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Résumé :

Bien que les plantes et les animaux diffèrent largement par plusieurs aspects, certaines fonctions biologiques sont extrêmement conservées entre ces deux règnes. Au cours du développement d'un organisme, la mise en place d'un organe possédant une forme, une taille et une fonction précise résulte de la coordination de plusieurs processus cellulaires tel que la prolifération et l'expansion cellulaire. Translationally Controlled Tumor Protein (TCTP) est une protéine très conservée chez tous les eucaryotes. Sa mutation entraine une létalité au stade embryonnaire, démontrant son importance dans le développement de l'organisme. De plus, il a été montré que TCTP contrôlait la croissance des organes en régulant la progression du cycle cellulaire et plus particulièrement la transition G1/S chez les plantes et les animaux. Chez les animaux, les voies moléculaires par lesquelles TCTP contrôle la prolifération cellulaire commencent à être de mieux en mieux décrites. En revanche chez les plantes, ces mécanismes restent très peu connus. Afin de comprendre plus précisément comment TCTP contrôle la prolifération cellulaire et le développement chez Arabidopsis thaliana, les intercateurs potentiels de TCTP ont été identifiés. Parmi eux, CSN4, une sous-unité du complexe COP9 Signalosme (CSN) a été trouvée. CSN est connue pour être impliquée dans le contrôle de l'état de neddylation des CULLINES (CUL) et donc influencent l'activité des complexes CULLIN-RING ubiquitine ligases (CRLs). Les CRLs, par leur activité d'ubiquitination, sont connus pour contrôler l'accumulation de certains acteurs clés du cycle cellulaire, tel que les Cyclines ou les Kip Related Proteins.

Au cours de ma thèse, j'ai donc étudié l'interaction entre TCTP et CSN4, afin d'évaluer si le complexe CSN pouvait être l'intermédiaire moléculaire entre TCTP et le cycle cellulaire. Via des approches génétique, biochimiques et cellulaires j'ai pu montrer que TCTP interagissait physiquement avec CSN4 dans le cytoplasme. De plus, par la caractérisation phénotypique de plantes et de cultures cellulaires sur-ou sous-exprimant ces deux gènes, j'ai pu mettre en évidence que TCTP et CSN4 interagissaient génétiquement et que ces deux protéines contrôlaient la transition G1/S du cycle cellulaire. Dans le but de comprendre si l'interaction entre ces deux protéines pouvait interférer avec la fonction du complexe CSN, j'ai analysé par une approche biochimique l'état de neddylation de CUL1 dans les lignées transgéniques. Les données démontrent que la perte de fonction de TCTP accroit la fraction déneddylée de CUL1, alors que sa surexpression augmente la fraction de CUL1 neddylée. Ces données suggèrent que l'interaction est fonctionnelle et que TCTP interfère négativement avec la fonction de CSN. Ainsi, j'ai établi un modèle putatif pour expliquer comment TCTP régule la progression du cycle cellulaire via une interférence avec l'activité de deneddylation du CSN, et donc contrôle l'activité des complexes CRLs.

Dans la dernière partie de ma thèse, afin de comprendre si le rôle de TCTP est conservé chez les animaux, j'ai par une approche biochimique évaluée la neddylation de CUL1 chez Drosophila melanogaster. Mes données montrent que comme chez Arabidopsis, la fraction déneddylée de CUL1 augmentait dans des larves de drosophile sous-accumulant TCTP, suggérant que ce mécanisme puisse être conservé entre l'Arabette et la drosophile.
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I. INTRODUCTION

In all organisms, various biological processes associate in order to contribute at the transmission of the genetics singularities contained in the genome. These singularities define in part the uniqueness of each organism. In multicellular organisms, this process called reproduction requires spatiotemporal regulation of various mechanisms in order to generate a new organism that will have, in its turn, the ability to reproduce itself.

In the case of sexual reproduction, several biological processes such as gamete production, diffusion and their recognition, are initiated in order to ensure that fecundation takes place and the circle of the life can be completed. Following gamete recognition and fecundation, embryogenesis starts. Although, plants and animals share various common pathways that regulate organogenesis and development, embryogenesis largely differs between the two kingdoms. Indeed, in animals, all the organs are establish during embryogenesis, while in plants, organs can be generated from structure called meristems all along their life (Figure 1).

Embryogenesis and organ development a. Plant embryogenesis and meristem implementation

In plants, during sexual reproduction the male gametes will reach the female gametes and fuse together to give rise to the zygote. The first division of the zygote is transversal and establishes the embryo polarity. The upper cell is designed to become the embryo while the lower cell will produce the suspensor that anchors the embryo to the maternal structure (Figure 2). During the early stages of embryo development, cell division occurs in all the cells. Later, during the globular stage, the majority of the cell identities that produce tissues are specified including stems cells, while at the heart stage both shoot (SAM) and root (RAM) apical meristems are defined and become cell division centers (Figure 2). Meristems, from where all plant organs emerge, have the ability to maintain a pool of totipotent cells that are able to differentiate to form vegetative organs such as root (from RAM), shoot and stem (from SAM Figure 2) but also reproductive organs emerging from the floral meristems (FM). The determination of cell identities and meristem initiation during embryogenesis is highly regulated by specific molecular pathways, as for example, phytohormone-signaling pathways (Hamamura et al., 2012).

Auxin is a major phytohormone in meristem implementation and plant development (Hamamura et al., 2012). Auxin fluxes and perception play an important role in the specification of the different cell types at specific localizations. Indeed, auxin maxima perception centers are located at the tip of the embryo where the RAM will develop, as well as at the top of the embryo surrounding the SAM [START_REF] Jenik | Embryonic Patterning in Arabidopsis thaliana[END_REF]; Figure 2). Because auxin is transported throughout the plant, auxin carriers called PIN (PIN-FORMED) play a major role during meristem implementation and their localization in the cell is highly regulated [START_REF] Jenik | Embryonic Patterning in Arabidopsis thaliana[END_REF]. However, auxin alone is not sufficient to determine and maintain meristem identity. In order to maintain the meristem identity during the repeated production of organs, cell proliferation as well as organ emergence has to be precisely regulated. These mechanisms of regulation are in part assured by homeodomain transcription factors (see below part I. 1.c).

b. Animal embryogenesis

In bilaterian animals (defined by a bilateral symmetry and by an antero-posterior axis; includes most of the animals), all the organs are defined during embryogenesis and three tissue types have the ability to implement all the organs. The entire organism will develop from this three tissues called ectoderm, mesoderm and endoderm, defined quickly after fertilization. The ectoderm, which is the outer layer of the early embryo, will give rise, after differentiation, to the epidermis and the nervous system. The mesoderm is the middle layer and differentiates into a number of tissues and structures such as bone, muscle or connective tissues. The endoderm, which is the inner layer, will give rise to the respiratory tract (trachea, bronchi and alveoli), the gastrointestinal tract and all glands that open into the digestive tube.

The specification of these three layers and the associated specific organogenesis are highly regulated by different growth factors as hormones and transcription factors.

c. Homeogenes control plant meristem maintenance and organ identity

Homeogenes are transcriptional regulators widely conserved in plants and animals (Holland, 2012). They are responsible for organ identity determination in both plants and animals. Moreover, in plants, these transcription factors are involved in the maintenance of stem cell pools in the meristems.

The WUS transcription factor, belonging to the WUS homeobox family (WOX), controls stem cell maintenance in the shoot apical meristem. Its expression is restricted to a zone called the organization center (OC), allowing the induction of a small peptide named CLAVAT3 (CLV3) in the central zone (CZ) of the meristem. It is via the binding between CLV3 and CLAVATA1 (CLV1), a receptor-like kinase (Leucine rich repeat) also located in the central zone (CZ), that CLV3 inhibits WUS expression (Figure 3; [START_REF] Fletcher | Signaling of Cell Fate Decisions by CLAVATA3 in Arabidopsis Shoot Meristems[END_REF][START_REF] Schoof | The stem cell population of Arabidopsis shoot meristems is maintained by a regulatory loop between the CLAVATA and WUSCHEL genes[END_REF]. This negative feedback loop between CLV3 and WUS finely regulates stem cells number and their proliferation activity in the SAM. Cells that are leaving the stem cell niches will be recruited to form a new organ. A similar feedback loop mechanism of transcription factor sets the stem cell maintenance in the RAM (reviewed by [START_REF] Gaillochet | The never-ending story: from pluripotency to plant developmental plasticity[END_REF].

In plants, organ identity determination involves a complex gene regulatory network, including homeotic genes coding for transcription factors that control downstream gene expression. Indeed, similar to meristem implementation and maintenance, the spatial regulation of homeobox TFs expression and their overlapping expression patterns determine organ identity. It is for example the case for flower organ determination. Indeed, flowers develop four types of organs arranged in concentric whorls: sepals, petals, stamens and carpels. The famous ABCE floral model suggests that different combinations of MADS proteins (MINICHROMOSOME MAINTENANCE, AGAMOUS DEFICIENS, SERUM RESPONSE FACTOR box), belonging to four classes, A B C and E, regulate specific group of target genes in each whorl, in order to maintain correct organ identity [START_REF] Smaczniak | Characterization of MADS-domain transcription factor complexes in Arabidopsis flower development[END_REF]. As in animals, a single mutation in A, B, C or E gene function leads to homeotic conversion of flower organs. For example, the agamous mutation is sufficient to abolish Cfunction in the center of the flower and induces conversion of stamens to petals (Figure 3; [START_REF] Yanofsky | The protein encoded by the Arabidopsis homeotic gene agamous resembles transcription factors[END_REF].

In animals, contrary to plants, the organ identity is defined during embryogenesis. However, as for plants, homeogenes mainly control organ identity determination. Among the transcription factors coding genes, the Hox family members are expressed in groups of cells along the anterior-posterior axis of the bilaterian animals and specify the identity of the different tissues, before organogenesis. For example, in Drosophila, they are expressed in different segments, early in larvae development (Figure 3b; [START_REF] Foronda | Function and specificity of Hox genes[END_REF]. One of the first discovered Hox gene was Antennapedia (Antp). The antp mutation induces a homeotic conversion of legs to antennas in insects. Inversely, when a dominant allele of Antp is expressed antennas are converted to legs [START_REF] Schneuwly | Redesigning the body plan of Drosophila by ectopic expression of the homoeotic gene Antennapedia[END_REF] (Figure 3c). Ultrabithorax (Ubx) was identified in insects as a wing formation repressor. When ubx is mutated in Drosophila, a novel pair of wings is formed [START_REF] Bender | Molecular Genetics of the Bithorax Complex in Drosophila melanogaster[END_REF]. Both encoded proteins bind DNA via their homeodomain to controls the expression of several target genes, ensuring different cellular functions [START_REF] Foronda | Function and specificity of Hox genes[END_REF].

At the end of animal embryogenesis, all organ identities are defined and final organ development will rely on cell proliferation and expansion as well as on cell death and cell migration to give specific shape and size to the entire organism. Similar to animals, once organ identities are defined, plant organ development will be mainly achieved by cell proliferation and cell expansion.

d. Organ morphogenesis: example of the leaf

Once stem cells acquired their identity, cell proliferation, cell expansion, cell death as well as cell migration in animals, will define the organ shape and size. Thus, during organ morphogenesis, these processes have to be tightly regulated spatially and temporally.

In order to illustrate this point and because the leaf was one of model organs in my studies, I describe in this part the cellular events that shape and define leaf development.

The molecular mechanisms underlying cell proliferation and the cell expansion will be described later (see part I.3).

(i). Cell proliferation during leaf growth

Leaf growth mainly depends of two dynamics processes: cell proliferation and cell growth. During the first phase of leaf organogenesis, cell proliferation occurs throughout the entire organ primordium generating new cells with relatively constant small size. In the second phase, cell division in the developing leaves ceases, and further growth is mainly achieved by cell expansion, resulting in a large increase in cell size. However, it is now assumed that the final leaf size can be best described as the succession of five overlapping and connected phases in which both processes are implicated [START_REF] Gonzalez | Leaf size control: complex coordination of cell division and expansion[END_REF] (Figure 4).

The initiation phase (i) (initiation throughout the meristem), is followed by a phase of cell division (ii) where cells number quickly increases while the cell size remains approximately the same. This step is followed by the transition phase (iii) where cell proliferation and cell expansion occur at the same time. During most steps of leaf development, meristemoid mother cells undergo asymmetric division to form stomatal guard cells in a process called meristemoid division (iv). Finally, the cell expansion phase (v) occurs without any cell proliferation (Figure 4). The first step of the leaf growth corresponds to the recruitment of a determined number of cells from the meristem to form the leaf primordium. In Arabidopsis, the number of cells allocated to form a leaf is estimated to be 100 [START_REF] Gonzalez | Leaf size control: complex coordination of cell division and expansion[END_REF], although, there are, of course, differences between plant species [START_REF] Poethig | The cellular parameters of leaf development in tobacco: a clonal analysis[END_REF][START_REF] Dolan | Clonal analysis of leaf development in cotton[END_REF]. There are only two reports showing that the perturbation of the cell number allocated to leaf primordium can affect the final leaf size in Arabidopsis [START_REF] Autran | Cell numbers and leaf development in Arabidopsis: a functional analysis of the STRUWWELPETER gene[END_REF][START_REF] Eloy | SAMBA, a plantspecific anaphase-promoting complex/cyclosome regulator is involved in early development and A-type cyclin stabilization[END_REF]. Furthermore, some studies correlate the size of the meristem to the final leaf size [START_REF] Werner | Cytokinin-Deficient Transgenic Arabidopsis Plants Show Multiple Developmental Alterations Indicating Opposite Functions of Cytokinins in the Regulation of Shoot and Root Meristem Activity[END_REF][START_REF] Higuchi | In planta functions of the Arabidopsis cytokinin receptor family[END_REF]. However, in several mutants altered in organ size, the perturbation of the timing of cell proliferation arrest as well as modification in cell division rate seem to be the key point that determines organ size [START_REF] Hepworth | Regulation of plant lateral-organ growth by modulating cell number and size[END_REF].

The temporal regulation of cell proliferation, also known as cell division rate, influences the time needed to complete a single cell cycle, thus affecting final cell number.

For example, the overexpression of the mitotic activator APC/C10 (Anaphase Promoting Complex/ Cyclosome 10) increases the cell division rate leading to higher cell number and larger leaves (Eloy et al., 2011). [START_REF] Rojas | Overexpression of the Arabidopsis anaphase promoting complex subunit CDC27a increases growth rate and organ size[END_REF] made similar observation in Nicotiana tabacum, in which overexpression of CDC27a (Cell Division Cycle27a) increases organ size by increasing cell division rate. Moreover, it was demonstrated that the timing of cell proliferation arrest is affected in a large number of mutants in which leaf size is impaired [START_REF] Hepworth | Regulation of plant lateral-organ growth by modulating cell number and size[END_REF]. Thus, in most cases, decrease of leaf size is correlated with reduced cell number due to lower cell division rate.

The switch from cell proliferation to cell expansion phase is one of the key points in leaf size regulation. As described above, this switch will define the timing of cell proliferation arrest. It is now assumed that cell proliferation does not stop simultaneously in the whole leaf but first at the tip while basal cells continue to divide as meristemoid cells [START_REF] Andriankaja | Exit from Proliferation during Leaf Development in Arabidopsis thaliana: A Not-So-Gradual Process[END_REF]. At the end of the proliferation phase, most of the cells stop dividing and start to grow. However, meristemoid cells will keep their division activity to form specific cell types as guard cells or vascular cells (Nadeau and Sack, 2002). The stomatal lineage, thanks to their asymmetrical divisions, will not only produce stomata, but also epidermal cells [START_REF] Bergmann | Stomatal Development[END_REF] that will influence leaf size [START_REF] Gonzalez | Leaf size control: complex coordination of cell division and expansion[END_REF].

The switch between cell proliferation and cell expansion is a complex process that requires many factors controlled at the transcriptional, translational but also post-translational levels as well as phytohormone transduction pathways [START_REF] Gonzalez | David and Goliath: what can the tiny weed Arabidopsis teach us to improve biomass production in crops?[END_REF][START_REF] Gonzalez | Leaf size control: complex coordination of cell division and expansion[END_REF][START_REF] Baerenfaller | Systemsbased analysis of Arabidopsis leaf growth reveals adaptation to water deficit[END_REF][START_REF] Hepworth | Regulation of plant lateral-organ growth by modulating cell number and size[END_REF].

(ii). Cell expansion in plants

After the arrest of cell proliferation, organ growth is mainly due to cell expansion.

Similarly to cell proliferation, the duration and/or the rate of cell expansion can influence organ size [START_REF] Gonzalez | Leaf size control: complex coordination of cell division and expansion[END_REF]. In plants and animals, cell growth is mainly driven by an increase of internal turgor pressure that allows the cell to expand. Proper cytoskeleton arrangement and external physical constraints determine the direction of the expansion and the final cell shape [START_REF] Sampedro | The expansin superfamily[END_REF]. However, conversely to animals, plant cells are characterized by a complex structure that surrounds the cell called the cell wall. The cell wall is made of complex polysaccharides (as cellulose or pectins), and structural proteins that are cell types specific [START_REF] Cosgrove | Growth of the plant cell wall[END_REF]. These polysaccharides and the structural proteins form complex structures that ensure the strength of the wall and provide resistance to turgor pressure. On the other hand, the wall of a plant cell has to be selectively degraded, to allow water uptake and, thus, cell growth.

When the cell stops growing, a secondary cell wall will be synthesized between the primary wall and the plasma membrane. Secondary cell walls are functionally and structurally different from the primary wall, as they are composed of specific polysaccharide polymers and few structural proteins [START_REF] Knox | Revealing the structural and functional diversity of plant cell walls[END_REF].

In most cases, the switch between proliferation and expansion in a cell is correlated with a process called endoreplication (also endoreduplication or endoploidization ;[START_REF] Beemster | Genome-Wide Analysis of Gene Expression Profiles Associated with Cell Cycle Transitions in Growing Organs of Arabidopsis[END_REF]. Here I will refer to endoreduplication. This process corresponds to a variation of the cell cycle activity where the cell undergoes DNA replication without division, resulting in the duplication of the DNA content at each cycle (called endocycle). Although strong correlations were reported between cell growth and DNA content in different plant species and cell types (Kondorosi et al., 2000;Sugimoto-Shirasu and Roberts, 2003), cells can accomplish strong growth without increasing their ploidy [START_REF] De | Functional analysis of cyclindependent kinase inhibitors of Arabidopsis[END_REF]. For example, in the erecta mutant the ploidy is stable whereas cell size increases [START_REF] Shpak | Dominant-Negative Receptor Uncovers Redundancy in the Arabidopsis ERECTA Leucine-Rich Repeat Receptor-Like Kinase Signaling Pathway That Regulates Organ Shape[END_REF], while in the KRP2 overexpressor line, cell size increase was correlated with ploidy decrease [START_REF] Ferjani | Analysis of Leaf Development in fugu Mutants of Arabidopsis Reveals Three Compensation Modes That Modulate Cell Expansion in Determinate Organs[END_REF]. Moreover, there are species in which there is no endoreduplication [START_REF] Barow | Endopolyploidy in seed plants is differently correlated to systematics, organ, life strategy and genome size[END_REF].

In leaf, correlations between ploidy and cell size were reported. For example, size comparison of cell in diploid and tetraploid Arabidopsis leaves shows positive correlation between cell size and ploidy [START_REF] Breuer | BIN4, a Novel Component of the Plant DNA Topoisomerase VI Complex, Is Required for Endoreduplication in Arabidopsis[END_REF]. However, a variation in cell size is not always related to a variation in ploidy level [START_REF] Kim | Dimerization of translationally controlled tumor protein is essential for its cytokine-like activity[END_REF][START_REF] Massonnet | New Insights into the Control of Endoreduplication: Endoreduplication Could Be Driven by Organ Growth in Arabidopsis Leaves[END_REF]. Indeed, studying 200 Arabidopsis genotypes, Granier's team showed that cell ploidy was not necessarily correlated with an increase in cell size, but rather with the leaf and the rosette area. They concluded, that leaf growth could drive the endoreduplication and not the other way around [START_REF] Massonnet | New Insights into the Control of Endoreduplication: Endoreduplication Could Be Driven by Organ Growth in Arabidopsis Leaves[END_REF].

(iii). Compensation mechanism in leaf development

In leaf development, as described above, the proliferative activity of the cell have to be regulated in order that the cell grows or divides. Division and expansion and switch between the two processes, have to be temporally and spatially regulated.

In organs with determinate growth, as leaves or flower (Krizek et al., 2008), it was demonstrated that if cell proliferation process is disturbed by environmental constraints or by mutations resulting in fewer cells, the size of the cell will increase as the organ tends to achieve its normal size. This mechanism is called compensation.

However, regarding different report on leaf growth studies, it appears that this mechanism does not occur in every organ in which cell proliferation is disturbed. Indeed, there are cases when a mutation affects negatively both cell proliferation and cell expansion. Furthermore, decrease in cell proliferation activity does not systematically lead to cell size compensation, as it was reported for the mutants rotundifolia4-D (rot4-D), growth regulating factor5 (grf5) or oligocellula (oli) [START_REF] Narita | Overexpression of a novel small peptide ROTUNDIFOLIA4 decreases cell proliferation and alters leaf shape in Arabidopsis thaliana[END_REF]Horiguchi et al., 2005;[START_REF] Fujikura | Coordination of cell proliferation and cell expansion mediated by ribosome-related processes in the leaves of Arabidopsis thaliana[END_REF].

The compensation is achieved through three steps: (i) a defect in cell proliferation is considered as the induction step; then (ii) a yet unknown signal relays proliferation defect to the post mitotic cell growth; (iii) then an intense post-mitotic growth will compensate for proliferation defect and could result to normal leaf size, or at least to a partial compensation [START_REF] Kawade | Non-cell-autonomously coordinated organ size regulation in leaf development[END_REF]. The comprehension of the compensation mechanism is important, notably to understand how communication between proliferation and expansion occurs to induce compensation, and was historically a matter of debate.

At this point, different groups studying this process proposed two theories to explain induction of the compensation. In the "organismal growth" theory the idea is that at certain point of the organ growth, organ could sense that cell proliferation is impaired and induces post mitotic growth of the cells to attain normal size. On the other hand, the "cellular growth" theory advances that the cell could "remember" very low levels of proliferation to induce, in a cell-autonomous manner, increased post-mitotic growth [START_REF] Horiguchi | Organ Size Regulation in Plants: Insights from Compensation[END_REF].

In 2010, Kawade et al., did experiments that definitively confirmed previous reports [START_REF] Tsukaya | Interpretation of mutants in leaf morphology: Genetic evidence for a compensatory system in leaf morphogenesis that provides a new link between cell and organismal theories[END_REF]Beemster et al., 2006;among other) and indicated that neither of these theories alone could explain the complex growth response that is compensation. They used chimeric leaf of AN3 (ANGUSTIFOLLIA3) mutants in which part of the leaf overexpresses AN3 (35S::AN3) and part of the leaf in mutant an3 (Figure 5). They showed that compensation takes place in both parts of the leaf, even in leaf part overexpressing AN3, where no compensation is expected. This result strongly suggests that there is a signal sent from the cell in which proliferation is disturbed (mutant an3) to induce cell expansion in the neighboring zone, in a non-cell autonomous manner [START_REF] Hisanaga | Compensation: a key to clarifying the organ-level regulation of lateral organ size in plants[END_REF]. This result highlights the organismal theory in which compensatory effect is acting at the organ scale. In a second time, they induced overexpression of KRP2 to slow down cell proliferation and showed that the compensation was occurring in a cell-autonomous manner [START_REF] Hisanaga | Compensation: a key to clarifying the organ-level regulation of lateral organ size in plants[END_REF], without disturbing the post mitotic growth of the neighboring cells [START_REF] Kawade | Non-cell-autonomously coordinated organ size regulation in leaf development[END_REF] (Figure 5). In this study, they conclude that the compensatory mechanism was induced in a non-cell autonomous or in a cell-autonomous way depending on which cell proliferation molecular pathway was disturbed. Although, the nature of the non-cell autonomous signal and how it diffuses throughout the organ remains unknown. On the other hand, the signal that could restrict the post-mitotic growth in the cell with disturbed proliferation (cell-autonomous theory), also remains unidentified.

Furthermore, decrease in cell proliferation activity have to be strong enough to induce compensation [START_REF] Fujikura | Coordination of cell proliferation and cell expansion mediated by ribosome-related processes in the leaves of Arabidopsis thaliana[END_REF]. Using various level of AN3 silencing, these authors demonstrated that only strong decrease in cell proliferation (more than 30%) triggers compensation. These observations were supported by the fact that only the double mutant of the oli gene family (involved in ribosome biogenesis), but not simple mutants, compensated the cell proliferation disturbance [START_REF] Fujikura | Coordination of cell proliferation and cell expansion mediated by ribosome-related processes in the leaves of Arabidopsis thaliana[END_REF]. Furthermore, studies using differentially expressed transgenes for genes known to be cell cycle regulators, as CyclinA1 and Kip-Related-Protein2 (KRP2), support the fact that there is a threshold for the induction of compensation mechanism [START_REF] De | Functional analysis of cyclindependent kinase inhibitors of Arabidopsis[END_REF]Verkest et al., 2005).

Taken together these studies suggest that there is a still unknown cell-dependent and/or cell-independent mechanism sensing cell proliferation activity and modulating cell expansion activity accordingly (Horiguchi andTsuyaka, 2011, Hisanaga et al., 2015).

TCTP as a developmental regulator of the eukaryote development

As described in the first part, the correct implementation of an organ with a unique shape and size is the result of different coordinated cellular processes controlled at the molecular level. Conversely to animals, plant will develop new organs during all their life. However, in spite this major difference, there are cellular processes controlling organ growth, as for example, cell proliferation, that are conserved between the two kingdoms. The molecular actors controlling these conserved processes are also partially conserved. It is the case of the TCTP (TRANSLATIONALLY CONTROLLED TUMOR PROTEIN) which function and sequence is conserved between plants and animals. TCTP was also shown to be absolutely required for embryogenesis and development in eukaryotes (Brioudes et al., 2010;Bommer et al., 2012).

a. The Translationally controlled tumor protein (This part is adapted from the book chapter Betsch, Savarin et al., 2017; see Annex 5) (i). Structure and features

The TCTP gene is generally present as a single copy gene in the eukaryote genome, but many species carry more than one gene (Hinojosa et al., 2013;[START_REF] Gutiérrez-Galeano | Structural divergence of plant TCTPs[END_REF].

Even if, for instance, mammals have many TCTP gene copies, only one is likely functional [START_REF] Thiele | Expression of the gene and processed pseudogenes encoding the human and rabbit translationally controlled tumour protein (TCTP)[END_REF][START_REF] Chen | A knockout mouse approach reveals that TCTP functions as an essential factor for cell proliferation and survival in a tissue-or cell type-specific manner[END_REF]. Similarly, plant species harbor one and up to five TCTP gene copies [START_REF] Pavy | Generation, annotation, analysis and database integration of 16,500 white spruce EST clusters[END_REF]Hinojosa et al., 2013;[START_REF] Gutiérrez-Galeano | Structural divergence of plant TCTPs[END_REF] but many of these gene copies are likely non-functional pseudogenes (Berkowitz et al., 2008;Brioudes et al., 2010). The roles of these various TCTP pseudogenes and transcripts variants are unknown so far, but might indicate a specialization of the TCTP function. Globally, the genomic structure of plant TCTP genes is very homogeneous.

TCTP gene is generally composed of five exons with conserved length and four introns with variable length (Zhang et al., 2013). In Arabidopsis thaliana AtTCTP, intron 3 is absent leading to fusion of the third and fourth exons (Zhang et al., 2013). Both in plants and animals, 5' and 3' untranslated regions (UTRs) of variable sequence length are also present in TCTPs. These UTRs have been shown to be associated with TCTP mRNA stability and also to play a role in the regulation of its translation (Bommer and Thiele, 2004;Brioudes et al., 2010). TCTP 5'UTR contains a 5'TOP element (Terminal Oligo Pyrimidine) that is common in translationally controlled proteins (Meyuhas and Kahan, 2015). However, conversely to animal TCTPs, AtTCTP 5'TOP is not GC-rich, suggesting a less complex secondary structure of the AtTCTP mRNA (Brioudes et al., 2010). TCTP 3'UTR contains classical AU-rich mRNA destabilizing elements found in short-lived mRNAs in animals and in plants (Ohme-Takagi et al., 1993;[START_REF] Barreau | AU-rich elements and associated factors: are there unifying principles?[END_REF][START_REF] Narsai | Genome-wide analysis of mRNA decay rates and their determinants in Arabidopsis thaliana[END_REF]. AtTCTP expression was shown to be strong and ubiquitous (Szécsi et al., 2006;Berkowitz et al., 2008;Brioudes et al., 2010).

The promoter region of AtTCTP is located in a short 0.3 kb intergenic region between TCTP and a neighboring gene on the complementary strand. Within this 0.3kb intergenic region typical core promoter elements were found at -16 bp (Y-patch) and -34 bp (TATA box) upstream of the transcription start. This 0.3 kb promoter was shown to be sufficient to ensure strong and constitutive mRNA expression using a reporter gene (Han et al., 2015).

At the protein level, the relative high degree of conservation between TCTP proteins across kingdoms is consistent with the importance of its role in development and survival of eukaryotes [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF]. For example, Arabidopsis AtTCTP protein shares 53,6%, 56% and 62% amino acid similarity with human, Drosophila and yeast counterparts, respectively (Figure 6), and about 30% amino acid identity with the human hTCTP (Thayanithy et al., 2005;[START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF]. Within the plant phylum, the majority of TCTP proteins are composed of 167 or 168 highly conserved amino acids that share 70% to 95% identity [START_REF] Gutiérrez-Galeano | Structural divergence of plant TCTPs[END_REF] (Figure 6).

Sequence comparison showed that numerous domains in TCTP proteins are conserved in all eukaryotes (Thayanithy el al., 2005;[START_REF] Hinojosa-Moya | Phylogenetic and Structural Analysis of Translationally Controlled Tumor Proteins[END_REF]. Almost all identified TCTPs contain two TCTP signatures that are highly conserved, and a basic domain for tubulin and calcium binding (Figure 6). The conserved putative GTPase (Guanine Tri Phosphatase) interaction surface located in the central pocket indicates that TCTP proteins share GTPase binding property and GTPase activity regulating function [START_REF] Gachet | The growth-related, translationally controlled protein P23 has properties of a tubulin binding protein and associates transiently with microtubules during the cell cycle[END_REF]Cao et al., 2010;[START_REF] Li | Expression of translationally controlled tumor protein (TCTP) in the uterus of mice of early pregnancy and its possible significance during embryo implantation[END_REF]Santa-Brigida et al., 2014) (Figure 6).

The N-terminal part of TCTP contains a conserved MCL/Bcl-xL binding domain, which is known to promote apoptosis suppression in mammals [START_REF] Yang | An N-terminal region of translationally controlled tumor protein is required for its antiapoptotic activity[END_REF]. Like for animal TCTPs, the MCL/Bcl-xL domain of tobacco TCTP was shown to be implicated in cell death suppression [START_REF] Gupta | A Translationally Controlled Tumor Protein Negatively Regulates the Hypersensitive Response in Nicotiana benthamiana[END_REF]. Moreover, all TCTPs contain conserved post-translational modification sites such as the Casein Kinase II (CKII) phosphorylation site and the Nmyristoylation site (Thayanithy et al. 2005;Brioudes et al., 2010;Bruckner et al. 2014).

These similarities suggest that plant and non-plant TCTPs likely harbor similar activities and may act in similar regulatory pathways. Despite the high degree of sequence homology between all eukaryotic TCTPs, there are slight differences suggesting some divergent functions of TCTP in plants and animals. For example, the Polo Like Kinase (PLK) phosphorylation site, previously shown to be functional in mouse (Yarm, 2002), is conserved only in mammalian TCTPs and is absent from plant TCTPs (Figure 6). The biological significance of these differences remains unclear, but its discovery may help unravel specific function(s) (Thayanithy, 2005).

In agreement with the conserved TCTP primary and secondary structures, the predicted tri-dimensional structure of plant TCTP is very similar to yeast and human structures [START_REF] Thaw | Structure of TCTP reveals unexpected relationship with guanine nucleotide-free chaperones[END_REF]Feng et al., 2007;[START_REF] Hinojosa-Moya | Phylogenetic and Structural Analysis of Translationally Controlled Tumor Proteins[END_REF]) (Figure 7). Three distinct structural domains are found in TCTP: a core β-sheet domain, a α-helical domain and a flexible loop structure. Major differences between plant and animal TCTPs are observed in the flexible loop, while the alpha-hairpin, which includes the basic domain known to be the interface for many interactions in animals, is well conserved [START_REF] Hinojosa-Moya | Phylogenetic and Structural Analysis of Translationally Controlled Tumor Proteins[END_REF]Berkowitz et al. 2008;Bommer, 2012;[START_REF] Gutiérrez-Galeano | Structural divergence of plant TCTPs[END_REF]. In plants, the predicted structures of TCTP support the phylogenetic evidence that they fall into two subclades: AtTCTP1-like and CmTCTP-like (Cucurbita max.). These clades differ in the structure of the central "pocket" region and in the flexible loop, suggesting different functions. It should be noted that in plant species harboring a single TCTP gene, the sequence is usually AtTCTP1-like [START_REF] Gutiérrez-Galeano | Structural divergence of plant TCTPs[END_REF].

Considering the high degree conservation at the amino-acid level and the high similarity of predictive tri-dimensional structures among kingdoms, it is tempting to suggest that plant and animal TCTPs share many of their roles. In agreement with this hypothesis, Brioudes et al. (2010) demonstrated in vivo that Drosophila dTCTP could complement cell proliferation defects associated with AtTCTP loss-of-function in Arabidopsis and vice versa.

(ii). Roles of TCTP in eukaryotes development and its implication in cancer

TCTP is an important regulator of cellular events involved in organ growth, and it is a conserved protein found in all eukaryote organisms. It was initially identified in mammalian tumor cells and was shown to be translationally controlled (Thomas et al., 1981;Yenofsky et al., 1982;Chitpatima, 1988;[START_REF] Böhm | The growth-related protein P23 of the Ehrlich ascites tumor: translational control, cloning and primary structure[END_REF]. During the past 30 years TCTP has been widely studied and have been associated with various developmental processes, but the fact that TCTP mutation is embryo lethal strongly hampered the determination of its function(s).

TCTP has been attributed to a number of roles in several important cellular functions such as cell proliferation, growth and expansion, cell cycle progression, malignant transformation, protection of cells against various stresses or cell death (Figure 8).

Over the past few decades, different studies associated TCTP with cancer. First, studies of several cancer cell lines showed that TCTP accumulation is positively correlated with cancer [START_REF] Tuynder | Translationally controlled tumor protein is a target of tumor reversion[END_REF][START_REF] Kim | Transgenic overexpression of translationally controlled tumor protein induces systemic hypertension via repression of Na+,K+-ATPase[END_REF]Gnanasekar et al., 2009). Different groups also demonstrated that TCTP was over-accumulated in several human cancer types [START_REF] Tuynder | Biological models and genes of tumor reversion: Cellular reprogramming through tpt1/TCTP and SIAH-1[END_REF][START_REF] Kuramitsu | Proteomic analysis of cancer tissues: Shedding light on carcinogenesis and possible biomarkers[END_REF][START_REF] Deng | Comparative Proteome Analysis of Breast Cancer and Adjacent Normal Breast Tissues in Human[END_REF][START_REF] Kim | Transgenic overexpression of translationally controlled tumor protein induces systemic hypertension via repression of Na+,K+-ATPase[END_REF]Zhu et al., 2008;Amson et al., 2012), and it was proposed to be a cancer marker in human lung cancer, hepatocellular carcinoma and also in breast cancer [START_REF] Kim | Transgenic overexpression of translationally controlled tumor protein induces systemic hypertension via repression of Na+,K+-ATPase[END_REF][START_REF] Chan | Translationally controlled tumor protein induces mitotic defects and chromosome missegregation in hepatocellular carcinoma development[END_REF]Amson et al., 2012).

In the contrary, reduction of TCTP accumulation was observed in a number of spontaneous revertants of cancer cell lines, and inhibition of TCTP expression using siRNA resulted in the suppression of the malignant phenotypes [START_REF] Tuynder | Biological models and genes of tumor reversion: Cellular reprogramming through tpt1/TCTP and SIAH-1[END_REF].

As several reports highlighted the importance of TCTP in malignant transformation (Bommer and Thiele, 2004) and that in plants its accumulation was localized in the meristems with high cell division activity (Brioudes et al., 2010), the role of TCTP in cell cycle regulation was broadly investigated.

Different groups demonstrated that TCTP protein transiently associates, via its α-helical domain, with the microtubules in a cell cycle-dependent manner [START_REF] Gachet | The growth-related, translationally controlled protein P23 has properties of a tubulin binding protein and associates transiently with microtubules during the cell cycle[END_REF][START_REF] Bazile | Complex relationship between TCTP, microtubules and actin microfilaments regulates cell shape in normal and cancer cells[END_REF], and also associates with actin filaments in migrating cells. Some studies corroborate the role of TCTP with cell cycle progression demonstrating that TCTP binds to poles of mitotic spindle, but is detached at the metaphase-anaphase transition (Yarm, 2002;[START_REF] Burgess | Chfr interacts and colocalizes with TCTP to the mitotic spindle[END_REF]. Different studies also showed that TCTP deregulation resulted in disturbance in cell cycle progression [START_REF] Gachet | The growth-related, translationally controlled protein P23 has properties of a tubulin binding protein and associates transiently with microtubules during the cell cycle[END_REF][START_REF] Johansson | Translationally controlled tumor protein interacts with nucleophosmin during mitosis in ES cells[END_REF]Brioudes et al., 2010). Moreover, TCTP associated with some known cell cycle regulator as Cdk1 or Cdc25C [START_REF] Chan | Translationally controlled tumor protein induces mitotic defects and chromosome missegregation in hepatocellular carcinoma development[END_REF]. Recently, our team demonstrated that TCTP regulates mitotic growth by controlling cell cycle progression particularly at the G1/S transition in Arabidopsis.

They also showed that this particular function in cell proliferation regulation is conserved between plants and animals (Brioudes et al., 2010). TCTP has been described as an integrator to link external signals, to organ growth, notably via regulating the TARGET OF RAPAMYCIN (TOR) pathway. TOR kinase is part of a signaling complex that controls cell proliferation and growth in animals and in plants, in response to environmental conditions, growth factors (e.g. insulin), nutrients, energy or stress (Wullschleger et al., 2006;[START_REF] Deprost | The Arabidopsis TOR kinase links plant growth, yield, stress resistance and mRNA translation[END_REF]. In mammals, the TOR pathway (mTOR) controls cell growth by acting as a central regulator of protein synthesis and ribosome biogenesis at the transcriptional and translational levels by integrating signaling pathways downstream mitogens and nutrients sensing (Wullschleger et al., 2006). mTOR activity is positively controlled by the small Ras GTPase, Rheb that binds directly to mTOR kinase domain in order to activate the mTOR complex in a GTP-dependent manner (Wullschleger et al., 2006).

Based on epistasis analysis, Hsu et al. (2007) showed that in Drosophila, dTCTP controls organ growth by positively regulating the TARGET OF RAPAMYCIN (TOR) pathway. The authors proposed that dTCTP can directly associate with dRheb and that this interaction was required for dRheb activation in vivo, which in turn positively controls TOR activity.

TCTP was demonstrated to bind the cytoskeleton and to have a Ca 2+ binding activity [START_REF] Haghighat | Purification of novel calcium binding proteins from Trypanosoma brucei: properties of 22-, 24-and 38-kilodalton proteins[END_REF], and specific residues involved in this activity were identified [START_REF] Graidist | Fortilin binds Ca 2+ and blocks Ca 2+ -dependent apoptosis in vivo[END_REF]Feng et al., 2007). More generally, TCTP was associated with the control of ion homeostasis in the cell. Indeed, [START_REF] Jung | Translationally Controlled Tumor Protein Interacts with the Third Cytoplasmic Domain of Na,K-ATPase α Subunit and Inhibits the Pump Activity in HeLa Cells[END_REF] demonstrated that TCTP was interacting with Na + -K + -ATPase, and that TCTP overexpression was leading to the inhibition of this enzyme [START_REF] Jung | Translationally Controlled Tumor Protein Interacts with the Third Cytoplasmic Domain of Na,K-ATPase α Subunit and Inhibits the Pump Activity in HeLa Cells[END_REF]. Ion homeostasis regulation is known to be involved in cell stress response and more generally linked to cell apoptosis. Accordingly, embryo lethality in TCTP knockout in mouse was shown to be due to an excessive apoptosis, thus suggesting that TCTP was a strong anti-apoptotic protein [START_REF] Chen | A knockout mouse approach reveals that TCTP functions as an essential factor for cell proliferation and survival in a tissue-or cell type-specific manner[END_REF][START_REF] Koide | Embryonic lethality of fortilin-null mutant mice by BMP-pathway overactivation[END_REF]. Moreover, several reports also highlighted the importance of TCTP in malignant transformation through its role in cell cycle progression and its anti-apoptotic activity (Bommer and Thiele, 2004). TCTP's anti-apoptotic activity is dual. On the one hand, it was demonstrated that TCTP could bind and modulate the activity of the anti-apoptotic proteins such as Mcl-1 and Bcl-XL, both members of the Bcl-2 family [START_REF] Liu | Stabilization and Enhancement of the Antiapoptotic Activity of Mcl-1 by TCTP[END_REF][START_REF] Yang | An N-terminal region of translationally controlled tumor protein is required for its antiapoptotic activity[END_REF]. On the other hand, TCTP also protects cells from apoptosis by inhibiting dimerization of the pro-apoptotic Bax protein implicated in the mitochondrial membrane permeability regulation during apoptosis (Susini et al., 2008). It was also proposed that TCTP exerts its anti-apoptotic activity by preventing excessive intracellular Ca 2+ burst in response to stress conditions [START_REF] Graidist | Fortilin binds Ca 2+ and blocks Ca 2+ -dependent apoptosis in vivo[END_REF].

