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Introduction I. Cortical development

The mammalian cerebral cortex plays a major role in higher cognitive functions and its development is the focus of sustained investigations.

The neocortex is composed of 6 layers which harbor morphologically and functionally distinct neurons (Ramón y Cajal, 1899; figure 1A). These layers are formed through a process called corticogenesis which starts at Embryonic day (E)11 in the mouse and implies the coordination of proliferation, differentiation and migration of neurons in radial and tangential directions (reviewed in [START_REF] Price | Mechanisms of cortical development[END_REF][START_REF] Dehay | Cell-cycle control and cortical development[END_REF].

Pyramidal neurons are positioned in the cortex via an inside-out process (figure 1B) with oldest neurons located closer to the ventricle and youngest neurons close to the pial surface.

Layer I corresponds to Cajal-Retzius (CR) cells, which have migrated tangentially toward the Cortical Plate (CP) early in neurogenesis. Layer II to VI are positioned below, above the subplate (SP) [START_REF] Ayala | Trekking across the brain: The journey of neuronal migration[END_REF]Cooper, 2008). During mammalian development, the cerebral cortex emerges from the neuroectoderm.

At the end of neurulation and neural tube closure, between E7 and E9 in the mouse model, the early neuroepithelium is composed of neuroepithelial stem cells (NESCs). Before the onset of neurogenesis, proliferating cells form a pseudostratified neuroepithelium that lines the lateral ventricle. At embryonic day 11 (E11) in the mouse, the neuroepithelial progenitors give rise to the progenitor cells of the cortex, the Apical Progenitors (APs) (see part II of the introduction p.15) which are located in the Ventricular Zone (VZ) where they proliferate [START_REF] Malatesta | Isolation of radial glial cells by fluorescentactivated cell sorting reveals a neuronal lineage[END_REF][START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]. APs extend radially through the telencephalic wall; they bear processes attached to the ventricular surface and to the pial surface. The APs are capable of self-renewal and have extensive proliferative abilities. The nuclei of the APs undergo the Inter Kinetic Migration during their cell-cycle progression in the VZ. They also give rise to neurons and to the Basal Progenitors (BPs) which form the secondary Germinal Zone (GZ): the Subventricular Zone (SVZ) [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF].

Following exit from the cell-cycle and differentiation, newborn neurons then migrate radially through the Intermediate Zone (IZ) to reach their final location in the CP [START_REF] Ayala | Trekking across the brain: The journey of neuronal migration[END_REF]. 

II. Apical Progenitors 1 Cell biology properties of Apical Progenitors

At the onset of neurogenesis, neuroepithelial cells become a cell type called Neural Progenitor Cells (NPCs) or Apical Progenitors (APs) [START_REF] Taverna | Neural progenitor nuclei IN Motion[END_REF] or Radial Glial Cells (RGCs) (Malatesta et al., 2011;[START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]) that divide at the apical surface. Götz and colleagues first identified RGCs as cortical progenitors in the mouse developing cortex (Malatesta et al., 2011). Looking for cells expressing Pax6 [START_REF] Götz | Pax6 controls radial glia differentiation in the cerebral cortex[END_REF], they found that all progenitors and RGCs were Pax6 positive cells. These cells not only act as a scaffold for neuron migration but also generate neurons and astrocytes [START_REF] Malatesta | Isolation of radial glial cells by fluorescentactivated cell sorting reveals a neuronal lineage[END_REF]; see figure 3). Kriegstein and colleagues used retroviral infections in embryonic rat brains and showed that RGCs proliferate and give rise to neurons [START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]. In this thesis, these cells will be referred as APs. RGCs (green) were believed to have a cable role, guiding neuron (red) migration. These cells were supposed to become glial cells later during development. B: Actual corticogenesis model. RGCs are progenitors able to give rise to neurons (red), glial cells (green) or both (blue). Extracted from [START_REF] Malatesta | Radial glia: from boring cables to stem cell stars[END_REF] APs are still highly related to the neuroepithelial cells. They have an apico-basal polarity and span the entire cortical wall. However, their nuclei reside in the VZ (Figure 4A).

APs have a bipolar morphology and they extend two processes: one contacting the ventricular surface, the apical process, and one contacting the basal membrane at the pial surface, the basal process. This structural polarization underlies key features of the cell biology mechanisms controlling self-renewal and cell fate of APs, as will be reviewed below. [START_REF] Lee | Mechanisms controlling arrangements and movements of nuclei in pseudostratified epithelia[END_REF]. B: Pseudostratified epithelia. Progenitors are packed and their nuclei move along the apico-basal axis. Extracted from [START_REF] Lee | Mechanisms controlling arrangements and movements of nuclei in pseudostratified epithelia[END_REF]. C: Comparison between a simple cuboidal epithelium and two columnar epithelia. Increasing the degree of pseudostratification of the epithelium allows more productivity at the apical surface, where mitosis takes place. Here, the apical area remains fixed (5a) but epithelial thickness is augmented, and nuclei span the entire thickness (from a to 4a). Extracted from [START_REF] Miyata | Interkinetic nuclear migration generates and opposes ventricular-zone crowding: insight into tissue mechanics[END_REF] The VZ is a pseudostratified epithelium Pseudostratification is a characteristic of a highly proliferative tissue [START_REF] Lee | Mechanisms controlling arrangements and movements of nuclei in pseudostratified epithelia[END_REF]. It is a widely conserved cellular architecture. Indeed, it is observed in the Drosophila wing disc, the Nematostella ectoderm, the Zebrafish retina and in vertebrate tissues such as the liver or the intestine [START_REF] Meyer | Interkinetic nuclear migration is a broadly conserved feature of cell division in pseudostratified epithelia[END_REF][START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF][START_REF] Bort | Hex homeobox gene controls the transition of the endoderm to a pseudostratified, cell emergent epithelium for liver bud development[END_REF][START_REF] Grosse | Cell dynamics in fetal intestinal epithelium: implications for intestinal growth and morphogenesis[END_REF], and, as studied here, in the developing central nervous system (Malatesta et al., 2011;[START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]. In these epithelia, progenitors are densely packed and their nuclei are found in various positions along the apico-basal axis (Figure 4B). Indeed, a characteristic phenomenon in all pseudostratified epithelia is Interkinetic Nuclear Migration (INM). It is a stereotyped migration movement during cell-cycle progression where the nucleus periodically moves up and down within the cytoplasm. It moves away from the ventricle during G1 phase to undergo the S phase basally, near the SVZ. During G2 phase, the nucleus moves in the apical direction, toward the ventricle so as to divide at the ventricular border [START_REF] Sauer | Radioautographic study of interkinetic nuclear migration in the neural tube[END_REF][START_REF] Hayes | Exploiting the dynamics of S-phase tracers in developing brain: interkinetic nuclear migration for cells entering versus leaving the Sphase[END_REF]

; B A C Figure 4A
). As explained by Miyata et al., epithelia exhibiting a high degree of pseudostratification allow more mitosis at the ventricular border. Therefore, these epithelia are more productive (Figure 4C; [START_REF] Miyata | Interkinetic nuclear migration generates and opposes ventricular-zone crowding: insight into tissue mechanics[END_REF].

The apical process

The cilium

The apical plasma membrane, which forms the ventricular surface, makes a protrusion, the primary cilium (Dubreuil et al., 2007; Figure 5A). The cilium is an organelle involved in intercellular signaling. Since it protrudes from the apical plasma membrane, it is able to detect signals in the ventricular fluid (reviewed in [START_REF] Singla | The Primary Cilium as the Cell's Antenna: Signaling at a Sensory Organelle[END_REF]. The primary cilium is made of the axoneme, a microtubular structure with a 9 + 0 configuration generated during interphase from the basal body. The basal body is also a microtubular structure forming the base of the cilium that originates from the centrosome (Figure 5A and 5B), which is comprised of the mother and daughter centrioles (Figure 5C). It is a microtubule-organizing center or a spindle pole during active cell division but it also templates the assembly of the primary cilium. As a consequence, the primary cilium will provide the centrosomes for the mitotic spindle, so it persists during the cell-cycle until the onset of M phase (reviewed in [START_REF] Santos | Building it up and taking it down: the regulation of vertebrate ciliogenesis[END_REF]. The cilium apical location in APs was seen for a long time as the main reason why the nucleus undergo mitosis at the ventricular surface [START_REF] Miyata | Development of three-dimensional architecture of the neuroepithelium: role of pseudostratification and cellular "community[END_REF]. However, recent findings contradict this assomption, as detailed below (see introduction section III, p29; [START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF][START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF][START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF].

This organelle is associated with cell-cycle progression. Cilia are generated during interphase and ciliary resorption triggers cell-cycle re-entry. In fact, the gradual loss of cilia may promote the formation of the Jouberin-mediated β-catenin complex to facilitate G1/S transition through the transcription of the CyclinD gene [START_REF] Kim | Cilia and cell cycle re-entry, more than a coincidence[END_REF].

The primary cilium of neuroepithelial cells concentrates prominin-1 particles which are released as extracellular membrane particles. This release into the neural tube fluid allows the reduction of APs apical surface and modifies the cell composition by depleting stem-cell characteristic membrane microdomains (Dubreuil et al., 2007). In addition, the decreased apical surface of APs occurs along with the switch from proliferative to neurogenic divisions. It is associated with a change in the distribution of the apical membrane from a symmetric to an asymmetric inheritance by the daughter cells [START_REF] Kosodo | Asymmetric distribution of the apical plasma membrane during neurogenic divisions of mammalian neuroepithelial cells[END_REF].

The Golgi apparatus

The Golgi is an organelle that sorts secretory proteins and membrane components. It is also involved in the establishment and the maintenance of epithelial cell polarity. Taverna et al studied the Golgi in APs. They found that it is located in the apical process between the apical domain and the nucleus (Figure 6). In mammalian cell culture, it is associated with the centrosome physically and functionally since they are both linked to cell-cycle progression, polarized cell migration and ciliogenesis. However, the Golgi was not pericentrosomal in APs but was always found at a minimum distance of 8 µm from the centrosome. This feature is an evolutionarily conserved feature in columnar epithelia [START_REF] Taverna | Non-canonical features of the Golgi apparatus in bipolar epithelial neural stem cells[END_REF]. 

The apical domain

The apical plasma membrane of APs constitutes the ventricular surface. It is separated from the basolateral membrane domain by adherens junction (AJ). They maintain adhesion between APs and are made of cadherins and catenins which connect the intracellular actin network [START_REF] Götz | The cell biology of neurogenesis[END_REF]. When cycling, the APs remain in contact with the basal lamina via their basal plasma membrane while they are connected to neighbouring APs by AJ belt at the apical end of the lateral plasma membrane.

This apical domain was first shown to be a fate determinant. Indeed, the switch from symmetric inheritance to asymmetric inheritance of the apical membrane is linked to the switch from proliferative to neurogenic divisions [START_REF] Kosodo | Asymmetric distribution of the apical plasma membrane during neurogenic divisions of mammalian neuroepithelial cells[END_REF]. However, Shitamukai et al showed that the daughter cells' fate was independent of the size of the inherited apical membrane. Moreover, inheritance of apical junctions does not impact the decision to selfrenew or differentiate [START_REF] Shitamukai | Oblique radial glial divisions in the developing mouse neocortex induce self-renewing progenitors outside the germinal zone that resemble primate outer subventricular zone progenitors[END_REF].

The apical domain is enriched in Par-complex proteins (Par3, Par6, aPKC) and Cdc42 [START_REF] Kosodo | Asymmetric distribution of the apical plasma membrane during neurogenic divisions of mammalian neuroepithelial cells[END_REF][START_REF] Cappello | The Rho-GTPase cdc42 regulates neural progenitor fate at the apical surface[END_REF][START_REF] Imai | Inactivation of aPKC results in the loss of adherens junctions in neuroepithelial cells without affecting neurogenesis in mouse neocortex[END_REF]. Apically located Par-complex proteins promote self-renewing divisions in APs [START_REF] Costa | Par-complex proteins promote proliferative progenitor divisions in the developing mouse cerebral cortex[END_REF]. Imai et al showed that disruption of aPKC causes the loss of AJ, which in turn affects the neuroepithelium architecture. Apical-basal polarity is lost and there is a retraction of the apical process along with impaired INM. However, neurogenesis initiates normally [START_REF] Imai | Inactivation of aPKC results in the loss of adherens junctions in neuroepithelial cells without affecting neurogenesis in mouse neocortex[END_REF].

Rho family small GTPases (RhoA, Rac1 and Cdc42) control cytoskeletal organization and cell adhesion. RhoA is essential in the maintenance of the apical attachment by AJ [START_REF] Katayama | Loss of RhoA in neural progenitor cells causes the disruption of adherens junctions and hyperproliferation[END_REF][START_REF] Herzog | The small GTPase rhoA is required to maintain spinal cord neuroepithelium organization and the neural stem cell pool[END_REF][START_REF] Cappello | A radial glia-specific role of RhoA in double cortex formation[END_REF]. Cappello et al showed the importance of AJ in the maintenance of apico-basal polarity and self-renewing of APs and, in extension in mammalian neurogenesis. They observed that Cdc42 activates the Par complex to maintain AJ. In absence of Cdc42, APs progressively become BPs [START_REF] Cappello | A radial glia-specific role of RhoA in double cortex formation[END_REF].

The basal process

The basal process was originally identified as a cable guiding the migration of newly formed neurons toward the cortical plate. "The migrating cells are apposed to elongated, radially oriented, immature glial processes which span the full thickness of the cerebral wall." [START_REF] Rakic | Extrinsic cytological determinants of basket and stellate cell dendritic pattern in the cerebellar molecular layer[END_REF].

Shitamukai et al showed that inheritance of APs basal process was associated with self-renewal whereas its sister differentiates. Following spindle orientation modification, they observed that the daughter cell located basally to its sister inherits the basal process.

These cells retain the basal process but not the apical one and delaminate to self-renew outside the VZ. This behavior is very much like what is observed in the primate with OSVZ precursors. They were also the first ones to identify OSVZ progenitors in normal conditions.

Shitamukai et al observed that Notch is activated in the daughter cell that inherits the basal process. Conversely it tends to be inactivated in the cell that does not inherit the basal process. Forcing Notch activation does not affect the basal process segregation but instead leads to the re-establishment of a basal process by the daughter cell that did not inherit it [START_REF] Shitamukai | Oblique radial glial divisions in the developing mouse neocortex induce self-renewing progenitors outside the germinal zone that resemble primate outer subventricular zone progenitors[END_REF].

The basal process has been shown to be a site of active transportation and local translation of cell-cycle regulators, for instance CyclinD2 mRNA (figure 7). Tsunekawa et al looked for cellular factors influencing mitotic progenies to become APs or neurons. They observed a polarized CyclinD2 expression in the basal process which appears at the onset of neurogenesis and is maintained subsequently. There is actually an active transport of CyclinD2 mRNA to the basal endfoot that is further locally translated. The basal process is preferentially inherited by the daughter cell that becomes an AP. CyclinD2 overexpression increases the population of APs, while the loss of CyclinD2 increases the population of neurons. CyclinD2 is described as a "basal fate determinant" (Tsunekawa et al., 2012). degradation [START_REF] Susaki | Cyclin D2 translocates p27 out of the nucleus and promotes its degradation at the G0-G1 Transition[END_REF]. Since p27 Kip1 promotes neurogenesis and radial migration of post-mitotic neurons (Nguyen et al, 2006), inherited CyclinD2 may inhibit neurogenesis and promote cell proliferation via a p27 Kip1 -dependent mechanism (Tsunekawa and Osumi, 2012).

Okamoto et al showed that the basal process is essential for APs to undergo INM.

They knockdowned TAG-1, thus leading to basal process shortening. These shortened APs did not perform INM and were observed accumulated at the ventricular surface [START_REF] Okamoto | TAG-1-assisted progenitor elongation streamlines nuclear migration to optimize subapical crowding[END_REF].

The endoplasmic reticulum

The Endoplasmic Reticulum (ER) is found in the apical and the basal processes of APs.

However, the basal process lacks Golgi-derived membrane constituents. These findings suggest there must be an unconventional vesicular secretory pathway that bypasses the Golgi apparatus to deliver the newly synthetized membrane components [START_REF] Taverna | Non-canonical features of the Golgi apparatus in bipolar epithelial neural stem cells[END_REF].

III. Interkinetic Nuclear Migration 1 What is Interkinetic Nuclear Migration?

INM was discovered by [START_REF] Sauer | Mitosis in the neural tube[END_REF][START_REF] Sauer | Mitosis in the neural tube[END_REF] and further characterized by Sauer and Walker in the early neural tube of the chick embryo. Using thymidine-H 3 they showed that S phase cells nuclei are located basally within the epithelium and mitotic cells nuclei of the same population are located apically, thus suggesting nuclei migrate apically to divide at the ventricular border [START_REF] Sauer | Radioautographic study of interkinetic nuclear migration in the neural tube[END_REF].

Later, Hayes and Nowakowski studied the mouse E14 cortex using a cumulative labeling strategy (thymidine-H 3 and BrdU) to understand the relationship between cell position in the VZ and the cell-cycle phase. They show that S phase nuclei do not change position and start the apical movement when entering G2 phase [START_REF] Hayes | Exploiting the dynamics of S-phase tracers in developing brain: interkinetic nuclear migration for cells entering versus leaving the Sphase[END_REF]. Hence, during G1 phase the nucleus moves basally, undergoes S-phase basally at the same level and moves apically during G2 phase to divide at the ventricular border (see figure 8). INM is a conserved feature and can be found in a variety of tissues. It exists in Drosophila imaginal discs [START_REF] Meyer | Interkinetic nuclear migration is a broadly conserved feature of cell division in pseudostratified epithelia[END_REF], Nematostella larvae [START_REF] Meyer | Interkinetic nuclear migration is a broadly conserved feature of cell division in pseudostratified epithelia[END_REF], somites in the chick embryo [START_REF] Langman | A radioautographic study of the development of the somite in the chick embryo[END_REF], in the vertebrate neuroepithelia -such as the Zebrafish retina [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF] or the rodent cortex (Malatesta et al., 2011;[START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]; see figure 9)-, in embryonic intestinal epithelium [START_REF] Grosse | Cell dynamics in fetal intestinal epithelium: implications for intestinal growth and morphogenesis[END_REF] and in embryonic midgut [START_REF] Yamada | Interkinetic nuclear migration during early development of midgut and ureteric epithelia[END_REF], liver, lung and pancreas [START_REF] Bort | Hex homeobox gene controls the transition of the endoderm to a pseudostratified, cell emergent epithelium for liver bud development[END_REF]. [START_REF] Schenk | Myosin II is required for interkinetic nuclear migration of neural progenitors[END_REF]. In the regenerating Zebrafish retina, the basal movement also relies on actomyosin [START_REF] Lahne | Actin-cytoskeleton and Rock-mediated INM are required for photoreceptor regeneration in the adult zebrafish retina[END_REF]. Tsai et al obtained contradicting results using shRNA against myosin II and blebbistatin. Indeed, they did not find any significant effect on INM following myosin II inhibition. Moreover, they showed that the basal movement of INM relies on microtubules (MTs) and requires the kinesin KIF1A to move the nucleus toward the microtubule plus extremity (figure 10B) because forced expression of a RNA directed against KIF1A leads to a defect in the basal migration (Tsai et al., 2010). Kosodo et al reported that the basal movement relies on passive forces generated by the displacement of nuclei moving apically. They added fluorescent microbeads on cultured mouse brain slices, the beads were integrated apically into the tissue using a magnet at the basal side. They observed the beads were transported basally but never exhibited an apical movement once reaching the basal side of the VZ. These results indicate that the basal movement is a non-autonomous process conditioned by the apical movement [START_REF] Kosodo | Regulation of interkinetic nuclear migration by cell cycle-coupled active and passive mechanisms in the developing brain[END_REF]. Leung et al support these findings as they describe a stochastic movement arising passively from APs nuclei migrating apically in the Zebrafish retina. Indeed, following S phase arrest, APs nuclei do not perform the apical movement toward the ventricle thus impairing the basal movement of APs nuclei that underwent mitosis [START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF].

These findings are rather controversial and have not been clarified yet. Actin [START_REF] Schenk | Myosin II is required for interkinetic nuclear migration of neural progenitors[END_REF] and microtubules are observed, with the latter encaging the nucleus [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF], Tsai et al., 2010). However, their participation in the basal movement is not clear.

Microtubules may serve to prevent the nucleus from "back-sliding" or may be required for a more active and persistent movement (Spear and Erikson, 2012).

Apical nuclear migration

Messier and Auclair reported that the absence of microtubules impedes the apical movement of INM in the chick neural tube [START_REF] Messier | Inhibition of nuclear migration in the absence of microtubules in the chick embryo[END_REF]. Another study from

Webster and Langman using cytochalasin B, which inhibits actin filament polymerization,

shows that apical mitosis and cytokinesis are inhibited in the developing mouse cortex [START_REF] Webster | The effect of cytochalasin B on the neuroepithelial cells of the mouse embryo[END_REF]. Later, actin inhibition via cytochalasin B was shown to interfere with apical migration in the chick embryo retina [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF].

Microtubules are described to be involved in the apical movement during mouse cortical development [START_REF] Gambello | Multiple dose-dependent effects of Lis1 on cerebral cortical development[END_REF]. The protein Lis1 interacts with the microtubule motor cytoplasmic dynein [START_REF] Faulkner | A role for the lissencephaly gene LIS1 in mitosis and cytoplasmic dynein function[END_REF][START_REF] Smith | Regulation of cytoplasmic dynein behaviour and microtubule organization by mammalian Lis1[END_REF] and increases the affinity of dynein for microtubules [START_REF] Vallee | Multiple modes of cytoplasmic dynein regulation[END_REF]; figure 11A). It was observed, using in situ analysis, that Lis1 mutant embryonic mouse brains display an impaired apical movement [START_REF] Gambello | Multiple dose-dependent effects of Lis1 on cerebral cortical development[END_REF]. Later, Tsai et al analyzed Lis1 RNA interference using live imaging experiments in rat brains. Interfering with Lis1 abolished apical migration, supporting previous findings from Gambello et al [START_REF] Tsai | LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at multiple stages[END_REF]. Xie et al showed that the centrosomal protein Cep120 recruits the Transforming Acidic Coiled-Coil protein 3 (TACC3) to the centrosome to promote microtubule elongation from the centrosome. The knockdown (KD) of one of these proteins impairs the apical movement of INM, thus suggesting microtubules are an essential motor of the apical movement in the mouse developing cortex [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF]figure 11B). DOCK7 protein binds the centrosome as well as the protein TACC3 and prevents TACC3 from promoting microtubule extension in the mouse cortex. Indeed, following DOCK7 overexpression, APs nuclei display an impaired apical movement and divide away from the ventricular surface.

Conversely, DOCK7 KD accelerates the apical movement [START_REF] Yang | DOCK7 interacts with TACC3 to regulate interkinetic nuclear migration and cortical neurogenesis[END_REF]. Pericentriolar Material 1 (PCM1) is a scaffold protein that recruits centrosomal proteins [START_REF] Hames | Dynamic recruitment of Nek2 kinase to the centrosome involves microtubules, PCM-1, and localized proteasomal degradation[END_REF] such as Hook3 to pericentriolar satellites. When interaction between PCM1 and Hook3 is lost in the mouse developing cortex, the centrosome ability to organize microtubules is impaired. Thereby, INM is defective, as testified by abventricular mitosis [START_REF] Ge | Hook3 interacts with PCM1 to regulate pericentriolar material assembly and the timing of neurogenesis[END_REF]. Cappello et al demonstrated that the Nuclear distribution protein C (NudC), which interacts with Lis1 [START_REF] Morris | The lissencephaly gene product Lis1, a protein involved in neuronal migration, interacts with a nuclear movement protein[END_REF], is required for apical migration in embryonic rat brain [START_REF] Cappello | NudC is required for interkinetic nuclear migration and neuronal migration during neocortical development[END_REF]. This result is consistent with the requirement of dyneinassociated microtubules for the apical movement.

Del Bene et al studied the mok Zebrafish mutant in which the dynactin, an adaptor between the dynein and its cargo (reviewed in [START_REF] Schroer | Dynactin[END_REF]) is disrupted. They showed that INM is modified in the retina: the nucleus moves faster and further during the basal movement and slower during the apical movement. The division was often observed to take place away from the apical surface. Furthermore, disruption of Syne2 (or Nesprin2), which contains a KASH domain, linking the nucleus to the cytoskeleton [START_REF] Starr | KASH'n Karry: the KASH domain family of cargo-specific cytoskeletal adaptor proteins[END_REF] also impairs INM (Del Bene et al., 2008). Altogether, these findings suggest a role for microtubule associated dynein in the apical movement to carry the nucleus to the apical surface. However, no failure in INM following dynactin disruption was observed in the Zebrafish retina by Norden et al. They impaired the dynein-dynactin complex using a dominant negative of dynein and found that dynein plays a role in the apical movement but is not necessary for it. Furthermore, the absence of stable microtubules or the absence of microtubules does not impair the apical movement [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF]. These results are in contradiction with previous findings (Del [START_REF] Del Bene | Regulation of neurogenesis by interkinetic nuclear migration through an apical-basal Notch gradient[END_REF]. Indeed, in the Zebrafish retina the apical movement appears to rely largely on actomyosin contractions as myosin II inhibition blocks INM [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF]. Later, Leung et al showed that at the onset of G2, myosin concentrates at the basal side of the nucleus and pushes it toward the ventricular surface [START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF], thereby confirming previous findings [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF]. Actin and ROCK signaling were found to be necessary for the apical movement in the Drosophila wing imaginal disc and the Nematostella larvae since either addition of Cytochalasin D or inhibition of the RhoA-ROCK pathway abolished the movement in both species [START_REF] Meyer | Interkinetic nuclear migration is a broadly conserved feature of cell division in pseudostratified epithelia[END_REF]. [START_REF] Rujano | The microcephaly protein Asp regulates neuroepithelium morphogenesis by controlling the spatial distribution of myosin II[END_REF]. Actin involvement in INM of retinal progenitors was recently confirmed by the Norden group in the Zebrafish retina. They altered aPKC distribution, thereby inducing the loss of actin filament organization. The apical movement was subsequently impaired and abventricular divisions were observed (Stzryz et al., 2015).

Lahne et al studied the Zebrafish regenerating retina and observed that actin accumulates at the rear of the nucleus and contraction of actomyosin mediates INM [START_REF] Lahne | Actin-cytoskeleton and Rock-mediated INM are required for photoreceptor regeneration in the adult zebrafish retina[END_REF].

Although ROCK is required to facilitate the apical movement, they showed that following inhibition of ROCK, the basal movement is impaired, thereby supporting findings from Schenk et al [START_REF] Schenk | Myosin II is required for interkinetic nuclear migration of neural progenitors[END_REF].

The CK2 protein (formerly known as casein kinase 2) is a MAP involved in microtubule stabilization [START_REF] Lim | Direct regulation of microtubule dynamics by protein kinase CK2[END_REF]. Inhibition of CK2 blocks the apical movement in the rat retina.

Indeed, stable microtubule levels are decreased with concomitant increase of free tubulin dimers compared with control retina [START_REF] Carneiro | A role for CK2 upon interkinetic nuclear migration in the cell cycle of retinal progenitor cells[END_REF]. This work is in contradiction with the findings obtained is the Zebrafish retina [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF]. The microtubuleassociated protein Tpx2 was shown to redistribute from the nucleus to the apical process during S-G2 transition, thus regulating the apical movement in the mouse cortex. Tpx2 modulates microtubule organization to promote apical nuclear migration [START_REF] Kosodo | Regulation of interkinetic nuclear migration by cell cycle-coupled active and passive mechanisms in the developing brain[END_REF]. Microtubules are involved in the apical movement in the Nematostella larvae since abventricular mitosis are observed following colchicine mediated disruption of microtubules [START_REF] Meyer | Interkinetic nuclear migration is a broadly conserved feature of cell division in pseudostratified epithelia[END_REF].

A study in the chick neural tube and the mouse cortex described that the apical movement relies on microtubules and the mitotic rounding involves actin [START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF]. Zhang et al analyzed the apical movement of APs from Sun1/2 double KO or Syne-1/2 (Nesprin 1/2) double KD brains and observed that the apical movement was slower. They demonstrated that SUN1 and SUN2 recruit Syne-2 to the Nuclear Envelope (NE). Furthermore, Syne-2 interacts with the dynein-dynactin complexes but also kinesin on the NE. Hence, SUN1/2 and Syne-2 connect microtubules to the NE and these proteins are needed for an efficient INM movement [START_REF] Zhang | Cdk5 nuclear localization is p27-dependent in nerve cells[END_REF]; figure 11C). The importance of these proteins during INM in the mouse retina was also demonstrated [START_REF] Yu | KASH protein Syne-2/Nesprin-2 and SUN proteins SUN1/2 mediate nuclear migration during mammalian retinal development[END_REF]. Dynein recruitment to the nuclear pore was further explored in the rat developing brain by Hu et al. They interfered with two pathways that recruit dynein, RanBP2-BicD2 and Nup133-CENP-F (see figure 12A), and observed an inhibition of the apical movement along with abventricular divisions. Inhibition of the RanBP2-BicD2 pathway arrested nuclei more basally than inhibition of the Nup133-CENP-F pathway (figure 12B), suggesting a sequential activation of those pathways [START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF]. The team later showed that these two pathways of dynein recruitment are independently regulated. Indeed, the Cyclin Dependant-Kinase CDK1 targets BicD2 to the NE, which drives the apical movement and allows CENP-F nuclear exit thereby triggering dynein recruitment (figure 12C) [START_REF] Baffet | Cdk1 activates pre-mitotic nuclear envelope dynein recruitment and apical nuclear migration in neural stem cells[END_REF]. The nucleoporin RanBP2 recruits BicD2, which binds dynactin and dynein [START_REF] Splinter | BICD2, dynactin, and LIS1 cooperate in regulating dynein recruitment to cellular structures[END_REF]. The nucleoporin Nup133 recruits CENP-F [START_REF] Bolhy | A Nup133-dependent NPC-anchored network tethers centrosomes to the nuclear envelope in prophase[END_REF], which binds NudE and NudEL. NudE and NudEL then directly bind Lis1 and dynein [START_REF] Niethammer | NUDEL is a novel Cdk5 substrate that associates with LIS1 and cytoplasmic dynein[END_REF][START_REF] Sasaki | A LIS1/NUDEL/cytoplasmic dynein heavy chain complex in the developing and adult nervous system[END_REF]. Adapted from [START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF]. B: Impaired dynein recruitment to the NE leads to apical movement arrest. Inhibition of the RanBP2-BicD2 pathway arrested the nuclei more basally than the inhibition of the Nup133-CENPF-F pathway did. Extracted from [START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF]. C: CDK1 regulates dynein recruitment to the NE. CDK1 targets BicD2 to the NE and drives CENP-F nuclear exit. Extracted from [START_REF] Baffet | Cdk1 activates pre-mitotic nuclear envelope dynein recruitment and apical nuclear migration in neural stem cells[END_REF].

Differences between pseudostratified epithelia

This brief overview of the analysis of the forces driving basal and apical movements reveals that there is no consensus regarding the mechanisms behind INM. The perspectives proposed by the Norden group to better understand INM shed some light on this prospect.

The thickness of the Pseudostratified Epithelium (PSE) seems to have a great influence on the machinery used by the progenitors to drive the apical movement. 13).

In intermediate PSE, such as the Drosophila imaginal disc or the Zebrafish retina, measuring around 50 µm [START_REF] Lee | Mechanisms controlling arrangements and movements of nuclei in pseudostratified epithelia[END_REF], the apical movement is driven by actomyosin [START_REF] Meyer | Interkinetic nuclear migration is a broadly conserved feature of cell division in pseudostratified epithelia[END_REF][START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF]. However, Del Bene et al showed that the apical movement in the Zebrafish retina is slower in absence of dynactin, which is an argument in favor of microtubule involvement during the apical movement [START_REF] Del Bene | Regulation of neurogenesis by interkinetic nuclear migration through an apical-basal Notch gradient[END_REF]. Norden et al explained this contradiction by the fact that the nucleus movement had been measured for 1 hour, which is not a sufficient time window to observe the rapid apical movement occurring before mitosis [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF]. In the Nematostella, both microtubules and actin are required during apical INM, which is in contradiction with the discussed theory since the length of the epithelium is about 50 µm. Actomyosin may be the necessary motor in intermediate PSE because the progenitors process is thicker and thus contains more cytoplasm compared to long PSE [START_REF] Lee | Mechanisms controlling arrangements and movements of nuclei in pseudostratified epithelia[END_REF][START_REF] Strzyz | Heterogeneity, cell biology and tissue mechanics of pseudostratified epithelia: coordination of cell divisions and growth in tightly packed tissues[END_REF].

In long PSE such as the chick neural tube, measuring about 80 µm in later stages, or the rodent cortex measuring about 100 µm [START_REF] Okamoto | Ferret-mouse differences in interkinetic nuclear migration and cellular densification in the neocortical ventricular zone[END_REF] the apical movement appears to rely mostly on microtubules [START_REF] Gambello | Multiple dose-dependent effects of Lis1 on cerebral cortical development[END_REF][START_REF] Tsai | LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at multiple stages[END_REF]etc) but some studies reported that actomyosin is important in the process [START_REF] Webster | The effect of cytochalasin B on the neuroepithelial cells of the mouse embryo[END_REF][START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF]. A more recent study suggests that actomyosin has a role in allowing the cell to adopt a round shape to enter mitosis [START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF]. As epithelia were growing thicker, microtubules might have been an evolutionary response for the nucleus to be carried apically more efficiently. However, there is no consensus to distinguish if microtubules and actomyosin or microtubules alone are required in the apical movement. The mechanisms behind it may depend on other factors than the thickness, such as the tissue characteristics or the developmental period. 

Directionality of INM

The apical movement of INM was described to be faster and more directional than the basal movement, which is reported to be rather stochastic in the mouse and the Zebrafish models [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF][START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF][START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF][START_REF] Kosodo | Regulation of interkinetic nuclear migration by cell cycle-coupled active and passive mechanisms in the developing brain[END_REF]Tsai et al., 2010;[START_REF] Okamoto | Ferret-mouse differences in interkinetic nuclear migration and cellular densification in the neocortical ventricular zone[END_REF].

However, in the ferret, the apical movement is less directional and the basal movement is more directional compared to the mouse developing cortex. Accordingly, a reduced nuclear density in the periventricular space is observed in mice [START_REF] Okamoto | Ferret-mouse differences in interkinetic nuclear migration and cellular densification in the neocortical ventricular zone[END_REF]. This is likely explained by the greater density of apical endfeet in ferrets. Indeed, the stiffness of the VZ at the apical surface is more important in ferret compared to mouse [START_REF] Nagasaka | Differences in the mechanical properties of the developing cerebral cortical proliferative zone between mice and ferrets at both the tissue and single-cell levels[END_REF]; see figure 14). 

Coupling between cell-cycle progression and INM

Nuclei are described to migrate basally during G1, spend S phase basally and migrate apically so as to divide at the ventricular border. So what happens if INM is impeded or if the cell-cycle is delayed, accelerated or simply stopped?

Murciano et al blocked INM and observed that the cell-cycle continues and cells further divide basally [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF], thereby suggesting that the cell-cycle can be uncoupled from INM. Tsai et al observed contradicting results; they reported that blocking the apical movement using Lis1 RNAi prevents mitosis [START_REF] Tsai | LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at multiple stages[END_REF]. This could be explained by the fact that in absence of Lis1, division is blocked. However, in this study no mitotic event was observed and other studies reported that division ceases at the prometaphase state [START_REF] Tsai | LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at multiple stages[END_REF]. Okamoto et al showed that APs with a shortened basal process, which are unable to undergo INM, continue cell-cycle progression and divide to give rise to progenies [START_REF] Okamoto | TAG-1-assisted progenitor elongation streamlines nuclear migration to optimize subapical crowding[END_REF]. More recently, Carabalona et al observed that impaired basal migration does not affect cell-cycle progression. Indeed, the cycling fraction and cells proportion within each phase of the cell-cycle were not modified [START_REF] Carabalona | KIF1A inhibition immortalizes brain stem cells but blocks BDNF-mediated neuronal migration[END_REF].

Ueno et al showed that inhibition of mitosis prevents the basal movement and that S phase arrest prevents apical migration [START_REF] Ueno | Cell cycle progression is required for nuclear migration of neural progenitor cells[END_REF]. Arrested cells nuclei keep the position they were occupying before exiting the cell-cycle. Ueno et al demonstrate here that cell-cycle is required for INM progression. It should be noted that the reverse is not true and cells can progress in the cell-cycle when INM is blocked [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF][START_REF] Cappello | The Rho-GTPase cdc42 regulates neural progenitor fate at the apical surface[END_REF][START_REF] Tamai | Pax6 transcription factor is required for the interkinetic nuclear movement of neuroepithelial cells[END_REF]. This was confirmed by Leung et al, who arrested APs nuclei in S phase and observed the absence of apical movement [START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF].

