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_________________________________________________________________ RESUME en français

Au cours du développement du néocortex, les précurseurs neuronaux prolifèrent dans les zones germinales bordant les ventricules. Les neurones post mitotiques migrent ensuite radialement vers la surface du cortex. Par vagues successives, ils se positionnent dans la plaque corticale pour former six couches corticales. La cytoarchitecture du néocortex repose sur la coordination spatiotemporelle de deux processus: la production d'un nombre approprié de neurones via la régulation du cycle cellulaire et leur migration radiale.

La première partie de cette thèse caractérise la dynamique de migration radiale dans des aires présentant des taux de production neuronale différents: les aires visuelles adjacentes 17 et 18 du primate. Les couches supragranulaires de l'aire 17 sont plus développées que celles de l'aire 18, différence due à un taux de prolifération et de production neuronale plus élevés dans l'aire 17 aux stades embryonnaires E77 80 (Lukaszewicz et al., 2005). La cinétique de la migration radiale a été étudiée sur des neurones exprimant l'EGFP, après électroporation ex vivo et enregistrements en vidéomicroscopie bi photonique sur des tranches organotypiques maintenues en culture jusqu'à 15 jours. La vitesse de migration est plus élevée dans l'aire 17 que dans l'aire 18, indiquant une congruence entre les variations aire spécifiques des taux de prolifération et de migration neuronale.

La deuxième partie concerne l'étude des mécanismes cellulaires et moléculaires qui sous tendent la régulation coordonnée de la prolifération et de la migration. La protéine p27 kip1 est susceptible de jouer un rôle important puisque ce régulateur de la progression du cycle cellulaire promeut aussi la migration cellulaire et neuronale (Besson et al., 2004b;Nguyen et al., 2006a). Dans le cytoplasme, le domaine C terminal de p27 kip1 inhibe la GTPase RhoA, induisant des modifications du cytosquelette d'actine. Cette double fonction prend toute son importance pendant la prolifération des précurseurs de la zone ventriculaire, dont les noyaux effectuent un mouvement stéréotypé de migration intercinétique (INM), synchronisé avec les phases du cycle cellulaire. Différentes formes mutantes de p27 kip1 ou des shRNA ont été électroporés dans des embryons murins à E14 15, pour modifier le niveau d'expression de p27 kip1 spécifiquement dans les neuroblastes. Sur des tranches organotypiques de cortex, des observations en vidéomicroscopie bi photonique ont permis d'observer les divisions successives de différents types de précurseurs, la cinétique de l'INM et de la migration radiale des neurones produits. p27 kip1 affecte l'INM, promeut les divisions différenciatives et la migration radiale des neurones, via son domaine C terminal. p27 kip1 se place donc au sein d'un réseau d'acteurs moléculaires contrôlant conjointement, et de façon aire spécifique, les cycles successifs de divisions des précurseurs corticaux, ainsi que le comportement migratoire des neurones qui en sont issus.

___________________________________________________________________________ TITRE en anglais

Coordination of neuronal proliferation and migration

during corticogenesis: role of p27 kip1

___________________________________________________________________________ RESUME en anglais

During corticogenesis, neuronal precursors proliferate in the germinal zones lining lateral ventricules. Post mitotic neurons then migrate radially towards the cortical surface. Through successive waves, they settle in the cortical plate to form the future 6 layered cortex. Cortical cytoarchitecture relies on the spatiotemporal coordination of neuronal production rate, cell cycle control and neuronal radial migration.

In the first part of this PhD project, variations in the neuronal migration dynamics were characterized in cerebral areas displaying different rates of neuronal production: the adjacent visual areas 17 and 18 in the primate. In area 17, supragranular layers are more developed than in area 18, due to a higher proliferation and neuronal production rates in area 17 between E77 80 (Lukaszewicz et al., 2005). Radial migration kinetics of EGFP expressing neurons was recorded through two photon videomicroscopy, after ex vivo electroporation and on organotypic slices maintained up to 15 days in culture. Migration velocity is higher in area 17 than 18, indicating that area specific variations of proliferation and migration rates are congruent during corticogenesis.

The second part focused on the molecular mechanisms underlying the coordinated regulation of proliferation and migration. p27 kip1 is a candidate protein, as this cell cycle regulator also promotes cellular and neuronal migration (Besson et al., 2004b;Nguyen et al., 2006a). In the cytoplasm, p27 kip1 C terminal domain inhibits RhoA GTPase, leading to modifications of the actin cytoskeleton. This dual function could play a major role during the proliferation of the ventricular zone precursors cells, whose nuclei undergo a stereotyped Interkinetic Nuclear Migration (INM), synchronized with the cell cycle phases. Several mutant forms of p27 kip1 or shRNA were electroporated in mice embryos at E14 15, in order to modify p27 kip1 expression level specifically into neuroblasts. Two photon videomicroscopy recordings were performed on cortical organotypic slices, in order to observe successive divisions of different types of progenitors, the INM kinetics, as well as the radial migration dynamics of produced neurons. p27 kip1 affects INM, promotes differentiative divisions and neuronal radial migration, through its C terminal domain. p27 kip1 is thus part of a molecular network finely tuning the successive rounds of divisions of precursor cells, as well as the migratory behaviour of the newly born neurons. 
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Introduction I. Mammalian corticogenesis: an overview

The cerebral cortex is a highly specialized brain region derived from the dorsal telencephalon, which is responsible for higher order cognitive functions in mammals.

The cerebral cortex is organized into six horizontal cellular layers and is regionally subdivided into specialized areas. Each layer contains neurons that share common features including gene expression, birth date, morphologies and patterns of connectivity (for a review see [START_REF] Hevner | Beyond laminar fate: toward a molecular classification of cortical projection/pyramidal neurons[END_REF][START_REF] Rash | Area and layer patterning in the developing cerebral cortex[END_REF]. The laminar organization of the cerebral cortex arises as a consequence of the sequential birth [START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: a developmental study based upon [3H]thymidine autoradiography[END_REF] and orderly migration of neurons produced in the cortical germinal zones [reviewed in [START_REF] Gupta | Life is a journey: a genetic look at neocortical development[END_REF]].

Mouse corticogenesis

In the mouse, corticogenesis lasts from embryonic day 11 (E11) to E19 (Fig. 1). The telencephalic primordium is composed of neuroepithelial stem cells which are elongated bipolar cells that form a homogeneous pseudo stratified 'germinal epithelium'. This neuroepithelium lines the third ventricule of the emerging telencephalic vesicle, and is thus named the ventricular zone (VZ) (Fig. 1). Early proliferation, through proliferative symmetric divisions, increases the pool of neuroepithelial cells, as well as the surface area and thickness of the VZ. The onset of neurogenesis at E11 (Garcia [START_REF] Moreno | Origins and migratory routes of murine Cajal Retzius cells[END_REF] is marked by the switch to an asymmetric mode of division [START_REF] Chenn | Cleavage orientation and the asymmetric inheritance of Notch1 immunoreactivity in mammalian neurogenesis[END_REF][START_REF] Rakic | A small step for the cell, a giant leap for mankind: a hypothesis of neocortical expansion during evolution[END_REF], giving rise to one progenitor cell and one neuron [START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]Takahashi et al., 1995b). The first generated neurons settle in a narrow zone above the neuroepithelium, termed the preplate (PP) [START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: a developmental study based upon [3H]thymidine autoradiography[END_REF] (Fig. 1). The preplate contains early appearing Cajal-Retzius cells, GABAergic neurons and pioneer neurons which are generated outside the cortex [START_REF] Meyer | Embryonic and early fetal development of the human neocortex[END_REF]. At E12 E13, some dividing cells appear at the basal border of the VZ [START_REF] Smart | Proliferative characteristics of the ependymal layer during the early development of the mouse neocortex: a pilot study based on recording the number, location and plane of cleavage of mitotic figures[END_REF], creating a new proliferative compartment above the VZ, named the subventricular zone (SVZ) (Fig. 1). Precursors within the SVZ are randomly organized, contrasting with VZ compact radial organization. In the emerging neocortex, neurons generated after E13 settle in the middle of the preplate to form the cortical plate (CP), thereby splitting the preplate into an outer marginal zone (MZ) and an inner sub plate (SP) [START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: a developmental study based upon [3H]thymidine autoradiography[END_REF][START_REF] Padilla | Dual origin of the mammalian neocortex and evolution of the cortical plate[END_REF] (Fig. 1). The subplate is a transient compartment where thalamocortical and corticocortical fibres are found [START_REF] Hoerder Suabedissen | Novel markers reveal subpopulations of subplate neurons in the murine cerebral cortex[END_REF][START_REF] Wang | Subplate in the developing cortex of mouse and human[END_REF], for a review see (Molnar et al., 2006)). As corticogenesis proceeds, newly glutamatergic generated postmitotic neurons migrate radially from the germinal compartments, through the SP, to settle in the CP (Fig. 1). Neuronal migration occurs according to an inside out pattern, with later born neurons bypassing earlier born neurons and settling in more superficial layers [START_REF] Angevine | Autoradiographic study of cell migration during histogenesis of cerebral cortex in the mouse[END_REF][START_REF] Sidman | Neuronal migration, with special reference to developing human brain: a review[END_REF].The five layers derived from the CP together with the MZ constitute the six layered neocortex. The earliest born neurons occupy the deep layer 6, and the last born neurons become the superficial layer 2 (MZ becomes layer 1).

Fig. 1: Anatomical organization of the mouse embryonic cortex, during cortical neurogenesis that lasts 8 days. CP: cortical plate, FL: fibre layer, MZ: marginal zone, PP: preplate, SP: subplate, SVZ: subventricular zone, VZ: ventricular zone. Adapted from [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].

Cortical progenitor types

All pyramidal neurons of the mammalian neocortex derive, directly or indirectly, from two germinal zones (GZ), the ventricular zone (VZ) and the subventricular zone (SVZ). These two GZ contain two main types of precursors that differ in their morphology and proliferative features (Fig. 2).

a. Radial Glial Cells (RGCs) or Apical Progenitors (APs)

RGCs are derived from the original neuroepithelial (NE) cells, from which they inherit certain characteristic features. Both NE cells and RGCs undergo mitosis at the ventricular (apical) border of the VZ, and are named "apical progenitors» (APs). Like NE cells, RGCs exhibited a very elongated morphology, with a ''pearl on a string'' shape. They have two extremely thin radial processes [START_REF] Rakic | Specification of cerebral cortical areas[END_REF] and exhibit apical-basal polarity, with an apical end foot at the ventricular surface and a basal end foot at the basal lamina of the pia [START_REF] Gotz | The cell biology of neurogenesis[END_REF][START_REF] Huttner | Asymmetric division and polarity of neuroepithelial cells[END_REF][START_REF] Miyata | Development of three dimensional architecture of the neuroepithelium: role of pseudostratification and cellular 'community[END_REF] (Fig. 2). The apical and basal plasma membranes constitute only a minor proportion of the cell surface [reviewed in [START_REF] Farkas | The cell biology of neural stem and progenitor cells and its significance for their proliferation versus differentiation during mammalian brain development[END_REF]]. APs nevertheless exhibit a clear polarity with localized concentration of various transmembrane proteins, cell polarity proteins, tight junctions and adherens junctions at the apical pole, and receptors for constituents of the basal lamina at the basal pole [reviewed in [START_REF] Gotz | Radial glial cells defined and major intermediates between embryonic stem cells and CNS neurons[END_REF][START_REF] Gotz | The cell biology of neurogenesis[END_REF]]. An important subcellular component found in the apical end foot is the centrosome, crucial for mitosis at the apical border. Of note, the basal process maintains its contact with the pia and hence lengthens concomitant with the thickening of the neuronal layers. The very long processes of RGCs, spanning the entire cortical wall, have led RGCs to be considered for many years as a major scaffold for neuronal radial migration [START_REF] Rakic | Guidance of neurons migrating to the fetal monkey neocortex[END_REF]. Later, RGCs have been shown to be the early precursors of both neurons and glial cells [START_REF] Malatesta | Isolation of radial glial cells by fluorescent activated cell sorting reveals a neuronal lineage[END_REF][START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]. Despite their extremely elongated morphology, RGCs cell bodies are restricted to the VZ [START_REF] Heins | Glial cells generate neurons: the role of the transcription factor Pax6[END_REF]Miyata et al., 2004;[START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]. Their nuclei perform a characteristic cell cycle dependent up and down movement, called interkinetic nuclear migration (INM) [START_REF] Sauer | Mitosis in the neural tube[END_REF]Takahashi et al., 1993). RGCs undergo S phase with their nuclei at the basal side of the VZ and M phase at the apical side. INM will be described more in detail p17. Virtually all APs are positive for Pax6, a transcription factor specifically expressed by neuroepithelial and radial glial cells and involved in their proliferation and neurogenesis [START_REF] Gotz | Pax6 controls radial glia differentiation in the cerebral cortex[END_REF][START_REF] Sansom | The level of the transcription factor Pax6 is essential for controlling the balance between neural stem cell self renewal and neurogenesis[END_REF].

Besides RGCs, a second type of APs: the short neural precursors (SNPs) have also been described. SNPs possess a ventricular end foot and a basal process of variable length that is retracted during mitotic division (Gal et al., 2006;Stancik et al., 2010) (Fig. 2).

b. Intermediate Progenitor Cells (IPCs) or Basal Progenitors (BPs)

BPs are a secondary class of progenitor cells that originate from APs from which they differ in many respects. BPs are not located in the VZ but further basally, in the SVZ. Born at the ventricular border, they delaminate to translocate their nucleus to the basal region of the VZ. Then they lose the bipolar structure, retracting both their apical and basal process while moving towards the basal VZ [START_REF] Attardo | Live imaging at the onset of cortical neurogenesis reveals differential appearance of the neuronal phenotype in apical versus basal progenitor progeny[END_REF]Miyata et al., 2004). Subsequently, their centrosome is observed in the perinuclear area [reviewed in [START_REF] Farkas | The cell biology of neural stem and progenitor cells and its significance for their proliferation versus differentiation during mammalian brain development[END_REF]]. Accordingly, BPs lack markers of apical basal polarity [START_REF] Attardo | Live imaging at the onset of cortical neurogenesis reveals differential appearance of the neuronal phenotype in apical versus basal progenitor progeny[END_REF]. BP divisions are typically located in the basal VZ and SVZ [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]Miyata et al., 2004;Noctor et al., 2004) (Fig. 2b). Not attached to the ventricular surface, BPs do not undergo INM (Takahashi et al., 1995b). However, they are not completely static as they extend and retract multiple very short processes, resulting in a multipolar morphology (Noctor et al., 2004;Noctor et al., 2008). Virtually all BPs are positive for the transcription factor 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]Kowalczyk et al., 2009) that controls the production of pyramidal neurons [START_REF] Arnold | The T box transcription factor Eomes/Tbr2 regulates neurogenesis in the cortical subventricular zone[END_REF][START_REF] Sessa | Tbr2 directs conversion of radial glia into basal precursors and guides neuronal amplification by indirect neurogenesis in the developing neocortex[END_REF].

c. Distinct types of division for apical and basal progenitors

Several studies using time lapse imaging of precursor cells, clonally labelled with GFP expressing virus, revealed that APs have greater proliferative capacities than BPs. Early APs undergo symmetrical proliferative divisions (both daughter cells return into the cell cycle) [START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]Noctor et al., 2004;Noctor et al., 2008) thus amplifying the progenitor pool (Fig. 2a). Then, as corticogenesis proceeds, the RGCs undergo increasing numbers of asymmetrical division [START_REF] Gotz | The cell biology of neurogenesis[END_REF][START_REF] Huttner | Symmetric versus asymmetric cell division during neurogenesis in the developing vertebrate central nervous system[END_REF]. One daughter gives rise to another RGC, while the other gives rise to either a neuron (asymmetric differentiative division) [START_REF] Malatesta | Isolation of radial glial cells by fluorescent activated cell sorting reveals a neuronal lineage[END_REF][START_REF] Miyata | Asymmetric inheritance of radial glial fibres by cortical neurons[END_REF][START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF] or to another precursor cell, a BP (asymmetric proliferative division) [START_REF] Chenn | Cleavage orientation and the asymmetric inheritance of Notch1 immunoreactivity in mammalian neurogenesis[END_REF][START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]Miyata et al., 2004) (Fig. 2b). SNPs differ from RGCs in that they undergo mostly neurogenic divisions (Stancik et al., 2010) (Fig. 2a,b).

By contrast, the vast majority of BPs (90%) undergo one terminal symmetric differentiative division, producing two neurons that quit the cell cycle and migrate out to the cortical plate [START_REF] Attardo | Live imaging at the onset of cortical neurogenesis reveals differential appearance of the neuronal phenotype in apical versus basal progenitor progeny[END_REF][START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]Noctor et al., 2004) (Fig. 2b). Only a small proportion of BPs is able to self amplify by proliferative symmetric division (Kowalczyk et al., 2009;Noctor et al., 2004;[START_REF] Wu | Pyramidal neurons of upper cortical layers generated by NEX positive progenitor cells in the subventricular zone[END_REF]. Of note, once cortical neurogenesis is completed, most RGCs retract their pia attached processes and ascend to the CP where they differentiate into astrocytes [START_REF] Schmechel | A Golgi study of radial glial cells in developing monkey telencephalon:morphogenesis and transformation into astrocytes[END_REF]Noctor et al., 2004). Schematic transects of the mouse cortex at embryonic day 13 (E13) (a) and E15 (b). Three types of progenitors: radial glial cells (RGCs), short neural precursors (SNPs) and intermediate progenitor cells (IPCs) are represented. RGCs and SNPs divide at the ventricular surface (a,b) and undergo symmetrical self renewing divisions, symmetrical neurogenic divisions, as well as asymmetrical divisions giving rise to a RGC, a neuron or an intermediate precursor cell (IPC). IPCs divide in the SVZ (b), where they undergo mostly symmetric neurogenic divisions. A small fraction undergoes symmetrical proliferative divisions (dotted arrow). Adapted from (Dehay and Kennedy, 2007) In the rodent, the SVZ is continually seeded by the VZ, and SVZ is seen as the major site of neurogenesis [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]Noctor et al., 2004). Furthermore, the spatial separation of two proliferative compartments could contribute to increasing neural complexity. Indeed, it enables different environmental influences (e.g. transcription factors and growth factors) to act in specific manners in order to generate diverse neural subtypes [START_REF] Guillemot | Molecular mechanisms of cortical differentiation[END_REF][START_REF] Hevner | From radial glia to pyramidal projection neuron: transcription factor cascades in cerebral cortex development[END_REF][START_REF] Molnar | Towards the classification of subpopulations of layer V pyramidal projection neurons[END_REF].

Primate specific features

While considerable progress has been made in understanding corticogenesis in the rodent, recent findings in primates show that there are a number of unique primate specific features [reviewed in (Dehay and Kennedy, 2007;[START_REF] Jones | The origins of cortical interneurons: mouse versus monkey and human[END_REF][START_REF] Kennedy | Self organization and pattern formation in primate cortical networks[END_REF]Molnar et al., 2006)]. The adult primate cortex is characterized by greatly expanded and differentiated supragranular layers (2,3 and 4), hosting neurons that connect different areas of the cortex or project locally [START_REF] Peters | Cerebral cortex, comparative structure and evolution of cerebral cortex[END_REF]. It is considered that this expansion underlies the unique computational features of the primate cortex. During primate corticogenesis, supragranular layers expansion relies on the proliferative activity of a supplementary GZ: the outer subventricular zone (OSVZ) (Lukaszewicz et al., 2005;[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].

a. Anatomical organization of the primate developing cortex

The organization, developmental timing and relative dimensions of the germinal and postmitotic compartments of the primate cortex differ from those of rodents [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] (Fig. 3). In the monkey, cortical neurons are produced over a 60 day period from E40 to E100 [START_REF] Rakic | Neurons in rhesus monkey visual cortex: systematic relation between time of origin and eventual disposition[END_REF]. Formation of the cortical plate (CP) is initiated relatively early (E46), before the appearance of the subplate (Fig. 3). The CP neurons in place by E65 are destined to constitute the deep layers V and VI of the mature cortex [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]. At E55, a fibre layer appears between the developing subplate and the germinal zones [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] (Fig. 3). By contrast, no corresponding fibre layers at a comparable developmental stage can be observed in rodents [START_REF] Miller | Cogeneration of retrogradely labeled corticocortical projection and GABA immunoreactive local circuit neurons in cerebral cortex[END_REF][START_REF] Smart | Histogenesis of the mesocortical area of the mouse telencephalon[END_REF]. After E65, the growth of the subplate accelerates and cells continue to accumulate in this compartment up to mid corticogenesis at E78. The subplate becomes much thicker than in the mouse developing cortex [START_REF] Kostovic | Developmental history of the transient subplate zone in the visual and somatosensory cortex of the macaque monkey and human brain[END_REF][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] (Fig. 3). After E65, the ventricular zone (VZ) declines progressively while another proliferative compartment expands: the SVZ (Fig. 3). By E72, the SVZ is divided into an inner subventricular zone (ISVZ) and outer subventricular zone (OSVZ) by an intruding inner fibre layer (IFL) (compared with the outer fibre layer (OFL) that separate the GZs from the subplate) (Fig. 3). The OSVZ, which is not found in rodents, exhibits a number of unique features [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][START_REF] Zecevic | Contributions of cortical subventricular zone to the development of the human cerebral cortex[END_REF]. Contrasting with the randomly organized SVZ of rodents, OSVZ has a compact radial organization. OSVZ progenitors are characterized by a bipolar morphology with radially oriented processes (Lukaszewicz et al., 2005;[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]. Schematic transects through the embryonic cortex in mouse (a) and monkey (b) at comparable developmental stages. The thickness of each layer is drawn to a common scale. Gestation period is 19 days in the mouse and 165 days in the monkey. Cortical neurogenesis lasts 8 days in the mouse and 60 days in the primate. CP: cortical plate, FL: fibre layer, IP: inner plexiform layer, IFL: inner fibre layer, ISVZ: inner subventricular zone, MZ: marginal zone, OFL: outer fibre layer, OSVZ: outer subventricular zone, PP: preplate, SP: subplate, SVZ: subventricular zone, VZ: ventricular zone. Adapted from [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].

b. Specific features of primate OSVZ precursors

The OSVZ is the main proliferative compartment and its expansion in the primate is considered to be an evolutionary adaptation underlying brain expansion and the increased complexity of cortical circuitry [START_REF] Fish | Making bigger brains the evolution of neural progenitor cell division[END_REF]Lukaszewicz et al., 2005;[START_REF] Rakic | Vive la difference![END_REF]. The OSVZ progenitor cell population is more heterogeneous and complex than in the rodent SVZ. OSVZ contain progenitor cells that are either epithelial cells resembling RGCs [START_REF] Fish | Making bigger brains the evolution of neural progenitor cell division[END_REF] or cells resembling BPs [START_REF] Kriegstein | Patterns of neural stem and progenitor cell division may underlie evolutionary cortical expansion[END_REF]. Besides this diversity in the morphological features, OSVZ progenitors display varying molecular phenotypes, expressing markers typical of RGCs or BPs in a mosaic fashion [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]. Further investigations are required to describe more precisely these different progenitor types and to determine whether they are associated with particular laminar cell fates. The OSVZ progenitors have a higher proliferative capacity than rodent SVZ progenitors. Whereas the rodent SVZ is only partially self sustaining, requiring a constant supply of precursors from the VZ [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]Miyata et al., 2004;Noctor et al., 2004;[START_REF] Reznikov | Clonal heterogeneity in the early embryonic rodent cortical germinal zone and the separation of subventricular from ventricular zone lineages[END_REF], OSVZ self renewal is considerably more pronounced in primates (Lukaszewicz et al., 2005;[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].One possible factor responsible for this enhanced proliferative ability in the primate OSVZ is the presence of the embryonic thalamic fibres, that are located next to the GZ in primates. Previous work of the team has shown that the thalamic axons release a diffusible factor that promotes proliferation of cortical precursors, through modification of cell cycle parameters [START_REF] Dehay | Cell cycle kinetics of neocortical precursors are influenced by embryonic thalamic axons[END_REF]. Compared with rodents, the length of the cell cycle in primate cortical precursors is considerably extended (Kornack and Rakic, 1998;Lukaszewicz et al., 2005;[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]. All these features, plus the finding that OSVZ precursors produce supragranular layers neurons (Kornack and Rakic, 1998;Lukaszewicz et al., 2005;[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], provide explanatory developmental mechanisms for the huge expansion of the upper layers in primate cortices.

II. Migration of cycling progenitors and post mitotic neurons Interkinetic Nuclear Migration (INM) a. INM discovery

In the mouse cerebral cortex, the INM is a dynamic oscillation characteristic of cycling APs either neuroepithelial cells during early developmental stages (E8 11) or RGCs at later stages (E11 17). APs undergo mitosis exclusively at the ventricular apical surface, due to the primary cilium and the centrosome being located at the apical plasma membrane [START_REF] Dubreuil | Midbody and primary cilium of neural progenitors release extracellular membrane particles enriched in the stem cell marker prominin 1[END_REF]. Of note, INM of neuroepithelial cells span the entire thickness of the neuroepithelium, whereas INM of RGCs is restricted to the VZ [START_REF] Gotz | The cell biology of neurogenesis[END_REF]. The APs nuclei move within the elongated cytoplasm, up and down along the apicobasal axis, in a stereotypic manner synchronized with the cell cycle phases (Baye and Link, 2007;[START_REF] Frade | Interkinetic nuclear movement in the vertebrate neuroepithelium: encounters with an old acquaintance[END_REF]Takahashi et al., 1995aTakahashi et al., , 1996) ) (Fig. 4). After mitosis, the nuclei of the newborn precursor cells ascend away from the ventricule, migrating basally during G1 phase. The nuclei subsequently linger at the basal region of the VZ during S phase. Finally, during G2 phase, the nuclei descend back toward the apical side to undergo M phase upon reaching the ventricular surface (Fig. 4). Of note, INM is an evolutionary conserved process of nuclear migration and positioning [START_REF] Morris | Nuclear migration, nucleokinesis and lissencephaly[END_REF][START_REF] Reinsch | Mechanisms of nuclear positioning[END_REF], that occurs in the majority of neuroepithelial precursors of the central nervous system (dorsal telencephalon, retina) [START_REF] Sauer | Mitosis in the neural tube[END_REF][START_REF] Takahashi | Proliferative behavior of the murine cerebral wall in tissue culture: cell cycle kinetics and checkpoints[END_REF] as well as in some non neuronal epithelial tissues [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] Meyer | Interkinetic nuclear migration is a broadly conserved feature of cell division in pseudostratified epithelia[END_REF]. The varying positions of APs nuclei along the apical basal axis are responsible for the pseudostratified (multilayered) appearance of the neuroepithelium and the VZ which was described as early as 1935 by Sauer (Baye and Link, 2008;[START_REF] Miyata | Development of three dimensional architecture of the neuroepithelium: role of pseudostratification and cellular 'community[END_REF][START_REF] Sauer | Mitosis in the neural tube[END_REF]. Before the beginning of the twentieth century, Alfred Schaper was the first to suggest that different cells morphologies close to the ventricule were representative of different cell cycle phases [START_REF] Schaper | The earliest differentiatian in the central nervous system of the vertebrates[END_REF]. His studies were rediscovered by Sauer several decades later. Through observations of histological sections of embryonic chick neural tube and pig neural plate, Sauer found a correlation between the size, structure, and position of the nucleus relative to the ventricule [START_REF] Sauer | Mitosis in the neural tube[END_REF]. Hence he proposed that the pseudostratification is facilitated by nuclear movements [START_REF] Sauer | Mitosis in the neural tube[END_REF], named it Interkinetic Nuclear Migration. Subsequently, DNA labelling techniques allowed to track the changes in the position of nuclei throughout the thickness of the neuroepithelium [START_REF] Fujita | Mitotic pattern and histogenesis of the central nervous system[END_REF][START_REF] Hayes | Exploiting the dynamics of S phase tracers in developing brain: interkinetic nuclear migration for cells entering versus leaving the S phase[END_REF][START_REF] Langman | Behavior of neuro epithelial cells during closure of the neural tube[END_REF]Sauer and Walker, 1959;[START_REF] Sidman | Cell proliferation and migration in the primitive ependymal zone: an autoradiographic study of histogenesis in the nervous system[END_REF]Takahashi et al., 1995a). Studies using cell cycle inhibitors that arrest cells in S or G2/M phase showed that nuclear positioning movements are correlated with cell cycle phases [START_REF] Kallen | Mitotic patterning in the central nervous system of chick embryos; studied by a colchicine method[END_REF][START_REF] Watterson | Absence of a true germinal zone in neural tubes of young chick embryos as demonstrated by the colchicine technique[END_REF]. Recently, live imaging studies combined with gene manipulation enabled to monitor nuclear movements in real time, leading to important progress in the understanding of the biological significance of the INM during corticogenesis as well as in the underlying mechanisms [reviewed in (Reiner et al., 2011;[START_REF] Taverna | Neural progenitor nuclei IN motion[END_REF]].

b. INM kinetics

Time lapse videomicroscopy analysis has allowed to characterise the INM kinetics. The first detailed observations were made in the retina. In the early chick embryonic retina, the speed of movement was similar for nuclei moving toward and away from the ventricular zone (mean velocity of 21 m/h) (Pearson et al., 2005). However, nuclear movements were not linear but characterized by phases of movement interspersed by periods in which nuclei move only slowly or are stationary (Pearson et al., 2005). Recordings in zebrafish retina revealed two distinct types of motion (Norden et al., 2009). Stochastic movements with direction changing frequently and randomly represent 90% of the cell cycle duration. Rapid but unfrequent movements are observed both soon after division (carrying nuclei over a distance corresponding to 40% of the epithelium thickness) and prior to division (carrying nuclei over a distance corresponding to 30% to 70% of the epithelium thickness). Here, INM is described as a stochastic process, similar to the Brownian motion, punctuated with transient directed movements surrounding cell division (Norden et al., 2009). In an another study conducted in zebrafish, the velocity for basal nuclear migration was slower than nuclear migration in the opposite direction (Baye and Link, 2007).

In the rodent embryonic cortex, recordings revealed that apical and basal movement exhibit distinct kinetics (Kosodo et al., 2011;Tsai et al., 2010). Nuclear movement away from the ventricular surface was unidirectional and continuous, with rare or no pauses but very slow (mean basal velocity is 3.8 m/h) (Tsai et al., 2010). Recordings at a higher sampling frequency revealed that during G1 phase, the nucleus moves toward the basal side by nuclear 'ratcheting', a forward and backward motion. Nuclear movements toward the apical surface were found to be unidirectional but very intermittent, with bursts of fast nuclear translocation (30 60 m/h) interrupted by pauses of 0.5 2 h (mean apical velocity is 8.4 m/h) (Tsai et al., 2010). Slower G1 associated movement is consistent with the longer duration estimated for G1 than G2 phase (Takahashi et al., 1993). This was also observed in ferret, where cortical progenitor cells move basally with an average speed of 5.6 m/h whereas they move apically at a mean rate of 18.3 m/h, and sometimes moved at rates exceeding 40 m/h [START_REF] Chenn | Cleavage orientation and the asymmetric inheritance of Notch1 immunoreactivity in mammalian neurogenesis[END_REF].

Of note, during S phase some nuclei show slow basal to apical migration although most remain stationary (Kosodo et al., 2011), undergoing minute random movements (Leung et al., 2011). These features of S phase nuclei have been reported in other studies using histological methods [START_REF] Hayes | Exploiting the dynamics of S phase tracers in developing brain: interkinetic nuclear migration for cells entering versus leaving the S phase[END_REF]Takahashi et al., 1993).

The largely stochastic nuclear movement observed in the zebrafish or chick retina is clearly different from the directed nuclear movement reported in the developing rodent cortex [START_REF] Attardo | Live imaging at the onset of cortical neurogenesis reveals differential appearance of the neuronal phenotype in apical versus basal progenitor progeny[END_REF][START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]Miyata et al., 2004;Noctor et al., 2004). These divergent observations could be explained by differences related to the cytoarchitecture of the different systems. In the retina at the developmental stage studied, the apical to basal extension of the neuroepithelium corresponded to 3 4 nuclear diameters, which is less than in the rodent cortex [START_REF] Attardo | Live imaging at the onset of cortical neurogenesis reveals differential appearance of the neuronal phenotype in apical versus basal progenitor progeny[END_REF][START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]Miyata et al., 2004;Noctor et al., 2004). It is thus possible that certain parameters of tissue architecture such as cell elongation or volume ratio of nucleus to surrounding cytoplasm determine whether INM is rather largely stochastic or directed [START_REF] Taverna | Neural progenitor nuclei IN motion[END_REF]. Another difference relies on the proportion of the cell cycle phases: whereas S phase is largely predominant in retinal precursor cell cycle (Leung et al., 2011), it represents on average 30% of cell cycle duration in cortical precursors [START_REF] Takahashi | Proliferative behavior of the murine cerebral wall in tissue culture: cell cycle kinetics and checkpoints[END_REF]. Therefore, assuming that stochastic nuclear movements typically occur during S phase whereas directed nuclear movements are characteristic of G1 and G2 phase, the global INM movement in the retina is seen as mainly stochastic (Norden et al., 2009).

Time lapse videomicroscopy studies have also revealed that nuclei of cortical progenitors are elongated during migration, and rounds up on approach to the ventricular zone, before division [START_REF] Haubensak | Neurons arise in the basal neuroepithelium of the early mammalian telencephalon: a major site of neurogenesis[END_REF]. Tear drop shaped nuclei during INM are consistent with the nucleus being pulled or push by cytoskeletal motors attached to the nuclear envelope.

c. INM regulation

Like many migration processes, INM is dependent both on forces involving cytoskeletal dynamic changes as well as on the action of molecular motors associated with microtubules and/or actin [reviewed in (Baye and Link, 2008;Reiner et al., 2011;[START_REF] Taverna | Neural progenitor nuclei IN motion[END_REF]]. However, the nuclear movement occurring during INM differs strikingly from the one occurring in radially migrating neurons. One major difference concerns the centrosome which is the main microtubule organizing center. During classic nucleokinesis, the centrosome is tightly associated with the nucleus, moves forward into the leading process and is then closely followed by the nucleus [START_REF] Farkas | The cell biology of neural stem and progenitor cells and its significance for their proliferation versus differentiation during mammalian brain development[END_REF][START_REF] Higginbotham | The centrosome in neuronal development[END_REF][START_REF] Marin | Neurons in motion: same principles for different shapes?[END_REF][START_REF] Reinsch | Mechanisms of nuclear positioning[END_REF][START_REF] Solecki | Par6alpha signaling controls glial guided neuronal migration[END_REF][START_REF] Tsai | Nucleokinesis in neuronal migration[END_REF]. In cycling APs, the centrosome is maintained in the apical end foot adjacent to the ventricular surface throughout the different phases of INM, independently from nuclear position ( [START_REF] Astrom | The early development of the neopallial wall and area choroidea in fetal rats. A light and electron microscopic study[END_REF][START_REF] Hinds | Cell proliferation in the neural tube: an electron microscopic and golgi analysis in the mouse cerebral vesicle[END_REF], [reviewed in [START_REF] Higginbotham | The centrosome in neuronal development[END_REF]]. Thus, the distance between the nucleus and the centrosome dynamically changes during INM. More, nuclear movement during G1 is directed away from the centrosome, and that during G2 is directed toward the centrosome. This suggests that the microtubules coupling the nucleus and the centrosome must be dynamically regulated. Nevertheless, as is the case in radial migration nucleokinesis, directional actomyosin contractility could also underlie the INM associated nuclear movement.

Hence, recent studies have identified three major forces driving the nuclei during INM: (i)passive push of nuclei towards the basal side by nearby nuclei (Kosodo et al., 2011;Norden et al., 2009), (ii) actomyosin constriction at the apical side for movement in the opposite direction basally (Schenk et al., 2009), and (iii) kinesin and dynein mediated movement towards the apical and basal sides, respectively (Del Bene et al., 2008;Gambello et al., 2003;Tsai et al., 2005) (Tsai et al., 2010) (see Fig. 10).