Several studies described TCTP as an antagonist of the p53 protein, also known as the "genome guardian". p53 is a pro-apoptotic protein and TCTP is assumed to perform its antiapoptotic function via its interaction with p53. Human TCTP has been shown to interact with p53 tumor suppressor protein and this interaction prevents apoptosis by destabilizing p53 [START_REF] Rho | Anti-apoptotic protein TCTP controls the stability of the tumor suppressor p53[END_REF]. Amson et al., (2012) showed that TCTP stabilizes MDM2, an E3-ligase that poly-ubiquitinates p53, and targets it to degradation by the proteasome system. In this study they also demonstrated that, conversely, p53 repress TCTP transcription.

As describe above, TCTP is associated with many cancers and its anti-apoptotic effect seems the most obvious way by which TCTP promotes cancer. Indeed, apoptosis is one of the major way to avoid cancer, and several reports correlated the anti-apoptotic effect of TCTP with is pro-tumor effect [START_REF] Lee | Interaction between fortilin and transforming growth factor-beta stimulated clone-22 (TSC-22) prevents apoptosis via the destabilization of TSC-22[END_REF]Gnanasekar et al., 2009;[START_REF] Lucibello | TCTP is a critical survival factor that protects cancer cells from oxidative stress-induced cell-death[END_REF].

b. Roles of TCTP in plants (This part is adapted from the book chapter Betsch

Savarin al., 2017; see Annex 5)

The major roles of TCTP in plants are briefly summarized in Figure 8. TCTP is implicated in several biological processes as cell proliferation, cell death, response to biotic and abiotic stresses, etc.

(i). TCTP is essential for plant development

TCTP was demonstrated to have a major role in development and in organ size control in plants and in animals (Figure 9). As in animals, many reports proposed plant TCTP as good candidate to control cell proliferation and cell death. Compared to animals, the role of TCTP in plant development is much less understood. All reports in the literature show that plant TCTP is essential for the correct development and the control of final plant size. Like in animals, TCTP mutation leads to embryo lethality [START_REF] Chen | A knockout mouse approach reveals that TCTP functions as an essential factor for cell proliferation and survival in a tissue-or cell type-specific manner[END_REF]Brioudes et al., 2010) (Figure 9). The fact that tctp knockouts are lethal hampered the studies to address in detail TCTP function. To overcome this difficulty, TCTP knockdown, by mean of RNA interference approach, was used to explore TCTP roles during development. Although such approach led to a significant reduction of TCTP expression, full obliteration of TCTP expression could not be achieved, thus making it difficult to address in details TCTP function (Hsu et al., 2007;Berkowitz et al., 2009;Cao et al., 2010;Brioudes et al. 2010;[START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF][START_REF] Hu | Suppression of intestinal immunity through silencing of TCTP by RNAi in transgenic silkworm, Bombyx mori[END_REF]Zhang et al., 2013). Brioudes et al., (2010) used an embryo-rescue approach in Arabidopsis thaliana to generate the first tctp full knockout adult organism in eukaryote. The authors supplemented Arabidopsis tctp knockout embryos with nutrients in vitro that allowed their development to adult plants. However, the generated tctp knockout plants were delayed in their development and showed severe growth defects (Figure 9), including small organ and plant size, late flowering, and sterility. Nevertheless, the obtained tctp knockout plants were very useful and helped dissecting the multiple roles of TCTP in plant development (Brioudes et al. 2010).

Similar to animals, tctp mutant showed early embryo lethality (Brioudes et al. 2010) and the TCTP knockdown leads to plants delayed in development and in organ size reduction (Berkowitz et al., 2008;Brioudes et al., 2010). Brioudes et al., (2010) demonstrated that fertilization took place in tctp knockouts and that the lethality was a result of retarded growth of the developing embryos. Furthermore, very recently [START_REF] Hafidh | Quantitative proteomics of the tobacco pollen tube secretome identifies novel pollen tube guidance proteins important for fertilization[END_REF] also showed that pollen competitiveness between tctp and wild type pollen is not different and confirmed that the fertilization between tctp pollen and a tctp ovule could occur.

In Arabidopsis, the characterization of tctp knockout (obtained via embryo rescue), RNAi-TCTP and TCTP overexpressing lines through detailed kinematic analysis of leaf growth, allowed to demonstrate that AtTCTP controls cell proliferation but not cell expansion (Brioudes et al., 2010). Similar data were recently reported for tobacco, cabbage and tomato (Cao et al., 2010;[START_REF] Gupta | A Translationally Controlled Tumor Protein Negatively Regulates the Hypersensitive Response in Nicotiana benthamiana[END_REF][START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF][START_REF] Bruckner | Translationally controlled tumour protein (TCTP) from tomato and Nicotiana benthamiana is necessary for successful infection by a potyvirus: TCTP is a host factor for potyvirus infection[END_REF]. In these plants, TCTP down-regulation leads to delayed plant development and smaller organs compared to wild type. Moreover, flowers were smaller and root growth was reduced [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF][START_REF] Bruckner | Translationally controlled tumour protein (TCTP) from tomato and Nicotiana benthamiana is necessary for successful infection by a potyvirus: TCTP is a host factor for potyvirus infection[END_REF].

In plants, the mTOR pathway that plays a major role in animal development (see above) is conserved. However, there are only indirect indications about the putative link between TCTP and TOR pathway in plants. Indeed, it has been show that Arabidopsis TCTP is able to bind plant Rab GTPases and also Drosophila Rheb and similarly, Drosophila TCTP can bind Arabidopsis Rab. However, no data were reported regarding a putative GEF activity of plant TCTP. Similarly, no genetic studies are available to confirm that TCTP acts as a regulator of the TOR pathway (Brioudes et al., 2010). Thus, the implication of TCTP in TOR pathway has still to be demonstrated in plants.

(ii). Role in plant cell proliferation, expansion and death

Different studies show indirect relation between TCTP and cell proliferation. For example, Arabidopsis AtTCTP protein was shown to accumulate in highly dividing cell (Brioudes et al., 2010). Furthermore, in Pisum sativum, mRNA was localized predominantly in dividing cells of root caps and in other rapidly growing tissues as young leaves and stems (Woo and Hawes, 1997;Kang et al., 2003). Accordingly, TCTP protein accumulation was correlated with the accumulation of other cell proliferation proteins in the skin of young potato tubers, an actively dividing tissue (Barel and Ginzberg, 2008).

However, only two studies showed the direct implication of TCTP in the control of cell proliferation. In a first study, Brioudes et al., (2010) used synchronized tobacco (Nicotiana tabacum) BY-2 cells knockdown for NtTCTP to demonstrate that TCTP regulates cell cycle progression (Brioudes et al., 2010). In this study, they showed a 4 hours delay during cell cycle progression and such delay affected more specifically G1/S transition (Brioudes et al., 2010). Recently, report by [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF] confirmed these results. Moreover, measurements of leaf size and cell number in Arabidopsis and tobacco plants knockdown for TCTP, showed that delayed leaf growth and smaller leaf size were due to a decrease in the cell number but not in cell size. However, the precise molecular pathway by which TCTP controls cell proliferation in plants is still unknown. [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF] suggested that TCTP could prevent the polyubiquitination of NTHK1 (a Type 2 ethylene receptor) to control cell cycle.

The role of TCTP in controlling cell proliferation and mitotic growth is conserved between plants and animals. Brioudes et al., (2010) demonstrated that Drosophila dTCTP could fully complement cell proliferation defects associated with TCTP loss-of-function phenotypes in Arabidopsis and vice versa. However, loss-of-function of Drosophila dTCTP also leads to defects in cell expansion, a defect that is not observed in tctp knockout plants. In agreement with these data, AtTCTP could not complement the cell expansion defect in Drosophila mutants. These inter-species complementation experiments highlighted the conserved role of TCTP in controlling cell proliferation and demonstrated that conversely to plant TCTP, Drosophila TCTP also controls cell expansion.

In animals, TCTP was shown to have an anti-apoptotic role [START_REF] Susini | TCTP protects from apoptotic cell death by antagonizing bax function[END_REF]. This role was also investigated in plants. As for animals, cell death process occurs in plants with genetically and environmentally defined temporal and spatial patterns, and is absolutely required for normal plant development (Greenberg, 1996). Lliso et al., (2007) showed that TCTP protein accumulation decreased during post-harvest aging process in citrus fruits and suggested an anti-apoptotic activity for TCTP in relation with microtubule stabilization. In agreement with these data, Hoepflinger et al., (2013) reported that constitutive expression of AtTCTP prevents the apoptotic effect of programmed cell death (PCD)-inducing agent tunicamycin on tobacco disc leaf. The authors then proposed that, as in animals, plant TCTP could act as a cytosolic Ca 2+ sequester to protect cells against Ca 2+ -dependent PCD [START_REF] Graidist | Fortilin binds Ca 2+ and blocks Ca 2+ -dependent apoptosis in vivo[END_REF].

Cell death process is also induced during an incompatible interaction between plants and pathogens in order to limit pathogen spread and disease development. This process, also termed hypersensitive response (HR), is used as a model to study cell death in plants.

In tobacco, it was demonstrated, that the downregulation of NtTCTP promotes HR and that the constitutive transient expression of NtTCTP decreases the HR rate, thus another argument to support the anti-apoptotic activity of TCTP in plants [START_REF] Gupta | A Translationally Controlled Tumor Protein Negatively Regulates the Hypersensitive Response in Nicotiana benthamiana[END_REF]. In this study the authors also demonstrated that TCTP inhibits the Reactive Oxygen Species (ROS) production and the MAPK (Mitogen Activating Protein Kinase) cascade observed in HR. Taking together, these published works show that like in animals, plant TCTPs very likely have an anti-apoptotic role. However, the mechanism by which TCTP prevents PCD is still unknown as counterparts of TCTP interacting proteins in mammalians, are missing in plants.

(iii). Role in plant signaling

As discussed above, TCTP is absolutely required for plant development and organ size determination. In Arabidopsis and tobacco, the downregulation of TCTP leads to severe developmental defects that are, in part ,due to perturbation of cell proliferation, but many other processes are affected. A number of publications associate TCTP to divers other cellular functions and signaling molecules/pathways. In the next paragraph, I will provide up-to-date information on the putative links between TCTP and phytohormones signaling pathways.

Only few studies investigated changes in TCTP expression in response to treatment with phytohormones, such as auxin, abscisic acid (ABA), ethylene or methyl jasmonate (MeJA) (Cao et al., 2010;[START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF][START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF]. Most of the published work simply provided hypothesis based on observations, and sometimes results are contradictory.

In plants, auxin is an essential hormone involved in a wide variety of functions such as cell division, organogenesis, senescence, apical dominance, gravitropism, root growth, etc. (Vanneste and Friml, 2009). Berkowitz et al., (2008) showed that Arabidopsis TCTP-RNAi plants were less sensitive to increasing concentrations of exogenous auxin compared to the wild-type, and proposed an implication of TCTP in the auxin signaling pathway. These data are surprising since auxin signaling mutants often show severe and aberrant phenotypes that are different from that observed in TCTP-RNAi (Estelle and Somerville, 1987;[START_REF] Křeček | The PIN-FORMED (PIN) protein family of auxin transporters[END_REF]. In cabbage, TCTP-RNAi plants grow slower and accumulate low auxin contents compared to the wild-type (Cao et al., 2010). The authors suggested that such decrease of endogenous auxin content could be responsible of the observed delayed growth. However, this remains highly hypothetical, as no direct proof has been provided by the authors to support such hypothesis. Clearly, more studies are required to confirm the putative role of TCTP in auxin signaling pathway.

Several studies reported interaction of TCTP with the abscisic acid (ABA) signaling pathway. ABA is a plant hormone known to be implicated in seed germination and response to drought. It has been suggested that AtTCTP interacts with ABA signaling pathway to control stomatal closure mechanism in response to drought [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF]. During the night or in drought conditions, plants synthetize ABA to control stomatal closure, avoiding water evaporation. [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF] reported that overexpression of Arabidopsis AtTCTP confers drought tolerance by rapid ABA-mediated stomatal closure. The authors also proposed that this rapid ABA-mediated stomatal closure involves the interaction of AtTCTP with microtubules during water stress leading to microtubules depolymerization, stomata closure and drought resistance. Moreover, the interaction between TCTP and tubulin is increased by calcium, a microtubule depolymerization factor. As the expression domain of TCTP is increased following ABA-treatments and because putative ABA-responsive elements were identified in the AtTCTP promoter, it is possible that there is a feedback loop between ABA and TCTP expression that regulates stomatal closure in leaves. Unfortunately, the data by [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF] are based on TCTP overexpression experiments and on in vitro data only, and direct link between ABA and TCTP for stomatal closure is not shown.

In cabbage, knockdown of TCTP is associated with higher levels of ABA thus an inverse response to that reported by [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF] (Cao et al., 2010). In rice, OsTCTP protein accumulation is induced in response to ABA, while in cabbage no difference in TCTP expression was observed under ABA stress (Cao et al., 2010;Wang et al., 2015). In Orchardgrass (Dactylis glomerata), TCTP has been demonstrated to be one of the most stable genes in response to ABA [START_REF] Huang | Reference gene selection for quantitative real-time reverse-transcriptase PCR in orchardgrass subjected to various abiotic stresses[END_REF]. All these data suggest that there is a link between the ABA pathway and TCTP, but the inconsistency of the results is evident and therefore more studies are required to consolidate these observations. Ethylene is an important phytohormone for plant growth and development and it is associated with fruit ripening. [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF] reported that tobacco NtTCTP protein accumulation increases in response to ethylene treatments. NtTCTP then interacts with the ethylene receptor NTHK1 and such interaction is enhanced by ethylene and protects NTHK1 from degradation by the 26S proteasome and promotes seedling growth [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF]. Some studies also report a change in TCTP expression upon jasmonic acid (JA) treatment. JA is a lipid-derived plant hormone that regulates a wide range of processes, such as biotic and abiotic plant stress responses (insects, pathogens, wounding…) and developmental processes (root growth, senescence…) [START_REF] Devoto | Regulation of jasmonate-mediated plant responses in Arabidopsis[END_REF]Browse, 2005;[START_REF] Abe | Function of Jasmonate in Response and Tolerance of Arabidopsis to Thrip Feeding[END_REF]. In Hevea brasiliensis, HbTCTP expression is strongly reduced in response to MeJA treatment [START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF]. In cotton, overexpression of TCTP leads to important decrease of expression of genes in the JA pathway [START_REF] Zhang | Cotton TCTP1 gene encoding a translationally controlled tumor protein participates in plant response and tolerance to aphids[END_REF]. Conversely, Wang et al., (2015) reported that MeJA does not affect OsTCTP protein accumulation in Oryza sativa. These results are contradictory, and further experiments are required to address more precisely the putative role of TCTP in JA signaling.

To summarize, we have little knowledge about the link between TCTP and phytohormone signaling and clearly, more studies are needed to determine the role of TCTP in phytohormone signaling during plant growth and development.

TCTP also plays important roles in response to biotic stresses as infections by fungi, bacteria or viruses. For details see [START_REF] Betsch | Roles of the Translationally Controlled Tumor Protein (TCTP) in plant development[END_REF]Annex 5).

In summary, TCTP is involved in several cellular processes with a major implication in the control of cell cycle progression. TCTP was demonstrated to associate with the core cell cycle machinery, as CYC proteins, and to influence CDK activity (Bommer, 2012). Furthermore, in plants, TCTP was also directly linked to cell cycle regulation (Brioudes et al., 2010;Tao et al., 2014). In the next part, I will describe the molecular control of the cell cycle progression.

Molecular basis of cell cycle progression

The cell cycle is composed of two fundamentals phases: the mitosis during which a cell divides into two daughter cells, and the interphase corresponding to the time period between two mitosis (Figure 10).

During the interphase, the cell will grow and its DNA will be replicated in a coordinated way in order that the cell duplicates itself without any loss of information. Interphase is composed of three phases: G1 (Gap-1) phase is associated with cell growth, followed by the S phase where the DNA will be replicated (from one copy 2n to two copy 4n). Then the cell will grow again and prepare for the mitosis during G2 (Gap-2) phase. At the end of G1 and G2 phases there are checkpoints where the cell assures that all cellular processes are successfully completed and cells are ready to go through replication and mitosis, respectively (Gutiérrez, 2009) (Figure 10).

In the next part, I describe how the cell cycle is controlled at the molecular levels in eukaryotes, focusing, at some instances, on the plant cell cycle.

a. CDK/CYC core complexes drive cell cycle progression (i). CDK/CYC complexes

In all eukaryotes, the progression through the different phases of the cell cycle highly depends on the activity of a class of protein kinases called Cyclin Dependent Kinases (CDKs) [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF]. Their association with proteins called Cyclins (CYCs) will mainly regulate the phosphorylation activity of the CDKs (Figure 11). This phosphorylation activity targets a plethora of substrates, in order to induce different molecular pathways to assure the progression of the cell cycle (Figure,[START_REF] Susini | TCTP protects from apoptotic cell death by antagonizing bax function[END_REF][START_REF] Hsu | Drosophila TCTP is essential for growth and proliferation through regulation of dRheb GTPase[END_REF][START_REF] Chen | A knockout mouse approach reveals that TCTP functions as an essential factor for cell proliferation and survival in a tissue-or cell type-specific manner[END_REF]). While the expression of the CDKs remains stable during the whole cell cycle, the expression and accumulation of the CYCs, as its name indicates, are cyclic.

In yeast, there is only one CDK (Cdc28 in Saccharomyces cervisiae and Cdc2 in S. pombe), while in mammalian cells more than 20 CDKs were identified belonging to 11 CDK families (from CDK1 to CDK11) [START_REF] Malumbres | Mammalian cyclin-dependent kinases[END_REF]. CDK1 is the homologue of the unique yeast CDK and it was shown to regulate all cell cycle phases [START_REF] Satyanarayana | A dual role of Cdk2 in DNA damage response[END_REF]. In Arabidopsis, 14 genes were found to encode putative CDKs and they are divided in seven classes: CDKA, B, C, D, E, F, and G (Gutiérrez, 2009;[START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF]. However, different studies revealed that, in plants, only two major families of CDKs are involved in the primary control of the cell cycle (Figure 10). CDKA, the homologue of the animal CDK1 and the unique yeast CDK, is involved in the regulation of all plant cell cycle phases [START_REF] Ferreira | The Arabidopsis Functional Homolog of the p34cdc2 Protein Kinase[END_REF]Takashi et al., 1991;[START_REF] Hemerly | Dominant negative mutants of the Cdc2 kinase uncouple cell division from iterative plant development[END_REF]Porceddu et al., 1999;[START_REF] Iwakawa | Arabidopsis CDKA;1 , a cdc2 homologue, controls proliferation of generative cells in male gametogenesis[END_REF]. CDKB is a class specific to plants, and have been demonstrated to be active only in the G2 and M phases [START_REF] Fobert | Distinct Classes of cdc2-Related Genes Are Differentially Expressed during the Cell Division Cycle in Plants[END_REF][START_REF] Menges | Cell Cycle-regulated Gene Expression in Arabidopsis[END_REF][START_REF] Breyne | Transcriptome analysis during cell division in plants[END_REF][START_REF] Corellou | Atypical Regulation of a Green Lineage-Specific B-Type Cyclin-Dependent Kinase[END_REF].

In mammalian cells, there are 11 CYC families but only four of them were demonstrated to play a major role in cell cycle progression (CYCD, E, A and B-type; Figure 10) [START_REF] Satyanarayana | A dual role of Cdk2 in DNA damage response[END_REF]. In the relatively small genome of Arabidopsis, about 50 CYCs were identified and divided in different classes according to their sequence similarities to mammalian CYCs and to their implication in the control of a specific cell cycle phases. There are 10 A-types, 11 B-types, 10 D-types, one H-type and at least 17 others classified in types C, P, L and T [START_REF] Vandepoele | Genome-Wide Analysis of Core Cell Cycle Genes in Arabidopsis[END_REF][START_REF] Vodermaier | APC/C and SCF: Controlling Each Other and the Cell Cycle[END_REF][START_REF] Wang | Genome-Wide Analysis of the Cyclin Family in Arabidopsis and Comparative Phylogenetic Analysis of Plant Cyclin-Like Proteins[END_REF][START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF]. Arabidopsis G1 CYCs were described to have an LXCXE motif (X is any amino acid) similar to the mammalian G1 CYCDs [START_REF] Scofield | The plant cell cycle in context[END_REF]. This motif is known to be implicated in the regulation of the retinoblastoma pathway (described below). In Arabidopsis, there are 10 genes encoding for a CYCD named from CYCD1 to CYCD7 with sometimes several genes belonging to the same subclasses [START_REF] Vandepoele | Genome-Wide Analysis of Core Cell Cycle Genes in Arabidopsis[END_REF]. As in animals, some of them have been demonstrated to respond to external signals, as for example CYCD2, CYCD3 and CYCD4;1 which respond to sucrose availability [START_REF] Riou-Khamlichi | Sugar Control of the Plant Cell Cycle: Differential Regulation of Arabidopsis D-Type Cyclin Gene Expression[END_REF][START_REF] Nieuwland | The D-type cyclin CYCD4;1 modulates lateral root density in Arabidopsis by affecting the basal meristem region[END_REF], or CYCD3 genes that mediate response to some phytohormones as cytokinins [START_REF] Dewitte | Arabidopsis CYCD3 D-type cyclins link cell proliferation and endocycles and are rate-limiting for cytokinin responses[END_REF].

Even though, CYCD containing kinase complexes are traditionally associated with G1 phase (Figure 10), they have been demonstrated to have a role in other cell cycle phases. For example, some reports relate CYCD transcriptional peak at the G2-M transition (Sorrell et al., 1999;Mészaros et al., 2000;Menges et al., 2005), and CYCD3-associated kinase complexes were found at both G1-S and G2-M transition [START_REF] Nakagami | Phosphorylation of Retinoblastoma-Related Protein by the Cyclin D/Cyclin-Dependent Kinase Complex Is Activated at the G1/S-Phase Transition in Tobacco[END_REF][START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF].

As for the other CYC classes, CYCA controls the phases from S to M and CYCB regulates both the G2-M and the M phase (Figure 10; [START_REF] Mironov | Cyclin-Dependent Kinases and Cell Division in Plants The Nexus[END_REF]Breyne and Zabeau, 2001;[START_REF] Potuschak | Cell cycle controls: genome-wide analysis in Arabidopsis[END_REF]Gutiérrez, 2009;[START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF].

Interestingly, CYCE genes, crucial for cell cycle progression and particularly G1/S transition control in animals, do not have any homologs in plants. Importantly, CYCE overexpression is able to complement the decreased size phenotype induced by dTCTP downregulation in Drosophila eyes and wings, indicating that dTCTP and CYCE act in the same pathway (Hsu et al., 2007). This suggests that, in spite of the conserved function between plant and animals TCTPs, there are also some differences in TCTP signaling pathways between plants and animals.

During the progression of the cell cycle, the CDKs form complexes with CYCs via the PSTAIRE domain found in all the eukaryote CDKs, including yeast [START_REF] Ferreira | The Arabidopsis Functional Homolog of the p34cdc2 Protein Kinase[END_REF]Hirayama et al., 1991). It should be noted, that several CYCs could associate with the same CDK (Figure 10; [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF]. In Arabidopsis, an interactome study proposes 92 putative variants of CDK-CYC complexes that regulate different cell cycle phases [START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF]. This complexity has been proposed to reflect the developmental plasticity needed for sessile plants to deal with environmental cues [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF].

Furthermore, the identification of mitotic-specific CDK in plants (CDKB), has been proposed to be connected to the prevalence of the endoreduplication process during plant cell cycle, when DNA duplication occurs without mitosis [START_REF] Scofield | The plant cell cycle in context[END_REF].

(ii). Regulation of CDK-CYC activity

As stated above, diverse core regulatory CDKs and CYCs interact throughout the progression of cell cycle (Figure 10). In the CDK-CYC complex, the catalytic kinase domain of the CDK (a serine or threonine followed by a proline) is responsible for substrate phosphorylation, while CYC plays a role in the recognition of the appropriate target protein.

Cyclic accumulation and degradation of the CYC partner is the main driving force that regulates the activity of the CDK [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF]. However, other posttranslational modifications and interaction with other proteins are absolutely required to control CDK/CYC complex activity (Figure 11). Indeed, in animals as in plants, CDKs have different phosphorylation sites that can be activator or inhibitor for the CDK activity.

Most of the CDK family members possess conserved inhibitory phosphorylation residues at the N-terminus of the protein, as threonine14, and/or tyrosine 15, (T14 and Y15;Lim and Kaldis, 2013;[START_REF] Inzé | Green light for the cell cycle[END_REF]. The WEE1 kinase in animals, have been demonstrated to catalyzes phosphorylation of both T14 and/or Y15 in response to DNA damage and result in arrest at G2-M phase (Figure 13). WEE kinase was also found in plants and was demonstrated to be implicated in the inhibitory phosphorylation of CDKAs, notably under stress condition (Sun et al., 1999;[START_REF] Sorrell | A WEE1 homologue from Arabidopsis thaliana[END_REF][START_REF] De Schutter | Arabidopsis WEE1 Kinase Controls Cell Cycle Arrest in Response to Activation of the DNA Integrity Checkpoint[END_REF].

In animals and yeast, CDC25 can remove the inhibitory phosphate implemented by WEE1. While a homologue of CDC25 was identified in O. tauri (a primitive algae) [START_REF] Khadaroo | The First Green Lineage cdc25 Dual-Specificity Phosphatase[END_REF], up to date no CDC25 homologues could be identified in Arabidopsis or in rice [START_REF] Bisova | Genome-Wide Annotation and Expression Profiling of Cell Cycle Regulatory Genes in Chlamydomonas reinhardtii[END_REF]. However, several data point towards the existence of a phosphatase activity implicated positively in plant cell cycle control [START_REF] Bell | Tobacco plants transformed with cdc25, a mitotic inducer gene from fission yeast[END_REF][START_REF] Mckibbin | Expression of fission yeast cdc25 alters the frequency of lateral root formation in transgenic tobacco[END_REF][START_REF] Wyrzykowska | Manipulation of leaf shape by modulation of cell division[END_REF][START_REF] Orchard | Tobacco BY-2 cells expressing fission yeast cdc25 bypass a G2/M block on the cell cycle: Effect of fission yeast cdc25 on BY-2 cell cycle[END_REF][START_REF] Zhang | The Cytokinin Requirement for Cell Division in Cultured Nicotiana plumbaginifolia Cells Can Be Satisfied by Yeast Cdc25 Protein Tyrosine Phosphatase. Implications for Mechanisms of Cytokinin Response and Plant Development[END_REF].

In animals, activator phosphorylation is accomplished at the C-terminal threonine (T161 in Cdk1) which was also found in plant CDKs (T160). This activator phosphorylation allows the conformational change of the CDK, required for proper recognition of the substrate (Squire et al., 2005). Both in plants and animals, activating phosphorylation at T160/161 is ensured by proteins called CDK-activating kinases (CAKs; [START_REF] Lolli | CAK-Cyclin-Dependent Activating Kinase: A Key Kinase in Cell Cycle Control and a Target for Drugs?[END_REF][START_REF] Umeda | Control of Cell Division and Transcription by Cyclin-dependent Kinaseactivating Kinases in Plants[END_REF]. The Arabidopsis genome contains 4 CAK genes divided in two families: CDKD and CDKF [START_REF] Vandepoele | Genome-Wide Analysis of Core Cell Cycle Genes in Arabidopsis[END_REF][START_REF] Umeda | Control of Cell Division and Transcription by Cyclin-dependent Kinaseactivating Kinases in Plants[END_REF]. The role of CDKDs and CDKFs is to phosphorylate and thus activate other CDKs that are already associated with their corresponding CYCs moieties (Figure 12,[START_REF] Chen | A knockout mouse approach reveals that TCTP functions as an essential factor for cell proliferation and survival in a tissue-or cell type-specific manner[END_REF]. CDKDs are dimeric CAKs functionally related to vertebrate CDK7 and interact with CYCH for their function, while CDKF is a plant specific monomeric CAK [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF]. It was demonstrated that CDKF could phosphorylate CDKDs leading to their activation (Shimotonho et al., 2004;Figure 12, 13).

In eukaryotes, a class of protein called Cyclin-dependent Kinase Inhibitors (CKIs) is known to bind to CDKs in order to inhibit their function (Figure 11). In animals, there are two different families of CKIs [START_REF] Mohan | CDK inhibitors for muscle stem cell differentiation and self-renewal[END_REF]. The INK4 family CKI specifically inhibits G1 CDKs as CDK4 or CDK6, by preventing CYC-CDK association, and thus their activation by CAKs [START_REF] Sherr | CDK inhibitors: positive and negative regulators of G1-phase progression[END_REF]. The Cip/Kip family CKIs inhibit a broad range of CDK-CYC complexes involved in different cell cycle checkpoints by blocking their kinase activity (Nakayama and Nakayama, 1998). In plants, there is no counterpart of the INK4 family CKIs, while 7 CKIs similar to the mammalian Cip/Kip CKIs were identified (KRP or Kip Related Proteins;[START_REF] Vandepoele | Genome-Wide Analysis of Core Cell Cycle Genes in Arabidopsis[END_REF]. KRPs, via their C-terminal domain, bind to CDKA, but not CDKB, and inhibit its activity. KRPs can also interact with D-type and A-type CYCs [START_REF] De | Functional analysis of cyclindependent kinase inhibitors of Arabidopsis[END_REF]Jasinski et al., 2002;[START_REF] Zhou | Plant CDK inhibitors: studies of interactions with cell cycle regulators in the yeast two-hybrid system and functional comparisons in transgenic Arabidopsis plants[END_REF][START_REF] Coelho | Cyclin-Dependent Kinase Inhibitors in Maize Endosperm and Their Potential Role in Endoreduplication[END_REF], thus they mainly regulate G1-S transition (Figure 12;[START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF].

The knockout of one KRP gene alone does not lead to any phenotype suggesting a functional redundancy between the different members of the KRP family. In the contrary, the overexpression of one KRP can block both M and the S phases (Verkest et al., 2005). This effect can be complemented by the co-overexpression of D-types CYCs (Jasinski et al., 2002;Zhou et al., 2003).

In plants, there exists a second family of CKIs with no counterpart in animals, called Siamese/Siamese related proteins (SIM/SMR; [START_REF] Churchman | SIAMESE, a Plant-Specific Cell Cycle Regulator, Controls Endoreplication Onset in Arabidopsis thaliana[END_REF][START_REF] Peres | Novel Plant-specific Cyclin-dependent Kinase Inhibitors Induced by Biotic and Abiotic Stresses[END_REF].

SIM was the first members of the family being identified [START_REF] Walker | SIAMESE, a gene controlling the endoreduplication cell cycle in Arabidopsis thaliana trichomes[END_REF], followed by SMR1, 2, 3 [START_REF] Churchman | SIAMESE, a Plant-Specific Cell Cycle Regulator, Controls Endoreplication Onset in Arabidopsis thaliana[END_REF], SMR4 and SMR5 [START_REF] Peres | Novel Plant-specific Cyclin-dependent Kinase Inhibitors Induced by Biotic and Abiotic Stresses[END_REF] and SMR6 to 13 [START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF]. The sim mutant has multi-branched trichomes, indicating that SIM is implicated in endocycle switch [START_REF] Kasili | SIAMESE Cooperates With the CDH1-like Protein CCS52A1 to Establish Endoreplication in Arabidopsis thaliana Trichomes[END_REF]. Moreover, SIM and SMR have been shown to interact with a wide range of CDK/CYC complexes and inhibit their kinase activity at different phases of the cell cycle [START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF]. As for the KRPs, the overexpression of a unique SIM/SMR leads to cell cycle slow-down (Genschik et al., 2013).

Obviously, CKIs are regulated transcriptionally, translationally but also at the posttranslational level. This latter seems to be one of the major mechanisms to control the cell cycle progression (Genschik et al., 2013), and will be broached in a following part (I. 3.b.(ii)).

iii/Targets of the CDK/CYC complexes: Progression through G1/S and G2/M

As described in the previous part, the tightly regulated CDK kinase activity is absolutely required for the normal cell cycle progression. CDK phosphorylates divers target proteins, which in turn control downstream events as gene expression. In eukaryotes, DREAM complexes are targeted by CDK/CYC phosphorylation and were identified to control G1/S and G2/M specific genes expression (Figure 13; [START_REF] Sadasivam | The DREAM complex: master coordinator of cell cycle-dependent gene expression[END_REF][START_REF] Fischer | Does Arabidopsis thaliana DREAM of cell cycle control?[END_REF]. DREAM complexes are composed of different subunits according the species (that define their name; see [START_REF] Fischer | Does Arabidopsis thaliana DREAM of cell cycle control?[END_REF]. Retinoblastoma (Rb), E2 promotor binding factor-Dimerization Partner (E2F-DP) and Myb homologues protein composed the core DREAM complex [START_REF] Fischer | Does Arabidopsis thaliana DREAM of cell cycle control?[END_REF].

In plants, RBR/E2F-DP pathway (Retinoblastoma Related/E2 promotor binding factor-Dimerization Partner) and the MYB3R (R1R2R3-Myb-like) transcription factor family are demonstrated to control the G1/S transition and the G2/M transition, (Figure 12,[START_REF] Chen | A knockout mouse approach reveals that TCTP functions as an essential factor for cell proliferation and survival in a tissue-or cell type-specific manner[END_REF] [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF][START_REF] Magyar | DREAMs make plant cells to cycle or to become quiescent[END_REF].

Recently, [START_REF] Kobayashi | Transcriptional repression by MYB3R proteins regulates plant organ growth[END_REF] suggest that MYB3Rs protein could associate to the RBR/E2F-DP to form DREAM complex and control G2/M transition.

G1/S transition:

The RBR/E2F-DP pathway is found in all superior eukaryotes and functions on the same principle in both plants and animals [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF]. The Rb (for retinoblastoma) or RBR (for Retino Blastoma-Related) protein interacts with E2F-DP to repress the expression of E2Fs-regulated genes. Indeed, the conserved E2F is a transcriptional factor that binds the consensus sequence TTTCCCGC found in target genes to positively regulate cell cycle progression at G1-S transition [START_REF] Albani | DcE2F, a Functional Plant E2F-like Transcriptional Activator from Daucus carota[END_REF][START_REF] Kosugi | Interaction of the Arabidopsis E2F and DP Proteins Confers Their Concomitant Nuclear Translocation and Transactivation[END_REF]. In Arabidopsis, there is only one gene encoding RBR contrary to three Rbs proteins in animals, while there are six members of the E2F family compared to seven in animals [START_REF] Bracken | E2F target genes: unraveling the biology[END_REF].

In animals it is well described that Rb phosphorylation by the CDK4/CYCD, CDK6/CYCD, CDK2/CYCE, and CDK2/CYCA complexes, allows its dissociation from the E2F-DP, which in turn is able to induce the transcription of the G1-S genes. During the G2/M transition a PP1 phosphatase, dephosphorylates Rb leading to its re-association with E2F-DP ( Van de Heuvel and Dyson, 2008).

The same mechanism was described in plants (Figure 12). When RBR is phosphorylated it will be dissociated of the E2F-DP. Then, E2Fa-DP and E2Fb-DP will allow the expression of G1/S genes. Because E2Fc lacks a strong transcriptional activator domain, it is describe as negative regulator of the E2F-responsive genes [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF]. The E2Fresponsive genes are numerous. In plants, Vandepoele et al., (2005) identified 181 putative genes responding transcriptionally to E2F. Among them the majority was related to cell cycle, as CYCs, DNA replication and DNA repair.

G2/M transition:

Some data suggest that Rb-E2F-DP network is also active at the G2-M transition [START_REF] Magyar | The Role of the Arabidopsis E2FB Transcription Factor in Regulating Auxin-Dependent Cell Division[END_REF][START_REF] Neufeld | Coordination of Growth and Cell Division in the Drosophila Wing[END_REF][START_REF] Van Leene | Targeted interactomics reveals a complex core cell cycle machinery in Arabidopsis thaliana[END_REF], while, MYB3Rs transcription factor were though to mainly control gene expression in plant G2/M transition [START_REF] Haga | R1R2R3-Myb proteins positively regulate cytokinesis through activation of KNOLLE transcription in Arabidopsis thaliana[END_REF][START_REF] Araki | Mitotic Cyclins Stimulate the Activity of c-Myb-like Factors for Transactivation of G 2 /M Phase-specific Genes in Tobacco[END_REF]. In Arabidopsis there is 5 genes coding for MYB3Rs proteins (Stracke et al., 2001). During G1 and S phases MYB3R3, and 5 repress G2/M genes transcription. MYB3R1 was proposed to be activated by CDK/CYC phosphorylation, to induce early mitotic gene expression (Figure 13; [START_REF] Kobayashi | Transcriptional repression by MYB3R proteins regulates plant organ growth[END_REF].

In the same manner MYB3R2 and MYB3R4 are transcriptional activator of mitotic genes [START_REF] Haga | R1R2R3-Myb proteins positively regulate cytokinesis through activation of KNOLLE transcription in Arabidopsis thaliana[END_REF] and these two proteins are activated by CYC/CDKA phosphorylation in tobacco cells [START_REF] Araki | Mitotic Cyclins Stimulate the Activity of c-Myb-like Factors for Transactivation of G 2 /M Phase-specific Genes in Tobacco[END_REF]. Actually, [START_REF] Kobayashi | Transcriptional repression by MYB3R proteins regulates plant organ growth[END_REF] demonstrate that MYB3R4, and MYB3R3 were bind to RBR-E2Fb-DP and RBR-E2Fc to activate or repress G2/M genes.

(iv). Targets of the CDK/CYC complexes: Switch to endocycle

As described above, at a certain point of the organ development the cells stops proliferating and switches towards endocycle. This process related with growth and differentiation is characterized by a normal S phase without subsequent cell division, such cycle consists of successive G1-S-G2 phases [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF]. The switch from cell proliferation to endocycle requires the decrease of the mitotic CDK activity that can be achieved by two processes. Either, via the selective degradation of the mitotic CDK and/or associated A-and B-type CYCs, or via the inactivation of CDK by the negative phosphorylation, or the binding of a CKI (Figure 13).

In plants, CDKB1 have been suggested as one of the central regulator for switch to endocycle (Bouldof et al., 2004;2009). Studies suggest that to switch, cell should exceed the CDKB1 activity threshold required to perform S phase, without going upper than the activity level necessary to go through mitosis. We can suggest that this CDKB1 activity could be modulated by CKI already related to the endocycle as KRP1, KRP2 and SIM [START_REF] De | The ins and outs of the plant cell cycle[END_REF][START_REF] Churchman | SIAMESE, a Plant-Specific Cell Cycle Regulator, Controls Endoreplication Onset in Arabidopsis thaliana[END_REF]Wang et al., 2000).

During endocycle, G1/S transition genes are activated, while G2/M transition genes are repressed. It has been shown that E2Fa regulates both processes in an RBR dependent or independent manner, respectively (Magyar et al., 2012). However, the mechanisms by which the RBR-E2F network keep balance between maintaining cell proliferation or switch to endocycle, is still unknown. Just as much, the raison why cells decide to switch toward the endocycle is unclear. For plants, it has been proposed that cells switch to endocycle to buffer mutations that could accumulates during a plant's life. Or, endoreduplication could maintain a good ratio between nuclear DNA and chloroplastic and mitochondrial DNA [START_REF] Inzé | Cell Cycle Regulation in Plant Development[END_REF].

b. Role of proteolysis in cell cycle progression

As mentioned above, the cell cycle progression has to be strictly controlled and several levels of regulation assure the control of its progression. Proteolysis is a major regulatory mechanism that allows the cells to respond to many stimuli in a short temporal range, repealing the classical transcription/translation pathway and that maintains correct protein homeostasis. In eukaryotes, protein degradation could be driven by different processes either dependent of a post-translational mark called ubiquitin (Ub) or independent. In this chapter, I will focus on the Ub-dependent pathway, as it is the main protein degradation system (Figure 14).