Sargeant et al increased G2-M duration using a morphine treatment and observed slower apical movement, thereby showing a coupling between cell-cycle progression and INM [START_REF] Sargeant | Acute in utero morphine exposure slows G2⁄M phase transition in radial glial and basal progenitor cells in the dorsal telencephalon of the E15.5 embryonic mouse[END_REF]. Kosodo et al arrested cells in G1 and observed nuclear accumulation at the basal side of the VZ. Furthermore, following arrest in S phase, the apical movement was slower compared to non-arrested nuclei [START_REF] Kosodo | Regulation of interkinetic nuclear migration by cell cycle-coupled active and passive mechanisms in the developing brain[END_REF]. APs nuclei thus appear to stay blocked at the position in which they were during INM following cellcycle arrest.

Recently, Hu et al showed that apical nuclear migration is required for mitosis to take place. They suggest the nucleus must reach the ventricular surface to enter mitosis [START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF]. These findings were contradicted by Strzyz et al, who observed that mitosis was not restricted to the ventricular surface as it has been described in previous studies [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF][START_REF] Cappello | The Rho-GTPase cdc42 regulates neural progenitor fate at the apical surface[END_REF][START_REF] Tamai | Pax6 transcription factor is required for the interkinetic nuclear movement of neuroepithelial cells[END_REF]. They discovered that the apical movement was triggered by CDK1 at the end of S phase [START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF]. This result is an argument in favor of a coupling between cell-cycle and INM since CDK1 regulates entry in G2 phase [START_REF] Sherr | Inhibitors of mammalian cyclin-dependent kinases[END_REF]. Baffet et al explained how CDK1 triggers the apical movement in the rat cortex. They showed that CDK1 regulates dynein recruitment to the NE [START_REF] Baffet | Cdk1 activates pre-mitotic nuclear envelope dynein recruitment and apical nuclear migration in neural stem cells[END_REF]. Since dynein does not appear to be involved in the apical movement in the Zebrafish retina [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF], CDK1 may have kept the role of coupling G2 phase entry with apical movement initiation during evolution and adapted this role by regulating dynein interaction to the NE.

Centrosome behavior and mitosis in APs

It is interesting to study the mitotic behavior of APs performing INM and its consequences. In this phenomenon, there is a central role for centrosomes.

Tamai et al showed that the centrosome is stably localized close to the ventricular border in S and G2 phases but also that it regulates the apical movement through microtubule organization. In the Pax6 mutant however, the centrosome does not exhibit a stable localization anymore, leading to impaired apical movement [START_REF] Tamai | Pax6 transcription factor is required for the interkinetic nuclear movement of neuroepithelial cells[END_REF]. Spear and

Erickson observed in the chick neural tube as well as in the mouse embryonic cortex, centrosomes moving toward the nucleus during the apical movement in late G2 after the retraction of the cilium. The mitosis and the nuclear envelope breakdown then initiate away from the ventricular surface. Mitotic cells then move apically toward the apical surface while rounding up [START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF]; figure 15). Hu et al, observed a similar phenomenon in the embryonic rat cortex. The centrosome departed from the ventricular surface from an average distance of 5 millimeters to meet the nucleus during the apical movement. This distance corresponds to the distance between the position of arrested nuclei following inhibition of the Nup133-CENP-F pathway and the ventricular surface (figure 12B). Also, the centrosome was not able to meet the nucleus when the Nup133-CENPF-F pathway was inhibited [START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF]. Thus, in the rat cortex, dynein recruitment via the Nup133-CENP-F pathway may be required for the centrosomes and the nucleus to meet. Strzyz et al also showed that the centrosome moves an average distance of 6.7 µm toward the nucleus. They found that in the Zebrafish neuroepithelia, apical movement still takes place when centrosomes are damaged or even absent. In addition, mitosis is not restricted to the ventricular border and can occur basally [START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF]. These results contradict the hypothesis that nuclei migrate apically to meet the centrosome at the ventricular border and ensure mitosis [START_REF] Miyata | Development of three-dimensional architecture of the neuroepithelium: role of pseudostratification and cellular "community[END_REF].

Putative roles of INM

Apical location of centrosomes

In neuroepithelial cells, centrosomes are located at the apical side (Hinds and Ruffett, 1971;[START_REF] Chenn | Intrinsic polarity of mammalian neuroepithelial cells[END_REF][START_REF] Miyata | Development of three-dimensional architecture of the neuroepithelium: role of pseudostratification and cellular "community[END_REF]. Moreover, in APs, a centriole from the centrosome forms the basal body of the primary cilium (reviewed in [START_REF] Singla | The Primary Cilium as the Cell's Antenna: Signaling at a Sensory Organelle[END_REF]. Since the centrosome is required for mitosis, it is therefore tempting to speculate that progenitor nuclei need to undergo the apical movement to meet the centrosomes for mitosis. However, as discussed previously, centrosomes are able to move toward the nucleus [START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF][START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF][START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF].

Epithelial cells depleted from centrosomes survive and are able to go through mitosis, however, spindle assembly takes more time and mitotic defects are observed [START_REF] Poulton | Acentrosomal Drosophila epithelial cells exhibit abnormal cell division, leading to cell death and compensatory proliferation[END_REF]. Moreover, INM does not appear to be required for mitosis [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF][START_REF] Cappello | The Rho-GTPase cdc42 regulates neural progenitor fate at the apical surface[END_REF][START_REF] Tamai | Pax6 transcription factor is required for the interkinetic nuclear movement of neuroepithelial cells[END_REF].

Finally, Liang et al discovered CR32027, a non-coding RNA. When it is targeted by RNAi, INM is impaired. They found that CR32027 is involved in the regulation of centrosome positioning in the Drosophila wing. It directly or indirectly controls the kinesin like protein Klp54D transcriptional activity. CR32027 is thought to link cell-cycle progression with nucleus movement as well as centrosome dynamics [START_REF] Liang | Functional genomic analysis of the periodic transcriptome in the developing Drosophila wing[END_REF].

Morphology, pseudostratification, structure and polarity of the epithelia

It appears as a possibility that pseudostratification imposes the nuclear movement.

However, the reverse could be true, and nucleus dynamics would trigger the pseudostratification (Stzryz et al., 2016).

It was suggested that division at the ventricular border is important to generate forces that will shape the epithelium in a cup form [START_REF] Eiraku | Selforganizing optic-cup morphogenesis in three-dimensional culture[END_REF][START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF]. In addition, INM was recently shown to be involved in lumen shaping. Indeed, progenitors mitotic rounding triggers epithelial constriction thus contributing to lumen expansion [START_REF] Hoijman | Mitotic cell rounding and epithelial thinning regulate lumen growth and shape[END_REF]; see figure 16). The disruption of polarity proteins such as Pax6 affects the neuroepithelium architecture and impairs INM [START_REF] Imai | Inactivation of aPKC results in the loss of adherens junctions in neuroepithelial cells without affecting neurogenesis in mouse neocortex[END_REF]. The later was found to be important for cell reintegration into tissue following division. Indeed, following non-apical divisions, cell reintegration into the tissue was impaired. INM, by driving the nucleus apically for mitosis allows the maintenance or the reestablishment of apical contact after division [START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF]. Together, it suggests INM is important to sustain tissue architecture.

Liberation of mitotic space

INM may serve to optimize proliferation by allowing an increasing number of cells in the VZ. Indeed, epithelia with a high degree of pseudostratification allow more mitosis at the ventricular border [START_REF] Miyata | Interkinetic nuclear migration generates and opposes ventricular-zone crowding: insight into tissue mechanics[END_REF]; figure 17). Okamoto et al demonstrated that following abolition of INM, there is an apical crowding which impacts negatively brain development. The crowded progenitors detached from the apical surface [START_REF] Okamoto | TAG-1-assisted progenitor elongation streamlines nuclear migration to optimize subapical crowding[END_REF]. In the Zebrafish retina, abventricular divisions were associated with apical crowding [START_REF] Weber | Mitotic position and morphology of committed precursor cells in the zebrafish retina adapt to architectural changes upon tissue maturation[END_REF].

Carabalona et al inhibited the basal movement using KIF1A RNAi and caused accumulation of nuclei apically. APs exhibited a severe decrease in neurogenic divisions along with increased symmetric proliferative divisions. They suggest that exposure to signal modification or KIF1A effect on microtubules modifies spindle orientation. It further increased the crowding at the ventricular surface, which could explain the short basal displacement of progenies [START_REF] Carabalona | KIF1A inhibition immortalizes brain stem cells but blocks BDNF-mediated neuronal migration[END_REF].

Cell fate

INM may serve to balance exposure of the nucleus to different signals. Progenitors that spend more time at basal positions are more likely to undergo neurogenic divisions whereas progenitors migrating at a less basal position have greater chances to undergo proliferative divisions. Indeed, nuclei migrating more basally have increased chances to become neurons [START_REF] Baye | Interkinetic nuclear migration and the selection of neurogenic cell divisions during vertebrate retinogenesis[END_REF]. Notch activation represses the expression of the proneural genes, therefore preventing neuronal differentiation [START_REF] Lew | Isolation of three novel human cyclins by rescue of Gl cyclin (Cln) function in yeast[END_REF]. Notch is expressed at higher levels in progenitors located in the apical region of the neuroepithelium [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF]. More specifically, there is a Notch gradient along the apico-basal axis [START_REF] Del Bene | Regulation of neurogenesis by interkinetic nuclear migration through an apical-basal Notch gradient[END_REF]; figure 18) and Notch has an important role in regulating neurogenesis. More recent findings show that blocking the basal movement decreases neurogenic divisions, thus corroborating above results [START_REF] Carabalona | KIF1A inhibition immortalizes brain stem cells but blocks BDNF-mediated neuronal migration[END_REF].

IV. Cell-cycle regulators used to study INM 1 p27 Kip1

1.1 Nucleic p27 Kip1 role p27 Kip1 is a complex protein which, via its N-terminal (N-ter) domain is able to regulate cell-cycle progression when located in the nucleus (Russo et al., 1996) and via its C-terminal (C-ter) domain is involved in cellular migration when located in the cytoplasm (Besson et al., 2004). It is regulated at different levels (transcription, translation, stability, localization and degradation) and is involved in numbers of cell functions (figure 19).

p27 Kip1 was first described by Koff and colleagues in 1993 for its role as a Cyclin Kinase Inhibitor (CKI). Two CKI families exist: INK4 and Cip/Kip families [START_REF] Sherr | CDK inhibitors: positive and negative regulators of G1phase progression[END_REF].

The Cip/Kip members are p27 Kip1 , p21 Cip1 and p57 Kip2 . Between these three proteins, the Nterminal domain where the cell-cycle inhibitory function resides is conserved but not the Cterminal domain [START_REF] Sherr | Inhibitors of mammalian cyclin-dependent kinases[END_REF]. p27 Kip1 is able to bind and inhibit CyclinE-Cdk2 via a cyclin binding domain and a Cyclin Dependant-Kinase (CDK) binding domain (Russo et al., 1996;[START_REF] Vlach | Phosphorylation-dependent degradation of the cyclin-dependent kinase inhibitor p27 Kip1[END_REF] and thus induces G1 arrest (figure 19).

Homologues of p27 Kip1 are found from yeast to human, thus it is a conserved protein.

Far1 and Sic1 are the yeast analogous of p27 Kip1 [START_REF] Chang | Identification of a gene necessary for cell cycle arrest by a negative growth factor of yeast: FAR1 is an inhibitor of a G1 Cyclin, CLN2[END_REF][START_REF] Barberis | The yeast cyclin-dependent kinase inhibitor Sic1 and mammalian p27Kip1 are functional homologues with a structurally conserved inhibitory domain[END_REF]. Although the sequence identity is very limited [START_REF] Sharma | The non-canonical functions of p27 and tumor biology[END_REF], the inhibitory domain is conserved [START_REF] Barberis | The yeast cyclin-dependent kinase inhibitor Sic1 and mammalian p27Kip1 are functional homologues with a structurally conserved inhibitory domain[END_REF]. The Dacapo gene encodes an inhibitor of CyclinE-CDK2 in Drosophila which presents a sequence similarity to the human protein p27 Kip1 [START_REF] Lane | Dacapo, a cyclin-dependant kinase inhibitor stops cell proliferation during drosophila development[END_REF]. In mammals, there is 87% of homology between human (198 amino-acids) and mouse p27 Kip1 protein (197 amino-acids) and 98% of homology between human and monkey p27 Kip1 protein (198 amino-acids in both species) when we realize protein blasts on NCBI website. p27 Kip1 transcription and translation control:

-Transcription:

The p27 Kip1 protein is encoded by the CDKN1B gene, including three exons and two introns, localized on chromosome 12p13 (Pientenpol et al., 1995).

The FOXO transcription factors that belong to the Forkhead family were shown to activate p27 Kip1 transcription [START_REF] Medema | AFX-like Forkhead transcription factors mediate cell-cycle regulation by Ras and PKB[END_REF].

Menin, E2F and vitamin D3 positively regulate p27 Kip1 transcription. Menin regulates histone methyltransferase (HMTase) activity, it associates with p27 Kip1 cis-regulatory chromatin (figure 20) and thus promotes its gene expression [START_REF] Karnik | Menin regulates pancreatic islet growth by promoting histone methylation and expression of genes encoding p27Kip1 and p18 INK4c[END_REF]. E2F binds to the promoter of CDKN1B and activates p27 Kip1 expression [START_REF] Wang | Activation of p27Kip1 expression by E2F1: a negative feedback mechanism[END_REF]. Since p27 Kip1 inhibits CyclinE/A-CDK2 complexes which in turn inhibit E2F, it acts as a negative feedback loop (detailed below). Vitamin D3 activates p27 Kip1 transcription [START_REF] Inoue | Sp1 and NF-Y synergistically mediate the effect of vitamin D3 in the p27Kip1 gene promoter that lacks vitamin D response elements[END_REF] and the receptor of vitamin D3 interacts with Sp1 to activate the promoter (Huang et al., 2004).

On the other hand, Akt, Myc, PIM and Hes1 repress p27 Kip1 transcription. Akt signaling inhibits Forkhead transcription factors [START_REF] Brunet | Akt promotes cell survival by phosphorylating and inhibiting a forkhead transcription factor[END_REF][START_REF] Tang | Negative regulation of the Forkhead transcription factor FKHR by Akt[END_REF] and thus p27 Kip1 transcription. Cytokines can downregulate p27 Kip1 via PI3k-PKB pathway, as interleukin-3 can inhibit the forkhead transcription factor FKHRL1 via PI3K and thus inhibits p27 Kip1 transcription (Djikers et al., 2000). Myc directly binds to the promoter of p27 Kip1 and represses its transcription (figure 20) [START_REF] Yang | Repression of transcription of the p27Kip1 cyclin-dependent kinase inhibitor gene by c-Myc[END_REF]. Also, interaction between Myc and FOXO3 suppresses p27 Kip1 transcription (figure 20) [START_REF] Chandramohan | c-Myc represses FOXO3a-mediated transcription of the gene encoding the p27Kip1 cyclin dependent kinase inhibitor[END_REF]. Bretones et al recently reviewed how Myc antagonizes p27 Kip1 activity [START_REF] Bretones | Myc and cell cycle control[END_REF]. The serine/threonine kinase PIM1S can phosphorylate and inactivate FOXO proteins and repress their action on p27 Kip1 transcription (figure 20) [START_REF] Morishita | Pim kinases promote cell cycle progression by phosphorylating and down-regulating p27Kip1 at the transcriptional and posttranscriptional levels[END_REF]. Finally, Hes1 is able to repress p27 Kip1 transcription [START_REF] Murata | Hes1 directly controls cell proliferation through the transcriptional repression of p27Kip1[END_REF]. -Translation:

CDKN1B encodes a protein of 198 amino acids in humans and 197 amino-acids in mice.

Translation involves the 5'UTR of CDKN1B (Gopfert et al., 2003), which can function as an Internal Ribosome Entry Site (IRES) that allows the translation maintenance in G0 (Miskimins et al., 2001). The Polypyrimidine Tract-Binding (PTB) protein binds to the 5'UTR and enhances p27 Kip1 translation [START_REF] Cho | Polypyrimidine tract-binding protein enhances the internal ribosomal entry site-dependent translation of p27Kip1 mRNA and modulates transition from G1 to S phase[END_REF]. Cdk4 was also shown to enhance p27 Kip1 translation in quiescent cells depleted from Retinoblastoma protein (Rb) (Gonzalez et al., 2003).

Hu proteins or originally Embryonic Lethal Abnormal Vision (ELAV) proteins HuD and HuR decrease IRES dependent translation of p27 Kip1 [START_REF] Kullmann | ELAV/Hu proteins inhibit p27 translation via an IRES element in the p27 5'UTR. 3087-3099[END_REF]. Rho is able to impair p27 Kip1 translation. Indeed, following Rho inhibition, translation was more efficient [START_REF] Vidal | Rho activity can alter the translation of p27 mRNA and is important for Ras V12-induced transformation in a manner dependent on p27 status[END_REF]. MicroRNAs can also exert post-transcriptional regulations, high levels of mir221 and 222 are associated with low levels of p27 Kip1 (Le [START_REF] Sage | Regulation of the p27 tumor suppressor by miR-221 and miR-222 promotes cancer cell proliferation[END_REF]. Mir221 and 222 target the 3'UTR of p27 Kip1 mRNA and inhibit its translation (figure 20) [START_REF] Pineau | miR-221 overexpression contributes to liver tumorigenesis[END_REF].

Furthermore, Myc induces the expression of mir221 and 222 (figure 20) (Kim et al., 2010).

Translation and stability of p27 Kip1 are cell-cycle phase dependent: they are maximal in G0 and early G1 and p27 Kip1 activity is highest in quiescent cells (GO) and during the G1/S transition. p27 Kip1 is degraded in late G1, allowing CyclinE/A-CDK2 to promote G1/S transition and p27 Kip1 is subsequently present in the cell at low levels [START_REF] Hengst | Translational control of p27Kipl accumulation during the cell cycle[END_REF][START_REF] Sherr | CDK inhibitors: positive and negative regulators of G1phase progression[END_REF]. p27 Kip1 activity is enhanced following differentiation and growth inhibitory signals (Liang et al., 2003;[START_REF] Hengst | Translational control of p27Kipl accumulation during the cell cycle[END_REF], cell density increase [START_REF] Hengst | Translational control of p27Kipl accumulation during the cell cycle[END_REF] or decreased adhesion to the extracellular matrix (Besson et al., 2004).

Role of p27 Kip1 on cell-cycle:

-Action as CKI:

p27 Kip1 uses separate sites to bind cyclins and CDKs. It binds to the cyclin box motif of cyclins, to the N-terminal part of CDK and it inserts into the catalytic cleft of CDKs, thus preventing ATP binding (figure 21). The cyclin-CDK interaction site is located from aminoacid 25 to 93 (Russo et al., 1996). p27 Kip1 was reported to bind and inhibit CyclinD-CDK4/6 in quiescent cells by preventing activation of the complex by the Cyclin Activating Kinase (CAK), or to associate with CyclinD-CDK4/6 without inhibiting its action in proliferating cells [START_REF] Kato | Direct binding of cyclin D to the retinoblastoma gene product (pRb) and pRb phosphorylation by the cyclin D-dependent kinase CDK4[END_REF][START_REF] James | Differential modification of p27Kip1 controls its cyclin D-cdk4 inhibitory activity[END_REF][START_REF] Ray | p27Kip1 inhibits cyclin D-cyclindependent kinase 4 by two independent modes[END_REF]. When bound to CyclinD-CDK4/6, p27 Kip1 is therefore sequestered and allows CDK2 to be active (figure 22), this complex thus acts as a reservoir of p27 Kip1 (Polyak et al., 1994;[START_REF] Cheng | Assembly of cyclin D-dependent kinase and titration of p27Kip1 regulated by mitogen-activated protein kinase kinase (MEK1)[END_REF]. p27 Kip1 associates with CyclinE-CDK2 and also CyclinB/E-CDK1 to prevent G1/S transition (figure 22) [START_REF] Hengst | A cell cycle-regulated inhibitor of cyclin-dependant kinase[END_REF][START_REF] Aleem | Cdc2-cyclin E complexes regulate the G1/S phase transition[END_REF]. p27 Kip1

regulates progression through S phase, it binds and inhibits CyclinA-CDK2 (figure 22) [START_REF] Hengst | A cell cycle-regulated inhibitor of cyclin-dependant kinase[END_REF]Russo et al., 1996). Finally, p27 Kip1 regulates G2/M progression through inhibition of CyclinB/E-CDK1 complexes [START_REF] Hengst | A cell cycle-regulated inhibitor of cyclin-dependant kinase[END_REF][START_REF] Aleem | Cdc2-cyclin E complexes regulate the G1/S phase transition[END_REF] (figure 22) [START_REF] Aleem | Cdc2-cyclin E complexes regulate the G1/S phase transition[END_REF][START_REF] Pines | Four-dimensional control of the cell cycle[END_REF]. p27 Kip1 plays an important and well documented role in regulating the G1 restriction point, as illustrated on figure 23 [START_REF] Hitomi | p27Kip1 and cyclin dependent kinase 2 regulate passage through the restriction point[END_REF]. Upon mitogenic signals, CyclinD associates with CDK4/6 and they migrate into the nucleus [START_REF] Sherr | Mammalian G1 cyclins[END_REF]Meyerson and Harlow, 1994;[START_REF] Sherr | CDK inhibitors: positive and negative regulators of G1phase progression[END_REF] where they initiate Rb phosphorylation [START_REF] Matsushime | Identification and properties of an atypical catalytic subunit (p34PsK-J3/cdk4) for mammalian D type G1 cyclins[END_REF]Kato et al., 1993). p27 Kip1 and p21 Cip1 are sequestrated by CyclinD-CDK4/6 complexes, therefore facilitating cyclinE-CDK2 activation (Polyak et al., 1994;[START_REF] Cheng | Assembly of cyclin D-dependent kinase and titration of p27Kip1 regulated by mitogen-activated protein kinase kinase (MEK1)[END_REF] which promote Rb hyperphosphorylation [START_REF] Hinds | Regulation of Retinoblastoma protein functions by ectopic expression of human cyclins[END_REF]. Phosphorylated Rb releases E2F which further activates genes involved in G1/S transition, including CyclinE/A (reviewed in [START_REF] Dyson | The regulation of E2F by pRB-family proteins[END_REF]. CyclinE-CDK2 exerts a negative feedback on p27 Kip1 , triggering its proteolysis [START_REF] Sheaff | Cyclin E-CDK2 is a regulator of p27Kip1[END_REF]. The induction of cyclins by E2F and the degradation of p27 Kip1 and p21 Cip1 proteins create a positive feedback loop making the transition irreversible [START_REF] Sherr | CDK inhibitors: positive and negative regulators of G1phase progression[END_REF]. p27 Kip1 CKI independent roles: p27 Kip1 can regulate transcription. Via its N-terminal domain, it binds directly to the Neurogenin2 (Ngn2) protein and stabilizes it, thereby promoting neuronal differentiation (Nguyen et al., 2006). Via its C-terminal domain, p27 Kip1 interacts with p130 and E2F4 (figure 19) and associates with a number of promoters in quiescent cells to repress transcription of genes involved in RNA processing, translation or cell-cycle regulation (Pippa et al., 2011).

p27 Kip1 impacts Ras/MAPK activation via modifications of microtubule stability. Indeed, it interacts with stathmin which is a microtubule destabilizing protein via its C-terminal domain (Baldassare et al., 2005). That way, p27 Kip1 acts on Ras intracellular transport, thereby regulating G1/S transition [START_REF] Fabris | p27kip1 controls H-Ras/MAPK activation and cell cycle entry stability via modulation of MT stability[END_REF]. p27 Kip1 is also able to associate with the Growth factor receptor-bound protein 2 (Grb2), therefore blocking its association with SOS and further Ras activation (figure 25) [START_REF] Sugiyama | Direct binding of the signal-transducing adaptor Grb2 facilitates down-regulation of the cyclin dependent kinase inhibitor p27Kip1[END_REF][START_REF] Moeller | p27Kip1 inhibition of GRB2-SOS formation can regulate Ras activation[END_REF]. The Ras/MAPK pathway activates transcription factors involved in cell-cycle progression (reviewed in Mc Cubrey et al., 2009).

p27 Kip1 is able to impair cell-cycle progression by inhibition of DNA synthesis through interaction between its C-terminal domain, from amino-acids 44 to 198 (figure 19), and the Mini Chromosome Maintenance7 (MCM7) protein in synchronized cycling cells but not quiescent cells [START_REF] Nallamshetty | The cell cycle regulator p27Kip1 interacts with MCM7, a DNA replication licensing factor, to inhibit initiation of DNA replication[END_REF].

Sharma et al used a p27 Kip1 construct which is not able to bind and inhibit CDK, but still have an intact cyclin-binding site: p27K-. Using this construct, they show that p27 Kip1 inhibits G1/S progression in synchronized cycling cells via a non-canonical pathway [START_REF] Sharma | p27Kip1 inhibits the cell cycle through noncanonical G1/S phase-specific gatekeeper mechanism[END_REF]. However, the precise mechanism is not yet known.

Armenia et al observed that p27 Kip1 can increase mir-223 expression. p27 Kip1 directly binds mir-223 and stabilizes it, thus preventing its degradation. Two interaction sites were discovered: one highly conserved among mammals, from amino-acid 90 to 103 and one from amino-acid 134 to 142 (figure 19). Moreover, p27 Kip1 inhibits E2F expression which favors mir-223 promoter activity. Altogether these mechanisms regulate cell-cycle exit after contact inhibition [START_REF] Armenia | Contact inhibition modulates intracellular levels of miR-223 in a p27Kip1dependent manner[END_REF].

p27 Kip1 also regulate G2/M transition and M phase. Payne et al showed that p27 Kip1 deficiency impairs G2/M checkpoint initiation and leads to DNA damage [START_REF] Payne | p27kip1 deficiency impairs G2/M arrest in response to DNA damage, leading to an increase in genetic instability[END_REF].

p27 Kip1 can block entry in M, as Nakayama et al found. When Skp2 mediated degradation of p27 Kip1 is impaired, p27 Kip1 accumulates in G2. Thereby, a reduced activity of CyclinA/B-CDC2 is observed and entry in M phase is inhibited [START_REF] Nakayama | Targeted disruption of Skp2 results in accumulation of Cyclin E and p27(Kip1), polyploidy and centrosome overduplication[END_REF][START_REF] Nakayama | Skp2-mediated degradation of p27 regulates progression into mitosis[END_REF]. It was further confirmed that absence of p27 Kip1 degradation impairs mitotic division [START_REF] Kossatz | Skp2dependent degradation of p27Kip1 is essential for cell cycle progression[END_REF].

p27 Kip1 has a role in centrosome regulation. It was detected near the centrosomes [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF] and it was shown that p27K-, a p27 Kip1 mutant unable to interact with CDKs, exhibits multiple centrosomes and mitotic catastrophe. Indeed, p27 Kip1 binds and sequestrates CyclinF, thus preventing CyclinF interaction with the centrosome component CP110 and subsequent degradation [START_REF] Sharma | A p27Kip1 mutant that does not inhibit CDK activity promotes centrosome amplification and micronucleation[END_REF]. D'Angiolella et al earlier demonstrated that CyclinF silencing impairs CP110 degradation [START_REF] D'angiolella | SCF-Cyclin F controls centrosome homeostasis and mitotic fidelity via CP110 degradation[END_REF].

Serres et al uncovered a direct interaction between p27 Kip1 and Citron kinase, a serine threonine kinase involved in the regulation of cytokinesis, via the last 8 amino-acids of p27 Kip1 . They observed, using a version of p27 Kip1 unable to interact with both cyclins and CDK (p27CK-), that in absence of p27 Kip1 degradation (interaction with cyclin-CDK complexes is required for Skp2 mediated degradation, as explained below), there is centrosome amplification and defect in chromosome segregation, resulting in multinucleation. Finally, the progression in late M phase is impaired because cells fail to execute cytokinesis. Through binding with Citron kinase, p27 Kip1 prevents its activation by interfering with RhoA activation.

In fact, there is a competition between the three proteins, RhoA binds Citron kinase [START_REF] Madaule | Role of citron kinase as a target of the small GTPase Rho in cytokinesis[END_REF]; when p27 Kip1 is phosphorylated, it binds RhoA; and nonphosphorylated p27 Kip1 preferentially binds Citron kinase [START_REF] Serres | p27Kip1 controls cytokinesis via the regulation of citron kinase activation[END_REF]. Thus, p27 Kip1

regulates the RhoA pathway as detailed below.

Control mechanisms of p27 Kip1 interactions:

-Role of tyrosine phosphorylation

Boriello et al described p27 Kip1 as an "intrinsically unstructured" protein, which facilitates its interaction with a variety of proteins. However, when p27 Kip1 is bound to a protein it becomes "a well-defined structure" [START_REF] Borriello | p27 metabolism, a fascinating labyrinth[END_REF]. Conformation changes take place after p27 Kip1 binding to cyclin-CDK complexes. Binding to cyclin or CDK triggers the folding not only of the domain involved in the interaction but also of the linker helix (see figure 21). p27 Kip1 binds sequentially cyclin and CDK. First, it rapidly interacts with cyclin, then the linker domain folds and finally p27 Kip1 binds with CDK [START_REF] Lacy | p27 binds cyclin -CDK complexes through a sequential mechanism involving binding-induced protein folding[END_REF].

Phosphorylation is known to regulate p27 Kip1 activity. p27 Kip1 is involved in G-SCF mediated signaling when it interacts with Grb2. This one was shown to interact with the Granulocyte Colony-Stimulating Factor (G-SCF) receptor [START_REF] Ward | Direct binding of Shc, Grb2, SHP-2, and p40 to the murine granulocyte colony-stimulating factor receptor[END_REF] and p27 Kip1 to interact with Grb2 [START_REF] Moeller | p27Kip1 inhibition of GRB2-SOS formation can regulate Ras activation[END_REF]. Following G-SCF stimulation, p27 Kip1 is dephosphorylated on Tyr88 and 89, which modifies p27 Kip1 binding preference toward CDKs (figure 19). p27 Kip1 dissociates from CDK4 to bind CDK2 (Kardinal et al., 2006).

Phosphorylation of p27 Kip1 on Tyr88 by Src ejects the 3 10 helix of p27 Kip1 from CDK2, however p27 Kip1 is still bound to the Cyclin-CDK complex (figure 19). CDK can recover a partial kinase activity and p27 Kip1 can be phosphorylated on T187, thus triggering its degradation [START_REF] Grimmler | Cdk-inhibitory activity and stability of p27Kip1 are directly regulated by oncogenic tyrosine kinases[END_REF]. Src can bind p27 Kip1 and phosphorylate Tyr74 and 88, thus decreasing p27 Kip1 stability and promoting dissociation of p27 Kip1 from CyclinE-CDK2 (figure 1). This leads to p27 Kip1 degradation following phosphorylation on T187 by CyclinE-CDK2

(figure 19 and 24A) [START_REF] Chu | p27 phosphorylation by Src regulates inhibition of Cyclin E-Cdk2[END_REF]. Phosphorylation of p27 Kip1 on Tyr88 and 89 suppresses the inhibitory activity of p27 Kip1 bound to CyclinD-CDK4 because these tyrosines belong to the 3 10 helix of p27 Kip1 (figure 19 and24C). When they are phosphorylated, p27 Kip1 is removed from the catalytic cleft of CDK4 which gives access to ATP and CDK substrates [START_REF] James | Differential modification of p27Kip1 controls its cyclin D-cdk4 inhibitory activity[END_REF]. Together, these studies suggest that tyrosine phosphorylation favorize p27 Kip1 association with CDK4 and that the non-phosphorylated form of p27 Kip1 preferentially associates with CDK2.

-localization regulation:

The subcellular localization of p27 Kip1 is a major factor controlling its activity and degradation. Hence, p27 Kip1 localization is tightly regulated by phosphorylation or protein interactions.

 Nuclear localization:

p27 Kip1 harbors a Nuclear Localization Sequence (NLS) in its C-terminal domain. This NLS is bipartite, involving amino-acids 152-153 and 166-169 (figure 19) (Polyak et al., 1994b;Reynisdóttir and Massagué, 1997).

Studies on the pork model restricted the NLS region to four critical amino acids (K153, R154, K165 and R166), however the 153-166 region alone appears insufficient to provide the complete efficiency of the NLS (Zeng et al., 2000). NLS is more likely used by p27 Kip1 associated CDK to be transported in the nucleus (Müller et al., 2000).

Phosphorylation of p27 Kip1 on Tyr88 and 89 induces nuclear translocation of p27 Kip1

(figure 19) (Kardinal et al., 2006). By inhibiting Akt, FOXO5 can promote nuclear localization of p27 Kip1 [START_REF] Yang | Constitutively active FOXO4 inhibits Akt activity, regulates p27Kip1 stability, and suppresses HER2-mediated tumorigenicity[END_REF].

p27 Kip1 interacts with the nuclear pore-associated protein mNPAP60, this interaction appears to involve a region localized between amino-acids 85 to 98 of p27 Kip1 (figure 19).

Binding to mNPAP60 triggers nuclear transport and further p27 Kip1 degradation (Müller et al., 2000). CDK2 competes with mNPAP60 to bind p27 Kip1 , indeed the 3 10 subdomain is used to bind both CDK2 and mNPAP60. Unbound p27 Kip1 or p27 Kip1 bound to other proteins than cyclin-CDK are more likely transported through interaction with mNAP60 (Müller et al., 2000).

p27 Kip1 is phosphorylated by CDK2 in the nucleus because the CDK-Activating Kinase (CAK) is located in the nucleus [START_REF] Darbon | Cloning, expression and subcellular localization of the human homolog of p40MO15 catalytic subunit of cdk-activating kinase[END_REF]. Following phosphorylation in the nucleus on Thr187, p27 Kip1 is exported to the cytoplasm to be degraded. It can be dephosphorylated on Thr187 by PPM1H [START_REF] Lee-Hoeflich | PPM1H is a p27 phosphatase implicated in trastuzumab resistance[END_REF] and on Thr198 by PPM1G which inhibits the interaction of p27 Kip1 with 14-3-3 and subsequent nuclear export [START_REF] Sun | Regulation of p27Kip1 and G1 cell cycle progression by protein phosphatase PPM1G[END_REF].

Recently, sumoylation was also shown to regulate p27 Kip1 . Following TGFβ treatment, the Small Ubiquitin-like Modifier 1 (SUMO1) sumoylates the Lys134 of p27 Kip1 (figure 19)

resulting in an increased nuclear localization [START_REF] Lovisa | SUMOylation regulates p27Kip1 stability and localization in response to TGFb[END_REF].

 Cytoplasmic localization:

Ser10 phosphorylation (figure 19) represents approximately 70% of p27 Kip1 phosphorylation and enhances p27 Kip1 stability in quiescent cells [START_REF] Ishida | Phosphorylation at serine 10, a major phosphorylation site of p27Kip1, increases its protein stability[END_REF]. The kinase Mirk/Dyrk1B phosphorylates Ser10 in G0 cells [START_REF] Deng | The cyclin-dependent kinase inhibitor p27Kip1 is stabilized in G0 by Mirk/dyrk1B kinase[END_REF]), thus stabilizing p27 Kip1 . Following mitogenic stimulation, p27 Kip1 is phosphorylated on Ser10 by the Kinase Interacting Stathmin (KIS) in early G1 [START_REF] Boehm | A growth factor-dependent nuclear kinase phosphorylates p27Kip1 and regulates cell cycle progression[END_REF]. This triggers cytoplasmic relocalization of p27 Kip1 in order to allow CyclinA/E-CDK2 activation [START_REF] Rodier | p27 cytoplasmic localization is regulated by phosphorylation on Ser10 and is not a prerequisite for its proteolysis[END_REF].

p27 Kip1 is exported in the cytoplasm through binding with CRM1 via its Nuclear Export Sequence (NES) located from amino-acids 32 to 45 (figure 19 and24B). It is further degraded after cyclinE-Cdk2-mediated Thr187 phosphorylation (figure 19) [START_REF] Connor | CRM1/Ran-mediated nuclear export of p27Kip1 involves a nuclear export signal and links p27 export and proteolysis[END_REF]. Later,

Besson et al showed that p27 Kip1 dephosphorylation on Ser10 prevents export to the cytoplasm and promotes assembly of p27 Kip1 -Cyclin-CDK complexes and p27 Kip1 degradation [START_REF] Besson | A pathway in quiescent cells that controls p27Kip1 stability, subcellular localization, and tumor suppression[END_REF]. AKT [START_REF] Fujita | Akt-dependent phosphorylation of p27Kip1 promotes binding to 14-3-3 and cytoplasmic localization[END_REF] and CDK5 [START_REF] Kawauchi | Cdk5 phosphorylates and stabilizes p27Kip1 contributing to actin organization and cortical neuronal migration[END_REF] were shown to trigger p27 Kip1 binding to CRM1.