Of note, the cytoskeletal machinery involved in the apically directed nuclear translocation during G2 phase has been extensively studied, mainly implicating microtubule relating proteins. By contrast, the mechanisms regulating the basally directed nuclear movement, away from the centrosome in G1, have received less attention, mainly because of two reasons. First, studying the basal INM movement, occurring during G1 phase, requires to manipulate the cytoskeleton without impairing mitosis and cytokinesis. Second, whereas APs are the only VZ cell subtype to undergo apically directed migration, basal directed nuclear migration also occurs in BPs and newborn neurons, all delaminating from the ventricular surface to exit the VZ. This adds difficulty to follow basal nuclear movement specific of INM [START_REF] Taverna | Neural progenitor nuclei IN motion[END_REF].

Passive nuclei displacement

Decades ago, cell nuclei were thought to be passively displaced away from the ventricular surface, by the mitotic divisions increasing cell density at the ventricular surface [START_REF] Langman | Behavior of neuro epithelial cells during closure of the neural tube[END_REF][START_REF] Zwaan | Interkinetic nuclear migration during the early stages of lens formation in the chicken embryo[END_REF]. Real time studies in mouse described the basal movement as extremely slow (Tsai et al., 2010), even seen as a stochastic movement, similar to Brownian motion, with frequent and random changes in the direction of movement in the zebrafish retina (Norden et al., 2009). A recent study claims that this basal migration in G1 phase occurs mainly through passive, non autonomous displacement (Kosodo et al., 2011). Magnetic fluorescent microbeads incorporated into the VZ of cultured mouse brain slices were observed to progressively translocate to the basal region, through intercellular space. Beads showed a 'ratcheting' back and forth movement, as observed during nuclei G1 migration. Finally, beads exhibited a unidirectional translocation, did not show the return apically directed movement but remained stationary and never entered the neuronal layer (Kosodo et al., 2011). Decreasing the number of apically migrating nuclei during G2, by blocking the cell cycle at S phase, resulted in a reduced distance and velocity of basal migration for both the majority of the nuclei and the microbeads (Kosodo et al., 2011). Computational modelling suggests that basal nuclear migration in G1 phase is mainly driven by a collective displacement effect generated by other nuclei migrating in the opposite direction during G2 phase (Kosodo et al., 2011). Nevertheless, the implication of a "passive mechanism" in regulating the basal INM movement does not exclude the occurrence of active, autonomous mechanisms.

INM regulation by the actin cytoskeleton

The role of actin cytoskeleton in INM has been shown decades ago, by using pharmacological inhibitors [START_REF] Webster | The effect of cytochalasin B on the neuroepithelial cells of the mouse embryo[END_REF]. This led to defects in nuclear positioning and INM. However, recent studies on the role of myosin II in INM are controversial.

In the zebrafish retinal neuroepithelial cells, inhibition of myosin II has been reported to interfere with both directed movements (Norden et al., 2009). This study claims that INM is mainly driven by actomyosin dependent forces, and that microtubule cytoskeleton is not necessary for INM to proceed. Of note, retinal INM does not occur within the same environmental constrains as in the cortex, where the neuroepithelium is thicker and more complex, as mentioned above.

In the developing mouse neocortex, inhibition of myosin II has been reported to interfere only with basally directed movement (Schenk et al., 2009). INM was indirectly analysed, via the analysis of the distribution of BrdU labelled nuclei in the VZ at different time points (from 0 to 14h) after a 15 min BrdU pulse labelling. The actomyosin system was weakened using the myosin II inhibitor Blebbistatin at low concentration, which impaired the redistribution of nuclei from the apical to the basal side, during the G1 phase (Schenk et al., 2009). F actin was seen to be enriched at the apical cell cortex, where it can generate contractile force to push the nucleus basally (Schenk et al., 2009) (Fig. 5). The authors claim that their low blebbistatin treatment does not impair progression through cytokinesis but failed to substantiate it by direct examination. This makes it difficult to reject the possibility that blebbistatin treatment has interfered with proper division and that cells accumulating at the apical border are blocked into mitosis [START_REF] Murthy | Myosin II dependent localization and dynamics of F actin during cytokinesis[END_REF].

A third recent study appear to invalidate these findings and show, using real rime imaging that either myosin II inhibition or knockdown has no effect on the basal or apical movements in E17 organotypic rat slices (Tsai et al., 2010). Application of blebbistatin while cells were undergoing either apically or basally directed nuclear movement did not interrupt the normal nuclear trajectory, with velocities in both directions being similar to those in control cells. 

INM regulation by the microtubule cytoskeleton

Microtubules have been shown to exert pulling forces for nucleokinesis in yeast [START_REF] Tran | A mechanism for nuclear positioning in fission yeast based on microtubule pushing[END_REF], as well as during granule cell migration in the cerebellum and radial neuronal migration in the cortex [START_REF] Solecki | Par6alpha signaling controls glial guided neuronal migration[END_REF][START_REF] Xie | Serine 732 phosphorylation of FAK by Cdk5 is important for microtubule organization, nuclear movement, and neuronal migration[END_REF].

Organisation and dynamics of the microtubule (MT) network through the cell cycle of APs was analyzed in videomicroscopy on E18 rat brain slices (Tsai et al., 2010). Throughout interphase, GFP tubulin is distributed in bundles extending throughout both the basal and apical processes, parallel to the long axis of the cell. The nucleus is surrounded by a perinuclear MT ''cage'' structure, adjacent to the nuclear membrane [START_REF] Xie | Serine 732 phosphorylation of FAK by Cdk5 is important for microtubule organization, nuclear movement, and neuronal migration[END_REF]. Assembly behaviour and orientation of individual microtubules was analyzed via the labelling of growing MT plus ends by GFP EB3 (Norden et al., 2009;Tsai et al., 2010). 'Comet tail'-like streaks of EB3 emerge from the centrosome at the apical end feet and extend throughout the processes, curve around the nucleus and enter in the basal process (Tsai et al., 2010). Microtubules grow with a uniform orientation, with the plus end orientated towards the pial surface (Norden et al., 2009;Tsai et al., 2010). Of note, during mitosis, both GFP tubulin and GFP EB3 labelling was clearly detected on the mitotic spindle, but not anymore in the basal process, which becomes very thin throughout mitosis (Tsai et al., 2010). The process is reinvaded by MTs after mitosis at rates similar to the advance of EB3 streaks, suggesting that restoration of microtubules may be driven primarily by reassembly.

INM requires factors that link the nucleus to the MTs, to allow the nucleus to be moved as a cargo along the microtubule tracks, towards and away from the centrosome, thanks to minus end directed motor such as dynein, and plus end directed motor proteins such as kinesin (see Fig. 10).

Anchoring of the nucleus to the centrosome

Pax6 stabilizes the centrosome at the apical side of RGCs

The Pax6 transcription factor is predominantly expressed in neuroepithelial cells dividing in the VZ [START_REF] Englund | Pax6, Tbr2, and Tbr1 are expressed sequentially by radial glia, intermediate progenitor cells, and postmitotic neurons in developing neocortex[END_REF]. Small eye mutant rodents (Sey/Sey) that lack Pax6 function show an abnormal laminar formation of the cortex [START_REF] Fukuda | Histogenesis of the cerebral cortex in rat fetuses with a mutation in the Pax 6 gene[END_REF].The VZ seems to expand, and in vivo studies on rodents brains at various developmental stages revealed that Pax6 dysfunction induced cell cycle kinetics defects [START_REF] Quinn | Pax6 controls cerebral cortical cell number by regulating exit from the cell cycle and specifies cortical cell identity by a cell autonomous mechanism[END_REF], with a lengthening of S phase [START_REF] Estivill Torrus | Pax6 is required to regulate the cell cycle and the rate of progression from symmetrical to asymmetrical division in mammalian cortical progenitors[END_REF]. This is accompanied by abnormal patterns of nuclear migration toward the apical: a premature descent of S phase nuclei, that tottered up and down during the G2 phase, did not reach the ventricular surface and divide ectopically at the basal side of the VZ (Tamai et al., 2007). Time lapse imaging also revealed a frequent loss of the apical process of RGCs, associated with a modification of centrosomal localization. In some cases, centrosomes are unstable during the S to G2 phase, moving up and down inside the apical process, but staying near to the ventricular surface. Centrosomes also frequently translocate basally within apical process, such as in newborn BPs or neurons delaminating from the ventricular surface (Tamai et al., 2007). Pax6 is thus required for normal INM during the S to M phase progression, where it stabilizes the centrosome at the apical side (Tamai et al., 2007). However, the molecular mechanisms by which Pax6 regulates the centrosomal position and INM are still unclear.

Cep120 and TACCs promote growth of the microtubule network from the centrosome towards the nucleus

Cep120 and transforming acidic coiled coil proteins (TACCs) are Microtubule Associated Proteins (MAPs) associated with the centrosome and the microtubule lattice that links the centrosome and nucleus during INM [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF] (Fig. 6). In mouse developing neocortex, Cep120 is highly expressed in neural progenitors at early and mid embryonic stages, colocalizes with centrosomal markers along the ventricular surface, and interacts with a number of established centrosomal proteins in a yeast two hybrid system [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF]. Transforming acidic coiled coiled proteins (TACCs) associate with both the centrosome and MTs [START_REF] Gergely | Centrosomal TACCtics[END_REF], and are important for the growth or stabilization of centrosome associated MTs [START_REF] Bellanger | TAC 1 and ZYG 9 form a complex that promotes microtubule assembly in C. elegans embryos[END_REF][START_REF] Gergely | D TACC: a novel centrosomal protein required for normal spindle function in the early Drosophila embryo[END_REF][START_REF] Srayko | Caenorhabditis elegans TAC 1 and ZYG 9 form a complex that is essential for long astral and spindle microtubules[END_REF]. TACCs are expressed during mouse cortical development and co immunoprecipitate with Cep120 in embryonic mouse brain [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF]. Cep120 is important for the recruitment of TACC3 to the centrosome in neural progenitors in vivo [START_REF] Shu | Ndel1 operates in a common pathway with LIS1 and cytoplasmic dynein to regulate cortical neuronal positioning[END_REF][START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF][START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF]. Cep120 or TACC interference impairs the apical INM movement on E11.5 organotypic brain slices. Under these conditions, APs display less elongated nuclei and fewer nuclei are observed to migrate toward the ventricule, along a shorter distance [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF]. In dissociated neocortical cells, Cep120 or TACC silencing decreases the size of the prominent MT bundles that form the microtubule ''fork'' coupling the centrosome and the nucleus. Under these conditions, the shortened bundles not longer reach the nucleus [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF]. These defects were accompanied by an increase in nucleus centrosome distance in the VZ progenitor cells, sign of a defect in nucleus centrosome coupling [START_REF] Shu | Ndel1 operates in a common pathway with LIS1 and cytoplasmic dynein to regulate cortical neuronal positioning[END_REF][START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF]. To summarize, Cep120 interacts with TACC and recruits it to the centrosome. Cep120 and TACC act cooperatively to promote the assembly of long microtubules emanating from the centrosome and reaching the nucleus (Fig. 6). This microtubule dependent coupling between the centrosome and the nucleus allows the transport or the pulling of the nucleus toward the ventricular surface. SUN1/2 and Syne/Nesprin 1/2 complexes bridges the nucleus with the cytoskeleton SUN and Syne nuclear envelope proteins act in nuclear migration and anchorage in a variety of eukaryotic cells from fungi to mammals, maintaining the connection between the nuclear envelope (NE) and the cytoskeleton [START_REF] Starr | KASH 'n Karry: the KASH domain family of cargo specific cytoskeletal adaptor proteins[END_REF]. In the developing mouse cortex SUN domain proteins SUN1/2 and KASH domain proteins Syne 1/2 bridge the centrosomal microtubule network to the nucleus (Zhang et al., 2009) (Fig. 7). SUN domain proteins (SUN1 and SUN2) are transmembrane proteins localized to the inner nuclear membrane. Their N terminal domain interacts with nuclear lamins in the nucleoplasm and their conserved C term SUN domain is located inside the perinuclear space. Here, they interact with KASH domain proteins (Syne 1/Nesprin 1 and Syne 2/Nesprin 2) [START_REF] Worman | Here come the SUNs: a nucleocytoskeletal missing link[END_REF]. These giant proteins also have a conserved transmembraneous C term KASH domain, localized to the outer nuclear membrane. Syne has a long spectrin repeats and a large N terminal domain, located into the cytoplasm, and containing actin and MT binding sites. In the developing mouse cortex, Syne 2 interacts with (i) the dynein intermediate chain on the NE, (ii) the dynactin subunit p150 and (iii) kinesin on the NE in the VZ (Zhang et al., 2009) (Fig. 7). Moreover, SUN1, SUN2, and Syne 2 also colocalize with Tubulin not only at the NE but also on the ''fork'' structures, thus connecting microtubule to the NE (Zhang et al., 2009). In Sun1/2 or Syne 1/2 mutant brains, videomicroscopy observations revealed a disruption of the apical INM movement and of post mitotic radial migration. In both cases, the nuclei failed to catch up to centrosome (Zhang et al., 2009). To summarize:SUN1 and SUN2 recruit Syne 2 to the NE. Syne 2 interacts with the dynein/dynactin and kinesin complexes at the NE. SUN/KASH protein complexes bridge the nucleus and cytoskeleton, allowing both nuclear anchorage and movement by transducing the pulling force from the microtubule network to the nucleus (Fig. 7). 

Travelling along microtubules, toward the apical side

Tpx2 promotes microtubule bundling and alignment in the apical process

Driving forces of nuclear movement may come from polymerization and depolymerisation of microtubules connected to the nucleus. Tpx2 is a MT nucleating/bundling protein [START_REF] Schatz | Importin alpha regulated nucleation of microtubules by TPX2[END_REF]. Its expression is regulated by the cell cycle in HeLa cells [START_REF] Gruss | Chromosome induced microtubule assembly mediated by TPX2 is required for spindle formation in HeLa cells[END_REF] as well as in mouse AP cells (Kosodo et al., 2011). Tpx2 is absent in G1 phase, accumulates in nuclei during S/G2 phase and localizes at the spindle pole during M phase before being degraded in early G1 [START_REF] Gruss | Chromosome induced microtubule assembly mediated by TPX2 is required for spindle formation in HeLa cells[END_REF]. In G2 phase, Tpx2 redistributes in the apical process, as bundled fibre extending toward centrosomes on the apical surface (Kosodo et al., 2011). Tpx2 interference via E13.5 utero electroporation leads to a decreased velocity in the apical movement. This is associated with an increased number of abventricular mitotis as well as a mitotic arrest and abolishment of mitotic spindle. Tpx2 interference impaired the sharp distribution of growing microtubules plus end inside the apical process (Kosodo et al., 2011). The regulation of Tpx2 distribution during S/G2 transition is thus part of the mechanism that determines the timing of apical nuclear migration. Upon entry into G2 phase, Tpx2 redistributes into the apical process, promote the apical microtubules packing and alignment critical for the nuclear transport, along microtubule, towards the apical surface (Kosodo et al., 2011).

Lis1 associates with the centrosome and interacts with the dynein motor protein

Lis1 is a MAP that associates with centrosomes and interacts with the microtubule minus end directed motor cytoplasmic dynein and its regulatory complex dynactin [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][START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF]) (Fig. 8). Lis1 was shown to be essential for nuclear migration and nuclear orientation in fungi [START_REF] Xiang | NudF, a nuclear migration gene in Aspergillus nidulans, is similar to the human LIS 1 gene required for neuronal migration[END_REF]. In human, Lis1 mutation is responsible for type I lissencephaly, characterized by a nearly complete absence of gyri, an abnormally thickened four layered cortex, and enlarged ventricules [START_REF] Vallee | LIS1: cellular function of a disease causing gene[END_REF]. In rodents, LIS1 interference leads to severe neuronal migration defects, due to a block in the conversion of multipolar to bipolar migratory state, as well as an impairment in nucleokinesis [START_REF] Tsai | Dual subcellular roles for LIS1 and dynein in radial neuronal migration in live brain tissue[END_REF]Tsai et al., 2005;Yingling et al., 2008). A defect in neuroblast proliferation was suggested by a thinner VZ than in control, and an overall reduction in the number VZ neuronal precursors (Gambello et al., 2003). In Lis1 mutant mice embryo cortices, a defect in INM movement was suggested by the ectopic position of M phase nuclei in the VZ, away from the ventricular surface (Gambello et al., 2003). Videomicroscopy analysis on embryonic rat brain slices after Lis1 interference revealed an abolishment of INM over substantial distances and no cell divisions were detected (Tsai et al., 2005). The direction of movement in which Lis and dynein participate remained undetermined, because of the complete immobilization of RGCs nuclei by Lis1 RNAi (Tsai et al., 2005). However, dynein interference leads to slower apically directed nuclear movement whereas basally directed nuclear migration is not affected (Tsai et al., 2010). Hence, Lis1 can regulate INM via its interaction with dynein, a minus end directed motor which is the force generator allowing nuclear movement in the apical direction, consistent with the orientation of minus end MTs towards the centrosome (Fig. 8). 

Dynactin 1 interacts with dynein microtubule motor protein

Dynactin is a multiprotein complex that interacts with and activates cytoplasmic dynein. Dynactin mediates interaction of dynein with numerous cargoes and allows dynein to go through the microtubule lattice over long distances by increasing its processivity [START_REF] King | Dynactin increases the processivity of the cytoplasmic dynein motor[END_REF] (Fig. 8). In the zebrafish retina, Dynactin 1 is expressed through cytoplasmic punctuates enriched at the apical surface of RGCs (Del Bene et al., 2008). In zebrafish mikre oko (mok) mutants, in which the motor protein Dynactin 1 is disrupted, videomicroscopy analysis revealed that RGCs nuclei migrate faster and further basally while moving more slowly to the apical side. Under this condition, RGC frequently enter mitosis before reaching the ventricular surface (Del Bene et al., 2008). Dynamitin overexpression which inhibits dynactin function leads to a complete arrest of RGCs nuclei far from the ventricular surface (Tsai et al., 2010), as it was the case after dynein RNAi (Tsai et al., 2010) or Lis1 inhibition (Tsai et al., 2005). Hence, dynactin associates with the dynein complex, which is implicated in cross linking microtubules to the nuclear envelope and mediate apically directed nuclear movement (Tsai et al., 2010) (Fig. 8).

Travelling along the microtubules, towards the basal side: role of Kinesin 3

A plus end directed MT based motor of the kinesin type may be involved in the basal INM for two reasons. First, the outer nuclear envelope protein Syne2 interacts not only with dynein complexes (Del Bene et al., 2008) but also with kinesin complexes (Zhang et al., 2009). Second, the microtubules in APs are uniformly oriented with the plus ends directed away from the centrosome (Norden et al., 2009), thus providing a possible track to move the nucleus basally via a plus end directed motor.

A functional shRNA screen has led to the identification of a nonconventional kinesin, that specifically mediates basal INM in rodent cortical APs (Tsai et al., 2010). Interference with Kif1a, member of the kinesin 3 family, leads to defects in basally directed INM. In this case, RGC display a normal apical movement and undergo mitosis at the ventricular surface. However, the velocity and the amplitude of the basal movement are markedly decreased, with no alteration of the centrosome behaviour or microtubule orientation. Kinesin 3 is thus implicated in INM as a basal nuclear transport motor (Fig. 9). Of note, Kif1a contains a C terminal pleckstrin homology domain that is known to interact with membrane lipids [START_REF] Klopfenstein | The lipid binding pleckstrin homology domain in UNC 104 kinesin is necessary for synaptic vesicle transport in Caenorhabditis elegans[END_REF], and might thus help to recruit Kif1a to the nuclear surface. Furthermore, INM kinetics are consistent with kinesin being implicated in basal movement: unlike cytoplasmic dynein, which is a very fast minus end-directed microtubule motor (Paschal et al., 1987), Kif1a is plus end-directed and moves slowly and processively as a monomer [START_REF] Okada | A processive single headed motor: kinesin superfamily protein KIF1A[END_REF]. The nuclear movement, which occurs during progression in the cell cycle phases G1, S G2 and M, is finely regulate by a combination of microtubules and actin related proteins (upper panel). Actin is thought to be enriched in the ventricular process, microtubules growth is promoted by the cooperative action of Cep120 and TACCs at the centrosome, and lastly, microtubule alignment is potentiated by Tpx2. The basal nuclear movement during G1 may rely on both actomyosin activity and kinesin transport away from the centrosome (lower left panel). The apical movement in G2 phase is promoted by microtubules alignment (Tpx2) and subsequent transport towards the centrosome thanks to Lis1/dynactin/dynein motor complex (lower right panel). During the whole nuclear migration, the nucleus and the centrosome are linked together by the SUN/Syne complexes, interacting with both the nuclear envelope, actin fibres and the microtubule motor complexes (lower middle panel).

General model of INM regulation

INM movement, away and towards the centrosome, strongly relies on the coupling between the nucleus and the microtubules (Fig. 10). First, the centrosomal protein Cep120 interacts with TACC and recruits it to the centrosome. Cep120 and TACC both promote together the assembly of long microtubules from the centrosome to the nucleus [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF]. Efficient coupling and linking of the nucleus to the cytoskeleton relies on the nuclear envelope associated proteins SUN1/2 and Syne 1/2 (Zhang et al., 2009). These complexes transmit forces of microtubule motor proteins, cytoplasmic dynein, or kinesin, to the nucleus. Of note, Syne proteins are also able to bridge microtubule and actin cytoskeleton [START_REF] Starr | ANChors away: an actin based mechanism of nuclear positioning[END_REF]. Syne2 may thus constitute a point of convergence between actomyosin and the dynein/kinesin system. More, the large N terminal domains of Syne proteins may have other binding partners that can provide further levels of regulation and other functions [START_REF] Koizumi | Sun proteins enlighten nuclear movement in development[END_REF].

G1 phase basal movement could be driven in part passively, by apically migrating G2 phase nuclei (Kosodo et al., 2011). Nevertheless, other data support alternative hypothesis including a microtubule/ kinesin mediated mechanism, pushing the nucleus away from the centrosome (Tsai et al., 2010), as well as an actomyosin driven nuclear migration (Schenk et al., 2009) (Fig. 10). This apparent controversy will need to be addressed in detail, although it is possible that all three mechanisms contribute to a certain extent to proper nuclear movement. The observed differences may result from specific experimental differences. It might also be that during the evolution of the mammalian cortical neuroepithelium, the pronounced increase in the neuroepithelium thickness and the denser packing of nuclei may have compromised the ability of actomyosin to drive nuclei towards the apical side, which would then require the help of the microtubule system (Leung et al., 2011).

Of note, a common mechanism has been proposed to control basal nuclear migration during G1 phase and delamination of BPs towards the basal side of the VZ. Consistent with this, myosin II inhibition also impaired translocation of delaminating BPs (Schenk et al., 2009), leading to the suggestion that the directional myosin II mediated constriction of the apical process could push the nucleus in the basal direction. In this context, it is interesting to note that newborn BPs retain their apical process during basal nuclear translocation and retract it only after its completion (Miyata et al., 2004;Noctor et al., 2004).

During G2 phase, the apical movement is mainly driven by the microtubule motor system (Fig. 10). Tpx2 relocalizes to the apical process, where it facilitates microtubule packing and alignment (Kosodo et al., 2011). This promotes apically directed nuclear migration through enhancement of dynein dependent motor activity, shown to carry organelles more efficiently where microtubules are uniformly orientated [START_REF] Ross | Cargo transport: molecular motors navigate a complex cytoskeleton[END_REF]. Lis1 may sustain the migration of the nucleus by regulating the activity of dynein/dynactin, pulling the nucleus toward the centrosome (Del Bene et al., 2008;Tsai et al., 2005;Tsai et al., 2010).

Thus, the emerging model is that both microtubule based motors and actomyosin participate to INM, although to a different extent. Bidirectional nuclear transport is mainly achieved by a dual microtubule motor system (Fig. 10). The maintenance of nuclear migration may depend on a balance of plus end and minus end directed microtubule motor function [START_REF] Whited | Dynactin is required to maintain nuclear position within postmitotic Drosophila photoreceptor neurons[END_REF].

d. INM role in neurogenesis

Impact of INM on neurogenesis

INM oscillations allow the extensive proliferation of AP cells together with maintenance of their apical-basal polarity. The movements of interphase nuclei away from the apical ventricular zone avoid overcrowding of diving cells and thus provide space for other mitotis to occur [START_REF] Frade | Interkinetic nuclear movement in the vertebrate neuroepithelium: encounters with an old acquaintance[END_REF]. It also allows to maintain the APs apical and basal attachments throughout the cell cycle [START_REF] Frade | Interkinetic nuclear movement in the vertebrate neuroepithelium: encounters with an old acquaintance[END_REF], as well as the localisation of protein signalling complexes such as adherens and tight junction associated protein complexes, which were shown to have essential roles in cell fate decisions related to cell cycle exit, cell type choice, and laminar positioning [START_REF] Gotz | The cell biology of neurogenesis[END_REF]. Hence, INM serves to maximize the number of AP mitoses per unit area of apical surface, while maintaining the pseudostratified structure, and thus promoting the expansion of APs [START_REF] Fish | Making bigger brains the evolution of neural progenitor cell division[END_REF].

INM can also induce cell fate differences between neural progenitors, by mediating differential exposure to environmental cues as shown in the retina (Baye and Link, 2007;Del Bene et al., 2008;[START_REF] Latasa | Cell cycle control of Notch signaling and the functional regionalization of the neuroepithelium during vertebrate neurogenesis[END_REF][START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF]. Because a cell competence to respond to extrinsic cues varies with progression through the cell cycle, nuclei movements through signalling gradients along the apical-basal axis of the epithelium, and according to specific cell cycle phases, may establish heterogeneity among progenitor cells. Consistent with this model, both the extent of basally directed nuclear migration and the cell cycle length vary in a seemingly homogeneous population of neuroepithelial cells (Baye and Link, 2008). Interfering with INM amplitude and velocity leads to a progressive depletion of the AP progenitor pool. Perturbation of apical INM by downregulation of centrosomal (Cep120 and TACCs) [START_REF] Xie | Cep120 and TACCs control interkinetic nuclear migration and the neural progenitor pool[END_REF], microtubule motor associated proteins dynein/dynactin (Del Bene et al., 2008), or SUN domain and KASH domain proteins (Zhang et al., 2009) caused enhanced neurogenesis at the expense of neural progenitor cells. In the developing zebrafish retina, the more basal the AP nucleus moves, the more likely it is to undergo a neurogenic division (Baye and Link, 2007). Furthermore, slowing down of basal INM by myosin II inhibition has been found to increase neurogenic BPs at the expense of proliferative APs, and thus more basal mitoses at the expense of apical mitoses (Schenk et al., 2009).

INM can balance the exposure of progenitor nuclei to neurogenic versus proliferative signals, such as the Notch signalling pathway. The Notch pathway has a well characterized role during neurogenesis, preventing progenitors from leaving the cell cycle and differentiating prematurely (Del Bene et al., 2008;[START_REF] Latasa | Cell cycle control of Notch signaling and the functional regionalization of the neuroepithelium during vertebrate neurogenesis[END_REF][START_REF] Mizutani | Differential Notch signalling distinguishes neural stem cells from intermediate progenitors[END_REF]. Upon binding to its ligand, Notch receptor undergoes a proteolytic cleavage, its cytosolic fragment translocates to the nucleus where it modulates the transcription of target genes. Components of the Notch pathway have been shown to be expressed in an apical to basal gradient in the developing retina of chick and zebrafish neuroepithelium [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF]. Notch mRNA is enriched on the apical side, whereas Delta (one of the Notch ligands) mRNA and protein are enriched basally. Notch signalling is activated in the developing retina as the nuclei move toward the apical surface and downregulated in nuclei that move in the opposite direction (Del Bene et al., 2008). In the mouse cortex, however, Notch active nuclei are found in the basal region of the VZ [START_REF] Kawaguchi | Selection of differentiating cells by different levels of delta like 1 among neural precursor cells in the developing mouse telencephalon[END_REF]. Further studies are necessary to clarify how Notch signals are transduced during INM progression. Nevertheless, it is conceivable that the cell fate diversification among progenitor cells is influenced by INM, which determine the time the AP nucleus spends at any given location along the apical basal axis during the cell cycle.

Furthermore, in the densely packed population of VZ progenitors, neighbouring cells can exchange developmentally relevant signals to facilitate synchronized entry into the different phases of the cell cycle and to harmonize the INM movements (Pearson et al., 2005;[START_REF] Weissman | Calcium waves propagate through radial glial cells and modulate proliferation in the developing neocortex[END_REF]. Cells can communicate via gap junctions directly linking the cytoplasm of two neighbouring cells or indirectly by the release of substances through unopposed connexons, known as hemichannels. In both the embryonic retina and cortex, gap junction channels couple progenitor cells into radial columnar clusters that exclude differentiated neurons [START_REF] Bittman | Cell coupling and uncoupling in the ventricular zone of developing neocortex[END_REF][START_REF] Owens | Patterns of intracellular calcium fluctuation in precursor cells of the neocortical ventricular zone[END_REF]. Connexins and gap junctions expression vary according to the cell cycle phases and to the developmental stage [START_REF] Bittman | Cell coupling and uncoupling in the ventricular zone of developing neocortex[END_REF][START_REF] Oyamada | Regulation of connexin expression[END_REF]. Connexin 43 (Cx43) is the major connexin in the mouse VZ precursors and is responsible for the gap junction coupling in the neuroepithelium (Pearson et al., 2005). This coupling allows the passage of signalling molecules, such as Ca2+ waves, that can spread between neighbouring cells and play pivotal roles in the regulation of both cell movement and proliferation [START_REF] Owens | Patterns of intracellular calcium fluctuation in precursor cells of the neocortical ventricular zone[END_REF]Pearson et al., 2005;[START_REF] Weissman | Calcium waves propagate through radial glial cells and modulate proliferation in the developing neocortex[END_REF]. In migrating neurons, the speed of movement is positively correlated with both the frequency and amplitude of Ca2+ transients [START_REF] Komuro | Intracellular Ca2+ fluctuations modulate the rate of neuronal migration[END_REF]Nadarajah et al., 2001), spreading through Cx43 hemichannels [START_REF] Elias | Gap junction adhesion is necessary for radial migration in the neocortex[END_REF]. In the chick retinal neuroepithelial cells, basal and apical INM movements are preceded by elevated bursts of Ca2+ (Pearson et al., 2005). In chick retina and mice brain slices, chelation of these Ca2+ transients, blocking of gap junctions/hemichannels, transfection of cells with shRNA or dominant negative constructs of connexin 43 slowed down the apical movement, as well as the basal one but to a lesser extent [START_REF] Liu | Gap junctions/hemichannels modulate interkinetic nuclear migration in the forebrain precursors[END_REF]Pearson et al., 2005). Actomyosin contractility is involved in INM (Schenk et al., 2009) and calcium regulates this contractility [START_REF] Marston | Ca(2+) dependent protein switches in actomyosin based contractile systems[END_REF]. Hence, gap junction mediated calcium signals could contribute to harmonize INM movements within the AP population, and consequently the cell cycle progression and cell fate choices.

Links between INM and cell cycle progression

Several studies have indicated that INM is not required for cell cycle progression. Blocking or delaying the nuclear movement does not alter cell cycle length [START_REF] Murciano | Interkinetic nuclear movement may provide spatial clues to the regulation of neurogenesis[END_REF]Schenk et al., 2009). Numerous studies also show that interfering with INM impairs divisions at the ventricular surface (Del Bene et al., 2008;Gambello et al., 2003;Tamai et al., 2007;Tsai et al., 2005;Zhang et al., 2009). In these studies, the ectopic mitosis occurring basally in the VZ could correspond to BPs, which divide at a basal location. Although INM is dispensable for progression into the cell cycle, INM alteration may lead to changes in progenitor cell fate.

By contrast, INM movement requires cell cycle progression. When the cell cycle of retinal neuroepithelium is lengthened by genetic mutations or pharmacological manipulations, INM is proportionally slowed (Baye and Link, 2007;Pearson et al., 2005). Pharmacological treatments inducing S phase or G2/M arrest resulted in concomitant inhibition of INM in the basal and apical region of the VZ, respectively (Baye and Link, 2008;Ueno et al., 2006). G1 phase blockade of cell cycle progression after p18Ink4c overexpression caused nuclear accumulation at the basal side of the VZ, suggesting that entry into S phase is a prerequisite for apical nuclear migration (Kosodo et al., 2011).

Together, these data support the concept that nuclear migration is not essential for cell cycle progression but that the master regulators of cell cycle progression could exert a tight control upon INM [START_REF] Taverna | Neural progenitor nuclei IN motion[END_REF]. It will be important to dissect the pathway(s) via which this control is achieved.

Neuronal radial migration

Glutamatergic projection neurons (as well as a substantial fraction of inhibitory neurons in the primate, [START_REF] Jones | The origins of cortical interneurons: mouse versus monkey and human[END_REF][START_REF] Letinic | Origin of GABAergic neurons in the human neocortex[END_REF][START_REF] Petanjek | Primate specific origins and migration of cortical GABAergic neurons[END_REF][START_REF] Zecevic | Interneurons in the developing human neocortex[END_REF]) are generated from precursor cells of the GZ lining the ventricules deep within the embryonic brain [reviewed in [START_REF] Gorski | Cortical excitatory neurons and glia, but not GABAergic neurons, are produced in the Emx1 expressing lineage[END_REF][START_REF] Gupta | Life is a journey: a genetic look at neocortical development[END_REF]]. Consequently, they have to migrate long distances from their birthplace to reach their final destination in the CP. During mid and late corticogenesis, projection neurons migrate in the radial direction along radial glial guides [START_REF] Hatten | Riding the glial monorail: a common mechanism for glial guided neuronal migration in different regions of the developing mammalian brain[END_REF][START_REF] Rakic | Neuronal migration and contact guidance in the primate telencephalon[END_REF], to undergo the so called gliophilic or glia guided migration, also called locomotion (Nadarajah et al., 2001;Noctor et al., 2004;Tabata and Nakajima, 2003) (Fig. 11).

Of note, inhibitory interneurons, mainly produced in the ventral ganglionic eminence, undergo a tangential migration to reach the dorsal cortex. This tangential migration follow several routes, and its regulatory mechanisms are different from that of radial migration [reviewed in [START_REF] Nakajima | Control of tangential/non radial migration of neurons in the developing cerebral cortex[END_REF]]. Tangentially migrating interneurons establish a permissive corridor essential for the development of the thalamocortical projection [START_REF] Lopez Bendito | Tangential neuronal migration controls axon guidance: a role for neuregulin 1 in thalamocortical axon navigation[END_REF].