(i). Overview on E3 ligases and CRLs role in ubiquitination

The Ub protein is a small peptide (8,5 kDa) implicated in different function as intracellular targeting, DNA repair and protein degradation. Ub marks lysine residues and can form poly-Ub chains. Poly-ubiquitinated protein substrate will be recruited by the proteasome in order to be degraded by the Ubiquitin Proteasome System (UPS). However, it was demonstrated that mono-ubiquitinations at multiple Lys residues could also target the substrate to the UPS [START_REF] Dimova | APC/C-mediated multiple monoubiquitylation provides an alternative degradation signal for cyclin B1[END_REF]Saeki, 2016; Figure 14). The degradation is assured by the 26S proteasome, a multi-catalytic complex conserved in eukaryotes (Hotton and Callis, 2008). Ub is linked to the target proteins by the sequential action of three classes of enzymes also conserved in eukaryotes. The E1-ubiquitin-activating enzymes will activate Ub peptide by adding adenyl group to its C-terminal part, then activated; the Ub peptide will be transferred to the E2-ubiquitin-conjugating enzymes. Finally, the E3-ubiquitin ligases will promote the transfer of Ub from E2 to the substrate (Figure 14;Hershko et al., 1983;Hotton and Callis, 2008). E3 ligases represent a superfamily of proteins in which two families have been shown to dominate the regulation of both DNA replication and cell division: the Cullin RING Ligases family (CRLs) and the Anaphase Promoting Complex/Cyclosome (APC/C) (Figure 14; [START_REF] Gilberto | Dynamic ubiquitin signaling in cell cycle regulation[END_REF].

All CRLs contain a CULLIN (CUL) protein. CRLs and can bind to Ub-loaded E2 on one side via the associated RING protein, and to the substrate on the other side via the substrate specific adaptor. CRL1 is composed of the CUL1 protein together with the linker subunit SKP1 (S-PHASE KINASE-ASSOCIATED PROTEIN) and the F-box protein that drives the specificity of the substrate recognition (SCF/CRL1). The same CRL1 complex can bind different F-box proteins leading to the recognition of different substrates. Knowing that the Arabidopsis genome encodes more than 700 F-box proteins, one can imagine the plethora of role for these CRL1 complexes (Hotton and Callis, 2008).

Other CRLs with similar structure to CRL1 also control the cell cycle: CRL3 contains Cullin3, while and CRL4 contains Cullin4. Similar to CRL1, CRL4 but not CRL3 includes the linker DDB1 (DNA-DAMAGE BINDING1) to link the substrate recognition module to the Cullin4 (Figure 14). This linker specifies the name of the complex for example CRL1 SKP and CRL4 DDB1 [START_REF] Gilberto | Dynamic ubiquitin signaling in cell cycle regulation[END_REF].

The APC/C complex, that specifically regulates G2/M transition is composed of several subunits [START_REF] Primorac | Panta rhei: The APC/C at steady state[END_REF], among them APC2 is a distant member of the Cullin protein family and APC11 is similar to the RBX1 RING protein of the CRLs. To be active APC/C needs crucial activator that are CELL DIVISION CYCLE20 (CDC20) and CDC HOMOLOG1 (CDH1) in mammals, FIZZY and FIZZY-RELATED in Drosophila and CDC20 and CELL CYCLE SWITCH52 (CCS52) in plants (Genschik et al., 2013), that can be related to the substrate recognition module of the CRLs.

(ii). CRL mediated proteolysis in G1/S transition and DNA replication

In plants and animals, the temporal control of the proteolysis drives the progression through the different checkpoints of the cell cycle. In all eukaryotes, the degradation of the CKI via proteolysis is an essential process and SCF/CRL1 have been demonstrated to be strongly implicated in this process, thus helping the cell to go through the G1/S transition.

The process of substrate recognition by CRLs often requires the phosphorylation of the substrate, which is mainly achieved by the cell cycle phase specific CDK/CYC complexes (del Pozo et al., 2002[START_REF] Del Pozo | Auxin and the ubiquitin pathway. Two players-one target: the cell cycle in action[END_REF].

In budding yeast, SIC1 CKI is degraded by SCF CDC4 (CDC4 is the F-box) after its phosphorylation by the G1-specific CDK [START_REF] Schwob | The B-type cyclin kinase inhibitor p40SIC1 controls the G1 to S transition in S. cerevisiae[END_REF]Feldmann et al., 1997). In mammals, a similar mechanism is demonstrated in which the CKI p27 KIP1 is degraded when the cell approaches the S phase. Its degradation requires the phosphorylation by the CYCE-CDK2 complex in order to be correctly recognized by the SCF SKP2 . SCF SKP2 complex is well characterized and was shown to mediate the degradation of key cell cycle core proteins as the E2F transcription factor, CYCA, D and E or the CHROMATIN LICENSING and DNA REPLICATION FACTOR 1 (CDT1) (Nakayama and Nakayama, 2006;[START_REF] Frescas | Deregulated proteolysis by the F-box proteins SKP2 and β-TrCP: tipping the scales of cancer[END_REF]. CRL4 has been demonstrated to be in charge of the p21 CIP1 degradation during S phase and also after DNA damage [START_REF] Abbas | PCNA-dependent regulation of p21 ubiquitylation and degradation via the CRL4Cdt2 ubiquitin ligase complex[END_REF].

In plants, the situation is much less understood than in animals. So far, two Arabidopsis SKP2 F-box related proteins have been identified (SKP2A and SKP2B) but their targets remain largely unknown. SCF SKP2A is involved in cell cycle regulation by mediating the degradation of E2Fc/DPb repressor complex and thus allowing cells to enter S-phase [START_REF] Del Pozo | The Balance between Cell Division and Endoreplication Depends on E2FC-DPB, Transcription Factors Regulated by the Ubiquitin-SCFSKP2A Pathway in Arabidopsis[END_REF][START_REF] Del Pozo | Auxin and the ubiquitin pathway. Two players-one target: the cell cycle in action[END_REF]. It was demonstrated that CKI degradation in plants is absolutely required for the successful progression of cell cycle, however the E3 ligases implicated remain to be discovered. KRP1 is so far the only suggested substrate for SCF SKP2B [START_REF] Ren | Degradation of the cyclin-dependent kinase inhibitor KRP1 is regulated by two different ubiquitin E3 ligases[END_REF], while KRP2 was only shown to be phosphorylated by CDK/CYC complex before the proteasomal degradation (Verkest et al., 2005). The degradation of other members of the KRP inhibitor family is mediated by the SCF FBL17 E3 ligase, although these results still need further confirmations [START_REF] Zhao | A General G1/S-Phase Cell-Cycle Control Module in the Flowering Plant Arabidopsis thaliana[END_REF]. In plants, the E3 ligases responsible for G1-S specific CYC and CDK degradation are still unknown.

(iii). CRL mediated proteolysis in G2/M transition and mitosis

APC/C complex is the major E3 ligase that drives the cells to go through G2/M transition and mitosis (Figure 13,[START_REF] Amson | Could TCTP contribute to Armin Braun's paradigm of tumor reversion in plants?[END_REF]. APC/C is activated from early mitosis to the early G1 phases and while its activation requires co-factors as CDC20/FIZZI and CDH1/FIZZY-related genes, reversible phosphorylation and inhibitory proteins could also regulate its activity.

In animals, EARLY MITOTIC INHIBITOR1 (EMI1) has been demonstrated to restrict APC/C activation to allow the CYCA and CYCB accumulation [START_REF] Reimann | Emi1 Is a Mitotic Regulator that Interacts with Cdc20 and Inhibits the Anaphase Promoting Complex[END_REF]. EMI1 binds APC/C CDH1 as a pseudo-substrate and inhibits the accessibility for the true substrates.

Once EMI1 is destroyed in prophase by E3 ligase SCF β-TrCP , APC/C activity will be released in order that the different cell cycle regulators can be degraded by proteolysis [START_REF] Pesin | Regulation of APC/C Activators in Mitosis and Meiosis[END_REF].

In plants, all the essential sub-units of the APC/C complex are conserved and the complex was shown to regulate mitosis [START_REF] Capron | First glance at the plant APC/C, a highly conserved ubiquitin-protein ligase[END_REF][START_REF] Thornton | Precise destruction: an emerging picture of the APC[END_REF].

The same mechanism of activation/inactivation, using a pseudo-substrate as a negative regulator, has been proposed in plants. While there is no protein with sequence homology to EMI1, the ULTRAVIOLET-B-INSENSITIVE (UVI4) protein shows some homology regarding the structural features. Moreover, there are evidences that UVI4 restricts APC/C CCS52A1 , thus allowing CYCA2;3 accumulation at levels required for mitosis entry [START_REF] Heyman | Arabidopsis ULTRAVIOLET-B-INSENSITIVE4 Maintains Cell Division Activity by Temporal Inhibition of the Anaphase-Promoting Complex/Cyclosome[END_REF]. Furthermore, [START_REF] Zheng | The Anaphase-Promoting Complex Is a Dual Integrator That Regulates Both MicroRNA-Mediated Transcriptional Regulation of Cyclin B1 and Degradation of Cyclin B1 during Arabidopsis Male Gametophyte Development[END_REF] showed that CYCB1;1 transcript was regulated by the APC/C. During the Spindle Associated Checkpoint (SAC), the cell "checks" that the chromosomes are correctly attached in order to be separated into the two daughter cells.

APC/C has been demonstrated to be involved in this mechanism by polyubiquitinating PDS1/SECURIN leading to the activation of Separase protease that hydrolyses the cohesion complex which links the two sister chromatins [START_REF] Peters | The anaphase promoting complex/cyclosome: a machine designed to destroy[END_REF]. In plants CYCB1 is stabilized during the SAC suggesting that the APC/C is inactive during the mitosis.

(iv). E3 ligases activity control switch to endocycle

As described in the previous part, the switch from proliferation to endocycle requires the negative regulation of the mitotic CYCs as CYCA or CYCB, or at least reduction below a defined threshold. This can be achieved by the increase of CKI, or by the activation of APC/C complex. Obviously, APC/C complex, a mitotic repressor implicated in mitotic CYC degradation, has been proposed to be a major regulator of this switch (Genschick and Criqui, 2007). APC/C downregulation leads to significant reduction of endoreduplication in plants leaves and root cells [START_REF] Serralbo | Non-cellautonomous rescue of anaphase-promoting complex function revealed by mosaic analysis of HOBBIT, an Arabidopsis CDC27 homolog[END_REF][START_REF] Marrocco | The APC/C E3 ligase remains active in most postmitotic Arabidopsis cells and is required for proper vasculature development and organization[END_REF], while increasing its coactivator, CCS52, result in increased endoreduplication in leaf, trichome and root cells [START_REF] Lammens | Atypical E2F activity restrains APC/CCCS52A2 function obligatory for endocycle onset[END_REF][START_REF] Vanstraelen | APC/C CCS52A complexes control meristem maintenance in the Arabidopsis root[END_REF][START_REF] Kasili | SIAMESE Cooperates With the CDH1-like Protein CCS52A1 to Establish Endoreplication in Arabidopsis thaliana Trichomes[END_REF]. Moreover, in UV14 deficient plants, in which the repression of the APC/C CCS52A1 is compromised, stronger degradation of the CYCA2;3 was observed [START_REF] Heyman | Arabidopsis ULTRAVIOLET-B-INSENSITIVE4 Maintains Cell Division Activity by Temporal Inhibition of the Anaphase-Promoting Complex/Cyclosome[END_REF], inducing endocycle.

Other E3 ligases as CUL4 (probably via CRL4) have been implicated in the switch while the putative target is not identified [START_REF] Roodbarkelari | CULLIN 4-RING FINGER-LIGASE plays a key role in the control of endoreplication cycles in Arabidopsis trichomes[END_REF].

It was also demonstrated, that the balance between proliferation and endoreduplication depends on the level of E2Fc/DPb repressor complex, as high levels of E2Fc/DPb promote endocycle [START_REF] Del Pozo | The Balance between Cell Division and Endoreplication Depends on E2FC-DPB, Transcription Factors Regulated by the Ubiquitin-SCFSKP2A Pathway in Arabidopsis[END_REF]. Thus, SCF SKP2A is also involved in the decision to switch to endocycle by regulating the levels of E2Fc/DPb repressor complex.

c. Regulation of the CRL activity

In the previous part the different layers of cell cycle regulation has been highlighted. I demonstrated that cell cycle progression is controlled by two major mechanisms. On the one hand, by phosphorylation provided by the kinase activity of CDKs. CDK activity is regulated by phosphorylation and by binding/dissociation of CYC and CKI.

On the other hand, the proteolysis of the different cell cycle core proteins by the CRL complex as well as the assembly the stability and thus the activity of the CRL complex are mainly regulated at the post-translational levels.

As described in the previous part, CRL complexes contain different subunits that have to be correctly assembled to recognize their substrate. In the Arabidopsis genome, there are more than 700 F-box proteins that can putatively associate with CRL to selectively degrade a substrate, which provide an enormous flexibility to respond to various external and internal signals.

Thus, CRLs activity and specificity have to be tightly regulated, in order to provide correct and selective proteolysis A major player regulating CRL activity is a small protein called RUB/NEDD8 (RELATED TO UBIQUITIN/NEURAL PRECURSOR CELL EXPRESSED DEVELOPMENTALLY DOWN REGULATED 8) that binds to the CUL subunits and activates the CRL complexes. RUB/NEDD peptide, as its name suggests, shares 60% homology at the amino acid sequence level with Ub and have a nearly identical structure (Kimitani et al., 1997). The NEDD8/RUB pathway is a major regulator of the CRL association/dissociation mechanism that influences CRL activity (Figure 15). This posttranslational mark, as his name indicates, related to ubiquitin, allow the CRL to assemble when the NEDD8/RUB protein is attached to the CUL subunit (Hotton and Callis, 2008) (Figure 15). Thus, the CUL protein neddylated is usually referred as to CUL NEDD8 in animals, CUL RUB or CUL NEDD8/RUB in plants.

(i). The neddylation pathway

It is now well established that as for the Ub pathway, the RUB/NEDD peptide is linked to its substrate by an enzymatic cascade composed of three classes of enzymes E1activating, E2-conjugating and E3-ligases [START_REF] Parry | Regulation of cullin-based ubiquitin ligases by the Nedd8/RUB ubiquitin-like proteins[END_REF]. In plants, AXR1 (AUXIN RESISTANT 1) associated to ECR1 (E1 C-TERMINAL RELATED 1) protein was proposed to be an E1 enzyme specific of RUB (del Pozo and [START_REF] Del Pozo | The Arabidopsis cullin AtCUL1 is modified by the ubiquitin-related protein RUB1[END_REF]. Two E2-like enzymes, RCE 1 and 2 (RUB-CONJUGATING ENZYME) were identified based on their sequence homology to the animal E2. RBX1 is assumed to be the E3 ligase-like protein according to in vitro and genetics studies [START_REF] Lechner | The AtRbx1 Protein Is Part of Plant SCF Complexes, and Its Down-regulation Causes Severe Growth and Developmental Defects[END_REF][START_REF] Morimoto | Nedd8-modification of Cul1 is promoted by Roc1 as a Nedd8-E3 ligase and regulates its stability[END_REF] (Figure 15).

Via the action of these three enzymes, the RUB/NEDD8 protein targets its substrate. In animals, as in plants, RUB/NEDD8 can target different substrates but the most characterized are the CULs. In animals, at least six CULs have been demonstrated to be neddylated on their VRIMK domain (Hotton and Callis, 2008). In plants, while there is 11 CULs, only four were demonstrated to assemble into a CRL complex: CUL1, CUL3a, CUL3b and CUL4. In Arabidopsis, these CULs have been demonstrated to be neddylated on the lysine residue of their VRIMK motif [START_REF] Wada | Identification of NEDD8-Conjugation Site in Human Cullin-2[END_REF][START_REF] Osaka | Covalent modifier NEDD8 is essential for SCF ubiquitin-ligase in fission yeast[END_REF]. Other RUB/NEDD8 substrates exists, however, their role it less studied. Indeed, in animals for example, p53, p73 and other proteins have been demonstrated to be neddylated resulting in reduced transcriptional activity compared to the non-neddylated ones [START_REF] Watson | NEDD8 Pathways in Cancer, Sine Quibus Non[END_REF].

Biochemical approaches show that the catalytic activity of a CRL is increased when the CUL is neddylated. Three main NEDD8/RUB-related processes are assumed to control CRL activity. First, in vitro studies show that CUL neddylation allows the dimerization of the CRLs thus increasing their activity [START_REF] Bosu | Cullin-RING ubiquitin ligases: global regulation and activation cycles[END_REF]. On the other hand, neddylated CUL have been shown to be a more adequate docking site for the ubiquitin-E2 ligase, thus leading to increased CRL activity [START_REF] Kawakami | NEDD8 recruits E2-ubiquitin to SCF E3 ligase[END_REF]. And last, CUL neddylation inhibits its association with CAND1 (CULLIN-ASSOCIATED NEDD8-DISSOCIATED) an inhibitor of CRL assembly (see I. 3.c.ii;Hotton and Callis, 2008).

(ii). Removing of NEDD8/RUB protein

The removing of the NEDD8/RUB peptide allows CRL complexes to undergo assembly/disassembly cycle between the core complex (CUL-RBX1) and the substrate binding modules (adaptor and F-box) (Figure 15). This dynamic process allows the CRL complex to change substrate specificity, to recognize new target proteins (Hotton and Callis, 2008). Thus, the removal of the NEDD8/RUB peptide is essential for CRL activity regulation.

The removing of the NEDD8/RUB post-translational mark is mainly due to the activity of the conserved CSN complex (CONSTITUTIVE PHOTOMORPHOGENESIS 9 Signalosome (see I.4). However, both in plants and in animals, another deneddylase protein, DEN1 (DENEDDYLASE1), was identified. Nevertheless, in plants, DEN1 does not have an impact on either CUL1 or CUL4 neddylation status [START_REF] Mergner | DENEDDYLASE1 Deconjugates NEDD8 from Non-Cullin Protein Substrates in Arabidopsis thaliana[END_REF], and in animals, genetic evidences show that DEN1 plays minor role in CUL deneddylation [START_REF] Lyapina | Promotion of NEDD8-CUL1 Conjugate Cleavage by COP9 Signalosome[END_REF]Schwechheimer et al., 2001).

In conclusion, both in animals and in plants, the CUL deneddylation is achieved due to CSN activity. The CSN complex can bind different CRLs to form super complexes and then hydrolyzes the bond between NEDD8/RUB and CUL via its isopeptidase activity [START_REF] Cavadini | Cullin-RING ubiquitin E3 ligase regulation by the COP9 signalosome[END_REF]. After CUL deneddylation, the CUL-RBX1 core complex is assumed to dissociate from the other subunits of CRL and is able to bind the CAND1 inhibitory protein (Hotton and Callis, 2008). The association of the CUL-RBX1 core complex with CAND1 blocks subsequently neddylation and the assembly of the CRL (Figure 15; [START_REF] Liu | NEDD8 Modification of CUL1 Dissociates p120CAND1, an Inhibitor of CUL1-SKP1 Binding and SCF Ligases[END_REF][START_REF] Zheng | Structure of the Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex[END_REF]. In a simplified model, we can say that when a CRL is neddylated, its activity increases and when the NEDD8/RUB protein is removed from the CUL subunit, the CRL is unable to poly-ubiquitinate its different substrates (Hotton and Callis, 2008;Wei et al., 2008).

However, the situation is not so simple. Indeed, there are experimental evidences that the inactivation of CAND1 leads to inactivation of SCF complexes in human and Arabidopsis [START_REF] Chuang | Arabidopsis ETA2, an Apparent Ortholog of the Human Cullin-Interacting Protein CAND1, Is Required for Auxin Responses Mediated by the SCFTIR1 Ubiquitin Ligase[END_REF][START_REF] Chew | Substrate-mediated Regulation of Cullin Neddylation[END_REF]. Furthermore, in plants, CSN loss of function results in CUL RUB/NEDD8 accumulation and was correlated with high accumulation of CRL targets that is unexpected [START_REF] Lyapina | Promotion of NEDD8-CUL1 Conjugate Cleavage by COP9 Signalosome[END_REF][START_REF] Yang | The COP9 Signalosome Inhibits p27kip1 Degradation and Impedes G1-S Phase Progression via Deneddylation of SCF Cul1[END_REF]. This paradox was explained by studies showing that hyper-neddylated CRLs are more active and can induce their auto-ubiquitination, and thus, their recruitment to the UPS (Figure 15). Moreover, in the absence of CSN, the hyper-neddylated CUL and some other CRL components tend to be unstable [START_REF] Raymond | Targeted silencing of Jab1/Csn5 in human cells downregulates SCF activity through reduction of F-box protein levels[END_REF]Denti et al., 2006;Peth et al., 2007). This process of auto-ubiquitination of the CRL components adds a supplemental level to CRL activity regulation.

To conclude, it is hard to distinguish positive or negative regulators of the CRL activity, because the overexpression of a positive regulator can lead to its self-ubiquitination and degradation. It appears, that the control of poly-ubiquitination is a highly dynamical process involving several molecular actors.

Focus on the CSN complex

As described in the previous part, the cell cycle progression is highly dependent of the CDK activity that is regulated at different level. One of these levels is the degradation of different targets via the CRLs complexes, themselves regulated by the CSN.

CSN is a big complex composed of eight (maybe nine) subunits, conserved in all the multicellular eukaryotes (Wei et al., 2008;[START_REF] Rozen | CSNAP Is a Stoichiometric Subunit of the COP9 Signalosome[END_REF] (Figure 16). The historical identification of its structure and its different roles are detailed here.

a. CSN complex: Identification, structure and conservation among eukaryotes

Although CSN complex is well described in animals because its implication in cancer, it was first identified in plants. In Arabidopsis, this complex was identified thanks to a group of mutants exhibiting constitutive photomorphogenesis in dark condition, and premature seedling death. These mutants were originally named after the observed phenotype as constitutive photomorphogenesis/de-etiolated/fusca (cop/det/fus) [START_REF] Wei | Arabidopsis COP9 is a component of a novel signaling complex mediating light control of development[END_REF]. Later, CSN subunits were also identified in mammals and invertebrate and were proposed to be conserved in all eukaryotes [START_REF] Wei | Making sense of the COP9 signalosome: a regulatory protein complex conserved from Arabidopsis to human[END_REF]. The eight subunits of CSN (CSN1 to CSN8) are highly conserved among the entire multicellular eukaryotes. Between Arabidopsis and human, sequence identity is comprised between 32,3% to 62 % for CSN8 and CSN5, respectively while the fourth subunit have 50% homology (Serino and Deng, 2003) (Figure 16). In Arabidopsis, a unique gene encodes each subunit except CSN5 and CSN6, both encoded by two redundant genes (Wei et al., 2008).

The activity of the CSN complex is mediated by the isopeptidase activity of the CSN5 subunit. CSN5 and CSN6 are the only subunits of the complex that possess the MPN (Mpr1p and Pad1p N-terminal) domain that confers enzymatic activity. However, only in the MPN domain of CSN5 a JAMM (JAB1 MPN domain metalloenzyme) motif was identified and is assumed to function as the catalytic center of the isopeptidase activity (Wei et al., 2008).

The six other subunits contain the PCI (Proteasome, COP9, Initiation factor 3, eIF3) domain, which is implicated in the protein-protein interactions. The crystal structure of the human complex was described by [START_REF] Lingaraju | Crystal structure of the human COP9 signalosome[END_REF](Figure 16).

In eukaryotes two other complexes contain protein sharing MPN and PCI motifs: the lid of the 26S proteasome and the human eIF3 [START_REF] Glickman | A Subcomplex of the Proteasome Regulatory Particle Required for Ubiquitin-Conjugate Degradation and Related to the COP9-Signalosome and eIF3[END_REF][START_REF] Seeger | A novel protein complex involved in signal transduction possessing similarities to 26S proteasome subunits[END_REF][START_REF] Scheel | Prediction of a common structural scaffold for proteasome lid, COP9-signalosome and eIF3 complexes[END_REF]. CSN complex and the lid both have the same stoichiometry with 6 proteins containing PCI domain, and 2 the MPN domain (Wei et al., 2008). The lid is a subcomplex of the 26S proteasome and it is implicated in polyubiquitin chain recognition and thus, protein degradation. However, the lid of the proteasome contains an additional peptide that was not identified in CSN complex.

Based on the homology between CSN and the lid, [START_REF] Rozen | CSNAP Is a Stoichiometric Subunit of the COP9 Signalosome[END_REF] proposed that the CSN might contain a ninth subunit. Thus, they demonstrate that the CSN complex contains a ninth subunit called CSNAP (CSN Acidic Protein). According to Barth et al., (2016), CSNAP seems to be conserved in 25 multicellular organisms studied including Arabidopsis, while, is not conserved in all the plants.

The isopeptidase activity that removes the NEDD8/RUB protein from CUL is mediated by CSN5. However, several investigations demonstrated that CSN5 de-neddylation activity depends on the complex, suggesting that all the subunits are absolutely required to confer this enzymatic activity (Serino and Deng 2003;Barth et al., 2016). This could explain the phenotypic similarities observed for each csn mutants in Arabidopsis and mice, (Wei et al., 2008), and tends to show that the different CSN subunits only have a role as part of the holocomplex, (Serino and Deng, 2003;[START_REF] Busch | An eight-subunit COP9 signalosome with an intact JAMM motif is required for fungal fruit body formation[END_REF]. However, both in plants and animals it was demonstrate that the mutation or the downregulation of different subunit was leading to slightly different phenotypes, suggesting a role out of the complex for some CSN subunits (Serino andDeng, 2003, Oron et al., 2002;[START_REF] Chamovitz | Revisiting the COP9 signalosome as a transcriptional regulator[END_REF]Lee et al., 2011b;[START_REF] Dubiel | CAND1 exchange factor promotes Keap1 integration into cullin 3-RING ubiquitin ligase during adipogenesis[END_REF].

In any case, the most important and most studied role of the CSN subunits is the deneddylation activity as part of the holocomplex. Moreover, it is via this activity that the implication of CSN complex in different biological processes was demonstrated, both in plants and animals (Stratmann and Gusmaroli, 2012).

b. CSN controls cell cycle through its deneddylation activity

CSN plays a pivotal role in the activation of CRLs that target core cell cycle proteins to degradation. However, analysis of CSN subunit mutants in plants and animals demonstrated that cells with impaired CSN are still able to divide, although with aberrant rate often leading to the organism death [START_REF] Menon | COP9 signalosome subunit 8 is essential for peripheral T cell homeostasis and antigen receptorinduced entry into the cell cycle from quiescence[END_REF][START_REF] Dohmann | The Arabidopsis COP9 signalosome is essential for G2 phase progression and genomic stability[END_REF]. This indicates that CSN fulfill a major role in proper cell cycle progression.

(i). Control of the G1/S transition by CSN

In mouse embryonic fibroblast and in HeLa cells, a decrease of CSN8 was reported to lead to a shortened G1 phase [START_REF] Liu | COP9 Signalosome Subunit Csn8 Is Involved in Maintaining Proper Duration of the G 1 Phase[END_REF], suggesting that CSN is a positive regulator of G1/S. Interestingly, this CSN8 decrease was correlated with increased accumulation of the CSN5 outside the holocomplex, which suggest that CSN assembly/disassembly is a dynamic process and depends on the availability of the subunits [START_REF] Liu | COP9 Signalosome Subunit Csn8 Is Involved in Maintaining Proper Duration of the G 1 Phase[END_REF]. On the other hand, reduction of CSN5 in mouse cells also resulted in delayed S-phase entry accompanied by reduced G1 phase specific CDK activity [START_REF] Tomoda | Multiple Functions of Jab1 Are Required for Early Embryonic Development and Growth Potential in Mice[END_REF]. Furthermore, CSN6 has been demonstrated to bind and mediate the degradation of p57 (Kip2), and thus positively regulates G1/S transition [START_REF] Chen | CDK inhibitor p57 Kip2 is negatively regulated by COP9 signalosome subunit 6[END_REF] However, adding purified CSN complex inhibits p27 (Kip1) degradation in vitro and blocks HeLa cells from entering S-phase [START_REF] Yang | The COP9 Signalosome Inhibits p27kip1 Degradation and Impedes G1-S Phase Progression via Deneddylation of SCF Cul1[END_REF]. In the same way, CSN was demonstrated to stabilize Rb protein leading to a stabilization of the inactive form of E2F during G1 phase. In an independent way, it can also stabilize CRL4 leading to the degradation of the EF2 active form [START_REF] Ullah | Retinoblastoma Protein Regulation by the COP9 Signalosome[END_REF]. Thus, the role of CSN in G1/S transition regulation is still under debate and more experiments are needed to clarify.

In plants, until my thesis, no implication of CSN in the regulation of G1/S was demonstrated.

(ii). From S to G2/M transition and to mitosis

The implication of CSN in the regulation of G2/M transition is somehow better documented. [START_REF] Dohmann | The Arabidopsis COP9 signalosome is essential for G2 phase progression and genomic stability[END_REF] demonstrated in plants, that different CSN subunit mutants (csn3, csn4, csn5) were delayed in the G2/M progression. They proposed, that this delay was due to DNA double strand breaks, leading to the activation of the DNA repair machinery thus stopping the cell cycle progression. Similarly, in mice thymocytes, the csn5 -/- mutation resulted in arrest of cells proliferation in S or G2 phase (Panattoni et al., 2008) and in yeast a positive role in S-phase progression was suggested for CSN (Mundt et al., 1999).

All these studies confirmed that CSN is implicated in S phase progression and G2-M transition in both animals and plants. These functions are tightly linked with DNA damage that is the main cause of arrest at the G2-M checkpoint. CSN has not only been involved in preventing DNA damage through limiting DNA re-replication but also in repairing DNA damage [START_REF] Chung | The Role of the COP9 Signalosome and Neddylation in DNA Damage Signaling and Repair[END_REF] The last crucial cell cycle checkpoint, called spindle checkpoint, occurs at the transition during metaphase and anaphase during mitosis. The main regulator of this checkpoint is the Anaphase Promoting Complex (APC/C), an E3-ligase that mediates degradation of targets such as mitotic CYCs. Interesting phenotypes were observed in HeLa cells knockdown for CSN, including misaligned chromosome and multipolar spindles correlated with a longer M phase. These phenotypes could be due to the dispersion of CENP-W and CENP-T, two centromeric proteins implicated in kinetochore formation [START_REF] Chun | CSN5/JAB1 Interacts with the Centromeric Components CENP-T and CENP-W and Regulates Their Proteasome-mediated Degradation[END_REF]. It was demonstrated that CSN5 can bind and thus enhances the proteasomal degradation of CENP-W and CENP-T during the S phase. This CSN5-dependent CENP-W and CENP-T turnover is necessary for their correct recruitment to the kinetochore later during mitosis. As CENP-W and CENP-T never interact with CSN1, this function seems to be restricted to CSN5 subcomplexes [START_REF] Chun | CSN5/JAB1 Interacts with the Centromeric Components CENP-T and CENP-W and Regulates Their Proteasome-mediated Degradation[END_REF].

Other mechanisms could explain the defaults in chromosome segregation of CSN mutants. In human cells, CSN and more specifically CSN2 binds to APC/C and influences the stability of its targets [START_REF] Kob | Regulation of the anaphase-promoting complex by the COP9 signalosome[END_REF]. Moreover, CYCB1 and SECURIN (two major targets of APC/C) are not degraded during meiosis 1 following CSN3 or CSN5 knockdown, respectively (Kim et al., 2011). That leads to a deregulation of the mitotic CDK-CYC and to un-separated chromosomes due to the degradation of Separase protein. In this case, CSN3 and CSN5 downregulation should impair the CSN activity leading to a more classical mechanism for CSN action. The CSN should not be able to correctly regulate CRLs, leading to mitotic and meiotic defects.

To summarize, CSN is implicated in every steps of cell cycle progression, especially in key checkpoints such as G1-S and G2-M transitions. Moreover, CSN is a general cell cycle regulator in all species, even if its role in G1-S transition has not been proven in plants.

As described in the previous part, the progression through the different phases of the cell cycle strongly depends of the CRLs activity, which is directly regulated by the CSN activity. In the literature, there are plenty of reports that directly connect the CSN with the cell cycle progression, without necessary putting the CRL as intermediary. However, besides the de-neddylation activity predominately targeting the CUL, there is only few studies relate that CSN can act on cell cycle using other pathways (Wei et al., 2008;[START_REF] Chamovitz | Revisiting the COP9 signalosome as a transcriptional regulator[END_REF][START_REF] Kob | Regulation of the anaphase-promoting complex by the COP9 signalosome[END_REF].

c. Other roles of CSN (i). Role of CSN in hormonal signaling pathways in plants

As described before, CSN controls the activity of the CRL complexes, thus mediating the polyubiquitination of different substrates. In the previous part (see part I.4.b), I detailed knowledge about the role of CSN in the control of cell cycle progression. However, plenty of other biological processes are known to be regulated by the CSN complex, as for example the phytohormones transduction pathways.

Auxin is one of the most studied phytohormones because it is implicated in several developmental processes as apical dominance, gravitropism, phototropism, and hydrotropism… The phenotypes observed in different CSN subunit mutants, is similar to that described for auxin mutants (Laypina et al., 2001;Schwechheimer et al., 2001;[START_REF] Gusmaroli | The Arabidopsis CSN5A and CSN5B Subunits Are Present in Distinct COP9 Signalosome Complexes, and Mutations in Their JAMM Domains Exhibit Differential Dominant Negative Effects on Development[END_REF].

Auxin regulates development by binding directly to the TRANSPORT INHIBITOR RESPONSE 1 (TIR1) [START_REF] Dharmasiri | The F-box protein TIR1 is an auxin receptor[END_REF], which is the F-box protein of SCF TIR1 ubiquitin E3 ligase, responsible for substrate recognition. When auxin binds TIR1, the Aux/IAA family of transcriptional repressors will be polyubiquitinated and addressed to the proteasomal degradation [START_REF] Gray | Auxin regulates SCF(TIR1)-dependent degradation of AUX/IAA proteins[END_REF], liberating the ARF transcription factors and allowing the transcription of auxin-responsive genes (Figure 17) [START_REF] Liscum | Genetics of Aux/IAA and ARF action in plant growth and development[END_REF]. It is well established that CSN physically interacts with SCF TIR1 in vivo, and that plants with reduced CSN levels show reduced Aux/IAA degradation and a decreased in auxin response [START_REF] Gusmaroli | Role of the MPN Subunits in COP9 Signalosome Assembly and Activity, and Their Regulatory Interaction with Arabidopsis Cullin3-Based E3 Ligases[END_REF].

Similar mechanism has been demonstrated for the jasmonate (JA) signaling pathway. JA is a phytohormone mainly involved in plant defense but also in plant development [START_REF] Larrieu | Q&A: How does jasmonate signaling enable plants to adapt and survive?[END_REF]. In presence of JA, the CORONATINE-INSENSITIVE 1 (COI1) receptor binds the gene family repressor of JA transduction JASMONATE ZIM DOMAIN (JAZ), and induces JAZ polyubiquitination to allow the transcription of the JA response genes (Figure 17; [START_REF] Thines | JAZ repressor proteins are targets of the SCFCOI1 complex during jasmonate signalling[END_REF]. Whereas auxin and JA receptors proteins are F-Box proteins, this is not the case for the receptors and the F-Box proteins in gibberellin (GA) and strigolactones (SL) signaling pathways, which are uncoupled.

In rice, these signaling pathways are well characterized. GA induces the conformational change of the GA-INSENSITIVE DWARF1 (GID1) allowing its direct interaction with SLENDER RICE 1 (SLR1), a repressor of GA signaling [START_REF] Sasaki | Accumulation of Phosphorylated Repressor for Gibberellin Signaling in an F-box Mutant[END_REF]. GID1-GA-SLR1 interacts with the GID2 F-Box protein, and subsequently SLR1 will be polyubiquitinated by the SCF GID2 allowing the expression of the GA responsive genes [START_REF] De Lucas | A molecular framework for light and gibberellin control of cell elongation[END_REF][START_REF] Feng | Coordinated regulation of Arabidopsis thaliana development by light and gibberellins[END_REF].

In a similar manner, SL binds to its receptor DWARF14 (D14) and triggers a conformational change that allows the SL-D14 complex to interact with the F-Box E3 ligase DWARF3 (D3) and with DWARF53 (D53), a repressor of SL signaling located in the nucleus [START_REF] Nakamura | Molecular mechanism of strigolactone perception by DWARF14[END_REF]. This interaction leads to the polyubiquitination of D53 by the SCF D3 complex and its degradation by the proteasome. The D53 degradation will lead to SL-responsive genes induction [START_REF] Jiang | DWARF 53 acts as a repressor of strigolactone signalling in rice[END_REF].

(ii). Divers other roles

CSN as a transcriptional factor

As previously evoked, CSN has been related to gene expression control in both plants and animals. Wei and Deng (1992) identified the first csn subunits mutant and noticed that the light responsive genes were misexpressed. Following the characterization of different csn mutants in several organisms, it seems that abnormal gene expression is a common phenotype. For example, csn8 knockout T-cells display aberrant expression of cell cycle related transcription factors as E2f1, CycD, CycE, suggesting that CSN8 could be a transcriptional activator [START_REF] Menon | COP9 signalosome subunit 8 is essential for peripheral T cell homeostasis and antigen receptorinduced entry into the cell cycle from quiescence[END_REF]. Furthermore, there is evidence that CSN7 can directly interact with DNA. The genes targeted by CSN7 were observed to be misregulated in CSN subunits mutant, suggesting a role of CSN7 as well as CSN in transcriptional regulation [START_REF] Singer | Drosophila COP9 signalosome subunit 7 interacts with multiple genomic loci to regulate development[END_REF].

In Drosophila CSN4 was co-immunoprecipitated with PCNA promoter together associated Rb related protein [START_REF] Ullah | Retinoblastoma Protein Regulation by the COP9 Signalosome[END_REF]. Similarly, CSN1 was demonstrated to associate with Cdk4 and Cdkn1a promoters in mouse T-lymphocytes (Menon et al., 2008). Moreover, CSN2 is recruited to the E2f1 promoter in U2OS osteosarcoma cells to repress the E2f1 expression [START_REF] Tenbaum | Alien inhibits E2F1 gene expression and cell proliferation[END_REF]. In conclusion, the role of CSN can regulate gene expression, however, it can be either activator or repressor of the transcription.

CSN is related to kinase activity

While none of the CSN subunits display a kinase domain, a phosphorylation activity was early associated to CSN in animals. For example, c-Jun a human transcription factor is activated by CSN dependent phosphorylation [START_REF] Seeger | A novel protein complex involved in signal transduction possessing similarities to 26S proteasome subunits[END_REF].

p53 protein have been demonstrated to be directly neddylated, but also phosphorylated in a CSN-dependent manner in order to be targeted to proteasomal degradation [START_REF] Bech-Otschir | COP9 signalosome-specific phosphorylation targets p53 to degradation by the ubiquitin system[END_REF]. What is interesting is that CSN seems to use different pathways in order to control the accumulation of the p53 protein. For example, it has been shown that p53 is polyubiquitinated by F-box protein 42 after its phosphorylation by CSN associated kinases (Sun et al., 2011). Because no sequence homology to kinase activity was founded it is assumed that some kinase protein will be associated with the CSN. Protein Kinase 2 (CK2) and Protein Kinase D (PKD) (Sun et al., 2002;[START_REF] Uhle | Protein kinase CK2 and protein kinase D are associated with the COP9 signalosome[END_REF] were identified to co-immunoprecipitate with CSN and to be strongly associated with it. In the other hand, CSN can be a negative regulator of the p53 accumulation. Indeed, CSN6 can specifically interact with MDM2 (a positive regulator of p53), thus preventing MDM2 degradation and decrease of p53 levels [START_REF] Lee | Jab1 as a mediator of nuclear export and cytoplasmic degradation of p53[END_REF]. These different studies show that CSN can either be a negative regulator of the p53 protein (via its kinase associated activity), or an activator avoiding the degradation of MDM2. These different mechanisms of control highlight the highly dynamical processes of the proteolysis system, and the necessity of the fine-tuned p53 accumulation.

In plants, no reports showed a link between kinase activity and CSN.

CSN is related to apoptosis

CSN complex has been demonstrated to control apoptosis through different pathways.

For example, CSN subunits, especially CSN5, have been demonstrated to have anti-apoptotic features. Indeed, CSN5 mutation in embryonic cells inhibits cell proliferation through the stabilization of p53 and CycE that subsequently induce apoptosis [START_REF] Tomoda | Multiple Functions of Jab1 Are Required for Early Embryonic Development and Growth Potential in Mice[END_REF]. Same observation were reported in knockdown CSN5 gastric cancer cells and hepatocellular carcinoma cells, in which Bak was up-regulated and Bcl-2 down-regulated (Lee et al., 2011a;[START_REF] Sang | Suppression of CSN5 promotes the apoptosis of gastric cancer cells through regulating p53-related apoptotic pathways[END_REF], leading to apoptosis induction. Recently, [START_REF] Danelishvili | Mycobacterium tuberculosis Alters the Metalloprotease Activity of the COP9 Signalosome[END_REF] demonstrated a very surprising process in which Mycobacteria tuberculosis manipulates apoptosis cascade by regulating metalloprotease activity of the host CSN complex. Indeed, the microorganism is able to secrete a protein (poetically called Rv3354) that inhibits deneddylation activity and thus induce apoptosis.