The p38 protein is a component of the signalosome encoded by Jab1 which interacts with p27 Kip1 via amino-acids 97 to 151 in the nucleus (figure 19). p38 promotes p27 Kip1 translocation to the cytoplasm where it will be further degraded [START_REF] Tomoda | Degradation of the cyclin-dependent kinase inhibitor p27Kip1 is instigated by Jab1[END_REF].

Fujita et al identified a novel p27 Kip1 phosphorylation site, Thr198 [START_REF] Fujita | Akt-dependent phosphorylation of p27Kip1 promotes binding to 14-3-3 and cytoplasmic localization[END_REF].

When Thr198 is phosphorylated by Akt [START_REF] Fujita | Akt-dependent phosphorylation of p27Kip1 promotes binding to 14-3-3 and cytoplasmic localization[END_REF] or by the p90 ribosomal protein S6 kinases (RSKs) following activation of the MAPK pathway [START_REF] Fujita | Phosphorylation of p27Kip1 at Threonine 198 by p90 ribosomal protein S6 kinases promotes its binding to 14-3-3 and cytoplasmic localization[END_REF], p27 Kip1

associates with 14-3-3 protein and is transported in the cytoplasm (figure 19) [START_REF] Fujita | Akt-dependent phosphorylation of p27Kip1 promotes binding to 14-3-3 and cytoplasmic localization[END_REF][START_REF] Fujita | Phosphorylation of p27Kip1 at Threonine 198 by p90 ribosomal protein S6 kinases promotes its binding to 14-3-3 and cytoplasmic localization[END_REF]. Liang et al showed that Thr157, located in the NLS of p27 Kip1 (figure 19), is also phosphorylated by Akt which results in cytoplasmic accumulation of p27 Kip1 [START_REF] Liang | PKB/Akt phosphorylates p27, impairs nuclear import of p27 and opposes p27-mediated G1 arrest[END_REF]. Following phosphorylation of Thr157, 14-3-3 competes with importin α5 to bind to the NLS of p27 Kip1 and thus leads to p27 Kip1 retention in the cytoplasm [START_REF] Sekimoto | 14-3-3 suppresses the nuclear localization of threonine 157-phosphorylated p27(Kip1)[END_REF]; see also [START_REF] Shin | Phosphorylation of p27Kip1 at Thr-157 interferes with its association with importin α during G1 and prevents nuclear re-entry[END_REF]. Morishita et al demonstrated that the serine/threonine kinase PIM family binds and phosphorylates p27 Kip1 on Thr157 and 198 resulting in p27 Kip1 association with 14-3-3 and sequestration in the cytoplasm (figure 19 and24D). This event prevents binding with importin α and p27 Kip1 importation in the nucleus [START_REF] Morishita | Pim kinases promote cell cycle progression by phosphorylating and down-regulating p27Kip1 at the transcriptional and posttranscriptional levels[END_REF]. The protein p27 Kip1 bears the NES domain in its N-terminal domain allowing p27 Kip1 to be exported to achieve C-terminal functions and the NLS is located in the C-terminal domain, allowing p27 Kip1 to be imported in the nucleus to achieve N-terminal functions.

-Degradation:

The degradation of p27 Kip1 is strongly associated with intracellular transport (see above).

It can be dependent or independent of Thr187 phosphorylation and takes place in the cytoplasm or in the nucleus.

CyclinE-CDK2 associates with p27 Kip1 (in a non-inhibitory manner) when ATP levels are low and phosphorylates Thr187 thus triggering p27 Kip1 degradation (figure 19 and24A) [START_REF] Vlach | Phosphorylation-dependent degradation of the cyclin-dependent kinase inhibitor p27 Kip1[END_REF][START_REF] Sheaff | Cyclin E-CDK2 is a regulator of p27Kip1[END_REF]. It was demonstrated that the F-box protein Skp2

ubiquitinates and degrades p27 Kip1 in a phosphorylation-dependent manner. The SCF Skp2 complex eliminates p27 Kip1 during S and G2 phases in the nucleus. This complex is composed of Skp1, CUL1, RBX1 and Skp2 [START_REF] Carrano | SKP2 is required for ubiquitinmediated degradation of the CDK inhibitor p27[END_REF][START_REF] Tsvetkov | p27Kip1 ubiquitination and degradation is regulated by the SCF Skp2 complex through phosphorylated Thr187 in p27[END_REF]. The accessory protein Cyclin dependant Kinase Sububunit 1 (CKS1) bears a function of bridge between p27 Kip1 phosphorylated on Thr187 and Skp2 (figure 24A) [START_REF] Hao | Structural basis of the Cks1-dependent recognition of p27Kip1 by the SCF Skp2 ubiquitin ligase[END_REF]. CKS1 KO results in increased p27 Kip1 levels [START_REF] Kukalev | Deficiency of Cks1 leads to learning and long-term memory defects and p27 dependent formation of neuronal cofilin aggregates[END_REF]. C-Myc activates Cul1 and CKS1 transcription thereby promoting ubiquitination and degradation of p27 Kip1 (O'Hagan et al., 2000; Keller et al., 2007). Brap binds and inhibits Skp2 in the cytoplasm, thus impairing with p27 Kip1 degradation [START_REF] Lanctot | Loss of Brap results in premature G1/S phase transition and impeded neural progenitor differentiation[END_REF]. Rb can stabilize p27 Kip1 through interaction with Skp2 leading to inhibition of p27 Kip1 ubiquitination [START_REF] Ji | Using kinetic studies to uncover new Rb functions in inhibiting cell cycle progression[END_REF].

Hara et al observed that proteolysis of p27 Kip1 proceeds normally in Skp2 KO in G0/G1

suggesting the existence of another degradation pathway also involving the proteasome [START_REF] Hara | Degradation of p27Kip1 at the G0-G1 transition mediated by a Skp2-independent ubiquitination pathway[END_REF]. As previously discussed, following phosphorylation of p27 Kip1 on Ser10, this one is exported in the cytoplasm by CRM1 [START_REF] Rodier | p27 cytoplasmic localization is regulated by phosphorylation on Ser10 and is not a prerequisite for its proteolysis[END_REF][START_REF] Fujita | Akt-dependent phosphorylation of p27Kip1 promotes binding to 14-3-3 and cytoplasmic localization[END_REF][START_REF] Connor | CRM1/Ran-mediated nuclear export of p27Kip1 involves a nuclear export signal and links p27 export and proteolysis[END_REF] where the Kip ubiquitination-Promoting Complex (KPC) binds to the CDK interacting site of p27 Kip1 and induces ubiquitination during G0/G1 transition (figure 24B) (Kamura et al., 2004).

Skp2 can also induce p27 Kip1 proteolysis in G1 independently of Thr187 phosphorylation [START_REF] Malek | A mouse knock-in model exposes sequential proteolytic pathways that regulate p27Kip1 in G1 and S phase[END_REF]. Another pathway is able to eliminate p27 Kip1 independently of a phosphorylation process. p53-induced RING-H2-type ubiquitin ligase (PIRH2) interacts with and eliminates p27 Kip1 during G1/S transition in the nucleus and the cytoplasm [START_REF] Hattori | Pirh2 promotes ubiquitin-dependent degradation of the cyclin-dependent kinase inhibitor p27Kip1[END_REF]. p27 Kip1 directly interacts with the acetyl transferase and cotranscriptional activator PCAF via its amino-acids 91 to 120 (figure 19). PCAF acetylates the Lys100 of p27 Kip1 (figure 19) which destabilizes the protein and leads to its subsequent degradation (Perez-Luna et al., 2012). These pathways promote ubiquitin-dependent proteasomal degradation.

Finally, Grb2 binds directly to p27 Kip1 and this interaction involves the proline rich domain of p27 Kip1 (amino-acids 90 to 96, see figure 19), triggering its degradation [START_REF] Sugiyama | Direct binding of the signal-transducing adaptor Grb2 facilitates down-regulation of the cyclin dependent kinase inhibitor p27Kip1[END_REF].

-

Effects of p27 Kip1 expression dysregulation

Following KO of p27 Kip1 , mice embryos are viable, however they present gigantism, infertility, organ hyperplasia and spontaneous adenomas [START_REF] Fero | A syndrome of multiorgan hyperplasia with features of gigantism, tumorigenesis, and female sterility in p27Kip1-deficient mice[END_REF][START_REF] Kiyokawa | Enhanced growth of mice lacking the cyclin-dependent kinase inhibitor function of p27Kip1[END_REF][START_REF] Nakayama | Mice lacking p27Kip1 display increased body size, multiple organ hyperplasia, retinal dysplasia, and pituitary tumors[END_REF]. p27 Kip1 is haplo-insufficient, meaning that only one copy of the gene is not enough to have a wild-type phenotype and only one allele of p27 Kip1 can trigger a tumor-phenotype [START_REF] Fero | The murine gene p27Kip1 is haplo-insufficient for tumor suppression[END_REF].

p27 Kip1 overexpression inhibits cell-cycle progression, leading to arrest in G1 phase, it is also reported to inhibit migration and to block tumoral development [START_REF] Goukassian | Overexpression of p27Kip1 by doxycycline-regulated adenoviral vectors inhibits endothelial cell proliferation and migration and impairs angiogenesis[END_REF].

-Other roles:

On one hand, p27 Kip1 induces apoptosis [START_REF] Katayose | Promoting apoptosis: a novel activity associated with the cyclin-dependent kinase inhibitor p27[END_REF][START_REF] Fujieda | Expression of p27 is associated with Bax expression and spontaneous apoptosis in oral and oropharyngeal carcinoma[END_REF]. On the other hand, it has an anti-apoptotic role [START_REF] St Croix | Impact of the cyclin-dependent kinase inhibitor p27Kip1 on resistance of tumor cells to anticancer agents[END_REF][START_REF] Eymin | Caspase-induced proteolysis of the cyclin-dependent kinase inhibitor p27Kip1 mediates its anti-apoptotic activity[END_REF]. Levkau et al showed that caspase mediated cleavage of p27 Kip1 enhances CDK2 activity and promotes apoptosis [START_REF] Levkau | Cleavage of p21Cip1/Waf1 and p27Kip1 mediates apoptosis in endothelial cells through activation of Cdk2: role of a caspase cascade[END_REF].

p27 Kip1 was also reported to be involved in the response to DNA damage. Indeed, p27 Kip1 participates to responses induced following chromosomes breaking and has an important role in the maintenance of cell-cycle arrest that is subsequent to DNA damage [START_REF] Cuadrado | p27Kip1 stabilization is essential for the maintenance of cell cycle arrest in response to DNA damage[END_REF].

Finally, p27 Kip1 is extensively studied for its role in cancer (see reviews from [START_REF] Wander | p27: a barometer of signaling deregulation and potential predictor of response to targeted therapies[END_REF][START_REF] Borriello | Targets Targeting p27 protein: its relevance in the therapy of human cancer[END_REF].

Cytoplasmic p27 Kip1 role on migration

The first mention that p27 Kip1 regulates migration comes from a study of Nagahara et al where they observed filopodia formation following the transduction of p27 Kip1 [START_REF] Nagahara | Transduction of full-length TAT fusion proteins into mammalian cells: TAT-p27Kip1 induces cell migration[END_REF]. Butty et al showed that Far1, the CKI analogous of p27 Kip1 , relocalizes to the cytoplasm where it recruits proteins to polarize assembly of the cytoskeleton [START_REF] Butty | The role of Far1p in linking the heterotrimeric G protein to polarity establishment proteins during yeast mating[END_REF]. The first study establishing a link between CKI and regulators of cytoskeleton remodeling comes from Shimada et al, they discovered that Far1 sequesters Cdc24, the yeast homologue of the GTPase Cdc42 involved in the RhoA pathway (detailed later), thus regulating cell polarity [START_REF] Shimada | Nuclear sequestration of the exchange factor Cdc24 by Far1 regulates cell polarity during yeast mating[END_REF].

p27 Kip1 is reported to either promote migration, for example in fibroblasts (Besson et al., 2004), in neuronal cells (Nguyen et al., 2006) and in mammary epithelial cells (Li et al., 2006) or to inhibit migration, in endothelial cells [START_REF] Goukassian | Overexpression of p27Kip1 by doxycycline-regulated adenoviral vectors inhibits endothelial cell proliferation and migration and impairs angiogenesis[END_REF], in vascular smooth muscle cells [START_REF] Sun | Role for p27Kip1 in vascular smooth muscle cell migration[END_REF] and in sarcoma cells [START_REF] Baldassarre | p27Kip1-stathmin interaction influences sarcoma cell migration and invasion[END_REF]. Indeed, p27 Kip1 is able to regulate migration through the regulation of different proteins, as detailed below.

-Ras:

p27 Kip1 interacts directly with Grb2 (Sujiyama et al., 2001) and is in competition with the Guanine Exchange Factor (GEF) Sos to bind Grb2 (figure 25), thus preventing activation of Ras, a small GTPase [START_REF] Moeller | p27Kip1 inhibition of GRB2-SOS formation can regulate Ras activation[END_REF] involved in cell motility through the regulation of Rac and Rho [START_REF] Wozniak | R-Ras controls membrane protrusion and cell migration through the spatial regulation of Rac and Rho[END_REF]. The Ras pathway is known to regulate cell migration through PI3-Kinase [START_REF] Lambert | Tiam1 mediates Ras activation of Rac by a PI(3)Kindependent mechanism[END_REF], and it was reported to do so via modulation of Reelin expression [START_REF] Castellano | RAS signalling through PI3-Kinase controls cell migration via modulation of Reelin expression[END_REF]. Reelin is involved in neuronal migration (reviewed in [START_REF] Hirota | Control of neuronal migration and aggregation by Reelin signaling in the developing cerebral cortex[END_REF] and in progenitor migration [START_REF] Courtès | Reelin controls progenitor cell migration in the healthy and pathological adult mouse brain[END_REF]. Together, these studies show that p27 Kip1 can interfere with Ras which is involved in cell migration. -Rac and Actomyosin:

The regulation of actomyosin by p27 Kip1 was first observed by Nagahara et al with the regulation of filopodia formation [START_REF] Nagahara | Transduction of full-length TAT fusion proteins into mammalian cells: TAT-p27Kip1 induces cell migration[END_REF]. Filopodia are cytoplasmic projections extending at the leading edge of the migrating cell composed of actin filaments (reviewed in [START_REF] Ridley | Rho GTPase signalling in cell migration[END_REF]. Then, McAllister et al showed that p27 Kip1 regulates migration via its C-terminal domain and cytoplasmic localization induced by Ser10 phosphorylation was necessary. They identified a Scatter Domain spanning from amino-acids 118 to 158 (figure 19) that is required for p27 Kip1 induced motility through Rac (a Rho GTPase) activation (Mc Allister et al., 2003). Rac further induces actin polymerization via WAVE activation (figure 26) [START_REF] Eden | Mechanism of regulation of WAVE1-induced actin nucleation by Rac1 and Nck[END_REF]. -RhoA:

The Rho GTPase RhoA regulates the assembly of contractile actomyosin filaments to form stress fibers [START_REF] Ridley | The small GTP-binding protein rho regulates the assembly of focal adhesions and actin stress fibers in response to growth factors[END_REF]) and inhibits myosin phosphatase, which regulates the level of phosphorylation of Myosin Light Chain (MLC) [START_REF] Kimura | Regulation of Myosin phosphatase by Rho and Rho-associated kinase (Rho-kinase)[END_REF]. The p160ROK (ROCK) protein is an effector of RhoA that mediates actin stress fiber assembly [START_REF] Leung | The p160 RhoA-binding kinase ROK is a member of a kinase family and is involved in the reorganization of the cytoskeleton[END_REF]. ROCK phosphorylates LIM-kinase (LIMK) which enhances cofilin phosphorylation and in turn inhibits actin depolymerization thus stabilizing actin filaments [START_REF] Sumi | Specific activation of LIM kinase 2 via phosphorylation of threonine 505, by ROCK, a Rho-dependent protein kinase[END_REF][START_REF] Maekawa | Signaling from Rho to the actin cytoskeleton through protein kinases ROCK and LIM-kinase[END_REF][START_REF] Moon | The ADF/cofilin proteins: stimulus-responsive modulators of actin dynamics[END_REF]. It also phosphorylates the Myosin-Binding Subunit (MBS) of myosin phosphatase [START_REF] Kawano | Phosphorylation of Myosin-binding subunit (MBS) of Myosin phosphatase by Rho-kinase in vivo[END_REF] thus increasing MLC phosphorylation and allowing myosin to associate to actin filaments to generate contractile force (Cooper and Geoffrey, 2000). The protein mDia is another effector of RhoA [START_REF] Watanabe | p140mDia, a mammalian homolog of Drosophila diaphanous, is a target protein for Rho small GTPase and is a ligand for profilin[END_REF], which can induce actin stress fiber formation [START_REF] Watanabe | Cooperation between mDia1 and ROCK in Rho-induced actin reorganization[END_REF]. RhoA was shown to be activated following microtubules disruption [START_REF] Liu | Microtubule depolymerization induces stress fibers, focal adhesions, and DNA synthesis via the GTP-binding protein Rho[END_REF], indeed, mDia was shown to stabilize microtubule [START_REF] Ishizaki | Coordination of microtubules and the actin cytoskeleton by the Rho effector mDia1[END_REF]. Altogether, RhoA is an essential regulator of cell migration (see figure 27).

When the level of RhoA is too low, it inhibits migration by lack of adhesion and traction of the cell [START_REF] Nobes | Rho GTPases control polarity, protrusion, and adhesion during cell movement[END_REF]. On the other hand, when the level of RhoA is too high it inhibits migration because there is no turnover of focal adhesions [START_REF] Ren | Focal adhesion kinase suppresses Rho activity to promote focal adhesion turnover[END_REF][START_REF] Vial | ERK-MAPK signaling coordinately regulates activity of Rac1 and RhoA for tumor cell motility[END_REF]. Thus, RhoA activity must be tightly regulated. Besson et al showed that p27 Kip1 -/-MEF display an impaired motility due to an increased RhoA activity. They demonstrated that p27 Kip1 directly binds and inhibits RhoA via its Cterminal domain (Besson et al., 2004). Li et al reported that CyclinD induced cell migration via the posttranscriptional regulation of p27 Kip1 . CyclinD inhibits Skp2 promoter, preventing p27 Kip1 degradation, and promotes Ser10 phosphorylation, thus relocalizing p27 Kip1 to the cytoplasm. p27 Kip1 can further inhibit RhoA in the cytoplasm (Li et al., 2006a;Li et al., 2006b).

Berton et al used p27 Kip1 -/-MEF and observed that they undergo Mesenchymal Ameboid Transition (MAT) and display altered distribution of actin and microtubule cytoskeleton.

They reported that RhoA activity was affected by the absence of p27 Kip1 and that the last 28 amino-acids were necessary to control the RhoA pathway [START_REF] Berton | The tumor suppressor functions of p27Kip1 include control of the mesenchymal/amoeboid transition[END_REF]. Larrea et al observed that overexpression of RSK1, an effector of Ras-MAPK and PI3K pathways, increases T198 phosphorylation thus relocalizing p27 Kip1 to the cytoplasm in early G1. This leads to subsequent decrease of the actin cytoskeleton stability and cell shape modification along with increased motility. They showed that enhanced T198 phosphorylation increased p27 Kip1 binding and inhibition of RhoA [START_REF] Larrea | RSK1 drives p27Kip1 phosphorylation at T198 to promote RhoA inhibition and increase cell motility[END_REF]. Belletti et al hypothesized that p27 Kip1 regulates Rho GTPase activity through stathmin interaction, because in absence of p27 Kip1 , RhoA activity is enhanced. This is reversed following p27 Kip1 expression, however, interaction with stathmin, located from amino acids 170 to 198, must be retained [START_REF] Belletti | p27Kip1 controls cell morphology and motility by regulating microtubule-dependent lipid raft recycling[END_REF]. This surprising result is explained by more recent findings from Besson and colleagues, who identified more precisely the region of interaction between p27 Kip1 and RhoA. This region is located in the last 8 amino acids and also binds the RhoA effector Citron kinase (figure 19) [START_REF] Serres | p27Kip1 controls cytokinesis via the regulation of citron kinase activation[END_REF]. Recently, p27 Kip1 was shown to be processed by caspases at Asp176, then, truncated p27 Kip1 is unable to inhibit RhoA and cannot induce migration [START_REF] Podmirseg | Caspases uncouple p27Kip1 from cell cycle regulated degradation and abolish its ability to stimulate cell migration and invasion[END_REF], confirming previous findings.

RhoA exerts a negative feedback regulation on p27 Kip1 . Indeed, it is able to regulate p27 Kip1 translation (Vidal et al., 2003) and degradation via induction of CyclinE-CDK2 activity [START_REF] Weber | Ras-stimulated extracellular signal-related kinase 1 and RhoA activities coordinate platelet-derived growth factor-induced G1 progression through the independent regulation of Cyclin D1 and p27 Kip1[END_REF][START_REF] Hu | RhoA stimulates p27Kip1 degradation through its regulation of Cyclin E/CDK2 activity[END_REF]. RhoA also plays a role in G1/S progression, by inducing Skp2 expression thus promoting p27 Kip1 degradation [START_REF] Mammoto | Role of RhoA, mDia, and ROCK in cell shape-dependent control of the Skp2-p27Kip1 pathway and the G1/S transition[END_REF].

It is interesting to note that other CKI act on this pathway although at different levels from p27 Kip1 , as p21 Cip1 inhibits ROCK [START_REF] Lee | Cytoplasmic p21 Cip1 is involved in Ras-induced inhibition of the ROCK/LIMK/cofilin pathway[END_REF] and p57 Kip2 inhibits LIMK [START_REF] Yokoo | p57Kip2 regulates actin dynamics by binding and translocating LIM-kinase 1 to the nucleus[END_REF].

-Stathmin:

Stathmin is a cytosolic phosphoprotein that regulates microtubule dynamics [START_REF] Belmont | Identification of a protein that interacts with tubulin dimers and increases the catastrophe rate of microtubules[END_REF]. It is a microtubule-destabilizing protein which depolymerizes microtubules by promoting microtubule catastrophe and sequestering tubulin thus preventing polymerization [START_REF] Howell | Dissociation of the tubulinsequestering and microtubule catastrophe-promoting activities of oncoprotein 18/stathmin[END_REF]. Stathmin exerts an important role during mitosis and cytokinesis, by controlling the mitotic spindle assembly and disassembly (reviewed in [START_REF] Rubin | The role of Stathmin in the regulation of the cell cycle[END_REF]. It is also involved in migration, following suppression of the stathmin homologue in Drosophila, impaired migration is observed [START_REF] Ozon | Drosophila Stathmin: a microtubule-destabilizing factor involved in nervous system formation[END_REF].

Baldassarre et al demonstrated that p27 Kip1 inhibits migration in fibroblasts through inhibition of stathmin. Interaction involves the last 28 amino-acids of p27 Kip1 (figure 19) and impairs its activity of tubulin sequestration thus promoting microtubule stability (figure 28) [START_REF] Baldassarre | p27Kip1-stathmin interaction influences sarcoma cell migration and invasion[END_REF]. However, Godin et al suggest that p27 Kip1 regulates microtubule dynamics independently of stathmin in MEF transfected with plus-TIP EB3-GFP [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF]. Like RhoA, stathmin participates to G1/S transition, hence p27 Kip1 and stathmin interaction regulates proliferation [START_REF] Berton | Genetic characterization of p27(kip1) and stathmin in controlling cell proliferation in vivo[END_REF]. Fabris et al confirmed this interaction controls cell-cycle entry. They found that through inhibition of stathmin, p27 Kip1 stabilizes microtubules thus regulating H-Ras intracellular transport. p27 Kip1 thus impairs H-Ras full activation and subsequent MAPK pathway hyperactivation, leading to faster G1/S transition [START_REF] Fabris | p27kip1 controls H-Ras/MAPK activation and cell cycle entry stability via modulation of MT stability[END_REF].

-Microtubules:

More recently, p27 Kip1 was shown to interact directly with microtubules via its proline rich domain from amino-acids 90 to 96 (figure 19), promoting microtubules polymerization in neurites of migrating interneurons [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF]. The cytoplasmic localization of p27 Kip1 induces an increased cellular motility, contributes to metastasis and is of poor prognosis in cancer (reviewed in [START_REF] Sharma | The non-canonical functions of p27 and tumor biology[END_REF].

Menchón et al suggested a role for p27 Kip1 in the control of Epithelial to Mesenchymal Transition (EMT) in human embryonic stem cells [START_REF] Menchón | The cell cycle inhibitor p27Kip1 controls self-renewal and pluripotency of human embryonic stem cells by regulating the cell cycle, Brachyury and Twist[END_REF].

p27 Kip1 not only controls actin polymerization and microtubules stability through Rac activation, RhoA and stathmin inhibition, but it was recently shown that p27 Kip1 is a Microtubule Associated Protein (MAP) which directly regulates microtubules stability [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF]. Hence, p27 Kip1 appears to exert a ubiquitous role in the regulation of cell migration (see figure 29).

The coordination of cell-cycle progression and migration is suggested to be regulated by Cip/Kip proteins. Not only p27 Kip1 , but also p21 Cip1 and p57 Kip2 are involved in both activities (see [START_REF] Besson | CDK inhibitors: cell cycle regulators and beyond[END_REF].

Role in the cerebral cortex

Lee et al observed an increase of p27 Kip1 during brain development. Its level is low at E14, high at E16 and is still present at a high level in adult postmitotic neurons [START_REF] Lee | The brain-specific activator p35 allows Cdk5 to escape inhibition by p27Kip1 in neurons[END_REF].

p27 Kip1 plays multiple role during neurogenesis. It is involved in cell-cell exit and differentiation [START_REF] Carruthers | Depletion of the cell-cycle inhibitor p27 Xic1 impairs neuronal differentiation and increases the number of ElrC þ progenitor cells in Xenopus tropicalis[END_REF][START_REF] Vernon | The cdk inhibitor p27Xic1 is required for differentiation of primary neurones in Xenopus[END_REF]Nguyen et al., 2006), in the control of neurons production and laminar destination [START_REF] Goto | Altered patterns of neuron production in the p27Kip1 knockout mouse[END_REF][START_REF] Tarui | Overexpression of p27Kip1, probability of cell cycle exit, and laminar destination of neocortical neurons[END_REF].

It determines cell-cycle kinetic, cell-cycle re-entry and neuronal production [START_REF] Lukaszewicz | G1 phase regulation, area-specific cell cycle control, and cytoarchitectonics in the primate cortex[END_REF] Zindy et al investigated postnatal neuronal proliferation and showed that p27 Kip1 maintains neurons in differentiation [START_REF] Zindy | Postnatal neuronal proliferation in mice lacking Ink4d and Kip1 inhibitors of cyclindependent kinases[END_REF] however they did not link p27 Kip1 to migration. The firsts to establish its involvement in migration in the developing cortex were Kawauchi et al. They observed that Cdk5 phosphorylates p27 Kip1 on Ser10 and stabilizes it.

The Cdk5-p27 Kip1 pathway activates cofilin which regulates actin cytoskeleton, thus promoting neuronal migration [START_REF] Kawauchi | Cdk5 phosphorylates and stabilizes p27Kip1 contributing to actin organization and cortical neuronal migration[END_REF]. Later, Zheng et al showed that p27 Kip1 is also phosphorylated on Thr187 by CDK5. Thr187 phosphorylation is linked to neuronal differentiation and, together with CDK5 induced Ser10 phosphorylation, it promotes differentiation, neurite outgrowth, and migration [START_REF] Zheng | Phosphorylation of p27Kip1 at Thr187 by cyclin-dependent kinase 5 modulates neural stem cell differentiation[END_REF].

Vernon et al investigated the neurogenesis in Xenopus embryos and showed that p27 Xic1 (the p27 Kip1 homologue) stabilizes X-NGNR1 thus promoting neuronal differentiation [START_REF] Vernon | The cdk inhibitor p27Xic1 is required for differentiation of primary neurones in Xenopus[END_REF]. Later, Nguyen et al demonstrated that p27 Kip1 stabilizes Neurogenenin 2 (Ngn2) protein via its N-terminal domain (figure 19) (Nguyen et al., 2006).

They also discovered that p27 Kip1 promotes neuronal migration via its C-terminal domain. Using p27 Kip1 -/-embryos they showed that the protein is required for proper neuronal migration. p27 Kip1 inhibits the RhoA/ROCK pathway, thus regulating migration independently of its cell-cycle regulatory function (Nguyen et al., 2006). Further exploration of p27 Kip1 role in neuronal migration identified that inhibition of the RhoA pathway promotes neurite branching and nucleokinesis. Moreover, it not only regulates migration via modulation of the RhoA pathway, but it was found to be a MAP which directly regulates microtubule polymerization in differentiated neurons [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF]. Their work identified a new function for p27 Kip1 in the regulation of migration. The fact that p27 Kip1 is a MAP is of great importance since it appears that p27 Kip1 regulation of stathmin is overtaken by its direct interaction with microtubules in migrating interneurons [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF].

Recently p27 Kip1 was demonstrated to be involved in neuron apoptosis. In response to the neurotoxic amyloid peptide Aβ42, p27 Kip1 induces CDK5/CyclinD1 association resulting in CDK5 sequestration. Therefore, cell-cycle progression is reactivated and apoptosis triggered [START_REF] Jaiswal | Role and regulation of p27 in neuronal apoptosis[END_REF]. CKS1 protein is involved in p27 Kip1 degradation [START_REF] Hao | Structural basis of the Cks1-dependent recognition of p27Kip1 by the SCF Skp2 ubiquitin ligase[END_REF] and CKS1 KO induces the formation of cofilin aggregates leading to dendritic spine maturation defects and further impaired long-term memory [START_REF] Kukalev | Deficiency of Cks1 leads to learning and long-term memory defects and p27 dependent formation of neuronal cofilin aggregates[END_REF]. The suppression of the zinc finger transcription repressor Rp58 leads to a transient loss of p27 Kip1

accompanied by neuronal migration defects. This p27 Kip1 decrease is hypothesized to be attributed to a loss of Id3 repression by Rp58 thus allowing p27 Kip1 repression by Id3 [START_REF] Clément | Rp58 and p27Kip1 coordinate cell cycle exit and neuronal migration within the embryonic mouse cerebral cortex[END_REF]. Lanctot et al discovered that Brap conditional KO, by increasing the level of Skp2, decreases p27 Kip1 and delays G1/S transition. Brains lacking Brap display unaltered proliferation but they have a deficit of differentiation (see figure 30). They hypothesized that accelerated G1/S transition caused by p27 Kip1 lack of regulation impairs neurons capacity to integrate cell signals thus decreasing differentiation [START_REF] Lanctot | Loss of Brap results in premature G1/S phase transition and impeded neural progenitor differentiation[END_REF].

Figure 30: Brap regulates neurogenesis. p27 Kip1 also plays a role in the adult brain, it regulates the proliferation of transit-amplifying progenitors in the adult SVZ [START_REF] Doetsch | Lack of the cell-cycle inhibitor p27Kip1 results in selective increase of transitamplifying cells for adult neurogenesis[END_REF], it inhibits neural progenitor regeneration [START_REF] Qiu | p27Kip1 constrains proliferation of neural progenitor cells in adult brain under homeostatic and ischemic conditions[END_REF] and it is involved in the maintenance of adult neuron quiescence via its N-terminal domain [START_REF] Andreu | The cyclindependent kinase inhibitor p27Kip1 regulates radial stem cell quiescence and neurogenesis in the adult hippocampus[END_REF]. Extracted from [START_REF] Lanctot | Loss of Brap results in premature G1/S phase transition and impeded neural progenitor differentiation[END_REF] Altogether, p27 Kip1 appears as a preeminent player regulating multiple processes during cortical development. It is a central actor of CNS development through the regulation proliferation, differentiation, migration and apoptosis. Therefore, p27 Kip1 must be finely tuned, its deregulation leading to defects such as microcephaly [START_REF] Lanctot | Loss of Brap results in premature G1/S phase transition and impeded neural progenitor differentiation[END_REF].

CyclinE

CyclinE canonical role on the cell-cycle

CyclineE1 (simply referred to as CyclinE in this work) is a nuclear protein first identified as a cyclin active in G1 phase using rescue experiments in yeast with CyclinE extracted from Drosophila [START_REF] Léopold | An evolutionarily conserved cyclin homolog from Drosophila rescues yeast deficient in-G1 cyclins[END_REF] and human [START_REF] Lew | Isolation of three novel human cyclins by rescue of Gl cyclin (Cln) function in yeast[END_REF][START_REF] Koff | Formation and activation of a Cyclin E-cdk2 complex during the G1 phase of the human cell cycle[END_REF]. CyclinE accumulates at the G1/S boundary. It then binds and activates CDK2 to promote the transition from G1 to S phase [START_REF] Sherr | G1 phase progression: Cycling on cue[END_REF]. CyclinE is also well known to control initiation of DNA replication and centrosome duplication.

-

Activation

During G1 phase, mitogenic signals activate CyclinE transcription. This transcription is mediated by E2F binding sites present in the promoter. CyclinE is also able to stimulate its own transcription through a positive feedback mechanism in late G1 phase, and that involves E2F activation [START_REF] Geng | Regulation of cyclin E transcription by E2Fs and retinoblastoma protein[END_REF]. Myc was demonstrated to regulate CyclinE-CDK2

(figure 31) in parallel to this classical pathway (Santonini-Rugiu et al., 2000).

-

Regulation

CyclinE-CDK2 activity is highest in G1/S transition and lowest in quiescent cells (Dulic et al., 1992;[START_REF] Koff | Formation and activation of a Cyclin E-cdk2 complex during the G1 phase of the human cell cycle[END_REF]. This periodic activity is balanced by transcriptional and posttranscriptional factors that control CyclinE abundance, thereby insuring CyclinE activity is tightly regulated. The protein p27 Kip1 , inhibits the catalytic activity of CyclinE-CDK2 (Hengst et al., 1994;[START_REF] Toyoshima | p27, a novel inhibitor of G1 cyclin-Cdk protein kinase activity, is related to p21[END_REF]. In addition, CyclinE exerts a feedback effect on p27 Kip1 as detailed below (figure 31).

CyclinE stability was shown to require ATP production from mitochondria [START_REF] Mandal | Mitochondrial regulation of cell cycle progression during development as revealed by the tenured mutation in Drosophila[END_REF]. Reduced activity of the mitochondrial fission protein Dynamin-related protein 1 (Drp1) leads to elevation of CyclinE levels which regulates the G1/S progression [START_REF] Mitra | A hyperfused mitochondrial state achieved at G1-S regulates cyclin E buildup and entry into S phase[END_REF]. Most recent advances on this subject uncovered a new mitochondrial pool of CyclinE, able be modulated by Drp1, that is linked to the control of cell proliferation in a cell-densitydependent manner [START_REF] Parker | A new mitochondrial pool of cyclin E, regulated by Drp1, is linked to cell-densitydependent cell proliferation[END_REF].

-

Role on the cell-cycle

CyclinE associates with CDK2 and activates its serine-threonine kinase activity at the end of G1 phase [START_REF] Koff | Formation and activation of a Cyclin E-cdk2 complex during the G1 phase of the human cell cycle[END_REF]. CyclinE-CDK2 complex phosphorylates Rb [START_REF] Hinds | Regulation of Retinoblastoma protein functions by ectopic expression of human cyclins[END_REF] which forms a complex with E2F transcription factor (figure 31). When Rb is hyperphosphorylated, it releases E2F transcriptional activity [START_REF] Chellappan | The E2F transcription factor is a cellular target for the RB protein[END_REF]. E2F

promotes in turn initiation and completion of S phase (DeGregori et al., 1995). Ohtsubo et al demonstrated CyclinE necessity for entry in S phase, it is required for the G1/S transition even in cells lacking Rb protein function [START_REF] Ohtsubo | Human cyclin E, a nuclear protein essential for the G1-to-S phase transition[END_REF]. CyclinE-CDK2 also phosphorylates p27 Kip1 on T187 (Scheaff et al., 1997) during G1 and S phases to catalyze p27 Kip1 degradation by the SCF-Skp2 ubiquitin ligase [START_REF] Tsvetkov | p27Kip1 ubiquitination and degradation is regulated by the SCF Skp2 complex through phosphorylated Thr187 in p27[END_REF] thereby conferring irreversibility to the G1/S transition.

CyclinE-CDK2 also phosphorylates Smad3, CBP/p300, E2F-5 and p220 NPAT which all play a role in cell-cycle progression (reviewed in [START_REF] Siu | An integrated view of cyclin E function and regulation[END_REF]; figure 31). CyclinE protein can be CDK2-bound or unbound and stable, there are also catalytically inactive pools of CyclinE bound to CDK inhibitors [START_REF] Clurman | Turnover of cyclin E by the ubiquitin-proteasome pathway is regulated by cdk2 binding and cyclin phosphorylation[END_REF]. Kinase-independent effects on cellcycle progression are exemplified by a CyclinE mutant defective for CDK activation that can load MCM2 onto chromatin during the G0-S phase transition in rat MEF [START_REF] Geng | Kinase-independent function of Cyclin E[END_REF].