In this work, we shall focus on the radial migration of cortical projection neurons. After division at the ventricular surface, the newborn neuron adopts a bipolar morphology and delaminates away from the ventricular surface (1). The neuron settles in the SVZ where it adopts a multipolar morphology (2) and frequently changes its orientation (3). The neuron finally grows a leading process towards the pia and initiates radial migration to the CP (4), terminating its migration by a small somal translocation (5). Adapted from (Kriegstein and Noctor, 2004) Studies using time lapse imaging in slice cultures have demonstrated that radial migration of pyramidal neurons does not progress smoothly from the GZ to the CP. Instead, neurons go through a series of spatially and temporally distinct changes in both cell shape and movement direction (Noctor et al., 2004;Tabata and Nakajima, 2003) [reviewed in (Kriegstein and Noctor, 2004)] (Fig. 11). These observations have led to a model where of radial migration can be divided into four distinct phases (Noctor et al., 2004;Tabata and Nakajima, 2003): (i) neurons generated at the ventricular surface move relatively rapidly and directly into the SVZ, (ii) neurons pause in the SVZ for 24 h or longer and convert to a multipolar non migratory phase (Noctor et al., 2004;[START_REF] Rakic | Neurons in rhesus monkey visual cortex: systematic relation between time of origin and eventual disposition[END_REF]Tabata and Nakajima, 2003). At this stage, they are still highly dynamic and extend and retract processes. Because they are not tightly adhering to radial glial guide fibres, neurons can move tangentially within the SVZ over a distance equivalent to the width of several cell bodies (Noctor et al., 2004;Tabata and Nakajima, 2003). (iii) Many, but not all neurons pass through a third phase, involving retrograde motion toward the ventricule. Some neurons extend a process towards the ventricule and are often observed to translocate their cell body back into the VZ (Noctor et al., 2004;Tabata and Nakajima, 2003). (iv) Finally, neurons extend a pia directed short leading process (100-200 m) (Nadarajah et al., 2001;Noctor et al., 2004), thus converting to the bipolar morphology of migrating neurons. Neurons ascend to the CP along radial glial fibres, undergoing the so called gliophilic or glia guided migration (Noctor et al., 2004;Tabata and Nakajima, 2003). The progression of neurons migrating along radial glial fibres is characterized by stasis interspersed with short periods of rapid movement, resulting in a saltatory locomotion (Nadarajah et al., 2001;Noctor et al., 2004). Once connecting the pia, neurons undergo a final nuclear translocation to settle at their appropriate position in the CP.

a. Distinct phases during radial migration

b. Morphological remodelling during saltatory locomotion

During each migratory cycle, neurons reiterate a four step process [START_REF] Tsai | Nucleokinesis in neuronal migration[END_REF] (Fig. 12). (i) First, the leading edge of the neuron extends along the radial glial fibre, in the direction of migration. Extension of the highly polarized leading process requires protrusion forces exerted by actin polymerization, microtubules growth and establishment of adhesion complexes that link the extracellular substrate to the actin cytoskeleton [START_REF] Marin | Neurons in motion: same principles for different shapes?[END_REF]. (ii) Then a swelling of the plasma membrane forms in the leading process, immediately ahead of the nucleus. The microtubule network is then pulled forward, and the centrosome moves steadily into the swelling. Despite the distance between the nucleus and the centrosome, they are constantly attached together through a fork like network of microtubules that enwraps the nucleus in a cage like fashion [START_REF] Xie | Serine 732 phosphorylation of FAK by Cdk5 is important for microtubule organization, nuclear movement, and neuronal migration[END_REF]. Microtubules extend from the centrosome into the leading process, and F actin and actomyosin motors are enriched in the proximal portion of the leading process. (iii) Nucleokinesis then relocates the nucleus forwards into the cytoplasmic dilatation [START_REF] Schaar | Cytoskeletal coordination during neuronal migration[END_REF]. Nuclear movement involves the participation of microtubules pulling forces, through LIS1/dynein activity [START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF][START_REF] Tsai | Dual subcellular roles for LIS1 and dynein in radial neuronal migration in live brain tissue[END_REF]Tsai et al., 2005).Polymerisation and stabilization of microtubules also relies on DCX [START_REF] Francis | Doublecortin is a developmentally regulated, microtubule associated protein expressed in migrating and differentiating neurons[END_REF][START_REF] Friocourt | Both doublecortin and doublecortin like kinase play a role in cortical interneuron migration[END_REF][START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF][START_REF] Vreugdenhil | Doublecortin like, a microtubule associated protein expressed in radial glia, is crucial for neuronal precursor division and radial process stability[END_REF]. Actomyosin activity at the rear of the nucleus provide a pushing force that squeezes the nucleus forward [START_REF] Schaar | Cytoskeletal coordination during neuronal migration[END_REF][START_REF] Solecki | Myosin II motors and F actin dynamics drive the coordinated movement of the centrosome and soma during CNS glial guided neuronal migration[END_REF] [reviewed in [START_REF] Vallee | Emerging roles for myosin II and cytoplasmic dynein in migrating neurons and growth cones[END_REF]]. (iv) Finally, rupture of cell adhesions at the back of the cell allows the neuron to glide forward and the trailing cytoplasmic region to retract. Subsequent to the forward movement of the nucleus and the soma, a new interstitial adhesion junction forms and the migration cycle starts again so that migration continues in a cyclical, saltatory manner.

Each step of this complex morphological remodelling is finely regulated by an extensive network of protein interactions and signalling pathways, reviewed in [START_REF] Heng | Molecular layers underlying cytoskeletal remodelling during cortical development[END_REF][START_REF] Huang | Molecular regulation of neuronal migration during neocortical development[END_REF][START_REF] Kawauchi | Molecular pathways regulating cytoskeletal organization and morphological changes in migrating neurons[END_REF][START_REF] Marin | Neurons in motion: same principles for different shapes?[END_REF]. 

III. Integration of rates of proliferation, neuronal production and radial migration

Each cortical area is characterized by specific cytoarchitectonic properties that are determined by the thickness and cell density of each of the six cortical layers. During corticogenesis, the area specific cytoarchitecture relies on the spatiotemporal regulation of the rate of proliferation of GZ precursors, through the control of G1/S phase transition, and of the timing of the last mitosis [reviewed in (Dehay and Kennedy, 2007)].

Structure and regulation of the cell cycle

In cortical progenitors, as in other somatic cells, proliferation and growth arrest are regulated by a balance of extrinsic and intrinsic signals that modulate entry, progression into and exit from the cell cycle [reviewed in [START_REF] Cunningham | Cyclin dependent kinase inhibitors in the development of the central nervous system[END_REF]]. Work on mutant mice has shown that the overall size of the brain is governed by the molecular machinery of the cell cycle [START_REF] Ferguson | Telencephalon specific Rb knockouts reveal enhanced neurogenesis, survival and abnormal cortical development[END_REF][START_REF] Nakayama | Mice lacking p27(Kip1) display increased body size, multiple organ hyperplasia, retinal dysplasia, and pituitary tumors[END_REF].

The complex regulatory and signalling pathways that regulate cell cycle progression are highly conserved in eukaryotes. The cell cycle is comprised of four successive phases: DNA synthesis S phase and mitosis M phase are separated by two gap phases G1 and G2 [reviewed in [START_REF] Cunningham | Cyclin dependent kinase inhibitors in the development of the central nervous system[END_REF][START_REF] Frank | Alternative functions of core cell cycle regulators in neuronal migration, neuronal maturation, and synaptic plasticity[END_REF]] (Fig. 13). The unidirectional progression of the cell cycle is ensured by checkpoints that ensure that all phases of the cell cycle are executed in the correct order. G1 phase is a critical time window during which the cell can respond to extracellular cues that induce or not progression through the restriction point [START_REF] Mummery | Commitment to differentiation induced by retinoic acid in P19 embryonal carcinoma cells is cell cycle dependent[END_REF]. Beyond this first checkpoint, the cell will either commit to a further round of cell division or leave the cell cycle to enterG0 and embark on a differentiation pathway [START_REF] Zetterberg | What is the restriction point?[END_REF]. Of note, terminally differentiated neurons cannot undergo cell cycle re entry. Another important feature of G1 phase is the control of DNA integrity and preparation of DNA replication origins. After the cells have passed the restriction point, they commit to DNA replication, during S phase. Once the entire genome is duplicated, cells enterG2 phase, during which cells check the completion and fidelity of DNA replication prior to progress further into mitosis. If genome integrity is confirmed, cells undergo mitosis, equally dividing the DNA content, the nucleus and the cytoplasm in two daughter cells. The last checkpoint occurs during mitosis, ensuring that chromosomal kinetochores are properly attached to the mitotic spindle, allowing the sister chromatid to segregate in each daughter cell [reviewed in [START_REF] Frank | Alternative functions of core cell cycle regulators in neuronal migration, neuronal maturation, and synaptic plasticity[END_REF]]. (Dehay and Kennedy, 2007) Proper timing of progression from one phase of the cell cycle to the next is tightly regulated by oscillating expression, activation, and inhibition of positive and negative regulators [reviewed in [START_REF] Mcclellan | Novel functions for cell cycle genes in nervous system development[END_REF][START_REF] Murray | Recycling the cell cycle: cyclins revisited[END_REF]Sherr and Roberts, 1999)] (Fig. 13).

Cyclin dependent kinase (CDK) and their activating partners, the cyclins, form complexes that positively drive progression of the cell cycle, whereas by binding to and inactivating cyclin-CDKs, CKIs negatively regulate progression through the cell cycle. G1 progression is promoted by CDK4/cyclin D and CDK6/cyclin D activation, in early to mid G1, followed by cyclin E/CDK2 complexes in late G1 (Fig. 13). The cyclins and CDKs associate to phosphorylate the retinoblastoma tumour suppressor protein, Rb. This derepresses E2F transcription factors, thus able to induce downstream target genes required for subsequent cell cycle progression. Cyclin A/CDK2 complexes and are active in the G1 S phase boundary and throughout S phase (Fig. 13). Cyclin A/CDK1 drives the cell through G2 phase (Fig. 13). At the G2/M transition, cyclin A is degraded and CDK1 associates with newly synthesized cyclin B, to trigger mitosis entry (Fig. 13).

Nevertheless, to ensure that cell cycle progression occurs only under the appropriate environmental conditions, cyclin-CDK activity is tightly regulated at several levels: through control of cyclin synthesis and degradation; assembly of cyclin and CDK subunits, inhibitory and activating phosphorylation and dephosphorylation events of the CDK subunit; subcellular localization; and inhibition by association with CDK inhibitors (CKIs) [reviewed in (Sherr and Roberts, 1999)]. CKI prevent CDK from binding to ATP, and hence block their catalytic activity (Sherr and Roberts, 1999). There are two families of CKIs: INK4 and Cip/Kip [START_REF] Elledge | Cdk inhibitors: on the threshold of checkpoints and development[END_REF]Sherr and Roberts, 1999). CKIs of the Ink4 family (p15Ink4b, p16Ink4a, p18Ink4c and p19Ink4d) are specific inhibitors of CDK4 and CDK6 but not to other CDKs or to D type cyclins, and are therefore specific for early G1 phase (Fig. 13). CKIs of the Cip/Kip family (p21Cip1, p27kip1and p57Kip2) have a broader specificity, able to bind both to cyclin and CDK subunits, of all cyclin-CDK complexes, thus not specific for a particular phase (Fig. 13). By binding to cyclin/CDK complexes they modulate their activity: at low levels they promote assembly and nuclear localization of active cyclin/CDK complexes but at higher levels can inhibit them (Sherr and Roberts, 1999). Downregulation of p27kip1accompanies progression through G1 phase and is permissive for the periodic activation of cyclin E CDK2 and cyclin A CDK2, which drive S phase. Conversely, G1 progression can be stopped by p21 and p27kip1, following anti mitogenic signals or DNA damage for example, leading to cell cycle arrest.

Control of neuron number

The production of the correct number and relative proportion of each neuronal type in individual layers relies on a tight spatiotemporal control of the rate of neuron production through cell cycle regulation (Polleux et al., 1997a;Polleux et al., 1997b) [reviewed in (Dehay and Kennedy, 2007)]. Two cell cycle parameters determine neuron number: the rate of cell cycle progression and the balance between cell cycle re entry or exit (Caviness et al., 2003;Lukaszewicz et al., 2005;Polleux et al., 1997b). The mode of division, which is correlated to G1 phase regulation is the major player in determining the size of the precursor pool and neuron number (Pilaz et al., 2009).

During mouse corticogenesis, the progressive increase in neuron production, linked to the increased frequency of differentiative divisions, is correlated with a slowing down of cell cycle progression, mainly due to a lengthening of the G1 phase (Caviness et al., 1995;[START_REF] Dehay | Cell cycle kinetics of neocortical precursors are influenced by embryonic thalamic axons[END_REF]Polleux et al., 1997b;Takahashi et al., 1995a). Different studies revealed that a long G1 phase is associated with differentiative divisions whereas short G1 is linked to proliferative divisions (Calegari et al., 2005;Calegari and Huttner, 2003;Lukaszewicz et al., 2005;Lukaszewicz et al., 2002;Pilaz et al., 2009;Polleux et al., 1997b). A prolonged G1 phase could facilitate the integration of extrinsic differentiation signals that influence cell fate [START_REF] Mummery | Commitment to differentiation induced by retinoic acid in P19 embryonal carcinoma cells is cell cycle dependent[END_REF] and/or allow an unequally inherited cell fate determining factor(s) to act over a sufficient time period (Calegari and Huttner, 2003;[START_REF] Gotz | The cell biology of neurogenesis[END_REF].

Cell fate and laminar determination

Laminar commitment relies on the timing of the terminal mitosis. The earliest born neurons form the deep layers of the cortex and later generated neurons occupy successively higher layers, according to the stereotypic inside out mode of corticogenesis [START_REF] Angevine | Autoradiographic study of cell migration during histogenesis of cerebral cortex in the mouse[END_REF][START_REF] Caviness | Neocortical histogenesis in normal and reeler mice: a developmental study based upon [3H]thymidine autoradiography[END_REF]. The cell fate seems to be determined during the S phase of the last progenitor cell division in the GZ [START_REF] Mcconnell | Cell cycle dependence of laminar determination in developing neocortex[END_REF]. Thus, timing of cell cycle exit influences neuronal fate and that fate is determined within a precise window during the cell cycle. This process of neuronal fate specification is also regulated by the interaction of cell intrinsic programs of transcriptional regulation [START_REF] Shen | The timing of cortical neurogenesis is encoded within lineages of individual progenitor cells[END_REF] with extrinsic patterning signals according to time and region of the proliferative zone in which the final mitotic cycle occurs [START_REF] Fishell | Striatal precursors adopt cortical identities in response to local cues[END_REF][START_REF] Mcconnell | Cell cycle dependence of laminar determination in developing neocortex[END_REF].

Area specific rates of neuron production and areal differences in migration rates

Neuronal production and laminar cell fate determination are regulated in an area dependent fashion. Areal differences in cytoarchitecture and laminar neuron number are general features of the cortex across species [START_REF] Rockel | The basic uniformity in structure of the neocortex[END_REF][START_REF] Skoglund | Heterogeneity in the columnar number of neurons in different neocortical areas in the rat[END_REF]. Area specific differences in the rate of cell cycle progression, mode of division (Polleux et al., 1997b) and cell fate [START_REF] Polleux | Pre and post mitotic events contribute to the progressive acquisition of area specific connectional fate in the neocortex[END_REF] show that cortical areas originate from a mosaic of distinct proliferative programs in the various germinal compartments in rodents. In the primate, area 17 and 18 of the primate visual cortex were used as a model system to shed light upon the developmental mechanisms that contribute to the specification of distinct cytoarchitectonic areas. In the adult, area 17 has twice more neurons in the upper layers with respect to its neighbouring area, area 18, from which it is separated by a sharp border [START_REF] Rockel | The basic uniformity in structure of the neocortex[END_REF] (Fig. 14B). During mid corticogenesis, the GZ that generate area 17 are thicker than the one generating area 18, especially the OSVZ (Fig. 14A). More, area specific differences in cell cycle kinetics occur selectively at the time of upper layer neuron production (Dehay et al., 1993;Lukaszewicz et al., 2005). Area 17 OSVZ precursors are characterized by both a shorter G1 phase and increased rates of cell cycle re entry compared with area 18 OSVZ precursors. These differences in cell cycle regulation are underlined by differences in the levels of expression of the CKI p27kip1 and cyclin E, important regulators of S phase entry (Lukaszewicz et al., 2005). Modelling the observed differences in both rates of cell cycle re entry and in the length of the G1 phase shows that the combined variation of these two parameters is sufficient to generate the enlarged supragranular layers that distinguish area 17 from the adjacent area 18. A: Parasagittal sections of the primate developing occipital lobe at E65 (time of production of infragranular layer neurons) and E78 (time of production of supragranular layer neurons). At E78, note the increased thickness of GZ in area 17 (due to the OSVZ enlargement), which is not seen in area 18. Red arrows represent the border between the two areas. Adapted from [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] B: Nissl stained section cutting through the border (red arrows) between area 17 and area 18 in the adult primate cortex. Note the increased thickness of the supragranular layer in area 17, in particular layer 4.

The proper development of the cortex requires a tight spatiotemporal orchestration of multiple fine tuned developmental processes. In particular, there is the need for a precise regulation and coordination of the developmental programs governing neuron production and migration. For instance, increased rates of neuron production might be correlated to increased rates of migration so as to avoid congestion in the migratory pathways. Preliminary in vivo results based on tritiated thymidine pulse injections combined with one to two weeks survival times suggest that, during the production of supragranular layer neurons, cohorts of area 17 and 18 neuroblasts migrate out of the GZ to the CP with different rates of progression (Lukaszewicz et al., 2006). These data show that a cohort of labelled migrating neuroblasts reach the CP earlier in area 17 than in area 18. However, the interpretation of these in vivo data is made complex by the fact that the radial progression is not continuous and instead there are clearly defined horizontal compartments [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] where migrating neurons may pause [START_REF] Altman | Vertical compartmentation and cellular transformations in the germinal matrices of the embryonic rat cerebral cortex[END_REF].

The possibility of a coupling between proliferation/ neuron production rates and migration rates in the developing cortex is therefore an important open question which remains to be explored, as well as the underlying mechanisms.

In the first part of this thesis, I have addressed this question at the system level. Using area 17 and area 18 of the primate as a model, I have shown, using real time imaging that rates of proliferation and radial migration are coordinated and regulated in an area specific manner. I have also shown that the modular protein p27kip1 which expression level is differentially regulated in the GZ of area 17 and area 18 (Lukaszewicz et al., 2006;Lukaszewicz et al., 2005) is a likely candidate to mediate this area specific coupling of rates of neuron production and rates of migration. In the second part, I have used the developing mouse cortex to further explore the p27kip1 related cellular and molecular mechanisms that contribute to coordinate neuron proliferation and migration during corticogenesis. I have largely focused my investigation on the interkinetic migration (INM) of the cycling APs in the VZ, where cell cycle progression and migration are integrated. Therefore, the subsequent sections of this bibliographic introduction will review the pleiotropic role of p27kip1in cell cycle control, differentiation and migration as well as the regulatory mechanisms of the INM.

IV.Proliferation and migration coupling by p27 kip1 p27 kip1 : a modular protein with multiple roles

Before describing the role of p27kip1in key stages of corticogenesis, I shall first review recent findings showing that p27kip1regulates multiple cellular processes that are critical for the histogenesis of various tissues. In particular, I shall focus on the migration promoting role of p27kip1via its interaction with the Rho pathway.

a. p27 kip1 : a well described cell cycle inhibitor

The protein p27kip1was first identified as a cell cycle inhibitor almost 20 years ago [START_REF] Polyak | Cloning of p27, a cyclin dependent kinase inhibitor and a potential mediator of extracellular antimitogenic signals[END_REF].p27kip1is a member of the Cip/Kip family of CKIs (Cyclin dependent Kinase Inhibitors) and is a well characterized negative regulator of G1 phase cell cycle progression (Sherr and Roberts, 1999). Homozygous deletion of the p27kip1 gene in mice causes a general rise in cell proliferation in various organs, leading to increased body and organ size (including the brain), as well as increased tumorigenesis [START_REF] Fero | The murine gene p27 is haplo insufficient for tumour suppression[END_REF][START_REF] Fero | A syndrome of multiorgan hyperplasia with features of gigantism, tumorigenesis, and female sterility in p27(Kip1) deficient mice[END_REF].

When p27kip1was cloned, it was first identified as an inhibitor of cyclin-CDK complexes [START_REF] Polyak | Cloning of p27, a cyclin dependent kinase inhibitor and a potential mediator of extracellular antimitogenic signals[END_REF][START_REF] Slingerland | A novel inhibitor of cyclin Cdk activity detected in transforming growth factor beta arrested epithelial cells[END_REF][START_REF] Toyoshima | p27, a novel inhibitor of G1 cyclin Cdk protein kinase activity, is related to p21[END_REF]. Through its N terminal domain, p27kip1 tightly associates with both cyclin (residues 25 to 52) and CDK (residues 52 to 93) [START_REF] Russo | Crystal structure of the p27 cyclin dependent kinase inhibitor bound to the cyclin A Cdk2 complex[END_REF] (Fig. 15A). Structural studies showed that p27kip1 binds to cyclin/CDK complexes in three steps: an helix of p27kip1 initiates a first contact with a conserved cyclin box; a second helix binds the N terminal lobe of the CDK subunit and inserts itself deep inside the catalytic cleft, mimicking ATP binding mechanism [START_REF] Russo | Crystal structure of the p27 cyclin dependent kinase inhibitor bound to the cyclin A Cdk2 complex[END_REF]. This prevents the cyclin-CDK complexes from binding to ATP and thereby blocks their catalytic activity [START_REF] Russo | Crystal structure of the p27 cyclin dependent kinase inhibitor bound to the cyclin A Cdk2 complex[END_REF]. Of note, p27kip1 also facilitates both the assembly and the nuclear import of cyclinD1 CDK4 complexes [START_REF] Cheng | The p21(Cip1) and p27(Kip1) CDK 'inhibitors' are essential activators of cyclin D dependent kinases in murine fibroblasts[END_REF][START_REF] Labaer | New functional activities for the p21 family of CDK inhibitors[END_REF]. A: Crystal structure of p27kip1N term domain bound to the CyclinA/CDK2 complex. p27kip1 binds the complex as anextended structure interacting with both cyclin A and CDK2 [START_REF] Russo | Crystal structure of the p27 cyclin dependent kinase inhibitor bound to the cyclin A Cdk2 complex[END_REF]. B: p27kip1N term and C term domains and phosphorylation sites. The binding domain with the Cyclin/CDK complexes is represented in blue. Phosphorylation sites are in pink. Kinases that phosphorylate p27kip1at specific sites are listed, as well as the resulting effects on p27kip1function. Adapted from [START_REF] Russo | Crystal structure of the p27 cyclin dependent kinase inhibitor bound to the cyclin A Cdk2 complex[END_REF] and [START_REF] Larrea | p27 as Jekyll and Hyde: regulation of cell cycle and cell motility[END_REF] b. Spatiotemporal regulation of p27 kip1 expression p27kip1protein levels are highest during G0 and early G1 phases, then rapidly fall in late G1 and S phases [START_REF] Nourse | Interleukin 2 mediated elimination of the p27 cyclin dependent kinase inhibitor prevented by rapamycin[END_REF][START_REF] Reynisdottir | Kip/Cip and Ink4 Cdk inhibitors cooperate to induce cell cycle arrest in response to TGF beta[END_REF]. p27kip1downregulation is controlled by a decline in translation [START_REF] Hengst | Translational control of p27 accumulation during the cell cycle[END_REF] and mainly by ubiquitin mediated proteolysis which is phosphorylation regulated [START_REF] Pagano | Role of the ubiquitin proteasome pathway in regulating abundance of the cyclin dependent kinase inhibitor p27[END_REF]. Of note, microRNAs may also regulate p27kip1 synthesis [START_REF] Gillies | Regulation of p27 by miRNA 221/222 in glioblastoma[END_REF].

To function as a CDK inhibitor (CKI), p27kip1 needs to be localized in the nucleus. p27kip1 contains a nuclear localization signal (NLS) harboured in the C terminus (residues 153 166) [START_REF] Zeng | Minimal requirements for the nuclear localization of p27(Kip1), a cyclin dependent kinase inhibitor[END_REF] (Fig. 15B). p27kip1 requires association with the nuclear pore associated protein mNPAP60 to be imported in the nucleus [START_REF] Hammond | Mammalian Kinesin 3 motors are dimeric in vivo and move by processive motility upon release of autoinhibition[END_REF].

The regulation of p27kip1 protein level, function and localization involves several signalling pathways, relying on p27kip1 phosphorylation events. To date, five different phosphorylation sites on p27kip1 have been characterized (Fig. 15B).

S10 is phosphorylated by the serine threonine kinase KIS (Kinase Interacting Stathmin), mediating p27kip1 nuclear export in early G1 by binding to the carrier protein CRM1 [START_REF] Boehm | A growth factor dependent nuclear kinase phosphorylates p27(Kip1) and regulates cell cycle progression[END_REF][START_REF] Connor | CRM1/Ran mediated nuclear export of p27(Kip1) involves a nuclear export signal and links p27 export and proteolysis[END_REF][START_REF] Ishida | Phosphorylation of p27 on serine 10 is required for its binding to CRM1 and nuclear export[END_REF][START_REF] Ishida | Phosphorylation at serine 10, a major phosphorylation site of p27(Kip1), increases its protein stability[END_REF]McAllister et al., 2003;[START_REF] Rodier | p27 cytoplasmic localization is regulated by phosphorylation on Ser10 and is not a prerequisite for its proteolysis[END_REF]. Other kinases, such as Mirk/dyrk1B [START_REF] Deng | The cyclin dependent kinase inhibitor p27 is stabilized in G(0) by Mirk/dyrk1B kinase[END_REF] and PKB/Akt and ERK2 [START_REF] Fujita | Akt dependent phosphorylation of p27 promotes binding to 14 3 3 and cytoplasmic localization[END_REF][START_REF] Ishida | Phosphorylation at serine 10, a major phosphorylation site of p27(Kip1), increases its protein stability[END_REF], were also reported to phosphorylate p27kip1 on Ser10 in vitro. Of note, the atypical cyclin dependent kinase Cdk5 phosphorylates p27kip1on Ser10 in neurons (details p58 59).

Y74, Y88, Y89 are phosphorylated by the Src family kinase in early G1, leading to a loss of p27kip1inhibitory action towards Cyclin/CDK complexes. Tyrosine phosphorylation by Src is also required for activation of assembled cyclin D1/CDK4 complexes, to promote G1 progression [START_REF] Chu | p27 phosphorylation by Src regulates inhibition of cyclin E Cdk2[END_REF][START_REF] Grimmler | Cdk inhibitory activity and stability of p27 are directly regulated by oncogenic tyrosine kinases[END_REF][START_REF] James | Differential modification of p27 controls its cyclin D cdk4 inhibitory activity[END_REF][START_REF] Larrea | Phosphorylation of p27 regulates assembly and activation of cyclin D1 Cdk4[END_REF].This subsequently facilitates cyclinE CDK2 mediated T187 phosphorylation and SCF Skp2 dependent p27kip1proteolysis [START_REF] Chu | p27 phosphorylation by Src regulates inhibition of cyclin E Cdk2[END_REF][START_REF] Grimmler | Cdk inhibitory activity and stability of p27 are directly regulated by oncogenic tyrosine kinases[END_REF].

T187 is phosphorylated in the S and G2 phases of the cell cycle by active cyclin E and A CDK2. This targets p27kip1for degradation via the SCF Skp2 ubiquitin proteasome pathway [START_REF] Carrano | SKP2 is required for ubiquitin mediated degradation of the CDK inhibitor p27[END_REF][START_REF] Nakayama | Ubiquitin ligases: cell cycle control and cancer[END_REF][START_REF] Sheaff | Cyclin E CDK2 is a regulator of p27[END_REF][START_REF] Sutterluty | p45SKP2 promotes p27 degradation and induces S phase in quiescent cells[END_REF][START_REF] Tsvetkov | p27(Kip1) ubiquitination and degradation is regulated by the SCF(Skp2) complex through phosphorylated Thr187 in p27[END_REF]Vlach et al., 1997).

T157 is phosphorylated by a downstream PI3K effector kinase, Akt (or PKB, Protein kinase B), which sequesters p27kip1in the cytoplasm by impairing nuclear import [START_REF] Liang | PKB/Akt phosphorylates p27, impairs nuclear import of p27 and opposes p27 mediated G1 arrest[END_REF][START_REF] Shin | PKB/Akt mediates cell cycle progression by phosphorylation of p27(Kip1) at threonine 157 and modulation of its cellular localization[END_REF][START_REF] Viglietto | Cytoplasmic relocalization and inhibition of the cyclin dependent kinase inhibitor p27(Kip1) by PKB/Akt mediated phosphorylation in breast cancer[END_REF] and activates the assembly function of p27kip1for cyclin D1 CDK4 [START_REF] Larrea | Phosphorylation of p27 regulates assembly and activation of cyclin D1 Cdk4[END_REF]. SGK1 (Serum and Glucocorticoid regulated Kinase 1) also contributes to T157 phosphorylation and cytoplasmic mislocalization of p27kip1 [START_REF] Hong | mTOR raptor binds and activates SGK1 to regulate p27 phosphorylation[END_REF].

T198 is phosphorylated by RSK1 (or p90 ribosomal S6 kinase), a kinase activated downstream of both MAPK and PI3K. This mislocalizes and stabilizes p27kip1 in the cytoplasm [START_REF] Fujita | Akt dependent phosphorylation of p27 promotes binding to 14 3 3 and cytoplasmic localization[END_REF]Larrea et al., 2009a). T198 can also be phosphorylated by PKB/Akt, inducing its export to the cytoplasm [START_REF] Fujita | Akt dependent phosphorylation of p27 promotes binding to 14 3 3 and cytoplasmic localization[END_REF] and activating the assembly function of p27kip1 for cyclin D1 CDK4 [START_REF] Kossatz | C terminal phosphorylation controls the stability and function of p27[END_REF][START_REF] Larrea | Phosphorylation of p27 regulates assembly and activation of cyclin D1 Cdk4[END_REF][START_REF] Liang | The energy sensing LKB1 AMPK pathway regulates p27(kip1) phosphorylation mediating the decision to enter autophagy or apoptosis[END_REF]. T198 phosphorylation also regulates p27kip1 stability by preventing its ubiquitin dependent degradation [START_REF] Kossatz | C terminal phosphorylation controls the stability and function of p27[END_REF][START_REF] Liang | The energy sensing LKB1 AMPK pathway regulates p27(kip1) phosphorylation mediating the decision to enter autophagy or apoptosis[END_REF].

c. Cytoplasmic p27 kip1 : an alternative function in cell migration

Cancer studies have uncovered a new cyclin-CDK inhibition independent function of p27kip1 when localized in the cytoplasm. In numerous human cancers, p27kip1 protein expression deregulation occurs mostly via relocation to the cytoplasm, rather than via mutation as is the case for most of the tumour suppressors. This cytoplasmic localization of p27kip1 is associated with an increased tumour aggressiveness and a poor clinical outcome [START_REF] Bloom | Deregulated degradation of the cdk inhibitor p27 and malignant transformation[END_REF][START_REF] Philipp Staheli | p27(Kip1): regulation and function of a haploinsufficient tumor suppressor and its misregulation in cancer[END_REF][START_REF] Ponce Castaneda | p27: chromosomal mapping to 12p12 12p13.1 and absence of mutations in human tumors[END_REF][START_REF] Slingerland | Regulation of the cdk inhibitor p27 and its deregulation in cancer[END_REF]. Several influential studies [reviewed in (Besson et al., 2004a)] have analysed the underlying mechanisms and showed that, in addition to its growth inhibitory function when located in the nucleus, p27kip1 is a regulator of cytoskeletal structure and cell migration when located in the cytoplasm.

The involvement of p27kip1 in the promotion of migration was first reported in hepatocellular carcinoma cells, in which delivery of a transducible form of p27kip1(TAT p27kip1) led to high cytoplasmic p27kip1 levels and promoted cell migration [START_REF] Nagahara | Transduction of full length TAT fusion proteins into mammalian cells: TAT p27 induces cell migration[END_REF]. Further analysis showed that fibroblasts from p27 / mice present a motility defect, rescued by re expression of p27kip1 (Besson et al., 2004b;McAllister et al., 2003).

The importance of p27kip1 cytoplasmic localization in the regulation of cell migration was illustrated in numerous cancer studies. Expressing cytosolic mutant forms of p27kip1 in melanoma, breast cancer, glioma cell lines and metastatic hepatocellular carcinoma cells increased their motility in vitro [START_REF] Denicourt | Relocalized p27 tumor suppressor functions as a cytoplasmic metastatic oncogene in melanoma[END_REF]Larrea et al., 2009a;[START_REF] Wang | p27 promotes migration of metastatic hepatocellular carcinoma cells[END_REF][START_REF] Wu | Reduction of cytosolic p27(Kip1) inhibits cancer cell motility, survival, and tumorigenicity[END_REF]. Moreover, p27kip1 knock down reduced tumorigenicity and invasion in a xenograft model [START_REF] Wu | Reduction of cytosolic p27(Kip1) inhibits cancer cell motility, survival, and tumorigenicity[END_REF], while expression of cytoplasmic p27kip1 greatly enhanced the metastatic and invasive properties of melanoma cells in vivo [START_REF] Denicourt | Relocalized p27 tumor suppressor functions as a cytoplasmic metastatic oncogene in melanoma[END_REF].

The increased cell migration resulting from cytoplasmic p27kip1 was shown to be independent from its cell cycle role. Indeed, expression of the N terminal half of p27kip1, containing the functional cyclin CDK binding domain (Fig. 15B), fails to induce cell migration (McAllister et al., 2003). Moreover, re expression of a p27kip1 mutant that cannot bind to cyclin-CDK complexes (p27CK ) was able to restore migration of p27 deficient cells (Besson et al., 2004b). p27kip1 role in promoting migration relies on a C terminal "scatter domain" (residues 118 to 158) (McAllister et al., 2003) (Fig. 15B). A SQx7AxI motif (residues 140 to 151) was shown to be critical to promote migration. This motif is also found in the yeast cell cycle inhibitor homolog Far1p C terminal region involved in actin rearrangement (McAllister et al., 2003).

In the cytoplasm, p27kip1 colocalizes with F actin at both the membrane and in areas of organized actin filaments (McAllister et al., 2003). Some actin related structures, such as stress fibres and focal adhesions, were found to be more numerous in p27 / fibroblasts, thus exercising a negative effect on cell motility (Besson et al., 2004b). These cellular features are indicative of high RhoA GTPase activity (Besson et al., 2004b). The RhoA pathway has been shown to be involved in the remodelling of the actin cytoskeleton, which plays a crucial role in migration [START_REF] Narumiya | Rho signaling, ROCK and mDia1, in transformation, metastasis and invasion[END_REF]. Inhibition of the RhoA pathway by Y27632 rescued the migration defect (Besson et al., 2004b). Furthermore, p27kip1 and RhoA can interact both in vitro and in cells transfected with RhoA (Besson et al., 2004b), binding which subsequently interferes with RhoA activation (details p54). p27kip1 co immunoprecipitate with RhoA via its C terminal half (Besson et al., 2004b;Larrea et al., 2009a). Moreover, it appears that phosphorylation of the last residue of p27kip1 (Thr 198) by RSK1, in addition to promoting p27kip1 cytoplasmic localisation and stabilization, enhances RhoA p27 binding (Besson et al., 2004b;Larrea et al., 2009a).

To summarize, p27kip1promotes migration in several cell types, independently from its cell cycle function. p27kip1 binds to RhoA, through its C term domain, and prevents RhoA pathway activation, which in turn allows a dynamic remodelling of the actin cytoskeleton necessary for cell migration. However, while some studies show that p27kip1 cytoplasmic localization promotes cell motility, others show the opposite. For instance, in cells of mesenchymal origin such as fibrosarcomas (Baldassarre et al., 2005), endothelial cells (Goukassian et al., 2001), mesangial cells [START_REF] Daniel | The rapamycin derivative RAD inhibits mesangial cell migration through the CDK inhibitor p27[END_REF] or smooth muscle cells (Diez Juan and Andres, 2003;Sun et al., 2001), p27kip1 acts as an inhibitor of cell migration. One possible source of discrepancy between these studies appears to come from cell type dependent differences in the signalling pathways. For instance, in sarcoma cells, p27kip1was shown to bind and inhibit stathmin, a microtubule destabilizing protein that promotes microtubule depolymerisation (Baldassarre et al., 2005). Another source of variability in the results is linked to the type of motility assay. For instance, different tumour cell lines can move in either an amoeboid or an elongated mode, with distinct requirements for the GTPases Rho and Rac. The elongated mode is associated with Rac dependent protrusions that are rich in actin filaments, whereas the amoeboid migration is dependent on RhoA signalling [START_REF] Sahai | Differing modes of tumour cell invasion have distinct requirements for Rho/ROCK signalling and extracellular proteolysis[END_REF]. In fibroblasts migrating in a 3D matrigel matrix, p27kip1 was found to inhibit elongated migration, whereas it was promoting amoeboid migration [START_REF] Berton | The tumor suppressor functions of p27(kip1) include control of the mesenchymal/amoeboid transition[END_REF].

Lastly, the effect of p27kip1 can also vary depending on the degree of the Rho pathway inhibition. Indeed, efficient migration requires a tightly balanced activation and deactivation of Cdc42, Rac and RhoA both spatially and temporally [START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF]. Insufficient levels of Rho-GTP will inhibit migration by preventing cells from achieving sufficiently strong adhesion and traction to move forward [START_REF] Nobes | Rho GTPases control polarity, protrusion, and adhesion during cell movement[END_REF][START_REF] Worthylake | RhoA is required for monocyte tail retraction during transendothelial migration[END_REF]. Conversely, excessive Rho activity can inhibit cell migration by increasing adhesion to the substrate and preventing focal adhesion turnover [START_REF] Arthur | RhoA inactivation by p190RhoGAP regulates cell spreading and migration by promoting membrane protrusion and polarity[END_REF][START_REF] Cox | Integrin mediated adhesion regulates cell polarity and membrane protrusion through the Rho family of GTPases[END_REF][START_REF] Ren | Regulation of the small GTP binding protein Rho by cell adhesion and the cytoskeleton[END_REF][START_REF] Sahai | Cross talk between Ras and Rho signalling pathways in transformation favours proliferation and increased motility[END_REF]. Increased Rac mediated cell to cell interactions also prevent migration [START_REF] Malliri | Role of Rho family proteins in cell adhesion and cancer[END_REF].