CSN is implicated in cancer

Because of the CSN implication in DNA repair, cell cycle and apoptosis, we can easily imagine that CSN is implicated in cancer and tumorogenesis processes. Indeed, CSN was mostly studied in animals because of its role in cancer. Several reports associates CSN downregulation with reduces tumor growth (Lee et al., 2011a;Pang et al., 2017). Moreover, CSN is a target for the development of new anti-cancer drugs (Schlierf et al., 2016). It is known that many tumor suppressor and oncogene products are regulated by polyubiquitination and proteasomal degradation. It is well described that in numerous cancers, there is an increase of the different CSN subunits as CSN5 or CSN6, that were demonstrated to be controlled by p53 protein (Lee et al., 2011b). However, it appears that CSN5 and CSN6 could have distinct role, independently of the holocomplex and its deneddylation activity, in cancer development (Lee et al., 2011b).

In summary, either in plant or in animals the major role of the CSN complex is to derubylate/deneddylate CULs proteins. This process is absolutely required to control CRLs E3 Ub-ligase activity. This implies that the CSN complex have a pleiotropic effect because of the multiple ubiquitin-mediated pathways. While its main role is protein deneddylation mediated by its isopeptidase activity, CSN was also demonstrated to possess other activities as DNA binding or kinase activity. Moreover, it appears that the different CSN, subunits could have other divers roles outside of the holocomplex [START_REF] Kob | Regulation of the anaphase-promoting complex by the COP9 signalosome[END_REF][START_REF] Chamovitz | Revisiting the COP9 signalosome as a transcriptional regulator[END_REF]Lee et al., 2011b). During my PhD, I investigated some aspects of the CSN functions to add new information to the existing puzzle.

II. PhD objectives

As described in the introduction, TCTP is a central developmental regulator conserved in all eukaryotes. In animals, because it is associated with cancers, TCTP was extensively studied and several pathways in which it is implicated were dissected, notably its association with the p53 pro-apoptotic protein (Amson et al., 2012).

In plants, several studies investigated TCTP functions. However, most of these studies describe observations in TCTP misexpressing plants, without dissecting the molecular and the biochemical pathways by which TCTP controls biological processes. Nevertheless, as in animals, the TCTP pathway controlling cell cycle seems to be central in the control of organ development in plants.

At the "Floral morphogenesis" team at the RDP laboratory, we decided to investigate more closely the role of TCTP in the control of the plant and organ development. The team demonstrated that TCTP controls the cell cycle progression and more precisely the G1/S transition in plants (Brioudes et al., 2010). Furthermore, they showed that the mutation of TCTP leads to embryo lethality, while its overexpression likely increases the speed of vegetative growth (Brioudes et al., 2010). However, the molecular actors linking TCTP to cell cycle regulation were not identified. In order to decipher this point, the team performed immunoprecipitation followed by mass spectrometry and identified 52 putative TCTP interactors (Annex 1, 2), among which CSN4 represented a good candidate to link TCTP to cell cycle. CSN4 is one of the eight subunits of the CSN complex (COP9) that has been previously shown to control cell cycle (See part I.4).

The main aim of my PhD was to characterize the role of TCTP/CSN4 molecular pathway in the control of cell cycle progression and organ development.

The first objective of my PhD was to confirm the physical interaction between TCTP and CSN4 and to address the cellular localization of this interaction. To reach this goal, I used cellular and bio-molecular approaches in addition to biochemical experiments. For these experiments, beside Arabidopsis thaliana, I used two heterologous expression systems: tobacco leaf epidermal cells and yeast.

In a second part of my PhD, I addressed if TCTP/CSN4 interaction has a biological role in plant and organ development. To reach this goal, I studied the genetic interaction between TCTP and CSN4 by exploring the effect of this interaction on the plants phenotypes.

Using the leaf and the petal as model, I dissected the developmental changes associated to the investigate the role of TCTP and CSN4 on cell cycle progression, biochemical and molecular experiment were performed on Nicotiana tabacum BY-2 cell cultures synchronized for cell cycle progression, as well as root tips.

The objective of the third part of my PhD was to investigate if the function of the CSN4 protein was altered in TCTP misexpressing plants. Here, I addressed whether misexpression of TCTP affects the role of CSN in CULs deneddylation. Furthermore, using a "protein candidates approach", I studied the accumulation of downstream targets controlled by the CSN, during cell cycle progression in roots. For this part, I worked in close collaboration with a Master student.

In the last part of my PhD work, I investigated if the role of TCTP-CSN4 identified in plants was conserved in animals. To reach this goal, I addressed if the downregulation of TCTP and/or CSN4 impacts organ and organism development in Drosophila. I also addressed the effect of dTCTP downregulation on dCUL1 neddylation status in Drosophila larvae.

III. RESULTS

TCTP and CSN4 interact physically

As previously described, TCTP is thought to control cell cycle and more precisely the G1/S transition in plants. However, although few studies in animals and in plants start to reveal how TCTP controls the cell cycle, the molecular mechanism by which TCTP controls the G1/S transition is unknown. To investigate this molecular mechanism, previous members of my research team carried out immunoprecipitation (IP) experiments to identify AtTCTP interacting factors. Protein extracts from plants overexpressing AtTCTP fused to GFP (35S::GFP-AtTCTP line), GFP overexpressing plants (35S::GFP lines, negative control for interaction) and wild type (Col-0 plants, negative control for immunoprecipitation) were immunoprecipitated with anti-GFP antibody. Elution samples were subjected to SDS-PAGE then subsequent silver staining (Annex 1). Protein bands specifically present in the 35S::GFP-AtTCTP line and absent in the control samples were cut out and were subjected to a liquid chromatography coupled to mass spectrometry (LC/MS). All the recovered interactors are presented (Annex 2). Among the different interactors identified in this study, high proportion of the putative AtTCTP interacting proteins belongs to the protein translational machinery, to signal transduction pathways and to stress response (protein misfolding, oxidative stress and pathogen attacks). Interestingly, two interactors directly linked to cell cycle were identified: PATELLIN1 (PATL1), which is involved in the cell plate formation during cytokinesis [START_REF] Peterman | Patellin1, a Novel Sec14-Like Protein, Localizes to the Cell Plate and Binds Phosphoinositides[END_REF] as well as CSN4 that was already demonstrated to play a role in cell cycle progression (see part I. 4.b). During my PhD I investigated if the putative TCTP/CSN4 interaction has a role in plant and organs growth as well as in the control of cell cycle progression. First, I confirmed TCTP/CSN4 interaction in vivo.

a. Co-immunoprecipitations confirm that TCTP and CSN4 interact

In order to confirm the interaction between TCTP and CSN4, I first performed coimmunoprecipitation. With the help of other members in the team, we generated AtTCTPg-GFP/35S::AtCSN4-Flag line, that expresses AtTCTP-GFP reporter under the control of the endogenous TCTP promoter and AtCSN4-Flag under the control of the constitutive CaMV 35S promoter (this line is referred as to AtTCTPg/:35S::AtCSN4-Flag).

TCTP-GFP fraction was immunoprecipitated using anti-GFP antibody from total proteins extracted from 10 days-old seedlings (Figure 18a,d) or from mature green seeds (Figure 18b).

The presence of CSN4-Flag [START_REF] Choo | Characterization of the role of COP9 signalosome in regulating cullin E3 ubiquitin ligase activity[END_REF]5 kDa) was revealed in the immunoprecipitated fraction from both 10 days-old seedlings and from mature seeds using anti-Flag (Figure 18a Similar experiments were performed to detect if endogenous AtCSN4 was able to coimmunoprecipitate with TCTP in inflorescence samples (Figure 18c). For these experiments, I used lines in which the constitutive CaMV 35S promoter drives the expression of TCTP-GFP.

One of the lines overexpressed AtTCTP from Arabidopsis (35S::AtTCTP-GFP) while the other expressed Drosophila dTCTP in tctp genetic Arabidopsis background (35S::dTCTP-GFP). Free GFP expressing line (35S::GFP) and another line overexpressing AtCSN4 (35S::AtCSN4-GFP), were used as controls. Similar to above, total protein from inflorescence samples of these lines were immunoprecipitated with anti-GFP antibody. CSN4 was detected in the AtTCTP-GFP enriched fraction (Figure 18c), corroborating the interaction of CSN4 with TCTP. Interestingly, co-immunoprecipitation experiments using 35S::dTCTP-GFP plant lines showed that AtCSN4 also interacts with dTCTP-GFP (Figure 18c). No trace of AtCSN4 was detected in the 35S::GFP used as a negative control, while AtCSN4-GFP was readily detected after immunoprecipitation with anti-GFP antibody (Figure 18 c). Here, I confirmed that AtCSN4 co-immunoprecipitates, thus likely interacts with AtTCTP and dTCTP.

CSN4 is one of the nine subunits of the CSN complex and studies only demonstrated CSN4 as part of the CSN complex. We therefore investigated if AtTCTP/AtCSN4 interaction also involves other subunits of the CSN complex. As shown in figure (18d), as expected, CSN5 co-immunoprecipitates with AtCSN4-GFP in young seedlings. However, no trace of CSN5 was observed in the AtTCTP-GFP fraction. This suggests that TCTP interacts with CSN4 independently of the CSN complex.

b. TCTP and CSN4 co-localize and interact in tobacco epidermal cells

Immunoprecipitation data demonstrate that TCTP and CSN4 interact. In a second set of experiments we used cellular approaches, to further confirm this interaction in planta. First, the cellular localization of AtCSN4 and AtTCTP was investigated using transitory expression system in epidermal leaf cells of tobacco. I co-expressed AtTCTP-mCherry and AtCSN4-GFP. A strong co-localization of AtTCTP and AtCSN4 proteins was observed at the outlines of the cell and in some internal filamentous structures (Figure 19a). It is interesting to note that AtTCTP is also accumulated in the nucleus, while CSN4 signal was observed only around the nucleus but never inside. Thus, the interaction seems to take place in the cytosol.

To further investigate AtTCTP-AtCSN4 in vivo interaction, we performed Bimolecular Fluorescent complementation (BiFC) experiments by fusing AtTCTP and AtCSN4 proteins to split YFP moieties, and we co-expressed these proteins in tobacco epidermal cells (Figure 19b). The data demonstrate that AtTCTP and AtCSN4 interact in planta (Figure 19b). Similar BiFC results were obtained regardless if AtTCTP and AtCSN4 were fused to C-terminal or N-terminal moieties of YFP. As observed in the co-localization experiment, BiFC signal was detected at the outlines of the cell and in internal filamentous structures. No signal was observed in the nucleus suggesting that the TCTP/CSN4 interaction occurs outside the nucleus. For all the BiFC experiments, we combined empty vectors with TCTP or CSN4 expressing constructs as control, and no signal was observed. These data demonstrate that the origin of the positive BiFC signal is the spatial proximity between TCTP and CSN4.

Finally, in order to determine the sub-cellular localization of the TCTP/CSN4 interaction, we co-expressed BiFC constructs with subcellular markers fused to RFP (Figure 19c): ARF8-RFP (nucleus), BRI1-RFP (plasma membrane), ST6-RFP (golgi apparatus), Erd-RFP (endosomes), KDEL-RFP (endoplasmic reticulum) and soluble RFP (cytosol). No colocalization was observed in nucleus neither at plasma membrane nor in intracellular networkrelated structures. Indeed, TCTP and CSN4 seem to interact in the cytosol as shows colocalization pattern with free RFP (Figure 19c).

Taken together our results demonstrate that AtTCTP interacts physically with AtCSN4 in planta, and suggest that this interaction occurs in the cytoplasm.

c. How AtTCTP and AtCSN4 interact? (i). Yeast two hybrid assays to detect TCTP and CSN4 interaction

To go further, I decided to identify the domain by which TCTP and CSN4 interact. For this, I performed Yeast Two Hybrid assay (Y2H).

First, I intended to confirm the interaction between TCTP and CSN4 in Y2H (Figure 20). I used pACT2-AD and PGWG9-BD plasmids containing the coding sequence of ADL2a and b, (used as positive control), AtTCTP, AtTCTP E12V , dTCTP and AtCSN4 (Figure 20a).

AtTCTP E12V mutation was previously reported to abolish TCTP Guanine Exchange Factor activity towards Rheb, and the effect of TCTP on cell proliferation (Hsu et al., 2007;Dong et al., 2009;Brioudes et al., 2010). These plasmids were transformed into two yeast strains, AH109 and Y187 depending if the plasmid contains activating domain (AD) or binding domain (BD), respectively. Depending on the plasmid transfected, yeasts are able to growth on selective media (media without leucine for AD-containing plasmid and media without threonine for BD-containing plasmid), allowing the selection of the transformed yeast strains.

The different strains were co-cultured on rich media, and then on SD-L-T media (without leucine and threonine) in order to select the yeast that successfully exchanges their plasmid (mating step). Then to test the interaction, strains were co-cultured on SD-L-T-H media (without leucine, threonine and histidine), indeed, if the protein interact an autotrophy is induce for histidine. To test the strength of the interaction the yeasts were grown on SD-A-L-T-H media (without alanine, leucine, tryptophan, and histidine).

After the mating step, we observed that all yeast strains grew, meaning that the different strains have efficiently exchanged their plasmids (Figure 20a). Sowing the mated yeast on selective media to test strong interactions showed that AtCSN4 is able to homodimerize, as was previously demonstrated by Serino et al., (2003). However, no interaction of AtCSN4 with AtTCTP, AtTCTP E12V or dTCTP could be observed. Surprisingly, AtCSN4 was also able to interact with both positive controls ADL2a and b.

To try to rule out that these unusual results are due to the plasmids that I used, in a second time I decided to perform these same experiments using other plasmids. I introduced the same coding sequences as described before into pGBT9-AD and pGAD424-BD (Figure 20b). With this expression system I obtained similar results as with the previous plasmids. I demonstrated that AtCSN4 is able to homodimerize, while AtTCTP was not. Interestingly, in this system, AtCSN4 interacted with ADL2b at lower level, while its interaction with ADL2a was strong.

Here again, no interaction was detected between CSN4 and TCTP (Figure 20b).

In summary, I could not establish interaction between AtTCTP and AtCSN4 in yeast, even though biochemical and cellular approaches demonstrate their proximity and their ability to interact and co-immunoprecipitate together. While TCTP and CSN4 are conserved in all eukaryotes including yeast, their interaction in planta may need other cofactors not present in yeast. This could explain why I was unable to observe such interaction in this heterologous yeast expression system. It is also possible, although less probable, that the interaction between TCTP and CSN4 is not direct, thus preventing the detection in Y2H.

The negative results of Y2H experiments also compromised the discovery of the domains involved in TCTP and CSN4 interaction. As an alternative, I tried to generate structural model of the TCTP/CSN4 interaction, using protein structure modelization software.

(ii). Computational 3D structure based modeling of AtTCTP-AtCSN4 interaction

In order to identify the domain by which TCTP and CSN4 interact, I first submit both protein sequences to the I-TASSER software [START_REF] Zhang | I-TASSER server for protein 3D structure prediction[END_REF], in order to obtain the secondary and tertiary structures of AtTCTP and AtCSN4 (Figure 21a,b). The helixes are represented in red and the ß-strands in blue. For CSN4, the PCI domain by which it is associated to the CSN complex, is showed in yellow (C-Ter). The structures that I obtained were very close to that already published for human CSN4 and Saccharomyces pombe TCTP [START_REF] Lingaraju | Crystal structure of the human COP9 signalosome[END_REF]Thaw et al., 2001, respectively).

Next, in order to model AtTCTP and AtCSN4 interaction, I used a predictive model (COTH) implemented by [START_REF] Mukherjee | Protein-Protein Complex Structure Predictions by Multimeric Threading and Template Recombination[END_REF]. I obtained several possible predictive model structures for the AtTCTP/AtCSN4 interaction. Here I present only the three most probable one (Figure 21c-e). For the three models the normalized Z-scores, representing the threading alignments pertinence, are superior to 2,5 meaning that these models are strongly probable. Concerning AtTCTP, the beta-helixes are implicated in the interaction with CSN4 in the models presented on Figure 21c andd, while in Figure 21e only the flexible loop is involved in the interaction.

The first model shows that beta-helixes of AtTCTP could interact with the seventh and the eighth helical repeat units of AtCSN4 (Figure 21c) (nomenclature according to Lingaraju et al., (2011) established for hCSN4).

For this model, it seems that the interaction of AtCSN4 with AtTCTP does not disturb its association with the CSN complex because the PCI domain is free.

The two other models both show the possibility of AtTCTP to interact with the PCI domain of CSN4 (Figure 21d-e), although the TCTP parts implicated are different: the model on Figure 21d implicates the beta-helixes of TCTP, while the model on Figure 21e the flexible loop. But most importantly, in these two models AtCSN4 should not be able to associate with the CSN complex because of the steric hindrance induced by the interaction with AtTCTP.

In summary, I demonstrated in three independent co-immunoprecipitation experiments, co-expression studies as well as by BiFC experiments that AtTCTP and AtCSN4 are closely localized in cytoplasm and that they co-immunoprecipitate, suggesting physical interaction between these two proteins. Structural modelization also confirmed the high probability of this interaction. Albeit, I cannot completely rule out that TCTP and CSN4 do not interact directly with each other.

TCTP and CSN4 control cell proliferation and development by controlling cell cycle progression

Once the physical interaction demonstrated, I focused my studies on deciphering how TCTP-CSN4 interaction affects plant development using combination of morphological phenotypic characterization and molecular approaches. The aim of the following experiments was to describe how misexpression of these genes affects plant growth, and to investigate whether TCTP-CSN4 interaction controls mitotic or post-mitotic growth.

Because knockout for AtTCTP or for AtCSN4 induce plants lethality, we generate RNAi construct targeting AtTCTP or AtCSN4. These lines are referred as RNAi-AtTCTP and RNAi-AtCSN4. In parallel overexpressor lines were generated: they express AtTCTP or AtCSN4 fused (or not) to the GFP under the control of the constitutive cauliflower mosaic virus promoter 35S. These lines are referred to as 35S::AtTCTP and 35S::AtCSN4, respectively.

In order to investigate the genetic interaction we crossed these lines between them to obtain:

RNAi-AtTCTP/35S::AtCSN4, 35S::AtTCTP/RNAi-AtCSN4 and the double overexpressor line 35S::AtTCTP/35S::AtCSN4 (the crosses with 35S::AtTCTP were performed with the non GFP fused line). I used secondary antibodies coupled with fluorochrome that allowed the quantification of the proteins accumulation to check the accumulation of AtCSN4 and AtTCTP protein, and to evaluate if the knockdown or overexpression was effective in the respective lines (Figure 22a,c). As expected in all RNAi lines the amount of the corresponding protein decreases while the accumulation increases in the overexpressor lines (Figure 22b,d). Interestingly, the amount of AtCSN4 slightly decreased in the RNAi-AtTCTP line suggesting that CSN4 affects positively TCTP protein accumulation.

Despite several attempts (crosses and transformation) we were unable to generate double RNAi line. It is likely that the double RNAi leads to plant lethality.

Once the plant lines validated, I proceeded to their phenotypic and molecular characterization.

a. TCTP and CSN4 control growth and organ development by controlling cell proliferation (i). Phenotypic characterization of plant growth

In a first experiment, I evaluated vegetative growth of all plant genotypes. I measured rosette diameter from two to up to 62 days after germination (DAG) and I counted the developed leaves from 35 DAG to up to 62 DAG (Figure 23). RNAi-AtTCTP line presented the strongest delay in rosette development, 30% decreased compared to WT, associated with a decrease in leaf number 20 compared to 22 leaves for WT (Figure 23d). An opposite effect was observed in the 35S::AtTCTP line, 64 DAG the rosette was 15 % larger and the leaf number 12 % higher compared to Col-0 WT. The RNAi-AtCSN4 line also exhibits a delay in rosette development similar to that observed for RNAi-AtTCTP line although at lower level (reduction of 10%). No defect of rosette growth was observed in 35S::AtCSN4 overexpressing compared to the WT, but leaf number was 10% higher, suggesting that number of leaf is not always correlated with rosette area.

The RNAi-AtTCTP/35S::AtCSN4 line led to the reduction of the rosette diameter (17% compared to WT). However, this effect was not as strong as that observed for RNAi-AtTCTP.

This result suggests that the overexpression of AtCSN4 could, at some level compensate the effect of the AtTCTP downregulation.

On the other hand, the RNAi-AtCSN4/35S::AtTCTP line reproduced approximately the same defect as the RNAi-AtCSN4 line (14 % of rosette area reduction compared to WT, and 10% of leaf number reduction compared to WT). These results shows that the developmental growth defects induced by downregulation of AtCSN4 could not be compensated by the AtTCTP overexpression that usually leads to an accelerated growth. In the double expressor line, I observed phenotype similar to that of the 35S::AtTCTP line, with an increase of rosette diameter as well as leaf number.

After 62 days of growing in short day conditions (16h dark/8h light), plants were transferred in the long day conditions (8h dark/16h light) in order to induce flowering and I measured the time that was needed for bolting (Figure 24c). There were slight differences between genotypes. The data demonstrate that the simple and the double overexpressor lines started flowering at the same time compared to WT. Interestingly, RNAi-AtTCTP, RNAi-AtCSN4, 35S::AtTCTP/RNAi-AtCSN4, RNAi-AtTCTP/35S::AtCSN4, bolting was approximately 48 hours delayed compared to Col-0.

In spite of the accelerated rosette growth observed in 35S::AtTCTP and 35S::AtTCTP/35S::AtCSN4 during vegetative phases (Figure 23), at the end of plant development these overexpressor lines were similar in size than WT Col-0 (Figure 24a). On the other hand, all RNAi lines were strongly affected in their development (Figure 24a). In accordance with observations during the vegetative growth, RNAi-AtTCTP and RNAi-AtTCTP/35S::AtCSN4 lines both displayed the same phenotype with short floral stems compared to Col-0 WT (Figure 24a andb), thus in agreement with previous data (Brioudes et al., 2010). Similar developmental defects were observed in RNAi-AtCSN4 and RNAiAtCSN4/35S::AtTCTP lines with a strong decrease in their floral stem size (Figure 24a and b). Furthermore, these two lines exhibited loss of apical dominance and short floral internodes (Figure 24b). This phenotype is likely due to deficiencies in auxin signaling as was already described for weak alleles of csn subunits (Schwechheimer et al., 2001;Serino and Deng, 2003;Dhomann et al., 2005;). Once again, we observed that overexpression of TCTP or CSN4 could not rescue the developmental defects caused by RNAi-AtCSN4 or RNAi-AtTCTP, respectively.

(ii). Kinetics of leaf growth reveals that AtCSN4 controls cell proliferation and leaf development

Previously, the team demonstrated that the delay observed in RNAi-AtTCTP was due to a defect in cell proliferation while the cell size was not affected (Figure 25; Brioudes et al., 2010). As the phenotypes of RNAi-AtTCTP and RNAi-AtCSN4 plants are in part similar, next I investigated how cell proliferation and expansion were affected in the RNAi-AtCSN4 line, using the same approach as described by Brioudes et al., (2010).

Each day during 13 days I harvested the first leaf pair on ten seedlings from Col-0 WT and RNAi-AtCSN4, and I measured the leaf area, the cell number and the cell size. In RNAi-AtCSN4 line a significant reduction in leaf area was observed compared to the WT, starting from seven days after germination and maintained during the whole observation period (Figure 25a). I demonstrated that the reduction was due to a decrease in cell number by about 20 %, which also started at day seven and was maintained until the end of the observation (Figure 25c). However, cell size remained unchanged all along the observation period (Figure 25b). Therefore, the difference in leaf area between RNAi-AtCSN4 and WT was directly proportional to the decrease in cell number. Very interestingly, all defects observed during development of RNAi-AtCSN4 were similar to that described previously for RNAi-AtTCTP (Figure 25e, f, g, h; Brioudes et al., 2010).

Using the slope of the log 2-transformed number of cell per leaf (Erickson, 1976), I determined the cell division rate in RNAi-AtCSN4 leaves. The cell division rate in RNAi-AtCSN4 was slower than in the wild type plants (Figure 25d) at the early stage of development where the cell division activity is higher [START_REF] Baerenfaller | Systemsbased analysis of Arabidopsis leaf growth reveals adaptation to water deficit[END_REF]. Towards the end of leaf development, cell division rate in RNAi-AtCSN4 was similar to WT level. These data demonstrate that like in RNAi-AtTCTP, the delay in RNAi-AtCSN4 leaf development was due to decrease of the cell proliferation activity but cell growth was not affected.

As described in the introduction (see part I. 1.d.ii), cell growth is often associated with endoreduplication. To further investigate developmental differences, I searched for eventual endoreduplication activity in mature leaves. I isolated the nuclei from leaves of all genotypes and measured the amount of DNA by flow cytometry (Figure 26a) and calculated the endoreduplication factor according to [START_REF] Cookson | Cell and leaf size plasticity in Arabidopsis: what is the role of endoreduplication?[END_REF]. As the cell size is not different in RNAi-AtCSN4 compared to Col-0 WT, we were not expecting differences in endoreduplication activity in this genotype. However, all RNAi containing lines displayed lower endoreduplication factor values compared to Col-0 WT (Figure 26b).

Cytometry results show that in all RNAi lines, the proportion of 8C, 16C and 32C nuclei is severely diminished (Figure 26a). The reduction of the endoreduplication factor indicates slower endoreduplication activity. On the other hand, 35S::AtTCTP, 35S::AtCSN4 and the double overexpressor lines do not exhibit strong differences in endoreduplication factor values compared to Col-0 (Figure 26b).

Taken together these data indicate that the slower vegetative growth observed in RNAi lines is likely due to a cell proliferation defect without any perturbation of the cell growth.

(iii). Characterization of petal growth shows that TCTP and CSN4 control cell proliferation during petal development

Next, I investigated the cell proliferation activity in another organ, the petal. For all genotypes, the petal surface as well as petal cell size, were measured as described by [START_REF] Szécsi | Genetic and Phenotypic Analyses of Petal Development in Arabidopsis[END_REF]. As observed in leaves, and as was reported previously (Brioudes et al., 2010), the mutation or the downregulation of AtTCTP leads to a significant decrease of the petal size compared to Col-0 WT (30 and 10 % respectively; Figure 27). At the same time, the cell size increases 25% and 20% in tctp and RNAi-AtTCTP, respectively, indicating that the cell number is decreased in the petals of these two genotypes compared to Col-0 WT. The same effect was observed for the RNAi-AtCSN4 line where petal size was 10% reduced but cell size increased up to 10%, indicating again that petals of this genotype are composed of fewer cell compared to Col-0 WT. AtTCTP overexpression leads to a significant increase of the petal size, while the cell size is not affected. As for the 35S::AtCSN4 vegetative growth, no effect was observed either on petal size or on petal cell size.

The crosses between RNAi-AtCSN4 and 35S::AtTCTP or between RNAi-AtTCTP and 35S::AtCSN4, affected petal size and petal cell size in similar manner as that observed in the corresponding RNAi lines (Figure 27a). It is interesting to note that the effect on petal size is stronger in these lines than that observed for the RNAi-AtCSN4 or RNAi-AtTCTP. However, this increased effect is probably due to the slight variation of growth conditions rather than a biological impact of the overexpression of AtTCTP or AtCSN4 in RNAi-AtCSN4 and in RNAi-AtTCTP, respectively. Most importantly, these results indicate that the overexpression of one of the genes in the RNAi background of the other does not rescue the proliferation defect caused by the RNAi in petals. Conversely to what was observed in the leaves where cell size remains the same, in petals of all the RNAi lines a compensation mechanism was observed, resulting in bigger cell size (Figure 27a).

In the same way, as observed during plant development, the double overexpressor line 35S::AtTCTP/35S::AtCSN4 displayed petal phenotype similar to 35S::AtTCTP (Figure 27a).

Because cell size was strongly affected in the different genotypes, I measured the endoreduplication activity in the different genotypes. As already described in the literature [START_REF] Dewitte | Arabidopsis CYCD3 D-type cyclins link cell proliferation and endocycles and are rate-limiting for cytokinin responses[END_REF], we could not see any endoreduplication activity in Arabidopsis petals (Figure 27b).

Taken together, these data demonstrate that the downregulation of either AtTCTP or AtCSN4 negatively impact the cell proliferation leading to a slower vegetative growth and shorter adult plants, compared to Col-0 WT. On the other hand, the overexpression of AtTCTP leads to accelerated cell proliferation and vegetative growth, but final plant size is similar to Col-0 WT. No effect of AtCSN4 overexpression was observed either on the vegetative growth or on cell proliferation activity.

In the light of these results and previous data showing that cell cycle progression is disturbed in RNAi-TCTP lines (Brioudes et al., 2010), I decided to investigate cell cycle progression in TCTP and CSN4 misexpressing lines.

b. TCTP and CSN4 control the G1/S transition during cell cycle progression

First we generated Bright Yellow-2 (BY-2) tobacco cell line misexpressing NtTCTP and NtCSN4 in order to study their role on cell proliferation activity. BY-2 cells are wellestablished tobacco cells maintained in liquid culture that are good model to study cell cycle progression [START_REF] Nagata | Plant cell biology through the window of the highly synchronized tobacco BY-2 cell line[END_REF]. To generate BY-2 cells misexpressing TCTP and CSN4, we transformed BY-2 cell in a stable manner either with RNAi plasmids targeting NtTCTP or NtCSN4 or with plasmids allowing the overexpression of NtTCTP or NtCSN4 under the constitutive 35S promoter. The protein accumulation in these lines was quantified by western blot using antibodies against AtTCTP and AtCSN4 (Figure 28a). For both RNAilines, the corresponding protein accumulation was reduced by at least 50% compared to the BY2-WT, while the overexpressor lines accumulated 2 fold and 6 fold more of NtTCTP and NtCSN4, respectively. Following this validation, the different cell lines were studied for cell cycle progression. I treated the cells with aphidicolin, a tetracyclic diterpen from a fungus (Cephalosporum aphidicola) that inhibits DNA replication and prevents cells to go through S phases [START_REF] Bucknall | Antiviral Effects of Aphidicolin, a New Antibiotic Produced by Cephalosporium aphidicola[END_REF].

After 24 hours of aphidicolin treatment, the drug was washed out from the culture. As expected, right after aphidicolin release (AAR) (t0) the majority of cells are either diploid (blue dots on Figure 28b) or starting the S phase (green dots on Figure 28b).

In BY2-WT cells, three hours (t3) AAR the DNA replication is complete leading to increased proportion of tetraploid cell (red dots on Figure 28b). At t7 AAR, the majority of the cells are tetraploid and from t9 to t13 mitosis occurs progressively leading to cell division, and by t13 AAR the majority of BY2-WT cells completed the cycle and reached again a diploid state.

In BY2-RNAi-NtTCTP and BY2-RNAi-NtCSN4 BY-2 lines I observed a strong delay in G1/S transition. As shown on Figure 28b, these cells start DNA replication at t7 AAR, thus with a four hours delay compared to BY2-WT. After that, cell cycle progression in both RNAi lines is similar to BY2-WT cells, and thus this four hours initial delay is maintained until the end of the cycle. Accordingly, both RNAi lines completed cell cycle with four hours delay, at t17 (Figure 28b). For BY2-RNAi-AtTCTP, these results confirmed the data already published by the team (Brioudes et al., 2010). Moreover, I demonstrated that NtCSN4 downregulation result in similar delay in G1/S progression as observed for BY2-RNAi-NtTCTP. These data demonstrate that both TCTP and CSN4 control positively cell cycle progression by acting at the G1/S transition.

Evaluation of cell cycle progression in synchronized BY-2 cells overexpressing

NtTCTP, showed that over-accumulation of NtTCTP leads to acceleration of the entry in G1/S transition (Figure 28b). Indeed, for BY2-35S::NtTCTP at t3 AAR approximately 50% of the cells are already tetraploid indicating that they performed DNA replication. This occurred two hours earlier than that observed in BY2-WT cells. However, after this cell cycle slowed down with a longer G2 phase, and BY2-35S::NtTCTP cells completed cell cycle at the same time (t13) as BY2-WT cells (Figure 28b). No effect on cell cycle progression was observed in BY2-35S::NtCSN4 cells, as none of the cell cycle phases were disturbed compared to BY2-WT (Figure 28b).

To further explore at which step of the cell cycle TCTP and CSN4 precisely act and to confirm results obtained with BY2 cells directly in planta, Cécile Raynaud (IPS2 University of Paris XI, Orsay) performed cumulative EdU (5-ethynyl-2-deoxyuridine) labeling in the root tip of the different TCTP and CSN4 misexpressing lines to estimate total cell cycle length and S-phase length. The EdU is a labeled nucleotide that allows following nucleotide incorporation during the DNA replication phase. As shown in Figure 28c, total cell cycle length was increased by 4h both in RNAi-AtTCTP and RNAi-AtCSN4 lines, confirming the results obtained in BY2 cells. but S-phase length remained unchanged.

Likewise, we observed a very modest decrease in cell cycle length in the 35S::AtTCTP and 35S::AtCSN4 lines, consistent with the results obtained in BY-2 cells. Because BY-2 experiment shows that TCTP and CSN4 were acting in G1/S transition and that EdU incorporation demonstrates that S phase was not impaired in RNAi-AtTCTP and RNAi-AtCSN4 lines, we conclude that TCTP and CSN4 are acting mainly in G1 stage rather than S phase.

Next I decided to quantify the TCTP and CSN4 protein accumulation during cell cycle progression in synchronized BY2 tobacco cells. I could not observe any changes in the accumulation of NtCSN4, which remained constant throughout the cell cycle. Interestingly, the amount of NtTCTP slightly, but progressively increases to almost up to two folds during the first four hours AAR (Figure 28 b). After this it returns to the same level than at t0, with some slight oscillations in protein accumulation (Figure 29). Nevertheless, like NtCSN4, NtTCTP is accumulating all along the cell cycle, suggesting that other mechanisms than protein accumulation is involved in the regulation of cell cycle progression at the G1/S transition by TCTP/CSN4. In summary, using different approaches, we confirmed that TCTP controls cell proliferation by controlling G1/S transition (shown previously by Brioudes et al., 2010) and more precisely G1 phase in planta. Moreover, we also demonstrated that CSN4 also controls cell proliferation and G1/S transition in a similar manner.

All these experiment allowed us to determine that the downregulation of either TCTP or CSN4 leads to similar phenotypes. Plants and organs are smaller, cell proliferation and cell cycle progression are slower and this effect seems to impact the G1/S transitions. Furthermore, we observed that overexpression of one of the proteins in the RNAi genetic background of the other did not compensate the RNAi phenotype. These results are in favor of the hypothesis that in plants, TCTP and CSN4 interact to positively regulate mitotic growth.

Effect of TCTP and CSN4 interaction on the COP9 activity

CSN4 is one of the eight subunits of the COP9 Signalosome (CSN) that was previously reported to control cell cycle progression by regulating the assembly and/or subunits stability, and thus the activity of CRLs complex (Hotton and Callis, 2008). CSN fulfill this role through the removal of the post-translational modification RUB/NEDD8 from the CUL subunit of CRLs. Moreover, the regulation of CUL neddylation status was shown to be important in cell cycle regulation (Teixeira and Reed, 2013). In the previous parts of my PhD work, I demonstrated that AtTCTP and AtCSN4 interact physically and that they positively regulate cell cycle progression. Next, I investigated the biological significance of AtTCTP/AtCSN4 interaction on the CSN activity. I evaluated the neddylation status of Cullin1 (CUL1) in Arabidopsis plant lines misexpressing AtTCTP and/or AtCSN4. CUL1 is the subunit of SCF/CRL1 class of E3 Ub-ligases, and these enzymes have been shown to be implicated in the control of cell cycle progression but also of auxin transduction pathway and other cellular processes (Genschik et al., 2013).

a. TCTP mutation leads to free CUL1 accumulation

Using an antibody against AtCUL1, I was able to distinguish free CUL1 and neddylated CUL1 (CUL1 NEDD8 ) forms, in total protein extracts from seedlings (Figure 30a).

Treatment of Col-0 WT plants with increasing concentrations of MLN4924, a drug that inhibits CUL neddylation [START_REF] Hakenjos | MLN4924 Is an Efficient Inhibitor of NEDD8 Conjugation in Plants[END_REF], confirmed that the observed protein bands correspond to free CUL1 and CUL1 NEDD8 (Figure 30b). I demonstrated that there is approximately 10 times more CUL1 NEDD8 than free CUL1 in Col-0 WT plants (Figure 30c andd). When plant grew on medium containing increasing concentrations of MLN4924, this ratio decreases proportionally. At 10μM MLN4924 concentration, the ratio between CUL1 NEDD8 and CUL1 drops to two, at 25μM the ratio is less than one, and at 50μM I observed almost exclusively non-neddylated CUL1 (Figure 30b andd). This experiment confirmed that anti-CUL1 antibody is able to recognize free CUL1 (approximately 85kDa) and neddylated CUL1 (CUL1 NEDD8 approximately 93 kDa) (Figure 30a andb).

Next, CUL1 neddylation status was analyzed in Col-0 WT plants, in two independent tctp knockout lines (tctp-1 and tctp-2) and in RNAi-AtTCTP, 35S::AtTCTP, RNAi-AtCSN4 and 35S::AtCSN4 lines (Figure 30a). As mentioned, in Col-0 WT plants, the CUL1 NEDD8 /CUL1 ratio was about 10 indicating that CUL1 NEDD8 is the predominant form under this growth condition. In two independent AtTCTP knockout line tctp-1 and tctp-2, I observed a drastic decrease of the CUL1 NEDD8 with a concomitant increase of free CUL1, leading to a drop in CUL1 NEDD8 /CUL1 ratio to approximately 1 in these KO lines (Figure 30a andc). Conversely, overexpression of AtTCTP led to a significant increase in CUL1 NEDD8 and a concomitant decrease of free CUL1, with a CUL1 NEDD8 /CUL1 ratio reaching to about 17 fold (Figure 30 a andc). These results demonstrate that misexpression of AtTCTP leads to modification of the CUL1 NEDD8 /CUL1 ratio and suggest a role of TCTP in the regulation of CUL1 neddylation status. Surprisingly, only slight decrease of CUL1 NEDD8 /CUL1 ratio was observed in RNAi-AtTCTP lines compared to the wild type, which was unexpected in light of the very important decrease observed in tctp lines (Figure 30 a andc). In the same way, we were expecting increase in CUL1 NEDD8 accumulation for the RNAi-AtCSN4 line, as lack of one of the CSN subunits compromise its activity. However no differences of CUL1 NEDD8 /CUL1 ratio were observed.

These results are likely due to the residual TCTP and CSN4 proteins remaining in RNAi-AtTCTP and RNAi-AtCSN4 lines, respectively (Figure 22) which are probably sufficient to maintain normal CUL1 neddylation.

In 35S::AtCSN4 line, CUL1 neddylation status was similar to wild-type. This is in agreement with previous studies showing that overexpression of only one subunit of the COP9 complex is not enough to modify CUL neddylation status [START_REF] Dessau | The Arabidopsis COP9 Signalosome Subunit 7 Is a Model PCI Domain Protein with Subdomains Involved in COP9 Signalosome Assembly[END_REF].

In parallel, I sowed Col-0 WT, RNAi-AtTCTP, RNAi-AtCSN4 and 35S::AtTCTP lines on media with increasing concentrations of MLN4924, and analyzed the phenotype (Figure 31). The effect of MLN4924 is drastic on plant development. Indeed, compared to control conditions without drug where plants grow normally, at 10μM concentration this drug induces a reduction of the root length and rosette area. An even stronger effect is observed at 20μM MLN4924 concentration, while at 50μM plants stop growing (Figure 31). Although we do not performed any quantification of these phenotypes, it seems that the RNAi-AtTCTP line is more sensitive at 10μM and at 20μM MLN4924 concentrations compared to Col-0 WT (Figure 31). For the same concentration of MLN4924, some RNAi-AtTCTP plants seem to develop shorter root length and reduced rosette area compared to Col-0 WT. As for RNAi-AtCSN4 and 35S::AtTCTP lines, in agreement with my previous results (Figure 23a) rosette area was smaller and bigger, respectively, in control conditions. No differences were observed in these genotypes after MLN4924 treatment compared to Col-0 WT (Figure 31).

Altogether, these data demonstrate that TCTP misexpression severely alter CUL1 neddylation ratio, suggesting that the TCTP/CSN4 interaction may regulate cell cycle progression by influencing CSN activity.

b. Auxin signaling pathway is not affected in plants knockout for AtTCTP

In the previous chapter I demonstrated that CUL1 neddylation is disturbed in tctp, which indicates that CSN complex activity is impaired in this mutant. As described in the Introduction part (see I.3.c), CUL1 neddylation plays important role in the regulation of the activity of SCF/CRL1 E3 ligase complexes. One of the best-characterized members of this enzyme family is the SCF TIR1 complex, which control the auxin transduction pathway by mediating AUX/IAA degradation. Moreover, the SCF TIR1 complex was already demonstrated to control cell cycle and cell proliferation (del Pozo and Manzano, 2014). Thus, we investigated if in addition to severe developmental defect, the auxin-signaling pathway was also affected in tctp KO line, and if SCF TIR1 could be the link between TCTP and cell cycle progression.