Other works demonstrate that CyclinE can promote S phase entry without using the "classical" pathway. CyclinE-CDK2 can trigger DNA replication independently of activation of the pRb/E2F pathway in mouse MEF [START_REF] Lukas | Cyclin E-induced S phase without activation of the pRb/E2F pathway[END_REF]. When located near the centrosome, CyclinE is even able to initiate S phase without activating CDK2 [START_REF] Lukas | Cyclin E-induced S phase without activation of the pRb/E2F pathway[END_REF].

-Degradation CyclinE accumulation must be tightly regulated, otherwise it infers faster entry in Sphase, genetic instability and tumorigenesis. Ubiquitin-mediated proteolysis regulates CyclinE degradation, which is mediated by two pathways: the BCR and the SCF-Fbw7 pathways. The BCR (BTB-Cul-3-Rbx1) ubiquitin ligase targets monomeric CyclinE [START_REF] Singer | Cullin-3 targets cyclin E for ubiquitination and controls S phase in mammalian cells[END_REF] and does not require CyclinE to be phosphorylated. The SCFFbw7 pathway requires CyclinE phosphorylation on Thr380 and CDK2 activation [START_REF] Koepp | Phosphorylation-dependent ubiquitination of Cyclin E by the SCF Fbw7 ubiquitin ligase[END_REF]. Work in Drosophila reported that loss of mitochondria energetic leads to CyclinE degradation and triggers cell-cycle arrest. Following metabolic stress signal, there is activation of p53 which causes transcriptional upregulation of the F-box protein archipelago, the Fbxw7 homologue in flies [START_REF] Mandal | Metabolic control of G1-S transition: cyclin E degradation by p53-induced activation of the ubiquitin-proteasome system[END_REF]. Thus, CyclinE stability requires ATP production from mitochondria. A recent study shed light on the importance of CyclinE degradation, the Golgi associated protein RhoBTB3, which is a Rho-related ATPase, was shown to regulate the S/G2

transition by targeting CyclinE for ubiquitylation [START_REF] Lu | Golgi-associated RhoBTB3 targets Cyclin E for ubiquitylation and promotes cell cycle progression[END_REF]. -

Effects of CyclinE dysregulation

Compensatory mechanisms were uncovered among cyclins and CDKs. CDK1 binds to CyclinE in the absence of CDK2 and promotes G 1 /S transition [START_REF] Aleem | Cdc2-cyclin E complexes regulate the G1/S phase transition[END_REF].

Furthermore, CDK3 can form a complex with CyclinE and promotes S phase entry in quiescent cells as efficiently as CyclinE/CDK2 [START_REF] Sage | Cyclin C Makes an Entry into the Cell Cycle[END_REF].

Experiences of CyclinE ablation were conducted and lead to the conclusion that E type cyclins are not required for proliferation. CyclinE1 and E2 ablation does not prevent proper embryonic development with exception of cardiovascular system [START_REF] Geng | Cyclin E ablation in the mouse[END_REF].

Double mutant CyclinE embryonic fibroblasts displayed defects in cell-cycle reentry from quiescence although the cells proliferate normally in continuous culture [START_REF] Geng | Cyclin E ablation in the mouse[END_REF].

Taken individually, Cyclins E1 and E2 are dispensable for normal development and cell proliferation because they are redundant during development. However, deletion of both E1 and E2 cyclins led to embryonic lethality (not related to proliferation) at E11.5 [START_REF] Parisi | Cyclins E1 and E2 are required for endoreplication in placental trophoblast giant cells[END_REF]. Studies using CyclinE mouse models indicate that E-type cyclins are not essential for cell proliferation and that D and A-type cyclins substitute E-type cyclins when the latest are absent (reviewed in [START_REF] Satyanarayana | Mammalian cell-cycle regulation: several Cdks, numerous cyclins and diverse compensatory mechanisms[END_REF].

CyclinE overexpression in fibroblasts was shown to shorten the duration of G1 phase, decrease cell size, and reduce the serum requirement for G1/S transition [START_REF] Ohtsubo | Cyclin-dependent regulation of G1 in mammalian fibroblasts[END_REF] 

Other roles of CyclinE

-Mitotic progression

CyclinE overexpression leads to chromosome instability and polyploidy [START_REF] Spruck | Deregulated cyclin E induces chromosome instability[END_REF]. Nevertheless, other involvement in the mitotic process were further suggested, such as impaired prereplication complexes assembly upon mitotic exit. CyclinE overexpression perturbs DNA replication and can cause replicative stress (Ekholm-Reed et al., 2004). It was also reported to delay progression in early mitosis [START_REF] Keck | Cyclin E overexpression impairs progression through mitosis by inhibiting APC Cdh1[END_REF]. CyclinE-CDK2 can phosphorylate and inhibit the Anaphase-Promoting Complex (APC/Cdh1), triggering subsequent accumulation of APC/Cdh1 substrates as cells enter mitosis. CyclinB is a substrate of APC/Cdh1 involved in the control of mitosis entry and exit [START_REF] Keck | Cyclin E overexpression impairs progression through mitosis by inhibiting APC Cdh1[END_REF].

Inhibition of CyclinE degradation caused a loss of its periodicity and thus an elevation of CyclinE-CDK2 activity in G2-M [START_REF] Minella | Cyclin E phosphorylation regulates cell proliferation in hematopoietic and epithelial lineages in vivo[END_REF]. Mitosis progression is delayed after CyclinE overexpression due to APC/Cdh1 inhibition [START_REF] Keck | Cyclin E overexpression impairs progression through mitosis by inhibiting APC Cdh1[END_REF]. Later, Bagheri- -

Centrosome cycle

First clues on CyclinE involvement in centrosome cycle come from studies on the Xenopus, in which the protein is localized at the centrosomes. Hinchcliffe et al used S phase arrested eggs and found that entry in S phase was necessary for the centrosome to duplicate again. CyclinE/CDK2 appears to be a "licensing" factor allowing the daughter centrosomes to duplicate [START_REF] Hinchcliffe | Requirement of Cdk2 -Cyclin E activity for repeated centrosome reproduction in Xenopus egg extracts[END_REF]. Okuda et al identified nucleophosmin (NPM/B23) which associates with unduplicated centrosomes. Upon phosphorylation by CyclinE/CDK2, NPM/B23 dissociates from centrosomes, triggering centriole duplication [START_REF] Okuda | Nucleophosmin/B23 is a target of CDK2/Cyclin E in centrosome duplication[END_REF].

CyclinE/CDK2 is involved in initiation of centrosomes and DNA duplication. Moreover, a

Centrosomal Localization Signal (CLS) in CyclinE was uncovered. This CLS is essential to trigger S phase entry in a CDK2 independent manner [START_REF] Matsumoto | A Centrosomal localization signal in Cyclin E required for Cdk2-independent S phase entry[END_REF].

CyclinE role on cancer has been extensively studied (see [START_REF] Mazumder | A Jekyll and Hyde role of Cyclin E in the genotoxic stress response: switching from cell cycle control to apoptosis regulation[END_REF][START_REF] Malumbres | Cell cycle, CDKs and cancer: a changing paradigm[END_REF] for reviews) and deregulation of CyclinE interferes with the assembly of pre-replication complexes (Elkhom-Reed et al., 2004), promotes chromosome instability [START_REF] Spruck | Deregulated cyclin E induces chromosome instability[END_REF] and loss of genomic region (Texeira et al., 2015). p53 and p21 Cip1 constitute a barrier that protects cells against the consequences of CyclinE-CDK2 deregulation [START_REF] Minella | p53 and p21 form an inducible barrier that protects cells against Cyclin E-cdk2 deregulation[END_REF].

Role in the cerebral cortex

The first study linking CyclinE with the cerebral cortex comes from Miyajima et al. They found that this protein is expressed in neurons where it complexes with CDK5 [START_REF] Miyajima | Cyclin E is expressed in neurons and forms complexes with cdk5[END_REF].

CyclinE was found to be necessary and sufficient to trigger asymmetric division and neuronal fate specification in neuroblast lineage in the Drosophila model [START_REF] Berger | Cyclin E acts under the control of Hox-genes as a cell fate determinant in the developing central nervous system[END_REF]2010). Its role in mediating asymmetric division and specifying cell fate is independent of its role on cell proliferation.

Our team overexpressed CyclinE in mouse cortical precursors to induce G1 phase shortening. It promoted cell-cycle reentry at the expense of neurogenesis and modified the cytoarchitecture of the cortex. Following CyclinE overexpression there is first an increase in APs self-renewing proliferative divisions, then, a shift toward BPs increased production followed by increased BPs proliferation. CyclinE overexpression also increases supragranular neuron production [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF]; see also [START_REF] Lange | Cdk4/cyclinD1 overexpression in neural stem cells shortens G1, delays neurogenesis, and promotes the generation and expansion of basal progenitors[END_REF].

Ikeda et al studied the spatiotemporal expression profile of CyclinE mRNA and protein in the developing and the adult mouse brain. Both CyclinE mRNA and protein are expressed in the proliferative neuronal precursors and in postmitotic neurons of the embryonic and adult brain. Their levels were observed to increase as the mouse reach adulthood. In addition, they showed CyclinE expression is nuclear in precursor and becomes more cytoplasmic during development [START_REF] Ikeda | Expression of cyclin E in postmitotic neurons during development and in the adult mouse brain[END_REF]. These results point toward a role for CyclinE in neurogenesis as well as in CNS function and suggest the importance of its subcellular localization.

Odajima et al uncovered a cell-cycle independent role for CyclinE. In differentiated neurons, CyclinE forms a complex with CDK5 and inhibits its activity to regulate synaptic plasticity and memory formation [START_REF] Odajima | Article Cyclin E constrains Cdk5 activity to regulate synaptic plasticity and memory formation[END_REF]. Indeed, CyclinE KO in mice decreases the number of synapses as well as the number and volume of dendritic spines, which leads to synaptic plasticity impairment and defaults in memory formation.

CyclinE is expressed in the process of quiescent neural stem cells and in the nucleus of active caspase 3+ cells during neuronal cell differentiation in the mouse hippocampal dentate gyrus [START_REF] Ikeda | Cyclin E marks quiescent neural stem cells and caspase-3positive newborn cells during adult hippocampal neurogenesis in mice[END_REF]. This study brings light on another cell-cycle independent role for CyclinE in regulating adult hippocampal neurogenesis. It possibly regulates cell fate determination [START_REF] Berger | Cyclin E acts under the control of Hox-genes as a cell fate determinant in the developing central nervous system[END_REF] or cell-cycle reentry [START_REF] Geng | Kinase-independent function of Cyclin E[END_REF] 

Characterization of the cell-cycle distribution of APs using an indirect static approach

In a first approach, we have determined the distribution of APs in the different cell-cycle phases, at different stages of corticogenesis. To do so, we established an experimental strategy based on a double immunolabeling against PCNA and Ki67 combined with the nuclear DAPI staining.

Experimental strategy:

The Ki67 antigen is classically used to detect cycling cells [START_REF] Winking | Expression of the proliferation marker Ki-67 during early mouse development[END_REF].

Throughout most of the interphase, Ki67 is localized within the nucleolus and during mitosis it is associated with mitotic chromosomes (Kill et al., 2006;Starborg et al., 2006). Ki67 has been shown to exhibit a phase specific pattern of expression: during G1 phase, the Ki67 labeling is punctuate whereas it is more diffuse during S and G2 phases, due to larger foci covering the nucleoli (Kill et al., 2006;Starborg et al., 2006). PCNA is another efficient tool to label cycling cells, and in particular S phase, since it is a central component of the replication machinery. PCNA also displays a localization pattern specific to each cell-cycle phase [START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF]. Previous studies have reported that early S phase cells exhibit a punctuate pattern made of small dots covering the nucleus, whereas late S phase cells are characterized by larger dots. PCNA label shows a diffuse nuclear distribution during G1 and G2 phases and a diffuse cellular distribution in M phase upon nuclear envelope breakdown [START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF].

Therefore, combined together, Ki67 and PCNA labeling patterns allow to identify each phase of the cell-cycle in a precursor pool, as shown on figures 32A and 32B. Methods:

We collected embryonic brains at E12, E14 and E16 and performed a triple labeling against PCNA, Ki67 and DAPI which was visualized under 3 channel confocal microscopy.

Using the Image J software we determined the limits of VZ and SVZ on each section (figure 33). Results:

We first noticed a regular decrease of Ki67 positive cells among DAPI cells (figure 3A).

There is no more a 100% cycling cells in the VZ at E14 and there are significantly less Ki67 positive cells at E16 compared to E12. Second, the immunostaining allowed us to examine

APs repartition in the cell-cycle at E12 shortly after neurogenesis initiation and at E14 and E16 which correspond to the peak of neurogenesis period (E13-E18).

This analysis revealed a regular increase of G1 phase cells associated with a regular decrease of S phase cells population over the E12-E16 developmental period as seen in figure 3B. Indeed, 34.9% of cells are in G1 phase at E12, 41.5% at E14 and 54.7% at E16, indicating that there is a 56.7% increase of G1 phase population in 4 days. By contrast, S phase cell population is reduced from 43.6% at E12 to 34.4% at E14 and 29.7% at E16. This corresponds to a total decrease of S phase population of 31.9% in 4 days. We also note that at E14 the G2 phase cells population is increased (15.3% at E12 and 21.4% at E14) before decreasing to 11% at E16. Finally, we quantified a maximum of mitotic cells at E12 (6.2%).

The mitotic population then decreased at E14 (2.7%) and E16 (4.6%). These results point out to modification of cell-cycle phases duration throughout corticogenesis. G1 phase relative duration increases over time while S phase relative duration decreases. This is in agreement with previous reports of in vivo cell-cycle analysis in the developing mouse [START_REF] Takahashi | Mode of cell proliferation in the developing mouse neocortex[END_REF][START_REF] Calegari | Selective lengthening of the cell cycle in the neurogenic subpopulation of neural progenitor cells during mouse brain development[END_REF][START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF][START_REF] Lanctot | Loss of Brap results in premature G1/S phase transition and impeded neural progenitor differentiation[END_REF].

INM study on electroporated APs

We performed a detailed analysis of the relationship between the INM movement and the progression through the cell-cycle at E16. We used the same paradigm as described above: in a first step, we implemented a population analysis approach, based on cell-cycle specific phase immunolabeling in situ, on fixed tissue. In a second step, we implemented a single cell behavior analysis, using TLV in the living tissue.
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Cell-cycle phase specific immunolabeling analysis of APs distribution at E16

Experimental strategy:

To We observed that 63,5% of S phase nuclei are located in the upper half of the VZ, and among them 27% are located in the the 50-75 bin. Thus, 36.5% of S phase nuclei are located in the lower half of the VZ, and among them 4% are located in the most apical bin (figure 35A). This contrasts with previous reports where S phase nuclei were reported to be restricted to the upper most quarter of the VZ [START_REF] Sauer | Radioautographic study of interkinetic nuclear migration in the neural tube[END_REF]reviewed in Taverna and Huttner, 2010).

Since we observed that 96% of control APs nuclei undergo S phase in the upper 75% of the VZ depth, it suggested that the G2 phase begins when the nucleus has already started its basal movement. In order to determine at which point during INM APs are undergoing their G2 phase, we used the Mouse e-plot program to plot the spatial distribution of G2 phase nuclei (Ki67 diffuse labeling). The G2 nuclei distribution represented in figure 35D shows that the vast majority (73%) of G2 phase APs nuclei are located in the most apical bin of the VZ (figure 35C).
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These findings suggest that APs nuclei start their basal movement of INM toward the ventricular border while they are still in S phase and that the G2 phase mainly takes place near the ventricle.

Direct visualization of individual APs INM using TLV at E16

Experimental strategy:

So as to extend the above observations made in situ at the population level, we implemented in utero electroporation of a GFP tagged version of PCNA combined with Time

Lapse Videomicroscopy (TLV) on organotypic slices. We used clonal electroporation to specifically target a small cohort of cells thanks to a procedure adapted from Xavier Morin [START_REF] Morin | Control of planar divisions by the G-protein regulator LGN maintains progenitors in the chick neuroepithelium[END_REF]. We co-electroporated two plasmids: (i) a plasmid containing the Cre Following electroporation of the dorso-lateral cortex at E14, organotypic brain slices were performed using a vibratome and cultured in optimal conditions [START_REF] Gautier | Areaspecific dynamics of proliferation and migration during primate corticogenesis: role of the modular protein p27Kip1[END_REF] in order to perform acquisitions during 48 hours using a two photon time-lapse microscope.

Under these conditions, we are able to observe APs nuclei undergoing the INM in the VZ.

Results:

The cell-cycle phase specific pattern of PCNA has been reported to be visible in TLV conditions [START_REF] Leonhardt | Dynamics of DNA replication factories in living cells[END_REF][START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF]. We were able to monitor S phase with respect to INM in PCNA-GFP positive progenitors. Using a X10 objective, we observed nuclei exhibiting large PCNA-GFP dots (figure 37), however, the resolution was not good enough to reliably visualize the PCNA-GFP small dots. Our observations show that the appearance of the large PCNA-GFP punctua, which correspond to the late S phase, occurs when the nuclei have already engaged the descent toward the ventricle. This appears somehow in contrast with previous descriptions of the INM movement where it was assumed that S phase nuclei were restricted to the basal border of the VZ and that the apical movement was corresponding to G2 phase [START_REF] Sauer | Radioautographic study of interkinetic nuclear migration in the neural tube[END_REF][START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF][START_REF] Tamai | Pax6 transcription factor is required for the interkinetic nuclear movement of neuroepithelial cells[END_REF][START_REF] Del Bene | Regulation of neurogenesis by interkinetic nuclear migration through an apical-basal Notch gradient[END_REF][START_REF] Schenk | Myosin II is required for interkinetic nuclear migration of neural progenitors[END_REF][START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF]Pearson et al., 2009;[START_REF] Tsai | An unconventional kinesin and cytoplasmic dynein are responsible for interkinetic nuclear migration in neural stem cells[END_REF][START_REF] Kosodo | Regulation of interkinetic nuclear migration by cell cycle-coupled active and passive mechanisms in the developing brain[END_REF][START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF][START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF]Tsunekawa et al., 2012;[START_REF] Okamoto | TAG-1-assisted progenitor elongation streamlines nuclear migration to optimize subapical crowding[END_REF][START_REF] Okamoto | Ferret-mouse differences in interkinetic nuclear migration and cellular densification in the neocortical ventricular zone[END_REF][START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF]. This TLV analysis on few cells indicates that the large PCNA punctua get diffuse, as observed during S-G2 transition, when the nucleus is already well engaged in the basal INM movement, in agreement with our in situ experiment.

Comparison of S and G2 phase APs nuclei repartition in the VZ at E12, E14 and E16

The above described dynamics of INM have been observed at E16. We then asked whether this behavior could also be observed at earlier stages in development, when cellcycle duration and G1 phase are shorter.

Experimental strategy:

Using the Mouse e-plot software, we analyzed the repartition of S and G2 phase nuclei within the depth of the VZ, in non-electroporated E12, E14 and E16 brains.

Results:

The repartition of S phase nuclei did not reveal any significant difference between the three stages. We then refined our analysis and carefully examined the repartition by discriminating early and late S phase nuclei. Early S phase nuclei repartition did not show any difference either. However, late S phase nuclei repartition revealed significant differences, as seen in figure 38A. First, it is interesting to note that at E12, almost all late S phase nuclei (92.3%) are located within the upper half of the VZ, whereas at E14 and E16, late S phase nuclei occupy a
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wider range of positions in the depth of the VZ. Indeed, we found significantly less nuclei in the upper quarter of the VZ at E14 (26.2%) and E16 (21%) compared to E12 (48.7%), and significantly more nuclei in the [25-50] portion of the VZ at E14 (29.1%) and E16 (35.5%) compared to E12 (6.4%).

Next, we analyzed G2 phase nuclei distribution within the VZ depth to confirm the previous observation (Figure 38B). We noticed that there are practically no G2 phase nuclei in the upper half of the VZ at E14 (0.8%) and E16 (0%). By contrast, at E12 some G2 phase nuclei can be found in the [50-75] portion (7.8%). In addition, there are significantly more G2 nuclei in the quarter close to the ventricular border at E16 (85.4%) compared to E12 (66.7%).

We observed an intermediate percentage at E14 (77.7%).

This analysis shows that the apical movement is subjected to modifications during corticogenesis. Late S and G2 phase nuclei are found closer to the ventricle during the peak of neurogenesis (E14 and E16) compared to the early phase of neurogenesis (E12).

Discussion

Developmental variations of cell-cycle phases of APs

We assessed APs distribution in the VZ at E12, E14 and E16 and compared these developmental stages.

We first observed a progressive reduction of the percentage of Ki67 positive cells, confirming a gradual decrease of the proliferation capacities of precursors concomitant with an increase of differentiation. There are no Ki67 negative cells at E12, 0.3% at E14 and 2.3% at E16. These results are in agreement with the work from the Caviness team. They measured the proportion of daughter cells that continue to proliferate (proliferative or P fraction) and the daughter cells that leave the cell-cycle (quiescent population or Q fraction), with Q = 1-P [START_REF] Takahashi | Mode of cell proliferation in the developing mouse neocortex[END_REF][START_REF] Caviness | Proliferative events in the cerebral ventricular zone[END_REF][START_REF] Miyama | A gradient in the duration of the G1 phase in the murine neocortical proliferative epithelium[END_REF]. They showed that Q = 0 at E11, Q = 0.26 at E12, Q = 0.62 at E14 and Q = 0.77 at E15 [START_REF] Miyama | A gradient in the duration of the G1 phase in the murine neocortical proliferative epithelium[END_REF].

Our observations are in agreement with a progressive increase of the Q fraction. The quantitative differences between the published data and our results may be attributed to differences in the protocol used to determine the Q fraction. Caviness team used exposition to S phase markers (H3T combined to BrdU exposition that have been suggested to slow down S phase [START_REF] Taupin | BrdU immunohistochemistry for studying adult neurogenesis: paradigms, pitfalls, limitations, and validation[END_REF] while we performed an immunolabeling on fixed brains, which reflect cell-cycle distribution at the time we harvested embryos [START_REF] Caviness | Proliferative events in the cerebral ventricular zone[END_REF].

Persistence of Ki67 could accentuate the difference in our data, although Ki67 half-life in post-mitotic cells is about 1h-1h30 (reviewed in [START_REF] Li | Ki67 is a promising molecular target in the diagnosis of cancer[END_REF].

 G1 phase

Within four days we observe a 56.7% increase of G1 phase relative duration; this result confirms previous work showing that G1 phase increases as development proceeds [START_REF] Takahashi | Proliferative behavior of the murine cerebral wall in tissue culture: cell cycle kinetics and checkpoints[END_REF]. Our team demonstrated, using mouse cortical precursors that induction of differentiation is associated with a long G1 phase whereas high rates of proliferation are associated with a short G1 phase [START_REF] Lukaszewicz | Contrasting effects of basic fibroblast growth factor and neurotrophin 3 on cell cycle kinetics of mouse cortical stem cells[END_REF]. In the monkey model, area 17 precursors exhibit a shorter cell-cycle duration, a reduced G1 phase, and a higher rate of cell-cycle reentry than area 18 precursors, which explains the increased neurons production in area 17 compared to area 18 [START_REF] Lukaszewicz | G1 phase regulation, area-specific cell cycle control, and cytoarchitectonics in the primate cortex[END_REF]. In the meantime, Huttner team showed that neurogenic progenitors exhibit a longer G1 phase than proliferative progenitors [START_REF] Calegari | Selective lengthening of the cell cycle in the neurogenic subpopulation of neural progenitor cells during mouse brain development[END_REF], although these findings were not confirmed by further observations [START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF]. More recently, work from our team revealed that G1 phase reduction promotes cell-cycle reentry at the expense of differentiation and increases the self-renewal capacities of Pax6 and Tbr2 precursors [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF]; see also [START_REF] Lange | Cdk4/cyclinD1 overexpression in neural stem cells shortens G1, delays neurogenesis, and promotes the generation and expansion of basal progenitors[END_REF]. Lanctot et al demonstrated that Brap regulates Ras/ERK pathway and p27 Kip1 mediated Skp2 degradation thus controlling G1/S progression [START_REF] Lanctot | Spatially dependent dynamic MAPK modulation by the Nde1-Lis1-Brap complex patterns mammalian CNS[END_REF][START_REF] Norden | Pseudostratified epithelia -cell biology, diversity and roles in organ formation at a glance[END_REF]. In Brap KO mice they observed accelerated G1/S transition along with differentiation defects. They suggest that G1 progression must be properly conducted so that cell signaling and protein synthesis are coordinated appropriately. Shortening G1/S transition is more likely affecting differentiation than promoting proliferation [START_REF] Lanctot | Loss of Brap results in premature G1/S phase transition and impeded neural progenitor differentiation[END_REF]. Altogether, these results point toward G1 phase being a time window for cell fate determinants to influence cortical progenitors, as G1 phase is known to be the period of increased sensitivity to differentiation signals [START_REF] Mummery | Commitment to differentiation induced by retinoic acid in P19 embryonal carcinoma cells is cell cycle dependent[END_REF].

 S phase

In addition, in four days a 31.9% decrease of S phase relative duration was observed. This is in agreement with the work from Huttner team where they found that proliferating progenitors exhibit a longer S phase than neurogenic progenitors [START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF]. It was also shown in the ferret model that S phase become shorter as progenitors progressively change transcription factors expression from patterns characteristic of self-renewal to those of neurons production (Turreo-Garcia et al., 2015). Previous studies on the Drosophila model showed that there is an enhanced sensitivity of cells to respond to cell fate signaling during S phase. It was demonstrated that Notch-induced response in cells of the bristle lineage is enhanced during the S phase [START_REF] Remaud | S-phase favours notch cell responsiveness in the Drosophila bristle lineage[END_REF]. Furthermore, progression through S phase is required for the expression of even-skipped during specification of cell identity in the central nervous system of Drosophila [START_REF] Weigmann | Cell fate specification by even-skipped expression in the Drosophila nervous system is coupled to cell cycle progression[END_REF]. According to these data, S phase appears to be an important time window for fate decision and this is a conserved feature. We should keep in mind that in S phase DNA replication and repair are taking place, which makes S phase an important period during which cells might be highly sensitive to diverse signals. Altogether, S phase duration seems to be a key factor in the maintenance of proliferative capacity of NPCs.

We observed a regular increase of G1 phase relative duration accompanied by a regular decrease of S relative duration. This was already observed in our team during monkey corticogenesis, where the proportion of G1 phase cells in the VZ was increased from E48 to E65 and was associated with a decrease in the proportion of S phase precursors. Again, this suggested a relative lengthening of the G1 phase together with a relative shortening of S phase [START_REF] Betizeau | Precursor diversity and complexity of lineage relationships in the outer subventricular zone of the primate[END_REF].

 G2 phase

At E14, the G2 phase population is increased compared to E12 and E16. The significance of this G2 phase lengthening can be attributed to the increased proportion of delaminating BP population. Calegari et al showed that BPs have a longer G2 phase duration than APs, they hypothesized that it reflects the retraction of the apical process [START_REF] Calegari | Selective lengthening of the cell cycle in the neurogenic subpopulation of neural progenitor cells during mouse brain development[END_REF].

At this stage of development, APs generate more differentiated cells such as BPs [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]. However, this increased G2 phase duration in BPs was not observed in a recent study [START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF].

 M phase

At E12, we found the maximum frequency of mitotic cells (6.2%). Cell-cycle is known to be shorter at early stages, it was shown that cell-cycle duration ranges from 8h at E11 to 18h at E16 [START_REF] Caviness | Proliferative events in the cerebral ventricular zone[END_REF]. Indeed, a shorter cell-cycle would explain why we counted more mitotic cells at E12. However, metaphase duration is increased as neurogenesis proceeds [START_REF] Haydar | Mitotic spindle rotation and mode of cell division in the developing telencephalon[END_REF] and this would explain the increased proportion of mitotic cells between E14 and E16. Recently, Pilaz et al demonstrated that when mitosis duration increases, progenitors generate more neurons (Pilaz et al., 2016), supporting the increased proportion of mitotic cells between E14 and E16.

In sum, the congruence of our results with results of others validate the estimation of the relative duration of cell-cycle via an indirect approach.

Refined definition of INM

In our in situ observations, we found that while only 27% of S phase nuclei were located in the most basal quarter of the VZ, 68% of S phase nuclei were located in the two middle quarters of the VZ, where the major fraction of the apical movement is taking place.

As a consequence, we found that 73% of G2 nuclei are located in the most apical quarter of the VZ, next to the ventricle. This observation was further confirmed ex vivo in our TLV experiments. We noticed that large PCNA punctua, characteristics of cells in late S phase, were observed in nuclei that had already engaged the apical migration toward the ventricle.

This deep location of the S phase nuclei appears in contradiction with the commonly accepted view of the INM which posits that S phase is taking place at the most upper part of the VZ, at the basal border [START_REF] Sauer | Radioautographic study of interkinetic nuclear migration in the neural tube[END_REF][START_REF] Pearson | Gap junctions modulate interkinetic nuclear movement in retinal progenitor cells[END_REF][START_REF] Guerrier | The ups and downs of neural progenitors: Cep120 and TACCs control interkinetic nuclear migration[END_REF][START_REF] Latasa | Cell cycle control of Notch signaling and the functional regionalization of the neuroepithelium during vertebrate neurogenesis[END_REF]etc). I then carefully re-examined a number of published microphotographs illustrating S phase nuclei (labeled by BrdU or other analogs) in the VZ.

Close examination of the microphotograph reveals that, following 30 minutes of survival time after BrdU injection, BrdU positive nuclei are not restricted to the upper VZ depth, but instead show a rather widespread distribution with some nuclei located in the lower half of the VZ (see figure 39). Although such a dispersion of S phase nuclei in the depth of the VZ can be observed in numerous publications [START_REF] Kosodo | Regulation of interkinetic nuclear migration by cell cycle-coupled active and passive mechanisms in the developing brain[END_REF]Tamaï et al., 2007;[START_REF] Baye | Interkinetic nuclear migration and the selection of neurogenic cell divisions during vertebrate retinogenesis[END_REF][START_REF] Gambello | Multiple dose-dependent effects of Lis1 on cerebral cortical development[END_REF], this has never been pointed out and the current view still holds that S phase is taking place at the basal border [START_REF] Taverna | Neural progenitor nuclei IN Motion[END_REF]. 

Correspondence between INM and cell-cycle progression

In a second instance, we analyzed S and G2 phase nuclei repartition in order to see how nuclei behave regarding the apical movement throughout development. There was a significant variation of repartition for late S phase nuclei only but not early S nor global S phase. At early stages, late S phase nuclei seem to be more restricted to the upper half of the VZ (92.3% at E12 compared to 67.9% at E14 and 58.1% at E16) and, as development proceeds more late S phase nuclei are found in the lower half of the VZ (7.7% at E12, 32% at E14 and 42% at E16). As for G2 phase nuclei repartition, we observed a few nuclei in the upper half at E12 (7.8% compared to 0.8% at E14 and 0% at E16) and more nuclei occupy the lower quarter of the VZ as development proceeds (66.7% at E12, 77.7% at E14 and 85.4% at E16).

In the light of these results we can say that the apical movement evolves over the developing period. Late S and G2 phase nuclei are found closer to the ventricle at late stages A B compared to early stages. Nuclei seem to be displaced as development proceeds, with late S and G2 phase nuclei found higher in the VZ at E12 compared to E16.

Earlier stages in mouse are reminiscent of what is observed the in Zebrafish retina, which corresponds to the commonly accepted INM with S phase occurring basally and the apical movement taking place during G2 phase [START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF][START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF][START_REF] Lahne | Actin-cytoskeleton and Rock-mediated INM are required for photoreceptor regeneration in the adult zebrafish retina[END_REF][START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF]. In the Zebrafish retina, the VZ is thinner (around 50 µm) compared to mouse brain (around 100 µm) and APs exhibit a cell-cycle of a maximum 10h compared to 8h at early stages and 18h at late stages in mouse [START_REF] Lee | Mechanisms controlling arrangements and movements of nuclei in pseudostratified epithelia[END_REF][START_REF] Okamoto | Ferret-mouse differences in interkinetic nuclear migration and cellular densification in the neocortical ventricular zone[END_REF][START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF][START_REF] Caviness | Cell output, cell cycle duration and neuronal specification: a model of integrated mechanisms of the neocortical proliferative process[END_REF]. It seems though that progenitors exhibiting a short cell-cycle behave differently than cells with a longer cell-cycle.

APs nuclei with a cell-cycle of less than 10h spend late S and G2 phase higher in the VZ than APs nuclei with a 18h cell-cycle. However, the VZ depth might not be solely at stake for explaining the difference of behavior between early and late stages since at E14 the thickness of the VZ starts declining in the mouse (reviewed in [START_REF] Dehay | Cell-cycle control and cortical development[END_REF].

Figure 41: Schematic representation INM during corticogenesis, at E12 (A), E14 (B) and E16 (C).

As development proceeds, G1 phase increases while S phase decreases. S and G2 APs nuclei are displaced apically during corticogenesis. G1 phase is represented in pink, S phase in green, G2 phase in blue and M phase in purple.

Species-specific differences in INM dynamics

The involvement of microtubules in the control of the apical movement has been reported in the mouse cortical VZ at E15 [START_REF] Gambello | Multiple dose-dependent effects of Lis1 on cerebral cortical development[END_REF][START_REF] Tsai | LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at multiple stages[END_REF]etc). By contrast, the apical movement in the Zebrafish retina INM relies on actomyosin [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF]. This therefore raises the possibility that mechanisms controlling INM differ between early (short cell-cycle) and late stages (long cell-cycle) of corticogenesis (cf above).

Species-specific strategies seemed to have developed in the ferret. Okamoto et al observed that the ferret VZ at E29-30 is thicker compared to mouse VZ at E13.5 (120 µm versus 100 µm approximately) and more stratified (16 nuclei versus 12 nuclei). They also report that the apical movement is less directional and the basal movement is more directional in the ferret compared to the INM in mouse at comparable stages [START_REF] Okamoto | Ferret-mouse differences in interkinetic nuclear migration and cellular densification in the neocortical ventricular zone[END_REF]. In the ferret, the higher density of apical endfeet -compared to the mouse-is linked to an increased stiffness of the apical surface [START_REF] Nagasaka | Differences in the mechanical properties of the developing cerebral cortical proliferative zone between mice and ferrets at both the tissue and single-cell levels[END_REF], which decreases with age. The apices density declines between E12 and E14 in the mouse VZ [START_REF] Okamoto | TAG-1-assisted progenitor elongation streamlines nuclear migration to optimize subapical crowding[END_REF]. This variation in density could lead to differences in mouse VZ stiffness and therefore affect the dynamics and/or directionality of INM of APs, as observed in the ferret. In this context, we can hypothesize that the changes in INM observed over time (between E12 and E14) could be underlied by changes in stiffness.

Our findings show that the apical movement starts before APs enter in G2 phase. This raises interesting questions concerning the results of two recent studies in Zebrafish retina [START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF] and in the rat developing cortex [START_REF] Baffet | Cdk1 activates pre-mitotic nuclear envelope dynein recruitment and apical nuclear migration in neural stem cells[END_REF]. Both studies use TLV recordings and show that CDK1 -which expression initiates G2 phase [START_REF] Hochegger | Cyclin-dependent kinases and cell-cycle transitions: does one fit all?[END_REF]-is involved in triggering the apical movement. In the Zebrafish retina, it has been clearly demonstrated that the inhibition of CDK1 impedes the apical movement, just after the completion of S phase, as revealed by the PCNA reporter assay [START_REF] Strzyz | Interkinetic nuclear migration is centrosome independent and ensures apical cell division to maintain tissue integrity[END_REF]. The situation in the rat VZ appears less clear. Following inhibition of CDK1 with RO3306, the apical movement is blocked and APs nuclei are stalled at the basal border of the VZ (see movie S2, S4 and S5 in [START_REF] Baffet | Cdk1 activates pre-mitotic nuclear envelope dynein recruitment and apical nuclear migration in neural stem cells[END_REF]. In agreement, expression of a dominant-negative of CDK1 leads to a stalling of nuclei far away from the ventricle -at a distance superior to 30 µm- [START_REF] Baffet | Cdk1 activates pre-mitotic nuclear envelope dynein recruitment and apical nuclear migration in neural stem cells[END_REF] and they never undergo the apical descent. However, due to the impossibility of monitoring cell-cycle progression, it cannot be ruled out that the rat APs are blocked before G2, in S phase. Using PD166285 -an inhibitor of Wee1 that induces faster activation of CDK1-revealed S phase nuclei (BrdU+ cells) at the ventricular border suggesting that CDK1 triggers the apical movement, independently of the cell-cycle phase [START_REF] Baffet | Cdk1 activates pre-mitotic nuclear envelope dynein recruitment and apical nuclear migration in neural stem cells[END_REF]. We can therefore hypothesize that CDK1 might regulate cell-cycle progression in G2 and apical movement trigger via two different mechanisms in the rodent developing cortex.

