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Résumé 
 

Le cerveau de mammifère est particulièrement vulnérable au dysfonctionnement des centrosomes 

et du fuseau mitotique. En effet, la mutation de gènes codant pour des protéines régulant la fonction 

de ces structures sont la cause génétique principale de la Microcéphalie Humaine Primaire 

Récessive (MCPH), une pathologie du neuro-développement où la taille du cerveau mais pas celle 

du corps est affectée de manière drastique. La perte des progéniteurs neuronaux apicaux, aussi 

appelés cellules de la glie radiaire, durant le processus de neurogenèse est à l’origine de la 

microcéphalie. L’équipe a précédemment montré que la présence de centrosomes surnuméraires 

conduisait à des erreurs mitotiques et à la perte par apoptose des cellules progénitrices. Elle a aussi 

mis en évidence que les erreurs mitotiques et la mort cellulaire qui en résulte étaient plus fréquentes 

aux stades précoces que tardifs du neuro-développement. Les mécanismes sous-jacents à cette 

vulnérabilité précoce des progéniteurs neuronaux mitotiques restent inconnus. Afin d’identifier ces 

mécanismes, j’ai caractérisé pendant ma thèse l’assemblage du fuseau mitotique durant le 

développement normal du cerveau de souris. De manière surprenante, j’ai observé des changements 

de la morphologie des fuseaux entre les stades précoces et tardifs de la neurogenèse. Aux stades 

précoces de la neurogenèse, les fuseaux interagissent avec le cortex de la cellule par l’intermédiaire 

des microtubules (MTs) astraux, au dépend de la densité des microtubules du fuseau. Aux stades 

plus tardifs de la neurogenèse, la densité de la population des MTs astraux décline, au profit de la 

densité des MTs du fuseau. De plus, j’ai identifié la protéine TPX2, un facteur impliqué dans la 

nucléation, la stabilisation et la fasciculation des MTs, comme un déterminant clé de la robustesse 

du fuseau et de la fidélité mitotique aux stades tardifs de la neurogenèse. En effet, en diminuant 

expérimentalement l’interaction de TPX2 avec les MTs du fuseau mitotique aux stades tardifs de 

la neurogenèse, j’ai montré que cette interaction était suffisante pour convertir la morphologie du 

« fuseau tardif » en « fuseau précoce » et pour augmenter la fréquence des erreurs d’alignement et 

de ségrégation des chromosomes. Ainsi, mes données ont révélé des modifications inattendues des 

mécanismes utilisés par les progéniteurs neuronaux pour assembler un fuseau mitotique bipolaire 

durant la neurogenèse, avec un impact révélé sur leur capacité à ségréger correctement les 

chromosomes. Mes travaux ont ainsi permis de proposer que durant la neurogenèse chez les 

mammifères, toutes les cellules progénitrices n’étaient pas équivalentes dans leur capacité à 

ségréger les chromosomes. Ils ont aussi apporté de nouveaux éléments mécanistiques concernant 



la vulnérabilité particulière du cerveau embryonnaire aux mutations des composants du centrosome 

et/ou du fuseau mitotique dans le contexte de la microcéphalie. 



Introduction 

 

Le fuseau mitotique, une structure constituée de microtubules, est assemblé pendant la mitose 

pour permettre la séparation des chromosomes, dupliqués durant la phase S. La ségrégation 

appropriée des chromosomes dépend de l’assemblage d’un fuseau bipolaire qui relie chaque 

copie de chromosome à chaque pôle du fuseau (Wadsworth et al., 2011). Dans les cellules 

animales, les principaux sites de nucléation des microtubules sont les centrosomes, un à chaque 

pôle du fuseau mitotique (Urbani and Stearns, 1999). Alors que la bipolarité est une 

caractéristique conservée des fuseaux mitotiques dans toutes les types de cellules, les cellules 

ont diversifié les mécanismes d’assemblage du fuseau pour permettre la formation d’une 

structure bipolaire, robuste mais aussi dynamique (Helmke et al., 2013). En effet, des variations 

dans la morphologie et la taille du fuseau mitotique ont été observées parmi les différents types 

cellulaires et dans différents organismes (Crowder et al., 2015; Farhadifar et al., 2015; 

Wadsworth et al., 2011). Cependant, il reste encore à déterminer comment le fuseau mitotique 

s’adapte aux changements auxquels les cellules en prolifération sont soumises au cours du 

développement. 

