supernumerary cells, led to the definition of the "sculpting model" or "carving model". Apoptosis is a genetically controlled programmed cell death mechanism, considered crucial for metazoan development because of its function in cell removal, described for example during digit formation in tetrapods vertebrates (Hernández-Martínez et al., 2009; review in Suzanne and Steller, 2013). During the last decades, research from different systems increased evidences on apoptotic-dependent cell behaviors and tissue remodeling during morphogenesis, in addition to the destructive function. It was reported that caspase-dependent signals of dying cells towards their vicinity participate in morphogenetic processes. This signaling can be mediated by: (i) exerting mechanical forces inside the tissues that participate actively to tissue (re)modeling (Monier et al., 2015; Toyama et al., 2008; Yamaguchi and Miura, 2013); (ii) caspase-dependent secreting molecular cues that affect the behaviors of the surrounding cells inducing cell proliferation (Vritz et al., 2015; Chera et al., 2009, 2011; Huh et al., 2004; Tseng et al., 2007; Li et al., 2010), cell differentiation (Seipp et al., 2001), cell migration (Ohsawa et al., 2010; Tseng et al., 2007; Lauber et al., 2003; Gude et al., 2008), or promoting cell survival (Bilak et al., 2014). Tail regression of Ciona represents an excellent model to address the molecular relationship between apoptotic cells and PGC movement.

Figure 1 :

 1 Figure 1: PGCs move simultaneously with the apoptotic wave propagation during Ciona

Figure 2 :

 2 Figure 2: PGC movement is a part of the tail regression and is controlled by apoptosis.

Figure 3 :

 3 Figure 3: Ci-hox12 expression is extended to all the tail prior to the tail regression

Figure 4 :

 4 Figure 4: Modulation of Ci-hox12 expression affects tail shortening events : propagation
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obtain the PGCs relative position and an estimation of their movement speed. Differences between all conditions (Kruskall Wallis test), and between the control and each treatment (Wilcoxon Mann Whitney test) are not significant. There is no effect of the drugs, involving that the PGCs move at same speed as the tail regression. These calculations were performed on 207 larvae from 5 independent fertilizations. 

Supplementary data: DEAB effect on tail regression and PGC movement depends on apoptosis regulation

Comparison between DEAB (RA inhibitor, 150 µM) and DEAB + Z-VAD-Fmk (pancaspases inhibitor, 10 µm) exposition effect on apoptotic wave and PGCs movement.