Conclusion

During evolution, and during the developmental period, APs may have adapted their behavior so that the nucleus starts the apical movement earlier in the cell-cycle as the cellcycle duration became longer. We can hypothesize that cell-cycle phases duration variations during development impacts on signaling exposure such as Notch [START_REF] Remaud | S-phase favours notch cell responsiveness in the Drosophila bristle lineage[END_REF]. On 

Preamble:

p27 Kip1 is a pleiotropic cell-cycle regulator (Sharma and Pledger, 2016 for review). In addition to its canonical role on cell-cycle via the N-terminal domain interaction with the CyclinE-Cdk2 complexes, the p27 Kip1 C-terminal domain is involved in molecular motors regulation (see introduction, section IV, page 50). The C-terminal domain of p27 Kip1 is therefore a good candidate to explore the relationship between INM and cell-cycle.

We first implemented a single cell approach based on time lapse videorecording on organotypic slices of mouse embryonic cortex so as to collect data on the duration and the velocity of the basal and apical INM movements. In a second step, we performed a population approach where we inferred the collective behavior of APs using cell-cycle phasespecific immunolabeling observations of APs on fixed tissue. This allows to extract position of APs within the VZ depth, in relationship with their cell-cycle phase.

Our objective is to specifically explore (i) the p27 Kip1 -mediated motor regulation on INM kinetics and (ii) the putative consequences of the p27 Kip1 C-terminal domain-induced INM alteration on cell-cycle progression. We have therefore focused our study on the C-terminal part of p27 kip1 (referred as p27-Cter). The rationale is that the p27 Kip1 full length protein bears the interaction domain with Cyclin/CDK and drives cell-cycle exit. Previous unpublished results from the team (E. Gautier and C. Dehay, unpublished data) showed that the p27-CK -mutant, which no longer binds to Cyclin/CDK (Besson et al., 2004), does not interfere with INM contrary to p27-wt-Cter.

We designed our study so as to be able to dissect the relative contributions of the major known interaction domains of p27-Cter: microtubules [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF], RhoA [START_REF] Serres | p27Kip1 controls cytokinesis via the regulation of citron kinase activation[END_REF] and stathmin [START_REF] Baldassarre | p27Kip1-stathmin interaction influences sarcoma cell migration and invasion[END_REF]. Plasmids coding for different forms of p27-Cter (figure 42) were constructed by Nathalie Doerflinger in the team by modification of constructions given by Laurent Nguyen (University of Liège, Belgium). The first protein form corresponds to the wild-type full-length C-terminal part (From amino-acid (AA) 87 to 198) and will be referred as p27-wt-Cter (figure 42A). The form without the interaction with RhoA is truncated for the last 8 AA and will be referred as p27-Cter-87-190 (figure 42B) and the form without the interaction with both RhoA and stathmin is truncated for the last 27 AA and will be referred as p27-Cter-87-171 (figure 42C). The form without the interaction with the microtubules is mutated on 4 AA (91, 92, 94 and 95) and will be referred as p27-4A-Cter (figure 42D). Finally, the form without all three interaction domains will be referred as p27-4A-Cter-87-171 (figure 42E) and the form that loses the interaction with both RhoA and microtubules will be referred as p27-4A-Cter-87-190 (figure 2F). AA 91,92,94 and 95 (4A).

Figure 42: Different forms of the p27 kip1 C-terminal domain protein and their interactions. The p27-Cter protein is able to interact with (i) RhoA via its last 8 AA and prevents its inhibitory action on the cytosqueleton reorganization and migration, (ii) stathmin via its last 28 AA and inhibits its migration promoting activity and (iii) microtubules via its proline rich domain on

Impact of p27 kipC-terminal domain in wild type APs

In a first approach, we examined whether the overexpression of p27 kip1 C-terminal domain affects the apical and basal movements of APs in the wild type embryo.

Single cell analysis using TLV combined with clonal electroporation on organotypic slices.

Experimental strategy:

We used clonal electroporation to target a restricted cohort of cells thanks to a procedure adapted from Xavier Morin [START_REF] Morin | Control of planar divisions by the G-protein regulator LGN maintains progenitors in the chick neuroepithelium[END_REF]. We co-electroporated three plasmids in E14 WT embryos: (i) a plasmid containing the Cre recombinase at a low concentration (0.0002γ) (ii) a plasmid containing the GFP coding gene at a 0.5γ concentration and (iii) either an empty plasmid for the control condition or a p27-wt-Cter expression plasmid at a concentration of 0.5γ. The transcription of GFP is conditioned by the Cre expression necessary to remove the polyA sequence that normally prevents GFP Four hours after electroporation, embryos were harvested and organotypic slices were performed. TLV acquisitions were performed 24 hours later with a two-photon microscope. Under these conditions, we are able to follow progenitors for 48 hours.

Following TLV acquisitions, we analyzed the movies using the ImageJ software. We manually tracked progenitors behavior and movements so as to collect data on apical and basal movements durations and velocities.

Results:

In collaboration with Nolwenn Pasquet from the team, we analyzed the TLV movies.

We tracked APs and among them we selected those exhibiting rectilinear INM trajectoriesto exclude the few nuclei that would not have a representative behavior-, and divided their INM motion into three distinct parts: the basal phase, the stationary phase and the apical phase. We compared durations and velocities of the basal and the apical movements (figure 44). In control and p27-wt-Cter Gain Of Function (GOF) conditions, the mean durations of the basal and apical movements were significantly different, by contrast with the stationary phase which is similar in both conditions (figure 44A). The basal movement duration is significantly decreased following p27-wt-Cter GOF (7 h and 5.1 h in the control and p27-wt-Cter GOF conditions respectively). The stationary phase lasts 8.2 h in the control condition and 8 h in the p27-wt-Cter GOF condition. Finally, apical movement duration is significantly increased following p27-wt-Cter GOF (3.5 h and 4.6 h in the control and p27-wt-Cter GOF conditions respectively).
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In order to assess if movement duration modifications could be attributed to a modification of the cell-cycle kinetics, we extracted cell-cycle duration (Tc) from the movies.

Tc corresponds to the elapsed time, in hours, between two successives mitosis, from the division of the mother cell to the division of its progeny. Control APs exhibit a mean 18.4 h cell-cycle and p27-wt-Cter GOF APs exhibit a mean cell-cycle with a mean of 17.5 h (figure 44B). This indicates that the overall cell-cycle duration is not modified following p27-wt-Cter overexpression. However, it remains to be determined whether individual cell-cycle phases durations are affected.

We extracted velocities of the basal and apical movements from the data (figure 44C). We observed a significantly increased velocity of the basal movement after p27-wt-Cter GOF (9.9 µm/h and 13.6 µm/h in the control and p27-wt-Cter GOF conditions respectively). We observed a decrease in the apical movement velocity following p27-wt-Cter GOF (21.6 µm/h and 18.7 µm/h in the control and p27-wt-Cter GOF conditions respectively).

From the above observations, we conclude that p27-wt-Cter overexpression affects INM dynamics by altering the duration and velocities of the apical and basal movements, suggesting that p27-wt-Cter overexpression may alter the duration of individual cell-cycle phases.

Cell-cycle-specific static analysis on a population of APs

To further investigate how p27-wt-Cter overexpression alters INM, we analyzed the position of individual APs within the VZ depth with respect to their cell-cycle phase in a population of GFP electroporated APs.

Experimental strategy:

We co-electroporated massively wild type embryos at E15 with a plasmid containing the GFP coding gene at 0.8γ with either an empty plasmid for the control condition or a plasmid coding for one of the 6 different forms of the p27-Cter, at a concentration of 1.2γ.

After 24 or 48 hours embryos were harvested. We performed the quadruple immunolabeling strategy described earlier (GFP, PCNA, Ki67 and DAPI) on cryosections (figure 45). For this experiment, we overexpressed p27-wt-Cter or one of its five modified forms (figure 42) in wild type embryos. Because a preliminary analysis performed 24 hours following electroporation gave us ambiguous results, we analyzed the APs 48 hours after electroporation.

 Location of APs nuclei within the depth of the VZ with respect to their cell-cycle phase following p27-wt-Cter overexpression

We examined the repartition of S and G2 phase nuclei in the VZ depth using the Mouse e-plot software. The analysis revealed important changes in S phase nuclei repartition in the depth of the VZ following overexpression of p27-wt-Cter (figure 46A and46B).

First, we observe that following of p27-Cter GOF, a higher proportion of progenitors nuclei in early S phase are located in the [25-50] bin compared to the control condition (26.9% versus 18.7% respectively, see figure 46A). The repartition of late S phase nuclei showed marked differences between the p27-wt-Cter expressing APs and control APs, as we observed a 123.5% increase in late S phase nuclei located in the most apical bin (16.6% in the control condition and 37.1% in the p27-wt-Cter expressing condition) while less are located in the [50-75] bin (29.9% and 18.8% respectively), see figure 46B. Second, we analyzed the repartition of G2 phase nuclei (figure 46C) which did not reveal important modifications. We found more G2 phase nuclei overexpressing p27-wt-Cter in the [50-75] bin compared to control G2 phase nuclei (4.8% and 2.1% respectively).

 Cell-cycle distribution of APs following p27-wt-Cter overexpression

We next compared the p27-wt-Cter GOF APs cell-cycle distribution with that of control APs. Following p27-wt-Cter expression, there is a significant decrease of the G1 phase frequency, dropping from 48.3% in the control condition to 38% in p27-wt-Cter expressing the condition, and a significant increase of S cell frequency, 32.2% and 36.6% respectively (figure 47). Compared to control, the augmentation of S phase frequency is specifically due to an increase in the late S phase (10.5% and 14% respectively). 

 Important interactions between p27-Cter and MTs, RhoA and stathmin

In order to determine the relative contribution of each of the three interaction sites (with MTs, RhoA and stathmin), we compared the repartition of S and G2 phase nuclei in the VZ depth between p27-wt-Cter and its five modified forms.

We did not observe major modifications of the repartition of S and G2 phase APs nuclei.

It is worth noting that after overexpression of p27-4A-Cter, that cannot interact with microtubules, there are significantly less late S phase nuclei in the most apical bin and in the most basal bin (supplementary figure 1,p210). Following expression of p27-Cter-87-190, that cannot interact with RhoA, and p27-4A-Cter-87-190, that cannot interact with microtubules and RhoA, we observe significantly more G2 phase nuclei in the [25-50] bin (supplementary figure 1).

These results on WT embryos show that p27-wt-Cter impacts the distribution in the cell-cycle as well as the repartition in the VZ of APs after 48 hours. However, we were not able to detect a clear significant pattern of variations between the different forms of p27-Cter. We posit that the endogenous p27 Kip1 may mask the specific effect of p27-Cter forms.

Impact of p27 kip1 C-terminal domain in p27 Kip1 lox/-APs

In the previous results, p27-Cter expression was performed in wild type progenitors, expressing endogenous full length p27 Kip1 . Therefore, compensations cannot be excluded, precluding the analysis of the impact of an absence of interaction between p27 Kip1 and microtubules, RhoA and stathmin. In order to better understand the involvement of p27-Cter and its interactions with microtubules, RhoA and stathmin in cell-cycle regulation and INM we implemented a new strategy, based on p27 Kip1 depleted APs.

Experimental strategy:

Our objective was to express the different versions of p27-Cter in cells depleted from endogenous p27 Kip1 , in a WT environment. To do so, we used p27 Kip1 lox/-embryos combined with two sets of plasmids, a bicistronic Cre-IRES-GFP plasmid to knock-out (KO) the remaining floxed p27 Kip1 allele and a plasmid containing the coding sequence of the protein of interest (figure 48). The Cre protein will recombine between the two loxP sequences and delete the remaining floxed p27 Kip1 allele. An IRES sequence separates the Cre coding sequence from the GFP coding sequence. A common mRNA will be produced.

During the translation, the ribosomes translate this mRNA sequence into the two proteins -Cre and GFP-. After translating the first protein, the ribosomes reinitiate the traduction to the IRES, resulting in the translation of the second protein. Hence, the Cre protein will be produced in at least the same amount as the GFP protein. We co-electroporated massively at E15 the plasmid containing the coding sequences of the protein of interest at 0.8γ with the Cre-GFP plasmid at 1.2γ. Thus p27-Cter forms will be expressed in a p27 Kip1 -/-cell. When the clonal site is empty, the condition will be referred as p27 -/-. When the APs are electroporated with a plasmid coding for GFP at 1.2γ and an empty plasmid at 0.8γ, they have p27 Kip1 +/-genotype (this condition will be referred as p27 +/-). After 24 hours embryos were harvested.

Note that since one allele is floxed and the other KO there is an increased efficiency to delete the second p27 Kip1 allele. Therefore, in the following section, we will use the p27 +/-APs as the control condition. This will allow to compare full-length p27 Kip1 expressing APs (p27 Kip1 +/-) to p27-wt-Cter expressing APs in a context of reduced endogeneous p27 Kip1 protein level (p27 Kip1 -/-) (figure 49). In this paradigm, the control condition APs still exhibit p27 Kip1 WT expression but in reduced amount, and are therefore physiologically closer to WT APs.

Results:

 p27 Kip1 protein amount comparison between p27 Kip1 lox/-and p27 Kip1 -/-APs

We first needed to verify if p27 Kip1 KO was efficient 24 hours after Cre-IRES-GFP electroporation. Using confocal quantification of the immunofluorescent labeling against p27 Kip1 , we analyzed the p27 Kip1 protein level in the germinal zones of brains coelectroporated with an empty plasmid and a GFP plasmid (p27 +/-) compared to brains coelectroporated with the empty clonal site plasmid and the Cre-IRES-GFP plasmid (p27 -/-). We observed the electroporated precursors under confocal microscopy and measured the intensity of p27 Kip1 immunolabeling with the ImageJ software. The mean intensity was significantly reduced 24 hours following p27 Kip1 KO compared to p27 Kip1 lox/precursors in both VZ (21.7 and 10.8 respectively) and SVZ (31.6 and 9.6 respectively) (figure 49).

 KO of p27 Kip1 affects cell-cycle distribution but not INM

In a first instance, we compared the condition electroporated with GFP and an empty plasmid, which is therefore p27 Kip1 +/-, to a condition electroporated with the Cre-IRES-GFP plasmid and an empty plasmid, which is therefore p27 Kip1 -/-(figure 50).
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We analyzed the repartition of S and G2 APs nuclei within depth of the VZ and we did not detect any significant difference between p27 Kip1 +/-and p27 Kip1 -/-nuclei position (figure 50A and50B).

Then, we looked at the distribution of APs in the cell-cycle (figure 50C). p27 Kip1 -/-APs exhibit significantly increased early S phase frequency and significantly decreased late S and G2 phases frequency compared to control GFP progenitors. Indeed, there is a 98% increase of early S phase cells population (30.6% and 43.5% in the p27 +/-and p27 -/-conditions respectively), a 43% decrease of late S phase frequency (16.6% and 9.4% in the p27 +/-and p27 -/-conditions respectively) and a 56% increase of G2 phase frequency (12.5% and 5.5% in p27 +/-and p27 -/-conditions respectively).

Figure 50: Impact of p27 Kip1 KO on the apical movement and cell-cycle progression. Nuclei repartition late S (A) and G2 (B) at E16 in the VZ as revealed by immunolabelling. INM is not modified following KO of the second allele of p27 Kip1

. We analyzed the repartition of 55 and 112 late S phase nuclei and 29 and 68 G2 phase nuclei of 3 and 4 brains in the p27 +/-and p27 -/-conditions respectively. C: APs distribution within the cell-cycle at E16 as revealed by immunolabelling. The loss of the second allele of p27 Kip1 (p27 -/-) increases early S phase population and decreases late S and G2 phase population compared to p27 +/-. We analyzed the distribution of 476 and 1223 cells of 3 and 4 brains in the p27 +/-and p27 -/-conditions respectively. Significance of the results was assessed using a Kruskal Wallis test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.
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The above results show that p27 Kip1 KO modifies the distribution of VZ progenitors in the cell-cycle but not their nuclei repartition in the VZ depth compared to p27 Kip1 +/-VZ progenitors.

 p27-Cter expression in p27 Kip1 KO APs modifies INM and cell-cycle distribution

In a second step, we explored the effect of p27-Cter expression in p27 Kip1 -/-APs. We analyzed nuclei repartition in the depth of the VZ and observed major changes in S and G2 phase nuclei position. There is a significantly lower fraction of early S phase nuclei (figure 51A) in the most basal bin of the VZ (42.8% and 26.2% in the control and the p27-wt-Cter expressing condition respectively) and a significantly higher fraction early S phase cells in the apical half of the VZ (18.3% and 38.5% in the control and the p27-wt-Cter expressing condition respectively) following p27-wt-Cter GOF in p27 Kip1 -/-progenitors. There were also significantly less late S phase nuclei (figure 51B) in the basal half of the VZ (52.4% and 16.5%

in the control and the p27-wt-Cter expressing condition respectively) and significantly more late S phase nuclei in the most apical bin (6.4% and 50.7% in the control and the p27-wt-Cter expressing condition respectively) following p27-wt-Cter GOF in p27 Kip1 -/-progenitors.

Finally, there were significantly less G2 phase nuclei (figure 51C) in the [25-50] bin (18.1% and 6.9% in the p27-wt-Cter expressing condition respectively) following p27-wt-Cter GOF in p27 Kip1 -/-APs. Then we looked at APs distribution in the cell-cycle. Overexpression of p27-wt-Cter in p27 Kip1 -/-cells significantly decreased G1 and G2 phase frequency and significantly increased early S phase frequency (figure 52). Indeed, there is a 46.5% decrease of G1 phase frequency (36.8% and 19.7% in the control and the p27-wt-Cter expressing condition respectively), a 86% increase of early S phase frequency (30.6% and 50.8% in the control and the p27-wt-Cter expressing condition respectively) and a 36% decrease of G2 phase frequency (12.5% and 8% in the control and the p27-wt-Cter expressing condition respectively) following p27wt-Cter GOF in p27 Kip1 -/-VZ progenitors. This analysis reveals accentuated effects of p27-wt-Cter expression on both the nuclei repartition in the depth of the VZ and in the distribution in the cell-cycle in p27 Kip1 -/-APs than in p27 Kip1 +/+ APs (see also supplemental figure 1).

 Important interactions with p27 Kip1 for INM regulation

Our previous observations show that experimentally induced p27-wt-Cter expression leads to robust differences in nuclei repartition in the VZ and cell-cycle distribution in p27 Kip1 -/-APs by contrast with the minor differences elicited when using p27 Kip1 +/+ progenitors. To better understand which interactions with p27 Kip1 protein are essential to INM we compared p27-wt-Cter expressing p27 Kip1 -/-progenitors with p27 Kip1 -/-progenitors expressing the five different modified versions of p27-Cter (see figure 53A).

Figure 53: Important interactions with p27 Kip1 for INM. A: Different modified versions of p27-Cter. The five modified versions of p27-Cter and their interactions are represented. Nuclei repartition early S (B) late S (C) and G2 (D) at E16 in the VZ as revealed by immunolabelling.

We analyzed the repartition of 423,125,48,164,27 and 149 early S phase nuclei,146,48,34,114,19 and 76 late S phase nuclei and 72,33,25,131,13 and 59 G2 phase nuclei of 4,2,2,4, expressing conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

We observed that the loss of interaction with decreases early S phase nuclei population in the most apical bin while loss of interaction with RhoA only The variations elicited by the expression of the different p27-Cter constructs on nuclei repartition in the depth of the VZ are summarized in the table below:

Table 1: Summary of S, late S and G2 nuclei variations in the repartition within the depth of the VZ in the different conditions compared to control (p27

Kip1 lox/-) APs. Early S phase nuclei repartition is represented in dark green, late S phase nuclei repartition in light green and G2 phase nuclei repartition in light blue. We analyzed the repartition of 423,125,48,164,27 and 149 early S phase nuclei,146,48,34,114,19 and 76 late S phase nuclei and 72,33,25,131,13 and 59 G2 phase nuclei of 4,2,2,4, expressing conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test. P values: <0.05*, <0.01**, <0.005***.

Table 1 summarizes the variations of nuclei repartition within the depth of the VZ in p27 Kip1 -/-APs overexpressing different forms of p27-Cter and provides further clues to dissect the relative contributions of the three different interactions in the apical movement.

Interaction with MTs only (p27-Cter-87-171) replicates p27-wt-Cter influence on the repartition of S and G2 phase APs nuclei location in the depth of the VZ. The interaction with stathmin replicates the p27-wt-Cter influence on early S phase nuclei repartition (p27-Cter-87-171 and p27-4A-87-190) but not on G2 phase. However, when both MTs and stathmin interactions are preserved (p27-Cter-87-190), it seems to cancel the effect on early S phase nuclei. Interaction with both RhoA and stathmin replicates p27-wt-Cter influence on late S APs repartition but modifies early S and G2 phase APs nuclei repartition. In absence of interaction with MTs, RhoA and stathmin (p27-4A-Cter-87-171) early and late S phase nuclei repartition is partially replicated.

In cases when APs overexpressing a version of p27-Cter appear to behave similarly to the control APs, we hypothesize that the impeded interaction is critical in APs regulation of the stationary phase and the apical movement of INM (considered to correspond to late S and G2 phases in a control condition). To further refine our analysis, we then assessed the impact of each version of p27-Cter on APs nuclei repartition with respect to p27-wt-Cter expressing condition (table 2).

Table 2: Summary of S, late S and G2 APs nuclei variations in the repartition within the depth of the VZ in the different conditions compared to the p27-wt-Cter expressing APs.

Early S phase nuclei repartition is represented in dark green, late S phase nuclei repartition in light green and G2 phase nuclei repartition in light blue. We analyzed the repartition of 423,125,48,164,27 and 149 early S phase nuclei,146,48,34,114,19 and 76 late S phase nuclei and 72,33,25,131,13 and 59 G2 phase nuclei of 4,2,2,4, Table 2 confirms that interaction with MTs (p27-Cter-87-171) replicates p27-wt-Cter influence on APs nuclei repartition. Interaction with both MTs and stathmin (p27-Cter-87-190) replicates p27-Cter effect except for early S nuclei which are more frequently found in the most basal bin. Interaction with RhoA and stathmin influences late S and G2 phase nuclei repartition. In absence of interaction with MTs, RhoA and stathmin (p27-4A-Cter-87-171) early and late S phase nuclei repartition is modified compared to the p27-wt-Cter expressing condition. Interaction with stathmin (p27-4A-Cter-87-190) replicates p27-wt-Cter influence but the effect on early S phase nuclei are less efficient.

In sum, the interaction with MTs is essential for the action of p27-Cter on INM, at least for the stationary phase and the apical movement (early S, late S and G2). In agreement, the loss of interaction with MTs alone alters the apical movement (late S and G2). In addition, our analysis reveals complex cross effects between the different interactions. For instance, the loss of all three interactions leads to different effect from that of single interaction deletion (for example compare p27-4A-Cter-87-171, no interaction with MTs, RhoA and stathmin, and p27-Cter-87-171, no interaction with RhoA and stathmin).

 Important interactions with p27 Kip1 for cell-cycle progression

Having shown that p27-Cter impacts on INM, we next analyzed the distribution of APs in the cell-cycle. We found significant differences between the p27-wt-Cter condition and the p27-4A-Cter, p27-4A-Cter-87-171 and p27-4A-Cter-87-190 conditions at E16 (figure 54A).

Figure 54: APs distribution within the cell-cycle at E16 as revealed by immunolabelling. A: APs distribution within the cell-cycle at E16 as revealed by immunolabelling. Loss of interaction with MTs decreases early S phase population and increases G2 phase cells population. Loss of interaction with both MTs and RhoA increases G1 phase cells population and decreases early S phase cells population. Loss of all three interactions increases G1, G2 and M phase cells populations and decreases early S phase cells population.

We analyzed the distribution of 927,249,156,580,96 and 418 cells 4,2,2,4, Following overexpression of the p27-Cter version that cannot interact with MTs (p27-4A-Cter) there is a significant reduction of early S phase frequency and a significant augmentation in G2 phase frequency. Indeed, there is a 45.7% decrease in early S frequency (50.8% and 27.6% in the p27-wt-Cter and the p27-4A-Cter expressing conditions respectively) and a 191% increase in G2 frequency (8% and 23.3% in the p27-wt-Cter and the p27-4A-Cter conditions respectively).

A B

Following overexpression of the p27-Cter version that cannot interact with MTs and RhoA (p27-4A-Cter-87-190) there is a significant augmentation in G1 phase frequency and a significant reduction in early S phase frequency. Indeed, there is a 32.5% increase in G1 phase frequency (19.7% and 26.1 % in the p27-wt-Cter and the p27-4A-Cter expressing conditions respectively) and a 29% decrease in early S phase frequency (50.8% and 36.1% in the p27-wt-Cter and the p27-4A-Cter-87-190 expressing conditions respectively).

Following overexpression of the p27-Cter version that cannot interact with MTs and stathmin (p27-4A-Cter-87-171) there is a significant augmentation in G1, G2 and M phase frequency and a significant reduction in early S phase frequency. Indeed, there is a 59% increase in G1 phase frequency (19.7% and 31.3% in the p27-wt-Cter and the p27-4A-Cter expressing conditions respectively), a 45% decrease in early S phase frequency (50.8% and 28.1% in the p27-wt-Cter and the p27-4A-Cter expressing conditions respectively), a 69% increase in G2 phase frequency (8% and 13.5% in the p27-wt-Cter and the p27-4A-Cter expressing conditions respectively) and a 87% increase in M phase frequency (3.9% and 7.3%

in the p27-wt-Cter and the p27-4A-Cter expressing conditions respectively).

The variations elicited by the expression of the different p27-Cter constructs on cellcycle distribution are summarized in tables 3 and 4 below: Table 3 summarizes the variations in cell-cycle distribution in p27 Kip1 -/-APs overexpressing different forms of p27-Cter and provides further clues to dissect the relative contributions of the 3 different interactions. It allows to draw hypothesis regarding the influence of the different interactions of p27-Cter on cell-cycle progression.

The lack of variation observed following overexpression of p27-4A-Cter-87-171 shows that at least one of the three known interactions are necessary to mediate the cell-cycle effects of p27-wt-Cter. The interaction with stathmin alone leads to an absence of cell-cycle variation, similarly to what is observed with p27-4A-Cter-87-171 expression, indicating that this interaction on its own is not necessary to mediate cell-cycle alterations of p27-Cter. The significant decrease in G1 phase observed following expression of p27-wt-Cter is conserved after expression of the versions that maintain interactions with both RhoA and stathmin (p27-4A-Cter) and with both MTs and stathmin (p27-Cter-87-190). Note that the decrease in G1 phase is of a smaller amplitude with MTs and stathmin interaction than with RhoA and stathmin interaction. These interactions (RhoA and stathmin versus MTs and stathmin) do not mediate any changes in S, G2 or M phases. Expression of p27-Cter-87-171 which has an intact interaction with MTs elicits similar changes in G1 and S phase than p27-wt-Cter.

We can conclude that MTs -and possibly RhoA-interaction is crucial for alteration of G1 and early S phase by p27-Cter. The role of RhoA would need to be more precisely assessed via a construct where only the RhoA interaction is maintained. The interaction with MTs appears to mediate the S phase changes. We cannot draw any conclusion regarding which interaction mediates the action of p27-Cter on G2 phase.

In cases when APs overexpressing a version of p27-Cter appears to behave similarly to the control APs, we hypothesize that the impeded interaction is critical in APs cell-cycle progression. To strengthen this analysis, we assessed the impact of each version of p27-Cter on APs cell-cycle distribution compared to p27-wt-Cter expressing condition (table 4).

Table 4: Summary of APs distribution in the cell-cycle in the different conditions compared to the p27-wt-Cter expressing condition.

We analyzed the distribution of 927,249,156,580,96 and 418 cells 4,2,2,4, Table 4 shows that the interaction with MTs (p27-Cter-87-171 and p27-Cter-87-190) is sufficient to replicate the effects of p27-wt-Cter on cell-cycle distribution. In absence of interaction with MTs (p27-4A-Cter), we observe that the p27-Cter effects on early S and G2 phase are lost (variations identical to the control condition). The interaction with stathmin increases G1 and decreases S phase (p27-4A-Cter-87-190). RhoA seems to antagonize the effect of stathmin on G1 and consolidate the effect of stathmin on early S (p27-4A-Cter).

RhoA and stathmin interactions influence G2 (p27-4A-Cter-87-190). In absence of interaction with MTs, stathmin and RhoA (p27-4A-Cter-87-171) we do not restore the control distribution in the cell-cycle suggesting p27 Kip1 needs to tightly regulate these proteins in order to preserve cell-cycle progression.

To conclude, this analysis on p27 Kip1 -/-progenitors confirms that p27-wt-Cter impacts the apical movement of APs nuclei during INM (figure 53, table3) as well as APs distribution in the cell-cycle (figure 54). Our results further show that the interaction with microtubules is essential for the action of p27-Cter on the apical movement during INM.

Further, the MTs interaction is necessary for the lengthening of S phase and shortening of G2 phase. Altogether, these results point to the action of p27 Kip1 on molecular motors on cell-cycle progression, which are paralleled by congruent variations of the apical movement during INM.

Discussion: p27-Cter modifies the coupling between cell-cycle progression and INM in WT embryos

We observed that p27-wt-Cter overexpression in WT brains does not impact the overall cell-cycle duration as shown by TLV analysis (figure 44A). However it impacts INM and results in a shorter and a faster basal movements with longer and slower apical movements (figure 44B and44C). Accordingly, the static analysis in p27 Kip1 +/+ progenitors revealed shorter relative G1 phase duration as well as an increased relative late S phase duration. In addition, early and late S phase cells are found closer to the ventricle following p27-wt-Cter overexpression. Together these findings show that the coupling between cellcycle and INM is modified in APs overexpressing p27-wt-Cter: the shortening of G1 is accompanied by faster basal movement and the lengthening of late S phase, which corresponds to the major part of the apical movement, is accompanied by a slower apical movement (figure 55).

Figure 55: Coupling between cell-cycle progression and INM is modified following p27-wt-Cter overexpression in APs.

Following p27-wt-Cter overexpression INM is modified. The basal movement is faster and takes less time to be completed. G1 phase is shorter. The apical movement is slower and takes more time to be completed.

Note that it would be incorrect to extrapolate individual cell-cycle phase duration from these data, because the TLV approach was implemented at E16 whereas the static analysis was performed at E17.

Disentangling the action of p27-wt-Cter overexpression from the effect of the reduced level of endogeneous p27 Kip1

Following p27 Kip1 KO the apical movement of INM (late S and G2 phase) is not modified (see figure 50A and50B). However following p27-wt-Cter overexpression in WT progenitors, early and late S phase nuclei are found significantly at more apical locations in the VZ. Overexpression of p27-wt-Cter in p27 Kip1 -/-progenitors displaced early S, late S and G2 phase nuclei significantly closer to the ventricular border. To assess whether these changes are more acute in absence of endogenous p27 Kip1 , I implemented a statistical analysis of nuclei repartition in the depth of the VZ in p27 Kip1 -/-progenitors overexpressing p27-wt-Cter compared to WT progenitors overexpressing p27-wt-Cter.

I found that the reduced endogeneous p27 Kip1 protein level in progenitors allows Following p27 Kip1 KO cell-cycle progression is modified (see figure 50C). In order to disentangle the effect of p27-Cter expression from the effect of the reduced level of endogenous p27 Kip1 I compared the variation of APs frequency in each cell-cycle phase. The full description of the analysis is provided in Supplemental data (supplementary figure 2, p211-212).

Therefore, p27-Cter exerts an effect on cell-cycle distribution, as demonstrated here.

This effect is mediated through a non-canonical pathway, since the cyclin-CDK interacting domain is absent [START_REF] Galea | Regulation of cell division by intrinsically unstructured proteins; intrinsic flexibility, modularity and signaling conduits[END_REF]. In addition, reduced p27 Kip1 level allowed an accute effect of p27-Cter on cell-cycle distribution as represented on figure 57. To sum up, we showed that p27-wt-Cter GOF impacts the apical movement of INM and cell-cycle progression and that the magnitude of this effect is significantly higher in a reduced p27 Kip1 cellular environment. p27-wt-Cter affects G1 and, in a lesser extent, early S.

Altogether, these findings emphasize the opposite effects of the N-ter and the C-ter of p27 Kip1 (Russo et al., 1996;Besson et al., 2004).

Important binding sites of p27-Cter for the coupling between INM and cell-cycle progression

We overexpressed several forms of p27-Cter in order to dissect the mechanisms of action of the p27-Cter on the regulation of INM and cell-cycle progression. When overexpression of a version of p27-Cter impacted significantly APs behavior compared to p27-wt-Cter condition and tends to be similar to the behavior of the control condition we therefore hypothesized that the impeded interaction is critical in APs behavior regulation (table 1, 2, 3 and 4).

 p27-Cter interaction with microtubules is sufficient for the p27-Cter action on

INM and cell-cycle progression

As shown on figure 58, p27 Kip1 not only interacts with RhoA and stathmin via its last 27 AA p27 Kip1 , but also interacts with MCM7 and p130/E2F4 [START_REF] Nallamshetty | The cell cycle regulator p27Kip1 interacts with MCM7, a DNA replication licensing factor, to inhibit initiation of DNA replication[END_REF]Pippa et al., 2011; see figure 58). The lack of interaction with p130/E2F4 will not impact progenitors since this complex represses transcription in quiescent cells. However, losing the interaction between p27 Kip1 and MCM7 leads to the loss of repression of S phase progression in synchronized cycling cells. In our study, the S phase relative duration is not increased in p27-Cter-87-171 compared to the p27-wt-Cter expressing condition, thereby suggesting that the absence of interaction with MCM7 does not affect APs cell-cycle progression. In addition, truncated p27-Cter looses two important sites of phosphorylation: T198 and T187.

Phosphorylation of T198 triggers association of p27 Kip1 with 14-3-3 and subsequent relocalization in the cytoplasm [START_REF] Fujita | Akt-dependent phosphorylation of p27Kip1 promotes binding to 14-3-3 and cytoplasmic localization[END_REF][START_REF] Fujita | Phosphorylation of p27Kip1 at Threonine 198 by p90 ribosomal protein S6 kinases promotes its binding to 14-3-3 and cytoplasmic localization[END_REF]; see figure 58). Thus, the loss of this site could have an impact on migration, as cytoplasmic localization is required for p27 Kip1 action on migration (Besson et al., 2004). However, p27-Cter-87-171 version still possess T157, which phosphorylation also triggers association of p27 Kip1 with 14-3-3 and subsequent accumulation in the cytoplasm [START_REF] Liang | PKB/Akt phosphorylates p27, impairs nuclear import of p27 and opposes p27-mediated G1 arrest[END_REF][START_REF] Sekimoto | 14-3-3 suppresses the nuclear localization of threonine 157-phosphorylated p27(Kip1)[END_REF]; see figure 58). Altogether, loss of T198 does not appears to affect INM since APs repartition is not modified following p27-Cter-87-171 overexpression, compared to p27-wt-Cter overexpression. Finally, T187 phosphorylation triggers p27 Kip1 elimination, therefore in absence of this AA p27-Cter would be less subjected to degradation. Together, the loss of the last 27 AA of p27-Cter seems to only affect RhoA and stathmin regulation in our experimental context. Following overexpression of p27-Cter-87-171, that interacts with MTs but not RhoA and stathmin, we did observed no difference in the repartition of S and G2 phase nuclei within the depth of the VZ compared to the p27-wt-Cter expressing condition (see figure 53 and table 1 and2). Hence, the last 27 AA of p27 Kip1 do not seem to play a role in the modification of nuclei apical movement triggered by p27-Cter overexpression.

It has been reported that p27-Cter interaction with MTs leads to an increased polymerization rate which promotes migration [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF]. Conversely, the interaction between p27-Cter and stathmin has been shown to increase MTs stability therefore impeding migration [START_REF] Baldassarre | p27Kip1-stathmin interaction influences sarcoma cell migration and invasion[END_REF]. Therefore the lack of interaction with stathmin should be expected to strengthen p27-Cter effect on INM. However, this is not what we observe. By contrast with Baldassare et al; Godin et al demonstrated that interaction between stathmin and p27 Kip1 was not required to rescue the polymerization rate of MTs in p27 Kip1 -/-MEF. Indeed, they showed that a version of p27 Kip1 truncated for the last 28 AA (p27 170), therefore lacking the stathmin-interacting domain, fully restored the polymerization rate observed in p27 Kip1 +/+ MEF [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF].