Auxin homeostasis reporter DR5rev::GFP [START_REF] Friml | Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis[END_REF] and auxin efflux reporter PIN1::PIN1-GFP [START_REF] Benková | Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation[END_REF] were introgressed into tctp KO plants. Similar to wild type embryos, in tctp embryos PIN1::PIN1-GFP accumulated in apical cell lineage at globular and transition stage, then at heart stage the pattern switches to a PIN1 localization in the future cotyledons and across the provasculature (Annex 3a). In agreement with these data, in tctp mutant embryos the accumulation pattern of auxin homeostasis reporter DR5rev::GFP was similar to that observed in wild-type embryos (Annex 3b). Moreover, both WT Col-0 and tctp embryos responded in a similar way to treatment with the synthetic auxin 2,4D (Annex 3b). These data show that the modification in CUL1 neddylation associated with AtTCTP mutation does not affect auxin pathway. These results are supported by the fact that embryos affected in auxin transduction pathways are affected in their morphology (Moller and Weijers, 2009) while tctp embryos are not (Figure 9). These data suggest that TCTP does not control cell cycle via SCF TIR1 .

Investigation of the TCTP-CSN4 interaction in

Drosophila

Our team previously demonstrated that the function of TCTP to control cell proliferation, is conserved between Arabidopsis and Drosophila (Brioudes et al., 2010).

Moreover, I demonstrated that AtCSN4 co-immunoprecipitates with TCTP (Figure 18), suggesting that dTCTP is also able to physically interact with AtCSN4. Therefore, I decided to investigate if the effect of TCTP on CSN function was conserved between plants and fly by studying how dTCTP downregulation affects CUL1 neddylation in Drosophila melanogaster.

As in Arabidopsis, the mutation of dTCTP or dCSN4 in Drosophila leads to embryo lethality resulting in premature death of larvae (Oron et al., 2002;Hsu et al., 2007). To circumvent this difficulty, I generated RNAi flies lines targeting dTCTP and dCSN4.

a. Phenotypic characterization of Drosophila RNAi-dTCTP and RNAi-dCSN4 lines

I used the Upstream Activating Sequence (UAS)/GAL4 system [START_REF] Brand | Targeted gene expression as a means of altering cell fates and generating dominant phenotypes[END_REF] to misexpress dTCTP or dCSN4 in Drosophila [START_REF] Brand | Targeted gene expression as a means of altering cell fates and generating dominant phenotypes[END_REF]. This system is based on splitting the expression of GAL4 transcription factor driven by a desired promoter, and its anchor sequence fused to the gene of interest, in two fly lines. The cross between these two flies will allow the expression of the gene of interest driven by the desired promoter. I generated dTCTP and dCSN4 RNAi lines using two GAL4-expressing systems: tub::GAL4 and ey::GAL4. tub::GAL4 expresses GAL4 under the Tubulin promoter that drives the expression of GAL4 in the entire organism. In this line, the tub::GAL4 transgene is maintained at a heterozygous state paired with an artificial chromosome (called balancer chromosome) that carries the phenotypic marker Stubble (sb), which induces shorter bristles on the fly's thorax compared to WT (Figure 32a). This phenotypic marker allows the selection of the progeny carrying the tub::GAL4 after the cross. Indeed, in the F1 progeny of crosses with tub::GAL4/sb line, flies with larger bristles phenotypes are selected as these flies inherited the tub::GAL4 transgene and lost the balancer chromosome harboring the phenotypic marker. ey::GAL4 expresses GAL4 under the control of the eye-specific promoter eyless. This promoter drives gene expression in the eye imaginal disk at the time when eye cell progenitors are actively dividing (Mollereau and Domingos, 2005). ey::GAL4 transgene is associated with the Curly phenotypic marker that leads to wings curving away from the body (Figure 32b). As before, in the F1 progeny of crosses with ey::GAL4/Curly line, flies with straight wing phenotypes are selected for further analysis.

I crossed these two GAL4 expressing lines with UAS::dTCTP-RNAi, UAS::dCSN4-RNAi and UAS::dTCTP-RNAi/UAS::AtTCTP. This latter allows the expression of AtTCTP in a dTCTP-RNAi background. As previously described, downregulation of dTCTP in the eyes (ey>dTCTPi) leads to the decrease of its size, and the expression of AtTCTP in the dTCTP-RNAi background (ey>dTCTPi/ey>AtTCTP) is sufficient to rescue this effect (Figure 32d; Hsu et al., 2007;Brioudes et al., 2010). However, eyes of ey>dCSN4i flies were not different compared to WT (Figure 32d).

In the F1 progeny of the cross between tub::GAL4/sb and UAS::dTCTP-RNAi (tub>dTCTPi), I was not able to identify any WT flies, all the developed flies displayed sb phenotypic marker. However, approximately half of the larvae showed a delay in their development, and they eventually died, never reaching the adult stage (Figure 33a). Studying flies knockout for dTCTP, Hsu et al., (2007) observed that the mutation was leading to larvae lethality. This suggest that the dTCTP downregulation by the RNAi is strong enough to induce sever developmental delay and larvae death (Figure 33a). On the other hand, I was able to generate tub>dCSN4i flies. However, as for the ey>dCSN4i, once again no phenotypic difference was observed in tub>dCSN4i compared to WT (Figure 33b).

b. CUL1 neddylation in dTCTPi flies

The data described above indicate, that the developmental delay observed in tub>dTCTPi larvae were likely due to downregulation of dTCTP. Next, I evaluated the dCUL1 neddylation status in these tub>dTCTPi knockdown larvae compared to WT flies. As shown on Figure 33c, in WT larvae the dCUL1 is predominantly presented in its neddylated form dCUL1 NEDD8 . Interestingly, in tub>dTCTPi flies, I observed a drastic decrease of the dCUL1 NEDD8 with a concomitant increase of free dCUL1 (Figure 33c), thus similar to what I observed in Arabidopsis knockout for AtTCTP.

These data demonstrate that knockdown of dTCTP in Drosophila affects CUL1 neddylation status in the same manner as observed in Arabidopsis tctp line (Figure 30), thus suggesting a conserved role of TCTP in CUL1 neddylation control between plants and animals.

IV. DISCUSSION AND PERSPECTIVES

In plants and animals, TCTP is known to be implicated in many cellular processes (Bommer, 2012;[START_REF] Betsch | Roles of the Translationally Controlled Tumor Protein (TCTP) in plant development[END_REF] but the pathway by which TCTP is regulating in development, notably in plants, is largely unknown. Previously, our team demonstrated that in Arabidopsis and Drosophila, TCTP controls organ growth by regulating cell proliferation and that this role is conserved between plant and animal (Brioudes et al., 2010). To gain insight into the pathway by which TCTP fulfill this function, we identified its interacting proteins in Arabidopsis (Annex 1, 2). Among the different interactors, we chose to characterize CSN4, already demonstrated to be implicated in cell cycle regulation [START_REF] Dohmann | The Arabidopsis COP9 signalosome is essential for G2 phase progression and genomic stability[END_REF]Teixeira and Reed, 2013). During my PhD, I confirmed that CSN4 and TCTP interact physically (Figure 18,[START_REF] Teixeira | Ubiquitin Ligases and Cell Cycle Control[END_REF]. Then, genetic interaction studies were performed in order to demonstrate that both proteins act in the same pathway. My data confirmed that both TCTP and CSN4 regulate cell proliferation and are required for normal plant development (Figure [START_REF] Wu | Neddylation and deneddylation regulate Cul1 and Cul3 protein accumulation[END_REF][START_REF] Busch | An eight-subunit COP9 signalosome with an intact JAMM motif is required for fungal fruit body formation[END_REF][START_REF] Serino | COP9 S IGNALOSOME : Regulating Plant Development Through the Control of Proteolysis[END_REF][START_REF] Dohmann | Loss of the CONSTITUTIVE PHOTOMORPHOGENIC9 Signalosome Subunit 5 Is Sufficient to Cause the cop/det/fus Mutant Phenotype in Arabidopsis[END_REF][START_REF] Dohmann | The Arabidopsis COP9 signalosome is essential for G2 phase progression and genomic stability[END_REF][START_REF] Pacurar | The Arabidopsis Cop9 signalosome subunit 4 (CSN4) is involved in adventitious root formation[END_REF][START_REF] Hu | Visualization of Interactions among bZIP and Rel Family Proteins in Living Cells Using Bimolecular Fluorescence Complementation[END_REF]. Moreover, I demonstrated that CUL1 NEDD8 /CUL1 ratio was inversely disturbed in tctp mutant and AtTCTP overexpressor line (Figure 30). Importantly, similar effect on CUL1 NEDD8 /CUL1 ratio was observed in Drosophila larvae downregulated for dTCTP (Figure 32,[START_REF] Baerenfaller | Systems-based analysis of Arabidopsis leaf growth reveals adaptation to water deficit[END_REF].

Physical interaction between TCTP and CSN4:

How, where and when?

Different approaches were used in order to confirm the immunoprecipitation experiment performed prior to my arrival in the Flower Morphogenesis team. I confirmed the physical interaction between TCTP and CSN4 by co-immunoprecipitation experiments using protein extracts from Arabidopsis mature seeds, seedlings and inflorescences (Figure 18). I also found that AtCSN5 did not co-immunoprecipitate with AtTCTP suggesting that AtCSN4 and AtTCTP likely interact outside the CSN holocomplex. CSN subcomplexes (formed by some CSN subunits but not all) have been show to exist while their association with biological processes is not clear [START_REF] Tomoda | The Cytoplasmic Shuttling and Subsequent Degradation of p27 Kip1 Mediated by Jab1/CSN5 and the COP9 Signalosome Complex[END_REF][START_REF] Fukumoto | Small Jab1-containing subcomplex is regulated in an anchorage-and cell cycle-dependent manner, which is abrogated by ras transformation[END_REF][START_REF] Chamovitz | Revisiting the COP9 signalosome as a transcriptional regulator[END_REF]. Indeed, CSN4 was found associated to the CSN holocomplex as well as in smaller subcomplex in csn5 mutant [START_REF] Dohmann | Auxin Responses in Mutants of the Arabidopsis CONSTITUTIVE PHOTOMORPHOGENIC9 Signalosome[END_REF]. So, we can't rule out that AtTCTP and AtCSN4 interact with the CSN holocomplex without AtCSN5. Checking if other CSN subunits co-immunoprecipitation or not with TCTP will help to precise this point.

To identify the protein domains that mediate interaction between TCTP and CSN4, I used yeast two hybrid system (Figure 20). Unfortunately, I was unable to demonstrate AtTCTP/AtCSN4 interaction in YH2 system, using the full protein sequences. This is very surprising knowing that other methods confirmed this interaction. It is possible that TCTP and CSN4 interaction requires another factor that is not present or very divergent in the heterologous yeast system. It is also possible that fusion with TCTP and/or CSN4 inhibits the correct folding of the BD or AD domains of the transcription factor (Lalonde et al., 2008). In this case, it is probably TCTP that creates the problem, as I was readily able to demonstrate homodimerization of CSN4, but not of TCTP, in Y2H (Figure 20).

The lack of success to confirm TCTP/CSN4 interaction using Y2H hampered subsequent experiments to identify the domain by which these two proteins interact. To circumvent this difficulty, I used structure based modeling approach to demonstrate AtTCTP/AtCSN4 interaction (Figure 21). Three likely models are presented and two of them suggest, that AtTCTP binds to AtCSN4 via its PCI domain. The PCI domain allows CSN4 to integrate the CSN holocomplex (Dessau et al., 2007;[START_REF] Lingaraju | Crystal structure of the human COP9 signalosome[END_REF]. Thus, we can easily imagine that in a context where AtTCTP interacts with AtCSN4 via its PCI domain, this latter will not be able to bind the CSN complex. For the most probable model (Figure 21c), AtTCTP binds AtCSN4 in its seventh and the eighth helical repeat unit, and leaves the PCI domain available to interaction with the CSN holocomplex. Indeed, the seventh and the eighth helical repeat units are not directly implicated in binding CSN4 to other CSN subunit, but they are probably close enough to the PCI binding domain to inhibit CSN4 incorporation in the CSN holocomplex (Figure 16; [START_REF] Lingaraju | Crystal structure of the human COP9 signalosome[END_REF]. Thus, it is most probable that the steric hindrance due to the AtTCTP binding should hamper AtCSN4 association into the CSN holocomplex.

All of these models suggest that CSN4, by its interaction with TCTP, might be blocked and unable to integrate the CSN holocomplex, which in turn will impair correct CULs deneddylation and thus negatively affect CRL activity (Hotton and Callis, 2008;[START_REF] Sharon | Symmetrical Modularity of the COP9 Signalosome Complex Suggests its Multifunctionality[END_REF]. Moreover, these data based on structure modeling also strengthen the idea that TCTP interacts with CSN4 independently of the CSN holocomplex.

To confirm that TCTP and CSN4 interact via the domain identified in the computational approach, we will generate proteins mutagenized in these domains and will then evaluate TCTP/CSN4 interaction, for example in BiFC experiments.

To evaluate if interaction between TCTP and CSN4 can be guided by the availability of these proteins at critical cell cycle phases, I analyzed the temporal accumulation of TCTP and CSN4 during cell cycle progression using synchronized tobacco BY-2 cells. I could not observe any major changes in the accumulation of these proteins during cell cycle, except for a slight increase in NtTCTP accumulation at G1/S phase four hours after drug release (Figure 29). This is a very interesting result strengthening the indication that TCTP controls G1/S transition. However, the fact that I could not observe any differences in CSN4 accumulation indicate that the presence of these protein at specific time points during cell cycle progression is not the major driving force for TCTP/CSN4 physical interaction. To go further in this lane, it should be interesting to test if the TCTP/CSN4 interaction itself could occur at specific phases of cell cycle. To do that, we should perform immunoprecipitations all along cell cycle progression in synchronized tobacco BY-2 cells. Moreover, one can also imagine that interaction is mediated by compartmentalization of the proteins. Although, I demonstrated that these two proteins interact in cytoplasm in tobacco epidermal cells (Figure 19), these cells are not in division. Thus, it will be interesting to test if the localization of TCTP and CSN4 changes during cell cycle, by visualizing their subcellular accumulation during cell cycle progression in synchronized BY-2 cells.

TCTP and CSN4 control plant development and cell proliferation: genetic interaction a. TCTP and CSN4 control cell proliferation by regulating G1 phase

Like for TCTP, knockout of CSN4 are not viable, although the defect of development is different for the two mutants (Dohmann et al., 2008a ;Brioudes et al., 2010). Delay in tctp mutant embryo development leads to embryo and seed abortion, before seed can mature. On the other hand, csn4 mutant embryos complete their development to give mature seeds but mutation impairs seedling development and leads to seedling death. These data indicate, that besides their role as interacting partners, both TCTP and CSN4 are involved separately in the regulation of other biological processes, as previously described [START_REF] Betsch | Roles of the Translationally Controlled Tumor Protein (TCTP) in plant development[END_REF][START_REF] Soucy | Tobacco Translationally Controlled Tumor Protein Interacts with Ethylene Receptor Tobacco Histidine Kinase1 and Enhances Plant Growth through Promotion of Cell Proliferation[END_REF]Bommer et al., 2012).

For both proteins, study of full knockout mutants is very difficult. We therefore generated and analyzed partial loss-of-function lines using RNAi against AtTCTP and AtCSN4 (Figure 24). Both RNAi-AtTCTP and RNAi-AtCSN4 lines display dwarfism due to reduced cell proliferation in leaves, petals and in rosette. Phenotypic analyses show that the downregulation of AtTCTP and AtCSN4 (RNAi-AtTCTP and RNAi-AtCSN4, respectively) leads to similar growth defects, associated with cell proliferation (Figure [START_REF] Busch | An eight-subunit COP9 signalosome with an intact JAMM motif is required for fungal fruit body formation[END_REF][START_REF] Serino | COP9 S IGNALOSOME : Regulating Plant Development Through the Control of Proteolysis[END_REF][START_REF] Dohmann | Loss of the CONSTITUTIVE PHOTOMORPHOGENIC9 Signalosome Subunit 5 Is Sufficient to Cause the cop/det/fus Mutant Phenotype in Arabidopsis[END_REF][START_REF] Dohmann | The Arabidopsis COP9 signalosome is essential for G2 phase progression and genomic stability[END_REF]. These phenotypic similarities demonstrate that both genes control cell proliferation and that they likely act in the same pathway. Furthermore, the ability of AtTCTP and AtCSN4 to interact physically corroborates this hypothesis.

The effect of AtTCTP and AtCSN4 on cell cycle is clear, they are both positive regulators of cell proliferation activity. During my PhD, we were able to precise this role. Indeed, I first demonstrated that AtCSN4 was implicated in the regulation of G1/S transition, as is the case for AtTCTP (Figure 28b). Furthermore, Cécile Raynaud (IPS2 University of Paris XI, Orsay), using EdU incorporation experiment demonstrated that AtTCTP and AtCSN4 were likely not implicated in the regulation of S-phase where DNA replication occurs (Figure 28c). These results suggest that AtTCTP and AtCSN4 are not involved in the control of DNA replication or repair. Thus, our data are in agreement with data from fission yeast in which csn4 mutation does not affect S-phase [START_REF] Mundt | Deletion Mutants in COP9/Signalosome Subunits in Fission Yeast Schizosaccharomyces pombe Display Distinct Phenotypes[END_REF]; and also with observations in mammalian cells, in which cells downregulated for CSN4 stabilized p27 Kip1 , a CKI implicated in G1/S transition (Denti et al., 2006). Thus, in accordance with these published results, we demonstrated that CSN4 is implicated in the G1/S transition. However, in Arabidopsis, AtCSN4 mutation seems to arrest cells in G2 after DNA damage (Dohmann et al., 2008a), which is contradictory to our results. A possible explanation of this discrepancy could lie in the fact that Dohmann et al., (2008a) analyzed ful knockout dying seedlings of AtCSN4, while in our studies we used RNAi-lines, that display developmental defects, but are viable. As I mentioned above, full obliteration of AtCSN4 have more severe effects on development than its downregulation. Moreover, although Dohmann et al., (2008a) reported major deregulation of genes involved in G2 in csn4 mutant plants, they also found deregulated G1/S genes in csn4 mutant plants. Thus, we conclude that although CSN can affect both G1/S as well as G2, the observed interaction between TCTP and CSN4 probably specifically regulates G1/S.

It is interesting to note that in leaf epidermal cells, downregulation of the AtTCTP and

AtCSN4 led to cell proliferation defects without compensation via cell size increase, while in petals, an increase in cell size was observed in RNAi genotypes (Figure 25,[START_REF] Dohmann | The Arabidopsis COP9 signalosome is essential for G2 phase progression and genomic stability[END_REF]. It has been shown that compensation mechanism can occurs in organs with determinate growth (as leaf or petals; [START_REF] Ferjani | Analysis of Leaf Development in fugu Mutants of Arabidopsis Reveals Three Compensation Modes That Modulate Cell Expansion in Determinate Organs[END_REF], in which cell proliferation has been severely affected [START_REF] Fujikura | Coordination of cell proliferation and cell expansion mediated by ribosome-related processes in the leaves of Arabidopsis thaliana[END_REF]. It is possible that petal cells and epidermal leaf cells react differently to cell proliferation perturbation associated with AtTCTP and AtCSN4 knockdown. Thus, in our case the defect in cell proliferation is likely not strong enough to induce compensation mechanism in leaf. It will be interesting to evaluate the compensation mechanism in tctp knockout leaves in which cell proliferation is severely affected, compared to RNAi lines.

In BY-2 cells overexpressing NtTCTP, we observed that the G1/S transition occurs faster compared to wild type BY-2 cells. However, we were surprised to see that the total duration of the cell cycle in BY-2 cell overexpressing NtTCTP was similar to that of wild type BY-2.

These data suggest that a compensation mechanism occurs in this line during cell cycle to compensate the accelerated G1/S phase.

The analysis of these first data allowed us to conclude that AtTCTP and AtCSN4 are both positive regulators of cell cycle progression, and that the developmental defects induced by the downregulation of AtTCTP and AtCSN4, are in part due to cell proliferation perturbation. The similarities in the phenotypes observed, and the ability to AtTCTP and AtCSN4 to interact, indicate that AtTCTP and AtCSN4 likely act in the same pathway to control cell proliferation.

b. AtTCTP and AtCSN4 interact genetically to control growth

To further investigate if both AtCSN4 and AtTCTP act in the same pathway, we performed genetic interaction studies by crossing RNAi-AtTCTP and RNAi-AtCSN4 with 35S::AtCSN4 and 35S::AtTCTP respectively. Overexpression of AtCSN4 alone does not lead to any phenotype, while the AtTCTP overexpression alone leads to an acceleration of the rosette growth, probably due to an increase in cell proliferation activity (Brioudes et al., 2010).

My data show that RNAi-AtCSN4/35S::AtTCTP plant, have the same phenotype than RNAi-AtCSN4. Reciprocally, RNAi-AtTCTP/35S::AtCSN4 also exhibit the same phenotype as RNAi-AtTCTP. In RNAi-AtTCTP/35S::AtCSN4 the delay in rosette growth as well as leaves number was slightly compensated compared to RNAi-AtTCTP. Because overexpression of AtCSN4 alone does not lead to any phenotype it is difficult to explain how this overexpression could compensate the rosette development defect associated with AtTCTP downregulation. Furthermore, it is assumed that the overexpression of only one CSN subunit could not increase the deneddylation activity of the holocomplex (Wei et al., 2008;[START_REF] Sharon | Symmetrical Modularity of the COP9 Signalosome Complex Suggests its Multifunctionality[END_REF].

Accordingly, CSN4 downregulation leads to similar phenotype as those described for mutants of other CSN subunits (Peng et al., 2001a and b;Schwechheimer et al., 2001;Dohmann et al., 2005;[START_REF] Pacurar | The Arabidopsis Cop9 signalosome subunit 4 (CSN4) is involved in adventitious root formation[END_REF]. These data suggest that CSN4 do not have a role outside the CSN complex, thus reinforcing the idea that CSN4 fulfills its role via the CSN holocomplex.

However, we should note that the morphology of the plants RNAi-AtTCTP/35S::AtCSN4 at the end of the flowering stage does not differ from that observed in RNAi-AtTCTP. Thus, the compensation effect observed in this line can be due to slight divergences in culture conditions rather than a real biological effect of the AtCSN4 overexpression.

Overexpression of AtTCTP could not compensate the AtCSN4 downregulation, suggesting that AtTCTP requires AtCSN4 to fulfill its function. No additive phenotype was observed in the double overexpressor line, corroborating the fact that the overexpression of one of the CSN subunit could not lead to any phenotype.

Finally, we were unable to generate RNAi-AtTCTP/RNAi-AtCSN4 double knockdown line either by crosses or by genetic transformation, likely because these plants are not viable. This result could challenge our hypothesis in which AtTCTP and AtCSN4 act in the same pathway to control cell cycle. However, we know that AtTCTP and AtCSN4 are implicated in plenty of molecular pathways associated with divers biological processes (Betsch et al., 2017 Annex 5;Wei et al., 2008;Bommer, 2012). Consequently, the additive effect leading to plant lethality is probably due to the fact that several processes are affected in the double RNAi line.

In the first part of my PhD, I showed that AtTCTP and AtCSN4 were both implicated in cell proliferation control, as well as organ and plant development. My data also suggest that TCTP and CSN4 control cell proliferation by acting in the same pathway

TCTP controls CUL1 neddylation status in

Arabidopsis and likely in Drosophila a/TCTP/CSN4 interaction modifies CUL1 NEDD8 /CUL1 ratio

During my PhD, we demonstrated that the TCTP and CSN4 proteins are able to interact with each other and that they are both involved in the control of cell proliferation.

Although the mechanism by which TCTP regulates proliferation is unknown, CSN4 is well characterized as part of the CSN complex known to control the activity of CRL complexes. This is achieved via the modification of CULs neddylation status which in turn, will impact cell proliferation (Hotton and Callis, 2008). Mutation in any CSN subunit strongly impairs CSN complex activity, thus affecting CULs neddylation status (Wei et al., 2008;[START_REF] Dohmann | Auxin Responses in Mutants of the Arabidopsis CONSTITUTIVE PHOTOMORPHOGENIC9 Signalosome[END_REF]Shanon et al., 2009).

I demonstrated that, in a similar way, misexpression of AtTCTP, also strongly impacts CUL1 NEDD8 /CUL1 ratio (Figure 30). Indeed, mutation of AtTCTP leads to an increase in free CUL1 while overexpression of AtTCTP induces a slight increase in CUL1 NEDD8 . These results strongly suggest that AtTCTP controls neddylation activity. Indeed, it is conceivable that the interaction between AtCSN4 and AtTCTP inhibits the association of CSN complex and thus its neddylation activity. Moreover, my structure based modeling analysis comfort this hypothesis (Figure 21).

To our surprise, although AtCSN4 and AtTCTP downregulation induced severe developmental defects, we were not able to detect any modification in CUL1 NEDD8 /CUL1 ratio in RNAi-AtCSN4 lines or in RNAi-AtTCTP lines. In this experiment, I analyzed the CUL1 NEDD8 ratio in inflorescences buds, in which cell proliferation and differentiation processes are highly active [START_REF] Jenik | Regulation of cell proliferation patterns by homeotic genes during Arabidopsis floral development[END_REF], and cells are at different phases of proliferation. On the other hand, it is well described that the CUL1 NEDD8 /CUL1 homeostasis is a highly dynamical process that is strictly regulated during plant development [START_REF] Franciosini | The COP9 SIGNALOSOME Is Required for Postembryonic Meristem Maintenance in Arabidopsis thaliana[END_REF]. Thus, we can imagine that in the inflorescence, the heterogeneity of cells at different states of proliferation/differentiation associated with dynamic oscillation in the CUL1 NEDD8 /CUL1 ratio (Hotton and Callis, 2008;Teixeira and Reed, 2013) could mask changes in the CUL1 neddylation status. Indeed, it is possible that this ratio is disturbed only in certain cell types and not in the whole inflorescence at the same time. In addition, it is possible that AtCSN4 and AtTCTP downregulation in our RNAi lines is not strong enough to induce visible CUL1 NEDD8 ratio changes.

Nevertheless, at this point we assumed that the developmental phenotypes observed in RNAi-AtCSN4 were due to compromised CSN complex function. Indeed, previous work on dominant negative, weak alleles or RNAi lines of different CSN subunits demonstrated that the developmental defects, similar to those observed in our RNAi-AtCSN4 line, were due to disturbance of CSN activity (Peng et al., 2001a and b;Schwechheimer et al., 2001;Serino and Deng 2003;Dohmann et al., 2005;[START_REF] Pacurar | The Arabidopsis Cop9 signalosome subunit 4 (CSN4) is involved in adventitious root formation[END_REF]. While we do not observe any CUL1 NEDD8 /CUL1 ratio change in RNAi-AtTCTP, the fact that complete tctp knockout mutation strongly perturb CUL1 NEDD8 /CUL1 ratio, suggest that, as for RNAi-AtCSN4, at least a part of the developmental defect associated with AtTCTP downregulation are due to CUL1 NEDD8 /CUL1 perturbation.

AtTCTP knockout leads to a decrease of the neddylated/de-neddylated CUL1 ratio.

Since CSN4 is involved in the deneddylation of CULs, its downregulation would be expected to increase this ratio, as described in csn4 mutants (Dohmann et al., 2008a, and b). Thus, TCTP and CSN4 appear to act antagonistically on CUL1 neddylation, and one could therefore expect RNAi-AtCSN4 and RNAi-AtTCTP lines to display opposite phenotypic defects instead of the similarities reported here. However, the effect of neddylation on CRLs activity is extremely complex: it is now well established that in addition to the CUL NEDD8 /CUL ratio, the temporal kinetics of CUL and NEDD8 association/dissociation, control CRL activity [START_REF] Raymond | Targeted silencing of Jab1/Csn5 in human cells downregulates SCF activity through reduction of F-box protein levels[END_REF]Denti et al., 2006;Peth et al., 2007;[START_REF] Choo | Characterization of the role of COP9 signalosome in regulating cullin E3 ubiquitin ligase activity[END_REF]. To be fully active, the CRLs need to undergo cycles of neddylation and de-neddylation (Lydeard et al., 2013;[START_REF] Mosadeghi | Structural and kinetic analysis of the COP9-Signalosome activation and the cullin-RING ubiquitin ligase deneddylation cycle[END_REF]. On the other side, CRL acts on both positive and negative cell cycle regulators and the timing of the degradation of these regulators has to be tightly coordinated. For example, it was already shown in human cells, that downregulation of different CSN subunits can affect cell cycle in opposite ways, and the resulting perturbation of deneddylation activity affect both G1/S and G2/M transition [START_REF] Liu | COP9 Signalosome Subunit Csn8 Is Involved in Maintaining Proper Duration of the G 1 Phase[END_REF]. Thus, opposite perturbation on CUL1 NEDD8 ratio by AtTCTP or AtCSN4 downregulation can easily result in the same phenotype.

We should also note that in most of the reports present in the literature, the normal CUL1 NEDD8 /CUL1 ratio observed in a wild type genetic background is less than one (meaning that the free CUL1 is the predominant form (Schwechheimer et al., 2001;[START_REF] Gray | Role of the Arabidopsis RING-H2 Protein RBX1 in RUB Modification and SCF Function[END_REF][START_REF] Hellmann | Arabidopsis AXR6 encodes CUL1 implicating SCF E3 ligases in auxin regulation of embryogenesis[END_REF][START_REF] Wang | The COP9 Signalosome Interacts with SCFUFO and Participates in Arabidopsis Flower Development[END_REF][START_REF] Dharmasiri | The RUB/Nedd8 conjugation pathway is required for early development in Arabidopsis[END_REF][START_REF] Huang | The eta7/csn3-3 Auxin Response Mutant of Arabidopsis Defines a Novel Function for the CSN3 Subunit of the COP9 Signalosome[END_REF].

However, during my PhD, I always observed CUL1 NEDD8 form to be predominant as described by Hajenkos et al., (2011). That could challenge the identification of the CUL1 NEDD8 and CUL1 forms. However, experiment with MLN4924, a known neddylation inhibitor, clearly demonstrates the presence of the two CUL1 forms and the predominance of the CUL1 NEDD8 in our experimental condition (Figure 30b). Once again these discrepancies between the different studies highlight the dynamism of the control of CUL1 neddylation status.

To sum-up, we first demonstrated that both TCTP and CSN4 are able to interact and likely act in the same pathway. Moreover, the decrease of CUL1 NEDD8 /CUL1 ratio induced by AtTCTP mutation is strong. Taken together these results support an elegant hypothesis relative to how TCTP controls G1/S transition. Indeed, it is conceivable that via its interaction, AtTCTP sequesters AtCSN4, preventing its association with the CSN complex, and thus controls the accumulation of downstream targets of CSN (Figure 34). Indeed, it is well established that the lack of one of the eight CSN subunits is enough to suppresses the deneddylation activity (Serino and Deng 2003;Dhomman et al., 2005;[START_REF] Busch | An eight-subunit COP9 signalosome with an intact JAMM motif is required for fungal fruit body formation[END_REF]. In Drosophila, a similar mechanism was already demonstrated.

The authors showed that during development, switch from stem cell self-renewal to differentiation requires the sequestration of CSN4 from the CSN complex by the protein Bam [START_REF] Pan | Protein competition switches the function of COP9 from self-renewal to differentiation[END_REF]. Thus, we can easily imagine that a similar scenario exists between AtTCTP and AtCSN4 to drive cell cycle through the G1/S transition and maintain cell proliferation.

This model is also consistent with the phenotypic defects triggered by TCTP deficiency. Indeed, [START_REF] Franciosini | The COP9 SIGNALOSOME Is Required for Postembryonic Meristem Maintenance in Arabidopsis thaliana[END_REF] suggested that during embryo maturation CSN became deactivated, and subsequently reactivated at germination. It is possible that the role of TCTP during embryogenesis is to sequester CSN4 and prevent assembly and activity of CSN complex. Moreover, it was demonstrated that CUL1 neddylation is increased during normal embryo development. Thus the reduced neddylation in tctp embryos could explain their delayed development and death (Brioudes et al., 2010;[START_REF] Franciosini | The COP9 SIGNALOSOME Is Required for Postembryonic Meristem Maintenance in Arabidopsis thaliana[END_REF]. However, this hypothesis alone cannot explain the embryo lethality observed in tctp, because AtCSN4 mutation, as the other CSN subunits, leads to seedling lethality and not to embryo lethality suggesting that CSN is not absolutely required for embryogenesis, contrary to TCTP [START_REF] Wei | Arabidopsis COP9 is a component of a novel signaling complex mediating light control of development[END_REF]Serino and Deng 2003;Dohmann et al., 2008a;Wei et al., 2008;Brioudes et al., 2010;[START_REF] Hafidh | Quantitative proteomics of the tobacco pollen tube secretome identifies novel pollen tube guidance proteins important for fertilization[END_REF]. These data reveal that during embryo development, AtTCTP should act on development also via other factors than AtCSN4.

b. CUL1 NEDD8 /CUL1 ratio in Drosophila

The CUL1 neddylation studies in Drosophila misexpressing dTCTP provide evidence that the implication of TCTP in the control of dCUL1 neddylation is conserved between Arabidopsis and Drosophila. Indeed, we observe a strong increase in free dCUL1 form, in larvae presenting severe developmental defect (Figure 33). These results have to be carefully interpreted because no molecular proof on dTCTP downregulation in the larvae tested in this experiment was provided. However, circumstantial evidences suggest that in these larvae, dTCTP is downregulated. First, Hsu et al., (2007) demonstrated that downregulation of dTCTP in ubiquitous manner results in undetectable dTCTP level leading to larvae lethality.

Secondly, downregulation of dTCTP under the regulation of the ey promoter gave similar results in my hands than that observed previously (Hsu et al., 2007;Brioudes et al., 2010), suggesting that the UAS-dTCTP construct, that I used, is functional. Nevertheless, qPCR and/or Western Blots experiments should be performed to confirm dTCTP downregulation in tub>dTCTP-RNAi Drosophila larvae. Third, I observed the same effect on CUL1 NEDD8 ratio in tub>dTCTP-RNAi Drosophila larvae than in Arabidopsis tctp mutant. Thus, I assumed that this perturbation in CUL neddylation status observed in Drosophila could be due to dTCTP downregulation.

The facts that dTCTP is able to interact physically with AtCSN4 (Figure 18) and that the TCTP function is conserved between Arabidopsis and Drosophila (Brioudes et al., 2010), point towards the hypothesis that TCTP controls CUL1 neddylation both in Arabidopsis and Drosophila via its interaction with CSN4. To confirm this hypothesis, we need to demonstrate that dTCTP and dCSN4 interact physically and genetically in flies. Unfortunately, in my studies, I was unable to observe any phenotype in Drosophila knockdown for dCSN4 via expression of RNAi specifically in the eyes (ey>dCSN4-RNAi) or in the entire organism (tub>dCSN4-RNAi). Previously, it was demonstrated that dCSN4 full mutation leads to larvae lethality (Oron et al., 2002). However, the tub>dCSN4-RNAi Drosophila in our condition were viable. This discrepancy is likely due to the inefficiency of the RNA interference, which is not strong enough to induce a mutant phenotype. To confirm this, we need to evaluate the level of dCSN4 downregulation in Drosophila tub>dCSN4-RNAi lines. Moreover, in order to demonstrate that dTCTP and dCSN4 interact physically, further experiments, similar to that I performed in Arabidopsis (see part III.1), have to be conducted.

c. TCTP controls CUL1 neddylation without disturbing auxin localization or transduction

Our results suggest that TCTP and CSN4 interact to control cell cycle progression via the modification of CUL1 neddylation status. As I demonstrated, CUL1 neddylation status is strongly altered in TCTP misexpressing plants, which should affect CRL activity, and thus the accumulation of downstream targets controlling cell cycle progression and development (Figure 34). However, the nature of the CRLs which are affected downstream TCTP and their targets remains to be identified. CRLs are implicated in several biological processes beside cell cycle control, such as phytohormone transduction and signaling pathways (Hotton and Callis, 2008). It is interesting to note that neither auxin signaling (DR5rev::GFP) nor auxin transport (PIN1::PIN1-GFP) are modified in tctp. Moreover, tctp embryos do not exhibit morphological phenotype that could be associated with modified auxin signaling (Figure 9; Moller and Weijers, 2009), comforting the hypothesis that the lethal phenotype of tctp is mainly due to cell proliferation defects conducting to delay in development (Brioudes et al., 2010). Moreover, these results also indicate that the modification of CUL1 neddylation status in tctp does not affect all CUL1 containing CRLs. This is a very interesting discovery, as our results add a new level to the regulation of CRL activity. Indeed, the published data demonstrate that CRL activity can be regulated, in general, by the assembly/disassembly of its subunits controlled by the neddylation status of the CUL (Hotton and Callis, 2008). However, our data indicate that disturbed CUL1 NEDD8 /CUL1 ratio in tctp likely does not affect SCF TIR1 . Thus, we hypothesize that the AtTCTP/AtCSN4 interaction controls CUL1 neddylation that affects only a selected subset of CRLs, specifically implicated in the control of cell cycle progression.

However, this hypothesis is difficult to test. First, we should clearly demonstrate that cell proliferation defect in tctp is mainly due to CUL1 NEDD8 ratio disturbance. For this we could express a constitutively neddylated version of AtCUL1 in a tctp background to see if it can rescue cell proliferation defects. However, because AtCUL1 is involved in several processes [START_REF] Lechner | F-box proteins everywhere[END_REF], one would expect that all of those processes, including most of the hormonal transduction pathways, will be disturbed.

Another way to test this hypothesis would be to disrupt the interaction between TCTP and CSN4. For this, it will be necessary to identify the specific interaction domain in AtTCTP and AtCSN4. Then, AtTCTP specific domain can be mutated and this mutated TCTP version could be expressed in tctp and RNAi-AtTCTP. If the expression of this mutated version can fully rescue the tctp phenotype that would mean that the TCTP/CSN4 interaction is not biologically relevant. However, if the expression of this mutated TCTP cannot complement the tctp mutant or the RNAi-AtTCTP developmental defect that would indicate that the interaction with AtCSN4 is absolutely required for AtTCTP function. In addition, the CUL1 neddylation status can be studied to demonstrate if it is controlled or not by AtTCTP/AtCSN4 interaction. While Dohmann et al., (2008a) described AtCSN4 to be specific of the G2/M transition in Arabidopsis, my data demonstrated that downregulation of csn4 slows down G1/S transition. Mutations in other CSN subunits also induce defect in G1/S transition. For example csn2 mutation induced slower embryo development that was not due to defects in the G2/M phase (Franciosini et al., 2013). These data suggest that CSN is equally important for G1/S and G2/M transition in plants. This is consistent with the notion that deneddylation affects activity of multiple CRL complexes that act both in G1/S and G2/M (see part I. 4.b).

d. Putative targets controlled by the TCTP/CSN4 interaction

However, as we demonstrated that TCTP regulates the G1/S transition (Brioudes et al., 2010), we can hypothesize that TCTP/CSN4 interaction is specifically interfering with CSN complex function at G1/S to affect CUL1 neddylation. It is known that the main role of CUL1 is to associate to CRL in order to polyubiquitinate different substrates (Teixeira and Reed, 2013).

Therefore, one of the best way to confirm our interaction model, will be to identify the putative targets implicated in cell proliferation and development whose accumulation is affected in TCTP or CSN4 misexpression plants. We will then evaluate if these putative targets act downstream of CRL. To do that, we should use either global proteomics or candidate protein approaches, to identify and characterize putative downstream targets of the TCTP-CSN4 pathway. For the second approach, we can rely on the many cell cycle regulators that are known to be regulated directly by polyubiquitination and by CSN (Wei et al., 2008;Genschick et al., 2013).

For example, it has been demonstrated that the progression through the cell cycle checkpoints is highly connected with the correct timing of Cyclin Dependent Kinase Inhibitors (CKI) proteolysis. Blocking CSN2, 4 and 5 subunits in animal and human cells prevented p27 KIP1 CKI degradation [START_REF] Yang | The COP9 Signalosome Inhibits p27kip1 Degradation and Impedes G1-S Phase Progression via Deneddylation of SCF Cul1[END_REF]Denti et al., 2006) and slowed down G1/S transition [START_REF] Yang | The COP9 Signalosome Inhibits p27kip1 Degradation and Impedes G1-S Phase Progression via Deneddylation of SCF Cul1[END_REF]. In plants, the mechanisms controlling the G1/S transition are less known.

However, it seems that there are close similarities compared to animals. Overexpression of CKI results in an arrest of the cell cycle at G1 (Jasinski et al, 2002). Furthermore, the CKI related protein ICK2/KRP2 and other central cell cycle regulators, as CYC or E2Fc (one of the central transcription factor controlling G1/S transition in plants), must be degraded via the ubiquitin/26S proteasome pathway to allow the cells to go through the G1/S transition (del Pozo et al., 2002;Verkest et al., 2005). Thus, the accumulation of all these candidates needs to be analyzed in TCTP and CSN misexpressing lines. These experiments are already planned in the team and will be performed by a PhD student (Garance Pontier).