Crosstalk between CKI and Rho GTPases

As mentioned above, the CKI p27kip1binds to RhoA, through its C term domain, and prevents RhoA pathway activation, which in turn allows a dynamic remodelling of the actin cytoskeleton necessary for cell migration.

a. The Rho GTPases family

The Rho GTPases are low molecular weight guanine nucleotide binding proteins tethered to the cellular membrane. In this area, they can be activated by various upstream signals, including receptor tyrosine kinases (RTK), integrins ( ) and G protein coupled receptors (GPCR) (Fig. 16). Rho GTPases are binary molecular switches that control multiple signalling events regulating functions such as cell movement, gene transcription, cell growth and proliferation, as well as cell cycle progression. Rho GTPases are sequestered in the cytoplasm in their inactive GDP bound state by guanine nucleotide dissociation inhibitors (GDIs). After reception of upstream signals coming from receptor tyrosine kinases (RTK), integrins ( ) and G protein coupled receptors (GPCR), guanine nucleotide exchange factors (GEFs) exchange GDP for GTP, thus activating Rho GTPases. Rho GTPases can return to their inactive state by GTPase activating proteins (GAPs) that stimulate the slow hydrolysis of bound GTP. Issued from (Besson et al., 2004a) Rho GTPases alternate between an inactive GDP bound state and an active GTP bound state (Fig. 16). In the active state, they transduce upstream signals by interacting with various downstream effectors proteins. Their activity is promoted by guanine nucleotide exchange factors (GEFs) [START_REF] Zheng | Dbl family guanine nucleotide exchange factors[END_REF] that promote the exchange of GDP for GTP [START_REF] Schmidt | Guanine nucleotide exchange factors for Rho GTPases: turning on the switch[END_REF] (Fig. 16). The return to the inactive state is facilitated by GTPase activating proteins (GAPs) [START_REF] Moon | Rho GTPase activating proteins in cell regulation[END_REF] that stimulate the slow hydrolysis of bound GTP [START_REF] Bernards | GAP control: regulating the regulators of small GTPases[END_REF][START_REF] Zalcman | RhoGAPs and RhoGDIs, (His)stories of two families[END_REF] (Fig. 16). Rho proteins can also be sequestered in the cytoplasm in their GDP bound form by guanine nucleotide dissociation inhibitors (GDIs) until the cell receives a positive signal [START_REF] Dermardirossian | GDIs: central regulatory molecules in Rho GTPase activation[END_REF][START_REF] Zalcman | RhoGAPs and RhoGDIs, (His)stories of two families[END_REF] (Fig. 16).

There are currently 20 identified members of the Rho family [START_REF] Burridge | Rho and Rac take center stage[END_REF][START_REF] Manneville | Rho GTPases in cell biology[END_REF][START_REF] Jaffe | Rho GTPases: biochemistry and biology[END_REF]. Approximately 60 GEFs, 80 GAPs and 3 GDIs have been identified so far, as well as over 60 downstream effectors proteins, providing a wide variety of mechanisms for regulating Rho family GTPase activities.

Three of the most studied Rho GTPases are RhoA, Cdc42 and Rac1. The main functions of these proteins are the regulation of actin and microtubule cytoskeletons, cell morphogenesis, polarity, adhesion, migration as well as cell cycle progression and cytokinesis [START_REF] Burridge | Rho and Rac take center stage[END_REF][START_REF] Manneville | Rho GTPases in cell biology[END_REF][START_REF] Jaffe | Rho GTPases: biochemistry and biology[END_REF].

b. Rho GTPases role in the regulation of cell migration

Cell migration involves polarization of the cell in the direction of the movement, extension of protrusions, formation of new adhesions at the leading edge and forward translocation of the cell body [START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF][START_REF] Vicente Manzanares | Non muscle myosin II takes centre stage in cell adhesion and migration[END_REF]. Adhesions are subsequently disassembled at the rear of the cell to allow detachment. This cycle of events enables cells to migrate to their destination. The actin cytoskeleton and microtubules (MTs) are critical elements for these events. Actin polymerization at the leading edge drives membrane protrusion. The association of the actin cytoskeleton with integrins regulates their binding to extracellular matrix. The actomyosin motors and integrin based adhesion receptors provide the force and traction needed to pull the cell body forward and retract the tail. MTs are also polarized in migrating cells and are essential for the directed migration, possibly by delivery of signalling molecules and membrane components [START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF].

Signals that induce cell migration originate from cell surface receptors, including integrins, growth factor receptors and G protein coupled receptors. These signals converge to modulate the activity of Rho family GTPases [START_REF] Burridge | Rho and Rac take center stage[END_REF][START_REF] Manneville | Rho GTPases in cell biology[END_REF][START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF]. In turn, Rho GTPases control the cytoskeletal reorganizations that are required for migration [START_REF] Moon | Rho GTPase activating proteins in cell regulation[END_REF][START_REF] Narumiya | Rho signaling, ROCK and mDia1, in transformation, metastasis and invasion[END_REF].

Cdc42 is active at the cell front [START_REF] Itoh | Activation of rac and cdc42 video imaged by fluorescent resonance energy transfer based single molecule probes in the membrane of living cells[END_REF], establishing the centrosome polarity that defines the direction of movement. Cdc42 acts in orienting the MT organizing center (MTOC) as well as the Golgi apparatus in front of the nucleus toward the leading edge [START_REF] Nobes | Rho GTPases control polarity, protrusion, and adhesion during cell movement[END_REF], through a Cdc42/Par6/aPKC pathway (review in [START_REF] Narumiya | Rho signaling, ROCK and mDia1, in transformation, metastasis and invasion[END_REF]). Cdc42 also induces the formation of filopodia, spike like membrane protrusions containing long parallel actin bundles, that serve as sensors to explore the local environment [START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF]. MRCK, a ROK related target of Cdc42, is involved in the formation of focal complexes and filopodia [START_REF] Leung | Myotonic dystrophy kinase related Cdc42 binding kinase acts as a Cdc42 effector in promoting cytoskeletal reorganization[END_REF].

Rac1 is active at the front of migrating cells [START_REF] Itoh | Activation of rac and cdc42 video imaged by fluorescent resonance energy transfer based single molecule probes in the membrane of living cells[END_REF]. It promotes actin polymerization at the cell edges and the extension of the lamellipodia, made of a meshwork of short branches of actin filaments. Rac1 activates the p21 activated kinases (PAKs), leading to lamellipodia formation and disassembly of stress fibres and focal adhesions [START_REF] Frost | Differential effects of PAK1 activating mutations reveal activity dependent and independent effects on cytoskeletal regulation[END_REF][START_REF] Manser | Expression of constitutively active alpha PAK reveals effects of the kinase on actin and focal complexes[END_REF]. Rac1 induces membrane protrusion by stimulating actin polymerization through activation of the WAVE Arp2/3 complex pathway [START_REF] Cory | Cell motility: braking WAVEs[END_REF][START_REF] Miki | WAVE, a novel WASP family protein involved in actin reorganization induced by Rac[END_REF].

RhoA promotes the formation of 'stress fibres' actomyosin bundles composed of anti parallel actin filaments cross liked by myosin and enhances integrin based focal adhesions [START_REF] Riento | Rocks: multifunctional kinases in cell behaviour[END_REF]. Downstream effectors of RhoA are ROCK (Rho associated coiled coil forming kinase) [START_REF] Amano | Formation of actin stress fibres and focal adhesions enhanced by Rho kinase[END_REF][START_REF] Ishizaki | The small GTP binding protein Rho binds to and activates a 160 kDa Ser/Thr protein kinase homologous to myotonic dystrophy kinase[END_REF][START_REF] Leung | A novel serine/threonine kinase binding the Ras related RhoA GTPase which translocates the kinase to peripheral membranes[END_REF][START_REF] Matsui | Rho associated kinase, a novel serine/threonine kinase, as a putative target for small GTP binding protein Rho[END_REF] and mDia (mammalian homolog of Drosophila diaphanous) [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] (Fig. 17). ROCK is a serine/threonine kinase that can phosphorylate a variety of substrates [START_REF] Riento | Rocks: multifunctional kinases in cell behaviour[END_REF]. ROCK can directly phosphorylate myosin light chain (MLC P) [START_REF] Amano | Phosphorylation and activation of myosin by Rho associated kinase (Rho kinase)[END_REF] (Fig. 17). Otherwise, ROCK phosphorylates and inhibits the myosin binding subunit of myosin phosphatase [START_REF] Kimura | Regulation of myosin phosphatase by Rho and Rho associated kinase (Rho kinase)[END_REF][START_REF] Uehata | Calcium sensitization of smooth muscle mediated by a Rho associated protein kinase in hypertension[END_REF] (Fig. 17). These two actions increase myosin light chain phosphorylation, stimulate cross linking of actin by myosin and enhance actomyosin contractility. ROCK can also phosphorylate and activate LIM domain containing protein kinase (LIMK), which in turn phosphorylates and inhibits the actin depolymerisation factor cofilin, regulating actin filament turnover [START_REF] Maekawa | Signaling from Rho to the actin cytoskeleton through protein kinases ROCK and LIM kinase[END_REF]. The phosphatase slingshot dephosphorylates cofilin, which inhibits actin polymerization (Fig. 17). Thus, ROCK and LIMK activity result in an increase in actin stress fibre polymerization and stability, which both promote integrin clustering and focal adhesion assembly [START_REF] Burridge | Rho and Rac take center stage[END_REF][START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF] (Fig. 17). The Rho ROCK signalling is also involved in tail retraction by negative regulation of integrin mediated adhesions in the tail [START_REF] Worthylake | RhoA and ROCK promote migration by limiting membrane protrusions[END_REF]. The other RhoA effector, mDia, produces actin filaments by catalyzing actin nucleation and polymerization through actin binding protein profiling [START_REF] Burridge | Rho and Rac take center stage[END_REF]) (Fig. 17). This induces long thin stress fibres along the cell [START_REF] Goode | Mechanism and function of formins in the control of actin assembly[END_REF][START_REF] Higashida | Actin polymerization driven molecular movement of mDia1 in living cells[END_REF][START_REF] Li | The mouse Formin mDia1 is a potent actin nucleation factor regulated by autoinhibition[END_REF]. mDia also regulates microtubule dynamics locally, promoting their alignment and stabilization [START_REF] Ishizaki | Coordination of microtubules and the actin cytoskeleton by the Rho effector mDia1[END_REF][START_REF] Palazzo | mDia mediates Rho regulated formation and orientation of stable microtubules[END_REF]) (Fig. 17).

Of note, Rho and Rac have antagonistic and complementary functions during migration, implying that a careful balance between their activities is needed for efficient cell migration [reviewed in [START_REF] Narumiya | Rho signaling, ROCK and mDia1, in transformation, metastasis and invasion[END_REF]]. Issued from (Besson et al., 2004a) and [START_REF] Narumiya | Rho signaling, ROCK and mDia1, in transformation, metastasis and invasion[END_REF].

B A c. Rho GTPases role in the regulation of cell proliferation

In addition to their role in regulating cell motility, Rho family GTPases control cell proliferation and transformation. Rho GTPases act as integrators of extracellular signals responsible for cell cycle progression and in particular for the G1/S transition (Fig. 18) [reviewed in [START_REF] Villalonga | Rho GTPases and cell cycle control[END_REF]].

Rho GTPases role in G1 phase progression

The first indications of the role of Rho GTPases in the cell cycle came from studies using the bacterial exo enzymeC3 transferase. C3 transferase ADP ribosylates Rho proteins, inhibiting their downstream signalling, and was found to prevent G1 progression in Swiss 3T3 fibroblasts [START_REF] Yamamoto | ADP ribosylation of the rhoA gene product by botulinum C3 exoenzyme causes Swiss 3T3 cells to accumulate in the G1 phase of the cell cycle[END_REF]. The contribution of Rho GTPases to mitogen induced G1 progression was further demonstrated by studies using dominant negative constructs or constitutively active mutants of RhoA, Rac1 and Cdc42 (Olson et al., 1995). The specific molecular events linking Rho GTPases with the G1 cell cycle machinery are progressively better understood, in particular involving the regulation of cyclin and CKI expression (Fig. 18).

The Rho GTPases Rac1, RhoA and RhoE (also known as Rnd3) act together to affect cyclin D1 expression level. They regulate cyclin D1 transcription and/or translation depending on the cellular context (Fig. 18).

Rac1 is an important downstream target of Ras in cyclin D1 transcriptional regulation [START_REF] Gille | Multiple ras effector pathways contribute to G(1) cell cycle progression[END_REF]. Rac and, to a lesser degree CDC42, have been reported to stimulate the expression of cyclin D1 mRNA in both fibroblasts and epithelial cells (Roovers and Assoian, 2003;[START_REF] Welsh | A growing role for Rho family GTPases as intermediaries in growth factor and adhesion dependent cell cycle progression[END_REF], or to promote the translation of cyclin D1 mRNA in human umbilical vein endothelial cells [START_REF] Mettouchi | Integrin specific activation of Rac controls progression through the G(1) phase of the cell cycle[END_REF]. Rac1 induction of cyclin D1 transcription involves activation of NF kB [START_REF] Boyer | Rac GTPase instructs nuclear factor kappaB activation by conveying the SCF complex and IkBalpha to the ruffling membranes[END_REF]) (Fig. 18).

RhoA regulation of cyclin D1 expression is more complex than that of Rac1. In certain cell types, such as mammary epithelial cells, RhoA activation is associated with activation of the cyclin D1 promoter [START_REF] Liberto | Rho regulates p21(CIP1), cyclin D1, and checkpoint control in mammary epithelial cells[END_REF]. In NIH3T3 cells plated on fibronectin, but not other substrates, cyclin D1 expression and G1 progression were induced through the activation of RhoA [START_REF] Danen | Dual stimulation of Ras/mitogen activated protein kinase and RhoA by cell adhesion to fibronectin supports growth factor stimulated cell cycle progression[END_REF]. RhoA indirectly regulates cyclin D1 gene expression in mid to late G1 phase, through a pathway involving the kinases ROCK and LIMK and modulating integrin dependent signalling. RhoA promotes ROCK/LIMK mediated stress fibre assembly and focal adhesion formation, which, in turn, allows for the sustained clustering of integrins and therefore the sustained activation of ERKs (extracellular signal regulated kinases) (Roovers and Assoian, 2003;Roovers et al., 2003;[START_REF] Swant | Rho GTPase dependent signaling is required for macrophage migration inhibitory factor mediated expression of cyclin D1[END_REF] (Fig. 18). However, a number of studies fail to report such a direct link between RhoA and cyclin D1 induction. Upon RhoA inhibition, cyclin D1 expression is not blocked, and is observed much earlier than usual in G1, through a Rac dependent pathway [START_REF] Welsh | Timing of cyclin D1 expression within G1 phase is controlled by Rho[END_REF]) (Fig. 18). Thus, RhoA inhibits Rac dependent cyclin D1 expression and this inhibition requires the nuclear translocation of activated LIMK [START_REF] Roovers | Integrating the MAP kinase signal into the G1 phase cell cycle machinery[END_REF]. Therefore, through its stimulatory effect on ERK signalling and its inhibitory effect on Rac signalling, the Rho kinase-LIMK pathway determines whether cyclin D1 is expressed and whether the expression is mediated by ERK or Rac.

Another Rho GTP binding protein that can affect cyclin D1 translation is RhoE. RhoE expression leads to cell cycle arrest in fibroblasts and inhibits Ras induced transformation [START_REF] Villalonga | RhoE inhibits cell cycle progression and Ras induced transformation[END_REF]) (Fig. 18).RhoE expressing cells fail to accumulate cyclin D1 protein, although signalling pathways leading to cyclin D1 transcription are activated normally [START_REF] Villalonga | RhoE inhibits cell cycle progression and Ras induced transformation[END_REF]. Thus, RhoE inhibits cyclin D1 translation (Fig. 18).

Fig. 18: Rho GTPases action on G1 phase progression.

Diagram showing the main signalling pathways and molecular events where different members of the Rho family act on both G1 cyclin/CDK complexes and CDK inhibitors. Issued from [START_REF] Villalonga | Rho GTPases and cell cycle control[END_REF] The CKIs p21cip1 and p27kip1 are other major targets of Rho GTPase signalling within the cell cycle machinery. In many systems, inhibition of Rho proteins induces up regulation of these proteins, although the mechanisms underlying this effect are still poorly understood (Fig. 18). Dominant negative RhoA increases p21cip1 levels and, conversely, activated RhoA mutants prevent p21 up regulation in response to geranylgeranyl transferase inhibitors (GTIs) [START_REF] Adnane | p21(WAF1/CIP1) is upregulated by the geranylgeranyltransferase I inhibitor GGTI 298 through a transforming growth factor beta and Sp1 responsive element: involvement of the small GTPase rhoA[END_REF]. Rho inhibits p21cip1 expression at the transcriptional level, by preventing the increase in p21cip1 levels in response ERK activation by Ras (Olson et al., 1998;[START_REF] Roovers | Integrating the MAP kinase signal into the G1 phase cell cycle machinery[END_REF] (Fig. 18). So, whereas Ras and Rho play opposite roles in the regulation of p21, they have complementary roles in regulating cell proliferation: ERK signalling in Ras transformed cells precludes cell proliferation unless RhoA downregulates p21.

RhoA activation has been linked to inhibition of p27 mRNA translation efficiency (Vidal et al., 2002). However, the prevailing view is that RhoA is important for p27kip1 degradation. The best characterized proteolytic pathway is mediated by cyclin E-CDK2 dependent phosphorylation of p27kip1 on Thr187, which targets p27kip1 for degradation by the F Box protein SKP2 [START_REF] Malek | A mouse knock in model exposes sequential proteolytic pathways that regulate p27 in G1 and S phase[END_REF][START_REF] Slingerland | Regulation of the cdk inhibitor p27 and its deregulation in cancer[END_REF] (cf p43). RhoA stimulates p27kip1 degradation through the activation of cyclinE/CDK2, as evidenced by the observation that dominant negative CDK2 completely prevents the down regulation of p27kip1 in response to the expression of an activated RhoA mutant (Hu et al., 1999). RhoA mediated activation of ROCK and mDia promotes G1 progression via Skp2 mediated degradation of p27kip1 [START_REF] Mammoto | Role of RhoA, mDia, and ROCK in cell shape dependent control of the Skp2 p27 pathway and the G1/S transition[END_REF]. When spread on fibronectin, endothelial cells required RhoA activity for cell cycle re entry to induce SKP2 expression and the subsequent downregulation of p27kip1 [START_REF] Mammoto | Role of RhoA, mDia, and ROCK in cell shape dependent control of the Skp2 p27 pathway and the G1/S transition[END_REF].

Rho GTPases role in mitosis and cytokinesis

Although Rho GTPases act as essential mediators of G1 phase progression in numerous cell types, some observations indicate that these proteins also control mitosis and cytokinesis (Fig. 19). For instance, in Rat2 fibroblasts, expression of a dominant negative version of Rac1 induces cell cycle arrest with cells accumulating in G2/M [START_REF] Moore | Rac1 is required for cell proliferation and G2/M progression[END_REF]. In hepatocytes, the Rho effector Citron Kinase (Citron K) is also required for G2/M progression [START_REF] Liu | Citron kinase is a cell cycle dependent, nuclear protein required for G2/M transition of hepatocytes[END_REF]. Rho GTPases regulate actin polymerization and contractility, which are required for cytokinesis, but they also regulate local dynamics of microtubules, crucial for the orientation of the centrosome and the mitotic spindle (Fig. 19).

The RhoA effectors of the mDia family stabilize and align microtubules in interphase cells, and may function during both spindle orientation and chromosome congression (review in [START_REF] Narumiya | Rho GTPases in animal cell mitosis[END_REF])) (Fig. 19). Centrosome separation occurs early in mitosis in two steps. Separation first occurs around the nuclear envelope, but following nuclear envelope breakdown, separation becomes dependent upon aster MTs attachment to the cell cortex. Some studies indicate a role for Rho in the interaction of aster MTs at the cortex. Lfc is a Rho GEF that associates with MTs in interphase cells and concentrates on spindle MTs in mitosis [START_REF] Benais Pont | Identification of a tight junction associated guanine nucleotide exchange factor that activates Rho and regulates paracellular permeability[END_REF]. The Lfc-Rho-mDia1 pathway may regulate aster MTs attachment to the cortex [START_REF] Bakal | The Rho GTP exchange factor Lfc promotes spindle assembly in early mitosis[END_REF][START_REF] Rosenblatt | Myosin II dependent cortical movement is required for centrosome separation and positioning during mitotic spindle assembly[END_REF], as well as MTs attachment to the kinetochore and thus promote spindle assembly in early mitosis [START_REF] Bakal | The Rho GTP exchange factor Lfc promotes spindle assembly in early mitosis[END_REF](Fig. 19). The Cdc42 mDia3 pathway also plays a role in regulating the attachment of MTs to kinetochores (Fig. 19). This is important for ensuring proper chromosome alignment during metaphase, which contributes to their correct segregation during anaphase [START_REF] Yasuda | Cdc42 and mDia3 regulate microtubule attachment to kinetochores[END_REF].

Rho family proteins are also crucial mediators of cytokinesis (cytoplasmic division), generating two daughter cells at the end of the cell division cycle. During cytokinesis, an actomyosin based ring forms and contracts, leading to the physical cleavage of the cell body. Since the contractile ring composition is similar to that of stress fibres, cooperation of the Rho effectors, mDia, ROCK and Citron K, promotes the formation and the contractility of the actomyosin bundles in the cytokinesis ring [START_REF] Kosako | Rho kinase/ROCK is involved in cytokinesis through the phosphorylation of myosin light chain and not ezrin/radixin/moesin proteins at the cleavage furrow[END_REF][START_REF] Watanabe | mDia2 induces the actin scaffold for the contractile ring and stabilizes its position during cytokinesis in NIH 3T3 cells[END_REF](Fig. 19). (i) The Rho GEF Lfc is activated in prophase. In prometaphase, RhoA/ROCK and RhoA/mDia activations are implicated in the attachment between aster microtubules and the cell cortex for centrosome separation and spindle orientation. (ii) The Rho GEF Ect2 activates Cdc42 in metaphase. mDia3 activation facilitates bi orientation and stabilization of attachment of the spindle microtubules (MTs) to the kinetochore, to ensure correct chromosomal alignment at the metaphase plate and segregation in anaphase. (iii) The Rho GEF Ect2 also activates Rho in telophase, leading to Rho accumulation in the cleavage furrow, and recruitment of mDia1, ROCK and citron kinase, working together to assemble and contract the actin ring. Issued from [START_REF] Narumiya | Rho GTPases in animal cell mitosis[END_REF] d. Modulation of the RhoA pathway by Cip/Kip proteins Not only does Rho signalling regulate the levels and timing of expression of cell cycle regulators, but cytoplasmic Cip/Kip CKIs can also inhibit the activity of various components of the Rho signalling pathway (Fig. 20). This negative feedback loop allows the coordinated control of cellular proliferation with cytoskeletal reorganization and cell migration (Besson et al., 2004a).

In the cytoplasm, p21cip1 binds to and inhibits ROCK1, impairing ROCK mediated LIMK activation and modulation of actin cytoskeleton organization [START_REF] Lee | Cytoplasmic p21Cip1 is involved in Ras induced inhibition of the ROCK/LIMK/cofilin pathway[END_REF])(Fig. 20). This promote neurite extension in neuroblastoma cells and hippocampal neurons cells [START_REF] Lee | Cytoplasmic p21Cip1 is involved in Ras induced inhibition of the ROCK/LIMK/cofilin pathway[END_REF][START_REF] Tanaka | Cytoplasmic p21(Cip1/WAF1) regulates neurite remodeling by inhibiting Rho kinase activity[END_REF], and lead to loss of actin stress fibres and decreased phosphorylated cofilin in NIH3T3 cells [START_REF] Lee | Cytoplasmic p21Cip1 is involved in Ras induced inhibition of the ROCK/LIMK/cofilin pathway[END_REF][START_REF] Tanaka | Cytoplasmic p21(Cip1/WAF1) regulates neurite remodeling by inhibiting Rho kinase activity[END_REF]. However, in mouse fibroblasts, the loss of p21cip1 had no effect on their migratory ability (Besson et al., 2004b).

On the contrary, cytoplasmic p27kip1 is able to promote cell migration by binding to and inhibiting RhoA (Besson et al., 2004b;Larrea et al., 2009a) (cf p44 45). ROCK inhibition rescued the migration of p27 / cells, indica ng that p27kip1affected the Rho pathway upstream of ROCK (Besson et al., 2004b)(Fig. 20). Furthermore, p27kip1does not interfere with RhoA binding to its effectors, becausep27kip1 has been shown to inhibit the activation of wild type RhoA but not of a constitutively active RhoA mutant (RhoA 63L; always bound to its effector) (Besson et al., 2004b). However, further dominant negative experiments revealed that p27kip1interaction with RhoA interfere with its activation by two Rho specific GEFs, p115 RhoGEF and Lbc (Besson et al., 2004b). p27 deficient cells had a significantly higher level of active RhoA GTP and an increased level of phospho cofilin, compared to wild type cells (Besson et al., 2004b). As a reminder, cofilin regulates actin filament turnover, and is inactivated by phosphorylation by LIMK, itself activated by the Rho/ROCK pathway [START_REF] Maekawa | Signaling from Rho to the actin cytoskeleton through protein kinases ROCK and LIM kinase[END_REF] (cf p48). Thus, p27kip1promotes cell migration by binding to RhoA, preventing its activation and thus reducing RhoA-GTP levels as well as the subsequent activation of the ROCK effectors. Inhibition of the RhoA/ROCK pathway in turn allows cofilin activity for a dynamic remodelling of the actin cytoskeleton (Besson et al., 2004b)(Fig. 20).

Cytoplasmic p57kip2 is able to interact with the effector LIMK of the RhoA pathway. This induces LIMK translocation and sequestration in the nucleus, where it cannot inactivate cofilin to regulate the actin cytoskeleton [START_REF] Yokoo | p57Kip2 regulates actin dynamics by binding and translocating LIM kinase 1 to the nucleus[END_REF]. This inhibition by p57kip2, shown in osteoblasts, leads to a loss of LIMK1 associated stress fibres (Fig. 20).

Overall, Cip/Kip proteins inhibit the Rho pathway at distinct points, leading to a net decrease in Rho induced formation of actin stress fibres and focal adhesion (Fig. 20). Phosphorylation events regulate the shuttling of p21 and p27between the cytoplasm and the nucleus. When localized in the cytoplasm, p27, p21 and p57 inhibit the Rho signalling pathway at different levels, affecting cytoskeletal organization and cell motility. Issued from (Besson et al., 2004a) p27 kip1 diverse roles in the cerebral cortex p27kip1 is the most important CKI for cerebral cortex development. Indeed, while p21Cip1 and p57Kip2 are expressed in neurons of the cortical plate, p27kip1is expressed in all layers of the developing cerebral cortex (Nguyen et al., 2006a). In addition to its well documented role in the control of cell proliferation, p27kip1has been shown to influence other developmental processes in the nervous system, including cell fate choices and differentiation [START_REF] Baldassarre | Key role of the cyclin dependent kinase inhibitor p27 for embryonal carcinoma cell survival and differentiation[END_REF][START_REF] Munoz Alonso | p21Cip1 and p27 induce distinct cell cycle effects and differentiation programs in myeloid leukemia cells[END_REF]Nguyen et al., 2006a;[START_REF] Ohnuma | p27Xic1, a Cdk inhibitor, promotes the determination of glial cells in Xenopus retina[END_REF][START_REF] Sasaki | Expression and role of p27(kip1) in neuronal differentiation of embryonal carcinoma cells[END_REF][START_REF] Vernon | The cdk inhibitor p27Xic1 is required for differentiation of primary neurones in Xenopus[END_REF], as well as radial migration (Kawauchi et al., 2006;Nguyen et al., 2006a;Nguyen et al., 2006b)(see Fig. 21).

a. p27 kip1 inhibits neuronal progenitors proliferation

In cortical progenitors, p27kip1expression levels influence two cell cycle parameters, the cell cycle length and the probability of cell cycle exit (Lukaszewicz et al., 2005). p27kip1 overexpression in cortical progenitors induces a premature lengthening of their cell cycle, mostly resulting from an extension of G1 phase duration (Lukaszewicz et al., 2005;[START_REF] Mitsuhashi | Overexpression of p27 lengthens the G1 phase in a mouse model that targets inducible gene expression to central nervous system progenitor cells[END_REF]. p27kip1 modification of the cell cycle length duration also impacts on the birth date of cortical projection neurons (Caviness et al., 2003). Accordingly, p27 / cortices show an enlargement of upper cortical layers, resulting from the reduction in neuronal production during mid corticogenesis followed by an increase in production of late born neurons (Goto et al., 2004). Conversely, overexpression of p27kip1in cortical progenitors results in a reduced number of upper layer neurons (Tarui et al., 2005). Moreover, p27kip1is involved in areal differences in neuronal production in the primate, where p27kip1 expression levels differ significantly between cortical areas (Lukaszewicz et al., 2005).

b. p27 kip1 promotes neuronal differentiation

In the mouse neocortex, p27kip1also promotes neuronal differentiation (Nguyen et al., 2006a;Nguyen et al., 2006b). Analysis of post mitotic neuronal markers in Bromodeoxyuridine (BrdU) birth dating cells in p27 / embryos, or after utero electroporation of p27kip1siRNA, revealed a decreased differentiation into neurons, whereas overexpression of p27kip1promoted the differentiation (Nguyen et al., 2006a). Of note, overexpression of other Cip/Kip genes, p21Cip1 or p57Kip2, did not affect neuronal differentiation (Nguyen et al., 2006a). Neurogenic activity is not abolished by the suppression of the cell cycle regulatory function of p27kip1in cortical progenitors. Bypassing of the cell cycle function of p27kip1was performed by replacing the coding sequence of p27kip1by p27 CK (a mutant version that no longer binds to cyclins and CDKs (Besson et al., 2004b)).p27kip1therefore regulates cell cycle exit and neuronal differentiation through distinct molecular mechanisms.

p27kip1 promotes the differentiation of cortical progenitors by up regulating Neurogenin2 expression (Nguyen et al., 2006a)(Fig. 21). Ngn2 is a proneural basic Helix Loop Helix (bHLH) protein that promotes the selection of neuronal precursors from neuroepithelial cells and drives their differentiation into specific subsets of neurons [START_REF] Parras | Divergent functions of the proneural genes Mash1 and Ngn2 in the specification of neuronal subtype identity[END_REF]. Ngn2 is the main proneural factor expressed by cortical progenitors [START_REF] Fode | A role for neural determination genes in specifying the dorsoventral identity of telencephalic neurons[END_REF]and it regulates both their differentiation into projection neurons and their laminar destination [START_REF] Schuurmans | Sequential phases of cortical specification involve Neurogenin dependent and independent pathways[END_REF].Interestingly, Ngn2 and p27kip1are extensively coexpressed in cortical VZ and SVZ cells [START_REF] Kawaguchi | Differential expression of Pax6 and Ngn2 between pair generated cortical neurons[END_REF]Nguyen et al., 2006a).Strikingly, there was a significant reduction in the number of VZ/SVZ cells expressing Ngn2 in p27knockout cortices that was not observed in p27CK cortices (Nguyen et al., 2006a).

p27kip1 stabilises Ngn2 protein in cortical progenitors by a mechanism that depends on the integrity of its N terminal half (Fig. 21) but does not require interactions with cyclin and CDKs (Nguyen et al., 2006a). p27kip1 may interact and sequestrate specific ubiquitin ligases [START_REF] Laman | Transforming activity of Fbxo7 is mediated specifically through regulation of cyclin D/cdk6[END_REF] that target Ngn2 to the proteasome for degradation, or may mask some residues that are important for Ngn2 ubiquitination [START_REF] Reynaud | Stabilization of MyoD by direct binding to p57(Kip2)[END_REF]. p27kip1 could also influence neuronal differentiation by regulating the expression of other factors or by extending the cell cycle duration and providing a time window for the accumulation of specific cell fate determinants in VZ cells, during G1.

Of note, in Xenopus, p27Xic1 promotes the differentiation of Müller glial cells in the retina [START_REF] Ohnuma | p27Xic1, a Cdk inhibitor, promotes the determination of glial cells in Xenopus retina[END_REF] and is required in combination with the proneural protein X NGNR1 for the formation of primary neurons [START_REF] Vernon | The cdk inhibitor p27Xic1 is required for differentiation of primary neurones in Xenopus[END_REF]. Separate domains in the N terminal region are independently responsible for driving progenitors out of the cell cycle and controlling their fate determination [START_REF] Ohnuma | p27Xic1, a Cdk inhibitor, promotes the determination of glial cells in Xenopus retina[END_REF][START_REF] Vernon | The cdk inhibitor p27Xic1 is required for differentiation of primary neurones in Xenopus[END_REF]. p27kip1 additional role in neuronal differentiation, through its N terminal domain and Ngn2 activity, hence seems to be an evolutionary conserved mechanism.

c. p27 kip1 promotes radial migration p27kip1 promotes cell migration through regulation of the actin cytoskeleton dynamics in several in vitro models (Besson et al., 2004b;Diez Juan and Andres, 2003;Goukassian et al., 2001;McAllister et al., 2003;Sun et al., 2001;[START_REF] Supriatno | Effect of p27 on the ability of invasion and metastasis of an oral cancer cell line[END_REF] (cf p44 45). More, p27kip1 is expressed in migrating cortical projection neurons (Nguyen et al., 2006a), and was shown to contribute to the cytoskeletal changes that also underlie radial migration in the cerebral cortex [START_REF] Itoh | The cyclin dependent kinase inhibitors p57 and p27 regulate neuronal migration in the developing mouse neocortex[END_REF]Kawauchi et al., 2006;Nguyen et al., 2006a).

In p27 / cerebral cortices, birth dating analysis revealed a reduced proportion of newly born neurons reaching the CP (Nguyen et al., 2006a). p27 knock down by siRNA electroporation also lead to neurons mispositioning [START_REF] Itoh | The cyclin dependent kinase inhibitors p57 and p27 regulate neuronal migration in the developing mouse neocortex[END_REF]Nguyen et al., 2006a), whereas overexpression of p27kip1, but not other Cip/Kip genes, promoted the migration of newly born neurons away from the germinal zones (Nguyen et al., 2006a). In contrast, cortices expressing p27CK , a cell cycle mutant form of p27kip1 (Besson et al., 2004b), did not show significant migration defect (Nguyen et al., 2006a). This confirms that p27kip1 promotes neuronal migration independently of its cell cycle function, as it was the case in fibroblasts (Besson et al., 2004b;McAllister et al., 2003).

In cortical progenitors, p27kip1 is able to stabilize Ngn2 (Nguyen et al., 2006a), which can control radial migration. Ngn2 can regulate the transcription of genes important for cell migration [START_REF] Ge | Coupling of cell migration with neurogenesis by proneural bHLH factors[END_REF] and its phosphorylation on a tyrosine residue in its C terminal domain specifies the morphology and polarity of radially migrating pyramidal neurons (Hand et al., 2005). However, coelectroporation of Ngn2 was not able to rescue the migration defect induced by p27kip1 knock down, showing that p27kip1 regulates neuron migration through a mechanism that does not involve Ngn2 (Nguyen et al., 2006a).

Cortical neuron migration requires the inhibition of the activity of RhoA (Hand et al., 2005;Kholmanskikh et al., 2003). In the developing rodent neocortex, RhoA mRNA expression is high in the premigratory cortical VZ and SVZ, and low in cells migrating in the IZ [START_REF] Ge | Coupling of cell migration with neurogenesis by proneural bHLH factors[END_REF]Nguyen et al., 2006a;[START_REF] Olenik | Differential expression of the small GTP binding proteins RhoA, RhoB, Cdc42u and Cdc42b in developing rat neocortex[END_REF]. Electroporation of the VZ of embryonic mouse cortex with RhoA or DN RhoA, followed by slice culture, shows that ectopic expression of RhoA blocks radial migration, whereas interfering with RhoA function promotes migration. Taken together, these findings suggest that downregulation of RhoA activity is required for the radial migration of neurons. Mechanisms of RhoA regulation involving Ngn1 and 2, Par6, FilaminA or Semaphorin 3A are reviewed in [START_REF] Govek | The role of Rho GTPase proteins in CNS neuronal migration[END_REF]. They allow to draw a more complete picture, in which a reduction in RhoA levels and activity are required to commence migration, and persistently low levels may regulate actin reorganization, actomyosin contractility, and transcription required to drive motility and the cessation of movement.