When p27-Cter-87-171 is overexpressed in p27 Kip1 -/-VZ progenitors the APs distribution in the cell-cycle does not differ from the p27-wt-Cter expressing condition (figure 54 and table 3 and4). These results suggest that interactions with both stathmin and RhoA do not play a role in the modification of cell-cycle progression observed after overexpression of p27-wt-Cter, which is therefore imputable to the interaction with MTs.

 Loss of interaction with microtubules is necessary for the p27-Cter action on INM and cell-cycle progression.

As shown on figure 58, the mutation in the proline rich domain (AA 90-96) of p27-Cter also impacts interactions with Grb2, mNPAP, mir 223 and PCAF. Grb2 modulates cell motility through the regulation of Rac and Rho (Sujiyama et al., 2001[START_REF] Moeller | p27Kip1 inhibition of GRB2-SOS formation can regulate Ras activation[END_REF][START_REF] Wozniak | R-Ras controls membrane protrusion and cell migration through the spatial regulation of Rac and Rho[END_REF]; see figure 58). The loss of interaction with Grb2 could thus impact the apical movement, although microtubules appear as the main driver of the apical movement in long PSE (Stzryz et al., 2016). Interaction of p27-Cter with mNPAP60 has been shown to trigger its degradation (Müller et al., 2000), interaction with mir-223 regulates cell-cycle exit after contact inhibition [START_REF] Armenia | Contact inhibition modulates intracellular levels of miR-223 in a p27Kip1dependent manner[END_REF] and interaction with PCAF triggers p27-Cter degradation (Perez-Luna et al., 2012). Note that an intact interaction site with mir-223 is preserved in p27-4A-Cter (figure 58). Last, since we are focusing on the role of the cytoplasmic fraction of p27-Cter, the loss of interaction with mNPAP and PCAF -that will negatively regulate nuclear importation and p27 Kip1 subsequent degradation-will not have confounding effects on our results.

Following overexpression of p27-4A-Cter, interacting with stathmin and RhoA but not with MTs, the repartition of late S and G2 phase nuclei in the VZ was significantly different from the p27-wt-Cter expressing condition (see supplementary figure 3 p213 and table 1 and2). The interaction between p27-Cter and MTs thus appears to be key in the regulation of the apical movement. Indeed, the apical movement seems less direct or slower, as evidenced by the reduced numbers of late S nuclei in the [0-25] bin and the increased numbers G2 nuclei in the bin observed in the static approach (see supplementary figure 3A and3B). The regulation of MTs stability by p27-Cter [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF] is not the main factor involved since late S phase nuclei repartition does differ from control condition level. Nevertheless, the MAP domain of p27 Kip1 appears as a key factor in the modification of nuclei apical movement triggered by p27-Cter expression (figure 59).

Accordingly, the interaction between p27-Cter and MTs is important in the regulation of early S and G2 phase (see supplementary figure 3C and table 3 and4). In absence of interaction with MTs early S and G2 phase APs frequency does not differ from the control condition underlying the necessity of p27-Cter interaction with MTs to trigger the effect on cell-cycle progression (figure 59). We hypothesize that the effect observed on cell-cycle progression is a consequence of the modified INM.

 p27 Kip1 interaction with RhoA is important in the regulation of cell-cycle progression Our results suggest that the combined disruption of p27-Cter interaction with MTs and RhoA impacts the first part of the apical movement. Indeed, a smaller proportion of early S phase nuclei is located in the most apical bin of the VZ when both interactions are disrupted, compared to the p27-wt-Cter expressing condition (figure 59, see supplementary figure 4A p214 and table 1 and2). Intriguingly, G2 phase nuclei position within the depth of the VZ is not impacted following overexpression of the versions of p27-Cter that do not interact with MTs and RhoA as it is similar to that of elicited by the versions of p27-Cter that do not interact with MTs only (see supplementary figure 4B p214 and table 1 and2).

In sum, the interaction between p27-Cter and both MTs and RhoA is important in the regulation of G1 phase (figure 59). Taken independently, these interactions have no impact on G1 phase cells frequency. However, when both interaction are impeded, the distribution of APs in the cell-cycle is similar to the control condition (see supplementary figure 4C and table 3 and4). Hence, MTs and RhoA might regulate the basal movement of INM since it corresponds, at least partly, to the G1 phase. Two other studies have examined the influence of RhoA and MTs respectively. The Nguyen group has reported that p27 Kip1 interaction with MTs is required for neurite outgrowth as deduced from observations in KO neurons while p27 Kip1 interaction with both RhoA and MTs is required for interneuron migration [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF]. Recent data from the team have shown that p27 Kip1 regulates vesicular traffic direction which in turn impacts the protrusion behavior of the leading process of radially migrating neurons in the primate cortex (Delaunay et al., 2017). Through inhibition of retrograde transport, p27 Kip1 promotes the radial migration of early postmitotic neurons. This work also shows that RhoA is not involved in this process and that MTs could be partly involved as observed with the nonsignificant increase in filopodia growth following p27-4A overexpression. p27 Kip1 regulates vesicular traffic through interaction with the dynactin subunit p150 glued as revealed by coimmunoprecipitation as well as computational docking simulation (Delaunay et al., 2017). In agreement, overexpression of cytoplasmic p150 glued triggers faster radial migration in the mouse cortex (Itoh et al., 2016).

Conclusion

This study provides the first instance where p27-Cter overexpression affects cell-cycle progression where it targets the relative duration of G1 phase (figure 47 and 52) -as well as of early S and G2 phase-. Regarding INM, the basal movement is faster and shorter while the apical movement is longer and tends to be slower. In agreement, the S and G2 phase nuclei are found closer to the ventricular border following p27-Cter overexpression and the relative duration of early S phase is increased while G2 phase relative duration is decreased.

We did not examine if the reduced G1 phase relative duration observed in p27-Cter GOF APs was associated with modifications in the coupling between the basal movement and cell-cycle progression as observed with the apical movement. It would be interesting to investigate this aspect using a G1 phase reporter such as Cdt1 [START_REF] Sakaue-Sawano | Tracing the silhouette of individual cells in S/G2/M phases with fluorescence[END_REF].

We hypothesize that, during the basal movement as well as the beginning of the apical movement, MTs polymerization [START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF] and RhoA signaling might be regulated by p27-Cter. We also demonstrate that p27-Cter interaction with MTs is necessary and sufficient to trigger the modification of the coupling between INM and cell-cycle observed following p27-Cter overexpression.

In order to better characterize the impact of the interaction between p27-Cter and MTs, we are currently analyzing the impact of p27-4A-Cter and p27-Cter-87-171 overexpression on INM using TLV experiments.

Time lapse analysis of CyclinE impact on cell-cycle duration and INM

Experimental strategy:

In order to observe the impact of CyclinE overexpression (CyclinE GOF) on cell-cycle and INM, we implemented in utero electroporation on E14 wild type embryos combined with TLV on organotypic slices. We used clonal electroporation to only target a small cohort of cells thanks to a procedure adapted from Xavier Morin [START_REF] Morin | Control of planar divisions by the G-protein regulator LGN maintains progenitors in the chick neuroepithelium[END_REF]. We co- Four hours after electroporation, embryos were harvested and we performed organotypic slices. TLV acquisitions were performed 24 hours later with a two-photon microscope. Under these conditions, we are able to monitor the progenitors for 48 hours.

Following TLV acquisitions, we analyzed the movies using the ImageJ software. We tracked progenitors so as to collect data on cell-cycle duration , cell type, and apical and basal phases durations and velocities during INM in the VZ.

Results:

CyclinE overexpression influences cell-cycle duration

We extracted cell-cycle duration (Tc) which corresponds to the elapsed time, in hours, between two successive mitosis, from the division of the mother cell to the division of its progeny in APs and BPs. Control APs exhibit a mean 19.6 hours cell-cycle and CyclinE GOF APs exhibit a significantly shorter cell-cycle with a mean of 17.5 hours (Figure 61A and61B).

Although we were able to track only one CyclinE GOF BP in the control condition, CyclinE GOF BPs exhibit a mean 19.9 hours cell-cycle (Figure 61A). These observations show that CyclinE overexpression results in a significant shortening of cell-cycle duration in APs. BPs overexpressing CyclinE exhibit a longer mean cell-cycle (19.9 h) than APs overexpressing CyclinE (17.5 h).

CyclinE overexpression alters INM dynamics

In order to explore whether and how the shortening of Tc impacts the INM, we selected APs nuclei that exhibit a rectilinear movementto exclude the few nuclei that
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would not have a representative behavior-and divided their INM motion into three distinct parts: the basal phase, the stationary phase and the apical phase. We compared durations and velocities of the basal and the apical movements.

The mean duration of both the basal (5.7 h and 5.2 h respectively) and the apical movement (4.3 h and 3.9 h respectively) do not differ between control and CyclinE GOF APs (Figure 62A and 62B). In a second step, we extracted velocities of the basal and apical movements from the movies. We observed a decreased velocity of the basal movement after CyclinE overexpression (14.7 µm/h and 11.5 µm/h in the control and CyclinE GOF conditions respectively). We also noted a non significant, moderate increase in the apical movement velocity following CyclinE overexpression (18.1 µm/h and 19.9 µm/h in the control and CyclinE GOF conditions respectively) (Figure 63A). We did not find any significant difference in the mean velocity of the apical movement using a Mann-Whitney test. By contrast, the basal movement velocity is decreased with a p-value very close to the 0.05 threshold. We conclude that there is a reduced basal movement velocity while there is only a trend of an increased apical movement velocity after CyclinE overexpression as shown by the boxplots (Figure 63B and 63C).

CyclinE overexpression influences progenitor fate

APs exhibit INM and were easy to recognize as they are bipolar and they perform an apically directed movement prior to division at the ventricular border. A multipolar cell might be a BP or a neuron; it was considered a BP if it underwent division during the recording period or a neuron if it was observed nondividing for a duration exceeding 36 hours.

We analyzed the proportion of APs and BPs in each condition. We took into account only progenitors that underwent a division, in order to exclude differentiating precursors exiting the VZ [START_REF] Takahashi | Interkinetic and migratory behavior of a cohort of neocortical neurons arising in the early embryonic murine cerebral wall[END_REF]. We tracked 66 APs and 5 BPs in the control condition and 73 APs and 18 BPs in the CyclinE GOF condition (table 1). During the videorecording, we followed a larger proportion BPs (80.2%) in the CyclinE GOF condition. We hypothesize CyclinE overexpression leads to a massive increase of BPs production.

In Of note, we did not observe a significant variation of the apical and the basal movements duration, possibly due to the low CyclinE plasmid concentration (0.5γ) which might be insufficient to induce an effect on movements duration. We further tried to increase the concentration, but it was very difficult to maintain progenitors alive ex vivo at a concentration of 0.8γ. Finally, we worked in vivo where we increased the concentration at 1.2γ and observed cell-cycle distribution and nuclei repartition within the VZ depth (see below).

Immunolabeling analysis of CyclinE impact on cell-cycle progression and INM

Experimental strategy:

To analyze the impact of CyclinE on the relationship between cell-cycle progression and INM while augmenting the concentration of CyclinE, we used an in vivo population approach based on cell-cycle phase specific immunolabeling to monitor simultaneously the distribution of APs in the cell-cycle as well as the repartition of their nuclei within the depth of the VZ.

We co-electroporated massively wild type embryos at E15 with a plasmid containing the GFP coding gene at 0.8γ and either an empty plasmid for the control condition or a

CyclinE expression plasmid at a concentration of 1.2γ. After 24 hours embryos were harvested. We performed the quadruple immunolabeling strategy described earlier (GFP, PCNA, Ki67 and DAPI) on cryosections (see figure 65). Results:

Distribution of APs and BPs in the different cell-cycle phases is modified following CyclinE overexpression

The immunolabeling in the GZ revealed a "mixed zone" exhibiting the features of both VZ and SVZ in the CyclinE GOF condition (see figure 66). In this zone we observed a mix of bipolar and multipolar progenitors in G1, S and G2 phase as well as mitotic cells exhibiting a round shaped nucleus. Hence, there was no clear limit between VZ and SVZ.

In the VZ, this analysis revealed a significant decrease of G1 phase frequency associated with an increase of late S and G2 phase frequency after CyclinE overexpression as shown in figure 67A. Specifically, we observed a massive decrease (82.2%) of the G1 phase frequency:

in the control condition 46% of cells are in G1 and it drops to 8.2% after CyclinE overexpression. S phase frequency is increased from 43.4% in the control condition to 65.2% in the CyclinE GOF condition. This increase is largely imputable to an increase of the late S phase frequency. Indeed early S phase frequency decreases (30.9% in the control condition and 27% in the condition overexpressing CyclinE) whereas there is a total increase of late S phase frequency of 205.6% (12.5% in the control condition and 38.2% in the condition overexpressing CyclinE). The magnitude of the increase in G2 phase frequency is massive (+200%: 7% in the control condition and 21% in the condition overexpressing CyclinE). There are significantly more mitotic cells following CyclinE overexpression (5.6% versus 3.6% in the control condition). Specifically, we observed a massive decrease (91.1%) of G1 phase frequency in the BPs population upon CyclinE overexpression. S phase frequency is augmented, increasing from 25% in the control condition to 60.8% in the condition overexpressing CyclinE. The early S phase frequency is significantly increased (18.2% and 29% respectively). The augmentation in S phase frequency is largely due to a massive expansion of the late S phase frequency (+367.6%: 6.8% in the control population and 31.8% in the condition overexpressing CyclinE).

The G2 phase frequency is also augmented, with an 88.2% increase after CyclinE overexpression. We found slightly less mitotic cells after CyclinE overexpression (5.4% and 2.8% respectively), however this is not significant.

In summary, these results show that CyclinE overexpression drastically reduces G1 phase relative duration and in turn increases late S phase and G2 phase relative durations in the
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APs and in the BPs populations. The effects are less marked in the SVZ than in the VZ but this might be due to the smaller size of our progenitors sample in the SVZ (three times smaller).

APs nuclei repartition within the VZ depth is modified following CyclinE overexpression

The above results show that CyclinE overexpression modifies the distribution of the progenitors in the cell-cycle. We next studied APs nuclei repartition of S, G2 and even G1 cells in the VZ depth -divided into 4 bins-using the Mouse e-plot software. The analysis of early S phase nuclei repartition revealed significantly less nuclei in the bin after CyclinE overexpression (figure 68A). Indeed, there is a 39.5% decrease of S phase population in the [50-75] bin. We observed a slightly higher proportion of early S phase nuclei in the vicinity of the ventricular border -although non-significant, the p-value is very close to the 0.05 threshold-.
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We observed a significantly higher proportion of late S nuclei in the most upper bin and a lower proportion in the bin 50-75 (see figure 68B). In the upper bin we found 14.7% of late S nuclei after CyclinE overexpression whereas in the control condition, this proportion falls to 7.3%. In the bin there are fewer late S nuclei after CyclinE overexpression (24.1%) compared to the control condition (43.6%).

The repartition of the G2 population revealed a significantly higher proportion in the most upper bin and in the bin after CyclinE overexpression (see figure 68C). In the upper bin we found 19% of G2 nuclei in the condition overexpressing CyclinE and none in the control condition. In the bin below 50-75, however, the nucleus proportion is almost identical. In the [25-50] bin we found significantly more nuclei after CyclinE overexpression (25.4% and 6.9% in the control condition). In the most apical bin we found 86.2% of nuclei in the control condition and 47.6% of nuclei in the condition overexpressing CyclinE. Although this result is not significant, we can observe that there are less nuclei in the [0-25] after CyclinE overexpression.

The repartition in late S and G2 phases revealed nuclei in the most basal bin after CyclinE overexpression. These results prompted us to analyse the repartition of G1 nuclei.

We noticed a significantly lower proportion of G1 nuclei in the [50-75] bin after CyclinE overexpression (see figure 68D). In the most basal bin we found no difference between the two conditions. In the bin below (50-75) we found 33.5% of G1 nuclei in the control condition and 13% in the condition overexpressing CyclinE.

To sum up, in the basal half of the VZ we observed 69.1% of control nuclei and 34.7% of nuclei overexpressing CyclinE whereas in the apical half we observed 31% of control nuclei and 65.2% of nuclei overexpressing CyclinE. If we consider that some G1 phase nuclei of "the mixed zone" might be BPs nuclei, we can conclude that the vast majority of APs nuclei are located in the apical half of the VZ after CyclinE overexpression.

The results of this analysis on fixed tissue show that CyclinE overexpression modifies the distribution of APs and BPs in the cell-cycle and modifies G1, S and G2 APs nuclei repartition within the VZ depth.

CyclinE impact on mitosis

CyclinE overexpression promotes abventricular divisions

The repartition of progenitors in G1, S and G2 nuclei is significantly modified after CyclinE overexpression. We therefore asked if mitosis was still occurring at the ventricular border.

Experimental strategy:

To analyze mitotic behavior specifically we used an antibody against phosphorylated histone H3 which identify mitotic cells. We co-electroporated massively wild type embryos at E15 with a plasmid containing the GFP coding gene at 0.8γ and either an empty plasmid for the control condition or a CyclinE expression plasmid at a concentration of 1.2γ. Embryos were harvested after 24 or 48 hours. We performed a quadruple immunolabeling strategy against GFP, PH3, Ki67 and DAPI on cryosections (see figure 69). We took into account cells that were labelled by GFP, PH3, Ki67 and DAPI. Cells that were not dividing strictly at the ventricular border were considered as abventricular. 24h after CyclinE overexpression there is no difference with the control in the division position in the VZ. However, 48h after CyclinE overexpression, there are significantly more abventricular divisions compared to control (figure 70). After 24 hours, there are 13.9% and 19.1% of abventricular divisions in the control condition and the CyclinE GOF condition respectively. We observed a 77.8% increase of abventricular divisions 48 hours after CyclinE overexpression. Indeed 20% of control mitotic cells exhibit a non ventricular position whereas 35.6% of mitotic cells overexpressing CyclinE divide away from the ventricle.

We observed an increased BPs production after CyclinE overexpression. A subtle change in spindle orientation can cause an asymmetry of division [START_REF] Huttner | Asymmetric division and polarity of neuroepithelial cells[END_REF]). An increase of asymmetric division is predicted to lead to an augmentation of the BPs pool, and in turn, to an increased neurogenesis [START_REF] Mora-Bermúdez | Specific polar subpopulations of astral microtubules control spindle orientation and symmetric neural stem cell division[END_REF].

CyclinE overexpression and cleavage plane orientation

Experimental strategy:

To investigate whether the cleavage plane orientation is modified after CyclinE overexpression, we restricted the measurement of the division angle of APs to the anaphase or telophase stages. During metaphase, the spindle effectuates rotations [START_REF] Haydar | Mitotic spindle rotation and mode of cell division in the developing telencephalon[END_REF]. Since we had very few cells to analyze on the immunolabelled brains (see part 2), we also looked at the TLV acquisitions (see part 1).

Results:

The repartitions of the division angles are presented in figure 71A and71B. Using the data collected with TLV acquisitions we observed that the mean division angle value is 75.3° in the control condition, with 6 out of 8 mitotic cells having a value between 75 and 90°, and that the mean division angle value is 69.4° in the condition overexpressing CyclinE, with only 4 out 10 mitotic cells having a value between 75 and 90° (figure 71A). The data collected with confocal acquisitions provided very few mitotic cells in the anaphase or telophase states. However, we found a mean division angle value of 79.7° in the control condition, with all 3 mitotic cells having a value between 75 and 90°, and only 2 out of 5 mitotic cells in the condition overexpressing CyclinE having a value between 75 and 90°, with a mean angle value of 71.9° (figure 71B). These preliminary results, based on sparse observations, suggest a change of the cleavage plane orientation after CyclinE overexpression with a decrease of vertical cleavages. Given that horizontal and oblique divisions have been showed to give rise mostly to BPs [START_REF] Postiglione | Mouse inscuteable induces apical-basal spindle orientation to facilitate intermediate progenitor generation in the developing neocortex[END_REF], this modification of cleavage plane orientation may be responsible for the increased BPs production.

CyclinE and cell fate in the GZ

We observed a "mixed zone" on the CyclinE condition slices which makes it difficult to reliably distinguish the border between VZ and SVZ (see figure 66). In this zone, bipolar cells as well as cell exhibiting a multipolar morphology are observed. This finding, along with the increased BPs production (Table 1), prompted us to look at the proportion of the different cell types in the VZ and the SVZ, using Ki67, Pax6 and Tbr2 markers. Pax6+/Tbr2-/Ki67+ cells correspond APs, Pax6+/Tbr2+/Ki67+ cells correspond to newborn BPs [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF], Pax6-/Tbr2+/Ki67+ cells correspond to BPs and Pax6-/Tbr2-/Ki67-cells correspond to postmitotic neurons.

Experimental strategy:

We co-electroporated massively wild type embryos at E15 with a plasmid containing the GFP coding gene at 0.8γ and either an empty plasmid for the control condition or a CyclinE expression plasmid at a concentration of 1.2γ. After 24 hours embryos were harvested. We performed a quadruple immunolabeling against GFP, Pax6, Tbr2 and Ki67 on cryosections (see figure 72). 

Results:

We computed the proportion of Ki67 positive, Pax6 positive and Tbr2 positive among the GFP labeled progenitors 24 hours after electroporation at E15. The repartition of the different cell types is presented on figure 73A and 73B. We observed that after CyclinE overexpression, the proportion of Pax6+/Tbr2+/Ki67+ cells is significantly decreased (31% and 23.2% in the control and CyclinE GOF conditions respectively) while the proportion of Pax6+/Tbr2-/Ki67+ cells is significantly increased (67.4% and 74.8% in the control and CyclinE GOF conditions respectively). In the SVZ the proportion of Pax6+/Tbr2-/Ki67+ is significantly decreased (22.7% and 3.8% in the control and CyclinE GOF conditions respectively), while the proportions of Pax6+/Tbr2+/Ki67+ (8.8% and 21.2% in the control and CyclinE GOF conditions respectively) and of Pax6-/Tbr2+/Ki67+ (35.5% and 56.2% in the control and CyclinE GOF conditions respectively) are significantly increased. In the VZ, two populations of cells have been described: Pax6+/Tbr2+/Ki67+ which are newborn BPs [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF] 

Discussion

In this study, we combined an ex vivo approach using TLV to observe in real time the INM motion and an in vivo approach using immunolabeling which allows to discriminate each cell-cycle phase, compute nuclei repartition in the depth of the GZ and analyze mitosis and cell fate. We found that CyclinE overexpression impacts cell division, cell fate, cell-cycle progression and INM.

Overall cell-cycle duration is reduced after CyclinE overexpression in APs

Our TLV experiments at E15-E16 revealed a significantly shorter cell-cycle in APs overexpressing CyclinE (17.5 h) compared with control APs (19.6 h). This 10.7% shortening corroborates previous observations [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF]. When overexpressing CyclinE, we observe reduced cell-cycle duration along with an increase in proliferative divisions at the expense of neurogenesis [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF], a characteristic feature of earlier corticogenesis stages.

CyclinE influences cell-cycle distribution

The overall cell-cycle reduction observed after CyclinE overexpression is mainly attributable to a decrease of G1 of the order of 4h -using electroporation at E15 following EdU pulses- [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF]. Here, using a quadruple immunolabeling, we found a 82.2% decrease in the G1 relative duration of the APs population (see figure 75) and a 91.1 % decrease in the BPs population. From the present work, we can extrapolate the duration of cell-cycle phases. Videorecordings indicate that in control APs, the mean cell-cycle duration is about 19h36. Since 46% of cells are in G1 phase, 43.4% in S phase, 7% in G2 phase and 3.6% in M phase, so G1 phase should last around 9h, S = 8h30, G2 = 1h22 and M = 44min (Table 2A). CyclinE GOF have a mean cell-cycle duration of 17h30 and 8.2% of the VZ progenitors overexpressing CyclinE are in G1 phase, 65.2% in S phase, 21% in G2 phase and 5.6% in M phase, we can thus estimate that G1 phase lasts around 1h25min, S = 11h25, G2 = 3h40 and M = 1h (Table 2A). We compared our estimations with values obtained using cumulative BrdU or EdU labeling. The T C measured on videorecordings is similar with T C calculated in two experiments from Huttner team [START_REF] Calegari | Selective lengthening of the cell cycle in the neurogenic subpopulation of neural progenitor cells during mouse brain development[END_REF][START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF]. However, it is very different from the T C extracted from isolated neural progenitors in culture [START_REF] Lukaszewicz | Contrasting effects of basic fibroblast growth factor and neurotrophin 3 on cell cycle kinetics of mouse cortical stem cells[END_REF]. Results from Huttner team at E14.5 exhibit longer G1 and shorter S compared to our results, since during development G1 phase decreases and S phase increases, these findings are not consistent. BrdU labeling is an indirect measurement whereas the method used here is based on direct measurement of T C followed by extrapolation of T G1 , T S and T M using proportions of progenitors in the different phases at a fixed moment. However, these calculated estimations should be taken carefully since the concentration of CyclinE plasmids used for the TLV analysis is inferior to the concentration used for the in vivo analysis.

Table 6: Table representing the cell-cycle parameters in

 G1 phase

If the basal movement of INM mean duration in control APs lasts about 5h42 (see figure 62) and if G1 phase duration lasts about 9h, this suggests that nuclei undergo the stationary phase of INM while they still are in G1 phase. If this were confirmed, using the Fucci system for example [START_REF] Sakaue-Sawano | Tracing the silhouette of individual cells in S/G2/M phases with fluorescence[END_REF], it would refine the definition of the basal movement during INM. G1 is described as a phase where cells are responsive to differentiation cues [START_REF] Mummery | Commitment to differentiation induced by retinoic acid in P19 embryonal carcinoma cells is cell cycle dependent[END_REF] and shorter G1 phase was shown to limit the differentiation potential of the cell [START_REF] Filipczyk | Differentiation is coupled to changes in the cell cycle regulatory apparatus of human embryonic stem cells[END_REF]. More recently, Lanctot et al showed that accelerated G1/S transition leads to a shift from differentiation to proliferation.

They hypothesized that short G1 phase could be associated with a lack of preparation for replication thus leading to increased S phase [START_REF] Lanctot | Loss of Brap results in premature G1/S phase transition and impeded neural progenitor differentiation[END_REF]. Parker et al studied the mitochondria-associated pool of CyclinE (mtCycE) which lacks the CDK2-dependant T62 phosphorylation and is therefore inactive (see introduction for details) in Drosophila and in mammalian cells [START_REF] Parker | A new mitochondrial pool of cyclin E, regulated by Drp1, is linked to cell-densitydependent cell proliferation[END_REF]. The mtCycE pool can be modulated by the mitochondrial fission protein Dynamin-related protein 1 (Drp1). In absence of Drp1, they observed an increase of potentially active CyclinE leading to a G1 phase reduction and an S phase extension. This mtCycE is therefore associated with the control of cell proliferation, although in a cell-density-dependent manner. Indeed, in a high-cell-density environment they observed aberrant proliferation: in absence of Drp1, there is an intensification of the MEK-ERK signaling and cells escape contact inhibition. However, in a low-cell-density environment, mtCycE inhibits cell proliferation. The unanswered question that remains is what exactly impacts on cell proliferation: is it the release of mtCycE that promotes entry in S phase or the decreasing mtCycE pool? Here, we studied the mouse VZ which constitutes a high-cell-density environment. When we overexpress CyclinE we also observe a G1 phase reduction concomitant with an S phase extension. We therefore hypothesize that excess of active CyclinE in progenitors leads to an aberrant proliferation and not the reduced mtCycE pool.

 S phase

As mentioned, we evidenced increased S phase relative duration after CyclinE overexpression (see figure 67). We have seen in the first part that a shorter G1 phase and a longer S phase are reminiscent of earlier cortical development stages, which are characterized by a higher rate of cell-cycle reentry. Proliferating progenitors exhibit a longer S phase compared to neurogenic progenitors [START_REF] Arai | Neural stem and progenitor cells shorten S-phase on commitment to neuron production[END_REF]. In this study, we observed an extension of S phase in progenitors: 50.2% increase in APs and 143.2% in BPs. This augmentation is largely due to the late S phase with a massive increase in APs (205.6%) as well as in BPs (367%). By overexpressing CyclinE we might trigger progenitors to adopt proliferative over differentiative behavior as they do earlier in development.

 G2 phase

We observed a higher frequency of G2 phase progenitors after CyclinE overexpression (see figure 67), with a 200% increase in APs and 88.2% in BPs. Bagheri-Yarmand et al showed that CDC25C binds to CyclinE/CDK2 complex and that cells overexpressing full length CyclinE could phosphorylate CDC25C on ser214. This causes premature activation of CDC25C during S phase leading to activation of PLK1 activity and dephosphorylation of CDK1 on T14 and Y15. In consequence, there is further activation of CyclinB/CDK1 leading to premature mitotic entry (Bagheri-Yarmand et al., 2010). It was reported that downregulation of CDC25B leads to G2 phase lengthening and interfere with neuron production [START_REF] Peco | The CDC25B phosphatase shortens the G2 phase of neural progenitors and promotes efficient neuron production[END_REF].

Although CyclinE is not reported to interact with CDC25B, it interacts with CDC25C. As we observe G2 lengthening and accentuated proliferation following CyclinE GOF, we hypothesized that CyclinE could interact with CDC25B as it does with CDC25C.

 M phase

Following CyclinE overexpression M phase was increased in APs only, by 55.6% (see figure 67). Prolonged mitosis after CyclinE GOF was demonstrated by several studies. Keck et al observed delayed mitotic progression in immortalized human cells overexpressing CyclinE.

Mitotic delay was caused by accumulation of APC substrates CyclinE-Cdh1 binding, which resulted in inhibition of the APC complex and prolonged prometaphase. They proposed that this impairment is due to the unability to activate the mitotic protease separase. Indeed, CyclinE mediated inhibition of Cdh1 leads to the separase inhibitor securin accumulation [START_REF] Keck | Cyclin E overexpression impairs progression through mitosis by inhibiting APC Cdh1[END_REF]. In addition, CyclinE/Cdk2 complex phosphorylates Cdc25C and overexpression of CyclinE in human primary fibroblasts leads to premature activation of Cdc25C and prolonged mitosis (Bagheri-Yarmand et al., 2010). More recently, Capechi and Pozner observed high cytoplasmic and nuclear levels of CyclinE, mostly phosphorylated, in mitotic cells. They suggested that ASPM and CyclinE have a role in mitosis progression (Capechi and Pozner, 2015).

CyclinE modifies the coupling between cell-cycle and INM

Our TLV experiments evidenced a global cell-cycle reduction of APs along with unchanged apical and basal movement durations. However, the basal movement is slower after CyclinE overexpression. In the ex vivo experiment we used CyclinE at 0.5γ concentration which might be insufficient to affect movements duration. However, in vivo, using a 1.2γ concentration of CyclinE, we uncovered that G1 relative duration was reduced (G1 corresponds, at least partly, to the basal movement in controls) and that late S and G2 relative durations were augmented (late S and G2 seem to correspond to the apical phase as large PCNA dots apparition corresponds to the start of the apical movement in controls). In other words, after increasing CyclinE concentration to 1.2γ in vivo, we observed the repartition of G1, S and G2 nuclei within the VZ depth was modified, indicating that CyclinE overexpression modifies INM behavior (figure 76).  Basal movement and G1 phase Among G1 progenitors, 31% of control nuclei and 65.2% of nuclei overexpressing CyclinE occupy the lower half of the VZ (see figure 69D). TLV experiments showed that the basal motion is slower after CyclinE overexpression (11.5 vs 14.7 µm/h) and lasts 5h10 (vs 5h42). G1 phase on the other hand is shorter, supposedly 1h25 as we know that 8.2% of cells are in G1 after overexpressing CyclinE at 1.2γ and the cell-cycle lasts around 17h30 after overexpressing CyclinE at 0.5γ. But this should be taken very carefully, because we do not know if there is a dose dependent effect or not. However, such estimations predict that the basal movement lasts longer than G1 phase after CyclinE overexpression. Therefore, APs would enter S phase during the basal movement of INM (see figure 76). Since the basal movement is slower and shorter compared to control APs, we postulate that CyclinE overexpressing nuclei will not reach the top of the VZ (figure 16). This is strengthened by the absence of significant variation of the VZ thickness 48 and 72 hours after CyclinE overexpression [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF].

 S phase

After CyclinE overexpression there were more S phase APs and the repartition of their nuclei was different from the control condition. There were 66.5% of control nuclei versus 47% of nuclei overexpressing CyclinE occupying the upper half of the VZ (see figure 69A and69B). We assumed that CyclinE overexpressing APs nuclei terminate their apical movement in S phase. We estimate that S phase lasts around 11h25. CyclinE overexpressing nuclei spend about 8h45 pausing at the basal side of the VZ before starting the apical movement.

We can estimate that during the basal movement nuclei spend about 3h50 in S and 8h45 pausing at the basal side of the VZ. Hence, we can postulate that APs nuclei enter G2 before starting the apical movement (see figure 76).

 Apical movement and G2 phase

We found a higher frequency of G2 APs as well as a profound modification of the repartition of their nuclei in the VZ when we overexpressed CyclinE. There were 6.9% of control nuclei versus 27% of cells overexpressing CyclinE occupying the upper half of the VZ (see figure 69C). After CyclinE overexpression, the apical movement is slightly faster (19.9 vs 18.1 µm/h) and slightly shorter (3h56 vs 4h19). We estimate that G2 phase lasts around 3h40. Together, these results support the hypothesis that G2 may correspond to the apical phase only (figure 76). We showed that the basal movement does not allow the nucleus to get to the top of the VZ in the condition overexpressing CyclinE, meaning that among the 21.2% of S nuclei and the 19% of G2 nuclei occupying the most basal part of VZ are some BPs nuclei, confirming the presence of a mixed zone.

The repartition obtained following CyclinE overexpression is closer to what is observed during earlier stages in corticogenesis (see chapter 1). It is also reminiscent of what is observed in intermediate PSE such as the Zebrafish retina where the apical movement strictly corresponds to the G2 phase [START_REF] Leung | Apical migration of nuclei during G2 is a prerequisite for all nuclear motion in zebrafish neuroepithelia[END_REF][START_REF] Strzyz | Heterogeneity, cell biology and tissue mechanics of pseudostratified epithelia: coordination of cell divisions and growth in tightly packed tissues[END_REF].

We observed that CyclinE impacts on the directionality of INM movements, with a stricter radial (perpendicular to the ventricular border) direction in CyclinE GOF (figure 64). [START_REF] Okamoto | TAG-1-assisted progenitor elongation streamlines nuclear migration to optimize subapical crowding[END_REF] showed that inheritance of the basal process tends to promote a more directional basal movement. After TAG1 knockdown, the basal movement was severely limited and less directional leading to the alteration of pseudostratification [START_REF] Okamoto | TAG-1-assisted progenitor elongation streamlines nuclear migration to optimize subapical crowding[END_REF]. This suggests that when INM is more directional, it allows cells to leave rapidly the ventricular border and avoid crowding. CyclinE may thus regulate pseudostratification in the VZ.

CyclinE promotes abventricular mitosis

Data collected from ph3 immunolabeling analysis revealed an increase in abventricular divisions 48 hours after CyclinE overexpression. These abventricular divisions are most likely the result of an apical crowding as a majority of abventricular dividing cells were observed close to the ventricular border. Smart et al described that when the cell density is too important and cells do not have enough space to divide at the ventricular border, some progenitors will divide at more basal positions [START_REF] Smart | A localised growth zone in the wall of the developing mouse telencephalon[END_REF]. Okamato et al impaired the basal movement of INM following knockdown of TAG-1 and subsequent shortening of APs basal processes. These progenitors became overcrowded in the periventricular space, then delaminated in more basal regions and form heterotopia. Indeed, they found heterotopic Pax6+ cells in regions that are usually occupied by differentiated neurons [START_REF] Okamoto | TAG-1-assisted progenitor elongation streamlines nuclear migration to optimize subapical crowding[END_REF]. It was recently suggested that abventricular divisions trigger apical crowding [START_REF] Weber | Mitotic position and morphology of committed precursor cells in the zebrafish retina adapt to architectural changes upon tissue maturation[END_REF].

Abventricular mitosis are in fact induced in various situations in the developing rodent cortex, as illustrated by the following examples. Pax6 mutants APs display more abventricular centrosomes along with an increase of subapical and basal mitosis [START_REF] Asami | The role of Pax6 in regulating the orientation and mode of cell division of progenitors in the mouse cerebral cortex[END_REF][START_REF] Tamai | Pax6 transcription factor is required for the interkinetic nuclear movement of neuroepithelial cells[END_REF]. After reduction of Lis1 levels, apical phase of INM is inhibited, and mitoses are observed throughout the VZ [START_REF] Gambello | Multiple dose-dependent effects of Lis1 on cerebral cortical development[END_REF][START_REF] Tsai | LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at multiple stages[END_REF].