 

Au cours du développement, les cellules apicales de la glie radiaire (aRGCs) sont l’une des 

principales populations de progéniteurs neuronaux du cerveau de mammifère (Götz and 

Huttner, 2005). Les aRGCs subissent un certain nombre de divisions et se différencient pour 

former des neurones et des sous-types gliaux qui formeront le cerveau adulte chez les 

mammifères. En tant qu’ « éléments constitutifs » du cerveau des mammifères, le nombre 

d’aRGCs détermine la taille et le bon fonctionnement du cerveau (Fernandez et al., 2016). La 

microcéphalie primaire autosomique récessive (MCPH) est un trouble du développement 

neurologique caractérisé par une réduction sévère de la taille du cerveau à la naissance (Woods 

and Basto, 2014). Parmi les causes génétiques de la MCPH, plusieurs mutations ont été 

identifiées dans des gènes codant pour des protéines du centrosome. De plus, ces mutations 

perturbent principalement la taille du cerveau humain sans sévèrement affecter la taille du 

corps, suggérant que le développement du cerveau est particulièrement vulnérable aux 

mutations de ces gènes (Nano and Basto, 2016 ; Woods and Basto, 2014 ; Jayaraman et al., 

2018). Lorsqu’elle est induite par des mutations de gènes liés au centrosome ou au pôle du 

fuseau, la microcéphalie résulte d’une perte des progénitures neuraux pendant la neurogénèse 

(Gogendeau et al., 2015; Rujano et al., 2013; Bazzi and Anderson, 2014; Lizarraga et al., 2010; 



Marthiens et al., 2013b; Johnson et al., 2018). Nous avions également constaté que les aRGCs 

aux stades précoces de la neurogénèse sont plus susceptibles de générer des erreurs mitotiques 

entrainant une mort par apoptose (Marthiens et al., 2013b), l’origine de cette susceptibilité 

n’étant pas connue.  

 

Dans le but d’identifier les mécanismes responsables de la susceptibilité des aRGCs, j’ai 

caractérisé l’assemblage du fuseau mitotique dans des cerveaux sauvages de souris pendant la 

neurogénèse. Notamment, j’ai observé un changement inattendu de la morphologie des fuseaux 

bipolaires. Ces changements s’accompagnent de différences significatives des niveaux et/ou de 

la distribution de facteurs clés de l’assemblage du fuseau. Parmi ces facteurs, la protéine Tpx2, 

impliquée dans la nucléation, la stabilité et l’organisation des microtubules, était un des 

principaux facteurs responsables du changement du fuseau mitotique. J’ai notamment observé 

qu’un changement des niveaux de TPX2 était suffisant pour modifier la morphologie des 

fuseaux in vitro et in vivo. Finalement, mes résultats indiquent que l’évolution des mécanismes 

d’assemblage du fuseau au cours de la neurogénèse se traduisent par une amélioration de la 

fidélité mitotique.   

 

 

Résultats et Discussion  

 

La morphologie du fuseau mitotique bipolaire change pendant la neurogénèse chez la souris 

 

Pour comprendre la vulnérabilité des aRGC aux mutations des centrosomes, j'ai caractérisé la 

morphologie des fuseaux mitotiques en métaphase des aRGCs à tous les stades de la 

neurogénèse chez la souris (de E11.5 à E18.5). Il est à noter que la morphogenèse du fuseau 

des aRGCs n'a jamais été décrite auparavant dans le cerveau des mammifères.  L'analyse de la 

morphologie du fuseau dans les aRGC a révélé des différences marquées entre les fuseaux 

mitotiques des aRGCs aux stades précoces et tardifs de la neurogénèse. Parmi les trois 

différentes populations de MTs qui forment le fuseau (MTs astraux, interpolaires et 

kinétochoriens), les MT astraux entrent en contact avec le cortex cellulaire, alors que les MT 

interpolaires et kinétochoriens forment la partie centrale du fuseau (Morgan et Morgan, 2007) 

; ces deux dernières populations ont été analysées ensemble (ci-après appelées MTs du fuseau). 

De manière inattendue, j'ai découvert que la morphologie du fuseau change au cours de la 

neurogénèse. Aux stades précoces, les fuseaux mitotiques des aRGC contiennent de nombreux 



et longs MT astraux qui interagissent avec le cortex cellulaire, aux stades tardifs, les fuseaux 

mitotiques des aRGC gagnent en robustesse au niveau du fuseau central (MTs du fuseau plus 

longs et plus épais). Pour décrire quantitativement la distribution des MTs du fuseau central, 

j'ai analysé les « line-scans » de chaque fuseau en métaphase en traçant des profils d'intensité 

de fluorescence (FI) de la tubuline qui s'étendent d'un pôle à l'autre. À partir de ces profils, j'ai 

calculé la densité des MTs présente à l'intérieur du fuseau en divisant la valeur minimale par la 

valeur maximale. Notamment, l'évaluation des indices de densité des MTs a révélé une 

augmentation considérable et progressive des MTs dans les fuseaux mitotiques des aRGC au 

cours de la neurogenèse. Ces observations indiquent qu'il existe probablement un lien entre ces 

différences de morphologie du fuseau et la vulnérabilité des aRGCs aux mutations de la 

microcéphalie. 