Putative model: TCTP and CSN4 interact to control cell cycle and plant development

The data that I generated during my PhD with helps from other colleagues, add a new piece to the puzzle that tries to explain how TCTP regulates cell cycle progression and development in plants. Fitting it to the big picture created by already existing data in the literature, we were able to come up with a model in which TCTP controls cell cycle by sequestering CSN4, which in turn impairs CSN assembly. In this model, CSN deneddylation activity should be regulated by TCTP/CSN4 interaction at critical time points during cell cycle progression in order to modulate CRL stability and thus proliferation (Figure 34). In WT situation (Figure 34a), TCTP could specifically interact with CSN4 to avoid its association with the CSN complex. That should lead to a constitutive CRL neddylation and thus polyubiquitination of a negative cell cycle regulator allowing the cell to go through G1/S transition. In tctp genetic background (Figure 34b), when no TCTP is available, CSN4 associates with the CSN complex, which deactivates CRL allowing the accumulation of a negative regulator of the cell cycle. Either in tctp or in WT situation, CSN holocomplex should control other processes independently of TCTP, as for example hormone signal transduction,. This model also explains observation in TCTP overexpressing line. In our model, TCTP overexpression is expected to enhance CSN4 sequestration and reduce accumulation of negative cell cycle regulators, which leads to accelerated G1/S transition. If this model is correct, we expect that downregulation of CSN4 leads to an inactive CSN complex and in turn to an accelerated progression through G1/S transition. However, RNAi-AtCSN4 is delayed in G1/S transition. These results are in accordance with literature data showing that CSN is assumed to be a positive regulator of the development and that hypo-or hyper-neddylation of CUL1 leads to similar phenotypes (Stuttmann et al., 2009;see part (I.3.c.ii),.

During my PhD, in collaboration with colleagues from my team, we were able to provide evidences that TCTP and CSN4 interact to likely control cell cycle progression, organ growth and development. We propose that TCTP could sequester CSN4 to control CUL1 neddylation and thus CRL activity, and that this role could be conserved between Arabidopsis and Drosophila.

To go further, it should be interesting to demonstrate if dTCTP and dCSN4 interact physically in flies, and confirm that changes in CUL1 NEDD8 /CUL1 ratio are due to TCTP/CSN4 interaction.

Our data combined with that in the literature show that TCTP and CSN as well as their roles in controlling cell cycle, are globally conserved among the eukaryotes (Wei et al., 2008;Hotton and Callis, 2008;Bommer, 2012;Brioudes et al., 2010). However, it is necessary to check if the TCTP/CSN4 interaction and its role in controlling cell cycle progression are also conserved in other animals, especially in mammals. In fact, as mentioned in the general introduction, TCTP is associated with many cancers in mammals. It has also been reported that neddylation processes, as well as TCTP, are good targets in cancer research and treatments, [START_REF] Soucy | Tobacco Translationally Controlled Tumor Protein Interacts with Ethylene Receptor Tobacco Histidine Kinase1 and Enhances Plant Growth through Promotion of Cell Proliferation[END_REF]Acunzo et al., 2014). Therefore, it will be very interesting to investigate if cancer development is associated with modifications in TCTP/CSN4 interaction and function. Therefore, I believe that my data could provide exciting perspectives that go beyond plant research and help to understand developmental disorders in animals, such as cancer.

V. MATERIALS AND METHODS

Biological material and culture condition a . Plants lines (i). Arabidopsis plants

-T-DNA insertion knockout lines tctp-1 (SAIL_28_C03) and tctp-2 (GABI_901E08) as well as the RNAi-AtTCTP, 35S::AtTCTP, 35S::dTCTP-GFP and the AtTCTPg-GFP line harboring the AtTCTP genomic sequence including the promoter region, exons, introns, and the 3′ UTR region in which the GFP was inserted in frame with AtTCTP, have been described previously (Brioudes et al., 2010).

-Anti-AtCSN4 RNAi-expressing plants: The DNA fragment corresponding to the ORF of AtCSN4 (At5g42970) without start codon was cloned into the vector pB7GWIWG2 (II) (Karimi et al., 2002) after the CaMV 35S constitutive promoter. The resulting construct was used to transform A. thaliana Col-0 plants. Lines are referred to as RNAi-AtCSN4.

-35S::AtCSN4 overexpressing line : The DNA fragment corresponding to the ORF of AtCSN4 was cloned into the pK2GW7 (Karimi et al., 2002) under the control of the CaMV 35S promoter. Lines are referred to as 35S::AtCSN4.

-The above lines were then crossed to generate the 35S::AtTCTP/RNAi-AtCSN4, the 35S::AtCSN4/RNAi-AtTCTP and the 35S::AtTCTP/35S::AtCSN4 lines.

-AtTCTPgGFP/35S::AtCSN4-Flag line: The DNA fragment corresponding to the ORF of AtCSN4 was cloned into pEarleyGate 202 vector containing Flag motif [START_REF] Earley | Gateway-compatible vectors for plant functional genomics and proteomics[END_REF]. The resulting construct was then used to transform Arabidopsis line AtTCTPg-GFP that harbors pTCTP::TCTPg-GFP construct (Brioudes et al., 2010). 

(ii). Growth condition

In vitro culture:

Seeds were sterilized in a confined box using dichloride gas (3ml HCl 40% in 100 ml of NaClO) during two hours. The sterile seeds were sowed on solid Murashige and Skoog (MS) [START_REF] Murashige | A Revised Medium for Rapid Growth and Bio Assays with Tobacco Tissue Cultures[END_REF]) media, supplemented with the specific antibiotic needed for the genotype selection. After approximately 10 days of growth in Sanyo (MLR-350) culture chamber, resistant plants were transplanted on soil.

-Embryo rescue of homozygous tctp-1 and tctp-2 embryos was performed as described previously (Brioudes et al., 2010). Briefly, seeds were taken from barely mature silliques with a sterile needle, and then placed on a plate-containing solid MS media supplemented with glucose at 30g/L. Once the seeds germinate, we transferred them on a second solid MS media supplemented with glucose at 10g/L. Developed plantlets were then transferred to soil. During all steps, embryos from wild type silliques were used as control.

-Soil culture: Arabidopsis thaliana seedlings were grown in culture chambers under shorts-day condition (8h/16h day/night at 22 °C/19 °C and 100 μEm-2 s-1 or 70 μEm -2 sec -1 ) for 4 weeks, then transferred to long-day condition at 22°C under 16h light/8h dark conditions with a light intensity of 70μEm -2 sec -1 to promote flowering.

b. Bright Yellow-2 (BY2) tobacco cell culture (i). Cell lines

-RNAi-NtTCTP cell lines have been described previously (Brioudes et al., 2010).

-RNA-NtCSN4 cell line: DNA corresponding to NtCSN4 ORF (At5g42970) was amplified using primers design for the SlCSN4 (XP_004238244) (because NtCSN4 sequence is not available) and then cloned as inverted tandems repeat into the vector pK7GWIWG2D(II) (Karimi et al., 2002).

-35S::NtTCTP-GFP: The cDNA corresponding to the NtTCTP (AF107842.1) was cloned in the pK7GWIWG2D(II) (Karimi et al., 2002) under the 35S constitutive promoter.

-35S::NtCSN4-GFP: NtCSN4 ORF was amplified as described above and then was cloned in the pK7GWIWG2D(II) under the control of the 35S constitutive promoter.

(ii). BY-2 transformation and culture conditions

The resulting above constructs were used to transform tobacco BY-2 (N. tabacum L. cv. Bright Yellow-2) cell suspension as previously described (Mayo et al., 2006). Briefly, above constructs was inserted in Agrobacterium tumefaciens, then the transformed bacteria were co-cultured on solid plate supplemented with the corresponding antibiotics with WT-BY-2 cells. After 4-5 weeks of culture the resistant BY-2 colonies were isolated and characterized.

BY-2 cells were grown in media containing: MS 2,2g/L, KH 2 PO 4 200mg/L, Myo-Inositol 100mg/L, sucrose 30g/L, 2-(N-morpholino) ethanesulfonic acid (MES) 2g/L, thiamin HCl 1mg/L and 2,4D 0,2mg/L (pH 5,7), the media was complemented with Phytagel 6g/L to obtain solid media. BY-2 cells were grown in the dark with constant temperature (25°C) and agitation at 300 rpm/min for the liquid cultures.

c. Drosophila lines

eyless>dTCTPi line: Expression of dTCTPi was carried out using the GAL4/UAS expression system [START_REF] Brand | Targeted gene expression as a means of altering cell fates and generating dominant phenotypes[END_REF]. We crossed eyless-GAL4 line (Bloomington Drosophila Stock Center) with UAS::dTCTPi (Hsu et al., 2007) and analyzed the F1 adult progeny.

tub>dTCTPi line: Expression of dTCTPi was carried out using the GAL4/UAS expression system. We crossed tub-GAL4 line (Bloomington Drosophila Stock Center) with UAS::dTCTPi (Hsu et al., 2007) and analyzed the F1 larvae.

eyless>dCSN4i line: Expression of dCSN4i was carried out using the GAL4/UAS expression system [START_REF] Brand | Targeted gene expression as a means of altering cell fates and generating dominant phenotypes[END_REF]. We crossed eyless-GAL4 line (Bloomington Drosophila Stock Center) with UAS::dCSN4i (Bloomington Stock Center #42798) and analyzed the F1 adult progeny.

tub>dCSN4i line: Expression of dCSN4i was carried out using the GAL4/UAS expression system. We crossed tub-GAL4 line (Bloomington Drosophila Stock Center) with UAS::dCSN4i (Bloomington Stock Center) and analyzed the F1 larvae. eyless>dTCTPi/eyless>AtTCTP line: Expression of dTCTPi/AtTCTP was carried out using the GAL4/UAS expression system [START_REF] Brand | Targeted gene expression as a means of altering cell fates and generating dominant phenotypes[END_REF]. We crossed eyless-GAL4 line (Bloomington Drosophila Stock Center) with UAS::dTCTPi/UAS::AtTCTP (Brioudes et al., 2007) and analyzed the F1 adult progeny. tub>dTCTPi/eyless>AtTCTP line: Expression of dTCTPi/AtTCTP was carried out using the GAL4/UAS expression system. We crossed tub-GAL4 line (Bloomington Drosophila Stock Center) with UAS::dTCTPi/UAS::AtTCTP (Hsu et al., 2007) and analyzed the F1 larvae.

Flies were maintained on standard corn/yeast medium at 25°C.

Plant phenotyping a. Plant growth (i). Kinetics of rosette growth

Plants were grown in short day condition all along the experiment. Rosette crown diameter and number of leaf were determined starting to 3 days after germination until bolting. Rosette area was measured 3 times a week with a caliper. Each measure was performed using 18 plants for each genotype. Experiments were performed on two independent transformation events and three biological replicates.

(ii). Time for flowering

Days of bolting were measured as the number of days required for the apparition of the first floral bud, after plants were transferred to long days growth conditions. Each measure was performed using 18 plants for each genotype. Experiments were performed on two independent transformation events and three biological replicates.

b. Kinetics of leaf growth

Kinetic of leaf growth was performed as previously described [START_REF] De | Functional analysis of cyclindependent kinase inhibitors of Arabidopsis[END_REF] on the two first initiated-leaves of wild type and RNAi-AtCSN4 plants grown in vitro.

Leaf size as well as number and size of abaxial epidermal cells were determined starting of day 3 until day 16 after germination. The average cell division rates were determined by calculating the slope of the Neperian Logarithmic-transformed number of cells per leaf, which was done using five-point differentiation formulas (Erickson, 1976). Each measurement was performed on 10 leaves minimum and cell number was counted on four zones homogenously distributed on the leaves.

c. Petals measurement

Petal area, cell number and size measurements were performed as described in Szécsi et al., (2006). Briefly, using digital images from petals cleared overnight in a solution containing 86% ethanol and 14% acetic acid followed by two incubations of 4h each in ethanol 70% petal area were measured. Cells from cleared leaves and petals were observed with a Nikon Optiphot 2 microscope and cell density was determined as number of cells per surface unit from digital images using ImageJ software (U. S. National Institutes of Health).

For each measurement 40 petals were measured and the cells were counted in two zones homogenously distributed on the petal.

Molecular analyses of the cell cycle in plants and in synchronized BY-2 cell culture a. Nuclei isolation (i). Leaves and petals

Three mature leaves or 40 petals were chopped using a razor blade in Galbraith buffer [START_REF] Galbraith | Rapid Flow Cytometric Analysis of the Cell Cycle in Intact Plant Tissues[END_REF]. The solution was subsequently filtered on 100μm, 70μm and 40μm filter with a syringe.

Then DAPI (4', 6-diamidino-2-phénylindole) was incorporated (final concentration 1μg/ml) before DNA content analysis described below.

(ii). BY2 cells

Approximately 1,5 ml of liquid culture was scratched in Galbraith buffer with a pestle.

The solution was subsequently filtered on 100μm, 70μm and 40μm filter with a syringe.

Then DAPI was incorporated (final concentration 1μg/ml) before DNA content analysis described below.

b. DNA content analysis

DNA content was analyzed with flow cytometer (Macs Quant VYB Miltenyi). Data were analyzed with Flow jo software vX0.7. Gating eliminates background noise as well as doublet nucleus.

Cell cycle progression was analyzed using Flow Jo software or using the plugging "Cell Cycle" of the Flow Jo software for cell cycle progression. Blue dots represent diploids cells (2N), green dots cells in S phases, and red dots tetraploid cells (4N).

c. EdU (5-ethynyl-2'-deoxyuridine) incorporation in root tips

Seeds of the relevant lines were germinated on half strength MS. 5 days after germination, plantlets were transferred to EdU supplemented medium and harvested after 3h, 6h, 9h and 12h of incubation. The revelation procedure was performed as described in [START_REF] Pedroza-Garcia | Role of the Polymerase ϵ sub-unit DPB2 in DNA replication, cell cycle regulation and DNA damage response in Arabidopsis[END_REF]. The percentage of EdU positive nuclei increases linearly with time, and follows an equation that can be written as P = at + b where P is the percentage of EdU positive nuclei and t is time. Total cell cycle length is estimated as 100/a, and S phase length is b/a.

Physical interaction a. Co-immunoprecipitation

Immunoprecipitation experiments were performed using AtTCTP-GFP as bait. Protein used in this experiment come from, cell extracts from 10 days-old seedlings, seeds harvested from young silliques or from inflorescences. Cellular extracts were incubated with an anti-GFP antibody coupled to magnetic μMACS microbeads (μMACS GFP Isolation Kit; Miltenyi Biotec). Microbeads were bound to magnetic columns and washed before elution of GFPtagged proteins and binding proteins. Eluted proteins were subjected to SDS-PAGE migration and subsequently western blot (described below).

b. Co-localization and Bimolecular Fluorescence Complementation

For co-localization experiments the cDNA fragments corresponding to the coding sequences of AtTCTP (At3g16640) and CSN4 (At5g42970) were amplified and then fused to RFP and GFP respectively. Resulting constructs were used to infiltrate leaf epidermal cells of Nicotiana benthamiana plants as previously described (Voinnet et al., 1998).

Bimolecular Fluorescence Complementation (BiFC) experiments: The DNA fragments corresponding to the coding sequences of AtTCTP (At3g16640) and AtCSN4 (At5g42970) were PCR amplified and then cloned into the pBiFP1, pBiFP2, pBiFP3 and pBiFP4 vectors [START_REF] Azimzadeh | Arabidopsis TONNEAU1 Proteins Are Essential for Preprophase Band Formation and Interact with Centrin[END_REF] using the Gateway technology. Resulting constructs were used to infiltrate leaf epidermal cells of Nicotiana benthamiana plants as previously described (Voinnet et al., 1998). For negative control, empty vector were co-infiltrated with YFP moiety fused to C-Ter or N-Ter of either AtTCTP or AtCSN4. Infiltrated leaves were observed 3 days post-infiltration using a LSM 710 Confocal microscope (Leïca).

c. Yeast two hybrid assay

Coding sequence of ADL2a and b, AtTCTP, AtTCTPE12V, dTCTP, and AtCSN4 were inserted in frame in the pGWG9-AD or pGBT9-AD plasmid containing the activating domain (AD) and in the pGWG9-BD or pGAD424-BD plasmid containing the binding domain (BD).

The AD and BD plasmids were then transformed in AH109 or Y187 yeast strains, respectively. The presence of the plasmid in the yeast induces autotrophy for amino acids depending on the plasmid transfected (leucine autotrophy for AD-containing plasmid and threonine autotrophy for BD-containing plasmid), allowing the selection of the transformed yeast strains. The strains were selected on SD media without leucine (L) or threonine (T).

Then, strains were combined two-by-two to test interaction. The strains were co-cultured on rich media 24 hours at 29°C. Subsequently, the strains were selected on SD media without Leucine and Threonine, in order to select the yeast that successfully exchanges their plasmid (mating step).

Then to test the interaction, strains were co-cultured on SD-L-T-H media (without leucine, threonine and histidine), indeed, if the protein interact an autotrophy is induce for histidine.

To test strong interaction the strains were sowed on SD-A-L-T-H media (without alanine, leucine, tryptophan, and histidine).

SD media:

6,7g/L of Yeast Nitrogen Base without Amino Acids; 20g/L of glucose. Then the media is supplemented with the required amino acids, pH5,8. If solid media is required 20g of BactoAgar were added.

Rich media:

20g/L of peptone; 10g/L of Yeast Extract; 20g/L of glucose; pH5,8. If solid media is required 20g of BactoAgar were added.

d. Protein structure alignment and modelization

Sequence alignment (Figure 6):

Sequence alignments were performed using MuscleWS (Edgar, 2004) software and edited with Jalview2.0 (Waterhouse et al., 2009). TCTP sequences were retrieved from UniProtKB: P35691 (Saccharomyces cerevisiae), Q93573 (Caenorhabditis elegans), Q9DGK4 (Zebrafish), Q9VGS2 (Drosophila melanogaster), P63028 (Mus musculus), P13693 (human), P31265 (Arabidopsis thaliana), KX951492 (Rose), Q9XHL7 (Tobacco, Nicotiana tabacum), P35681 (Rice, Oryza sativa), Q9M5G3 (Barley, Hordeum vulgare), Q8H6A5 (Maize, Zea mays), Q2PS27 (Cucurbita maxima), P28014 (Alfalfa, Medicago sativa), Q9ZSW9 (Hevea brasiliensis), A9RT49 (Physcomitrella patens).

TCTP structure modelization (Figure 7):

The computer graphic representation of 3-dimensional structure of yeast and human TCTPs was perform using sequence from PDB 1H6Q [START_REF] Thaw | Structure of TCTP reveals unexpected relationship with guanine nucleotide-free chaperones[END_REF] and 2HR9 (Feng et al., 2006). 3D-structure models were developed using SWISS-MODEL [START_REF] Biasini | SWISS-MODEL: modelling protein tertiary and quaternary structure using evolutionary information[END_REF] server. Swiss-PDBViewer was used to visualize 3D structures (Guex and Peitsch, 1997).

TCTP/CSN4 interaction structure (Figure 22)

The computer graphic representation of 3-dimensional structure of Arabidopsis TCTP and CSN4 was performed using protein sequence from TAIR (At3g16640) and At5g42970, respectively. 3D-structure models were developed using I-TASSER (Iterative Threading ASSEmbly Refinement) software [START_REF] Zhang | I-TASSER server for protein 3D structure prediction[END_REF][START_REF] Roy | I-TASSER: a unified platform for automated protein structure and function prediction[END_REF][START_REF] Yang | I-TASSER server: new development for protein structure and function predictions[END_REF] and represented using Chimera software (v1.11).

Then, 3D structures previously obtained were submitted to COTH software to model the putative interaction [START_REF] Mukherjee | Protein-Protein Complex Structure Predictions by Multimeric Threading and Template Recombination[END_REF]. Most probable model of the interaction according Z-Score was represented using Chimera software (v1.11).

Protein analysis a. Protein extraction

-Plant tissue and cell culture: Tissue (plants and cell culture) were grinded, and the protein were extracted using « Plant Total Protein Extraction Kit » (PE0230 Sigma). Briefly proteins were precipitated using cold methanol and then washed with cold acetone. Total protein extracts were dosed with Bradford protein-dye binding protocol (Bradford, 1976) -Drosophila: 10μl of "fly extraction buffer" was used by larvae. The samples were scratched with a pestle and centrifuged (13000g, 5 minutes). The supernatants were used as total protein extracts Fly extraction buffer: 20mM HEPES pH:7,5, 100mM KCl, 5% Glycerol, 10mM EDTA, 0,1% Tween, 1μM DTT, 1μM PMSF, 5μl/ml Protease Inhibitor Cocktail Sigma-Aldrich (P9599), 50μl/ml Complete EDTA free tablets Roche, 5μl/ml Phosphatase Inhibitor Sigma-Aldrich (P2850).

ANNEXES

Annex 1: Isolation of AtTCTP interacting proteins using immunoprecipitation experiments Annex 3: Auxin transport and accumulation is not modified in Arabidopsis tctp mutants TCTP and helped addressing the biological role of TCTP during organ development and the functional conservation between plants and animals. This chapter summarizes our up to date knowledge about the role of TCTP in plants and discuss about conserved functions and mechanisms between plants and animals.

shape. Identifying how growth regulatory pathways are shared among animal and plant species remains a daunting task.

Developmental processes largely depend on both genetic factors and environmental inputs in animals and plants. Molecular integrators, such as hormones and other factors, are stimulated by environmental signals to control development at the cellular and tissue levels [START_REF] Lau | Plant hormone signaling lightens up: integrators of light and hormones[END_REF][START_REF] Leivar | PIFs: systems integrators in plant development[END_REF][START_REF] Nibau | RAC/ROP GTPases: 'hubs' for signal integration and diversification in plants[END_REF][START_REF] Peleg | Hormone balance and abiotic stress tolerance in crop plants[END_REF]. Integration of the environmental signals is achieved by a number of growth-promoting and growth-restricting factors. Many genes with growth-promoting and growth-restricting functions that act on cell division or on cell expansion have been identified in plants and in animals (B€ ogre et al. 2008;[START_REF] Pan | Hippo signaling in organ size control[END_REF][START_REF] Busov | Genes for control of plant stature and form[END_REF]Krizek 2009;[START_REF] Niklas | A phyletic perspective on cell growth[END_REF][START_REF] Rexin | TOR signalling in plants[END_REF][START_REF] ´ndez | Organ-size regulation in mammals[END_REF][START_REF] Lloyd | The regulation of cell size[END_REF][START_REF] Crickmore | The control of size in animals: insights from selector genes[END_REF][START_REF] Chen | Tumor protein translationally controlled 1 is a p53 target gene that promotes cell survival[END_REF]). However, these genes act in independent genetic pathways, making it difficult to develop an integrated and comprehensive model of organ size control.

A common pathway controlling animal as well as plant organ growth has been proposed to involve the Translationally Controlled Tumor Protein (TCTP). In mammals, TCTP is associated with many cancers and was shown to have an antagonist role to the tumor suppressor p53 [START_REF] Chen | Tumor protein translationally controlled 1 is a p53 target gene that promotes cell survival[END_REF]Amson et al. 2011;[START_REF] Rho | Anti-apoptotic protein TCTP controls the stability of the tumor suppressor p53[END_REF]. TCTP is conserved among all eukaryotes and has been proposed to have diverse roles in developmental and defense processes, including several cellular functions such as cell proliferation, expansion, and death (Bommer and Thiele 2004;Brioudes et al. 2010;Bommer 2012).

In this chapter, we will present and discuss the up-to-date knowledge on the multiple roles of TCTP in growth and in response to various signals and stresses in plants, and how gained knowledge help understanding the TCTP's central role in plant and animal development.

Features of Plant TCTP Genes

Since the early 1990s, homologs of TCTP have been identified in many plant species, such as the model plant Arabidopsis thaliana, alfalfa, pea, Pharbitis nil, grape vine, oil palm, Jatropha curcas, cassava, cabbage, rice, strawberry, tobacco, rubber tree [START_REF] Pay | An alfalfa cDNA encodes a protein with homology to translationally controlled human tumor protein[END_REF]Woo and Hawes 1997;Cao et al. 2010;[START_REF] Sage-Ono | Dark-induced accumulation of mRNA for a homolog of translationally controlled tumor protein (TCTP) in Pharbitis[END_REF]Kang et al. 2003;[START_REF] Sze ´csi | BIGPETALp, a bHLH transcription factor is involved in the control of Arabidopsis petal size[END_REF][START_REF] Lopez | Cloning and expression of cDNA encoding translationally controlled tumor protein from strawberry fruits[END_REF][START_REF] Vincent | Proteomic analysis reveals differences between Vitis vinifera L. cv. Chardonnay and cv. Cabernet Sauvignon and their responses to water deficit and salinity[END_REF][START_REF] Nakkaew | Molecular cloning and expression of EgTCTP, encoding a calcium binding protein, enhances the growth of callus in oil palm (Elaeis guineensis, Jacq)[END_REF][START_REF] Masura | Isolation and characterization of an oil palm constitutive promoter derived from a translationally control tumor protein (TCTP) gene[END_REF][START_REF] Qin | Molecular cloning, characterization and expression of cDNA encoding translationally controlled tumor protein (TCTP) from Jatropha curcas L[END_REF][START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF][START_REF] Brı | Molecular cloning and characterization of a cassava translationally controlled tumor protein gene potentially related to salt stress response[END_REF][START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF]Wang et al. 2015;Zhang et al. 2013). In Eukaryotes, TCTP is generally present as a single gene copy in the genome, but many species carry more than one gene [START_REF] Gutierrez-Galeano | Structural divergence of plant TCTPs[END_REF][START_REF] Hinojosa-Moya | Characterization of the pumpkin Translationally-Controlled Tumor Protein CmTCTP[END_REF]. Mammals seem to have many TCTP gene copies in their genome, but only one is likely functional [START_REF] Thiele | Expression of the gene and processed pseudogenes encoding the human and rabbit translationally controlled tumour protein (TCTP)[END_REF][START_REF] Chen | A knockout mouse approach reveals that TCTP functions as an essential factor for cell proliferation and survival in a tissue-or cell type-specific manner[END_REF]. Plant species harbor one and up to five TCTP gene copies [START_REF] Gutierrez-Galeano | Structural divergence of plant TCTPs[END_REF][START_REF] Hinojosa-Moya | Characterization of the pumpkin Translationally-Controlled Tumor Protein CmTCTP[END_REF][START_REF] Pavy | Generation, annotation, analysis and database integration of 16,500 white spruce EST clusters[END_REF], but many of these gene copies are likely nonfunctional pseudogenes (Brioudes et al. 2010;Berkowitz et al. 2008).

The role of these various TCTP pseudogenes and transcripts variants remain unknown, but might point toward a specialization of TCTP function.

Globally, the genomic structure of plant TCTP genes is very similar. TCTP gene is generally composed of five exons with conserved length and four introns with variable length (Zhang et al. 2013). In Arabidopsis thaliana AtTCTP, intron 3 is absent leading to fusion of the third and fourth exons (Zhang et al. 2013).

As in animals, 5 0 and 3 0 untranslated regions (UTRs) of variable sequence length are also present in plant TCTPs. These UTRs have been shown to be associated with TCTP mRNA stability and also to play a role in the regulation of its translation (Bommer and Thiele 2004;Brioudes et al. 2010). Like for animal TCTPs, AtTCTP 5 0 UTR contains a 5 0 TOP element (Terminal Oligo Pyrimidine) (Brioudes et al. 2010). 5 0 TOP elements are common in translationally controlled proteins (Meyuhas and Kahan 2015). However, conversely to animal TCTPs, AtTCTP 5 0 TOP is not GC-rich, suggesting a less complex secondary structure of the AtTCTP mRNA (Brioudes et al. 2010). AtTCTP 3 0 UTR contains classical AU-rich mRNA destabilizing elements found in short-lived mRNAs in animals and in plants (Ohme-Takagi et al. 1993;[START_REF] Barreau | AU-rich elements and associated factors: are there unifying principles?[END_REF][START_REF] Narsai | Genome-wide analysis of mRNA decay rates and their determinants in Arabidopsis thaliana[END_REF]).

AtTCTP mRNA expression was shown to be strong and ubiquitous in the model plant A. thaliana (Brioudes et al. 2010;[START_REF] Sze ´csi | BIGPETALp, a bHLH transcription factor is involved in the control of Arabidopsis petal size[END_REF]Berkowitz et al. 2008).

The promoter region of AtTCTP is located in a short 0.3 kb intergenic region between TCTP and a neighboring gene on the complementary strand. Within this 0.3 kb intergenic region, typical core promoter elements were found at -16 bp (Y-patch) and -34 bp (TATA box) upstream of the transcription start. This 0.3 kb promoter was shown as sufficient to insure a strong and constitutive mRNA expression using a reporter gene (Han et al. 2015).

At the protein level, the relative high degree of conservation between TCTP proteins across kingdoms is reminiscent of its important role in development and survival of eukaryotes (Venugopal 2005). For example, Arabidopsis AtTCTP protein shares 53.6%, 56%, and 62% amino acid similarity with human, Drosophila and yeast counterparts, respectively, and about 30% amino acid identity with human hTCTP (Fig. 7.1) [START_REF] Hinojosa-Moya | Characterization of the pumpkin Translationally-Controlled Tumor Protein CmTCTP[END_REF]Venugopal 2005). Within the plant phylum, the majority of TCTP proteins are composed of 167 or 168 highly conserved amino acids that share 70-95% identity [START_REF] Gutierrez-Galeano | Structural divergence of plant TCTPs[END_REF] (Fig. 7.1).

Sequence comparison showed that numerous domains in TCTP proteins are conserved in all eukaryotes (Venugopal 2005;[START_REF] Hinojosa-Moya | Phylogenetic and Structural Analysis of Translationally Controlled Tumor Proteins[END_REF]. Almost all identified TCTPs contain two TCTP signatures that are highly conserved and a basic domain for tubulin and calcium-binding (Figs. 7.1 and 7.2). The conserved putative GTPase (Guanine Tri Phosphatase) interaction surface located in the central pocket indicates that TCTP proteins share GTPase binding property and GTPase activity regulating function (Cao et al. 2010;[START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF][START_REF] Brı | Molecular cloning and characterization of a cassava translationally controlled tumor protein gene potentially related to salt stress response[END_REF]Gachet et al. 1999) (Figs. 7.1 and 7.2). The N-terminal of TCTP contains a conserved MCL/Bcl-xL binding domain known to promote suppression of apoptosis in mammals [START_REF] Yang | An N-terminal region of translationally controlled tumor protein is required for its antiapoptotic activity[END_REF]. Like for animal TCTPs, the MCL/Bcl-Fig. 7.1 Conservation of TCTP protein across kingdom. Arabidopsis AtTCTP protein shares 53.6%, 56%, and 62% amino acid similarity with human, drosophila, and yeast counterparts, respectively. Conserved TCTP signatures and binding domains are represented above amino acid sequences and secondary structure of AtTCTP at the bottom. Sequence alignments were performed using MuscleWS (Edgar 2004) software and edited with Jalview2.0 (Waterhouse et al. 2009). High conserved residues are colored in blue following BLOSUM 62 scoring matrix. TCTP sequences were retrieved from UniProtKB: P35691 TCTPs, there are slight differences suggesting some divergent functions of TCTP in plants and animals. For example, the Polo Like Kinase (PLK) phosphorylation site, previously shown to be functional in mouse (Yarm 2002), is conserved only in mammalian TCTPs and is absent in plant TCTPs (Fig. 7.1). The biological significance of these differences remains unclear, but its discovery may help unravel plant specific function(s) (Venugopal 2005).

In agreement with the conserved TCTP primary and secondary structures, the predicted tri-dimensional structure of plant TCTP is very similar to yeast and human structures [START_REF] Hinojosa-Moya | Phylogenetic and Structural Analysis of Translationally Controlled Tumor Proteins[END_REF]Feng et al. 2007;[START_REF] Thaw | Structure of TCTP reveals unexpected relationship with guanine nucleotide-free chaperones[END_REF]) (Fig. 7.2). Three distinct structural domains are found in TCTP: a core β-sheet domain, an α-helical domain, and a flexible loop structure. Major differences between plant and animal TCTPs are observed in the flexible loop, while the alpha-hairpin, which includes the basic domain known to be the interface for many interactions in animals, is well conserved (Bommer 2012;[START_REF] Gutierrez-Galeano | Structural divergence of plant TCTPs[END_REF]Berkowitz et al. 2008;[START_REF] Hinojosa-Moya | Phylogenetic and Structural Analysis of Translationally Controlled Tumor Proteins[END_REF]. In plants, the predictive structures of TCTP support the phylogenetic evidence that they fall into two sub-clades, AtTCTP1-like and CmTCTP-like (Cucurbita max.), that differ in the structure of the central "pocket" region and in the flexible loop, suggesting different functions. It should be noted that in plant species harboring a single TCTP gene, the sequence is usually AtTCTP1-like [START_REF] Gutierrez-Galeano | Structural divergence of plant TCTPs[END_REF].

Considering the high degree of amino-acids conservation and the high similarity of predictive tri-dimensional structure among phyla, it is tempting to suggest that plant and animal TCTPs share many of their roles. In agreement with this hypothesis, Brioudes et al. (2010) demonstrated in vivo that Drosophila dTCTP could complement cell proliferation defects associated with AtTCTP loss-of-function in Arabidopsis and vice versa.

In animals, TCTP was reported to interact with several proteins such as the tumor suppressor p53, BAX (Bcl2 Associated X protein), or MDM2 (Mouse Double Minute 2) (Amson et al. 2011). Interestingly, to date no orthologous proteins for these TCTP interactors could be found in plant genomes. It will be very interesting to know if nevertheless these interactions described in animals exist or not in plants. However, it has been reported that plant TCTP is able to interact with mammalian Bax protein (Hoepflinger et al. 2013). One could imagine that despite the obvious absence of primary amino acid similarities of TCTP interacting proteins, other functionally conserved proteins can fulfill their role and secure TCTP signaling in plants. Such information might give precious indications about evolution of TCTP function and interactors across kingdoms.

TCTP Is Essential for Plant Development

TCTP was demonstrated to have a major role in development and in organ size control in plants as in animals. Final organ shape and size are the result of coordinated cell proliferation, cell expansion, and cell death processes. These three processes have to be tightly controlled and coordinated in order to obtain organs and organisms of species-specific size and shape [START_REF] Day | Measuring dimensions: the regulation of size and shape[END_REF]. As in animals, many reports proposed plant TCTP as good candidate to control cell proliferation and cell death. Compared to animals, the role of plant TCTP in development is much less understood. All reports in the literature show that plant TCTP is essential for the correct development and for the determination of final plant size. Like in animals, knockout of plant TCTP leads to embryo lethality (Brioudes et al. 2010). The fact that TCTP knockouts are lethal hampered the studies to address in detail TCTP function. To overcome this difficulty, TCTP knockdown, by mean of RNA interference approach, was used to explore TCTP roles during development. Although such approach led to significant reduction of TCTP expression, full obliteration of TCTP expression couldn't be achieved, thus making it difficult to address in detail TCTP function (Brioudes et al. 2010;Cao et al. 2010;[START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF]Zhang et al. 2013;Berkowitz et al. 2008;Hsu et al. 2007;[START_REF] Hu | Suppression of intestinal immunity through silencing of TCTP by RNAi in transgenic silkworm, Bombyx mori[END_REF]. Brioudes et al. (2010) used an embryo-rescue approach in Arabidopsis thaliana to generate the first tctpÀ/À full knockout adult organism in eukaryote (Fig. 7.3c).

The authors supplemented Arabidopsis tctpÀ/À knockout embryos with nutrients in vitro that allowed their development to adult plants. However, the generated tctpÀ/À knockout plants were delayed in their development and showed severe growth defects, including small organs and plant size, late flowering, and sterility (Fig. 7.3). Nevertheless, the obtained tctpÀ/À knockout plants were very useful and helped dissect the multiple roles of TCTP in plant development (Brioudes et al. 2010).

Like in animals
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, TCTP knockout plants die early during embryo development (Brioudes et al. 2010) and the TCTP down-regulation delayed development and organ size reduction (Brioudes et al. 2010;Berkowitz et al. 2008). Even though it is generally accepted that TCTP is essential for organ and plant development, there are some discrepancies in observations and hypothesis, and a number of conclusions are still under debate. Brioudes et al. (2010) and Berkowitz et al. (2008) showed a clear negative effect of TCTP downregulation on plant development and growth in A. thaliana (Brioudes et al. 2010;Berkowitz et al. 2008). However, these studies do not agree on the causes of these phenotypes. Berkowitz et al. (2008) proposed that tctp lethality was associated with male gametophytic defects leading to failed fertilization and suggested a role of TCTP as a general stimulator of cell expansion. Conversely, Brioudes et al. (2010) demonstrated that fertilization took place in tctp knockouts, and the lethality was a result of retarded growth of the developing embryos (Fig. 7.3). The fact that Brioudes et al. (2010) were able to rescue the tctpÀ/À knockout embryos to generate the first full knockout adult organism for tctp supports the conclusion that the tctp lethality is not associated with male gametophytic defect. In agreement with Brioudes et al. (2010), very recently [START_REF] Hafidh | Quantitative proteomics of the tobacco pollen tube secretome identifies novel pollen tube guidance proteins important for fertilization[END_REF] showed that pollen competitiveness between tctp and wild type pollen is not different and confirmed that the fertilization between tctp pollen and a tctp ovule could occur. They also confirmed that the lethality is due to a delay in embryo growth in the early stages of development and thus in agreement with Brioudes et al. (2010) (Fig. 7.3b). Moreover, the authors demonstrated that like animal TCTPs, plant TCTP, even though lacking signal secretion peptide, can be secreted to plant apoplastic spaces via exosomes [START_REF] Hafidh | Quantitative proteomics of the tobacco pollen tube secretome identifies novel pollen tube guidance proteins important for fertilization[END_REF][START_REF] Amzallag | TSAP6 facilitates the secretion of translationally controlled tumor protein/histamine-releasing factor via a nonclassical pathway[END_REF]. This feature of TCTP might contribute to the signaling between pollen tube and pistil during fertilization and thus affect pollen tube guidance, ovule targeting, and seed development [START_REF] Hafidh | Quantitative proteomics of the tobacco pollen tube secretome identifies novel pollen tube guidance proteins important for fertilization[END_REF]. Therefore, the data by Brioudes et al. (2010), recently confirmed by [START_REF] Hafidh | Quantitative proteomics of the tobacco pollen tube secretome identifies novel pollen tube guidance proteins important for fertilization[END_REF], support the conclusion that the lethality of tctp loss-of-function mutants is a result of a retarded embryo growth that leads to embryo abortion in the developing siliques.

In Arabidopsis
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, the characterization of tctpÀ/À knockout (obtained via embryo rescue), RNAi-TCTP, and TCTP overexpressing lines through detailed kinematic analysis of leaf growth allowed to demonstrate that AtTCTP controls cell proliferation but not cell expansion (Brioudes et al. 2010). Similar data were recently reported for tobacco, cabbage, and tomato (Cao et al. 2010;[START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF][START_REF] Gupta | A Translationally Controlled Tumor Protein Negatively Regulates the Hypersensitive Response in Nicotiana benthamiana[END_REF][START_REF] Bruckner | Translationally controlled tumour protein (TCTP) from tomato and Nicotiana benthamiana is necessary for successful infection by a potyvirus: TCTP is a host factor for potyvirus infection[END_REF]. In these plants, TCTP downregulation leads to delayed plant development and smaller organs compared to wild type. Moreover, flowers were smaller and root growth was reduced [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF][START_REF] Bruckner | Translationally controlled tumour protein (TCTP) from tomato and Nicotiana benthamiana is necessary for successful infection by a potyvirus: TCTP is a host factor for potyvirus infection[END_REF]. The authors suggest that at least part of these phenotypes can be explained by a reduction of cell proliferation activity in TCTP-RNAi lines as TCTP plays a positive role in plant growth regulation. In agreement with the role of TCTP in the control of cell proliferation, Arabidopsis AtTCTP protein was shown to accumulate in highly dividing cells (Brioudes et al. 2010). In Pisum sativum, mRNA was localized predominantly in dividing cells of root caps and in other rapidly growing tissues as young leaves and stems (Woo and Hawes 1997;Kang et al. 2003). Accordingly, TCTP protein accumulation was correlated with the accumulation of other cell proliferation proteins in the skin of young potato tubers, an actively dividing tissue (Barel and Ginzberg 2008).

To the best of our knowledge, only two studies showed the direct implication of TCTP in the control of cell proliferation. In a first study, Brioudes et al.(2010) demonstrate that TCTP regulates cell cycle progression (Brioudes et al. 2010). In this study, they showed a 4 h delay of cell cycle progression, and such delay affected more specifically G1/S transition (Brioudes et al. 2010). Recently, report by [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF] confirmed these results. Moreover, measurements of leaf size and cell number in Arabidopsis and tobacco plants knockdown for TCTP showed that delayed leaf growth and smaller leaf size were due to a decrease in the cell number but not in cell size. However, the precise molecular pathway by which TCTP controls cell proliferation in plants is still unknown. [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF] suggested that TCTP could prevent the polyubiquitination of NTHK1 (a Type 2 ethylene receptor) to control cell cycle.