Studies analyzing p27kip1 effect on radial migration revealed that the mechanism by which p27C terminal domain promotes the migration of fibroblasts, by blocking the activation of the small GTPase RhoA (Besson et al., 2004b), also operates for the migration of cortical neurons (Nguyen et al., 2006a)(Fig. 21). Indeed, coelectroporation of a dominant negative version of RhoA with p27siRNA rescued the neuronal migration defect caused by p27knock down (Nguyen et al., 2006a).

Another study has shed light on the upstream and downstream events that explain how p27kip1 promotes radial migration (Kawauchi et al., 2006). First, the atypical cyclin dependent kinase Cdk5, whose activity is restricted to post mitotic neurons [START_REF] Dhavan | A decade of CDK5[END_REF], was shown to phosphorylate p27kip1 at Serine 10 ( Kawauchi et al., 2006) (Fig. 21). This allows the stabilization of p27kip1 in the cytoplasm, hence promoting the migration of cortical neurons. In the cerebral cortex, it was already shown that Cdk5 associate with its coactivator p35 to promote radial migration, through phosphorylation of several targets that influence microtubule stability, dynein motor complex activity and actin cytoskeleton dynamics [START_REF] Gupta | Life is a journey: a genetic look at neocortical development[END_REF]. Immunohistochemistry analysis revealed that p27kip1 and Cdk5 were colocalized in the perinuclear region as well as in punctuate cytoplasmic inclusions in the tips of neuronal processes, colocalizing with F actin (Kawauchi et al., 2006). Cdk5 and p27kip1 participate in regulating the multipolar morphology of neurons, as both dominant negative Cdk5 and p27kip1 shRNA expressing cells in the lower IZ are round with thin processes instead of multipolar (Kawauchi et al., 2006).

Second, these authors confirmed that p27 mediated inhibition of the RhoA pathway in neurons promotes actin reorganization by activating cofilin, an actin depolymerising /severing protein (Kawauchi et al., 2006), as is the case in fibroblasts (Besson et al., 2004b) (cf p48) (Fig. 21). As a reminder, the RhoA effector ROCK phosphorylates and activates LIMK, which in turn phosphorylates and inactivates cofilin [START_REF] Maekawa | Signaling from Rho to the actin cytoskeleton through protein kinases ROCK and LIM kinase[END_REF] (Fig. 17). Inhibiting Cdk5 activity or p27kip1 activity individually both resulted in increased cofilin phosphorylation, lower F actin amount in neurons, hence resulting in impaired cortical migration (Kawauchi et al., 2006). The importance of cofilin phosphorylation to radial migration is further highlighted by the arrest of neuronal precursors in the IZ after electroporation of a phosphorylation deficient cofilin mutant (Kawauchi et al., 2006).

To summarize, Cdk5 increases the amount of cytoplasmic p27kip1 via Ser 10 phosphorylation, which subsequently inhibits the RhoA/ROCK/LIMK pathway, thus suppressing the phosphorylation of cofilin. Non phosphorylated active cofilin can finally promote the actin cytoskeleton remodelling necessary for neuronal migration (Fig. 21). p27kip1 binds to CDK/cyclins complexes through its N term domain, in the nucleus, leading to cell cycle exit (molecular pathway in green). p27kip1 also stabilises Ngn2 in the nucleus through its N term domain, promoting neuronal differentiation (molecular pathway in purple). Cdk5 phosphorylates p27kip1 to Ser10, regulating its stability and promoting its cytoplasmic distribution. In the cytoplasm, p27 C term domain binds to and inhibits RhoA, promoting radial migration (molecular pathway in blue). A downstream target of p27kip1activity on the RhoA pathway is cofilin, an actin binding protein with actin severing activity (molecular pathway in grey). Black arrows represent nontranscriptional interactions and white arrows represent transcriptional interactions. Issued from (Nguyen et al., 2006b) 

Coupling of proliferation and migration during corticogenesis

The generation of cerebral cortex neurons requires that progenitor cells leave the cell cycle and initiate specific differentiation genetic programs. Subsequently, postmitotic neurons migrate radially to reach their final destination in the CP, before their terminal maturation into functional neurons. Although a lot of progress has been made in the understanding of the cellular and molecular regulation of these basic events, how proliferation, differentiation and migration are integrated into a coherent developmental program during corticogenesis has yet to be elucidated.

Multifunctional proteins like p27kip1, that regulate both cell cycle exit, differentiation and migration are likely to be major players in orchestrating the major steps of cortical development [START_REF] Ohnuma | Cell cycle and cell fate in the nervous system[END_REF]. The modular protein, p27kip1 promotes both cell cycle exit, neuronal differentiation and radial migration of cortical neurons, through the regulation of distinct molecular pathways (Kawauchi et al., 2006;Nguyen et al., 2006a), reviewed in (Nguyen et al., 2006b) (Fig. 21). Its N terminal domain activity is implicated in the promotion of cell cycle exit, by an inhibitory association with CDK/cylins complexes. Its N terminal domain also stabilizes Ngn2, leading to neuronal differentiation (Nguyen et al., 2006a). When located into the cytoplasm, p27C term domain has been shown to promote radial migration of cortical neurons, through inhibition of the RhoA pathway [START_REF] Besson | A pathway in quiescent cells that controls p27 stability, subcellular localization, and tumor suppression[END_REF]Kawauchi et al., 2006;Nguyen et al., 2006a).The resulting modulation of ROCK effector activity leads to increase of non phosphorylated activated cofilin, leading to actin cytoskeletal reorganization in migrating neurons processes (Kawauchi et al., 2006).The p27 related signalling network is made complex by feedback loops (Fig. 21). Ngn2 is thought to promote the transcription of p27kip1 in cortical progenitors [START_REF] Farah | Generation of neurons by transient expression of neural bHLH proteins in mammalian cells[END_REF]. Ngn2 also activates the transcription of genes regulating radial migration [START_REF] Ge | Coupling of cell migration with neurogenesis by proneural bHLH factors[END_REF].Lastly, the direct crosstalk between p27kip1 and components of the Rho pathway might provide a mechanism for coordinating proliferation and the cytoskeleton reorganization during migration.

In this thesis, I have first examined how proliferation and migration rates are coordinated during corticogenesis using a system level approach in the developing primate visual cortex. This model provides the unique possibility to explore whether and how area specific changes in rates of proliferation are correlated with changes in rates of radial migration. In a second step, using the mouse model, I have embarked on exploring the role of p27kip1 in regulating progenitor cells behaviour (including Interkinetic Nuclear Migration, cell cycle progression, mode of division and progenitor cell fate), and in controlling radial migration of post mitotic neurons (Fig. 22). Chapter 1: Coordinated rates of proliferation and migration in primate area 17 and area 18
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Abstract

Proper cortical lamination and cytoarchitecture rely on the spatiotemporal coordination of cell cycle and neuronal production rates in the germinal zones, as well as of kinetics of neuronal radial migration. Here, using area 17 and area 18 of the primate as a model study, we show for the first time that area specific rates of proliferation are coupled with area specific rates of radial migration of postmitotic neurons. p27kip1 is known to promote cell cycle exit and differentiation when located into the nucleus, as well as radial migration when located into the cytoplasm. Bi photonic real time imaging on organotypic embryonic slices coupled with quantitative immunohistochemistry revealed that p27kip1 cytoplasmic expression in GFP expressing migrating neurons was higher in area 17 than in area 18 at E78, congruent with the higher migration kinetics measured in area 17. This points to p27kip1 contributing to the area specific coordination of proliferation and radial migration dynamics during the development of the primate cortex.

Introduction

The cytoarchitecture of the cerebral cortex is largely determined by variation of the number and density of neurons in individual layers. Cortical cytoarchitecture requires the fine spatiotemporal control of neuron production in the germinal zones and its coordination with radially directed migration. These two processes orchestrate the emergence of cortical layers and ultimately cortical circuitry.

A number of studies have revealed a fate map of distinct proliferative programs in the germinal zones, that are spatially and temporally coordinated to generate the layout of cortical areas. In rodents and primates, mathematical modelling of results of birth dating experiments has shown that variations in rates of proliferation are correlated to the neuron numbers in cortical layers, and that adjacent areas showing different neuron number are generated by differences in the cell cycle parameters during corticogenesis. This area specific modulation of rates of neuron production raises the question of whether rates of radial migration of postmitotic neurons are also area specifically regulated, as suggested by static in vivo observations in the developing primate visual cortex (Lukaszewicz et al., 2006). p27kip1 (p27), a Cip/Kip member, has recently been shown to regulate actin dynamics and cell migration, in postmitotic radially migrating pyramidal neurons and tangentially migrating interneurons, via inhibition of the RhoA signalling (Nguyen et al., 2006a) and binding to the microtubules (Labouesse et al., unpublished).

Until recently, Cip/Kip members were viewed as nuclear proteins with a principal function of inhibiting cyclin/CDK dependent kinase (CDK inhibitor). Multiple phosphorylation events on p27 regulate its shuttling between the nucleus and the cytoplasm. Phosphorylation on Ser10 induces its export from the nucleus. While cytoplasmic localization results in the loss of the cyclin-CDK inhibitory function of p27(Nter domain), p27 can, via its Cter domain, bind to the GTPase RhoA, and prevent its activation, thereby regulating the actin cytoskeleton and cell migration and other aspects of RhoA signalling. Importantly, p27has been shown to regulate the cell cycle progression of cortical precursors via its CDK inhibitor activity (Caviness et al., 2003;Goto et al., 2004;Lukaszewicz et al., 2005;Tarui et al., 2005) and its level of expression in the germinal zones varies in an area specific manner (Lukaszewicz et al., 2005) (Lukaszewicz et al., 2006), making it a putative candidate to coordinate proliferation and migration.

In order to explore the mechanisms that coordinate proliferation and migration in the embryonic cortex, we have examined the dynamics of radial migration in visual area 17 (A17) and area 18 (A18) of the developing primate. These two adjacent areas are characterised by strikingly distinct cytoarchitectural features: area 17 exhibits enlarged and densely packed supragranular layers as well as a highly developed granular layer (layer 4) compared to area 18. These cytoarchitectural differences have been shown to stem from distinct proliferative programs and rates of neuron production observed during the generation of supragranular layers (E75 E85) (Dehay et al., 1993;Lukaszewicz et al., 2005). No difference in proliferation could be detected during the generation of infragranular layer neurons (between E55 and E70) (Dehay et al., 1993;Lukaszewicz et al., 2005).

Real time imaging of EGFP expressing cortical precursors and newborn neurons on organotypic slices allowed us to monitor several parameters of cell motility during radial migration in area 17 and area 18, including movement speed and amplitude, as well as pause number and duration.

Material and methods

Animals

Foetuses from timed pregnant rhesus monkeys (Macaca fascicularis) were delivered by caesarian section according to protocols described in Lukaszewicz et al (Lukaszewicz et al., 2005). All experiments were performed in compliance with the national and European laws as well as with institutional guidelines concerning animal experimentation.

Plasmids

The pCAGGS IRES EGFP vector was generously provided by J. Briscoe (National Institute for Medical Research London, U.K.), where a [cDNA] nlsIRES EEGFP cassette is under the control of aCMV enhancer and a chicken beta actin promoter. cDNAs encoding full length human p27 WT were provided by L. Nguyen (GIGA Neurosciences, University of Liège, Belgium).

Ex vivo electroporation

In E65 and E75 primate embryos, we have implemented ex vivo electroporation targeted to the occipital cortex, so as to label precursors from area 17 and area 18. Each dissected hemisphere was embedded in 1% low gelling agarose (Sigma) in PBS at 37°C. 100 l of plasmid solution (0.2 0.4 g/ l) colored with Fast Green (0.01 mg/mL; Sigma) are microinjected by pressure into the lateral ventricule of the hemisphere, via a Hamilton syringe. 3 pulses of current (50 ms on/1000 ms off) were delivered (voltages: 70 120V for E66; 100 150V for E78) using a pair of gold electrodes (Genepaddles Model 543, Harvard Apparatus, dimensions: 5x7mm). The electrodes were oriented with the anode caudally and the cathode rostrally, so as to target the occipital pole, corresponding to presumptive area 17. To target area 18, the electrodes were positioned with the anode laterally and the cathode on the interhemispheric fissure.

Focal electroporation on slices

Embryonic primate brain slices (300 m thick) fragment was immersed in 20 l of plasmid solution (0.4 g/ l). 3 5 pulses of current (10 20V, 50 ms on/1000 ms off) were delivered using a pair of gold electrodes (Genetrode BTX Model 514, Harvard Apparatus). The electrodes were positioned with the anode on the pial surface and the cathode on the ventricular surface, so as to target specifically the VZ precursor cells. The slice fragment was then mounted on a Millicell culture insert system on a drop of type I collagen.

Retroviral infection on slices

pCMV EGFP retrovirus were produced by M. Afanassieff (Stem Cell and Brain Research Institute, INSERM U846 Bron, France). Embryonic primate brain slices (300 m thick) were incubated floating in GMEM culture medium containing pCMV EGFP retrovirus (1 to 5.10 5 pi/mL), for 2 to 3h at 37°C. The slice was then mounted on a Millicell culture insert system on a drop of type I collagen.

Organotypic slice culture

Anesthetized primate foetuses were perfused through the heart with cold HBSS (Gibco) supplemented with glucose 18%, MgSO4 and CaCl2 (Sigma). Primate brain hemispheres were embedded in 3% low gelling agarose (Sigma) in HBSS (Gibco) supplemented with glucose 18%, MgSO4 and CaCl2 (Sigma) at 37°C. The sample was then put on ice, and acute brain slices were prepared thanks to a vibratome (Leica VT1000S). Embryonic occipital lobes slices (300 m) were cut in the parasagittal plane. Slices were then transferred into laminin/poly lysine (Sigma) coated 0.4 m Millicell culture insert (Millipore) on a drop of type I collagen (BD Biosciences) (diluted to 2.7mg/mL with DMEM and neutralizing buffer). Slices were cultured at 37°C and 7.5% CO 2 , in a 6 well plate (Falcon) on 1.2mL of Glasgow minimum essential medium (GMEM) medium supplemented with 1% sodium pyruvate, 7.2 M beta mercaptoethanol, 1% nonessential amino acids, 2 mM glutamine, 1% penicillin/streptomycin, and 10% fetal calf serum (FCS). Culture medium was renewed twice a day.

Brain cryosections

At E66 and E78, primate foetuses were perfused through the heart with buffered 4% PFA during 30min. After cryoprotection in 10% then 20% sucrose (in phosphate buffer), brains are embedded in Tissue Tek with a specific orientation allowing cutting them following a parasagittal plane. Cryosections (20 m) were performed with a cryostat (Microm HM500), then mounted on superfrost glass slides (Superfrost Plus, Thermo Scientific) and stored at 20°C.

Organotypic slices cryosections

At the end of one experiment, organotypic brain slices (300 m thickness) are fixed by immersion in cold buffered 2% paraformaldehyde (PFA) in 120 mM phosphate buffer overnight. They are conserved in PB supplemented with Sodium Azide 0.1%. After cryoprotection in 10% then 20% sucrose (in phosphate buffer), slices are embedded in Tissue Tek, with an orientation conserving the parasagittal plane of section. Cryosections (20 m) were performed with a cryostat (Microm HM500), then mounted on superfrost glass slides (Superfrost Plus, Thermo Scientific) and stored at 20°C.

Immunofluorescence and antibodies

Cryosections were air dried for 30 min and hydrated in Tris buffered saline (TBS) for 30min. Glass slides were rinsed three times in TBS Triton (0.5%) and incubated in normal goat serum (10%, Gibco, 16210 064) BSA (1%, Sigma, A7906) in TBS for 30 min. Primary antibodies were coincubated overnight in BSA (1%) in TBS at 4°C, at the following concentrations: chicken anti EGFP (Invitrogen, A10262, 1:1000), mouse anti p27 (BD Biosciences, 610241, 1/400), Secondary antibodies were coincubated in Dako Diluent (Dako, S3022) 1h at RT, at the following concentrations: Alexa Fluor 488 goat anti chicken IgG (Invitrogen, A110039, 1/1000), Alexa Fluor 555 goat anti mouse IgG (Invitrogen, A21422, 1/800), Alexa Fluor 647 goat anti rat IgG (Invitrogen, A21247, 1/200). Nuclear staining was performed using Topro3 (Invitrogen, T3605, 1 M in TBS) or Dapi (Invitrogen, D1306, 3 M in TBS), for 10min at RT. Mounting was realized in Fluoromount G medium (Southern Biotech) or in Mounting medium (Sigma M1289) supplemented with p Phenylene diamine (Sigma, P6001, 1mg/mL) to reduce photobleaching and optimize long term storage.

Confocal imaging

Confocal examination of the fluorescent labelling was carried out on a LEICA DM 6000 CS, equipped with an Argon laser tuned to 488nm, a HeNe laser 543nm, a HeNe laser 633nm and a diode 405nm. Acquisition were performed using an oil 20x/0.70 objective, thanks to the LAS AF software (Leica)

Confocal measurements of p27expression levels p27protein expression levels were quantified by means of confocal microscopy analysis of immunofluorescent labelling (Durand et al., 1997;Lukaszewicz et al., 2002;Tokumoto et al., 2002). After confocal images acquisition on several focal plane (5 optical sections spaced at 3 m intervals), the expression levels were analyzed at the single cell level. In non electroporated primate cortices, cytoplasmic outline was based on the p27staining. Quantitative analysis of alexa 555 fluorescence (p27staining), in the cytoplasm and nuclei, was performed using ImageJ. The boundaries between different compartments were based on cytological cues.

Two photon videomicroscopy

Two photon time lapse video recordings were performed by using an inverted Axio Observer Z1 (Zeiss) two photon microscope, equipped with Zeiss optics and a Chameleon system Ultra (I) Titane Sapphire 80 Mhz laser. The recording system is equipped with a Microscope Cage Incubation System (Okolab) maintaining temperature at 37°C and CO 2 at 7.5% during the whole recording session. Milicell inserts were imaged in a 6 well glass bottom plate (Iwaki), where the medium was changed twice a day thanks to a tubing system. Laser was tuned to 880 nm for EGFP imaging, with a power between 12 and 20%. Observations were performed using a plan apochromatic dry objective 10x/0.45. Time lapse analysis was usually started 24 hrs after EGFP labelling. By using the Multi Time Series macro of Zeiss Zen software, 4D stacks were acquired on a 95 m thickness (20 optical sections spaced at 5 m intervals), which allows following the 4D migration pattern of precursors and postmitotic neurons. Recording was performed using a single scanning run at 1024x1024 pixels resolution with a scanning speed of 6 sec/pix. Images were acquired every 2 or 3 hours during up to 15 days.

Manual tracking on video recordings

Tracking of cell movements and divisions was done manually by the experimenter thanks to the ImageJ software, by using the plugin MTrackJ (a java program developed by Erik Meijering at the Biomedical Imaging Group Rotterdam of the Erasmus MC). Although manual tracking is time consuming, it appears to be the only reliable analytical procedure. MTrackJ facilitate manual tracking of moving objects in image sequences and the measurement of basic statistics of travelled distances and velocities. It can handle 4D (x, y, z, time) image sequences of any type supported by ImageJ, which allows reliable 4D tracking. The tracking data are then filled in a spreadsheet. In a next step, we developed an Excel Visual Basic Program which allows to extract all the relevant parameters of the videorecordings, so as to improve the quantitative analysis of the spatiotemporal characteristics of proliferation and migration. Migration parameters are related to (i) timing of migration (departure time, final destination time, trajectory duration, pause duration, etc); (ii) speed of migration (migration velocity, motility index, etc). A neuron is considered to pause if it covers a distance less than 3.5 m during over a 6 hour period. Proliferation parameters are related to INM movement of AP cells (basal and apical movement kinetics).

Western blot analysis

Different cortical areas (VZ, SVZ, SP and CP) were dissected and transferred in the lysis buffer implemented with 450mM NaCl. Proteins were extracted by centrifugation (10,000g) 10 minutes at 4°C, separated by SDS PAGE and transferred to 0.45 m PVDF membranes (Millipore, Billerica, USA). Membranes were blocked 1 hour in a solution containing non fat milk then incubated with specific antibodies O/N at 4°C, followed by HRP conjugated antibodies applied for 1 hour at RT (HRP conjugated anti mouse IgG, anti rabbit 1:10000 GE Healthcare, Waukesha, USA). Membranes were developed with the ECL chemiluminescent reagent (Thermo scientific, Rockford, USA) using hyperfilm ECL (GE Healthcare, Waukesha, USA). The following antibodies were used for western blot: rabbit anti p27 (1:1000, Santa Cruz, USA), rabbit anti RhoA (1:500, Newest Biosciences, Malvern, USA).

Co immunoprecipitations

Proteins were extracted by centrifugation (10,000g) for 10 minutes at 4°C, and immunoprecipitations were carried out using specific antibodies O/N at 4°C, followed by 1 hour incubation with protein A agarose beads or G plus agarose beads (Santa Cruz, USA). Anti HA immunoprecipitation was carried out as negative control. Immunoprecipitates were washed twice with the basic lysis buffer and four times with another lysis buffer (Tris HCL 50mM pH7.5, EDTA 1mM, NP40 1%, 500mM NaCl, proteases inhibitors, Roche). The following antibodies were used: mouse anti HA (1:250, Santa Cruz, USA), mouse anti RhoA (1:250, Santa Cruz, USA). Immunoprecipitates were then subjected to SDS PAGE for subsequent Western blot analysis.

Statistical analysis

Quantitative data are presented as the mean +/ SEM from representative experiments. Statistical tests and p values are indicated in the figure legends. Student t tests were performed with the Excel software. p < 0.05 was considered statistically significant.

Results

Area specific rates of radial migration in area 17 and area 18

We have monitored the migratory behaviour of EGFP expressing newborn neurons, using two photon Time Lapse Videomicroscopy (TLV), following ex vivo electroporation of VZ precursors with pCAG IRES EGFP or retroviral mediated gene transfer of pCMV EGFP. Whole hemisphere ex vivo electroporation allows to selectively target the VZ precursors whose progeny maintains high level of EGFP expression over several weeks in vivo (Pilaz et al., 2009). 300 m thick embryonic monkey cortex organotypic slices were maintained for two weeks (Gautier E, 2010b). TLV recordings of cytoplasmic EGFP expressing postmitotic neurons have been obtained on E66 (electroporation and retroviral infection) and E78 embryonic occipital cortex (retroviral infection), in both A17 and A18.

Upon exit from the OSVZ, 5 days post electroporation, newborn postmitotic neurons typically exhibit a multipolar morphology, with a round soma and numerous short processes emanating from it, before initiating radial migration (Fig. 1A). Radially migrating neurons are characterised by an elongated morphology of the nucleus and the soma, with a very long and thick leading process, directed toward the pia, and a short trailing process (Fig. 1B). The migratory behaviour was analysed in the depth of the subplate (SP), ranging from the exit of OSVZ to the upper part of the SP before entry in the cortical plate (CP). A substantial fraction (70 %) of the observed neurons pauses at least once during their radial trajectory, in agreement with the saltatory locomotion described in the mouse (Nadarajah, 2003;Nadarajah et al., 2003;Nadarajah and Parnavelas, 2002;Noctor et al., 2004). (Movie 1) Several parameters were monitored: (i) migration velocity, defined as the distance with respect to the time, in m/h; (ii) the number of pauses, (iii) the individual pauses duration, in h and (iv) the motility index, defined as the distance with respect to time, minus the pause(s) duration. At E66, radially migrating neurons cover a distance ranging from700 m (in area 17) to 1000 m (in area 18) before reaching the bottom region of the CP, as measured on parasagittal organotypic slices of embryonic visual cortex. At this stage, a fraction of neurons were observed to migrate over the whole trajectory during the 2 weeks. The average radial migration duration is 44.7 h, with a maximum of 146 h (6 days). Recordings of EGFP labelled postmitotic neurons did not reveal differences between area 17 (n= 174) and area 18 (n=157) migration velocity (6.91 and 7.35 m/h respectively) and motility index (9.53 and 10.06 m/h respectively) (Fig. 2A). Other parameters were also found not to differ between the two areas. Mean pause duration (10.80 and 12.94 h, with maximum of66 and 70 h for area 17 and area 18 respectively) and number (1.63 and 2.06, with a maximum of 9 for A17 and A18 respectively) did not vary significantly between the two areas (Fig. 2B). These data show that, at E66, the different parameters of the migratory behaviour of postmitotic neurons exiting the GZ are identical in area 17 and area 18.

At E78, radially migrating neurons have to migrate over a distance of 1100 m (in area 17) to 1250 m (in area 18) before reaching the bottom region of the CP, as measured on parasagittal organotypic slices. The maximum migration distance (800 m) measured over the 14 days recording period was observed in the first cohort of postmitotic neurons exiting the GZ. Subsequent cohorts of later newborn neurons could only be observed for shorter migration distances (183 m for A17 neurons and 165 m for A18 neurons). At this stage, area 17 postmitotic neurons showed statistically higher values of migration velocity than area 18 postmitotic neurons (10.94 vs.9.19 m/h, n= 253 vs. n=260) (Fig. 2C). This areal difference in average migration speed was accompanied by an increase in both the number and duration of pauses which were more frequent and statistically longer (2.06 h vs.3.88 h) in area 18 than in area 17 (Fig. 2D). However the increased migration velocity in area 17 migration is not entirely attributable to less pausing since area 17 postmitotic neurons exhibited a significantly higher motility index than area 18 neurons (11.21 vs.9.64 m/h respectively) (Fig. 2C).

These results reveal area specific variations in the migratory behaviour and point to the dynamics of proliferation and migration being coordinated. Migration rates variations appear to be congruent with proliferation variations: faster radial migration velocities are observed in area 17 where proliferation rates are high while slower migration velocities are found when proliferation rates are slower, in area 18. INM corresponds to the stereotyped nucleokinesis behaviour of proliferating progenitors throughout the cell cycle in the neuroepithelium of the VZ (Sauer and Walker, 1959), reviewed in (Reiner et al., 2011) (Fig. 3B). Interphase progenitor cells span the neuroepithelium, moving apically toward the ventricular surface just before mitosis. During G1, the nucleus of the cycling progenitor cells moves basally away from the apical ventricular surface. During the S phase of the cycle, the nucleus is located close to the basal surface, and moves back toward the apical, ventricular surface just before entering mitosis (Sauer and Walker, 1959), reviewed in (Reiner et al., 2011) (Fig. 3B). The INM therefore provides a valuable model to explore coordination between proliferation and migration. We have monitored the INM of EGFP expressing precursors following whole hemisphere ex vivo electroporation, to target specifically the VZ RGCs (Fig. 3A) (Movie 2A), or following retroviral mediated gene transfer, on primate organotypic slices (Movie 2B). Using optimal infection rates, this latter procedure makes use of cytoplasmic EGFP labelling which, together with the targeting of a smaller population, allows a substantially improved resolution, compared to electroporation mediated gene transfer. Two photon TLV imaging was performed on E66 and E77 embryonic cortex, in area 17 and 18 VZ.

In most cases, it was difficult to follow the precursor during the entire duration of the trajectory At E66, the mean duration of the basal directed movement was 19h (average trajectory length:98 m) vs. 9 h for the apical directed movement (average trajectory length: 102 m). Measurements did not reveal any difference in migration velocity between A17 and A18 cycling precursors, neither for the basal directed nor for the apical directed movement (Fig. 3C) (6.56 m/h and 13.17 m/h in area 17 respectively ; 6.28 m/h and 13.17 m/h in area 18 respectively). The similar velocities observed in these two areas are consistent with the comparable proliferation rates observed at this developmental stage (Dehay et al., 1993;Lukaszewicz et al., 2005).

At E78, the average trajectory length in area 17, is 66 m. The average duration of the basal directed movement is 16.7 h versus 10.9 h for the apical directed movement. In area 18, the average trajectory length is 55 m, with an average duration of 22.5 h for the basal directed movement and 13.8 h for the apical directed movement. At E78, measurements revealed a higher migration velocity of progenitors in area 17, for both the basal directed movement (4.39 vs.2.96 m/h) and the apical directed movement (7.77 vs.4.10 m/h) (Fig. 3D). These results indicate that during both the basal and apical directed movements of VZ precursors, corresponding respectively to the G1 and G2 phase, precursor motility is higher in area 17 than in area 18. At this stage, which corresponds to the production of supragranular layer neurons, rates of proliferation in the OSVZ are higher in area 17 than in area (Dehay et al., 1993;Lukaszewicz et al., 2005). However, no direct correlation between rates of INM and cell cycle kinetics can be made at this point.

Of interest, at both E66 and E78 stages, the apical directed movement, occurring during G2 phase, is always faster than the basal directed movement, occurring during G1 phase (which is the longest one during cell cycle) (Fig. 3C and3D), as observed in the rodent (see Chapter 2, Fig. 15 page 110 and (Kosodo et al., 2011;Tsai et al., 2010)).

Cytoplasmic p27 expression variations are congruent with proliferation and migration kinetics at E78

p27 cytoplasmic localization results in the loss of its cyclin-CDK inhibitory function (mediated via the Nter domain).p27 can, via its Cter domain, bind to the GTPase RhoA, and prevent its activation, thereby regulating the actin cytoskeleton and cell migration (Nguyen et al., 2006a). To gain insight in the role of p27 in the control of radial migration and INM, we have analysed its level of cytoplasmic expression in primate area 17 and area 18 migrating postmitotic neurons and precursors.

Confocal quantification of the intensity of the fluorescent p27 immunolabelling showed that OSVZ A17 cycling precursors (PCNA+) exhibit lower levels of nuclear p27 expression than A18 cycling precursors, consistent with the increased rates of proliferation of A17 precursors (Lukaszewicz et al., 2005).

Using confocal microscopy, we have examined the subcellular location of p27 as well as its level of expression in migrating postmitotic neurons from areas 17 and 18 at E78, when differences in migration rates between these two areas are observed (cf Fig. 2C). Confocal quantification of the immunofluorescent labelling against p27 was performed either on fixed organotypic slices in EGFP positive migrating neurons (Fig. 4A,B) or in situ (Fig. 4C,D) in migrating neurons which showed an elongated morphology (Fig. 4A,C). This analysis returned a statistically higher level of cytoplasmic p27 expression, in area 17 compared to area 18 at E78 (Fig. 4B,D) but not at E66 (Fig. 4B). So as to directly explore the role of p27 in migration, we have assessed the effect of its overexpression in primate cortical precursors, in area 17 at E66.

We have monitored the migration velocities of postmitotic radially migrating neurons, born from precursors overexpressing p27 via whole hemisphere ex vivo electroporation of the bicistronic plasmid construct pCAG p27 WT ires nls EGFP, at E66. 5 days post electroporation, EGFP expressing postmitotic neurons exiting the OSVZ were tracked during their radial migration in area 17. Our observations show that, compared to control EGFP expressing neurons, p27 overexpressing neurons exhibit a statistically significant increase in the migration velocity (12.2 m/hr vs. 6.9 m/hr for GOF and control respectively) (Fig. 5D). This difference was paralleled by an increase in the expression level of cytoplasmic p27 in neurons originating from p27GOF precursors (Fig. 5A,B,C). In a shorter time (35h vs. 45h, mean values), p27GOF neurons cover a greater distance (384 m vs. 277 m) than control cells, showing their higher migratory capacity. They also exhibit a higher maximum motility (28.9 m/h vs. 20.3 m/h) (Fig. 5D). The mean pause number (0.28 vs. 0.46 for GOF and control respectively) was decreased as well as the pauses duration (2.35 vs. 3.36) (Fig. 5E). Values range from a maximum of 24 h for GOF neurons, and 42 h for control neurons. This increase in migration velocity, upon p27 overexpression, confirms and extends observations in mouse precursor cells ((Nguyen et al., 2006b), and see Chapter 2 Fig. 5 and 6 p97 98)

p27 interacts with RhoA in primate cortical precursors and postmitotic neurons

So as to make progress in the understanding of p27 role in cortical precursors and postmitotic neuron migration, we have investigated whether p27 interacts with RhoA in the GZ (VZ and OSVZ) as well as in the SP and CP. Co immunoprecipitation assays were performed on freshly isolated tissue, through a collaborative work with Sophie Laguesse and Laurent Nguyen (University of Liege).Co immunoprecipitation assays revealed a specific interaction between p27 and RhoA in the GZ (both VZ and OSVZ), as well as a strong interaction in the SP compartment, whereas no interaction is observed in CP cells (Fig. 6). 

Discussion

Technical considerations

Because cell cycle duration is significantly longer in primate than in rodents cortical precursors (Caviness et al., 1995;Kornack and Rakic, 1998;Lukaszewicz et al., 2005;Takahashi et al., 1995a), it is necessary to make observations over 10 to 14 days in order to monitor migration of infected or electroporated precursors. Embryonic cortex organotypic slices were maintained in culture for up to two weeks, without significant degradation of the cytoarchitecture. Under the present culture conditions, optimal rates of proliferation were maintained as shown by computation of LI values of BrdU labelled cells at different time points (Lukaszewicz et al., 2005)(Betizeau et al, unpublished). Cell cycle duration of OSVZ EGFP expressing precursors in organotypic slices was observed to be in the range of in vivo data (Lukaszewicz et al., 2005)(Betizeau et al, unpublished). Bi photonic confocal time lapse video recording allows ultra precise point scanning and spectral imaging, as well as Z stack images in a fraction of a second. Besides providing a better resolution and precision than conventional confocal video microscopy, this technique allows to image the tissue for longer periods with limited phototoxicity.

In the present study, we did not detect any significant change in migration parameters over time during the 10 to 14 days recording session.

Stage and area specific differences in INM kinetics

At E66 and E78, the apical directed movement velocity corresponding to the G2 motion is significantly faster than the basal directed movement of G1 phase, in agreement with the published data in other species (Kosodo et al., 2011;Tsai et al., 2010). The migration velocity of both the apical and basal directed movements is higher at E66 than at E78. However, the VZ is 2.5 times thicker at E66 (170 m) than at E78 (70 m) (data not shown), which means that the E66 cycling VZ precursors have to cover significantly longer trajectories in both the ascending and descending legs of INM. Given that the velocities at E66 are 1.5 faster than at E78, this longer distance (x2.5) in both the G1 and G2 movements at E66 could result in longer cell cycle duration than that at E78. Although one would need to measure the entire cell cycle duration in the VZ to draw a firm conclusion, these observations appear to agree with in vivo (Kornack and Rakic, 1998) and ex vivo (Betizeau et al, unpublished) data. Using S phase cumulative labelling the in vivo study showed that, contrarily to what has been reported during mouse corticogenesis, the cell cycle duration of VZ precursors in the primate cortex lengthens until E60 and then shortens at E80 (Kornack and Rakic, 1998). This is confirmed by ex vivo analysis on monkey organotypic slices where the cell cycle duration of EGFP labelled VZ precursors has been measured (Betizeau et al, unpublished). Area specific differences in the migration velocities of the INM were observed at E78. These area specific variations are observed in both G1 and G2 movements, suggesting that the cell cycle duration of area 17 VZ precursors is shorter than that of area 18 precursors. However, there is no available in vivo data on the areal differences in cell cycle duration of VZ precursors the previous studies have focused on the areal differences in the OSVZ cell cycle duration (Dehay et al., 1993;Lukaszewicz et al., 2005). Although preliminary and incomplete, the present data may indicate area specific differences in cell cycle kinetics of VZ precursors, reminiscent of what has been reported in OSVZ precursors (Dehay et al., 1993;Lukaszewicz et al., 2005).

Supragranular layer neurons exhibit area specific radial migration kinetics linked to area specific proliferation rates

Studies on radial migration have been mostly carried out in the embryonic rodent cortex (Kriegstein and Noctor, 2004;Nadarajah and Parnavelas, 2002) where the identification of individual presumptive cortical areas is not possible. Earlier work in the primate visual cortex where area 17 and area 18 can be readily identified during early stages of corticogenesis pointed to areal differences in radial migration rates between area 17 and area 18 (Lukaszewicz et al., 2006). However this study was not completely conclusive. It was based on static observations where the position of tritiated thymidine labelled neurons (following a pulse injection at E65 and E78) was plotted in the depth of the SP and CP. The uneven distribution of tritiated thymidine labelled neurons suggested that there are compartments where migration is hindered and others where it is more rapid. Here, by using real time imaging we have been able to directly quantify the actual velocity of migrating neurons in the primate.