 

La concentration et la distribution des protéines associées au fuseau mitotique changent au 

cours de la neurogénèse : Identification de TPX2 comme un déterminant de la morphologie 

du fuseau  

 

L’interaction entre les centrosomes, les MTs et les protéines associées au fuseau mitotique 

contribuent à la formation d’un fuseau dynamique mais aussi stable pour assurer une bonne 

ségrégation des chromosomes (Helmke et al., 2013). Pour identifier les protéines impliquées 

dans les différences décrites ci-dessus, j'ai comparé la concentration et la distribution des 

facteurs associés aux centrosomes et aux MTs au niveau des fuseaux mitotiques des aRGCs des 

stades précoces à tardifs de la neurogénèse. J'ai constaté que la plupart des composants des 

centrosomes et des protéines associées aux MTs (y compris des moteurs) ne changeaient pas 

De plus, les fuseaux ne changeaient pas de morphologie lors de l'inhibition de ces protéines. 

Cependant, j'ai constaté qu'un petit module de 4 protéines, dont TPX2, Eg5, Tacc3 et Aurora 

A, changeait de manière significative pendant la neurogénèse. Cette répartition ne suivait pas 

toujours la morphologie du fuseau. Par exemple, Tacc3 (une protéine polymérisant les MTs) 

était moins abondante sur les MTs du fuseau des aRGCs aux stades tardifs qu’aux stades 

précoces. Au contraire, TPX2 (un facteur de nucléation et de regroupement des MTs) présentait 

un augmentation significative (augmentation de 20%) sur les MTs du fuseau des aRGCs.  

 

Pour tester fonctionnellement le rôle de TPX2 sur la morphologie du fuseau pendant la 

neurogenèse, j'ai partiellement diminué les niveaux de TPX2 par électroporation in utero des 

aRGCs des stades tardifs avec de courts (si)ARN interférents et j'ai analysé les fuseaux 

mitotiques. En effet, une réduction partielle des niveaux de TPX2 à des stades tardifs a été 



suffisante pour modifier l'équilibre entre la nucléation/stabilité des MTs astraux et les MTs du 

fuseau. Par conséquent, TPX2 est un facteur clé qui détermine la morphologie du fuseau dans 

le cerveau en développement de la souris.  

 

Les aRGC mitotiques à un stade précoce sont plus susceptibles de générer des erreurs 

mitotiques 

 

Vu que les fuseaux mitotiques des aRGCs aux stades précoces du développement contiennent 

des MTs moins stables, on peut s'attendre à ce que ces fuseaux soient susceptibles aux erreurs 

de ségrégation chromosomique. Pour tester cette hypothèse, j'ai utilisé GSK923295, un 

inhibiteur allostérique de l'activité motrice de Cenp-E (Bennett et al., 2015), qui est une protéine 

qui favorise la congression des chromosomes et leur maintien à la plaque métaphasique 

(Gudimchuk et al., 2013). Notamment, les cerveaux aux stades précoces du développent ont 

montré une augmentation marquée des aRGCs en prométaphase avec des chromosomes mal 

alignés par rapport aux stades tardifs. Aux stades précoces, j’ai aussi détecté une légère 

augmentation du pourcentage d'anaphases avec des chromosomes retardés. Pour confirmer la 

vulnérabilité des fuseaux mitotiques aux stades précoces par d'autres moyens, j’ai utilisé MPI-

0479605, un inhibiteur de la protéiné Mps1, un membre du point de contrôle de l'assemblage 

des fuseaux (Tardif et al., 2011). La fréquence du désalignement des chromosomes en 

prométaphase et des chromosomes retardés en anaphase des chromosomes retardés des 

chromosomes retardés des chromosomes retardés était fortement augmentée dans les aRGCs 

aux stades précoces. Finalement, j’ai testé l’implication de la morphologie du fuseau 

(déterminée par TPX2) dans le contexte de la vulnérabilité mitotique. J’ai fait l’hypothèse que 

si TPX2 est un des déterminants de la morphogenèse du fuseau, on peut s'attendre à ce qu'une 

réduction des niveaux de TPX2 dans les fuseau mitotiques des aRGCs aux stades tardifs les 

rende plus susceptibles de générer des erreurs mitotiques. Pour corroborer cette hypothèse, j’ai 

utilisé la même stratégie que celle décrite ci-dessus pour diminuer partiellement les niveaux de 

TPX2 après électroporation in utero et perturbé la fidélité mitotique avec un inhibiteur de Cenp-

E. En accord, les erreurs de ségrégation des chromosomes étaient augmentées par rapport aux 

conditions contrôle.  