The role of TCTP in controlling cell proliferation and mitotic growth is conserved between plants and animals. Brioudes et al. (2010) demonstrated that Drosophila dTCTP could fully complement cell proliferation defects associated with TCTP loss-of-function phenotypes in Arabidopsis and vice versa. However, this study also showed that loss-of-function of Drosophila dTCTP also leads to defects in cell expansion, although such defect is not observed in tctpÀ/À knockout plants. In agreement with these data, AtTCTP could not complement the cell expansion defect in Drosophila mutants. These interspecies complementation experiments highlighted the conserved role of TCTP in controlling cell proliferation and demonstrated that conversely to plant TCTP, Drosophila TCTP also controls cell expansion.

In animals, TCTP was shown to have an anti-apoptotic role [START_REF] Susini | TCTP protects from apoptotic cell death by antagonizing bax function[END_REF].

This role was also investigated in plants. As for animals, cell death process occurs in plants with genetically and environmentally defined temporal and spatial patterns and is absolutely required for normal plant development (Greenberg 1996). Lliso et al. (2007) showed that TCTP protein accumulation decreased during postharvest aging process in citrus fruits and suggested an anti-apoptotic activity for TCTP in relation with microtubule stabilization. In agreement with these data, Hoepflinger et al. (2013) reported that constitutive expression of AtTCTP prevents the apoptotic effect of programmed cell death (PCD)-inducing agent tunicamycin on tobacco disc leaf. The authors then proposed that, as in animals, plant TCTP could act as a cytosolic Ca 2+ sequester to protect cells against Ca 2+ -dependent PCD [START_REF] Graidist | Fortilin binds Ca 2+ and blocks Ca 2+ -dependent apoptosis in vivo[END_REF].

Cell death process is also induced during an incompatible interaction between plants and pathogens in order to limit pathogen spread and disease development.

This process, also termed hypersensitive response (HR), is used as a model to study cell death in plants (see [START_REF] Morel | The hypersensitive response and the induction of cell death in plants[END_REF]. In tobacco, it was demonstrated that the downregulation of NtTCTP promotes HR and the constitutive transient expression of NtTCTP decreases the HR rate, thus another argument to support the anti-apoptotic activity of TCTP in plants [START_REF] Gupta | A Translationally Controlled Tumor Protein Negatively Regulates the Hypersensitive Response in Nicotiana benthamiana[END_REF]. In this study, the authors also demonstrated that TCTP inhibits the Reactive Oxygen Species (ROS) production and the MAPK (Mitogen Activating Protein Kinase) cascade observed in HR. Taking together, these published work show that like in animals, plant TCTPs very likely have an anti-apoptotic role. However, the mechanism by which TCTP prevents PCD is still unknown as counterparts of TCTP interacting mammalian proteins are missing in plants.

Role of TCTP in Plant Signaling

As discussed above, TCTP is absolutely required for plant development and organ size determination. In Arabidopsis and tobacco, the downregulation of TCTP leads to severe developmental defects that are at least in part due to perturbation of cell proliferation, but many other processes are affected. A number of published work associates TCTP to other cellular functions and signaling molecules/pathways. In the next paragraph, we will provide the up-to-date information on the putative links between TCTP and these cellular functions and signaling molecules/pathways. 7.4.1 Is TCTP a Component of the TOR Pathway? Hsu et al. (2007) reported that Drosophila dTCTP controls organ growth by positively regulating the TARGET OF RAPAMYCIN (TOR) pathway. TOR kinase is part of a signaling complex that controls cell proliferation and growth in animals and in plants, in response to environmental conditions, growth factors (e.g., insulin), nutrients, energy, or stress [START_REF] Robaglia | Plant growth: the translational connection[END_REF][START_REF] Deprost | The Arabidopsis TOR kinase links plant growth, yield, stress resistance and mRNA translation[END_REF]Wullschleger et al. 2006;[START_REF] Oldham | Genetic and biochemical characterization of dTOR, the Drosophila homolog of the target of rapamycin[END_REF][START_REF] Zhang | Regulation of cellular growth by the Drosophila target of rapamycin dTOR[END_REF]. In mammals, the TOR pathway (mTOR) controls cell growth by acting as a central regulator of protein synthesis and ribosome biogenesis at the transcriptional and translational levels downstream mitogens and nutrients sensing and by integrating signaling pathways ( AU4 Wullschleger et al. 2006). mTOR activity is positively controlled by the small Ras GTPase, Rheb, that binds directly to mTOR kinase domain in order to activate the mTOR complex in a GTP-dependent manner (Wullschleger et al. 2006). The Tuberous Sclerosis Complex (TSC) negatively regulates TOR pathway by inactivating Rheb through a GTPase-activating protein (GAP) activity.

Based on epistatic analysis, Hsu et al. (2007) showed that in Drosophila melanogaster, dTCTP acts in parallel to TSC, but upstream of dRheb. Using GST pull-down and in vivo GDP release assays, they demonstrated that dTCTP binds to nucleotide-free dRheb and specifically displays Guanine nucleotide exchange factor (GEF) activity on it. In this model, dTCTP directly associates with dRheb and is required for its activation in vivo, which in turn positively controls TOR activity; thus, TCTP may have an opposite function to TSC. Mouse TCTP was also reported to function as GEF upstream of S6K [START_REF] Chen | A knockout mouse approach reveals that TCTP functions as an essential factor for cell proliferation and survival in a tissue-or cell type-specific manner[END_REF]) and human TCTP was demonstrated to activate the mTOR pathway in vivo (Dong et al. 2009). In plants, TOR is highly conserved and its expression positively correlates with growth [START_REF] Deprost | The Arabidopsis TOR kinase links plant growth, yield, stress resistance and mRNA translation[END_REF]Wullschleger et al. 2006). Homologous members and substrates of the mammalian mTORC1 complex have been identified in plants, such as TOR, LST8, S6 kinase, and RAPTOR [START_REF] Menand | Plant growth and the TOR pathway[END_REF]Mahfouz 2006), but the presence of TORC2 components has yet to be proven. In plants, the TOR pathway is conserved and has been shown to be important for plant growth, development, flowering, senescence, and life span by modulating transcription, translation, autophagy, and primary and secondary metabolism [START_REF] Deprost | The Arabidopsis TOR kinase links plant growth, yield, stress resistance and mRNA translation[END_REF][START_REF] Ahn | The PP2A regulatory subunit Tap46, a component of the TOR signaling pathway, modulates growth and metabolism in plants[END_REF][START_REF] Ren | Target of rapamycin regulates development and ribosomal rna expression through kinase domain in Arabidopsis[END_REF][START_REF] Ren | Target of rapamycin signaling regulates metabolism, growth, and life span in Arabidopsis[END_REF][START_REF] Moreau | Mutations in the Arabidopsis homolog of LST8/GβL, a partner of the target of rapamycin kinase, impair plant growth, flowering, and metabolic adaptation to long days[END_REF][START_REF] Xiong | Rapamycin and glucose-target of rapamycin (TOR) protein signaling in plants[END_REF][START_REF] Xiong | Glucose-TOR signalling reprograms the transcriptome and activates meristems[END_REF][START_REF] Caldana | Systemic analysis of inducible target of rapamycin mutants reveal a general metabolic switch controlling growth in Arabidopsis thaliana[END_REF].

There are only indirect indications about the putative link between TCTP and TOR pathway in plants. BiFC (Bi-Fluorscent Complementation) and GST pulldown experiments showed that Arabidopsis TCTP is able to bind plant Rab GTPases and also Drosophila Rheb, and similarly, Drosophila TCTP can bind Arabidopsis Rab (Brioudes et al. 2010). However, no data were reported regarding a putative GEF activity of plant TCTP. Similarly, no genetic studies are available to confirm that TCTP acts as a regulator of the TOR pathway. However, knockout or knockdown of TCTP or TOR in plants exhibit similar phenotypes. For both genes, knockout are lethal and knockdown display prolonged reduction in cell proliferation and reduced growth (Brioudes et al. 2010;[START_REF] Deprost | The Arabidopsis TOR kinase links plant growth, yield, stress resistance and mRNA translation[END_REF]. Another indication of the putative link between TCTP and TOR in plants is the fact that transcript level of EBP1, a TOR downstream component, is significantly decreased in TOR and in TCTP knockdown plants, suggesting a common pathway (Berkowitz et al. 2008;[START_REF] Deprost | The Arabidopsis TOR kinase links plant growth, yield, stress resistance and mRNA translation[END_REF]).

It should be noted that in animals, the putative GEF activity of TCTP also remains a matter of debate, and the molecular function of TCTP as an upstream activator of Rheb has been questioned. [START_REF] Rehmann | Biochemical characterisation of TCTP questions its function as a guanine nucleotide exchange factor for Rheb[END_REF] addressed the putative interaction between TCTP and Rheb and compared the Rheb activation and S6K or S6 phosphorylation status in presence of TCTP and in mammalian cells knockdown for TCTP. Conversely to Hsu et al. (2007), they didn't observe any difference on Rheb and its downstream targets [START_REF] Rehmann | Biochemical characterisation of TCTP questions its function as a guanine nucleotide exchange factor for Rheb[END_REF]. Similarly, overexpression of hTCTP had no significant effect on the phosphorylation state of S6, a substrate of S6K, in stressed human cell lines [START_REF] Wang | Re-evaluating the roles of proposed modulators of mammalian target of Rapamycin Complex 1 (mTORC1) signaling[END_REF]. Furthermore, NMR spectroscopy failed to confirm any interaction between TCTP and Rheb [START_REF] Rehmann | Biochemical characterisation of TCTP questions its function as a guanine nucleotide exchange factor for Rheb[END_REF]). These data do not support the idea that TCTP is an upstream activator of mammalian TOR signaling. It is probable that TCTP acts on Rheb but not as a GEF. [START_REF] Cans | Translationally controlled tumor protein acts as a guanine nucleotide dissociation inhibitor on the translation elongation factor eEF1A[END_REF] reported that human TCTP was able to interact with a GTP-binding protein (eEF1A) and its GEF (eEF1B) and to act as a guanine nucleotide dissociation inhibitor (GDI). The atomic structure of Schizosaccharomyces pombe and human TCTP proteins revealed that TCTP is structurally related to the Mss4/Dss4 protein family [START_REF] Thaw | Structure of TCTP reveals unexpected relationship with guanine nucleotide-free chaperones[END_REF][START_REF] Susini | TCTP protects from apoptotic cell death by antagonizing bax function[END_REF]. In human, Mss4 has been shown to bind to several exocytic but not endocytic Rab GTPases in vivo and in vivo, and analysis of its catalytic activity towards them confirmed its function as a relatively inefficient GEF, thus supporting the idea that it would most likely function as a guanine nucleotide-free chaperone (GFC) [START_REF] Nuoffer | Mss4 does not function as an exchange factor for Rab in endoplasmic reticulum to Golgi transport[END_REF][START_REF] Wixler | Identification and characterisation of novel Mss4-binding Rab GTPases[END_REF]. Moreover, Gnanasekar et al. (2009) identified heat shock protein function and chaperone-like activities of human TCTP and a TCTP homolog from Schistosoma mansoni. Given that TCTP is structurally similar to the Mss4/Dss4 family [START_REF] Thaw | Structure of TCTP reveals unexpected relationship with guanine nucleotide-free chaperones[END_REF] and that it can interact with many cellular proteins involved in cell growth or survival control, it was tempting to propose animal TCTP as a protein chaperone. Although it is still not clear whether TCTP is a GEF, a GDI, or a GFC, the studies above revealed TCTP as a regulator of GTPases activities and associated it with the control of translation. Whether TCTP acts as a GEF or not on Rheb proteins remains to be clarified. There are reported studies that defend both hypotheses. Clearly, more studies are required in order to decipher the relationship between TCTP and TOR pathway in animals as in plants.

Role of TCTP in Hormone Signaling

Very little information exists on the putative roles of TCTP in hormonal signaling in plants (Fig. 7.4). Only few studies investigated changes in TCTP expression in response to treatment with phytohormones, such as auxin, abscisic acid (ABA), ethylene, or methyl jasmonate (MeJA) (Cao et al. 2010;[START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF][START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF]. Most of the published work simply provided hypothesis based on observations, and sometimes results are contradictory.

In plants, auxin is an essential hormone involved in a wide variety of functions such as cell division, organogenesis, senescence, apical dominance, gravitropism, root growth, etc. (Vanneste and Friml 2009). Berkowitz et al. (2008) showed that Arabidopsis TCTP-RNAi plants were less sensitive to increasing concentrations of exogenous auxin compared to the wild-type and proposed an implication of TCTP in the auxin signaling pathway. These data are surprising since auxin signaling mutants often show severe and aberrant phenotypes that are different from that observed in TCTP-RNAi (Estelle and Somerville 1987;[START_REF] Kr | The PIN-FORMED (PIN) protein family of auxin transporters[END_REF]. In cabbage, TCTP-RNAi plants grow slower and accumulate low auxin contents compared to the wild-type (Cao et al. 2010). The authors suggested that such decrease of endogenous auxin content could be responsible of the observed delayed growth. However, this remains highly hypothetical as no direct proof has been provided by the authors to support such hypothesis. Clearly, more studies are required to confirm the putative role of TCTP in auxin signaling pathway.

Several studies reported interaction of TCTP with the abscisic acid (ABA) signaling pathway. ABA is a plant hormone known to be implicated in seed germination and response to drought. It has been suggested in Arabidopsis that AtTCTP interacts with ABA signaling pathway to control stomatal closure mechanism in response to drought [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF]. Stomata are differentiated leaf cells that tightly control gas and water exchanges between plant leaves and environment. During the night or in drought condition, plants synthesize ABA to control stomatal closure, avoiding water evaporation [START_REF] Venkatachalam | Identification of expression profiles of tapping panel dryness (TPD) associated genes from the latex of rubber tree (Hevea brasiliensis Muell[END_REF]. [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF] reported that overexpression of Arabidopsis AtTCTP confers drought tolerance by rapid ABA-mediated stomatal closure. The authors also proposed that this rapid ABA-mediated stomatal closure is mediated by the interaction of AtTCTP with B. Le ´o et al.

microtubules during water stress leading to microtubules depolymerization, stomata closure, and drought resistance. Moreover, this interaction between TCTP and tubulin is increased by calcium, a microtubule depolymerization factor. As the expression domain of TCTP is increased following ABA-treatments and because putative ABA-responsive elements were identified in the AtTCTP promoter, it is possible that there is a feedback loop between ABA and TCTP expression that regulates stomatal closure in leaves. Unfortunately, the data by [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF] are based on TCTP overexpression experiments and on in vivo data only, and direct link between ABA and TCTP for stomatal closure is not shown. To date, no other study linking stomatal behavior in response to ABA and TCTP.

In cabbage, knockdown of TCTP is associated with higher levels of ABA and thus an inverse response to that reported by Kim et al AU5 . ( 2012) and Cao et al. (2010).

In rice, OsTCTP protein accumulation is induced in response to ABA, while in cabbage no difference in TCTP expression was observed under ABA stress (Cao et al. 2010;Wang et al. 2015). In Orchardgrass (Dactylis glomerata), TCTP has been demonstrated to be one of the most stable genes in response to ABA [START_REF] Huang | Reference gene selection for quantitative real-time reverse-transcriptase PCR in orchardgrass subjected to various abiotic stresses[END_REF]. All these data suggest that there is a link between the ABA pathway and TCTP, but the inconsistency of the results is evident and therefore more studies are required to consolidate these observations.

Ethylene is an important phytohormone for plant growth and development, and it is associated with fruit ripening. [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF] reported that tobacco NtTCTP protein accumulation increases in response to ethylene treatments. NtTCTP then interacts with the ethylene receptor NTHK1, and such interaction is enhanced by ethylene and protects NTHK1 from degradation by the 26S proteasome and promotes seedling growth [START_REF] Tao | Tobacco translationally controlled tumor protein interacts with ethylene receptor tobacco histidine kinase1 and enhances plant growth through promotion of cell proliferation[END_REF]. Some studies also report a change in TCTP expression upon Jasmonic acid (JA) treatment. JA is a lipid-derived plant hormone that regulates a wide range of processes, such as biotic and abiotic plant stress responses (insects, pathogens, wounding. . .) and developmental processes (root growth, senescence. . .) [START_REF] Abe | Function of Jasmonate in Response and Tolerance of Arabidopsis to Thrip Feeding[END_REF][START_REF] Devoto | Regulation of jasmonate-mediated plant responses in Arabidopsis[END_REF]Browse 2005). In Hevea brasiliensis, HbTCTP expression is strongly reduced in response to MeJA treatment [START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF]. In cotton, overexpression of TCTP leads to important decrease of expression of genes in the JA pathway [START_REF] Zhang | Cotton TCTP1 gene encoding a translationally controlled tumor protein participates in plant response and tolerance to aphids[END_REF]. Conversely, Wang et al. (2015) reported that OsTCTP protein accumulation is not affected by MeJA in Oryza sativa (2015). These results are contradictory, and further experiments are required to address more precisely the putative role of TCTP in JA signaling.

To summarize, we have little knowledge about the link between TCTP and phytohormone signaling, and clearly, more studies are needed to determine the role of TCTP in phytohormone signaling during plant growth and development.

Response to Abiotic and Biotic Stresses

Conversely to animals, plants have sessile lifestyle and they have to cope with and adapt to their environment. In order to grow, plants need light, water, and nutrients. The availability of those elements directly impact their development, morphology, and size. While some reports show that the expression of Arabidopsis AtTCTP and tomato SlTCTP mRNAs is highly stable in different growth conditions (Brioudes et al. 2010;[START_REF] Coker | Selection of candidate housekeeping controls in tomato plants using EST data[END_REF], several other studies reported variations of TCTP mRNA expression and/or protein accumulation in response to environmental stresses (Fig. 7.4). In plants, TCTP expression was reported to vary in response to salt stress, high temperature, drought, and pathogen attacks (Fig. 7.4). In the following chapter, we will provide and discuss the up-to-date knowledge on the putative roles of TCTP in response to environmental signals and stresses.

Different studies suggest that TCTP may have a role in tolerance to drought and heat stresses. In Jatropha curcas and in cabbage, the expression of TCTP was shown to be induced following heat shock (Cao et al. 2010;[START_REF] Qin | Molecular cloning, characterization and expression of cDNA encoding translationally controlled tumor protein (TCTP) from Jatropha curcas L[END_REF]. In Hevea brasiliensis, HbTCTP1 transcripts were rapidly increased after drought treatment and then returned to normal level [START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF]). However, an inverse behavior was observed in grapevine, where TCTP expression was repressed under water deficit stress [START_REF] Vincent | Proteomic analysis reveals differences between Vitis vinifera L. cv. Chardonnay and cv. Cabernet Sauvignon and their responses to water deficit and salinity[END_REF][START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF]. [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF] showed that in Arabidopsis, plants overexpressing AtTCTP were more tolerant to drought due to reduced water loss. As described above, AtTCTP interacts with microtubules in guard cells, which leads to microtubule depolymerization and rapid ABA-mediated stomatal closure and reduced water loss [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF]. The stomatal closure induced by ABA is one of the major adaptive responses to drought B. Le ´o et al.

stress [START_REF] Zhang | Role of ABA in integrating plant responses to drought and salt stresses[END_REF]. The binding of plant TCTP to tubulins seems calcium dependent. Calcium is a known factor in microtubule depolymerization [START_REF] Kim | Overexpression of Arabidopsis translationally controlled tumor protein gene AtTCTP enhances drought tolerance with rapid ABA-induced stomatal closure[END_REF][START_REF] O'brien | How calcium causes microtubule depolymerization[END_REF][START_REF] Yu | Microtubule dynamics are involved in stomatal movement of Vicia faba L[END_REF]. It was reported that animal TCTP also associates transiently with microtubules during cell cycle and binds calcium [START_REF] Gachet | The growth-related, translationally controlled protein P23 has properties of a tubulin binding protein and associates transiently with microtubules during the cell cycle[END_REF][START_REF] Kim | Identification of the calcium binding sites in translationally controlled tumor protein[END_REF]. Visibly, plant and animal TCTPs bind to and associate with microtubules and calcium to perform different roles, although more data are required to address how conserved these roles are between plants and animals and what are the underlying molecular mechanisms.

Altogether, it seems that heat shock and drought rapidly induce TCTP expression, and high level of TCTP might be required to resist such stress. However, the reported data remain as observation, and no data on the molecular and genetic mechanisms that might be involved are available.

In many plant species, TCTP mRNA accumulation was also found to be stimulated by a number of other abiotic stress signals such as aluminum, mercury, Cu 2+ , H 2 O 2, high salt, ethrel, wounding, and MeJA (Sage-Ono et al. 1998;[START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF][START_REF] Brı | Molecular cloning and characterization of a cassava translationally controlled tumor protein gene potentially related to salt stress response[END_REF][START_REF] Wang | Comparative proteomic study and functional analysis of translationally controlled tumor protein in rice roots under Hg2+ stress[END_REF]Wang et al. , 2015;;Ermolayev 2003) (Fig. 7.4).

TCTP expression was shown to be induced by aluminum treatment in an aluminumtolerant soybean cultivar, but not in an aluminum-sensitive cultivar, suggesting a putative role of TCTP in aluminum homeostasis maintanance [START_REF] Ermolayev | Comparison of Al-induced gene expression in sensitive and tolerant soybean cultivars[END_REF].

More recently, it was reported that rice OsTCTP expression was induced in response to H 2 O 2 and to high levels of mercury in soil and that OsTCTP expression enhances tolerance to mercury in rice via a decrease of the Hg-induced reactive oxygen species (ROS) [START_REF] Wang | Comparative proteomic study and functional analysis of translationally controlled tumor protein in rice roots under Hg2+ stress[END_REF](Wang et al. , 2015)). In rubber tree (Hevea brasiliensis), transient changes in HbTCTP1 transcript levels were also observed after diverse abiotic treatments as high salt, ethrel, and H 2 O 2 [START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF]. Moreover, TCTP expression is reduced in this species during wounding and Tapping Panel Dryness (TPD) syndrome, which is the result of repeated wounding [START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF][START_REF] Venkatachalam | Identification of expression profiles of tapping panel dryness (TPD) associated genes from the latex of rubber tree (Hevea brasiliensis Muell[END_REF]). This TCTP down-regulation is preceded by ROS outburst that induces hypersensitive response (HR) indicating that programmed cell death due to repeated wounding might be the cause of TPD [START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF].

Although these data remain as observations with no clear data to support the role of TCTP in response to stresses, many of these abiotic stresses are known to lead to the production of ROS. In animals as in plants, ROS are natural by-products of the normal metabolism and have important roles in cell signaling and homeostasis [START_REF] Kardeh | Paradoxical action of reactive oxygen species in creation and therapy of cancer[END_REF][START_REF] Russell | International review of cell and molecular biology[END_REF][START_REF] Li | The functional role of peroxiredoxin 3 in reactive oxygen species, apoptosis, and chemoresistance of cancer cells[END_REF]del Rio 2015;[START_REF] Choudhury | Reactive oxygen species signaling in plants under abiotic stress[END_REF]. ROS levels are known to increase dramatically in response to various environmental stresses, which can result in significant damage to cells and tissues [START_REF] Møller | Oxidative modifications to cellular components in plants[END_REF][START_REF] Xia | Interplay between reactive oxygen species and hormones in the control of plant development and stress tolerance[END_REF]. In animals, ROS also play a role in tissue protection and defense against cancer by controlling cell proliferation through apoptosis induction [START_REF] Kardeh | Paradoxical action of reactive oxygen species in creation and therapy of cancer[END_REF].

In plants, the majority of published data suggest that ROS either induce TCTP expression and promote stress tolerance and adaptation or inhibit TCTP expression in parallel with PCD induction. Some authors also suggested that TCTP could control the adaptive response to abiotic stresses via its Ca 2+ bindings ability [START_REF] Li | Molecular cloning, expression profiles and characterization of a novel translationally controlled tumor protein in rubber tree (Hevea brasiliensis)[END_REF][START_REF] Gupta | A Translationally Controlled Tumor Protein Negatively Regulates the Hypersensitive Response in Nicotiana benthamiana[END_REF]Hoepflinger et al. 2013). However, part of the data remains contradictory. To reconciliate these contradictory published data, we can imagine that despite the amino acid sequence conservation, TCTP proteins from different species may have different roles in response to abiotic stresses. Further investigations are required to address the discrepancies in the literature and more importantly to shed light to the molecular mechanisms underlying the role of TCTP in abiotic stress response.

As mentioned above, TCTP is an anti-apoptotic protein associated with plant hypersensitive response (HR) during incompatible interaction with many pathogens. HR is one of the best-characterized defense responses in plants that occurs during incompatible host-pathogen interaction. It is characterized by rapid, localized PCD to restrict the spread of pathogens and protect the plant. Because HR is one of the major defense mechanisms against pathogen attacks [START_REF] Morel | The hypersensitive response and the induction of cell death in plants[END_REF], TCTP is assumed to play a role in plants defense. Wide-genome as well as proteomics analysis show that both TCTP transcript and protein were differentially expressed and accumulated in response to attacks by viruses, bacteria, and fungi.

Analysis of proteomic changes in Arabidopsis infected by Pseudomonas syringae demonstrated that infection with an avirulent strain or induction of HR by bacteria correlates with TCTP downregulation, and conversely, in the case of established bacterial infection, TCTP expression is upregulated [START_REF] Jones | Modifications to the Arabidopsis defense proteome occur prior to significant transcriptional change in response to inoculation with Pseudomonas syringae[END_REF][START_REF] Fabro | Genome-wide expression profiling Arabidopsis at the stage of Golovinomyces cichoracearum haustorium formation[END_REF]. Successful infection by Agrobacterium tumefaciens that requires suppression of plant defense mechanism, also correlates with increased TCTP expression [START_REF] Veena | Transfer of T-DNA and Vir proteins to plant cells by Agrobacterium tumefaciens induces expression of host genes involved in mediating transformation and suppresses host defense gene expression[END_REF]. In agreement with these reports, NbTCTP silencing in tobacco accelerates HR following infection by various bacteria, while TCTP overexpression diminished HR response to bacterial infection [START_REF] Gupta | A Translationally Controlled Tumor Protein Negatively Regulates the Hypersensitive Response in Nicotiana benthamiana[END_REF]. NtTCTP seems to negatively regulate HR cell death by acting on the MAPKregulated cell death pathway. Moreover, expression of the BAX protein in NtTCTP downregulated plants accelerated the HR phenotype. BAX is a mammalian pro-apoptotic protein, which in mammals antagonizes TCTP effect. In this study, the authors clearly demonstrate the anti-apoptotic effect of plant TCTP.

TCTP has been proposed to play a major role during plant infection by potyvirus. In a first study, TCTP was identified among the most strongly induced genes after potyvirus infection in tomato [START_REF] Alfenas-Zerbini | Genome-wide analysis of differentially expressed genes during the early stages of tomato infection by a potyvirus[END_REF]. In a more recent study, it was demonstrated that TCTP is an important host factor for an efficient infection by potyviruses in tomato and Nicotiana benthamiana plants. Plants silenced for TCTP exhibited reduced accumulation of PepYMV early during infection [START_REF] Bruckner | Translationally controlled tumour protein (TCTP) from tomato and Nicotiana benthamiana is necessary for successful infection by a potyvirus: TCTP is a host factor for potyvirus infection[END_REF]). Furthermore, TCTP was observed in both nuclei and cytoplasm of non-infected cells, while only in the cytoplasm of infected cells, which suggest that the virus may alter TCTP localization to promote viral infection. However, the mechanism by which TCTP promote successful infection by viruses is not yet clear. In animals, the highly structured TCTP mRNA was shown to activate the dsRNA-dependent protein kinase PKR [START_REF] Bommer | The mRNA of the translationally controlled tumor protein P23/TCTP is a highly structured RNA, which activates the dsRNA-dependent protein kinase PKR[END_REF], thus suggesting antiviral responses. In plants, dsRNA binding is used by plant viruses to suppress RNA silencing [START_REF] Merai | Double-stranded RNA binding may be a general plant RNA viral strategy to suppress RNA silencing[END_REF]. It is possible that viruses induce TCTP expression to deactivate dsRNA-induced plant defense response in order to allow efficient plant infection. Alternatively, TCTP could be associated with viral movement and selective loading of various viral components at specific cell boundaries during virus infection [START_REF] Zhu | Movement of potato spindle tuber viroid reveals regulatory points of phloemmediated RNA traffic[END_REF]Voinnet et al. 1998;[START_REF] Le ´o | Potato spindle tuber viroid strains of different pathogenicity induces and suppresses expression of common and unique genes in infected tomato[END_REF]. In pumpkin, CmTCTP was shown to associate with phloem RNA binding proteins CmPP16-1 and CmPP16-2 [START_REF] Aoki | Destination-selective long-distance movement of phloem proteins[END_REF], and this complex was demonstrated to move selectively in pumpkin phloem. In Ricinus communis, TCTP protein was also found in the vascular system phloem sap that carries organic nutrients or photosynthate [START_REF] Barnes | Determining protein identity from sieve element sap in Ricinus communis L. by quadrupole time of flight (Q-TOF) mass spectrometry[END_REF]). The authors suggest that TCTP might be involved in the selective transport and/or unload of macromolecules such as viral components by the phloem, for long-distance movement in the sieve tube.

The role of TCTP seems to be not solely restricted to response to bacteria and viruses. In Arabidopsis, infection with obligate biotroph fungi induces TCTP expression, and conversely TCTP expression is negatively regulated by the SA and JA-mediated host defense pathway [START_REF] Fabro | Genome-wide expression profiling Arabidopsis at the stage of Golovinomyces cichoracearum haustorium formation[END_REF]. Obligate biotroph fungi must establish compatible interactions with their hosts to survive, and TCTP could be necessary for a successful fungal infection [START_REF] Fabro | Genome-wide expression profiling Arabidopsis at the stage of Golovinomyces cichoracearum haustorium formation[END_REF]). However, it is still unclear how these parasites are able to avoid plant defense activation [START_REF] Panstruga | Establishing compatibility between plants and obligate biotrophic pathogens[END_REF].

Similar to animal parasitic nematodes, TCTP from two plant parasitic nematodes (PPN) (Meloidogyne incognita and M. enterolobii) was found among the proteins secreted during host plant invasion and in agreement with such observation, nematode infection was promoted by overexpressing Meloidogyne MeTCTP in planta [START_REF] Bellafiore | Direct identification of the Meloidogyne incognita secretome reveals proteins with host cell reprogramming potential[END_REF][START_REF] Zhuo | A novel Meloidogyne enterolobii effector MeTCTP promotes parasitism by suppressing programmed cell death in host plants[END_REF]). In M. incognita, TCTP is localized in the sub-ventral gland while in M. enterolobii it was found in the dorsal gland, indicating that the site of TCTP secretion might be species dependent. Similar to observations during bacterial infection, nematode TCTP could suppress BAX-induced programmed cell death. However, the authors did not show direct evidence of MeTCTP secretion into host organism and did not quantify the changes in host TCTP expression/accumulation upon nematode infection [START_REF] Zhuo | A novel Meloidogyne enterolobii effector MeTCTP promotes parasitism by suppressing programmed cell death in host plants[END_REF].

All together these published data indicate that nematode TCTP might be a plantparasitic effector excreted into the host plants to promote parasitism. However, how nematode TCTP accomplishes this role remains unclear. Analysis of other proteins secreted by M. incognita indicates that nematode infection can interfere with plant ROS signaling to suppress cell death. Analysis of M. incognita secretome demonstrated the presence of detoxification enzymes that may be able to degrade ROSs [START_REF] Bellafiore | Direct identification of the Meloidogyne incognita secretome reveals proteins with host cell reprogramming potential[END_REF]. In cotton plant, [START_REF] Zhang | Cotton TCTP1 gene encoding a translationally controlled tumor protein participates in plant response and tolerance to aphids[END_REF] show that TCTP was downregulated upon aphid attack and that cotton TCTP overexpression in Arabidopsis leads to a reduction of the symptoms induced by the parasite.

The published data suggest that TCTP likely plays a role in response to various pathogens. It is possible that TCTP is acting to circumvent the plant defense in order to establish compatible pathogen infection probably through diverse processes, such as preventing cell death and/or allowing the selective transport of macromolecules.

Conclusion

In plants as in animals, TCTP is involved and likely plays major roles in many cellular processes (Fig. 7.4), such as cell proliferation and cell death control or response to abiotic and biotic stresses. The precise molecular mechanisms associated with many of these processes in plants are still unknown. In animals, TCTP is involved in diverse cancers and is thought to be one of the best therapeutic targets to fight against the disease (Acunzo et al. 2014). In plants, tumorogenesis occurs but rarely induces physiological disorder [START_REF] Doonan | Walls around tumours-why plants do not develop cancer[END_REF]. It is clear in many published work that TCTP has conserved functions in plants and in animals. However, to the best of our knowledge, only one report addressed the TCTP functional conservation between plants and animals at the molecular level (Brioudes et al. 2010). Future directions AU6 must take into account animal and plant model organisms to investigate at the molecular, genetic and biochemical levels the mechanisms by which TCTP act in these various processes. Such work may help in understanding some development disorder associated with TCTP misexpression in mammals and in plants.

Introduction

During organism development, the correct implementation of organs with unique shape, size and function is fundamental to work properly and is the result of coordinated cellular processes requiring molecular actors. One such key player in eukaryotes is the Translationally Controlled Tumor protein (TCTP). Functional TCTP is mandatory for development in plants and in animals 1,2 . TCTP was discovered in the 1980's as a protein regulated at the translational level and associated with many tumors 3-5 . TCTP is a highly conserved protein among all eukaryotes with 40 to 94,7% similarity 6-8 , and was reported to be involved in several cellular processes, including cell proliferation, cell growth, malignant transformation, apoptosis and protection against various cellular stresses 1,7-11 . In plants as in animals, TCTP loss of function leads to embryonic lethality, suggesting a major role for TCTP in eukaryote development 1,7,12,13 . In Arabidopsis, mice and Drosophila, this lethality was shown to be due to reduced cell proliferation 1,12,13 , associated with excessive cell death in animals 12,13 . In line with the later, animal TCTP was shown to interact with anti-apoptotic protein Bcl-xl and to antagonize the tumor suppressor protein p53, one of the best-studied pro-apoptotic protein 14,15 . However, the fact that TCTP loss of function is lethal, hampered the full comprehension of its exact roles during development. Previously, we demonstrated in Arabidopsis, that lethality of TCTP loss of function was a result of a delay in embryo development due to slower cell cycle progression. Using an embryo rescue approach, we were able to generate the first TCTP full knockout adult organism 1 . We reported that TCTP controls cell cycle progression more specifically at the G1/S transition during plant development and that this role is conserved between plants and animals 1 . However, how TCTP controls the G1/S transition and cell proliferation remains unknown in plants as in animals. To better understand such a role, we searched for TCTP interacting proteins and identified that TCTP interacts physically with CSN4, one of the eight subunits of the Constitutive Photomorphogenesis 9 (COP9) Signalosome (CSN) initially discovered in plants 16 and conserved in eukaryotes 17 . CSN regulates the activity, the assembly and/or subunits stability of CULLIN-RING ubiquitin Ligase (CRLs) complexes, a major class of the E3 ligase complexes in eukaryotes 18 involved in the polyubiquitination of different proteins targeted to degradation 19 . The proper functioning of CRL has been shown to be absolutely required for various functions associated with the control of cell cycle, transcription, stress response, self-incompatibility, pathogen defense and hormones and light signaling 20-22 . CSN mainly regulates CLR activity through the removal of the post-translational modification RUB/NEDD8 (Related to UBiquitin/Neural Precursor Cell Expressed, Developmentally Down-Regulated 8) from its CULLIN (CUL) subunit 21 . All eight subunits of CSN are mandatory for the deneddylation activity 24-26 . Moreover, CSN4 in particular, was reported to control cell cycle progression 27 and very recently was associated with adventitious root formation 28 .

Here, we demonstrate that TCTP interacts physically and genetically with CSN4 to control cell cycle progression. Our data show that downregulation of TCTP or CSN4 both leads to retarded G1/S transition, slower cell cycle progression and delay in plant development. Consistent with these data, knockout of TCTP is associated with increased CUL1 deneddylation. Conversely, over-accumulation of TCTP leads to accelerated cell cycle and plant development, associated with over-accumulation of neddylated CUL1. These data suggest that TCTP interacts with CSN4 and such interaction acts on the CUL1 neddylation status and affects CRL complex activity early during cell cycle progression influencing organ development. Importantly, the inhibition of Drosophila larval development due to downregulation of dTCTP is also associated with increased CUL1 deneddylation, highlighting the conserved role of TCTP between plants and animals.

RESULTS

TCTP and CSN4 interact physically and genetically to control growth

To gain insights into how TCTP controls cell cycle progression, we searched for its interacting proteins. Co-immunoprecipitation (co-IP) experiments were performed using protein extracts from Arabidopsis line expressing 35S::AtTCTP-GFP. Wild-type (WT) Col-0 and free-GFP-overexpressing plants lines (35S::GFP) served as controls. Among the proteins that co-immunoprecipitated with TCTP-GFP, but were absent in the control samples, we identified AtCSN4, a subunit of COP9 signalosome, protein previously shown to be involved in the regulation of cell cycle progression 27 . To confirm this interaction, we generated line AtTCTPg-GFP/35S::AtCSN4-Flag, that expresses TCTP-GFP reporter under the control of the endogenous TCTP promoter (AtTCTPg-GFP) and AtCSN4-Flag under the control of the constitutive CaMV 35S promoter (35S::AtCSN4-Flag). Anti-GFP antibody was used to immunoprecipitate the TCTP-GFP fraction from total proteins extracted from 10 days-old seedlings (Fig. 1a), or from mature seeds harvested from green siliques (Fig. 1b). The presence of CSN4-Flag (46 kDa) was then revealed in the immunoprecipitated fraction, using an anti-Flag antibody. AtCSN4 was found in the AtTCTP-GFP enriched fraction from both 10 days-old seedlings and from mature seeds (Figs. 1a and 1b,respectively). No trace of AtCSN4 was detected in WT Col-0 used as control and treated in parallel.

To address if Drosophila TCTP also interacts with CSN4, we performed coimmunoprecipitation experiments using plant lines expressing Drosophila dTCTP in tctp knockout genetic background (line 35::dTCTP-GFP). Previously we demonstrated that dTCTP was able to fully complement loss of function tctp (Brioudes et al., 2010). As shown in Fig. 1c, CSN4 co-immunoprecipitated with AtTCTP-GFP and also with dTCTP-GFP thus suggesting conservation of the TCTP/CSN4 interaction between plants and animals (Fig. 1c).

Next, we investigated the sub-cellular localization of CSN4 compared to TCTP. In agreement with co-immunoprecipitation data, co-expression of AtTCTP-mCherry and AtCSN4-GFP in tobacco leaf epidermal cells showed that these proteins co-localize in planta (Fig. 1d). To further investigate AtTCTP-AtCSN4 in vivo interaction we performed Bimolecular Fluorescence Complementation (BiFC 29,30 ) experiments by protein fusion to split YFP moieties and co-expression in tobacco cells. The data demonstrate that AtTCTP and AtCSN4 interact in planta (Fig. 1e), confirming the co-immunoprecipitation results. Similar BiFC complementation results were obtained regardless if AtTCTP and AtCSN4 were fused to YFP Cter or YFP Nter . BiFC experiments also showed that both AtTCTP and AtCSN4 were able to form homodimers (Supplementary Fig. S1). No signal was observed with empty vectors (Supplementary Fig. S1). Taken together these data demonstrate that AtTCTP and AtCSN4 interact physically in vivo.

To understand the biological significance of the AtTCTP-AtCSN4 interaction, we performed genetic interaction analyses using knockdown or overexpressor lines for both proteins. Previously, we showed that while AtTCTP knockout leads to embryo lethality, its downregulation via RNAi (RNAi-AtTCTP lines) gave viable plants that nevertheless showed developmental defects 1 . Similar to AtTCTP, plants knockout for AtCSN4 showed severe developmental defects during early seed germination leading to seedling death in few days after germination (Supplementary Fig. S2), thus in agreement with Dohmann et al., 27 . To overcome this difficulty, we generated knockdown plants via expression of a RNAi directed against AtCSN4 (line RNAi-AtCSN4). Western blot analyses confirmed the downregulation of AtTCTP and AtCSN4 in the corresponding RNAi lines (Supplementary Fig. S3).

Similar to RNAi-AtTCTP, RNAi-AtCSN4 exhibited significant delay in rosette development compared to Col-0 (Fig. 2a-c). Measurements of rosette diameters and leaf number confirmed that these genotypes are impaired in development and that the difference in growth starts to be visible as early as 2 days after germination (Fig. 2c). Similar to RNAi-AtTCTP plants, the inflorescence stems of AtCSN4-RNAi plants were shorter and the plants exhibited a dwarf phenotype (Fig. 2b andS4). Additionally, RNAi-AtCSN4 plants had very short internodes between siliques resulting in a "bushy" plant phenotype (Fig. 2b and Supplementary Fig S4 ).