The present work in the primate visual cortex uncovers for the first time the existence of area specific radial migration kinetics. These area specific radial migration kinetics are stage specific and are selectively observed in supragranular neurons, which are generated by OSVZ precursors during the second half of corticogenesis. Infragranular neurons, generated earlier by VZ precursors, radially migrate with similar kinetics in both area 17 and area 18.

Interestingly, these area specific variations in rates of radial migration appear to be correlated with area specific proliferation kinetics. Previous work has shown that while cell cycle kinetics did not differ between area 17 and area 18 during the generation of infragranular layers ( E60 to E72), area 17 precursors showed increased cell cycle kinetics compared to area 18during the production of the supragranular neurons (E76 to E90) (Dehay et al., 1993;Lukaszewicz et al., 2006;Lukaszewicz et al., 2005). This increased proliferation rate in area 17 precursors was shown to result in higher rates of neuron production (Lukaszewicz et al., 2005).

Therefore, postmitotic neurons issued from a precursor pool showing a high rate of proliferation exhibit increased radial migration kinetics compared to neurons generated by precursors with lower proliferation rates. These coordinated area specific variations in proliferation and migration could serve as a way to avoid cell crowding in regions of high neuron production.

Radial migration kinetics variations are congruent with cytoplasmic p27 level expression variations

Cytoplasmic p27 level of expression was quantified in EGFP migrating labelled neurons using confocal quantification of the immunofluorescent labelling according to established procedures (Durand et al., 1997;Lukaszewicz et al., 2006;Lukaszewicz et al., 2005).We observed stage specific areal variations in cytoplasmic p27 level of expression. At E66, no significant difference was observed between area 17 and area 18 radially migrating neurons whereas at E78, radially migrating neurons in area 17 were characterised by significantly higher levels of cytoplasmic p27 level than their area 18 counterparts.

Therefore, these result show congruent variations in the expression level of cytoplasmic p27 and radial migration velocities, suggesting that p27 exerts a promigratory effect as shown by previous studies in the mouse (Kawauchi et al., 2006;Nguyen et al., 2006a). This is further supported by the GOF experiments where p27 overexpression in area 17 significantly increases the radial migration velocity.

In the mouse, p27 impact on the actin cytoskeleton is mediated by the inactivation the Rho pathway via p27Cterdomain (Nguyen et al., 2006a). The immunoprecipitation data, obtained in collaboration with Laurent Nguyen confirms an interaction between p27 and RhoA in the SP of the developing monkey cortex, where radial migration takes place.

Of note, we need to perform the analysis of cytoplasmic p27 expression in VZ precursor to determine whether it correlates with the area specific INM variations that are observed at E78. The immunoprecipitation experiments have shown for the first time, that p27 RhoA interaction also takes place in VZ precursors. However, given that the G1 and G2 movements of the INM rely on different cytoskeleton regulatory mechanisms (Del Bene et al., 2008;Gambello et al., 2003;Kosodo et al., 2011;Norden et al., 2009;Schenk et al., 2009;Tsai et al., 2005) (Tsai et al., 2010), the p27 mediated RhoA inactivation may affect INM in complex ways. Further experiments aimed at exploring the potential p27 mediated RhoA action on INM during cell cycle progression have been implemented in the mouse cortex (see Chapter 2,Fig 13 and 15,p107 and 110).

Together these results indicate that p27 contributes to the coordination of cytoskeletal changes that occur during cell cycle and migration.

Significance of area specific coordinated rates of migration and proliferation

Our observations in the primate show stage and area specific coordinated changes in rates of proliferation and radial migration. The increased rates of proliferation and radial migration of area 17 supragranular neurons are accompanied by a greater rate of tangential expansion than that observed in the neighbour area 18. This suggests that areal dimensions are determined by both the rates of neuron production and migration (Lukaszewicz et al., 2006). The cerebral cortex has undergone massive tangential expansion during evolution, so that one could hypothesize that the coordination of cell cycle rates and radial migration rates might represent a critical mechanism for primate corticogenesis.

Of note, both areal differences in rates of proliferation between area 17 and area 18 are maintained in vitro in dissociated cultures (Lukaszewicz et al., 2005) as well as in organotypic slices (Lukaszewicz, Kennedy and Dehay, unpublished). Likewise, area 17 and area 18 differences in rates of migration at E78 were maintained on the organotypic slices.

Besides intrinsic cell autonomous mechanisms, several extrinsic factors have been reported to influence the radial migration rates of postmitotic neurons. The in vitro work of Edgar and Price showed that coculture of cortical slices with thalamic explants enhances the directed migration of E16 mouse cortical precursors (Edgar and Price, 2001). The developing thalamus could be the source of trophic factors (Lein et al., 2000) and neurotransmitters (Ding and Casagrande, 1998;Montero, 1990) that may influence the migration of cortical precursors. Brain derived neurotrophic factor, which is expressed in the developing lateral geniculate nucleus (Lein et al., 2000), has been shown to be anterogradely transported in axons (Altar et al., 1997) and to stimulate migration of dissociated cortical neurons (Behar et al., 1997). Interestingly the embryonic thalamic axons have also been shown to regulate proliferation in an area specific manner in the primate visual cortex [reviewed in (Dehay and Kennedy, 2007)].

Perspectives

This analysis at the system level has uncovered a concerted regulation of rates of proliferation and rates of radial migration, which might play a critical role in the building of the primate cortex. So as to explore how this coupling between proliferation and migration impact on area formation and cytoarchitecture, the team has undertaken collaboration with the group of R. Douglas at the Institute of Neuroinformatics in Zurich (SECO project short for Self Construction). The goal is to explore the developmental process of cell division and migration and the resulting primate neocortical lamination, by experimental observation, modelling, and simulation in 3D. Using the CX3D software designed by Zubler and Douglas (Zubler and Douglas, 2009), it will be possible to integrate experimentally observed migration rates with proliferative rates so as to build a quantitative dynamic model of corticogenesis. The modelling of these data will provide powerful insight towards the understanding of the developmental processes that underlie the unique features of the primate cerebral cortex and in particular the drastic enlargement of the supragranular layer compartment in this order. Work has already been done to model the building of two distinct areas in the mouse cortex (areas 3 and 6). Future improvement will be to model the primate areas 17 and 18, and to reproduce the striking cytoarchitectonic differences between these two areas as well as the sharp border which is formed between them. 

Introduction

During development, cell proliferation, differentiation and migration must be tightly coordinated and temporally linked, so as to ensure the proper construction of the neocortex. Cortical neurons are generated in the germinal zones, where neural precursor cells undergo massive expansion before they exit the cell cycle to enter differentiation. Newborn postmitotic neurons leave the GZ and move toward the cortical pial surface in a highly ordered process of neuronal migration [reviewed in (Ayala et al., 2007)]. Cortical neurons settle into six layers in an inside out manner, with the earliest generated neurons positioned in the deepest layers and later generated neurons occupying the more superficial layers. The precise temporal coupling between proliferation, cell cycle exit, differentiation and migration is crucial for determining the cytoarchitectural organization of the cortex.

The mechanisms that coordinate proliferation and migration during corticogenesis are still incompletely understood. One putative candidate to couple proliferation and migration is p27kip1 (p27). p27 is a member of the cyclin dependent kinase (CDK) interacting protein/kinase inhibitor protein (Cip/Kip) family of the CDK inhibitors. Nuclear p27 negatively regulates G1 cell cycle progression, by sequestering and inactivating cyclin E or A CDK2 complexes. p27 protein levels are increased upon induction of neuronal differentiation, and p27 is implicated in the cell cycle arrest of cortical precursors (Caviness et al., 2003;Goto et al., 2004;Lukaszewicz et al., 2005;Tarui et al., 2005). Recent data have uncovered a role for cytoplasmic p27 in the regulation of cell migration, independent of cyclin CDK inhibition. For example, mouse embryonic fibroblasts deficient in p27 exhibited impaired cell motility, whereas expression of p27 has been shown to promote migration of HepG2 hepatocellular carcinoma, embryonic fibroblasts, endothelial cells, and vascular smooth muscle cells (Diez Juan and Andres, 2003;Goukassian et al., 2001;Mcallister et al., 2003;Sun et al., 2001). The C terminal domain of p27 is capable of rescuing the migration defect of p27 deficient fibroblasts and thus appears to be responsible for the regulation of cell motility (Besson et al., 2004a;Besson et al., 2004b).

A migration promoting role of p27, via its C terminal domain, has been demonstrated in murine cortical neurons (Kawauchi et al., 2006;Nguyen et al., 2006a).

Our work in the primate has shown that proliferation and radial migration are coordinated and regulated in an area specific manner (Gautier E, 2010a, b)(see chapter 1 of the thesis) and point to p27 being a likely candidate to mediate this area specific coupling. Because the influential studies of Nguyen et al. (Nguyen et al., 2006a) and Kawauchi et al. (Kawauchi et al., 2006) relied on static observations, their work did not allow to dissect the respective impact of migration alteration from that of changes in differentiation rates. Nor did these studies explore the underlying cellular mechanisms involved in migration dynamics, such as intrinsic motility properties. Here, using real time imaging at the single cell level, we examine the role of p27 on the migration kinetics of radial migration of postmitotic neurons. We then turn to analyse p27 putative role in coordinating migration and proliferation of cycling precursors in the VZ, with a focus on the interkinetic nuclear migration (INM) as a model system for proliferation and migration coupling.

Material and methods

Animals

Wild Type OF1 mice were kept under a 12 h light/12 h dark schedule. Mating was programmed during the night, and E1 is the day of vaginal plug detection. Animal protocols were approved by the University of Lyon.

Plasmids and siRNA

Purification of plasmid DNA was processed by precipitation with polyethylene glycol. cDNAs encoding full length human p27 WT, p27 CK (a mutant p27 that can no longer bind to cyclins and CDKs (Besson et al., 2004b;Vlach et al., 1997), p27 WT Cter, p27 WT Nter and p27 CK Nter, were provided by L. Nguyen (GIGA Neurosciences, University of Liège, Belgium) (Nguyen et al., 2006a). The pCAGGS IRES EGFP vector was generously provided by J. Briscoe (National Institute for Medical Research London, U.K.), where a [cDNA] nlsIRES EGFP cassette is under the control of a CMV enhancer and a chicken beta actin promoter (Nguyen et al., 2006a). The pHpCAG expression plasmid (Niwa et al., 1998) was provided by Hitoshi Niwa. p27 cDNAs were amplified by PCR from pCAGGS p27 IRES EGFP and inserted between the two XhoI sites of the pHpCAG expression plasmid, or between the NheI and XhoI sites of the pCAGGS IRES EGFP vector to form bicistronic vectors. All constructs were verified by sequencing. p27 siRNA were purchased from Ambion (Ref 118712), and the sequences were as follows: GCUUGCCCGAGUUCUACUAtt (sense) and UAGUAGAACUCGGGCAAGCtg (antisense). The extent of mRNA knockdown elicited was compared to cells transfected with a nonsense control siRNA: the Silencer Negative Control #1 from Ambion (Ref 4611). Three sequences for p27 shRNA were designed. sh1 p27 (GCTTGCCCGAGTTCTACTA) was derived from the sequence of the p27 siRNA from Ambion (Ref 118712), and is effective on both murine and primate p27 RNA sequences. sh2 p27 (GGTCAATCATGAAGAACTA) and sh3 p27 (GGCCAACAGAACAGAAGAA) were designed with the updated scoring algorithm of Dharmacon (siDesign Center) and are specific for the murine p27 sequence. The extent of mRNA knockdown elicited was compared to cells transfected with an irrelevant shRNA sequence from pBS as nonsense control shRNA (TTCGATATCAAGCTTATCG) (Kim 03, Antisense Nucleic Acid Drug Dev). All these shRNA sequences were linked by PCR amplification to the mU6 promoter and inserted into the SpeI unique site of the pCAG ires nls EGFP vector. The rescue for one shRNA experiment was performed by electroporating plasmid encoding the full length mouse p27 with 6 silent mutations on the AA 66 to 68 and 70 to 72 corresponding to the mouse sh3 p27 shRNA target. For large scale cell electroporation (left panel), bicistronic vectors with a CAG promoter allow the expression of both nuclear EGFP and the protein p27 or shRNA against p27. For GOF experiments, 5 different forms of p27 are overexpressed: the full length p27 WT, the full length p27 CK (mutated on its interaction site with cyclin/CDKs), the C terminal part of p27 WT, the N terminal part of p27 WT and the N terminal part of p27 CK . For downmodulation experiments, 4 different shRNA sequences are expressed, under the control of mU6 promoter. sh ctr is a nonsense control shRNA, sh1 p27 targets the sequence of both murine and primate p27, whereas sh2 p27 and sh3 p27 are specific for the murine p27 sequence. For clonal cell electroporation (right panel), different monocistronic vectors with a CAG promoter allow the expression of the different forms of p27 protein or the different shRNA against p27. EGFP is expressed through the clonal conditional system, where SV40 PolyA is flanked by two loxP sites, in front of EGFP sequence, allowing EGFP expression through Cre excision.

For the clonal cell electroporation strategy, pCX Cre and pFloxpA EGFP were provided by X Morin (Morin et al., 2007) (Ecole Normale Supérieure, Institut de Biologie de l'ENS, IBENS, Paris, France).

In utero electroporation

A xylazin/ketamin mix was used to anesthetize E14 or E15 pregnant mice. Plasmid solution (0.5-2 g/ L) was colored with Fast Green (0.01 mg/mL; Sigma) to monitor the injection site. The uterine horns were exposed, and plasmid solution (2-3 L) was pressure microinjected through the uterine wall into the lateral ventricules of embryos, via pulled glassed capillaries. Five pulses of current (60 V, 50 ms on/1,000 ms off) were delivered by using a pair of tweezertrodes (BTX Harvard Apparatus, diameter 0.7 or 1 cm, for E14 and E15 embryos respectively). The electrodes were pinching the whole body of each embryo through the uterine wall, and placed with the anode on the injected hemisphere to target the VZ of the dorsomedial cortex. The uterine horns were replaced back into the mouse abdomen, finally sutured.

Ex vivo electroporation

In E15 mouse embryos, ex vivo electroporation was performed on the whole head dissected in 1× phosphate buffered saline (PBS). 1.5 L of plasmid solution (1 2 g/ l) colored with Fast Green (0.01 mg/mL; Sigma) were microinjected by pressure into each lateral ventricule, via a Hamilton syringe. Five pulses of current (30V, 50 ms on/1000 ms off) were delivered using a pair of gold electrodes (Genetrode BTX Model 514, Harvard Apparatus). The electrodes were oriented with the anode dorsally and the cathode ventrally, so as to target the VZ of the dorsomedial cortex of both hemispheres.

Clonal cell electroporation

Classic in utero or ex vivo electroporation allows a selective and large scale targeting of the VZ precursor cells, having a membranous contact with the ventricular surface. This results in a strong EGFP expression in numerous precursors, sometimes difficult to follow in real time experiments (Fig. 2A B). In order to track more easily VZ precursor cells and their progeny, we used a clonal technique (Morin et al., 2007), through in utero electroporation in E14 mouse embryos. A conditional EGFP reporter vector (pFlox pA EGFP, 0.5 g/ L) was introduced in VZ cells together with a control, GOF or shRNA construct (0.5 2 g/ L), and a Cre recombinase expression vector (pCX Cre) added at a very low concentration (0.2 ng/ L) to clonally activate EGFP expression in individual neural progenitors (Fig. 2C). Vector concentrations of 1-2 g/ L result in transfection of multiple plasmids per cell. The 2500 fold dilution of the Cre expression vector ensures that excision of the SV40 PolyA, flanked by two loxP sites, will result in high EGFP expression in clonally dispersed cells (Fig. 2D). 

BrdU labelling

For in vivo labelling of S phase cells, a single i.p. injection of BrdU (50 g/g, diluted in PBS) was performed 30min before sacrifice. BrdU positive cells were detected by immunohistochemistry as described later.

Organotypic slice culture

Mice uterine horns were isolated and embryos head were dissected in cold phosphate buffered saline (PBS). Mice brain hemispheres were embedded in 3% low gelling agarose (Sigma) in HBSS (Gibco) supplemented with glucose 18%, MgSO4 and CaCl2 (Sigma) at 37°C. The sample was then put on ice, and acute brain slices were prepared thanks to a vibratome (Leica VT1000S). Mouse embryonic brains slices (150 or 200 m for E15 and E14 embryos respectively) were cut in the coronal plane. Slices were then transferred into laminin/poly lysine (Sigma) coated 0.4 m Millicell culture insert (Millipore) on a drop of type I collagen (BD Biosciences) (diluted to 2.7mg/mL with DMEM and neutralizing buffer). Slices were cultured at 37°C and 7.5% CO 2 , in a 6 well plate (Falcon) on 1.2mL of Glasgow minimum essential medium (GMEM) medium supplemented with 1% sodium pyruvate, 7.2 M beta mercaptoethanol, 1% nonessential amino acids, 2 mM glutamine, 1% penicillin/streptomycin, and 10% fetal calf serum (FCS). Culture medium was renewed twice a day.

Pharmacological inhibition of the RhoA pathway

The pharmacological ROCK blocker Y27632 (10 M, Tocris, Bristol, UK) was added to cultured organotypic slices 48h after electroporation, for a duration of 7 or 24h during time lapse recordings.

Brain cryosections 24h, 48h or 72h after in utero electroporation, mice embryonic brains were dissected in PBS and fixed by immersion in cold buffered 2% paraformaldehyde (PFA) during 2h. After cryoprotection in 10% then 20% sucrose (in phosphate buffer), brains are embedded in Tissue Tek with a specific orientation allowing cutting them following a coronal plane. Cryosections (20 m) were performed with a cryostat (Microm HM500), then mounted on superfrost glass slides (Superfrost Plus, Thermo Scientific) and stored at 20°C.

Organotypic slices cryosections

At the end of one experiment, organotypic brain slices (150 to 200 m thickness) are fixed by immersion in cold buffered 2% paraformaldehyde (PFA) in 120 mM phosphate buffer during 1h. They are conserved in PB supplemented with Sodium Azide 0.1%. After cryoprotection in 10% then 20% sucrose (in phosphate buffer), slices are embedded in Tissue Tek, with an orientation conserving the coronal plan of section. Cryosections (20 m) were performed with a cryostat (Microm HM500), then mounted on superfrost glass slides (Superfrost Plus, Thermo Scientific) and stored at 20°C.

Immunofluorescence and antibodies

Cryosections were air dried for 30 min and hydrated in Tris buffered saline (TBS) for 30min. Glass slides were rinsed three times in TBS Triton (0.5%) and incubated in normal goat serum (10%, Gibco, 16210 064) BSA (1%, Sigma, A7906) in TBS for 30 min. Primary antibodies were coincubated overnight in BSA (1%) in TBS at 4°C, at the following concentrations: chicken anti EGFP (Invitrogen, A10262, 1:1000), rabbit anti p27 (SantaCruz C19, sc 528, 1/1000), mouse anti Pax6 (Developmental Studies Hybridioma, concc, Bank, 1:1000), rabbit anti Tbr2 (Abcam, ab23345, 1:1000), rat anti Ki67 (Dako, clone TEC 3, 1:50), rabbit anti phosphorylated histone H3 (pH3, Ser 28, Upstate, 07 145, 1:600), rat anti BrdU (Abcam, ab6326, 1:500), mouse anti Nestin (Cell Signaling, Rat 401, 1:50), mouse anti NeuN (Chemicon MAB371, 1:200). For BrdU staining, sections were incubated in 2 N HCl for 30 min at 37°C, followed by incubation in sodium borate (pH 8.5) for 15 min. Secondary antibodies were coincubated in Dako Diluent (Dako, S3022) 1h at RT, at the following concentrations: Alexa Fluor 488 goat anti chicken IgG (Invitrogen, A110039, 1/1000), Alexa Fluor 555 goat anti mouse IgG (Invitrogen, A21422, 1/800), Alexa Fluor 405 goat anti rabbit IgG (Invitrogen, A31556, 1/400), Alexa Fluor 555 goat anti rabbit IgG (Invitrogen, A21428, 1/800), Alexa Fluor 647 goat anti rabbit IgG (Invitrogen, A21244, 1/200), Alexa Fluor 586 goat anti rat IgG (Invitrogen, A11077, 1/200), Alexa Fluor 647 goat anti rat IgG (Invitrogen, A21247, 1/200). Nuclear staining was performed using Topro3 (Invitrogen, T3605, 1 M in TBS) or Dapi (Invitrogen, D1306, 3 M in TBS), for 10min at RT. Mounting was realized in Fluoromount G medium (Southern Biotech) or in Mounting medium (Sigma M1289) supplemented with p Phenylene diamine (Sigma, P6001, 1mg/mL) to reduce photobleaching and optimize long term storage.

Confocal imaging

Confocal examination of the fluorescent labelling was carried out on a LEICA DM 6000 CS, equipped with an Argon laser tuned to 488nm, a HeNe laser 543nm, a HeNe laser 633nm and a diode 405nm. Acquisition were performed using an oil 20x/0.70 or 40x/1025 0.75 objective, thanks to the LAS AF software (Leica)

Counting of cell types

After confocal images acquisition on one focal plane, brightness and contrast were adjusted and the cells were counted using the Cell Counter Plugin in ImageJ software. The boundaries between different compartments were based on cytological cues and differential immunoreactivity to different proteins (Pilaz et al., 2009).

Confocal measurements of p27 expression levels p27 protein expression levels were quantified by means of confocal microscopy analysis of immunofluorescent labeling (Durand et al., 1997;Lukaszewicz et al., 2002;Tokumoto et al., 2002). Care was taken to compare p27 levels of expression in different experimental conditions on sections that were simultaneously processed for immunostaining in strictly identical conditions. Confocal picture acquisition and quantification were implemented using strictly identical parameters (laser intensity, gain and offset). After confocal images acquisition on several focal plane (5 optical sections spaced at 3 m intervals), the expression levels were analyzed at the single cell level. In electroporated mouse cortices, quantification was performed in the targeted EGFP precursor cells. For quantification of p27 downmodulation, the experimenter chooses the optimal focal plane for each EGFP cell and delineates the EGFP staining and the nuclear staining outline, corresponding respectively to the cytoplasmic and nuclear compartments. For quantification of p27 overexpression, we have used an automatic detection of the EGFP staining outline. Quantitative analysis of alexa 555 fluorescence (p27 staining), in the cytoplasm and the nucleus, was performed using ImageJ software. The boundaries between different compartments were based on cytological cues.

Two photon videomicroscopy

Two photon time lapse video recordings were performed by using an inverted Axio Observer Z1 (Zeiss) two photon microscope, equipped with Zeiss optics and a Chameleon system Ultra (I) Titane Sapphire 80 Mhz laser. The recording system is equipped with a Microscope Cage Incubation System (Okolab) maintaining temperature at 37°C and CO 2 at 7.5% during the whole recording session. Milicell inserts were imaged in a 6 well glass bottom plate (Iwaki), where the medium was changed twice a day thanks to a tubing system. Laser was tuned to 880 nm for EGFP imaging, with a power between 12 and 20%. Observations were performed using a plan Apochromatic dry objective 10x/0.45. Time lapse analysis was usually started between 8 and 24 hrs after EGFP labelling. By using the Multi Time Series macro of Zeiss Zen software, 4D stacks were acquired on a 95 m thickness (20 optical sections spaced at 5 m intervals), which allows following the 4D migration pattern of precursors and postmitotic neurons. Recording was performed using a single scanning run at 1024x1024 pixels resolution with a scanning speed of 6 sec/pix. Images were acquired every 30 min or every hour, during 48 to 72 h.

Manual tracking on video recordings

Tracking of cell movements and divisions was done manually by the experimenter thanks to the ImageJ software, by using the plugin MTrackJ (a java program developed by Erik Meijering at the Biomedical Imaging Group Rotterdam of the Erasmus MC). Although manual tracking is time consuming, it appears to be the only reliable analytical procedure. MTrackJ facilitate manual tracking of moving objects in image sequences and the measurement of basic statistics of travelled distances and velocities. It can handle 4D (x, y, z, time) image sequences of any type supported by ImageJ, which allows reliable 4D tracking. The tracking data are then filled in a spreadsheet. In a next step, we developed an Excel Visual Basic Program which allows to extract all the relevant parameters of the videorecordings, so as to improve the quantitative analysis of the spatiotemporal characteristics of proliferation and migration. Proliferation parameters are related to (i) timing of division (division rank in the lineage; division time; cell cycle length); (ii) type of division (cell type of the mother cell; cell type of the two daughter cells, and their position with respect to the apico basal axis after division); (iii) INM movement of AP cells (basal and apical movement kinetics; G1, S and G2 movement duration). Migration parameters are related to (i) timing of migration (departure time, final destination time, trajectory duration, pause duration, etc); (ii) speed of migration (migration velocity, motility index, etc). A neuron is considered pausing if it moves less than 4 m during at least 2 consecutive hours.

Statistical analysis

Quantitative data are presented as the mean +/ SEM from representative experiments. Statistical tests and p values are indicated in the figure legends. Student t tests were performed with the Excel software, and Generalized Linear Model (GLM) analysis with the R software. p<0.05 was considered statistically significant.

Results

Efficient GOF and DM strategy

In order to explore the consequences of upregulating (GOF) or downmodulating (DM) p27 expression level in embryonic mouse cortical precursors, we have implemented in utero electroporation mediated gene transfer, which specifically targets VZ precursor cells (Pilaz et al., 2009). We have overexpressed the wild type protein (p27 WT), mutated and truncated forms of p27 (Fig. 1), as well as siRNA and shRNA expression vectors targeting p27. Both GOF and shRNA expression vectors express concomitantly EGFP, a reporter gene which allows to follow the behaviour of targeted modified precursor cells and their progeny (Pilaz et al., 2009) in a preserved cortical environment.

So as to dissect the relative contribution of the N and Cter regions of p27, we have used the following mutants: (i) p27 CK which is a mutant p27 that can no longer bind to cyclins and CDKs (Besson et al., 2004b;Vlach et al., 1997). (ii) p27 WT Nter corresponds to the N terminal portion of p27, able to inhibit the cyclins/CDKs complexes (Nguyen et al., 2006a). (iii) p27 WT Cter corresponds to the C terminal portion of p27, able to act on the RhoA pathway (Nguyen et al., 2006a). (iv) p27 CK Nter is restricted to the N terminal portion of the p27 CK form, acting neither on the cyclins/CDKs complexes, nor on the RhoA pathway. To downmodulate p27 expression, we used both siRNA and shRNA expression vectors targeting p27. (Fig. 1) Our strategy was to explore the radial migratory behaviour of postmitotic neurons with modified levels of p27 expression in a normal micro environment on organotypic slices of mouse embryonic cortex. Neuronal migration can be affected by radial scaffolds (radial fibres of VZ precursor cells) that support neuronal migration in a non cell autonomous manner. Immunolabelling of radial fibres with an antibody against Nestin, a marker of neural precursor cells, revealed no distinguishable differences between the radial fibres of neuroepithelial cells overexpressing expressing p27 protein or p27 shRNA and those of normal neuroepithelial cells, indicating a cell autonomous role for p27 in radial migration (Fig. S1).

In a first step, we verified, using confocal quantification of the intensity of the fluorescent p27 immunolabelling, that the plasmidic constructions and electroporation conditions were efficient to modulate, positively or negatively, p27 level of expression. In all conditions, when a p27WT or a mutant form expressing plasmid was introduced into E15 VZ precursors, via in utero electroporation, p27 immunoreactivity was observed to be significantly increased in all the EGFP positive postmitotic neurons at E16 (Fig. S2) and E18 (Fig. S3). Similarly, upon forced expression of p27 shRNA, p27 immunoreactivity was significantly reduced in all the EGFP positive cells at E16 and E18 (Fig. S4 C,D,E). Electroporation of siRNA and shRNA vectors was able to significantly diminish p27 expression level in both the nucleus and the cytoplasm (Figure S4 D,E). GOF vectors raised both nuclear and cytoplasmic p27 level (Figure S4 A,B). Each plasmidic construction of the mutants (p27 CK , p27 CK Nter, p27 WT Nter, p27 WT Cter), showed an efficient overexpression (Fig. S2, S3 and S4A,B). The induced increase or decrease in p27 level was maintained during the whole duration of the experiment, and was found to persist 72h after electroporation, in both proliferative precursors and post mitotic neurons (Figure S3 and S4B,E).

Dynamics of the radial migratory behaviour at E16.5

Until now, a few publications based on observations collected on several tens of neurons (Noctor et al., 2004;Noctor et al., 2008;Tabata and Nakajima, 2003) have described radial migration in a rather qualitative manner. Recent time lapse imaging of migrating cerebral cortex neurons have identified specific phases in radial neuronal migration (Noctor et al., 2004;Noctor et al., 2008;Tabata and Nakajima, 2003). After their final division in the GZ, immature neurons transiently become multipolar, with multiple neurites within the subventricular zone (SVZ) and lower intermediate zone (IZ).Then, neurons change their shape from multipolar to bipolar with a leading process, a thick neurite extending toward the pial surface just before migrating along radial glial fibres (Rakic, 1972) from the premigratory zone to the cortical plate (CP).

Here, the examination of several hundreds of migrating neurons on more than 40 organotypic slices provides a population analysis which allows to extract characteristic features of the tempo and dynamics of radial migration.

Brains were electroporated ex vivo at E15.5 with the CAG EGFP plasmid, in which EGFP was used for the visualization. Slices were imaged at 1 hour intervals for 48 hours from 1 day after electroporation. As electroporation results in a synchronised cycling cell population expressing the transgene (Pilaz et al., 2009), cohorts of EGFP expressing cells were observed to leave the GZ (Fig. 3) (Movie 1). Typically, newborn postmitotic neurons migrate during about 10h over a distance of circa 90 m before reaching the CP (Fig. 4A). Nearly half of the neurons pause at least once during their trajectory (Fig. 4A), a behaviour characteristic of the saltatory locomotion (Nadarajah et al., 2001;Nadarajah and Parnavelas, 2002).

Four parameters were monitored: (i) migration velocity defined as the distance with respect to the time in m/h; (ii) the number of pauses, (iii) the individual pauses duration in h and (iv) the motility index, defined as the distance with respect to the time, minus the pause(s) duration.

The mean Migration Velocity at E16.6is 10.6 m/h, and the mean Motility Index is 12.8 m/h (Fig. 4A). In order to further characterize the migration kinetics of newborn neurons through the different postmitotic compartments of the embryonic cortical wall, we subdivided the cortex thickness into 10 horizontal bins. This compartmental analysis reveals a 3 phase migration profile which can be broken down as follows: (i) an acceleration during migration initiation, (ii) maximum velocity reached at the top of IZ, where cell density is low, (iii) deceleration at the entry in CP, where the substrate becomes denser (Fig. 4B). 

p27 promotes radial migration of post mitotic neurons

Two studies reported a promoting effect of p27 on radial migration, based on static observations (Kawauchi et al., 2006;Nguyen et al., 2006a). The conclusions were drawn from the fact that a few days after in vivo electroporation, less cells were found in the cortical CP after p27 overexpression. However, these indirect observations do not allow to accurately distinguish migration defects from neuronal production perturbations. Here we investigate how p27 forced expression influence the single cell behaviour using real time live imaging.

A dozen of independent experiments carried out on 64 brains (47 slices) have been implemented (Fig. 5E,F). So as to be able to reliably compare the results from different experiments, the values of the migration parameters have been normalized (control migration velocity: 10 m/h, control motility index: 12 m/h and control pause duration: 0.5h) (Fig. 5 and Fig. S5).

In a first instance, we have analysed the consequence of p27 overexpression (GOF) on the radial migration kinetics of E16.5 newborn postmitotic neurons. Brains were electroporated ex vivo at E15.5 with a control pCAG ires nls EGFP or a GOF vector, pCAG p27 WT ires nls EGFP, and organotypic slices were prepared. EGFP post mitotic neurons were imaged at 1 hour intervals for 48 hours, starting 1 day after electroporation.

No impairment of the transformation from a multipolar to bipolar shape upon p27 GOF was observed. No obvious delay in migration initiation was observed.

In p27 GOF experiments, videomiscrocopy analysis revealed that the wild type protein is able to significantly increase the migration kinetics of post mitotic neurons. In particular, we observe an increased migration velocity (+12%, Fig. S5A). This increase in migration velocity is underlined by a higher motility index (+11%, Fig. 5A), and is therefore not attributable to less pausing in GOF neurons. No significant decrease in pause duration is observed (Fig. 5C). Conversely p27 DM, via siRNA or shRNA electroporation, has the reverse effect. In these conditions, we observe a significant decrease of the migration velocity compared to controls, electroporated with control siRNA or shRNA (Fig. S5B). The pauses duration is also significantly increased (average increase of 200%) (Fig. 5D).However, the decreased migration velocity is not entirely attributable to more pausing since DM neurons exhibit a significantly lower motility index than controls (average decrease of 12%) (Fig. 5B). Despite their migration defect, DM neurons are able to reach the CP. Of note, shRNA p27 #1, which was derived from the siRNA sequence and is compatible for both murine and human p27 sequence, has no significant effect on migration kinetics (Fig. 5B). The others shRNA (# 2 and #3), which specifically target the murine sequence, result in an increased efficiency of the DM. Only shRNA p27 # 2 and #3 were kept for further studies.

To determine which domain of p27 protein is responsible for the promotion of radial migration, we analysed the migration kinetics after overexpression of different p27 mutants. Two mutated forms of p27 are able to increase the migration kinetics: p27 CK and p27 WT Cter (Fig. S5A). Their common characteristic is the integrity of the C terminal domain, which allows the interaction with the RhoA pathway. Of note, they both appear to increase the motility index (average increase of 13.5%, Fig. 5A) and decrease pauses duration (average decrease of 68%, Fig. 5B), which makes them more efficient than p27 WT GOF in promoting radial migration. On the contrary, p27 WT Nter and p27 CK Nter GOF neurons did not show changes in their kinetics, compared to controls (Fig. S5A and Fig. 5A). In a refined analysis, we measured migration kinetics through the different postmitotic compartments of the embryonic cortical wall, subdivided into 10 horizontal bins (Fig. 6). This revealed that p27 wt, p27 WT Cter and p27 CK GOF promote migration kinetics mostly in the CP where control neurons begin their deceleration. Of note, they also slightly accelerate the motility index during migration initiation in the lower IZ. By contrast, p27DM induces a motility index decrease in the IZ, where control neurons accelerate. Thus, p27 may impact on migration kinetics to a different extent depending on the extracellular context met in the different post mitotic compartments. 

p27 promotes migration through the RhoA pathway

The real time observations confirm that p27 promotes the radial migration of post mitotic neurons in the cortex. They show that p27 effect on cell motility relies on its C terminal domain, probably through inhibition of the RhoA pathway (Nguyen et al., 2006a;Nguyen et al., 2006b).