Alteration of APs cleavage orientation also leads to abventricular mitosis. When Konno et al knocked out LGN which randomized the orientation of normally planar neuroepithelial divisions, they observed abventricular mitosis and also Pax6+ cells outside the VZ (Konno et al., 2008). In Heco mice, which have pertubed Eml1 expression, APs exhibit more oblique mitotic spindle orientation and show ectopic progenitors, abventricular mitosis and subcortical heterotopia [START_REF] Kielar | Mutations in Eml1 lead to ectopic progenitors and neuronal heterotopia in mouse and human[END_REF]. In our experiment, CyclinE GOF is likely to promote modification of INM and increase oblique cleavage orientation leading to abventricular mitosis.

In addition, these abventricular divisions may be in part the result of INM modifications and mitosis observed in the "mixed zone" at 24 hours or close to the SVZ at 48 hours are likely BPs that are delaminating toward the SVZ (see below).

CyclinE impacts of cleavage orientation

Our study also revealed a trend for APs overexpressing CyclinE to modify their cleavage plane orientation, which appears less perpendicular to the ventricular border. Although this aspect remains to be further explored, increased number of oblique cleavage orientations is predicted to lead to a higher proportion of daughter cells that will not inherit the apical membrane or the basal process and thus result in increased differentiated neuron production [START_REF] Kosodo | Asymmetric distribution of the apical plasma membrane during neurogenic divisions of mammalian neuroepithelial cells[END_REF]Kosodo et al., 2008;[START_REF] Shitamukai | Oblique radial glial divisions in the developing mouse neocortex induce self-renewing progenitors outside the germinal zone that resemble primate outer subventricular zone progenitors[END_REF]Tsunekawa et al., 2012).

Abnormal spindle orientation is also associated with increased cell-cycle exit, premature neurogenesis and microcephaly [START_REF] Feng | Mitotic spindle segulation by Nde1 controls cerebral cortical size[END_REF][START_REF] Fish | Aspm specifically maintains symmetric proliferative divisions of neuroepithelial cells[END_REF]. Horizontal and oblique divisions will favor BPs generation, resulting in an increase of the cortical thickness (Mora-Bermudez et al., 2014;[START_REF] Postiglione | Mouse inscuteable induces apical-basal spindle orientation to facilitate intermediate progenitor generation in the developing neocortex[END_REF]. However, despite ASPM interaction with CyclinE/Cdk2 regulating CyclinE activity by modulating its ubiquitination, phosphorylation and localization into the nucleus, CyclinE fails to rescue cleavage plane orientation defects induced in neural progenitors ASPM mutant (Capechi and Pozner, 2015). Thus, CyclinE may not influence spindle orientation, neither directly nor through ASPM pathway.

CyclinE overexpression increases BPs production and impacts SVZ thickness

Pilaz et al showed that prolonged mitosis is sufficient to alter APs fate. Indeed, mitotic delay is associated with neuronal fate specification, generating more neurons and apoptotic progeny Pilaz et al., 2016). However, in this study, modification of cell fate was shown to occur independently of the cleavage plane orientation. Therefore, a prolonged prometaphase appears as an additional mechanism influencing cell fate. In our study, we observe a massive BPs production but no particular increase in direct neuron production In this study, we observed an increase of APs, which are Pax6+/Tbr2-, and a diminution of newly born BPs, which are Pax6+/Tbr2+ [START_REF] Englund | Pax6, Tbr2, and Tbr1 Are Expressed Sequentially by Radial Glia, Intermediate Progenitor Cells, and Postmitotic Neurons in Developing Neocortex[END_REF] in the VZ, 24 hours after CyclinE overexpression (see figure 74). In the SVZ, there was an increase of BPs which are Pax6-/Tbr2+ and Pax6+/Tbr2+. The increase of newly born BPs is representative of a shift toward the production of BPs. There was also a reduction of post mitotic neurons (Pax6-/Tbr2-/Ki67-) in the SVZ. CyclinE thus favors proliferative divisions over differentiative divisions. These results confirm a previous study from the team where it was shown that CyclinE overexpression increases cell-cycle reentry, leading to precursor pool amplification, and increases of Ki67+ population in the VZ and SVZ, 24 hours after electroporation [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF]. In the present in vivo study, we did not observe an increase of Ki67+ cells in the VZ, since about 98% of cells are Ki67+ in both conditions. However, a significant increase in the SVZ was detected with about 80% control Ki67+ cells and 91% Ki67+ overexpressing CyclinE. Pilaz et al also looked at VZ and SVZ thickness: the VZ dimension remained unchanged and SVZ thickness was augmented from 30 to 50% 48 and 72 hours after CyclinE overexpression [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF]. Here, we found no evident variation in the VZ nor the SVZ size, however we observed in vivo a mixed zone between VZ and SVZ (see figure 67) which was not observed at 48 and 72 hours. This mixed zone could be the expression of a transition to a bigger SVZ. After 48 and 72 hours a larger proportion of BPs (Tbr2+ cells) was detected in vivo [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF] this was confirmed in our ex vivo experiment since about 20% of the tracked progenitors are BPs, reflecting a 183% increase of the BPs proportion 48h after CyclinE overexpression.

The mixed zone common to the VZ and the SVZ composed of bipolar and multipolar cells in G1, S and G2 phases as well as round mitotic cells could be explained by an increased BPs production along with a reduced cell-cycle duration. Indeed, CyclinE triggers cell-cycle shortening (although not observed here due to the lack of control BPs observed) and newly formed BPs may not reach the SVZ before entering mitosis. In addition, we observed that APs overexpressing CyclinE have a slower and shorter basal motion, suggesting that APs may not reach the top of the VZ. Taken together, these findings account for the appearance of a mixed zone when progenitors overexpress CyclinE.

Conclusion

The present study shows that CyclinE reduces cell-cycle duration through an important reduction of G1 length, and in the meantime, increases S, G2 and M phases duration. These modifications promote cell-cycle reentry at the expense of differentiation but also impact APs INM behavior. Indeed, velocity is modified and nuclei repartition is changed.

Although cell-cycle regulation and transcription are the mains functions regulated by CyclinE, Odajima et al uncovered a role for CyclinE in cortical development, they found CyclinE interactors in embryonic brain share functions involved in neuron development, neurogenesis and regulation of synaptic plasticity [START_REF] Odajima | Proteomic landscape of tissue-specific Cyclin E functions in vivo[END_REF].

Primate corticogenesis is characterized by an OSVZ [START_REF] Smart | Unique morphological features of the proliferative zones and postmitotic compartments of the neural epithelium giving rise to striate and extrastriate cortex in the monkey[END_REF] and is associated with an increased BPs production compared to rodent. In the mouse cortex, SVZ is supplied by BPs from the VZ, including Intermediate Progenitors (IPs) that produce two neurons and rare basal Radial Glia or bRG that produce one IPs and one neuron [START_REF] Shitamukai | Oblique radial glial divisions in the developing mouse neocortex induce self-renewing progenitors outside the germinal zone that resemble primate outer subventricular zone progenitors[END_REF]. In the primate cortex however, OSVZ progenitors have extensive proliferative capacities and include five distinct progenitors types, namely IPs, bRG-basal-P [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF], bRG-apical-P, bRG-both-P and tbRG cells [START_REF] Betizeau | Precursor diversity and complexity of lineage relationships in the outer subventricular zone of the primate[END_REF].

Also, OSVZ provides the majority of neurons in the primates whereas in the mouse this role is devoted to the VZ, thus, OSVZ enlargement plays a key role in evolution and brain expansion [START_REF] Dehay | Cell-cycle control and cortical development[END_REF]. This study revealed that CyclinE GOF produces more BPs and more neurons, suggesting CyclinE may play a role in increased neurogenesis and therefore brain expansion. In the line of this experiment, it would be interesting to test whether CyclinE overexpression could increase bRG production.

General discussion

Our work demonstrates that the chain of INM movements might be less stereotyped than previously believed.

We show that INM dynamics are modulated during corticogenesis and that the gap phases of the cell-cycle do not strictly correspond to the basal and the apical movements. In order to explore the coupling between INM and cell-cycle progression, we experimentally modified on one hand INM dynamics and on the other hand cell-cycle progression. APs targeted expression of p27-Cter -a regulator of neuron migration and motility (Nguyen et al., 2006;[START_REF] Godin | p27Kip1 is a microtubule-associated protein that promotes microtubule polymerization during neuron migration[END_REF]-was used to modify INM dynamics and we assessed the effect of these induced modifications on cell-cycle progression. CyclinE overexpression, described to significantly reduce G1 phase [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF], allowed to modify cell-cycle progression of APs and examine the consequences on INM (see figure 78). From these studies, we observed that the manipulation of one biological process triggers the adjustment of the other process, revealing a coupling between cell-cycle and INM. To better understand the mechanisms behind INM control and dissect more precisely the coupling between INM and cell-cycle progression, additional experiments can be suggested.

The interpretation of our results concerning the basal movement with respect to the cellcycle phases, as shown by a static analysis, suffers limitations. Indeed, our results need to be further supported by a TLV analysis. One interesting tool is the Fucci technology to distinguish between G1 and S phases. The Fucci system has recently been improved as it allows to distinguish G1, S and G2 phases thanks to CUL4 Ddb1 and APC Cdh1 E3 ligase activities [START_REF] Sakaue-Sawano | Genetically encoded tools for optical dissection of the mammalian cell cycle[END_REF]. However, this system still suffers limitations. First, the authors report the difficulty to reliably distinguish between S and G2 phases and second, although working well on dissociated cells, the Fucci system is challenging to implement in organotypic slices.

Information regarding molecular motors involved in the basal and the apical movement of INM in long PSE is still missing [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF][START_REF] Tsai | LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at multiple stages[END_REF][START_REF] Schenk | Myosin II is required for interkinetic nuclear migration of neural progenitors[END_REF][START_REF] Tsai | An unconventional kinesin and cytoplasmic dynein are responsible for interkinetic nuclear migration in neural stem cells[END_REF]. Specifically, the involvement of MTs needs to be further elucidated. This will involve, for instance, direct imaging of MTs dynamics during INM using Tubulin-GFP [START_REF] Yingling | Neuroepithelial stem cell proliferation requires LIS1 for precise spindle orientation and symmetric division[END_REF]. Alternatively, the interesting paradigm developed by Norden et al where they used the actin-binding domain of Utrophin to visualize the localization of F-actin [START_REF] Burkel | Versatile fluorescent probes for actin filaments based on the actin-binding domain of utrophin[END_REF] as well as Phospho-Myosin Light Chain 2 (PLMC2) immunolabeling to visualize active myosin and acetylated tubulin or α-tubulin immunolabeling to distinguish between stable and polymerizing MTs [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF], should be implemented to the mouse INM.

The CrispR Cas technology is promising and, under inducible conditions, could theoretically allow us to to visualize endogenous tubulin, actin and myosin in real time.

In order to gain a broader view on INM regulation across evolution, it would be interesting to extend the study of the coupling between INM and cell-cycle progression in species showing a thicker PSE such as the ferret and the monkey.

Material and Methods

Animals: OF1 mice displaying a wild type phenotype as well as Genetically Modified Organisms (GMO) p27 lox/-mice were used (Charles River). They were kept under 12 hours light/12 hours dark cycle. They were fed with a mix of cereals (Scientific Animals Food & Engineering). Mating was performed during the night. Pregnant mice were recognized by detection of a vaginal plug at E1. All protocols for animal experiments were approved by the CELYNE ethic committee and validated by the minister of national education, higher education and research.

Plasmids: Plasmids construction was realized by Nathalie Doerflinger (see supplementary figure 5 p215).

-Static analysis Massive electroporations were made with pCAG-IRES-GFP plasmid or a pCAG-nlsCre-IRES-GFP plasmid provided by Laurent Nguyen (University of Liège, Belgium). These plasmids target the nucleus thanks to a NLS sequence. pCAG-IRES-GFP (0.8γ concentration) was coelectroporated with an empty pCAG, a pCAG-CyclinE [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF], a pCAG-p27-wt-Cter, a pCAG-p27-Cter-87-171, a pCAG-p27-Cter-87-190, a pCAG-p27-4A-Cter, a pCAG-p27-4A-Cter-87-171 or a pCAG-p27-4A-Cter-87-190 plasmid at 1.2γ concentration for overexpression of p27-Cter versions and CyclinE experiments in OF1 mice. pCAG-nlsCre-IRES-GFP (0.8γ concentration) was coelectroporated with an empty pCAG, a pCAG-p27-wt-Cter, a pCAG-p27-Cter-87-171, a pCAG-p27-Cter-87-190, a pCAG-p27-4A-Cter, a pCAG-p27-4A-Cter-87-171 or a pCAG-p27-4A-Cter-87-190 plasmid at the 1.2γ concentration for overexpression of p27-Cter versions experiments in GMO mice.

-TLV analysis Clonal electroporations were made with a pFloxpA-EGFP plasmid and a pCX-Cre plasmid provided by Xavier Morin [START_REF] Morin | Control of planar divisions by the G-protein regulator LGN maintains progenitors in the chick neuroepithelium[END_REF]Aix-Marseille University, France). These plasmids were coelectroporated with an empty pCAG, a pCAG-p27-wt-Cter, or a pCAG-CyclinE [START_REF] Pilaz | Forced G1-phase reduction alters mode of division, neuron number, and laminar phenotype in the cerebral cortex[END_REF] at 0.5γ concentration combined with a pFloxpA-GFP plasmid at 0.5γ concentration and a pCX-Cre plasmid at 0.0002γ concentration for overexpression of p27-wt-Cter and CyclinE experiments. For the clonal expression of the fusion protein PCNA-GFP pCX-Cre plasmid with pFloxpA-PCNA-EGFP plasmid were coelectroporated.

In utero electroporation: Electroporations were performed on E14 or E15 mouse embryos according to a procedure adapted from Osumi and Inoue [START_REF] Osumi | Gene transfer into cultured mammalian embryos by electroporation[END_REF]. Pregnant mice were anesthetized using a mix of 2% Rumpun and Ketamin (Imalgen 1000). Plasmids solutions were prepared using sterile Phosphate Buffer Saline (PBS), Fast Green (to visualize the injection site), and plasmids. One uterine horn was taken out of the abdominal cavity and 2-3 μL of plasmids solution was micro-injected through the uterine wall in the ventricle of one hemisphere of the brain embryo using a 1 mm diameter glass capillary (Harvard Apparatus, Edenbridge, UK). Three embryos per horn were injected to avoid a decrease of the survival rate. Using a pair of electrodes (Tweezertrodes, Harvard Apparatus, Edenbridge, UK), of 5 or 10 mm of diameter (for E14 and E15 embryos respectively), the whole body was pinched by placing the anode nearby the injected hemisphere so as to target the ventricular zone of the medial cortex. Five pulses of electric current (40V or 60V for E14 or E15 embryos respectively, 50 ms on/ 1 000 ms off) were delivered by the BTX Electro Square Porator ECM 830. The uterine horn was put back into the mouse abdomen before the second one was pulled out. During surgery uterine horns were humidified with a 0.9% NaCl solution at 37°C to keep them viable. Mouse abdomen was finally sutured and the mouse was placed into recovery under surveillance. To assess that the mouse was not under physical pain, a pain evaluation sheet was used.

Brain collection: Mice were sacrificed by neck dislocation and embryonic brains were dissected in cold PBS. After eventual verification of the presence of fluorescence with epifluorescent microscopy, brains were fixed by immersion in cold buffered 2% paraformaldehyde at 4°C for 2 hours.

Brain cryosections: Cryoprotection was performed by immersion in 10% sucrose then in 20% sucrose supplemented with 0.1% sodium azide to avoid bacteriae colonies formation at 4°C.

After cutting out the cerebellum, brains were placed with the caudal part against the slide, this orientation allows to cut the brain following coronal sections. Brains were embedded with Tissue Tek (Sakura Finetek, Zoeterwoude, NL) which permits optimal cutting temperature and 20 μm thick sections were performed with a cryostat (Microm HM500) at -18°C. Slices were mounted on superfrost glass slides (Superfrost Plus, Thermo Scientific) and stored at -20°C.

Immunofluorescence and antibodies: Slices were defrosted at room temperature (RT) for half an hour, then, hydrated in Tris-Buffer Saline (TBS). Retrieval was performed during 10 minutes (min) at 95°C using a 10% Antigen-retrieval (DAKO). Slices were rinsed 3 times (10 min each) in TBS before they were saturated using a mix of TBS and 10% of Normal Goat Brain sections and organotypic slices culture: Embryonic brains were dissected in cold PBS using a binocular loupe and placed in cold Hank's buffered salt solution (HBSS) (Gibco) supplemented with glucose 18%, MgSO 4 and CaCl 2 before they were embedded in 37°C supplemented HBSS containing 3% of agarose (Sigma). Slices of 200 μm were realized in the coronal plane thanks to a vibratome (Leica VT1000S) and placed into laminin-poly-lysine (Sigma) coated 0.4 µm millicell culture insert (Millipore) on a drop of type 1 collagen (BD Biosciences). Slices were cultured at 37°C and 7.5% CO 2, in a 6-well plate (Falcon) and within 2 mL of Glasgow minimum essential medium (GMEM) supplemented with 1% sodium pyruvate, 7,2 μM beta-mercaptoethanol, 1% non-essential amino acids, 2 mM glutamine, 1% penicillin/streptomycin and 10% fetal calf serum (FCS). Acquisitions were taken for 48 hours and culture medium was change in the morning and in the evening. After videorecording, slices were fixed during 1 hour using 2% PFA and kept at 4°C in PB supplemented with azid.

Two photon microscopy: Videorecording was performed using a two photon microscope (inverted Axio-Observer Z1, Zeiss). Slices were kept in a microscope cage incubation under the following parameters: 7.5% CO2 and 37°C. Laser was tuned to 880 nm in order to visualize the GFP. Observations were performed using a plan Apochromatic dry objective 10x/0.45. Acquisitions were taken using the multi time series macro of the Zeiss software, 4D stacks (x,y,z, time) were acquired on a 114 μm thickness (divided in 20 sections).

Acquisitions were started 24 hours after eletroporation, images were acquired every 30 min during 48 hours. Films using were concataneted with a macro of the Image J software.

Statistical analysis:

The R software was used to perfom statistical analysis with a Mann-Whitney test when two samples were analyzed and a Kruskall-Wallis test when more than two samples were analyzed. 
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Figure 1 :

 1 Figure 1: The mouse cortex is composed of 6 cortical layers. A: Cortical layers in the adult mouse brain. The adult CP is divided into 6 layers: from layer I at the pial surface to layer VI close to the ventricle. B: Formation of the neocortex via the inside-out migration process. As corticogenesis proceeds, newborn neurons migrate to their final location though the CP. The neocortex is formed through an inside-out migration process with later born neurons settling in the upper layers. The Cajal-Retzius (CR) cells are shown in yellow and the Subplate (SP) cells in purple. Extracted fromCooper, 2008. 

Figure 2 :

 2 Figure 2: Neurogenesis in the mouse developing cortex. Cortical neurogenesis lasts 8 days in the mouse, from E11 to E19. APs are located in the VZ, they are able to self renew and to give rise to BPs or neurons. BPs delaminate to settle in the SVZ, they divide to give rise to two neurons. Neurons migrate through the IZ to reach their final location in the CP. Adapted from Lodato et al., 2015.

Figure 3 :

 3 Figure 3: RGCs are also neuronal progenitors. A: Former corticogenesis model. RGCs (green) were believed to have a cable role, guiding neuron (red) migration. These cells were supposed to become glial cells later during development. B: Actual corticogenesis model. RGCs are progenitors able to give rise to neurons (red), glial cells (green) or both (blue). Extracted from[START_REF] Malatesta | Radial glia: from boring cables to stem cell stars[END_REF] 

Figure 4 :

 4 Figure 4: APs nuclei in the VZ form a pseudostratified epithelium. A: APs nuclei in the VZ. APs span the entire cortical wall but their nuclei are restricted to the VZ. Adapted from Lee and Norden, 2013. B: Pseudostratified epithelia. Progenitors are packed and their nuclei move along the apico-basal axis. Extracted from[START_REF] Lee | Mechanisms controlling arrangements and movements of nuclei in pseudostratified epithelia[END_REF]. C: Comparison between a simple cuboidal epithelium and two columnar epithelia. Increasing the degree of pseudostratification of the epithelium allows more productivity at the apical surface, where mitosis takes place. Here, the apical area remains fixed (5a) but epithelial thickness is augmented, and nuclei span the entire thickness (from a to 4a). Extracted from[START_REF] Miyata | Interkinetic nuclear migration generates and opposes ventricular-zone crowding: insight into tissue mechanics[END_REF] 

Figure 5 :

 5 Figure 5: The primary cilium and the centrosomes. A: Cilium localization. The primary cilium protrudes from the apical plasma membrane. The basal body originates from the centrosome and forms the base of the cilium. Extracted from Taverna and Huttner, 2010. B: Electron micrograph of the primary cilium of a canary brain and detailed structure of the basal body and the primary cilium. The basal body is constituted of 9 triplets of microtubules and the cilium of 9 doublets of microtubules. Scale bar = 1µm. Extracted from[START_REF] Singla | The Primary Cilium as the Cell's Antenna: Signaling at a Sensory Organelle[END_REF]. C: Centrosome-cilium complex. The mother centriole of the centrosome forms the basal body and the cilium protrudes from the apical plasma membrane (in blue). The cilium is surrounded by the ciliary membrane (in red). Extracted from[START_REF] Mahjoub | The importance of a single primary cilium[END_REF] 

Figure 6 :

 6 Figure6: Golgi localization. The Golgi is located in the apical process between the apical domain and the nucleus. Extracted from[START_REF] Taverna | Non-canonical features of the Golgi apparatus in bipolar epithelial neural stem cells[END_REF] 

Figure 7 :

 7 Figure 7: CyclinD2 mRNA and protein localization during the cell-cycle. CyclinD2 mRNA is transported to the basal endfoot in S-G2 transition and translated into protein. During mitosis, CyclinD2 mRNA or protein is inherited by the basal daughter cell that becomes an AP (in pink). The daughter cell that does not inherit the basal process expresses Neurogenin2 (Ngn2 in blue) and becomes an intermediate progenitor (in pink) or a neuron (in dark blue). Extracted fromTsunekawa et al., 2012. 

Figure 8 :

 8 Figure 8: Schematic INM in the developing neocortex. The nuclei of the cycling progenitors move in synchrony with cell-cycle progression. Following mitosis, the nucleus migrates basally during G1 phase, spends S phase at the same position basally and migrates apically during G2 phase to divide apically. Extracted from[START_REF] Hayes | Exploiting the dynamics of S-phase tracers in developing brain: interkinetic nuclear migration for cells entering versus leaving the Sphase[END_REF] 

Figure 9 :

 9 Figure 9: INM in the VZ of the developing rodent neocortex. Coronal section and schematic represention of INM in the rodent forebrain. APs are located in the VZ where they undergo INM. They extend radially through the telencephalic wall; they have processes attached to the ventricular surface and to the pial surface. Extracted from[START_REF] Kulikova | Interkinetic nuclear migration, reciprocal activities of dynein and kinesin[END_REF] 

Figure 10 :

 10 Figure 10: Putative motors of basal nuclear migration in the mouse cortex. A: Myosin II drives the basal migration of INM. Actomyosin (in green) pushes the nucleus during the basal movement. Extracted from Schenk et al., 2009. B: Involvement of microtubules in basal migration. Microtubules (in blue) extend basally (plus end) from the centrosome (pink circle). The kinesin KIF1 carries the nucleus along the microtubules toward the plus end. Adapted from[START_REF] Dantas | Emerging roles for motor proteins in progenitor cell behavior and neuronal migration during brain development[END_REF] 

Figure 11 :

 11 Figure 11: Dynein mediates the apical movement of INM. A: Interaction between Lis1, NudE and dynein. Lis1 (light green and black) interacts with NudE (yellow and blue) and dynein (grey). Lis1 increases the dynein affinity for microtubules (dark green). Adapted from[START_REF] Vallee | Multiple modes of cytoplasmic dynein regulation[END_REF]. B: Microtubules are involved in apical migration. Cep120 recruits TACCs to the centrosome localized in the cilia protruding from the apical process. They promote the assembly of microtubules from the centrosome. The nucleus is further carried by dynein along these microtubules toward the minus end (centrosomes). Adapted from[START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF]. C: SUN1/2 and Syne-1/2 mediate the connexion between microtubules and nucleus. Inner NE proteins SUN1/2 interact with outer NE proteins Syne-1 and Syne-2. Syne-1 and Syne-2 bind dynein/Lis1 complex to carry the nucleus toward the minus end of microtubules (centrosome). Adapted from[START_REF] Zhang | SUN1/2 and Syne/Nesprin-1/2 complexes connect centrosome to the nucleus during neurogenesis and neuronal migration in mice[END_REF] 

Figure 12 :

 12 Figure 12: Recruitment of dynein to the NE regulates the microtubule based apical movement of INM. A: Different dynein recruitment to the NE. The nucleoporin RanBP2 recruits BicD2, which binds dynactin and dynein[START_REF] Splinter | BICD2, dynactin, and LIS1 cooperate in regulating dynein recruitment to cellular structures[END_REF]. The nucleoporin Nup133 recruits CENP-F[START_REF] Bolhy | A Nup133-dependent NPC-anchored network tethers centrosomes to the nuclear envelope in prophase[END_REF], which binds NudE and NudEL. NudE and NudEL then directly bind Lis1 and dynein[START_REF] Niethammer | NUDEL is a novel Cdk5 substrate that associates with LIS1 and cytoplasmic dynein[END_REF][START_REF] Sasaki | A LIS1/NUDEL/cytoplasmic dynein heavy chain complex in the developing and adult nervous system[END_REF]. Adapted from[START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF]. B: Impaired dynein recruitment to the NE leads to apical movement arrest. Inhibition of the RanBP2-BicD2 pathway arrested the nuclei more basally than the inhibition of the Nup133-CENPF-F pathway did. Extracted from[START_REF] Hu | Dynein recruitment to nuclear pores activates apical nuclear migration and mitotic entry in brain progenitor cells[END_REF]. C: CDK1 regulates dynein recruitment to the NE. CDK1 targets BicD2 to the NE and drives CENP-F nuclear exit. Extracted from[START_REF] Baffet | Cdk1 activates pre-mitotic nuclear envelope dynein recruitment and apical nuclear migration in neural stem cells[END_REF] 

Figure 13 :

 13 Figure 13: The apical movement is driven by different molecular motors depending on the PSE thickness. In short PSE, actomyosin triggering mitotic cell rounding appears to be sufficient to push the nucleus apically. In intermediate PSE, actomyosin is the motor of the apical movement. In long PSE cells, such as radial glial cells, dynein associated microtubules drive the apical movement. Arrows represent the time. Adapted from[START_REF] Norden | Pseudostratified epithelia -cell biology, diversity and roles in organ formation at a glance[END_REF] 

Figure 14 :

 14 Figure 14: Differences between mouse and ferret VZ, APs and associated INM. The thickness of the VZ is more important and APs are slender in the ferret. The apical movement is less directional and the basal movement is more directional in the ferret. The density of apical endfeet is more important in the ferret explaining the greater stiffness of the apical surface. Extracted from[START_REF] Nagasaka | Differences in the mechanical properties of the developing cerebral cortical proliferative zone between mice and ferrets at both the tissue and single-cell levels[END_REF] 

Figure 15 :

 15 Figure 15: Centrosomes meet the nucleus during the apical movement of INM.The apical movement relies first on microtubules. In late G2, centrosomes move toward the nucleus and when the cell starts rounding, it moves toward the ventricular surface owing to actin. Extracted from[START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF] 

Figure 16 :

 16 Figure 16: Progenitors shape the lumen of the otic vesicle. Expansion of the mediolateral axis (ML) is under the control epithelial progenitors which shorten at the apical side and liberate fluid into the lumen. The anterioposterior axis (AP) length is controlled through a mechanism of constriction induced by progenitors mitotic rounding. Extracted from[START_REF] Hoijman | Mitotic cell rounding and epithelial thinning regulate lumen growth and shape[END_REF] 

Figure 17 :

 17 Figure 17: Pseudostratified epithelia undergoing INM allow the presence of more cells than columnar epithelia within a restricted area. Pseudostratification of the epithelium allows more productivity compared to columnar epithelium. Extracted from[START_REF] Spear | Apical movement during interkinetic nuclear migration is a two-step process[END_REF] 

Figure 18 :

 18 Figure 18: INM balances the exposure to Notch signaling. There is a Notch gradient along the apicobasal axis as represented by the four shades of green. Notch signaling is high at the apical side of the VZ and low at the basal side. Adapted from Del Bene et al., 2008.

Figure 19 :

 19 Figure 19: Human p27 Kip1 protein: post-translational modifications and direct interactions. The Nterminal domain is represented in grey (AA 1-86) and the C-terminal domain is represented in pink (AA 87-198). In the N-terminal domain the NES is located from AA 32 to 45 and in the C-terminal domain the NLS is located from AA 152 to 169. Phosphorylation are represented by black circles, acetylation by a white circle and sumoylation by a grey circle. Adapted from[START_REF] Sharma | The non-canonical functions of p27 and tumor biology[END_REF] 

Figure 20 :

 20 Figure 20: Regulation of p27 Kip1 . p27 Kip1 translation is under the control of Menin, PIM via FOXO3a and Myc both directly and via FOXO3a. Myc activates the microRNA mir-221 and mir-222 which in turn control p27 Kip1 translation. Myc also control CyclinE, E2F and Skp2 transcription thus playing a role in p27 Kip1 degradation. Extracted from[START_REF] Hnit | The International Journal of Biochemistry p27 Kip1 signaling: Transcriptional and posttranslational regulation[END_REF] 

Figure 21 :

 21 Figure 21: Crystal structure of the p27 Kip1 /Cdk2/CyclinA complex. Structure determined in 1996 byRusso et al. p27 Kip1 can be divided in three subdomains when it is complexed to CyclinA and Cdk2: D1 contains the "RxL" motif and binds to CyclinA, the Linker Helix (LH) is a α-helix spanning between CyclinA and CDK2 and D2 binds to the N-terminal part of CDK2 and 3 10 inserts into the ATP binding pocket of Cdk2. Extracted from[START_REF] Galea | Regulation of cell division by intrinsically unstructured proteins; intrinsic flexibility, modularity and signaling conduits[END_REF] 

Figure 22 :

 22 Figure 22: Control of cell-cycle progression by p27Kip1 . In G1 phase cyclinD-CDK4/6 sequester p27 Kip1 allowing CyclinE/A-CDK2 to promote progression into S phase. p27 Kip1 inhibits CyclinA-CDK2 complexes and thus impairs S phase progression. G2/M transition requires CyclinB/E-CDK1 which is inhibited by p27 Kip1 .

Figure 23 :

 23 Figure 23: Regulation of G1/S transition. Upon mitogenic signals, CyclinD associate with CDK4/6 and initiate Rb phosphorylation. Cip/Kip proteins are sequestered by CyclinD-CDK4/6 complexes, allowing cyclinE-CDK2 to promote Rb hyperphosphorylation. Phosphorylated Rb releases E2F which activates genes required for G1/S transition (including CyclinE). Finally, CyclinE-CDK2 triggers p27 Kip1 proteolysis. Extracted from[START_REF] Sherr | CDK inhibitors: positive and negative regulators of G1phase progression[END_REF] 

Figure 24 :

 24 Figure 24: p27 Kip1 phosphorylation regulates subcellular localization and degradation. A: Thr187. CyclinE-CDK2 phosphorylates p27 Kip1 on Thr187 in the nucleus triggering its degradation by Skp2. B: Ser10. AKT, CDK5 and KIS can phosphorylate p27 Kip1 on Ser10 allowing binding to CRM1 and subsequent exportation to the cytoplasm where it can be degraded by KPC. C: Tyr74, 88 and 89. Phosphorylation of p27 Kip1 on Tyr74, 88 and 89 releases the inhibition of CyclinD-CDK4/6 complexes by liberating the catalytic site. D: Thr157 and 198. Phosphorylation of p27 Kip1 on Thr157 and 198 by AKT, p90RSK1, SGK, AMPK or PIM triggers association with 14-3-3 and blocks nuclear import. Extracted from[START_REF] Hnit | The International Journal of Biochemistry p27 Kip1 signaling: Transcriptional and posttranslational regulation[END_REF] 

Figure 25 :

 25 Figure25: Ras pathway activation. The growth-factor receptor tyrosine kinases (in red), following autophosphorylation, associates with the GEF Sos (in light green) via Grb2 (in grey) and SHC (in dark green). This leads to the recruitment of Sos to the plasma membrane, where RAS is located. Sos further replaces GDP by GTP thus activating the Ras pathway. Extracted from[START_REF] Downward | Targeting Ras signaling in cancer therapy[END_REF] 

Figure 26 :

 26 Figure 26: Rac pathway. Rac activates WAVE leading to actin polymerization. It also activates PAK which acts on filamin. Together with actin, filamin promotes lamellipodia. PAK induces LIMK activity which inhibits cofilin, an inhibitor of actin depolymerization. PAK also reduces myosin activity through inhibition of myosin kinase and directly myosin thus inhibiting stress fibers formation. Extracted from[START_REF] Burridge | Rho and Rac take center stage[END_REF] 

Figure 27 :

 27 Figure 27: RhoA pathway. RhoA activates ROCK which enhances myosin activity through direct phosphorylation of myosin and inhibition of myosin phosphatase. ROCK also activates LIMK which stabilizes actin through cofilin activation. RhoA activates mDia thus triggering actin polymerization.Extracted from[START_REF] Lessey | From mechanical force to RhoA activation[END_REF] 

Figure 28 :

 28 Figure28: p27 Kip1 regulates stathmin activity. p27 Kip1 inhibits stathmin activity directly and indirectly via Rac activation and inhibition of CDK activity. hKIS that phosphorylates p27 Kip1 , triggering export to the cytoplasm where stathmin is. p27 Kip1 thus inhibits the tubulin sequestration activity of stathmin, thereby regulating migration and proliferation. Extracted from[START_REF] Rubin | The role of Stathmin in the regulation of the cell cycle[END_REF] 

Figure 29 :

 29 Figure 29: p27 Kip1 regulates migration. Phosphorylation of S10 induces p27 Kip1 cytoplasmic localization while phosphorylation of T157 and/or T198 blocks nuclear import (phosphorylations are represented in yellow). (a) p27 Kip1 inhibits RhoA/ROCK pathway thus resulting in increased motility. (b) p27 Kip1 promotes Rac activation and induces migration. (c) Inhibition of RhoA by p27 Kip1 impairs actomyosin contractions thereby promoting nucleokinesis, neurite branching, and tangential migration. (d) p27 Kip1 binds to microtubules and induces their polymerization thus leading to neurite extension. (e) p27 Kip1 sequesters stathmin allowing microtubule stability and inhibiting migration.Extracted from[START_REF] Sharma | The non-canonical functions of p27 and tumor biology[END_REF] 

Figure 31 :

 31 Figure 31: CyclinE functions and regulation. CyclinE is regulated by CKI (p27 Kip1 and p21 Cip1 ), signal transduction pathways (PI3K/Akt), microRNAs (mir15a) and tumor suppressor pathways (p53 and Fbw7). CyclinE regulates G1 progression, histone biosynthesis, epigenetic, apoptosis, centrosome duplication and DNA replication through various targets. Regulation of CyclinE is represented by thin arrows and bold arrows represent CyclinE activity. Extracted from[START_REF] Siu | An integrated view of cyclin E function and regulation[END_REF] 
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 1 regarding quiescent neural stem cells; or neurogenic activity regarding the cell population expressing nuclear CyclinE. Odajima et al confirmed precedent findings and opened the door to more studies linking CyclinE with neurogenesis, synaptic function and regulation. They used mass spectrometric analysis and found CyclinE partners in embryonic brain. These partners share functions involved in neuron development, neurogenesis and regulation of synaptic plasticity. They also regulate microtubule-based processes and microtubule cytoskeleton in adult brains (Odijama et al., 2016). In the first part of my thesis, I characterized the APs distribution in the cell-cycle and their repartition within the depth of the VZ at different developmental stages in order to validate an indirect approach developed to study the coupling between cell-cycle and INM. The results led us to refine the definition of INM (chapter I: INM a refined definition, p75). In a second part, I overexpressed the C-terminal domain of p27 Kip1 in order to modify the migration of APs nuclei during INM and observed the cell-cycle progression was affected as well (Chapter II: Impact of p27 Kip1 C-terminal domain on INM, p96). In the last part, I overexpressed CyclinE in order to reduce G1 phase duration and therefore modify cell-cycle progression and observed that the migration of APs nuclei during INM was impacted as well (Chapter III: Impact of CyclinE overexpression on INM, p129).Chapter I: INM, a refined description Abstract In this chapter we have examined the coupling between cell-cycle progression and INM at different developmental stages. In a first step, we have validated an indirect cellcycle kinetics analysis based on cell-cycle phase specific immunolabelling. After having shown that this indirect approach returns cell-cycle phase variations identical to those reported in vivo in the literature, we have used it to study cell-cycle distribution of APs in the ventricular zone. In a second step, we have combined timelapse videomicrocopy at the single cell level with the above mentioned indirect static approach which allows to extract the INM behavior of the population of APs. Finally, we have analyzed the apical movement of INM throughout corticogenesis. Together, this study allows to refine the description of the apical movement of INM in the mouse developing cortex. Characterization of the cell-cycle distribution of APs using an indirect static approach ...................................................................................................... Experimental strategy ...................................................................................... Methods ........................................................................................................... Results .............................................................................................................. 2 INM study on electroporated APs ..............................................................
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Figure 32 :

 32 Figure 32: Discrimination of the different cell-cycle phases. A: Cell-cycle representation. PCNA labelling is represented in yellow, it is diffuse in G1, G2 and M phase and punctuated in S phase, Ki-67 labelling is represented in grey, it is punctuated is G1 and S phase and it is more diffuse in G2 and M phases. B: Example of immunolabeled APs within the different cell-cycle phases. We used Ki67 and PCNA antibodies to distinguish cell-cycle phases and DAPI to visualize nuclei. C: Examples of mitotic figures. Cells display different conformations during mitosis progression which are shown here in Ki67 and PCNA labelling. Scale bar = 2 µm.