Plants overexpressing AtCSN4 (line 35S::AtCSN4) had normal development and adult plants had similar size than WT Col-0 plants (Fig. 2). Plants overexpressing AtTCTP (line 35S::AtTCTP) exhibited accelerated growth and reached adult size earlier than the wild-type (Fig. 2), in agreement with previously reported data 1 . The double overexpressor line (35S::AtCSN4/35S::AtTCTP) exhibited no additive effect and behaved as the single overexpressor line 35S::AtTCTP (Fig. 2).

Crosses between AtTCTP RNAi and AtCSN4 overexpressor lines on the one hand (line RNAi-AtTCTP/35S::AtCSN4) and between AtCSN4 RNAi and AtTCTP overexpressor lines on the other hand (35S::AtTCTP/RNAi-AtCSN4), yielded plants with delayed growth compared to the WT, thus a phenotype similar to the single RNAi-AtTCTP and RNAi-AtCSN4 knockdown plants, respectively (Fig. 2a-c). These data show that overexpression of AtTCTP or AtCSN4 could not compensate the developmental anomalies induced by knockdown of AtCSN4 or AtTCTP, respectively, and suggest that TCTP requires functional CSN4 to control growth. Despite several attempts, by plant genetic crossing or by genetic transformation, we were unable to generate the RNAi-AtTCTP/RNAi-AtCSN4 double knockdown line. It is likely that double TCTP/CSN4 knockdown leads to plant lethality.

AtTCTP and AtCSN4 regulate cell cycle progression and mitotic growth.

To explore the cause of the growth defects observed in RNAi-AtTCTP and RNAi-AtCSN4 plants, we analyzed cell division and cell expansion profiles. Previously, we demonstrated that downregulation of AtTCTP and the resulting decrease in plant organs size are correlated with reduced cell proliferation activity 1 . To explore if AtCSN4 down-regulation is also associated with defects in cell proliferation, we performed kinematic analysis of leaf growth on plantlets grown in vitro 1,31 . Previously, kinematic of growth analyses demonstrated that downregulation of AtTCTP results in smaller leaves compared to the WT, due to slower cell cycle progression 1 . Similarly, in line RNAi-AtCSN4 a significant reduction in leaf area was observed compared to the WT Col-0, starting from seven days after germination and the reduction was maintained during the whole observation period (Fig. 3a). The reduction in leaf size correlated with about 20 % decrease in cell number starting from day seven after germination and was maintained all along the observation period (Fig. 3b), while no differences in cell size were observed (Fig. 3c), thus again similar to RNAi-AtTCTP 1 . These data demonstrate that, similar to TCTP, the leaf growth defects associated with AtCSN4 knockdown (RNAi-AtCSN4) were directly proportional to the decrease in cell number, while cell size remained unchanged.

Using the slope of the log 2-transformed number of cell per leaf 32 , we calculated the cell division rate in RNAi-AtCSN4 plants. We observed that the cell division rate in RNAi-AtCSN4 was slower than in WT Col-0 plants (Fig. 3d) in the early stage of leaf development where the cell division activity is higher 33 . Previously, we reported a similar tendency for RNAi-AtTCTP lines 1 .

Similar to leaves, petals of RNAi-AtCSN4 were also smaller in size compared to WT Col-0 (Supplementary Fig. S5). The petal size reduction was associated with reduced cell number, thus a phenotype similar to that observed in RNAi-AtTCTP (Supplementary Fig. S5; and 1 . These data corroborate the results obtained in leaves and demonstrate that, like for AtTCTP, downregulation of AtCSN4 leads to reduced organ size, as a result of altered cell proliferation. However, conversely to leaves, we observed that in petals of both RNAi-AtCSN4 and RNAi-AtTCTP the defects in cell proliferation were associated with an increase in cell size (Supplementary Fig. S5), suggesting a compensation mechanism in the petals. AtTCTP overexpression resulted in petals with increased size, but cell size was not affected, thus in agreement with Brioudes et al. 1 . AtCSN4 overexpression (line 35S::AtCSN4) did not affect petal development, (Supplementary Fig. S5), thus corroborating the observed normal development of plants overexpressing AtCSN4 ( Fig. 2).

These data together show that the downregulation of AtCSN4 leads to slower cell proliferation associated with reduced organs size, thus similar phenotypes as that observed in AtTCTP mutant plants.

To further investigate the origin of this reduced cell proliferation activity, we assessed the role of CSN4 and TCTP in the control of cell cycle progression. We generated tobacco BY-2 cells downregulating or overexpressing NtCSN4 (line RNAi-NtCSN4 and 35S::NtCSN4, respectively). CSN4 protein accumulated at low levels in RNAi-NtCSN4 BY-2 cells and overaccumulated in 35S::NtCSN4 BY-2 cells, as demonstrated by Western blot analysis (Supplementary Fig. S6).

Wild-type BY-2 cells and BY-2 cells under-or over-accumulating TCTP (RNAi-NtTCTP, 35S::AtTCTP) or CSN4 (RNAi-NtCSN4, 35S::NtCSN4) were synchronized using aphidicolin. Cell cycle progression was followed every 2 hours after aphidicolin release (AAR) by flow cytometry (Fig. 3e). Normal progression of cell cycle over time was observed in wild-type BY-2 cells with rapid reduction of G1 cells (2N) and a concomitant increase of G2 cells (4N) over the first 5 hours AAR, followed by a decrease of G2 cells with mitosis ending at about 13h. In agreement with previously reported data 1 , the G1/S transition in RNAi-NtTCTP BY-2 cells occurs with 4 hours delay compared to the wild-type and this delay is maintained all along the cell cycle (Fig. 3e). Similarly, RNAi-NtCSN4 BY-2 cells also showed a slower cell cycle progression with about the same 4 hours delay at the G1/S transition compared to wildtype BY-2 cells (Fig. 3e). Like for RNAi-NtTCTP, this 4 hours delay of cell cycle progression in RNAi-NtCSN4 was maintained until the end of the cell cycle, thus corroborating the kinematic of growth data obtained in Arabidopsis leaves (Fig. 3).

These data together demonstrate that the downregulation of either NtTCTP or NtCSN4 leads to comparable delays in cell cycle progression and that such delay likely occurs at the G1 checkpoint, G1/S transition and/or early S phase.

Conversely to BY-2 cells knockdown for NtTCTP, BY-2 cells overexpressing NtTCTP (35S::NtTCTP cells) entered G1/S phase about 2 hours earlier than wild-type BY-2. However, after G1/S, the cell cycle progression slowed down and as a consequence, 35S::NtTCTP BY-2 cells completed cell cycle at the same time than wild-type BY-2 cells (Fig. 3e). In agreement with the absence of cell proliferation and developmental defects in 35S::AtCSN4 Arabidopsis line (Figs. 2 andS5), no significant difference in cell cycle progression was observed in 35S::NtCSN4 BY-2 cells, compared to the wild-type (Fig. 3e).

To further explore at which step of the cell cycle TCTP and CSN4 precisely act and to confirm BY-2 results directly in planta, we performed cumulative EdU labeling in the root tip of the different Arabidopsis lines to estimate S-phase length and total cell cycle length. Results show that, similar to observations in BY-2 cells, total cell cycle length in root tips was increased by 4h both in RNAi-AtTCTP and RNAi-AtCSN4 lines, while S-phase length remained unchanged (Table 1). Likewise, no substantial changes were observed in cell cycle length in 35S::AtTCTP and 35S::AtCSN4 lines (Table 1), again consistent with the results obtained in BY-2 cells (Fig. 3c). Interestingly, S-phases lengths again remained unchanged, suggesting that the observed cell cycle slow down after the rapid progression through G1/S phase seen in 35S::NtTCTP BY2 cells, didn't affect S-phase but probably G2/M phase.

All these data together with the TCTP-CSN4 co-immunoprecipitation and the in vivo interactions studies suggest that TCTP and CSN4 interact physically to control or G1/S transition during cell cycle progression.

TCTP/CSN4 interaction impact CUL1 NEDD8 /CUL1 ratio in plants and animals CSN4 is one of the eight subunits of the CSN that regulates CRL activity via the posttranslational RUB/NEDD8 modification of its CUL subunit. To investigate the biological significance of TCTP-CSN4 interaction, we evaluated the neddylation status of the Arabidopsis CULLIN1 (CUL1), a major target of CSN. Using an antibody against CUL1, we were able to distinguish free CUL1 and the neddylated CUL1 (CUL1 NEDD8 ) forms (Figs. 4a,c). By growing plants on medium with increasing concentrations of MLN4924, a drug that inhibits CUL neddylation 34 , we confirmed that the observed protein bands correspond to CUL1 and CUL1 NEDD8 . In WT plant, we observed about 10 times more CUL1 NEDD8 than free CUL1 while at 50μM MLN4924 we observed that almost all CUL1 were non-neddylated (Fig. 4c-d).

Next, CUL neddylation status was analyzed in two independent tctp knockout lines (tctp-1 and tctp-2), in 35S::AtTCTP, RNAi-AtCSN4 and 35S::AtCSN4 (Fig. 4a-b). For both tctp-1 and tctp-2, we observed a drastic decrease of the CUL NEDD8 with a concomitant increase of free CUL1, leading to a drop in CUL1 NEDD8 /CUL1 ratio from about 10 in WT to approximately 1 in knockout lines (Fig. 4a-b). Conversely, overexpression of AtTCTP led to a significant increase in CUL1 NEDD8 and a concomitant decrease of free CUL1, with CUL1 NEDD8 /CUL1 ratio reaching about 17-fold (Fig. 4a-b). These suggest a role for AtTCTP in the regulation of CUL1 neddylation status which in turn influences the activity of CRL complexes. No increase of CUL1 NEDD8 /CUL1 ratio was observed in RNAi-AtCSN4 plants, likely due to the fact that this line still accumulates sufficient amount of AtCSN4 (Supplementary Fig. S3) to maintain the normal CUL1 NEDD8 /CUL1 ratio.

In 35S::AtCSN4, no decrease of CUL1 NEDD8 was observed and the CUL1 neddylation status was similar to wild-type. This is in agreement with previous studies showing that overexpression of only one subunit of the COP9 complex is not enough to modify its deneddylation activity 35 . They also corroborate the fact that CSN4 overexpression do not affect cell cycle progression as well as organ and plant development (Figs. 2 and3e; Supplementary Fig. S5).

Beside their role in the control of cell cycle progression, plant CRLs were reported to play a role in auxin responses, via SCF TIR1 27,36 . To address if the observed role of TCTP in regulating CUL1 neddylation affects CRLs function in general, we investigated if auxin responses are affected in tctp mutant. Auxin homeostasis reporter DR5rev::GFP 37 and auxin efflux reporter PIN1::PIN1-GFP 38 were introgressed into tctp knockout plants. Similar to WT embryos, in tctp embryos PIN1::PIN1-GFP accumulated in apical cell lineage at globular and transition stage, then at heart stage the pattern switches to a PIN1 localization in the future cotyledons and across the provasculature (Supplementary Fig. S7a). In agreement with these data, in tctp mutant embryos the accumulation pattern of auxin homeostasis reporter DR5rev::GFP was similar to that of wild-type embryos mock-treated or treated with 2,4D (Supplementary Fig. S7b). These data show that the modification in CUL1 neddylation associated with AtTCTP mutation do not affect the auxin pathway.

Previously, we demonstrated that the role of TCTP in regulating cell proliferation was conserved between plants and animals. Furthermore, we demonstrated that AtCSN4 is able to interact with dTCTP (Fig. 1c). To explore whether the effect of TCTP on CUL1 neddylation is also conserved, we investigated CUL neddylation in Drosophila knockdown for dTCTP. Using the UAS/GAL4 system 39 , we generated flies in which the expression of dTCTP was silenced via the expression of a dTCTP RNAi under the control of TUBULIN constitutive promoter (line tub>dTCTPi) or under the control of the eye-specific promoter eyless (line ey>dTCTPi). eyless promoter drives gene expression in the eye imaginal disk anterior to the furrow at the time when eye cell progenitors are actively dividing 40 . Interference with dTCTP under the TUBULIN constitutive promoter (tub>dTCTPi) led to severe larval development defects and to a growth arrest after the first larvae instar (Fig. 6d). Interference with dTCTP using the eyless promoter led to a significant size reduction of the eye, in agreement with Brioudes et al., 1 (Figs. 6b,c). We evaluated the CUL1 neddylation status in tub>dTCTPi larvae knockdown for dTCTP exhibiting severe development phenotype, as compared to the wild-type flies and we observed a drastic decrease of the CUL NEDD8 with a concomitant increase of free CUL1 (Fig. 6e). These data demonstrate that like in Arabidopsis, knockdown of dTCTP in Drosophila also affects CUL neddylation status in a similar manner, thus suggesting a conserved role of TCTP in CUL neddylation between plants and animals. Moreover, we showed that CSN4 interacts with dTCTP (Figure 1c), suggesting that, similar to plant AtTCTP, dTCTP controls CUL neddylation likely via its interaction with CSN4.

Discussion

In plants and in animals, TCTP is known to be implicated in many cellular processes, but its mode of action is largely unknown. Previously, we demonstrated that in Arabidopsis and in Drosophila, TCTP has a conserved role in the control of organ growth by regulating cell proliferation. We showed that TCTP regulates cell cycle progression more specifically at the G1/S transition 1 . To gain insight into the pathway by which TCTP fulfills this function, we identified its interactors in Arabidopsis. Here we establish a functional relation between TCTP and CSN4, one of the eight subunits of the conserved COP9 Signalosome among eukaryotes (CSN; 16 ).

Like tctp null mutants, csn4 mutants are not viable ( 27 , this study). We therefore analyzed partial loss-of-function lines using RNAi. Both RNAi-AtTCTP and RNAi-AtCSN4 lines display dwarf phenotype and reduced organ size due to decreased cell proliferation, and more specifically to a delay in the G1/S transition as evidenced by BY-2 cell synchronization and EdU incorporation assays in root meristematic cells.

The ability of TCTP and CSN4 to interact and the similarity of the phenotypes of RNAi lines suggest that they could function in the same pathway, which was corroborated by our genetic analyses: down-regulation of AtCSN4 was epistatic on AtTCTP overexpression, and reciprocally, AtCSN4 overexpression did not rescue the developmental defects of RNAi-AtTCTP plants. Moreover, no additive phenotypic effect was observed in the double overexpressor. Finally, we were unable to generate RNAi-AtTCTP/RNAi-AtCSN4 double knockdown line, likely because these plants are not viable. This could be due to the fact that both lines are only partially loss of function, and that simultaneous down-regulation of TCTP and CSN4 leads to defects comparable to what is observed in tctp or csn4 knockout lines. However, we cannot rule out the possibility that TCTP and CSN4 could also be separately involved in several other biological process required for plant development 1,8,41,42 .

Using synchronized BY-2 cells and EdU incorporation assays, we determined that both RNAi-TCTP and RNAi-CSN4 present similar delays at the G1/S transition, reinforcing that the two proteins act in the same pathway. On the other hand, adding more TCTP leads to accelerated cell cycle progression. The fact that that no effect on cell cycle progression was observed in plants over-accumulating CSN4, suggest that TCTP is likely the limiting factor to control cell cycle progression in the TCTP-CSN4 pathway. CSN4 is part of the COP9 complex known to control CRL complex via neddylation status of the CULLINS. We therefore asked whether TCTP and CSN4 might control cell cycle progression by acting on the CULLINS neddylation status. Indeed, we observed that both AtTCTP and dTCTP misexpression strongly impacts CUL1 NEDD8 /CUL1 ratio supporting an elegant hypothesis relative to how TCTP controls G1/S transition. Indeed, because the overexpression of AtTCTP has an opposite effect on CUL1 NEDD8 /CUL1 compared to tctp knockout, it is conceivable that via its interaction TCTP could sequester CSN4, preventing its association with the COP9 complex. Indeed, it is well established that the lack of one of the eight COP9 sub-units is sufficient to suppress the deneddylation activity 24-26 . Moreover, in Drosophila it was previously reported that during development, the switch from stem cell self-renewal to differentiation requires the sequestration of CSN4 from the CSN by the protein Bam [START_REF] Pan | Protein competition switches the function of COP9 from self-renewal to differentiation[END_REF]. We can thus easily imagine that a similar scenario exists between TCTP and CSN4 to drive cell cycle through the G1/S transition and maintain cell proliferation. This model is also consistent with the phenotypic defects triggered by TCTP deficiency. Indeed, Franciosini et al., 43 suggested that during embryo maturation COP9 became deactivated, and subsequently reactivated at germination. It is possible that the role of TCTP during embryogenesis is to sequester CSN4 and prevent assembly and activity of COP9 complex. Moreover, it was demonstrated that CUL1 neddylation is increased during normal embryo development, thus the reduced neddylation in tctp embryos could explain their delayed development and death 1,43 .

To our surprise, although AtCSN4 down-regulation induced severe developmental defects, we were not able to detect any modification in CUL1 NEDD8 /CUL1 ratio in RNAi-AtCSN4 lines. However, we assumed that the developmental phenotypes observed in this line were due to compromised COP9 complex function. Indeed, previous work on dominant negative, weak alleles or RNAi lines of different CSN subunits demonstrated that the developmental defects, similar to those observed in our RNAi-AtCSN4 line, were due to disturbance of CSN activity 25,28,43 . Because we know that the CUL1 NEDD8 /CUL1 homeostasis is a highly dynamical process that is strictly regulated during plant development 43 , it is possible that AtCSN4 downregulation in our RNAi lines is not strong enough to see visible CUL1 NEDD8 ratio changes at the studied developmental stages. TCTP down-regulation leads to a decrease of the CUL1 NEDD8 /CUL1 ratio. Since CSN4 is involved in the deneddylation of CULs, its down-regulation would be expected to increase this ratio, as described in csn4 mutant 27 . TCTP and CSN4 thus appear to act antagonistically on CULs neddylation, and one could therefore expect RNAi-AtCSN4 and RNAi-AtTCTP lines to display opposite phenotypic defects instead of the similarities we report here. However, the effect of neddylation on CRLs activity is extremely complex: it is now well established that in addition to the CUL NEDD8 /CUL ratio, the temporal kinetics of CUL and NEDD8 association/dissociation control CRL activity 44-47 . To be fully active, CRLs need to undergo a cycle of neddylation and de-neddylation 18,48 and inactivation of factors with opposite roles on this cycle can thus result in the same cellular defects. On the other hand, CRL acts both on positive and negative cell cycle regulators and the timing of the degradation of these regulators has to be tightly coordinated 22 . Thus, opposite perturbation of CRL activity by TCTP or CSN4 downregulation can lead to similar phenotypes.

Together, our results provide evidence for the role of TCTP and CSN4 in the control of cell cycle regulation via the modification of CULLIN1 neddylation status that affects CRL activity. However, the nature of the CRLs and their targets that account for this role on cell cycle regulation remains to be established.

It is known that CSN controls CRL stability and that these complexes are involved in the regulation of cell cycle progression 22,42 . Furthermore, it has been demonstrated that the progression through the cell cycle checkpoints is highly connected with the correct timing of Cyclin Dependent Kinase Inhibitors (CKI) proteolysis. For example, in mammalians cells, p27 KIP1 and p21 CIP1 need to be degraded to allow the cell to progress through the G1/S transition 22 . Blocking CSN2, 4 and 5 subunits of CSN in animal and human cells prevented p27 KIP1 degradation 47,50 and slowed down G1/S transition 50 .

In plants, the mechanisms controlling the G1/S transition are less known. However, it seems that there are close similarities compared to animals. Indeed, overexpression of CKI results in a G1 arrest of the cell cycle 51 . Furthermore, ICK2/KRP2, a CKI related protein, and other central cell cycle regulators such as E2Fc, a central transcription factor controlling G1/S transition in plants, must be degraded via the ubiquitin/26S proteasome pathway to allow the cells to go through the G1/S transition 52,53 . Although Dohmann et al., 27 suggested that AtCSN4 is implicated in the G2/M transition, they also found G1/S phase specific core cell cycle genes to be overexpressed in csn4 mutant 27,54 . Furthermore it has been shown in human cells, that the downregulation of different CSN subunits can affect cell cycle in opposite ways, and the resulting perturbation of COP9 activity affect both G1/S and G2/M transition 55 .

These published data suggest that CSN is likely equally important for G1/S and G2/M transitions in both plants and animals, thus consistent with the fact that CULLINS deneddylation affects the activity of multiple CRL complexes.

CRLs have major role in other biological processes, among which hormone transduction and signaling are well studied 20 . The fact that no changes were observed in auxin flux and homeostasis in tctp knockout during embryo development is in favor of the conclusion that TCTP/CSN4 interaction is likely specific to cell cycle regulation. This is also supported by the fact that conversely to tctp, auxin signaling mutants could complete embryo development and produce mature seeds 49 . Moreover, we found that tctp embryos do not exhibit a phenotype that could be associated with modifications in auxin signaling or homeostasis, except their delayed development due to delayed cell cycle progression, and resulting in arrest of their development. Since TCTP regulates G1/S transition 1 (and this study), we can hypothesize that TCTP/CSN4 interaction is specifically interfering with CSN function at G1/S. In this scenario, TCTP controls cell cycle through sequestration of CSN4, leading to CSN assembly impairment that in turn impacts neddylation status and stability of CRL complexes.

In Drosophila, it has been reported that COP9 complex is required for normal development and that mutation of Drosophila CSN1b resulted in reduced deneddylation and increased activity of Cul1 23 . Here we show that, like for AtTCTP, down-regulation of Drosophila dTCTP also led to a decrease of CUL NEDD8 . Therefore, our data provide evidences that TCTP functions as a growth regulator by controlling cell division through the regulation of CUL neddylation and CRL complex, and further corroborate the conserved role of TCTP between plants and animals. AtTCTP and Drosophila counterpart share only 38% amino acids identity (Brioudes et al., 2010), but many of the essential amino acids and domains known to be required for TCTP functions are conserved between plant and animal TCTPs. Previously we showed that AtTCTP and dTCTP were able to homodimerize, but also to dimerize with each

Materials and methods

Constructs, plant biological material and growth conditions T-DNA insertion knockout lines tctp-1 (SAIL_28_C03), tctp-2 (GABI_901E08) as well as the RNAi-AtTCTP, 35S::AtTCTP, 35S::dTCTP-GFP and the AtTCTPg-GFP lines harboring the AtTCTP genomic sequence including the promoter region, exons, introns, and the 3′ UTR region in which the GFP was inserted in frame with AtTCTP have been previously described 1 . csn4 knockout line (Salk_043720C) was provided by NASC.

Anti-AtCSN4 RNAi-expressing lines: The DNA fragment corresponding to the ORF of AtCSN4 (At5g42970) without start codon ATG was cloned into the vector pB7GWIWG2D(II) 56 under the control of the CaMV 35S constitutive promoter. The resulting construct was then used to transform A. thaliana Col-0 plants. Lines are referred to as RNAi-AtCSN4.

35S::AtCSN4-GFP overexpressing line : The DNA fragment corresponding to the ORF of AtCSN4 was cloned into the pK7WGF2 56 under the control of the CaMV 35S promoter. Lines are referred to as 35S::AtCSN4.

The above lines were then crossed to generate the 35S::AtTCTP/RNAi-AtCSN4, the 35S::AtCSN4/RNAi-AtTCTP and the 35S::AtTCTP/35S::AtCSN4 lines.

AtTCTPgGFP/35S::AtCSN4-Flag line: The DNA fragment corresponding to the ORF of AtCSN4 was cloned into pEarleyGate 202 vector containing Flag motif 57 . The resulting construct was then used to transform Arabidopsis line AtTCTPg-GFP that harbors pTCTP::TCTPg-GFP construct 1 .

Columbia-0 (Col-0) was used as the wild-type (WT) for all experiments.

Embryo rescue of homozygous tctp-1 and tctp-2 embryos was performed as described previously 1 . During all steps, embryos from wild type siliques were used as control.

PIN1::PIN1-GFP/tctp +/-and DR5rev::GFP/tctp +/-were generated by crossing tctp-1 +/-with PIN1::PIN1-GFP or DR5rev::GFP respectively. Embryo from white seeds and green seeds were then isolated 1 and observed under LSM 710 confocal microscope (Zeiss).

Arabidopsis thaliana seedlings were grown in culture chambers under shorts-day condition (8h/16h day/night at 22 °C/19 °C and 100 μEm-2 s-1 or 70 μEm -2 sec -1 ) for 4 weeks, then transferred to long-day condition at 22°C under 16h light/8h dark conditions with a light intensity of 70μEm -2 sec -1 to promote flowering.

Fly strains

eyless>dTCTPi line: Expression of dTCTPi was carried out using the GAL4/UAS expression system 39 . We crossed eyless-GAL4 line (Bloomington Drosophila Stock Center) with UAS::dTCTPi 12 and analyzed the F1 adult progeny. tub>dTCTPi line: Expression of dTCTPi was carried out using the GAL4/UAS expression system. We crossed tub-GAL4 line (Bloomington Drosophila Stock Center) with UAS::dTCTPi 12 and analyzed the F1 larvae. plants for each genotype. Experiments were performed on two independent transformation events and in three biological replicates.

Petal area, petal cell number and size measurements were performed as described in 60 . Briefly, petals were cleared overnight in a solution containing 86% ethanol and 14% acetic acid followed by two incubations of 4h each in ethanol 86%. Petals were photographed with Leica MZ12 stereomicroscope. Cells from cleared petals were observed with a Nikon Optiphot 2 microscope with Nomarski optics. Petal area and cell density i.e. number of cells per surface unit, were determined from digital images using ImageJ software (U. S. National Institutes of Health).

Proteins interactions in planta

For co-localization experiments, the cDNA fragments corresponding to the coding sequences of AtTCTP (At3g16640) and AtCSN4 (At5g42970) were PCR amplified and then fused to RFP and GFP respectively. Resulting constructs were used to infiltrate leaf epidermal cells of Nicotiana benthamiana plants as previously described 61 .

Bimolecular Fluorescence Complementation (BiFC) experiments: cDNA fragments corresponding to the coding sequences of AtTCTP (At3g16640) and AtCSN4 (At5g42970) were PCR amplified and then cloned into the pBiFP1, pBiFP2, pBiFP3 and pBiFP4 vectors 62 using the Gateway technology. Resulting constructs were used to infiltrate leaf epidermal cells of Nicotiana benthamiana plants as previously described Voinnet et al. 61 BiFC was observed 4 days post-infiltration using a LSM 710 Confocal microscope (Leica).

Immunoprecipitation

Co-immunoprecipitation experiments using AtTCTP-GFP as bait were performed using the μMACS GFP Isolation Kit (Miltenyi Biotec). Tissues of 10 days-old seedlings, mature seeds harvested from green siliques or inflorescences were ground to a fine powder in liquid nitrogen using mortar and pestle. The tissue powder (200mg) was resuspended with 1ml precooled (4°C) Miltenyi lysis buffer complemented with one tablet of cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche) for 5 ml of lysis buffer. Cellular extracts were incubated on ice 10 min and then centrifuged 10 min at 21 000g (4°C). The supernatants were incubated with 50μl anti-GFP antibody coupled to magnetic μMACS microbeads for specific isolation of AtTCTP-GFP tagged protein during 1 hour at 4°C on orbital shaker. Microbeads were bound to magnetic columns and washed as described by the manufacturer, before elution of GFP-tagged proteins and bound proteins. Eluted proteins were analyzed by Western blot. For the IP/MS we visualized proteins by silver staining of the SDS-PAGE gel (ProteoSilver™ Plus Silver Stain Kit, SIGMA) and used WT Col-0 and 35S::GFP line as controls. CUL1 NEDD8 /CUL1 ratio decreases in a similar manner in the two independent tctp knockout lines, tctp-1 and tctp-2 (a-b), while in plants overexpressing AtTCTP (35S::AtTCTP) increased CUL1 NEDD8 /CUL1 ratio was observed. Treatment with MLN4924, a drug that inhibits neddylation, results in an increase of the free CUL1 form (arrow) with concomitant decrease of the CUL1 NEDD8 form (star), confirming that the observed bands correspond to

Protein extraction and western blot analysis
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  ´o et al. xL domain of tobacco TCTP was demonstrated to be implicated in cell death suppression[START_REF] Gupta | A Translationally Controlled Tumor Protein Negatively Regulates the Hypersensitive Response in Nicotiana benthamiana[END_REF]. Moreover, plant and non-plant TCTPs contain conserved posttranslational modification sites such as the Casein Kinase II (CKII) phosphorylation site and the N-myristoylation site(Brioudes et al. 2010; Venugopal 2005; Bruckner et al. 2016) (Fig. 7.1). These similarities suggest that plant and non-plant TCTPs likely harbor similar activities and may act in similar regulatory pathways. Despite the high degree of sequence homology between all eukaryotic
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 72 Fig. 7.2 Tridimensional structure of TCTP. (a) Computer graphic representation of three-dimensional structure of yeast and human TCTPs using PDB 1H6Q and 2hR9, respectively (Hsu et al. 2007; Hu et al. 2015). Ribbon representation of the alpha-carbon backbone of one TCTP molecule is shown. The N and C termini as well as the position of the various TCTP functional domains are shown on human TCTP structure. (b) Structure-based modeling of Arabidopsis, Cucurbita, and Drosophila TCTPs. 3D-structure models were developed using SWISS-MODEL (Biasini et al. 2014) server. Swiss-PDBViewer (Guex and Peitsch 1997) was used to visualized 3D structures. Note that the TCTP core domain is strongly conserved between species. The major alterations between the different TCTP structures lie in the flexible loops and in the length of the second alpha helix
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 73 Fig. 7.3 Developmental phenotype associated with TCTP loss of function in Arabidopsis thaliana. (a) Fruit of Arabidopsis wild-type or heterozygous for tctp mutation (tctp+/À). In tctp +/À fruit, 25% of the seeds are homozygous for the tctp mutation (tctpÀ/À) leading to a white seed phenotype (white arrows). (b) Wild-type and tctpÀ/À embryos. tctpÀ/À embryos exhibit retarded growth compared to the wild-type. Six days after pollination (DAP), wild-type embryos are at heart stage while tctpÀ/À are still at the globular stage. Such delay in development is maintained in the subsequent developmental stages. (c) Supplementing tctpÀ/À embryos with nutrient in vivo [embryo rescue, for detailed protocol see Brioudes et al. (2010)] allows them to continue their development and became adult plants full knockout for TCTP (tctpÀ/À). Note that tctpÀ/À plants are delayed in development compared to the wild-type
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 74 Fig. 7.4 Schematic representation of the multiple stimuli affecting TCTP expression (green arrows) or TCTP protein accumulation (blue arrows) and of the various putative biological processes associated with TCTP function (red and black arrows) in plants
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Figures legendFigure 1 :

 1 Figures legendFigure 1: AtTCTP and AtCSN4 interact in vitro and in vivo (a-c) TCTP interacting proteins were co-immunoprecipitated from protein extracts prepared from seedlings (a) or from mature green seeds (b) of AtTCTPg-GFP/35S::AtCSN4-Flag plants and from inflorescences of 35S::GFP, 35S::AtCSN4, 35S::AtTCTP-GFP and 35S::dTCTP-GFP/tctp plants (c) using anti-GFP coupled magnetic beads. Coimmunoprecipitated proteins were detected by Western blotting using anti-FLAG (a,b upper panel), anti-GFP (c upper panel) or anti-CSN4 (b,c lower panels) antibodies. Black arrows indicate CSN4 protein (a,b,c lower panels); white arrows indicate TCTP-GFP (c upper panel). (d) AtCSN4-GFP (green) and AtTCTP-mCherry (red) co-localize in tobacco leaves. (e) Bimolecular Fluorescence complementation experiments in tobacco leaves show that AtTCTP and AtCSN4, fused with C-or N-terminal YFP moieties respectively, interact in vivo. Bars: 50μm.

Figure 2 :

 2 Figure 2: AtTCTP and AtCSN4 control plant development (a-b) Plants knockdown for CSN4 (RNAi-AtCSN4) exhibit a delay in development similar to that of RNAi-AtTCTP plants. RNAi-AtCSN4 or RNA-AtTCTP plants overexpressing AtTCTP or AtCSN4, respectively, show similar phenotype as the simple RNAi lines. Pictures of plants were taken 59 days (a) and 92 days (b) after sowing. Bars: 2cm. (c) Rosette diameter was measured starting of 2 days after germination (DAG) until 62 DAG. The error bars represent the standard error of the mean. n= 15

Figure 3 :

 3 Figure 3: TCTP and CSN4 control cell proliferation and cell cycle progression Leaf blade area (a) and cell number per leaf (c) were reduced in RNAi-AtCSN4 plants compared to Col-0 WT due to a decrease in cell division rate (d). Cell size in developing leaves (b) were the same both in RNAi-AtCSN4 plants and Col-0 WT.Cell cycle progression at G1/S transition is slower in RNAi-NtCSN4 and RNAi-NtTCTP aphidicolin synchronized BY-2 cells compared to WT (e). The blue plots show cell population in G1 (2N), green plots are cells in S phase, and the red plots are cells in G2 (4N) phase.

Figure 4 :

 4 Figure 4: The CUL1 NEDD8 /CUL1 ratio is modified in Arabidopsis tctp mutants.
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b. SDS page migration

Equal quantity of protein was denatured by adding Laemmli buffer followed by heat (5 minutes at 95°C). Proteins were then loaded on acrylamide blot, and the migration was performed under denaturing condition in TG-SDS running buffer.

Proteins were transferred on acrylamide membrane using the dry transfer system iBlot 2 ThermoFisher Scientific.

c. Western blot

Membrane blocking:

Acrylamide membrane was incubated during one hours in a solution of PBS (Phosphate Buffer Saline, Tween 20, 2%) supplemented with milk powder 0,5%.

Primaries antibodies incubation: Antibody directed against AtTCTP (1/500 dilution; Brioudes et al., 2010) Secondary antibodies incubation and revelation: IRDye ® 800CW and IRDye ® 680RD (directed against rabbit or mouse respectively, 1/10000 dilution LI-COR) were used as secondary antibodies (1h at room temperature) and the signal was revealed using Odyssey Clx imaging System ® . Intensity of the bands was quantified relative to αTUB intensity (used as internal control) using the Image Studio ™ Lite software.

Stain free staining (Biorad): In order to evaluate the amount of protein transferred in the membrane we use the stain free staining technologies from Biorad company. 2,2,2,Tricholroethanol was added (1%) in the stacking part of the acrylamide gel.

Then, after the migration the gel was "activated" by an exposition of 45 seconds under a UV light with the ChemiDoc tm Touch Imaging System Biorad. Activation results to the crosslinkage of the TCE to the tryptophans of the proteins. The TCE have the ability to fluoresce when is exited under UV light. So after activation we scan the membrane to see the pattern of the protein transfer. Activation and scanning was performed using ChemiDoc tm Touch Imaging System Biorad. 
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Introduction

AU1

In plants as in animals, the growth of an organism and the determination of its final size require the tight regulation of multiple internal developmental processes that affect organ growth and allow the ultimate differentiation into functional organs and tissues. The rising of an individual requires the fine-tuning and coordination of cell proliferation, cell growth, cell differentiation, and cell death. The mechanisms and regulatory networks that control these developmental processes in plants remain largely unknown [START_REF] Anastasiou | Growing up to one's standard[END_REF]B€ ogre et al. 2008;[START_REF] Pan | Hippo signaling in organ size control[END_REF][START_REF] Busov | Genes for control of plant stature and form[END_REF]Krizek 2009;[START_REF] Johnson | Genetic control of plant organ growth[END_REF][START_REF] Van Hautegem | Only in dying, life: programmed cell death during plant development[END_REF]. Current findings begin to explain how the enormous variety in organ sizes and shapes appeared during evolution. They also highlighted that plants and animals share various common growth regulatory pathways during development and organ morphogenesis [START_REF] Van Hautegem | Only in dying, life: programmed cell death during plant development[END_REF][START_REF] Cook | Size control goes global[END_REF][START_REF] Arya | Cell death in development: signaling pathways and core mechanisms[END_REF][START_REF] Niklas | A phyletic perspective on cell growth[END_REF][START_REF] Rexin | TOR signalling in plants[END_REF]. However, there exist also major differences between plant and animal development. For example, while organs are produced during embryogenesis in animals, plants have the capacity to generate organs during their whole life, thus constantly influencing their body size and other in vivo 1 , thus another argument that despite the overall relatively divergent protein sequences, the function of AtTCTP and dTCTP is conserved.

Here, we have shown that that TCTP and CSN4 interact to control cell cycle progression, organ growth and development. We propose that TCTP could sequester CSN4 to control CUL1 neddylation and thus CRL activity, a role conserved between plants and animals. These data will help future studies to better understand the growth disorder and malignant transformation, associated with TCTP misexpression. Flies were maintained on standard corn/yeast medium at 25°C.

Authors contributions

BY-2 cell lines

RNAi-NtTCTP and 35S::AtTCTP-GFP BY-2 cell lines have been described previously 1 .

RNAi-NtCSN4 and 35S::NtCSN4-GFP BY-2 cell lines: DNA corresponding to NtCSN4 ORF was amplified using primers BY2-CSN4-F and BY2-CSN4-R (Supplementary Table 1) and cloned into the vector pK7GWIWG2 or pK7WGF2, respectively 56 . The resulting constructs were used to transform tobacco BY-2 (N. tabacum L. cv. Bright Yellow-2) cell suspension as previously described 58 . BY-2 cells were grown in the dark with constant temperature (25°C) and agitation at 300 rpm/min.

BY-2 Cell cycle synchronization and DNA content analyses

BY-2 cells were synchronized using aphidicolin (Sigma) as previously described 1 . Samples were collected every two hours and flow cytometry analyses were performed essentially as previously described 1 . Fluorescence intensity of stained nuclei was measured with MACSQuant ® VYB flow cytometer, excitation with 405nm blue laser. DNA content analysis was performed using FlowJo,LLC software version 10.

EdU incorporation assay/Estimation of cell cycle length /in root tips

Seeds of the relevant lines were germinated on half strength MS. 5 days after germination, plantlets were transferred to EdU (10μM, Sigma-Aldrich) supplemented medium and harvested after 3h, 6h, 9h and 12h of incubation. The revelation procedure was performed as described in Pedroza-Garcia et al. 59 . The percentage of EdU positive nuclei increases linearly with time, and follows an equation that can be written as P = at + b where P is the percentage of EdU positive nuclei and t is time. Total cell cycle length is estimated as 100/a, and S phase length is b/a.

Plant and organ growth analyses

Kinematic of leaf growth was performed as previously described 31 on the two first initiatedleaves of Col-0 WT and RNAi-AtCSN4 plants grown in vitro. Leaf size as well as number and size of abaxial epidermal cells were determined starting of day 3 until day 16 after germination. The average cell division rates were determined by calculating the slope of the Neperian Logarithmic-transformed number of cells per leaf, which was done using five-point differentiation formulas 32 .

Rosette diameter was determined starting of 3 days after germination until bolting. Rosette area was measured 3 times a week with a caliper. Each measure was performed using 18 Tissue (plants or cell culture) were grinded and the protein were extracted using « Plant Total Protein Extraction Kit » (Sigma).

Protein from Drosophila larvae were extracted using approximately 10 larvae in 100μl of protein extraction buffer (20mM HEPES pH:7,5, 100mM KCl, 5% Glycerol, 10mM EDTA, 0,1% Tween, 1μM DTT, 1μM PMSF, 5μl/ml Protease Inhibitor Cocktail (Sigma), 5μl/ml Phosphatase Inhibitor (Sigma-)). After centrifugation for 10 min at 160000g, proteins contained in the supernatant were dosed using Bradford method 63 .

Proteins were analysed by Western blot using antibodies directed against AtTCTP (1/500 dilution; Brioudes et al., 2010), AtCUL1 (1/2000 dilution; Enzo LifeScience), dCUL1 (1/500 dilution; Thermo Scientific) AtCSN4 (1/2000 dilution; Enzo LifeScience), Flag (1/1000 dilution; Sigma-Aldrich) or GFP (1/2000 dilution; Roche). IRDye ® 800CW and IRDye ® 680RD (1/10 000 dilution; LI-COR) were used as secondary antibodies and the signal was revealed using Odyssey ® Clx imaging system. Intensity of the bands was quantified using the Image Studio ™ Lite software (LI-COR).

CUL1 at different neddylation status (c-d). CUL1 NEDD8 /CUL1 ratio quantification was performed using LI-COR image studio software (b, d). Downregulation of dTCTP in Drosophila specifically in the eyes (ey>dTCTPi) leads to small eye phenotype (a,b,c; bars =500μm). Images of a wild type adult eye (ey-GAL4) (b) and of an eye expressing ey>dTCTPi (c). Downregulation of dTCTP in all tissues of Drosophila larvae (tub>dTCTPi) leads to developmental arrest with reduced size and subsequent larval lethality at the first instar larvae (d). 7 days after egg-laying control larvae (tub-GAL4) are at third instar (Left) while tub>dTCTPi larvae stay at first instar (Right). Bars =500μm. The impaired larval development is associated with a decrease of the CUL1 NEDD8 /CUL1 relative abundance in the tub>dTCTPi compared to tub-GAL4 (e).

Table 1: Estimation of cell cycle length by cumulative EdU incorporation.

EdU incorporation experiments in root tips demonstrate that cell cycle progression is slower in RNAi-AtCSN4 and RNAi-AtTCTP plant lines, while no changes in the S-phase length were observed. 
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