To verify that p27 effect on radial migration is mediated by inhibition of the RhoA pathway, we examined the consequences of an inhibitor of one RhoA effector, the ROCK kinase. We implemented a rescue experiment using shRNA p27 #3 (the most efficient shRNA construct to decrease migration kinetics). The inhibitor Y27632 (10 M) (Narumiya et al., 2000) was added to the organotypic slices culture medium, just before the beginning of radial migration of the electroporated cohort (48h after electroporation), during 7 or 24h (Fig. 7). The analysis of the migration kinetics shows a gradual rescue of the migration defect. After 7h of inhibitor exposure, the kinetics of both control and shRNA electroporated cells are increased, compared to the condition without inhibitor. After 24h of inhibitor exposure, the shRNA electroporated cells display the same migration kinetics values than control cells (Fig. 7). Furthermore, observations of the spatial profile of motility index confirms that Y27632 inhibitor rescues the migration defects of p27 shRNA expressing neurons during their entire trajectory towards the pia (Fig. 8). These observations show that RhoA pathway inhibition is sufficient to rescue the migration defect of p27 DM neurons. Counteracting the lack of RhoA pathway inhibition by p27 brings back the migration kinetics values to normal. These results confirm that p27 acts on radial migration kinetics through inhibition of the RhoA pathway.

p27 negatively regulates cortical precursor cells proliferation

p27 is a well known regulator of the cell cycle progression, inhibiting cyclin E or A CDK2 complexes through its N terminal domain (Sherr and Roberts, 1999). p27 has been implicated in the cell cycle arrest of cortical precursors (Caviness et al., 2003;Goto et al., 2004;Lukaszewicz et al., 2005;Tarui et al., 2005). RhoA is highly expressed in the VZ and SVZ (Nguyen et al., 2006a). In the VZ, the RhoA signalling could influence the motion of cycling APs during the INM which has been shown to be coupled with cell cycle progression (Kosodo et al., 2011). Here, we explore the relative contribution of the N and C terminal domains of p27 on the regulation of cell cycle progression in cortical progenitors. In a first step, we examined the consequences of p27 GOF and DM on the cycling status of cortical precursors in the VZ and SVZ, by computing the proportion of Ki67 expressing EGFP cells (Ki67+) (Fig. S6 andS7). In control conditions, nearly all the EGFP cells in the VZ are cycling (97.5% are Ki67+) (Fig. 9A), whereas in the SVZ almost half of the EGFP cells have exited the cell cycle (64.9% are Ki67+) (Fig. 9C), confirming that the VZ is the main proliferating compartment. 48h after p27 WT GOF, more than 40% of the VZ EGFP cells have exited the cell cycle (61.5% Ki67+ vs. 97.5% in control) (Fig. 9A). A 3 fold decrease of cycling cells (25% Ki67+ vs. 64.9% in control) was observed in the SVZ (Fig. 9C). p27 WT Nter GOF leads to a more drastic effect, with a 3 fold and 6 fold decrease of cycling cells in the VZ and the SVZ, respectively (32.6% and 9.9% of Ki67+ cells respectively) (Fig. 9A,C). The overexpression of p27 mutants unable to interact with Cyclin/CDK complexes (WT Cter and CK ) does not influence proportions of cycling cells in both germinal zones (Fig. 9A,C).

p27 DM results in an increase of the cycling cell proportion in the SVZ (84% vs. 64.9% for control) (Fig. 9D). No significant changes are observed in the VZ (where nearly more than 95% of precursors are Ki67+ in control condition) (Fig. 9B).

These results confirm that p27 promotes cell cycle exit of cortical progenitors through its N terminal domain.

The proportion of cells in M phase at E17, 48h after GOF or DM, was measured using phospho Histone3 (pH3) immunolabelling (Fig. S8 andS9). Few mitotic cells are found in the control condition in the VZ (3.8%) and in the SVZ (1.1%) (Fig. 10 A,C). In the VZ, all mitotic cells are found lining the ventricular border, whereas they are scattered in the SVZ (Figure S8 and S9), as previously described (Takahashi et al., 1996). As mitosis is the shortest cell cycle phase, lasting about one hour, the proportion of cells in M phase at any given time point is low. This minute fraction of mitotic cells was nevertheless significantly decreased after p27 WT and p27 WT Nter GOF in the VZ (Fig. 10 A). A similar trend of decreased rates of mitotic cells was also observed in the SVZ (Fig. 10 C). p27 DM was not found to significantly impact on mitotic cell proportions, probably due to the moderate modification of p27 expression. (Fig. 10 B,D). Again, the p27 mutants unable to interact with Cyclin/CDK complexes do not exert a significant effect on M phase cells proportion (Fig. 10 A,C). All together, these results confirm that p27 inhibits cell cycle progression through its N terminal domain. We checked that p27 blocks the progression in S phase, by measuring the proportion of BrdU labelled EGFP cells at E17, after GOF or DM through electroporation at E15 (Fig. S8,S9). BrdU was injected to the electroporated embryos 30 min before sacrifice at E17, in order to precisely label cells which are in S phase. In control condition, 31.7% of the EGFP+ VZ cells are in S phase 48h after electroporation, whereas only 10.4% of the EGFP+ SVZ cells are in S phase, confirming that the VZ is the main proliferating compartment (Fig. 11 A,C). Precursor cells overexpressing p27 WT or p27 WT Nter show a drastic decrease of BrdU labelling, both in the VZ and the SVZ, compared to control condition (Fig. 11 A,C). Of note, the proportion of S phase cells is barely higher in the VZ than in the SVZ. Conversely p27 DM has the reverse effect (Fig. 11 B,D), although less drastic, due to the moderate modification of p27 expression. These results confirm that p27 inhibits S phase progression, through its N terminal domain. The other p27 mutants, unable to interact with Cyclin/CDK complexes, do not exert a significant effect on S phase cells proportion (Fig. 11 A,C). One exception was observed in the case of p27 WTCter GOF condition which returned slightly lower proportions of cells having incorporated BrdU in the VZ. This could result from (i) a decreased number of cells in S phase, or (ii) a shorter S phase, diminishing the time window for BrdU incorporation. Real time experiments described further are in favor of a shortening of G1+S phase in p27 WT Cter GOF precursors (see Fig. 15).

p27 role in cell cycle duration

Because classical methods to measure cell cycle phases duration (eg cumulative BrdU labelling and computation of the percentage of labelled mitotic figures) are not appropriate to study cell cycle kinetics of electroporated cells (Pilaz et al., 2009), we turned to time lapse videomicroscopy analysis to analyse cell cycle duration of normal, GOF and DM precursors.

We performed clonal cell electroporation of EGFP (Morin et al., 2007), in order to reliably track individual VZ precursor cells and their progeny (Movie 2 and 3, Fig. 12, for a magnification, see Fig. S11). In utero electroporation of control, GOF or DM expression vectors was performed at E14.5, organotypic slices were prepared at E15 and maintained in culture during 3 days. Using two photon videorecording of the EGFP cells we were able to reconstruct cell lineages up to 4 successive divisions. At E14.5 the majority of the targeted precursors undergo 2 or 3 rounds of divisions, before exiting the cell cycle. This strategy allowed to track several hundreds of cells and divisions, in the different GOF and DM conditions (Table 1). Because p27 shRNA#3 was the most efficient p27 shRNA to decrease p27 levels (Fig. S4 D,E) and to modify progenitors cell cycle dynamics (Fig. 11D), we focused on this construct to study the DM effects. p27 WT and WT Nter GOF lead to a complete arrest of the cell cycle and the INM, and all the electroporated precursors stop their progression in the cell cycle before becoming neurons which migrate out of the GZ. We therefore focused on the effect of p27 WT Cter and p27 CK . Of note, the CK Nter GOF did not lead to significant differences in the division pattern (Fig. S10), consistent with the absence of the domains acting on cell cycle progression and cytoskeleton. The AP and the BP are daughter cells produced from a division that occurred a t 0. Both progenitor cells undergo a basal movement away from the ventricular surface, remaining close to each other. 12 h after division, the AP begins its apical movement towards the ventricule, to divide about 18 h after its birth (pink dot). Note that the basal process is very narrow during mitosis. On the contrary, the BP remains in the basal part of the VZ and divides about 22h after its birth (blue dot). Note the complete retraction of its processes during division, during which it adopts a spherical morphology. After this second round of division, both daughter cells of the AP display a basal movement, one going faster than the other, whereas the BP daughter cells stay rather static and close to each other. Scale bar: 20 m Observation at the single cell level in real time allows to measure the time period elapsing between two successive mitosis, which corresponds to the cell cycle length. Here, only the second and third generations of cells, where the entire cell cycle could be observed, have been taken into account. In control conditions, the BPs, predominantly giving rise to neurons, have a longer cell cycle length than the APs (21.0h vs. 18.7 h, p=0.002) (Fig. 13A). After p27 DM, cell cycle length of both APs and BPs is shorter than in control progenitors (15.6h vs. 18.7h for APs, 18.3h vs. 21.0h for BPs) (Fig. 13A). p27 WT Cter GOF and p27 CK GOF do not exert a significant impact on cell cycle length (Fig. 13B). In the VZ, nuclei of neural progenitors move up and down during the progression in the cell cycle, undergoing the well characterized interkinetic nuclear movement (Sauer and Walker, 1959), [reviewed in (Reiner et al., 2011)]: during the G1 phase, the nuclei move to the basal surface and to the opposite (ventricular apical surface) side in G2. S phase occurs at the basal border of the VZ and mitosis takes place at the apical border, near the ventricule (Fig. 13E). This stereotypic cell cycle related movement has been extensively characterised by several groups (Baye and Link, 2007;Kosodo et al., 2011;Tsai et al., 2010). This makes it possible to estimate the relative length of G1/S phase and G2 phases by measuring the time period that precursors spend in the different fractions of the INM trajectory (Fig. 13E). In agreement with the published literature (Baye and Link, 2007;Kosodo et al., 2011;Tsai et al., 2010), we considered that G1 phase duration corresponds to the basally ascending movement, S phase to the time period when the precursor was located at the basal border of the VZ and undergoes minute stochastic movements. G2 duration was considered to correspond to the duration of the descending apically directed movement.

Our analysis shows that control APs undergo the classic basal and apical directed movements toward the VZ/SVZ border and the ventricule respectively (Fig. 12 and Movie 3). Precursors divide apically at the ventricular border to produce two daughter cells (Fig. 12). p27 WT GOF and p27 WT Nter GOF APs showed a strong impairment of the INM movement (Movie 4, Fig. 14 andS12). In these two GOF conditions, APs are unable to undergo a complete movement toward the ventricule. Instead they undergo a very slow random apically directed movement, which stops in the middle of the VZ. These precursors never reach the ventricular surface. They then resume a slow basally directed motion, to settle in the SVZ and become neurons (Movie 4, Fig. 14 andS12). By contrast, overexpression of the mutated forms of p27 (p27 CK , WT Cter and CK Nter) which do not interfere with the Cyclin/CDK complexes cell cycle regulation, or p27 DM, did not alter the INM process. Under these conditions, the precursors undergo the complete basal and apical directed movement and divide at the ventricular surface like control precursors (Fig. 14 and Movie 5).

Using this analytical procedure, we observe that control APs G2 phase is shorter than G1+S phase (4.9 h vs 13.0 h), confirming the published cell cycle kinetics (Caviness et al., 2003) (Fig. 13 C). Except for the initial movement which pushes up the nucleus out of the ventricular surface right after division, the G1 basal movement is very slow, with a shallow slope, not easy to distinguish from the almost stationary behaviour observed in S phase nuclei (Fig. 13E). p27 DM shortens the duration of G1+S phase (10.4 h vs. 13.0 h for controls), but does not affect G2 phase length (Fig. 13C), confirming that p27 influences cell cycle duration of APs, more precisely the G1+S phase (Lukaszewicz et al., 2005), consistent with the well described p27 inhibitory action on the G1/S phase checkpoint (Sherr and Roberts, 1999). No significant differences in G1/S and G2 phases between control and CK GOF were observed (Fig. 13D).

We observed that p27 WT Cter GOF induces a reduction in G1/S duration (11.3 h vs. 12.9 h for controls) and lengthens G2 phase (7.2 h vs. 4.9 h for controls) (Fig. 13C). 
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The INM offers a unique model to study p27 related mechanisms that potentially correlate proliferation and migration of cycling APs. Here, we analysed the INM kinetics in E15 mouse cortical precursors.

We measured the kinetics of both basal and apical movements during APs cell cycle in the GOF and DM conditions where the INM is maintained. Based on quantitative tracking of nuclear movements, the INM trajectory was broken up in three segments as follows (i) the basal movement in G1 phase, (ii) the stationary phase at the VZ/SVZ border in S phase (iii) and apical movement in G2 phase (Fig. 15A). The migration velocity was analysed in each of these INM segments (Fig. 15). Only complete INM movements, from one ventricular division to another, were taken into account. This allowed to distinguish the basal movements performed by cycling APs from the delamination movements performed by BPs or neurons, born at the ventricular border. Delamination movements are also followed by a stationary phase, either before a BP divides, or before a neuron migrates up to the CP (Movie 6).

In control APs, the INM basal movement is slower than the apical movement. This can be seen on the spatial profile representation (Fig. 15A), showing a steeper slope for the G2 phase associated movement than for the G1 phase motion. Quantitative tracking of the movements reveals that the apical movement velocity (G2 phase) is more than twice as fast as the basal movement (G1 phase) (7.3 and 15.3 m/h respectively) (Fig. 15B). After p27 DM, the velocity of INM movement is not modified, neither for the basal movement nor for the apical movement (Fig. 15B). After p27 WT Cterm, the velocity of the basal movement (G1) is significantly increased whereas the apical movement (G2) velocity is decreased (Fig. 15C). These observations are consistent with the observed changes in G1 and G2 duration which are respectively shortened and lengthened in p27 WT Cter GOF (cf Fig. 13D). After CK GOF, the velocity of both the basal and the apical movements was also altered, although not significantly (Fig. 15B). Examination of the distribution profiles of velocities shows that whereas the maximum velocity during the basal movements of APs is 10 m/h, it reaches 15 m/h in CK GOF, and even 25 m/h in WT Cter GOF. Conversely, velocities of CK GOF APs did not exceed 30 m/h during the apical movement, whereas APs showed velocities up to 50 m/h. (Fig. 15D,E).

These results show that p27 Cter domain alters AP cell motility during G1 and G2 phases in different manners. Whereas p27 Cter promotes G1 movement velocity, it slows down G2 velocity.

p27 affects the type of divisions

Long term two photon recordings of clonally electroporated cells allowed us to reconstruct cell lineages, and to identify the type of divisions undergone by progenitors cells (Movie series 7).

Analysis of the successive rounds of divisions reveals that, in control conditions, AP cells are the most numerous progenitor type, outnumbering BPs, in agreement with their higher proliferative abilities (Noctor et al., 2004;Paschal et al., 1987) (Fig. S13).

In the control condition, more than 250 divisions have been classified in 8 categories (6 for APs and 2 for BPs) (Fig. 16). In AP divisions, all possible combinations of symmetric and asymmetric divisions were observed (Fig. 16 A,C). By contrast, BPs were never observed to undergo asymmetric divisions giving rise to one BP and one neuron, under any experimental condition (Fig. 16 A,B). Each division type is not equally represented in the control population. The three most frequent division types are (i) AP asymmetric differentiative divisions where an AP produces one AP and one neuron (AP>AP+N: 34.2%), (ii) AP symmetric differentiative divisions where an AP produces two neurons (AP>N+N: 22.4%),(iii) BP symmetric differentiative divisions producing two neurons (BP>N+N: 27.8%) (Fig. 16A). Other divisions types are less frequent: (iv) AP asymmetric differentiative division producing one BP plus one neuron (AP>BP+N: 3,8%), (v) AP asymmetric proliferative division producing two different precursors types (AP>AP+BP: 5.7%), (vi) AP symmetric proliferative division giving rise to two new progenitor cells, either AP or BP (AP>AP+AP: 2.7%; AP>BP+BP:2.7%) (Fig. 16A).The least frequent divisions are symmetric proliferative BP divisions where a BP gives rise to two BPs (BP>BP+BP: 0.8%) (Fig. 16A). (This represents only 2 cells among the nearly 200 progenitors observed to divide). BP symmetric divisions are nearly exclusively differentiative and give rise to two neurons (97.3% among BP divisions) (Fig. 16B), confirming previous observations (Noctor et al., 2008).

p27 DM significantly alters the distribution of the types of divisions by increasing the proliferative divisions and reducing the differentiative divisions. The symmetric and asymmetric differentiative AP division types, AP>AP+N and AP>N+N, are drastically reduced to 1.2% and 2.5% respectively (Fig. 16A). By contrast, the generation of BPs by APs is significantly increased AP>AP+BP (going from 5.7% in control to 15.5% in DM condition) and AP>BP+BP (going from 2.7% in control to 9.3% in DM condition) (Fig. 16A). The number of symmetric proliferative divisions of BP, producing two new BPs, is also increased (BP>BP+BP: 3,1% after DM vs. 0.8% in controls) (Fig. 16A). This increase is BPs production is consistent with the increased proportion of Tbr2 expressing cycling precursors observed in the SVZ 48h after E15 in utero electroporation (Fig. S14C,D). Of note, Pax6 and Tbr2 are classic markers of AP and BPs, respectively (Paschal et al., 1987). Lastly, there is a doubling of the number of symmetric differentiative BP divisions (BP>N+N: 62.1% after DM vs. 27.8% in controls) (Fig. 16A). This is the consequence of the general increase of BPs production rather than a modification of the BP division type. Indeed, Fig. 16C shows that the AP divisions giving rise to at least one BP becomes predominant after p27 DM, whereas the frequency of the two BP division types is not modified (Fig. 16B). Following p27 WT Cter GOF, AP still mainly give rise to one AP and one neuron (AP>AP+N: 14.6% vs. 34.2% in controls), or two neurons (AP>N+N: 14.6% vs. 22.4 % in controls) (Fig. 16A). However, there is an increase in the proportion of symmetric differentiative divisions of BP, producing two neurons (BP>N+N: 50.0% vs. 27.8% in controls) (Fig. 16A). Considering separately the divisions made by APs reveals an increase in the number of AP proliferative divisions giving birth to at least one BP (Fig. 16C). However, there is no significant modification of the frequency of the two BP division types (Fig. 16B). Of note, the absence of proliferative BP division (BP > BP+BP), already extremely rare in controls, can be explained by the overall lower number of progenitor cells analysed in the p27 WT Cter GOF condition.

p27 CK GOF does not significantly modify the pattern of the different types of division (Fig. 16A,B,C). p27 C terminal domain seems to favor the production of BP. When p27 expression is reduced, APs first undergo more divisions at the ventricular border, and secondly produce more BPs to expand this secondary progenitor pool, at the expense of differentiated neurons

Discussion

Technical considerations

Our findings rely on the observation, in real time, of the behaviour of progenitor cells in the mouse cortex, as well as their neuronal progeny. We have implemented a large scale electroporation strategy for the study of radial migration which makes it possible to track large cohorts of hundreds of neurons, progressively exiting the germinal zone through successive waves of radial migration toward the pial surface.

The analysis of the proliferative behaviour of precursors required an alternative strategy. Because large scale electroporation results in a high density of EGFP expressing precursors in the densely packed VZ and SVZ, this procedure does not allow a reliable identification of the cell divisions and relationships in a lineage. To overcome this difficulty, we have implemented the clonal electroporation strategy developed by Morin (Morin et al., 2007), enabling to target EGFP expression in a limited number of cells, resulting in high resolution images. This facilitates the tracking of progenitor cells lineages, allowing us to follow every successive division, as well as to determine the cell fate of both daughter cells.

Radial migration was analysed after ex vivo electroporation at E15.5, whereas cell lineages and INM studies were based on in utero electroporation at E14.5, followed by brain dissection and slicing at E15. In utero electroporation allowed us to keep embryos surviving in optimal conditions during 8 hours, the time period required for EGFP to be expressed in the cells. Freshly dissected brains could thus be imaged rapidly after slicing into organotypic slices. This greatly helped maintaining the tissue in optimal conditions. The VZ structural integrity is crucial for the INM to be properly maintained, and it was largely improved using the in utero electroporation strategy.

In both massive and clonal electroporation, at E15.5 or E14.5, GOF or DM experiments led to significant changes in the level of p27 expression in the targeted population, throughout the duration of our observations (up to 72 hours).

p27 Cter domain promotes radial migration velocity of post mitotic neurons, through action on the RhoA pathway

The present results showing that p27 promotes radial migration of post mitotic neurons confirm and extend previous findings from Laurent Nguyen et al (Nguyen et al., 2006a). This pioneering and influential study uncovered the promigratory role of p27 by combining in vivo observations on p27 / embryos and in utero electroporation of p27 mutant forms. This work demonstrated that p27 is required for both the differentiation and the normal migration of cortical neurons, via its C terminal domain, independently from its role in promoting cell cycle exit (Nguyen et al., 2006a). Importantly, they also showed that inactivation of the RhoA/ROCK1/2 signalling pathway is an important mechanism by which p27 regulates cortical neuron migration (Nguyen et al., 2006a).

In this study, the promigratory role of p27 and p27 Cter were inferred from static observations where the proportions of GFP cells were plotted in each of the three embryonic cortex compartments at E17.5: VZ/SVZ, IZ and CP, following electroporation at E14.5. It was considered that an increase in the proportions of GFP cells in the cortical plate with respect to the total GFP population (in GZ+IZ+CP) at E17.5 following electroporation at E14.5 was reflecting enhanced migration. However, because p27WT and p27 WT Cter GOF are shown to significantly increase precursors differentiation (eg Fig 3F,G and Fig7 A, B in (Nguyen et al., 2006a)), a higher proportions of GFP cells leave the germinal zones in GOF compared to control conditions. Consequently, this higher rate of differentiation induced at E14.5 would predictably lead to higher proportions of postmitotic neurons 3 days later in the CP, without necessarily requiring changes in migration kinetics. Conversely, in p27DM conditions, where siRNA reduces the rates of differentiation, a smaller fraction of GFP cells are observed 3 days later in the CP (Supp Fig2B in (Nguyen et al., 2006a)). Therefore, the static analysis does not allow to reliably dissect out the relative contribution from migration alteration and from changes in differentiation rates. Nor it does inform on the underlying cellular mechanisms involved in migration dynamics, such as intrinsic motility properties, occurrence and duration of pauses, time of migration initiation.

In the present study, videomicroscopy analysis of single neurons allowed to measure migration kinetics in real time. Observations were carried out on organotypic brain slices, two days after E15.5 ex vivo electroporation of bicistronic vectors (expressing both an EGFP reporter gene and different versions of the p27 protein), when precursor cells were seen to exit the germinal zones and initiate radial migration. No difference in migration initiation time was observed. Our results show that p27kip does increase radial migration kinetics of postmitotic cortical neurons, through its C terminal domain. This p27 induced increase in migration velocity results from both a significant increase in the motility index as well as from a reduction in pause duration.

The analysis of the spatial profile of the motility index revealed region specific kinetics in the depth of the post mitotic compartments. Neurons exit the GZ with a relative slow motility, then reach their top speed in the middle of the IZ, and start decelerating upon entry in the CP. These variations could be linked to differences in cell density, which is higher in the CP and the lower IZ than in the upper IZ (Fig. S1 andS3). These regional differences in motility could also be due to regional differences in the components of the extracellular matrix. The extracellular matrix and surrounding cellular architecture provides an environment rich in signalling molecules, which migrating neurons must sort out if they are to arrive at their proper destination [reviewed in (Ayala et al., 2007)]. For instance, fibronectin is distributed along radial glial processes and is also produced by migrating neurons moving into specific cortical domains, helping neurons destined for specific targets to discriminate between adjacent glial guides [reviewed in (Pearlman and Sheppard, 1996)]. Chondroitin sulfate proteoglycans, such as neurocan, have roles in cell cell and cell substrate interactions and are unequally distributed in the post mitotic compartments [reviewed in (Pearlman and Sheppard, 1996)]. Lastly, the glycoprotein Reelin is produced by marginal zone cells, forming a gradient into the cortical wall thickness, and has a well known role as a stop signal for migrating neurons, but has also a multifaceted role affecting many aspects of radial migration [reviewed in (Zhao and Frotscher, 2010)]. Thus, modifications of the neuronal motility index could be the consequence of modifications of the balance between cell contraction and adhesion strength on the substrate. Modulating p27 expression level counteracts these specific patterns of motility, suggesting that p27 acts on the finely balanced cytoskeleton remodelling allowing neuronal migration into a complex environment.

Regulation of fibroblast migration by p27 is mediated by the inactivation of the small GTPase RhoA (Besson et al., 2004b). Several studies suggest that downregulation of RhoA activity is required for the radial migration of neurons (Hand et al., 2005;Kholmanskikh et al., 2003). Electroporation of the VZ of embryonic mouse cortex with RhoA or DN RhoA shows that ectopic expression of RhoA blocks radial migration, whereas interfering with RhoA function promotes migration (Nguyen et al., 2006a). Loss of a negative regulator of Rho, p190 RhoGAP, causes defects in forebrain development, including impaired layering of the cerebral cortex (Brouns et al., 2000). Besides p27WT, we found that only the CK and WT Cter mutants were able to promote radial migration, confirming that the C terminal region of p27 mediates this migration promoting action. Nguyen et al, showed that inactivation of the RhoA/ROCK1/2 signalling pathway is an important mechanism by which p27 regulates radial neuron migration in the developing cortex. In agreement with these findings, our results show that RhoA pathway inhibition is sufficient to rescue both the motility index and the pauses duration values which were respectively decreased and lengthened in p27 DM neurons.

By inactivating the RhoA pathway, p27 signalling can modulate F actin in migrating neurons. In fibroblasts, p27 has been shown to decreases cofilin phosphorylation via the inactivation of the RhoA/Rho kinase pathway (Besson et al., 2004b). Similar mechanisms appear to operate in cortical neurons. p27 deficient cortical neurons contain less F actin than control cells (Kawauchi et al., 2006). In vitro experiments have shown that p27 DM via p27 shRNA transfection results in an increase in cofilin phosphorylation in cortical neurons. This p27 induced cofilin phosphorylation is suppressed via expression of DN Rho kinase or DN RhoAN19 (Kawauchi et al., 2006). Electroporation of a phosphorylation deficient cofilin mutant leads to an arrest of newborn neurons in the IZ, underlining the crucial role of cofilin phosphorylation in radial migration (Kawauchi et al., 2006).

p27 Cter contrasting effect on the velocity of the apical and basal movements of INM Time lapse videomicroscopy recording of cycling APs on E15 organotypic slices showed that overexpression of p27 forms that interfere with cell cycle progression through the p27 N terminal domain strongly interferes with INM: APs are no longer able to undergo INM and division at the apical ventricular border, leading to the accumulation of the nuclei in the basal VZ. This shows that cell cycle progression blockade impairs INM, in agreement with previous observations (Baye andLink, 2007, 2008;Pearson et al., 2005;Ueno et al., 2006). Of note, blocking the G1 to S phase progression by overexpressing another CKI, p18Ink4c, also lead to INM interruption (Kosodo et al., 2011).

Recordings in zebrafish retina have shown that that nuclei undergo rapid movements soon after division (transporting nuclei on 40% of the epithelium thickness) and prior to division (transporting nuclei on 30% to 70% of the epithelium) (Norden et al., 2009).In mouse neocortex, we were able to observe a similar behaviour. Indeed, just after division at the ventricular surface, nuclei go up rapidly during about one hour, and then slow down while moving basally. Then, nuclei undergo a rapid apical movement, during G2, to divide again at the ventricular border.

Using time lapse videomicroscopy recording of cycling APs on E15 organotypic slices, we found that p27 Cter domain alters AP cell motility during INM. Specifically, we observed that p27 Cter alters G1 and G2 phases motions in different ways: p27 Cter increases G1 movement velocity whereas it slows down G2 velocity.

The basally directed G1 movement and the apically directed G2 movement have been shown to rely on distinct components of the cytoskeleton. The apical G2 motion has been shown to mostly rely on microtubule reorganization by Tpx2 (Kosodo et al., 2011) and dynein motor activity (Del Bene et al., 2008;Gambello et al., 2003;Tsai et al., 2005) (Tsai et al., 2010). The basal nuclear migration is controlled by both microtubule/kinesin -mediated mechanisms (Tsai et al., 2010) and actomyosin (Schenk et al., 2009). The increase in velocity during the G1 movement following p27 WT Cter GOF is reminiscent of the observed p27 Cter domain promigratory effect in postmitotic neurons (Kawauchi et al., 2006;Nguyen et al., 2006a). In radially migrating neurons, this effect of p27Cterhas been shown to be mediated via inactivation on the Rho pathway which results in actin cytoskeleton remodelling (Kawauchi et al., 2006;Nguyen et al., 2006a). In cycling APs, one can hypothetise that a similar mechanism is operating. This is supported by the observations showing thatp27 can interact with RhoA in the VZ of the primate (see Chapter 1 Fig. 6 page 76) and in the mouse (Laurent Nguyen, personal communication).

The basal G1 movement has also been shown to rely at least partly on passive mechanisms: the nuclei basal movement would be determined by mechanical forces generated by the crowding of apically migrating nuclei (Kosodo et al., 2011). According to this view, a slowing down of the G2 apical movement would result in a slower G1 basal migration, which is not what we observe. This suggests that the above mentioned putative effect on actin remodelling is able to counteract the passive forces.

During G2 phase, p27 Cter induces a decrease in motility. Rho GTPase have been shown to induce microtubule stabilization which is necessary for directional migration [reviewed in (Watanabe et al., 2005)]. p27 mediated inactivation of the Rho pathway will decrease microtubule stabilization and therefore impair migration. However, the precise underlying mechanisms remain to be deciphered. Together with the demonstration that Rho stabilizes microtubules, evidence suggests that microtubules locally modulate the activity of Rho GTPases. These complex interactions [reviewed in (Watanabe et al., 2005)] point to the need of a finely regulated balance between Rho and microtubules dynamics which may have been perturbed by WT Cter GOF.

p27 could also alter microtubule dynamics during INM, independently of its action on the Rho pathway, via its newly discovered MAP function which is harboured by the Cter domain (Laurent Nguyen, personal communication, Thomas et al submitted). p27 is also able to interact with stathmin, a microtubule destabilizing protein. Via its Cter domain, p27, restrain stathmin activity, leading to MT stabilization which negatively affects cell migration (Baldassarre et al., 2005;Belletti et al., 2010).

Further experiments will be necessary to validate these putative roles of p27 on actin and microtubules during INM. The actin polymerisation status can be examined in electroporated precursors using a fusion protein between EGFP and the actin binding domain of the Utrophin protein (EGFP UTRCH ABD) (Norden et al., 2009;Pacary et al., 2011). This assay has been shown to faithfully report the presence of F actin without altering F actin concentrations in cells expressing the probe (Burkel et al., 2007). Activated myosinII can be immunolabelled thanks to Phospho Myosin Light Chain 2 antibodies (Norden et al., 2009). This would allow to visualise actin fibres contractile activity during INM of precursors and the subsequent radial migration of their progeny. Microtubules could be examined by immunolabelling of stable (acetylated) Tubulin versus tubulin (Norden et al., 2009) or after electroporation with a GFP tubulin (Kosodo et al., 2011;Tsai et al., 2010;Yingling et al., 2008) or GFP EB3 (Mimori Kiyosue and Tsukita, 2003), a microtubule plus end binding protein marker for polymerizing MT tips (Kosodo et al., 2011;Norden et al., 2009). Observations of the cytoskeleton could be coupled to the strategies allowing to label cells in each cell cycle phase (cf (Sakaue Sawano et al., 2008), see section below)

In parallel, RhoA activity could be measured on cortical slices by fluorescence resonance energy transfer (FRET) analysis (Pacary et al., 2011). This would entail electroporation of a FRET probe for RhoA (Nakamura et al., 2005) with p27 shRNA or GOF vectors, followed by FRET analysis on slices or in dissociated cortical cells. This will provide a high spatial resolution, required for the subcellular analysis, and which is not provided by in situ binding assay (Causeret et al., 2004).Importantly, this will inform about the subcellular location of RhoA activity in the polarised APs. It has been shown that RhoA activation is differentially modulated in distinct subcellular compartments in postmitotic neurons, either the plasma membrane or the soma and processes (Pacary et al., 2011). This differential and dynamic modulation of RhoA activity controls different aspects of the cell remodelling during migration (Pacary et al., 2011). Moreover, Rho GTPases have been shown to interact with different effectors and to trigger different cellular responses when located in different cell compartments (Pertz, 2010). In the highly polarised APs, RhoA activity may also be spatially modulated, at the apical pole or basal pole or in the processes. This could impact differentially the nuclear movement towards or away from the centrosome.

So as to prove that RhoA mediates the induced cytoskeletal changes, inactivation of RhoA, via specific inhibitors (Y27632, (Besson et al., 2004b;Nguyen et al., 2006a)), co electroporation of RhoA shRNA constructs (Pacary et al., 2011) or dominant negative forms of RhoA (Hand et al., 2005;Nguyen et al., 2006a;Olson et al., 1995) as well as constitutively active forms of RhoA (McAllister et al., 2003), will have to be implemented in p27 DM and p27 GOF respectively.

p27 Cter may influence cell cycle progression through INM regulation

Interestingly, these alterations in G1 and G2 associated migration velocities appear to influence G1 and G2 phases duration: the increased velocity during the basal movement is associated with a reduced G1/S phase duration whereas the slowing down in the apical movement is correlated with a lengthened G2 phase. The total duration of the cell cycle remains however unaltered. These observations suggest that p27, in addition to its well characterised canonical role on cyclinE/CDK2 exerted by its Nter domain during G1 progression may also alter cell cycle kinetics of APs via novel mechanisms mediated by its Cter domain. Although the mechanisms remain to be elucidated, our observations raise the possibility that the Cter domain known to interact with the Rho pathway (Besson et al., 2004b;Nguyen et al., 2006a) controls positively G1 and negatively G2 progression in APs. Although speculative, this hypothesis fits with observations showing that that Rho can negatively regulate the levels of the p27 protein (Hu et al., 1999;Olson et al., 1998;Vidal et al., 2002;Weber et al., 1997). In this way, Rho and p27 could be part of a negative feedback loop: while p27 may negatively regulate the Rho pathway, Rho signalling induces the down regulation of p27. This complex crosstalk between a CDK inhibitor and components of the Rho pathway could provide a mechanism for coordinating cytoskeletal functions with cell cycle progression.

One limitation of the videomicroscopy analysis of INM of EGFP expressing precursors is the difficulty to reliably extract individual cell cycle phase durations from the movements kinetics. For instance, distinguishing the transition between G1 and S phase and between S and G2 phase relies on the changes in motion direction and velocity. These criterion are based on in situ observations on fixed tissue showing that nuclei undergo a prolonged static phase during S phase in the basal VZ (Schenk et al., 2009;Takahashi et al., 1993;Tamai et al., 2007;Zhang et al., 2009). The precise duration of each phase during INM would require being able to label the different cell cycle phases via the fucci system which allows to distinguish G1 phase nuclei from S/G2/M phases nuclei (Sakaue Sawano et al., 2008). Nuclei in each cell cycle phase can also be labelled using a GFP tagged version of PCNA, that displays a cell cycle specific localization pattern (Leung et al., 2011). However, the precise time point, during both basal and apical movements, corresponding to the entry in S and G2 phase respectively, were not defined in this study.

p27 Cter and mode of division: promotion of BPs production

In control precursors, we observed numerous symmetric neurogenic divisions of APs, giving rise to two neurons. This type of divisions has not been described in substantial proportions for RGCs (Miyata et al., 2004;Noctor et al., 2004). In our experiments, the proportion of symmetric neurogenic divisions for APs increases with the rounds of divisions, becoming more predominant for the third round of division (Fig S13C). Hence, studies looking at only one or two rounds of division after progenitor cells labelling might have missed such divisions. Another possibility is that these divisions do not arise from RGC but from SNP cells. Indeed, SNPs were described as bipolar cells that possess a ventricular end foot and a basal process of variable length, not connected to the pia, and that is retracted during mitotic division (Gal et al., 2006;Stancik et al., 2010). A few divisions with such a process retraction were seen at the ventricular surface (Kowalczyk et al., 2009;Noctor et al., 2008). SNPs have a longer cell cycle length, attributable specifically to a lengthened G1 phase, and are highly neurogenic, mainly producing two neurons (Stancik et al., 2010). SNP progeny generally produce postmitotic neurons directly from the VZ.

However, SNP progenitors are not detected in other studies, looking with a higher resolution to the morphology of precursor cells (Noctor et al., 2008). These authors argue that the fine pial processes does not always follow a direct course to the pial surface and instead can have a curving trajectory, making it difficult to claim that SNP are not just RGCs with a nearly indictable pial process. In our experiments, we cannot exclude that the symmetric differentiative divisions observed for apical divisions do not correspond to SNPs, because we followed INM of APs cells irrespectively of whether they displayed or not a complete pial process. In our experiments, all the cells dividing at the ventricular border undergo a complete INM movement, which has never been reported for SNPs (Gal et al., 2006).

Of note, some oRG cells were detected in the mouse VZ (Shitamukai et al., 2011;Wang et al., 2011). These oRG progenitors lack contact with the ventricular (apical) surface, but they maintain their tail like pial (basal) processes and thus appear to be 'hanging' from the pial surface (Molnar et al., 2011). They undergo asymmetric divisions generating one oRG and one neuron. They divide basally but display a specific nuclear translocation before division. In our experiments, we detected a couple of cells similar to these progenitors, which we consider to be BPs because they undergo their division basally. Further observations will be needed to decipher between all these new types of progenitors. Looking more precisely at our recordings and performing some marker analysis will help us to detect some differences in the type of divisions for each type of precursor cells.