Figure 33 :

 33 Figure 33: Example of immunolabeled brain slice at E16. DAPI staining allow to plot the cells and Ki67 and PCNA immunostainings allow to determine the limits of the VZ and to decipher between the different cell-cycle phases. Scale bar = 10 µm.

  We identified five distinct populations of cells based on their labeling: (i) cells whose nuclei exhibit small punctuate PCNA labeling (early S phase cells) (ii) nuclei with large punctuate PCNA labeling (late S phase cells); (iii) cells exhibiting the specific morphology of mitosis (M phase), (iv) among the remaining cells we distinguished cells with Ki67 dots throughout the nucleus (G1 phase) and (v) cells showing a more diffuse Ki67staining (G2 phase) as seen in figures 1B and 1C.

Figure 34 :

 34 Figure 34: Analysis of non-electroporated APs in the VZ at E12, E14 and E16. A: Proportion Ki67+ cells. There is a decrease of Ki67+ cells proportion through corticogenesis. We analyzed 693, 1156 and 868 DAPI cells of 4 E12 brains, 4 E14 brains and 4 E16 brains respectively. B: APs distribution within the cell-cycle.There is an increase of G1 phase cells along with a decrease of S phase cells through corticogenesis. We ploted 693, 1152 and 847 Ki67+ cells of 4 E12 brains, 4 E14 brains and 4 E16 brains respectively. Significance of the results was assessed using a Kruskal-Wallis test with E12 as control, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

  determine the distribution of GFP electroporated APs in the different cell-cycle phases, we implemented a triple immunolabeling against GFP, PCNA and Ki67 combined with the nuclear DAPI staining. To monitor the distribution in the cell-cycle phases of APs undergoing INM, wild type mouse embryos were electroporated in utero[START_REF] Osumi | Gene transfer into cultured mammalian embryos by electroporation[END_REF] at E15 after injection of a GFP expression plasmid in the lateral ventricle, targeted on the dorsolateral cortex. Following a 24 hour survival time, the embryonic brains were harvested. The GFP immunostaining allows to visualize the location and the morphology of electroporated nuclei and their progeny. The quadruple labeling against GFP, PCNA, Ki67 and DAPI was visualized under 4 channel confocal microscopy.Results:The immunolabeling revealed a wide distribution of S phase nuclei spanning the thickness of the VZ. Indeed, we observed S phase nuclei close to the ventricle. This prompted us to investigate in detail the repartition of S phase nuclei within the VZ depth. To do so, we used an automated program previously developed in the team, called Mouse eplot, which divides the VZ into equal horizontal bins. We computed the number of nuclei situated in each bin using their XY coordinates. Here we divided the VZ into 4 compartments and analyzed the distribution of PCNA punctuate as represented in figure35B.

Figure 35 :

 35 Figure 35: S and G2 phase repartition of wild type APs nuclei within the VZ depth at E16 as revealed by immunolabeling. A: S phase nuclei repartition in the VZ. We divided the VZ into 4 equal horizontal bins and assessed the proportion of S phase nuclei in each one. We analyzed 198 S phase APs in 4 different brains. Error bars represent the SEM. B: Schematic representation of punctuated PCNA nuclei repartition in the VZ. S phase nuclei are found in the upper 75% of the VZ. C: G2 phase nuclei repartition in the VZ. We divided the VZ into 4 equal horizontal bins and assessed the proportion of G2 phase nuclei in each bin. We analyzed 205 S phase APs in 4 different brains. Error bars represent the SEM. D: Schematic representation of diffuse Ki67 nuclei repartition in the VZ. G2 phase nuclei are found in the lower half of the VZ.

  recombinase at a low concentration, 0.0002 µg/µL (γ) and (ii) a plasmid carrying the PCNA-GFP fusion construct at a 0.5γ concentration. The transcription of PCNA-GFP is conditioned by the Cre expression nessecary to first delete the floxed polyA sequence preventing GFP transcription (figure36). Numerous cells receive the PCNA-GFP plasmid, but only those which also have the Cre plasmid will express PCNA-GFP.

Figure 36 :

 36 Figure 36: Clonal electroporation strategy. We co-electroporate two plasmids in E14 wild type embryos. The first one codes for the Cre protein and is at a 0.0002γ concentration. The second plasmid encodes the PCNA-GFP fusion protein and is at a 0.5γ concentration. When the Cre and the PCNA-GFP plasmids are in presence, the Cre removes the floxed polyA sequence -stop cassette-of the PCNA-GFP plasmid, allowing transcription and further PCNA-GFP expression.

Figure 37 :

 37 Figure 37: Apical movement of an AP nucleus. Videorecording performed with a two photon microscope 24 hours after in utero electroporation of PCNA-GFP plasmids at E14. We can observe an AP nucleus performing INM, at 36h after electroporation the cell is in S phase, at 36.5h we can observe the large PCNA dots, at 38h the nucleus starts the apical movement (see the elongated form), between 41.5h and 42h the cell enters in G2 phase (PCNA diffusion) and at 43h the cell divides (see the round morphology). Scale bar = 5 µm. n = 20

Figure 38 :

 38 Figure 38: Analysis of non-electroporated APs nuclei in the VZ at E12, E14 and E16 as revealed by immunolabeling. A: Late S APs nuclei repartition within the depth of the VZ.At early stages of neurogenesis, a majority of nuclei in late S are found higher in VZ compared to later stages. We ploted 81, 111 and 69 late S cells for E12, E14 and E16 conditions respectively. B: G2 APs nuclei repartition within the depth of the VZ. At early stages of neurogenesis G2 nuclei are found higher in VZ compared to later stages. We ploted 106, 247 and 93 late S cells for E12, E14 and E16 conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test with E12 as control, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 39 :

 39 Figure 39: Exemples of APs BrdU labelling. A: Figure extracted from Tamaï et al., 2007 showing an immunolabelling of E17 rat brain (corresponding to E15 mouse brain). Pax6 labelling is in red and BrdU labelling is in green, rats were sacrificed 15 min following BrdU injections. B: Figure obtained from the team showing an immunolabelling of E16 mouse brain. BrdU labelling is in white and GFP labelling is in green, mice were sacrificed 30 min following BrdU injections. In both experiments, we observed BrdU positive nuclei close to the ventricular border. Scale bar = 20 µm.

Figure 40 :

 40 Figure 40: Schematic representation of our current data on INM. A: Cell-cycle representation. G1 phase is represented in pink, S phase in green, G2 phase in blue and M phase in purple B: INM during the cell-cycle. During G1 phase the nucleus moves basally, stagnates near the VZ-SVZ border during early S phase. APs nuclei start their apical movement during late S phase and complete it during G2 phase before dividing at the ventricular border.

  the other hand, this change of behavior might impact cell fate[START_REF] Del Bene | Regulation of neurogenesis by interkinetic nuclear migration through an apical-basal Notch gradient[END_REF], as nuclei change position in different cell-cycle phases. using TLV combined with clonal electroporation on organotypic slice..99 Experimental strategy .............................................................................................. Results .................................................................................................................... Cell-cycle-specific static analysis on a population of APs ................................................ Experimental strategy ............................................................................................ Results .................................................................................................................... Location of APs within the depth of the VZ with respect to their cell-cycle phase following p27-wt-Cter overexpression ............................................................................... Cell-cycle distribution of APs following p27-wt-Cter overexpression .................... Important interactions between p27-Cter and MTs, RhoA and stathmin ............. 2 Impact of p27 kip1 C-terminal domain in p27 Kip1 lox/-APs .......................... Experimental strategy ............................................................................................ Results .................................................................................................................... p27 Kip1 protein amount comparison between p27 Kip1 lox /-and p27 Kip1 -/-APs .... KO of p27 Kip1 affects cell-cycle distribution but not INM ........................................ p27-Cter expression in p27Kip1 KO APs modifies INM and cell-cycle distribution Important interactions with p27 Kip1 for INM regulation ........................................ Important interactions with p27 Kip1 for cell-cycle progression .............................. Discussion .................................................................................................. p27-Cter modifies the coupling between cell-cycle progression and INM in WT embryos ................................................................................................................................. Disentangling the action of p27-wt-Cter overexpression from the effect of the reduced level of endogeneous p27 Kip1 ................................................................................................. Important binding sites of p27-Cter in the coupling between INM and cell-cycle progression ....................................................................................................................

  [START_REF] Tsunekawa | How to keep proliferative neural stem/progenitor cells: a critical role of asymmetric inheritance of cyclin D2[END_REF]. Numerous cells receive the GFP plasmid and the plasmid of interest, but only those expressing the Cre will express the GFP.

Figure 43 :

 43 Figure 43: Strategy of experimentation. We co-electroporate three plasmids in E14 wild type embryos. The first one codes for the Cre protein and is at a 0.0002γ concentration. The second plasmid encodes the GFP and is at a 0.5γ concentration. The last one codes for the one of the p27-Cter form or is left with an empty clonal site and is at a 0.5γ concentration. When the Cre and the GFP plasmids are in presence, the Cre cuts the polyA sequence of the GFP plasmid, allowing transcription and further GFP expression.

Figure 44 :

 44 Figure 44: APs behavior following p27-wt-Cter overexpression. A: Mean duration in hours of each INM phase of APs. We took into account cells that perform a rectilinear movement. Following p27wt-Cter GOF the mean duration of the basal movement is significantly reduced whereas the mean duration of the apical movement is increased compared to control. We used 20 APs of 7 brains in the control condition and 40 APs of 11 brains in the p27-wt-Cter GOF condition. B: APs mean cell-cycle duration in hours. The mean cell-cycle duration is not significantly different between the control condition and the GOF condition. We used 24 APs of 7 brains in the control condition and 43 APs of 11 brains in the p27-wt-Cter GOF condition. C: Mean velocity in µm/hours of the basal and the apical movements of APs. We took into account cells that perform a rectilinear movement. Following p27wt-Cter GOF the mean velocity of the basal movement is significantly increased compared to control. We used 20 APs of 7 brains in the control condition and 40 APs of 11 brains in the p27-wt-Cter GOF condition. Significance of the results was assessed using a Mann-Whitney test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 45 :

 45 Figure 45: Example of immunolabeled APs within the different cell-cycle phases. We used GFP antibodies to visualize electroporated cells, Ki67 and PCNA antibodies to distinguish cell-cycle phases and DAPI to visualize nuclei. Scale bar = 2 µm

Figure 46 :

 46 Figure 46: Overexpression of p27-wt-Cter modifies APs nuclei repartition in the depth of the VZ as revealed by immunolabelling. APs nuclei repartition in early S (A), late S (B) and G2 (C) at E17. The repartition is modified following p27-wt-Cter GOF, especially in late S phase with less nuclei in the[50-75] bin and more nuclei in the most apical bin. We analyzed the repartition of 744 and 223 early S phase nuclei, 361 and 143 late S phase nuclei and 472 and 168 G2 phase nuclei of 13 and 4 brains in the control and p27-wt-Cter conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 47 :

 47 Figure 47: Overexpression of p27-wt-Cter modifies APs cell-cycle progression as revealed by immunolabelling. Overexpression of p27-wt-Cter decreases G1 frequency and increases late S frequency. We analyzed the distribution of 3497 and 1033 cells of 13 brains in the control and the p27-wt-Cter conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 48 :

 48 Figure 48: Clonal electroporation strategy. We co-electroporate two plasmids in E15 p27 Kip1 lox/embryos. The first one codes for the protein of interest or is left with an empty clonal site and is at a 0.8γ concentration. The second plasmid codes for the Cre-IRES-GFP and is at a 1.2γ concentration. The Cre-IRES-GFP plasmid will KO the floxed p27 Kip1 allele and the cell will express GFP.

Figure 49 :

 49 Figure 49: Confocal quantification of p27 kip1 immunolabelling in the VZ and SVZ 24 hours after electroporation. A: Triple immunostaining against p27, GFP and DAPI. We quantified p27 Kip1 in p27 Kip1 lox/-brains electroporated with GFP or with Cre-IRES-GFP 24 hours after electroporation. p27 Kip1 intensity is reduced in the VZ (B) and the SVZ (C) 24 hours following p27 Kip1 KO. When we compare p27 Kip1 lox/-APs electroporated with GFP to p27 Kip1 lox/-APs electroporated with Cre-IRES-GFP, there is a significant reduction of p27 kip1 protein expression in both VZ and SVZ. We analyzed 274 cells in the VZ and 248 in the SVZ of 2 brains in the p27 +/-condition and 266 cells in the VZ and 241 cells in the SVZ of 2 brains in the p27 -/-condition. Significance of the results was assessed using a Mann-Whitney test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 51 :

 51 Figure 51: The C-terminal domain of p27 Kip1 modifies APs nuclei repartition. Nuclei repartition in early S (A) late S (B) and G2 (C) at E16 in the VZ as revealed by immunolabelling. There are less early S phase nuclei in the upper bin of the VZ and more early S phase nuclei in the lower half of the VZ. There are less late S phase nuclei in the upper half of the VZ and more late S phase nuclei in the lower bin of the VZ. Finally, there are less G2 phase nuclei in the [25-50] bin compared to p27 Kip1 +/progenitors. We analyzed the repartition of 318 and 423 early S phase nuclei, 172 and 146 late S phase nuclei and 127 and 72 G2 phase nuclei of 5 and 4 brains in the control and p27-wt-Cter conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 52 :

 52 Figure 52: APs distribution within the cell-cycle at E16 as revealed by immunolabelling. Expression of p27-wt-Cter in p27 Kip1 -/-progenitors leads to a decreased G1 phase population and increased early S and G2 phase populations compared to p27 Kip1 +/-progenitors. We analyzed the distribution of 1054 and 927 cells 5 and 4 brains in the control and p27-wt-Cter conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

  increases early S phase nuclei population (figure 53B) in the most basal bin and loss of interaction with MTs only (p27-4A-Cter) decreases late S phase cells population (figure 53C) in the most apical bin and increases it in the [50-75] bin as well as increases G2 phase nuclei population in the [25-50] bin (figure 53D). Loss of the p27-4A-87-190) decreases late S phase nuclei population in the most apical bin and increases it in the [25-50] bin (figure 53C).

  expressing conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test. P values: <0.05*, <0.01**, <0.005***.

  Figure 54: APs distribution within the cell-cycle at E16 as revealed by immunolabelling. A: APs distribution within the cell-cycle at E16 as revealed by immunolabelling. Loss of interaction with MTs decreases early S phase population and increases G2 phase cells population. Loss of interaction with both MTs and RhoA increases G1 phase cells population and decreases early S phase cells population. Loss of all three interactions increases G1, G2 and M phase cells populations and decreases early S phase cells population. We analyzed the distribution of927, 249, 156, 580, 96 and 418 cells 4, 2, 2, 4, conditions respectively. B: Different modified versions of p27-Cter. The five modified versions of p27-Cter and their interactions are represented. Significance of the results was assessed using a Kruskal-Wallis test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Table 3 :

 3 Summary of of APs distribution in the cell-cycle in the different conditions compared to the (p27Kip1 lox/-) APs. We analyzed the distribution of927, 249, 156, 580, 96 and 418 cells 4, 2, 2, 4, expressing conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test. P values: <0.05*, <0.01**, <0.005***.

  expressing conditions respectively. Significance of the results was assessed using a Kruskal-Wallis test. P values: <0.05*, <0.01**, <0.005***.

  actually a stronger effect of p27 Kip1 C-terminal domain. I observed that early S, late S and G2 phase nuclei are found significantly lower in the VZ as depicted on figure 56 (see also supplementary figure 2, p211-212). Hence, in absence of endogenous p27 Kip1 , p27-Cter have a stronger impact on INM.

Figure 56 :

 56 Figure 56: Summary cartoon showing that S and G2 phases nuclei are found lower in the depth of the VZ in absence of endogeneous p27Kip1 . There are significantly more early S, late S and G2 phase nuclei in the most apical bin following expression of p27-wt-Cter in p27 -/-APs 24 hours after electroporation compared to overexpression of p27-wt-Cter in p27 +/+ APs 48 hours after electroporation.

Figure 57 :

 57 Figure 57: Schematic representation illustrating that cell-cycle progression is modified following p27-wt-Cter overexpression. Overexpression of p27-wt-Cter in WT APs reduced G1-phase relative duration and increased late S-phase relative duration compared to control p27 +/+ APs.Overexpression of p27-wt-Cter in p27 Kip1 -/-APs reduced G1-phase relative duration, increased early S-phase relative duration and decreased G2 phase relative duration.

Figure 58 :

 58 Figure 58: Human C-terminal domain of p27 Kip1 protein: post-translational modifications and direct interactions. The C-terminal domain is represented in pink. The NLS is located from AA 152 to 169. Phosphorylations are represented by black circles, acetylation by a white circle and sumoylation by a grey circle. Adapted from[START_REF] Sharma | The non-canonical functions of p27 and tumor biology[END_REF] 

Figure 59 :

 59 Figure 59: p27-wt-Cter overexpression in APs influences the coupling between cell-cycle progression and INM through interaction withMTs and RhoA. G1 phase and possibly the basal movement are under the control of p27-Cter interacting with RhoA and MTs, the beginning of the apical movement and early S phase are under the control of p27-Cter interacting with RhoA and MTs. The last portion of the apical movement is under the control of p27-Cter interacting with MTs.

  electroporated three plasmids: (i) a plasmid containing the Cre recombinase at a low concentration (0.0002γ) (ii) a plasmid containing the GFP coding gene at a 0.5γ concentration and (iii) either an empty plasmid for the control condition or a CyclinE expression plasmid at a concentration of 0.5γ. The transcription of GFP is conditioned by the Cre expression necessary to remove the floxed polyA sequence that normally prevents GFP transcription (figure60). Numerous cells receive the GFP plasmid and the plasmid of interest, but only those which also have the Cre will express the GFP.

Figure 60 :

 60 Figure 60: Strategy of experimentation. We co-electroporate three plasmids in E14 wild type embryos. The first one codes for the Cre protein and is at a 0.0002γ concentration. The second plasmid encodes the GFP and is at a 0.5γ concentration. The last one codes for the CyclinE protein or is left with an empty clonal site and is at a 0.5γ concentration. When the Cre and the GFP plasmids are in presence, the Cre removes the floxed polyA sequence -stop cassette-of the GFP plasmid, allowing transcription and further GFP expression.

Figure 61 :

 61 Figure 61: Progenitors cell-cycle duration as revealed by TLV analysis. A: Table representing the mean cell-cycle duration. Tc in hours for each progenitor type in each condition are represented. B: Boxplot representing the repartition of APs cell-cycle duration. The mean cell-cycle duration is represented by the bold line. The Tc of CyclinE GOF APs is significantly reduced compared to control.We used 19 APs and 1 BP of 3 brains in the control condition and 29 APs and 15 BPs of 4 brains in the CyclinE GOF condition. Significance of the results was assessed using a Mann-Whitney test.

Figure 62 :

 62 Figure 62: INM phases duration is not modified in CyclinE overexpressing APs A: Table representing the mean duration in hours of each INM phase. The duration is expressed in hours. We took into account APs nuclei performing a rectilinear movement. B: Boxplot analysis of the basal phase duration. The mean basal phase duration is represented by the bold line. There is no significant difference between control APs and APs overexpressing CyclinE. C: Boxplot analysis of the apical phase duration. The mean apical phase duration is represented by the bold line.There is no significant difference between control APs and APs overexpressing CyclinE. We used 19 APs of 3 brains in the control condition and 29 APs of 4 brains in the CyclinE GOF condition. Significance of the results was assessed using a Mann-Whitney test.

Figure 63 :

 63 Figure 63: INM velocity is modified in APs overexpressing CyclinE. A: Table representing the mean velocity of the basal and the apical movements.The velocity is expressed in µm/h. We took into account nuclei that perform a rectilinear movement. B: Boxplot analysis of the basal movement velocity. The mean basal movement velocity is represented by the bold line. Although there is no significant difference between control APs and APs overexpressing CyclinE, the velocity is decreased. C: Boxplot analysis of the apical movement velocity. The mean apical movement velocity is represented by the bold line. Although there is no significant difference between control APs and APs overexpressing CyclinE, the velocity is slightly increased. We used 19 APs of 3 brains in the control condition and 29 APs of 4 brains in the CyclinE GOF condition. Significance of the results was assessed using a Mann-Whitney test.

  summary, the time-lapse analysis implemented on individual precursors has revealed that CyclinE overexpression exerts multiple effects on APs behavior by impacting cell-cycle duration, INM dynamics and progenitors fate. Specifically, we have observed that CyclinE overexpression leads to: (i) a significant decrease of APs cell-cycle duration, (ii) a modification of the basal movement velocity, (iii) a modification INM linearity and (iv) an increase of BPs production.

Figure 65 :

 65 Figure 65: Example of immunolabeled APs in the different cell-cycle phases. We used GFP antibodies to visualize electroporated cells, Ki67 and PCNA antibodies to distinguish cell-cycle phases and DAPI to visualize nuclei. Scale bar = 2 µm.

Figure 66 :

 66 Figure 66: Example of immunolabeled brain sections for each condition. Ki67, PCNA, GFP and DAPI immunostainings allow to visualize a mixed zone between VZ and SVZ in the CyclinE GOF condition, where bipolar and multipolar cells are localized, whereas in the control condition VZ and SVZ are easily delimited. Scale bar = 10 µm

Figure 67 :

 67 Figure 67: Progenitors distribution in the cell-cycle at E16 as revealed by immunolabeling. A: APs. B: BPs There is a decrease of G1 phase frequency and an increase of S and G2 phase frequencies following CyclinE GOF. We analyzed 472 and 319 cells in the VZ and 148 and 107 cells in the SVZ of 3 control brains and 4 CyclinE GOF brains respectively. Significance of the results was assessed using a Mann-Whitney test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 68 :

 68 Figure 68: CyclinE modifies the INM behavior of APs nuclei. Repartition of early S (A), late S (B), G2 (C) and G1 (D) nuclei within the depth of the VZ as revealed by immunolabeling. Following CyclinE GOF, there are significantly less early S phase nuclei in the [50-75] bin of the VZ, less late S phase nuclei in the most basal bin and less late S phase nuclei in the [50-75] bin of the VZ, more G2 phase nuclei in the [25-50] and [75-100] bins and less G1 phase nuclei in the [50-75] bin compared to control progenitors. We analyzed the repartition of 141 and 82 early S phase nuclei, 55 and 116 late S phase nuclei, 29 and 63 G2 phase nuclei and 194 and 23 G1 phase nuclei of 3 control brains and 4 CyclinE GOF brains respectively. Significance of the results was assessed using a Mann-Whitney test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 69 :

 69 Figure 69: Example of immunolabeled brains 48 hours after electroporation. GFP, PH3, Ki67 and DAPI immunostainings allow to visualize more abventricular divisions in the CyclinE GOF condition. Scale bar = 10 µm.

Figure 70 :

 70 Figure 70: APs position during mitosis. There are more abventricular divisions 48h after CyclinE overexpression. We ploted 297 dividing APs of 8 brains and 302 dividing APs of 8 brains 24h after electroporation and 339 dividing APs of 10 brains and 351 dividing APs of 8 brains 48h after electroporation in the control and CyclinE GOF conditions respectively. Significance of the results was assessed using a Mann-Whitney test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

Figure 71 :

 71 Figure 71: Angles of dividing APs. A: Angles values of mitotic APs analysed on TLV aquisitions. We measured the angle in degree (°) of dividing APs. We used 8 cells of 3 brains and 10 cells of 3 brains in the control and the CyclinE GOF conditions respectively. B: Angles values of mitotic APs analysed on confocal acquisition.We measured the angle in degree (°) of dividing APs. We used 3 cells of 2 brains and 5 cells of 3 brains in the control and the CyclinE GOF conditions respectively. There are less angles with a value between 75 and 90° after CyclinE overexpression. We took into account cells in anaphase and telephase.

Figure 72 :

 72 Figure 72: Example of immunolabeled brain slices of each condition 24 hours after electroporation. GFP, Pax6, Tbr2 and Ki67 immunostainings allow to visualize more Tbr2 positive cells and more Ki67 positive cells after CyclinE overexpression. Scale bar = 10 µm.

Figure 73 :

 73 Figure 73: Pax6, Tbr2 and Ki67 markers expression in the VZ (A) and in the SVZ (B). We analyzed 1068 of 3 brains and 594 GFP cells of 3 brains in the VZ and 464 GFP cells of 3 brains and 404 GFP cells of 3 brains in the SVZ in the control and the CyclinE GOF conditions respectively. Significance of the results was assessed using a Mann-Whitney test, error bars represent the SEM. P values: <0.05*, <0.01**, <0.005***.

  and Pax6+/Tbr2-/Ki67+ which are APs. We found significantly more Pax6+/Tbr2-/Ki67+ after CyclinE overexpression, indicating an increase of APs production in the VZ. In the SVZ we observed significantly more Pax6+/Tbr2+/Ki67+ (newborn BPs), more Pax6-/Tbr2+/Ki67+cells (BPs), less Pax6+/Tbr2-/Ki67+ (APs) and less Pax6-/Tbr2-/Ki67-(post-mitotic neurons) cells after CyclinE overexpression, indicating an increased BPs production and less differentiative divisions. Altogether, our results show that CyclinE overexpression impacts APs behavior at multiple levels as it induces: (i) a reduction in cell-cycle length, (ii) alterations of cell-cycle distribution, (ii) an alteration of INM dynamics, including changes in velocities and linearity of the apical and basal movements. We also observed an increased generation of APs in the VZ, an increased BPs production in the SVZ and decreased production of post-mitotic neurons. This is in agreement with the observed modification of the cleavage plane orientation and the increased rates of abventricular divisions. These findings are presented in figure 74.

Figure 74 :

 74 Figure 74: Schematic representation of CyclinE actions on progenitors during neurogenesis. We show that CyclinE regulates cell-cycle progression, INM basal and apical movements, division plan, mitotic localization and APs, BPs and neurons production.

Figure 75 :

 75 Figure 75: Schematic representations of cell-cycle progression in control and CyclinE GOF APs.Following CyclinE overexpression cell-cycle is significantly shorter with a drastically reduced G1 phase and increased S, G2 and M phases.

  hours. A: Extrapolated durations from the present study in the control and CyclinE GOF conditions. We obtained mean T C from videorecordings and we estimated T G1 , T S , T G2 and T M using cell proportions obtained from immunolabeling experiments. B: Comparison of control VZ progenitors cell-cycle parameters between previous studies and the present study. We indicated the method used to calculate the different cell-cycle phases durations and the embryonic stage of the analyzed brains. Our study provides different cellcycle parameters values from previous studies which can be attributed to the method used. T C = cellcycle duration; T G1 = G1 phase duration; T S = S phase duration; T G2 = G2 phase duration; T M = M phase duration.

Figure 76 :

 76 Figure 76: Schematic INM progression during the cell-cycle in control and CyclinE GOF progenitors. Following CyclinE overexpression INM is modified with the basal phase taking place during G1 and early S phases of the cell-cycle and the apical phase starting as the nucleus already entered G2 phase. The nucleus of APs CyclinE GOF does not reach the VZ-SVZ border during INM.

(

  figure 73 shows a reduction of Pax6-/Tbr2-cells after CyclinE overexpression). Thus, we hypothesize that CyclinE influences cell fate through several mechanisms including cell-cycle phases duration, cleavage plane orientation and INM modifications (figure 77).

Figure 77 :

 77 Figure 77: Schematic representation of the regulation of the BPs pool by CyclinE. CyclinE regulates cell-cycle progression, INM and division which leads to an increased BPs production and thus an augmentation of SVZ thickness.

Figure 78 :

 78 Figure 78: Impact of p27-Cter and CyclinE on the coupling between cell-cycle and INM. p27-Cter modifies INM through microtubules polymerization and RhoA signaling which in turn affects cellcycle progression. CyclinE modifies cell-cycle progression, resulting in INM changes. Therefore there is a coupling between cell-cycle and INM. When a parameter is modified the other parameter is adjusted accordingly.

  photobleaching.
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  Rujano et al found that INM in the Drosophila optic lobe requires myosin II. The Abnormal Spindle Microtubules Assembly (ASPM) orthologue Abnormal Spindle Protein (ASP) interacts with myosin II at the basal side of the neuroepithelium. ASP controls myosin II polarization and, following disruption, the apical movement is impaired

  Yarmand et al showed that CyclinE overexpression impairs mitotic progression through premature activation of Cdc25C and deregulation of CyclinB/CDK1 as well as PLK1 activities(Bagheri-Yarmand et al., 2010). More recently, Capechi and Pozner uncovered a role for CyclinE in the regulation of symmetric stem cell division. Indeed, ASPM tunes CyclinE ubiquitination, thus controlling restriction point progression and stem cell maintenance(Capechi and Pozner, 2015).
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Table 5 : Number of progenitors tracked in each condition (N).

 5 In the control condition, we observed that 93% of tracked progenitors are APs and 7% are BP whereas in the CyclinE GOF condition 80.2% of the tracked progenitors are APs and 19.8% of cells are BPs. We tracked 71 progenitors of 3 brains in the control condition and 93 progenitors of 4 brains in the CyclinE GOF condition.
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Supplementary figure 1 

Chapter II: Impact of p27 Kip1 C-terminal domain on INM Abstract

The C-terminal domain of p27 Kip1 was recently described to be involved in the regulation of migration. The objectives of this study are twofold: (i) to characterize the role of the p27 Kip1 C-terminal domain on the dynamics of INM, (ii) to explore if and how the p27-Cter-induced modifications of INM in turn trigger cell-cycle modifications. This will shed light on the coupling between INM and cell-cycle progression. In a first step, we analyzed the impact of p27-Cter in wild-type APs and observed a significant impact on INM without significant cell-cycle changes. We hypothesized that the endogenous full length p27 Kip1 may mask the effect of p27-Cter overexpression. Therefore, we analyzed p27-Cter impact in p27 Kip1 KO APs and dissected the relative contribution of the interactions between p27-Cter and microtubules, RhoA and stathmin. We conclude that the C-terminal domain of p27 Kip1 affects INM as well as cell-cycle progression and that microtubules regulation by p27-Cter is a key player in this process.

Chapter III: Impact of CyclinE overexpression on INM

Abstract

CyclinE is known to influence cell-cycle progression. In this chapter we assessed whether the CyclinE-induced shortening of the G1 phase impacts INM. We used two complementary approaches. First, an ex vivo time lapse approach on an organotypic slice of the VZ allowing a single cell analysis to collect data on cell-cycle duration, APs fate and duration and velocity of the basal and apical INM phases. Second, we used an immunolabeling approach on fixed tissue allowing an analysis of a population of progenitors to collect data on relative variation 

CyclinE overexpression alters the directionality of INM apical and basal movements

We analyzed the linearity of INM movements during the basal and apical phases. We used APs nuclei that were monitored during a complete cell-cycle and we measured the angles between the vector that connect two points (one point at the center of the nucleus in each acquisition) and the ventricular border. The angle values range between 0 and 90° and the closest it is from 90°, the more radial the vector is. This analysis revealed that during the basal movement, there are significantly less angle values between 0 and 15° after CyclinE overexpression (4.4% and 2.1% in the control and CyclinE GOF conditions respectively). Although not significant, there are also more angle values between 75 and 90° following CyclinE overexpression (41.1% and 51.2% in the control and CyclinE GOF conditions respectively) (Figure 64A). The apical movement exhibits significantly more angle values between 75 and 90° (31.2% and 50.5% in the control and CyclinE GOF conditions respectively) and significantly less angle values between 15 and 30° following CyclinE (2.2% and 8.6% in the control and CyclinE GOF conditions respectively) (Figure 64B). CyclinE GOF leads to a more radial INM and this is especially observed during the apical movement.

Annexes Supplementary figure 1: There are no major modifications of nuclei repartition 24h after overexpression of p27-Cter different forms. VZ progenitors nuclei repartition late S (A) and G2 (B) in the VZ.

We analyzed the repartition of 85,190,78,104 and 101 late S phase nuclei and 129,275,113,87 and 109 G2 phase nuclei of 4,4,6,4, Regarding the cell-cycle progression, the greatly reduced G1 phase relative duration observed after overexpression of p27-wt-Cter in p27 Kip1 -/-progenitors is not a consequence of the KO of the second allele of p27 Kip1 . Indeed, in the control condition (p27 Kip1 +/-), 36.8% of the VZ progenitors are in G1 and in the p27 -/-condition, 39.7 % of the VZ progenitors are in G1. Following p27-wt-Cter overexpression in p27 Kip1 -/-VZ progenitors only 19.7% of cells are in G1. The G1 phase relative duration following the KO of p27 Kip1 is slightly superior to the control condition whereas p27 Kip1 -/-APs overexpressing p27-wt-Cter have significantly increased G1 relative duration, thereby indicating that G1 phase reduction is triggered by p27-Cter expression and not p27 Kip1 KO.

Supplementary figure 2: S and G2 phases nuclei are found lower in the VZ in absence of endogeneous p27 Kip1 . Progenitors nuclei repartition in early S (A) late S (B) and G2 (C) in the VZ as revealed by immunolabelling. There are significantly more early S, late S and G2 phase nuclei in the most apical bin following expression of p27-wt-Cter in p27

By contrast, the augmented early S phase relative duration observed after overexpression of p27-wt-Cter in p27 Kip1 -/-progenitors is, at least partly, a consequence of A B C p27 Kip1 KO. Indeed, early S phase relative duration was significantly reduced following p27 Kip1 KO (see figure 9C) whereas overexpression of p27-wt-Cter in wt progenitors did not affect early S phase relative duration. However the effect on early S phase frequency is more accurate following p27-wt-Cter overexpression in p27 Kip1 -/-progenitors (30.6% in the control condition, 43.5% in in the p27 -/-condition and 50.8% in the p27-wt-Cter expressing condition).

Late S phase relative duration is not modified following overexpression of p27-wt-Cter in p27 Kip1 -/-progenitors, when is was increased following overexpression of p27-wt-Cter in WT progenitors. p27 Kip1 KO significantly reduced late S phase relative duration compared to control. Supposedly, overexpression of p27-wt-Cter in p27 Kip1 -/-progenitors permitted to reestablish the control late S phase duration.

G2 phase relative duration is reduced following overexpression of p27-wt-Cter in p27 Kip1 -/-progenitors, when is was not modified following overexpression of p27-wt-Cter in WT progenitors. p27 Kip1 KO significantly reduced G2 phase relative duration compared to control.

The same way, overexpression of p27-wt-Cter in p27 Kip1 -/-progenitors permitted to get closer to the control G2 phase duration (12.5% in the control condition, 5.5% in in the p27 -/condition and 8% in the p27-wt-Cter expressing condition). 

Supplementary figure 3: Loss of interaction with microtubules affects S and G2 phase as well as the apical movement. Repartition of late S (A) and G2 (B) phase VZ progenitors nuclei at E16 as revealed by immunolabelling. Following expression of p27-4A-Cter expression in p27

Supplementary figure 4: Loss of interaction with microtubules and RhoA restores cell-cycle progression and modifies S phase nuclei repartition. Repartition of early S (A) and late S (B) phase VZ progenitors nuclei at E16 as revealed by immunolabelling.

We analyzed the repartition of early S phase nuclei and 172,146,19 and 76 late S phase nuclei of 5,4,1 and 4 brains in the control , conditions respectively. C: VZ progenitors distribution within the cell-cycle at E16 as revealed by immunolabelling. Overexpression of p27-4A-Cter in p27 Kip1 -/-VZ progenitors result in a cell-cycle similar to the control condition. We analyzed the repartition of 1054, 927, 96 and 418 cells of 5, 4, 1 and 4 brains in the control , p27-wt-Cter, p27-4A-Cter-87-171 and p27-4A-Cter-87-190