Our data as well as observations from other studies (Nguyen et al., 2006a) show that, acting through its N terminal domain, p27 induces the exit of the cell cycle and promotes the differentiation of cortical precursors into neurons. p27 WT GOF leads to a complete blockade of INM, which is linked to cell cycle progression (Ueno et al., 2006). In the p27WT GOF condition, there is no more apical division at the ventricular border, which results in an altered progenitor fate.

By contrast, slight modifications of INM do not interfere with the progression of cell cycle, but modify the progenitors cell fate. The p27 C terminal domain favors the production of BPs. When p27 expression is reduced or in the case of WT Cter GOF, APs produce more BPs, expanding this secondary progenitor pool, at the expense of differentiated neurons. This is reminiscent of the situation observed after Cyclin D1 and Cyclin E expression (Pilaz et al., 2009). Modification of the type of division have been linked to modifications in the cell cycle length and more specifically to G1 duration (Calegari et al., 2005;Calegari and Huttner, 2003;Lukaszewicz et al., 2005;Lukaszewicz et al., 2002;Pilaz et al., 2009;Polleux et al., 1997b). Indeed, a short cell cycle length is associated with proliferative divisions, whereas a longer cell cycle leads to differentiative divisions (Pilaz et al., 2009). This is in agreement with our observations showing that WT Cter GOF reduces G1/S phases duration. Basally dividing progenitors generate intermediate progenitor cells, with a lower proliferative capacity than APs dividing at the ventricular border, in agreement with the lower proportion of cycling cells in the germinal zones after p27GOF. However, one cannot exclude that another mechanism, independent from the effect of p27 on the cell cycle length, could impact on the progenitor fate. The AP and the BP are daughter cells produced from a division that occurred a t 0. Both progenitor cells undergo a basal move ventricular surface, remaining close to each other. 12 h after division, the AP begins its apical movement towards the ventricule, after its birth (pink dot). Note that the basal process is very narrow during mitosis. On the contrary, the BP remains in the basal part about 22h after its birth (blue dot). Note the complete retraction of its processes during division, during which it adopts a spheric this second round of division, both daughter cells of the AP display a basal movement, one going faster than the other, whereas stay rather static and close to each other. Scale bar: 20 m 

General Conclusion

Corticogenesis a highly dynamic process that requires the spatial and temporal coordination of multiple cell types as they proliferate, migrate, and differentiate. An important, yet unresolved issue is the coupling between proliferation/ neuron production rates and migration rates in the developing cortex.

This thesis work largely relies ex vivo organotypic culture methods combined with high resolution imaging which provides a strong platform for resolving the cellular dynamics in a spatiotemporal fashion. Real time videomicroscopy analysis made it possible to finely analyse the kinetics of the successive events taking place during corticogenesis: INM, progenitor cell divisions and subsequent post mitotic radial migration. Our results in the mouse point to cell cycle progression, proliferation, INM, mode of division and post mitotic radial migration being coordinated through p27 modular action on both cell cycle and cytoskeleton pathways, as summarized on the cartoon below. p27 mode of action to coordinate proliferation and migration LEGENDE: When located into the nucleus, p27 interact and inhibits CyclinE/CDK complexes through its N terminal domain [reviewed in (Sherr and Roberts, 1999)]. This interferes with the progression of the cell cycle from G1 phase to S phase. INM progression is thus affected, as well as the cell fate of precursor cells, either giving rise to BPs or differentiating into neurons. After exit from the cell cycle, post mitotic neurons leave the germinal zone to undergo radial migration towards the CP. This locomotion is promoted by p27 inhibitory binding to the GTPase RhoA, into the cytoplasm. Inhibition of the RhoA pathway by p27 helps actin cytoskeleton remodelling necessary for progression of neurons into their extracellular space ( (Kawauchi et al., 2006;Nguyen et al., 2006a)). Finally, p27 action through the RhoA pathway also affects INM progression, another type of nuclear migration during cortical development, which may also be important to tune the proportion of proliferative vs. differentiative divisions. Furthermore p27 harbours a newly discovered MAP function in its Cter domain (Laurent Nguyen, personal communication, Thomas et al submitted), that could be implicated, in conjunction with its role on stathmin (Baldassarre et al., 2005;Belletti et al., 2010), in the regulation of the microtubule cytoskeleton. This could have an impact on both INM movement and radial migration.

Our study in the primate shed light on the relevance of these findings for corticogenesis. Using the primate embryonic area 17 and area 18 as a model system, we uncovered for the first time a concerted regulation of rates of proliferation and neuronal production with radial migration kinetics, in a stage specific and area specific manner. Specifically, we found that postmitotic neurons issued from precursors pool showing a high rate of proliferation exhibit increased radial migration kinetics compared to neurons generated by precursors with lower proliferation rates. One hypothesis is that these coordinated area specific variations in proliferation and migration could serve to prevent overcrowding in regions of high neuron production. We provide evidence that p27 could play a key role in this coordination: (i) its nuclear and cytoplasmic expression level varies in a congruent way with kinetics of proliferation and migration, (ii) p27 is able to interact with RhoA in the GZ and the postmitotic compartments of the primate embryonic cortex. Thus, p27 is an evolutionary conserved protein which is a likely candidate to contribute to the coordination of cytoskeletal changes that occur during cell cycle, cell division and migration during mammalian corticogenesis.

Perspectives: gaining an integrated understanding of p27 mediated interactions impact during corticogenesis via simulation.

The impact of these complex p27 mediated interactions on area formation and cortical cytoarchitecture can be best approached by modelling. The group of R. Douglas at the Institute of Neuroinformatics in Zurich has developed the CX3D software (Zubler and Douglas, 2009), a dynamic model of corticogenesis. CX3D makes it possible to integrate experimentally observed proliferation and migration parameters so as to quantitatively and dynamically simulate corticogenesis. Modelling has already been implemented to explore how differences in rates of proliferation between area 3 and area 6 of the mouse ( (Polleux et al., 1997a;Polleux et al., 1997b)) translate into distinct cytoarchitectural features (Cx3D modelling: http://www.youtube.com/watch?v=6gtscHN6dyE&feature=related). Modelling of the proliferation and migration data observed in primate area 17 and area 18 will provide an integrated understanding of the impact of these coordinated processes in the emergence of cytoarchitecturally distinct areas, the establishment of areal boundaries and tangential expansion.

Future development of CX3D will also allow to assess p27 impact on the coordination of INM, proliferation and radial migration. Building upon the flexibility of CX3D, preliminary work has made it possible to independently modify several parameters related to p27 expression level, subcellular localisation, active domains, impact on cell cycle phases duration, INM kinetics, types of division, as well as radial migration dynamics (Gautier and Zubler, unpublished).
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 2 Fig. 2: Different types of cortical precursors divisions. Schematic transects of the mouse cortex at embryonic day 13 (E13) (a) and E15 (b). Three types of progenitors: radial glial cells (RGCs), short neural precursors (SNPs) and intermediate progenitor cells (IPCs) are represented. RGCs and SNPs divide at the ventricular surface (a,b) and undergo symmetrical self renewing divisions, symmetrical neurogenic divisions, as well as asymmetrical divisions giving rise to a RGC, a neuron or an intermediate precursor cell (IPC). IPCs divide in the SVZ (b), where they undergo mostly symmetric neurogenic divisions. A small fraction undergoes symmetrical proliferative divisions (dotted arrow). Adapted from(Dehay and Kennedy, 2007) 

Fig. 3 :

 3 Fig. 3: Differences in the anatomical organization of the rodent and primate embryonic cortex. Schematic transects through the embryonic cortex in mouse (a) and monkey (b) at comparable developmental stages. The thickness of each layer is drawn to a common scale. Gestation period is 19 days in the mouse and 165 days in the monkey. Cortical neurogenesis lasts 8 days in the mouse and 60 days in the primate. CP: cortical plate, FL: fibre layer, IP: inner plexiform layer, IFL: inner fibre layer, ISVZ: inner subventricular zone, MZ: marginal zone, OFL: outer fibre layer, OSVZ: outer subventricular zone, PP: preplate, SP: subplate, SVZ: subventricular zone, VZ: ventricular zone.Adapted from[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].

Fig. 4 :

 4 Fig. 4: Schematic representation of the Interkinetic Nuclear Migration performed by apical progenitors in the VZ, during the progression of the cell cycle phases (G1, S, G2 and M).

Fig. 5 :

 5 Fig. 5: Schematic representation of the putative action of actomyosin contraction, into the ventricular process, to promote the basal movement during INM.

Fig. 6 :

 6 Fig. 6: Schematic representation of the action of Cep120 and TACCs on microtubule growth. Cep120 recruits TACCs at the centrosome, and together they promote the elongation of microtubules towards the nucleus.

Fig. 7 :

 7 Fig. 7: Schematic representation of the linking between nucleus and microtubules, mediated by Syne and SUN proteic complexes. These complexes link the nuclear membrane to the motor proteins associated with the microtubule network, and thus allow to transduce the applied forces to the nucleus.

Fig. 8 :

 8 Fig. 8: Schematic representation of the LIS/dynein/dynactin motor complex, generating forces that allow the transport towards the minus end microtubules at the centrosome.

Fig. 9 :

 9 Fig.9: Schematic representation of the kinesin motor generating forces that allow the transport towards the plus end microtubules away from the centrosome.

Fig. 10 :

 10 Fig. 10: Schematic representation of the regulation of INM movements.The nuclear movement, which occurs during progression in the cell cycle phases G1, S G2 and M, is finely regulate by a combination of microtubules and actin related proteins (upper panel). Actin is thought to be enriched in the ventricular process, microtubules growth is promoted by the cooperative action of Cep120 and TACCs at the centrosome, and lastly, microtubule alignment is potentiated by Tpx2. The basal nuclear movement during G1 may rely on both actomyosin activity and kinesin transport away from the centrosome (lower left panel). The apical movement in G2 phase is promoted by microtubules alignment (Tpx2) and subsequent transport towards the centrosome thanks to Lis1/dynactin/dynein motor complex (lower right panel). During the whole nuclear migration, the nucleus and the centrosome are linked together by the SUN/Syne complexes, interacting with both the nuclear envelope, actin fibres and the microtubule motor complexes (lower middle panel).

Fig. 11 :

 11 Fig. 11: Successive phases of neuronal migration by locomotion.After division at the ventricular surface, the newborn neuron adopts a bipolar morphology and delaminates away from the ventricular surface (1). The neuron settles in the SVZ where it adopts a multipolar morphology (2) and frequently changes its orientation (3). The neuron finally grows a leading process towards the pia and initiates radial migration to the CP (4), terminating its migration by a small somal translocation (5). Adapted from(Kriegstein and Noctor, 2004) 
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 12 Fig. 12: Schematic representation of the four step process undergone by radially migrating neurons. Main molecular factors implicated in each phase are listed on the left panel. Adapted from[START_REF] Marin | Neurons in motion: same principles for different shapes?[END_REF] 

Fig. 13 :

 13 Fig. 13: Structure and regulation of the cell cycle. Progression in each cell cycle phases (G1, S, G2 and M) is controlled by different Cyclin/CDK complexes and CDK inhibitors of the INK4 and KIP/CIP family, reviewed in(Dehay and Kennedy, 2007) 
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 14 Fig. 14: Microphotographs of Nissl stained parasagittal sections of developing (A) and adult (B) primate area 17 and area 18.A: Parasagittal sections of the primate developing occipital lobe at E65 (time of production of infragranular layer neurons) and E78 (time of production of supragranular layer neurons). At E78, note the increased thickness of GZ in area 17 (due to the OSVZ enlargement), which is not seen in area 18. Red arrows represent the border between the two areas. Adapted from[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] B: Nissl stained section cutting through the border (red arrows) between area 17 and area 18 in the adult primate cortex. Note the increased thickness of the supragranular layer in area 17, in particular layer 4.
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 15 Fig. 15: Structure of the p27kip1 protein, its main domains and phosphorylation sites.A: Crystal structure of p27kip1N term domain bound to the CyclinA/CDK2 complex. p27kip1 binds the complex as anextended structure interacting with both cyclin A and CDK2[START_REF] Russo | Crystal structure of the p27 cyclin dependent kinase inhibitor bound to the cyclin A Cdk2 complex[END_REF]. B: p27kip1N term and C term domains and phosphorylation sites. The binding domain with the Cyclin/CDK complexes is represented in blue. Phosphorylation sites are in pink. Kinases that phosphorylate p27kip1at specific sites are listed, as well as the resulting effects on p27kip1function. Adapted from[START_REF] Russo | Crystal structure of the p27 cyclin dependent kinase inhibitor bound to the cyclin A Cdk2 complex[END_REF] and[START_REF] Larrea | p27 as Jekyll and Hyde: regulation of cell cycle and cell motility[END_REF] 
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 16 Fig. 16: Regulation cycle of Rho GTPases activity.Rho GTPases are sequestered in the cytoplasm in their inactive GDP bound state by guanine nucleotide dissociation inhibitors (GDIs). After reception of upstream signals coming from receptor tyrosine kinases (RTK), integrins ( ) and G protein coupled receptors (GPCR), guanine nucleotide exchange factors (GEFs) exchange GDP for GTP, thus activating Rho GTPases. Rho GTPases can return to their inactive state by GTPase activating proteins (GAPs) that stimulate the slow hydrolysis of bound GTP. Issued from(Besson et al., 2004a) 

Fig. 17 :

 17 Fig. 17: Regulation of the cytoskeleton by Rho signalling pathway.A: Diagram showing the main signalling pathways implicating Rho GTPases in the regulation of both actin and microtubule cytoskeleton. RhoA activates its effector proteins ROCK and mDia. Activation of mDia by Rho facilitates actin nucleation and polymerization as well as the formation and orientation of stable microtubules. ROCK directly phosphorylates myosin light chain (MLC P) and inhibit MLC phosphatase (MLC PPase), increasing the contractility of myosin. ROCK also activates LIM domain containing protein kinase (LIMK), which phosphorylates and inhibits the actin depolymerisation factor cofilin. This increases actin polymerization, stabilization of actin stress fibres and actomyosin contractility, all promoting integrin clustering, focal adhesion assembly and cell adhesion. B: Schematic representation of the regulation of actomyosin bundles assembly by Rho.mDia1 catalyzes actin nucleation and polymerization to form actin filaments. ROCK activates myosin to cross link them. ROCK also inactivates cofilin through LIM kinase, inhibiting its actin severing and depolymerisation. Issued from(Besson et al., 2004a) and[START_REF] Narumiya | Rho signaling, ROCK and mDia1, in transformation, metastasis and invasion[END_REF].
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 19 Fig. 19: Roles of Rho GTPases in mitosis and cytokinesis.(i) The Rho GEF Lfc is activated in prophase. In prometaphase, RhoA/ROCK and RhoA/mDia activations are implicated in the attachment between aster microtubules and the cell cortex for centrosome separation and spindle orientation. (ii) The Rho GEF Ect2 activates Cdc42 in metaphase. mDia3 activation facilitates bi orientation and stabilization of attachment of the spindle microtubules (MTs) to the kinetochore, to ensure correct chromosomal alignment at the metaphase plate and segregation in anaphase. (iii) The Rho GEF Ect2 also activates Rho in telophase, leading to Rho accumulation in the cleavage furrow, and recruitment of mDia1, ROCK and citron kinase, working together to assemble and contract the actin ring. Issued from[START_REF] Narumiya | Rho GTPases in animal cell mitosis[END_REF] 

Fig. 20 :

 20 Fig. 20: Regulation of the Rho pathway and the cytoskeleton by CDK inhibitors.Phosphorylation events regulate the shuttling of p21 and p27between the cytoplasm and the nucleus. When localized in the cytoplasm, p27, p21 and p57 inhibit the Rho signalling pathway at different levels, affecting cytoskeletal organization and cell motility. Issued from(Besson et al., 2004a) 

Fig. 21 :

 21 Fig. 21: Coupling of neuronal proliferation, differentiation and migration signalling pathways by p27kip1.p27kip1 binds to CDK/cyclins complexes through its N term domain, in the nucleus, leading to cell cycle exit (molecular pathway in green). p27kip1 also stabilises Ngn2 in the nucleus through its N term domain, promoting neuronal differentiation (molecular pathway in purple). Cdk5 phosphorylates p27kip1 to Ser10, regulating its stability and promoting its cytoplasmic distribution. In the cytoplasm, p27 C term domain binds to and inhibits RhoA, promoting radial migration (molecular pathway in blue). A downstream target of p27kip1activity on the RhoA pathway is cofilin, an actin binding protein with actin severing activity (molecular pathway in grey). Black arrows represent nontranscriptional interactions and white arrows represent transcriptional interactions. Issued from(Nguyen et al., 2006b) 

Fig. 22 :

 22 Fig. 22: Schematic representation of the putative role of p27kip1in the neuronal progenitor cells and in neurons of the cerebral cortex, focusing on its action on the RhoA pathway. When located in the nucleus of progenitor cells, p27 N terminal domain inhibits CDK/cyclins complexes. This results in (i) slowing down S phase, (ii) lengthening cell cycle duration,(ii) altering INM kinetics,(iii) altering progenitor fate or (iv) promoting cell cycle exit. In the cytoplasm, p27C term domain can inhibit RhoA, thereby leading to reorganization of the cytoskeleton as well as potentially impacting on the INM movement and the orientation of the plane of division. More, RhoA can also modify cell cycle regulators level of expression. In post mitotic neurons, p27C terminal mediated RhoA inhibition leads to remodelling of the actin cytoskeleton which promotes radial migration.
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 1 Fig. 1: Morphology of EGFP neurons in the primate subplate. A: Microphotograph of a multipolar neuron, before radial migration. B: Microphotograph of a radially migrating bipolar neuron. (scale bars: 10 m)

Fig. 2 :

 2 Fig. 2: Radial Migration is faster in area 17 than area 18 of embryonic primate cortex at E77, but not at E66. A B: Migration kinetics calculated on A17 or A18 post mitotic neurons in the SP compartment of E66 primate brain, then averaged on the total population. C D: Migration kinetics calculated on A17 or A18 post mitotic neurons in the SP compartment of E78 primate brain, then averaged on the total population. Migration Velocity ( m/h) represents the total migrated distance ( m) on to the total migration duration (h). Motility Index ( m/h) represents the total migrated distance ( m) with respect to the migration duration, without the pause duration (h). Pause Duration (h) represents the cumulated duration of every pauses that a neuron can make. A neuron is considered to pause if it covers a distance less than 3.5 m during at least 6 hours. Error bars represent SEM. Student's t tests p values: < 0.05 *, < 0.01 **, < 0.005 ***.

Fig. 3 :

 3 Fig. 3: INM kinetics is faster in area 17 precursors compared to area 18 at E78. A: Two photon microphotograph of EGFP electroporated progenitor cells in the VZ of the primate at E78 (24h after ex vivo electroporation). B: Schematic representation of the Interkinetic Nuclear Migration. C: INM kinetics ( m/h) measured on A17 or A18 EGFP radial glial cells at E66. D: INM kinetics ( m/h) measured on A17 or A18 EGFP radial glial cells at E78. Velocities of both basal and apical directed movements are averaged in each population. Error bars represent SEM. Student's t tests p values: < 0.05 *, < 0.01 **, < 0.005 ***.

Fig. 4 :

 4 Fig. 4: p27 expression level variations in the primate visual areas A17 and A18 A: Confocal microphotograph of GFP (green) expressing postmitotic neuron showing p27 protein expression (red) in the nucleus (labelled by topro blue staining) (arrow) and the cytoplasm (arrowhead).Scale bar: 10 m B: Quantification of p27 subcellular expression level in the nucleus and the cytoplasm of GFP migrating cells in primate areas 17 and 18, at E78 and E66. The percentage of difference between area 17 and area 18 is represented. C: Confocal microphotograph of p27 immunolabelling (red) and nuclear staining (cyan), showing both nuclear (arrow) and cytoplasmic (arrowhead) expression of p27 protein in migrating neurons of the subplate. Scale bar: 10 m D: Quantification of p27 cytoplasmic expression level in the cells of the OFL and SP compartments in primate E78 areas 17 and 18. Student's t tests p values: < 0.05 *, < 0.01 **, < 0.005 ***.

  Fig. 5: p27 overexpression increases the radial migration velocity of post mitotic cells in primate. A: Confocal microphotograph of GFP (green) and p27 (red) immunolabelling, and nuclear staining (gray), showing p27 overexpression in GFP electroporated post mitotic neurons. Scale bar:10 m B: High magnification of the confocal microphotograph, showing both nuclear (arrow) and cytoplasmic (arrowhead) overexpression of p27 protein in a migrating neuron. Scale bar:10 m C: Quantification of p27 subcellular expression level in the nucleus and the cytoplasm of GFP migrating cells electroporated with a p27GOF expression vector, compared to control electroporated cells, in primate area 17 at E66. D: Migration kinetics calculated on E66 primate post mitotic neurons of A17, after electroporation with a control EGFP vector or after p27GOF. Values are averaged on the total population. Migration Velocity ( m/h): total migrated distance ( m) reported to the total migration duration (h). Motility Index ( m/h): total migrated distance ( m) reported to the migration duration, without the pause duration (h). Motility MAX and min: maximum and minimum velocity between two measurements time points. E: Pause Duration (h) represents the cumulated duration of every pauses that a neuron can make. A neuron is considered to pause if it covers a distance less than 3.5 m during at least 6 hours. Error bars represent SEM. Student's t tests p values: < 0.05 *, < 0.01 **, < 0.005 ***.

Fig. 6 :

 6 Fig. 6: p27 interacts with RhoA in the primate embryonic cortex. Western Blot and immunoprecipitations have been performed by S. Labouesse in Laurent Nguyen team. Immunoprecipitates from microdissected E71 primate cortex. Protein extracts from VZ, OSVZ, SP and CP tissue samples were subjected to anti p27 or anti RhoA western blot analyses. Western blot were performed on crude tissue extracts, as indicated.

  spatio temporal coordination of the cell cycle regulation and neuronal differentiation of precursors in the germinal zones, with the radial migration dynamics of postmitotic neurons to the cortical plate, is crucial for determining the adult cortical cytoarchitecture. Although the complex molecular network underlying the coordinated regulation of these ontogenetic events is not elucidated, p27kip is a candidate player. Nuclear p27kip1 negatively regulates G1 cell cycle progression through its N terminal domain. In the cytoplasm, p27kip1 C terminal domain inhibits RhoA GTPase, leading to modifications of the actin cytoskeleton, thus promoting migration. Here, we have explored this dual function of p27kip 1 during the proliferation of the ventricular zone precursors cells. The precursor nuclei undergo the Interkinetic Nuclear Migration (INM) in synchrony with the cell cycle phases. p27kip1 expression levels were modified in ventricular zone precursors by electroporation of several mutant forms of p27kip1 or shRNA in mice embryos at E14 15. Two photon videomicroscopy recordings were performed on cortical organotypic slices, allowing to observe in real time at the single cell level the behavior of EGFP expressing precursors. We have analysed the successive divisions of different types of progenitors, the INM kinetics, and the radial migration dynamics of neurons generated by the transfected precursors. This revealed that p27kip1 affects INM, promotes differentiative divisions and neuronal radial migration, through its C terminal domain. p27kip1 is thus part of a molecular network finely tuning the successive rounds of divisions of precursor cells, as well as the migratory behaviour of the newly born neurons.

Fig. 1 :

 1 Fig. 1: Plasmidic vectors used for mouse brain electroporation.For large scale cell electroporation (left panel), bicistronic vectors with a CAG promoter allow the expression of both nuclear EGFP and the protein p27 or shRNA against p27. For GOF experiments, 5 different forms of p27 are overexpressed: the full length p27 WT, the full length p27 CK (mutated on its interaction site with cyclin/CDKs), the C terminal part of p27 WT, the N terminal part of p27 WT and the N terminal part of p27 CK . For downmodulation experiments, 4 different shRNA sequences are expressed, under the control of mU6 promoter. sh ctr is a nonsense control shRNA, sh1 p27 targets the sequence of both murine and primate p27, whereas sh2 p27 and sh3 p27 are specific for the murine p27 sequence. For clonal cell electroporation (right panel), different monocistronic vectors with a CAG promoter allow the expression of the different forms of p27 protein or the different shRNA against p27. EGFP is expressed through the clonal conditional system, where SV40 PolyA is flanked by two loxP sites, in front of EGFP sequence, allowing EGFP expression through Cre excision.

Fig. 2 :

 2 Fig. 2: Large scale and clonal electroporation strategies used for VZ precursor cells targeting. A,B: Large scale cell electroporation is aimed at targeting and labelling a large population of precursors. A: Bicistronic expression vectors are electroporated, so that both EGFP and the protein of interest (p27) or shRNA (against p27) are expressed in a large number of precursors. B: Confocal microphotograph of EGFP (green) and p27 immunolabelling (red), showing a large population of cells where EGFP is expressed and p27 expression is modified. C,D: Clonal cell electroporation aims to label a sparse population of precursors. C: 3 monocistronic vectors are co electroporated, so that both a conditional EGFP reporter (where loxP sites are flanked by SV40 PolyA) and the protein of interest (p27) or shRNA (against p27) are expressed. The Cre expression vector is introduced in weak quantity, in order to clonally activate EGFP expression in individual neural progenitors. D: Confocal microphotograph of EGFP (green) and p27 immunolabelling (red), showing a massive population of cells where p27 expression is modified, but only few of them are labelled with EGFP.

Fig. 3 :

 3 Fig. 3: Radial migration of successive cohorts of EGFP electroporated cells. Microphotographs of two photon recordings, 48h, 54h, 60h and 72h after ex vivo electroporation. Scale bars:50 m

Fig. 4 :

 4 Fig. 4: Dynamics of the radial migratory behaviour of control neurons at E16.5. A: Radial migration kinetics were measured on more than 1800 post mitotic neurons. The mean Migration Velocity (MiV) is defined as the migrated distance with respect to the time in m/h. The mean Motility Index (MoI) is defined as the migrated distance with respect to the time, minus the pause(s) duration. B: Spatial profile of the mean MiV and MoI in the thickness of cortical wall, subdivided into 10 bins parallel to the ventricular surface. Kinetics values are averaged on the total population of neurons. Error bars represent SEM.

Fig. 5 :

 5 Fig. 5: p27 promotes radial migration of post mitotic cells at E15.5. A,B: Motility index ( m/h) calculated on radially migrating cells after overexpression of different forms of p27 (A), or after p27DM by RNAi (B). Control motility index was normalized to 12 m/h. C,D: Total pause duration (h) of migrating cells make after overexpression of different forms of p27 (C), or after p27DM by RNAi (D). Control pause duration was normalized to 0.5h. E,F: Tables compiling the number of embryos, brain slices and neurons analysed in each conditions, after overexpression of different forms of p27 (E), or after p27DM by RNAi (F). Kinetics values are averaged on the total population of neurons. Error bars represent SEM. Student's t tests ; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control, control siRNA or control shRNA.

Fig. 6 :

 6 Fig. 6: p27 spatial specific effect on neuronal radial migration in E15.5 post mitotic compartments. Spatial profile of the mean Motility Index in the thickness of the cortical wall, subdivided into 10 horizontal bins, parallel to the ventricular surface, after p27 GOF or DM. Kinetics values are averaged on the total population of neurons. Error bars represent SEM. Student's t tests ; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control, control siRNA or control shRNA conditions.

Fig. 7 :

 7 Fig. 7: Inhibition of the RhoA pathway rescues the radial migration defects after p27 DM at E15.5. A: Migration velocity ( m/h) calculated on radially migrating cells after p27 DM by shRNA at E15.5, and application or not of the RhoA inhibitor Y27632 (10 M) in the culture medium for 7 or 24h during the migration of post mitotic cells. Kinetics values are averaged on the total population of neurons. Error bars represent SEM. Student's t tests ; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control shRNA conditions.

Fig. 8 :

 8 Fig. 8: Inhibition of the RhoA pathway restores the spatial profile of migrating neurons, impaired after p27 DM at E15.5 Spatial profile of the mean Motility Index in the thickness of the cortical wall, subdivided into 10 bins parallel to the ventricular surface, in neurons expressing p27 shRNA, cultured in presence or not of the ROCK inhibitor Y27632 (10 M). Kinetics values are averaged on the total population of neurons. Error bars represent SEM. Student's t tests ; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control shRNA conditions.

Fig. 9 :

 9 Fig. 9: Effect of p27 GOF and DM on the proportion of cycling cells in the VZ and the SVZ, 48h after in utero electroporation at E15.5. A,B: Proportion of Ki67+ cells among the EGFP+ cells in the VZ, in GOF (A) and DM (B) conditions. C,D: Proportion of Ki67+ cells among the EGFP+ cells in the SVZ, in GOF (C) and DM (D) conditions. Proportion values are averaged on the total number of repeated observations (number of EGFP cells (n), brain slices (sl) and embryos (e) analyzed). Error bars represent SEM. GLM tests ; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control condition

Fig. 10 :

 10 Fig. 10: Effect of p27 GOF and DM on the proportion of M phase (pH3+) cells, in the VZ and the SVZ, 48h hours after in utero electroporation at E15.5. A,B: Proportion of pH3+ cells among the EGFP+ cells in the VZ, in GOF (A) and DM (B) conditions. C,D: Proportion of pH3+ cells among the EGFP+ cells in the SVZ, in GOF (C) and DM (D) conditions. E,F: Tables showing the number of embryos and brain slices that have been analysed, as well as the number of precursor cells counted in each conditions, after GOF of different forms of p27 (E), or after p27 DM (F). Proportion values are averaged on the total number of repeats. Error bars represent SEM. GLM tests ; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control conditions.

Fig. 11 :

 11 Fig. 11: Effect of p27 GOF and DM on the proportion of S phase (BrdU+) cells, in the VZ and the SVZ, 48h hours after in utero electroporation at E15.5. A 30 min BrdU pulse was performed before sacrifice at E17.5. A,B: Proportion of BrdU+ cells among the EGFP+ cells in the VZ, in GOF (A) and DM (B) conditions. C,D: Proportion of BrdU+ cells among the EGFP+ cells in the SVZ, in GOF (C) and DM (D) conditions. E,F: Tables showing the number of embryos and brain slices that have been analysed, as well as the number of precursor cells counted in each conditions, after GOF of different forms of p27 (E), or p27DM (F). Proportion values are averaged on the total number of repeats. Error bars represent SEM. GLM tests; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control conditions.

Fig. 12 :

 12 Fig. 12: Two photon videomicroscopy acquisitions showing the division of an AP (pink arrow) and a BP (blue arrow).The AP and the BP are daughter cells produced from a division that occurred a t 0. Both progenitor cells undergo a basal movement away from the ventricular surface, remaining close to each other. 12 h after division, the AP begins its apical movement towards the ventricule, to divide about 18 h after its birth (pink dot). Note that the basal process is very narrow during mitosis. On the contrary, the BP remains in the basal part of the VZ and divides about 22h after its birth (blue dot). Note the complete retraction of its processes during division, during which it adopts a spherical morphology. After this second round of division, both daughter cells of the AP display a basal movement, one going faster than the other, whereas the BP daughter cells stay rather static and close to each other. Scale bar: 20 m

Fig. 13 :

 13 Fig. 13: Effect of p27 GOF and p27 DM on the cell cycle length of AP and BP cells, measured on videomicroscopy recordings after E14.5 in utero electroporation. A,B: Measurement of the number of hours elapsed between the birth of a precursor cell and its subsequent division, after p27 DM (A) or p27 GOF (B) C,D: Duration of the movement associated with G1+S phase and G2 phase, during the INM of APs, after p27 DM (C) or p27 GOF (D) C,D: Duration of the movement associated with G1+S phase and G2 phase, during the INM of APs, after p27 DM (C) or p27 GOF (D) E: Spatiotemporal profile of the position of one apical progenitor cell nucleus, in the VZ thickness, during the INM movement. Correspondence between the cell cycle phases (G1, S and G2) and the basal and apical nuclear movement is represented. Measures are averaged on the total population of each progenitor type, for each condition. Error bars represent SEM. n refers to the number of cells which have been analysed GLM tests ; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control condition

Fig. 14 :

 14 Fig. 14: Stereotypic INM movement and its impairment in p27 WT and WT Nter GOF AP cells. A: Two photon microphographs showing the apical movement occurring in G2 phase between 18h and 24h after electroporation of control vectors or p27 WT and CK GOF vectors. Control and p27 CK GOF cells manage to undergo divisions at the ventricular border (white and yellow arrows) whereas p27 WT GOF progenitor cells stay at the basal side of the VZ (green arrows). B: Schematic view of the stereotypic INM movement observed in conditions that do not interfere with INM progression (control, p27 WT Cter / CK / CK Nter GOF,p27 shRNA), as well as impaired INM observed after p27 WT and WT Nter GOF.

Fig. 16 :

 16 Fig. 16: Effect of p27 GOF and p27 DM on the proportion of the different types of divisions, measured on videomicroscopy recordings after E14.5 in utero electroporation. A: Proportions of the different types of divisions in the APs and BPs population. B: Proportions of the different types of divisions in the BP population. C: Proportions of the different types of divisions in the AP population. A', B', C': Tables showing the numerical values for each type of division Only divisions where both daughter cells have a known cell fate are considered. n refers to the number of cells which have been analysed

Fig

  Fig. S2: p27 GOF 24h after in utero electroporation of bicistronic expression vector Confocal microphotograph of EGFP (green) and p27 immunolabelling (red), with nuclear staining (grey), showing both nuclear and cytoplasmic overexpression of p27 protein in different GOF conditions. (scale bars: 30 m).

Fig

  Fig. S3: p27 GOF 72h after in utero electroporation of bicistronic expression vectors A: Confocal microphotograph of EGFP (green) and p27 immunolabelling (red), with nuclear staining (grey), showing both nuclear and cytoplasmic overexpression of p27 protein in different GOF conditions. (scale bars: 100 m) B: Higher magnification of the p27 stainning in migrating neurons (scale bars: 20 m)

Fig. S5 :

 S5 Fig. S5: p27 promotes radial migration of post mitotic cells at E15.5. A,B: Migration velocity ( m/h) calculated on radially migrating cells after GOF of different forms of p27 (A), or after p27DM by RNAi (B). Control migration velocity was normalized to 10 m/h. C,D: Tables listing the number of embryos, brain slices and neurons analysed in each conditions, after GOF of different forms of p27 (E), or after p27DM by RNAi (F). Kinetics values are averaged on the total population of neurons. Error bars represent SEM. Student's t tests ; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control, control siRNA or control shRNA conditions.

Fig. S6 :

 S6 Fig. S6: Consequence of p27 GOF on precursor pools markers, 48h after in utero electroporation at E15.5. Confocal microphotographs of coronal sections showing Ki67 (in yellow), Pax6 (in red) and Tbr2 (in cyan) stained cells in the VZ and SVZ, 48h after electroporation of different forms of p27 at E15.5. (scale bars: 30 m)

Fig. S11 :

 S11 Fig. S11: Two photon videomicroscopy acquisitions showing the division of an AP (pink arrow) and a BP (blue arrow).The AP and the BP are daughter cells produced from a division that occurred a t 0. Both progenitor cells undergo a basal move ventricular surface, remaining close to each other. 12 h after division, the AP begins its apical movement towards the ventricule,

Fig. S12 :

 S12 Fig. S12: Effect of p27 WT GOF on INM. A: Velocity of the basal and apical movement in control condition and p27WTGOF. B: Distance between the ventricular border and the apical extreme position of APs performing INM. C: Schematic view of the INM movement in control condition or after p27 WT GOF. Student's t tests were performed; p values: < 0.05 *, < 0.01 **, < 0.005 ***, compared to control.

Fig. S13 :

 S13 Fig. S13: Proportions of different progenitor cells and types of divisions in control conditions.A: Proportions of APs, BPs and Neurons (N) observed in the first cell generation after electroporation. BP/N are cells that delaminate away from the ventricular border, but that are not observed long enough to determine whether they divide again or not. B: Proportion of APs and BPs dividing at first, second and third rounds of division, with respect to the total number of divisions observed. C: Proportions of the different types of divisions in the APs and BPs population, during the first, second and third round of division.

  

  

  

  

  

  

Table 1 : Number of experiments and observations in videomicroscopy analysis, after E14.5 in utero electroporation.
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