Avec les résultats précédents, j'ai conclu que la morphologie des fuseaux mitotiques des aRGCs 

aux stades précoces rend ces fuseaux plus susceptibles à des défauts de ségrégation des 

chromosomes. 



Les résultats obtenus au cours de mon doctorat ont permis la formulation d’un modèle où aux 

stades précoces de la neurogènése, les fuseaux mitotiques contiennent plus de MTs astraux au 

dépend de la densité des MTs du fuseau. Aux stades tardifs, cet équilibre est modifié, grâce à 

une concentration de TPX2 plus élevée sur les fuseaux des aRGCs et à une diminution des MTs 

astraux .Le besoin en MTs astraux dans les fuseaux mitotiques aux stades précoces pourrait 

résulter d'une exigence de positionnement plus précis des fuseaux à ces stades. Ces résultats 

offrent donc une explication mécanistique à la susceptibilité des aRGCs aux mutations des 

protéines liées au centrosome et au fuseau mitotique.  



Abstract 
 

The mammalian brain holds a peculiar vulnerability to centrosome or mitotic spindle dysfunction. 

Mutations in centrosome or spindle encoding genes are the leading cause of Human Primary 

Recessive Microcephaly (MCPH), a neurodevelopment growth disorder were the brain is 

drastically reduced in size yet body size is not affected. Loss of neural progenitor cells or apical 

Radial Glial cells (aRGCs) during brain development causes microcephaly. The lab has previously 

shown that the presence of supernumerary centrosomes leads to mitotic errors and consequent 

apoptosis of aRGCs. They also noticed a higher susceptibility to mitotic errors and cell death at 

early stages of neurodevelopment as compared to late stages. The underlying mechanisms that 

render aRGCs vulnerable are still unknown. To identify the mechanisms behind aRGC 

vulnerability, I characterized during my PhD mitotic spindle assembly during normal mouse brain 

development. Surprisingly, I found that aRGC spindle morphology changes between early and late 

stages of neurogenesis. At early stages, spindles are prone to interact with the cell cortex through 

astral MTs which comes at the expense of MT density within the spindle. In contrast, at late stages, 

spindles decrease astral MT numbers while reinforcing MT inner cell density. Furthermore, I 

identified the microtubule stabilizing and bundling factor TPX2 as one key determinant of spindle 

robustness and mitotic accuracy after drug treatments in aRGCs from late neurogenic stages. 

Indeed, by decreasing TPX2 loading on spindle MTs, which was sufficient to switch spindle 

morphology to an early-like architecture, I observed an increased frequency of chromosome 

alignment and segregation errors. The data obtained reveal unexpected modifications in the 

pathways used by aRGCs to build a bipolar spindle during the course of neurogenesis, which are 

translated into different chromosome segregation capacity. I thus propose that during mammalian 

neurogenesis not all aRGCs are equally competent to segregate chromosomes correctly. My work 

therefore provides mechanistic insights by which mutations in genes encoding centrosome or 

spindle components might affect specifically brain size during embryonic development. 
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1. Cell cycle and cell division  

 

All living organisms grow, develop and reproduce thanks to the generation of new cells from 

pre-existing ones. Before cell division, the cell needs to grow, duplicate its genetic material 

(DNA) and physically split to form two new cells. In eukaryotic cells, two types of cell division 

are distinguished. Meiosis is typical of reproductive cells (germ cells). Here, DNA replication 

is followed by two rounds of divisions producing cells with one set of chromosomes (haploid 

cells). Haploid sex cells or gametes are a prerequisite for sexual reproduction (Alberts et al., 

2008). Mitosis is on the other hand, the process by which non-reproductive cells, divide. Most 

somatic cells contain two sets of chromosomes (diploid). During S-phase, DNA is duplicated 

and then equally distributed during division to produce two diploid cells that are a replicate of 

each other in terms of genetic information and DNA copy number. Mitosis is therefore a clonal 

division and is the mechanism by which cells multiply during embryonic development to form 

tissues and organs, and during adulthood for tissue regeneration (Alberts et al., 2008).  

All these processes, i.e., cell division (either mitosis or meiosis), DNA replication and 

cell growth are performed in an organized and stepwise series of events that together make up 

the cell cycle. The cell cycle consists of two main stages: a period of cell growth and DNA 

replication (also known as Interphase) and a period of cell division (or M-phase) (Alberts et al., 

2008) (Figure 1). A brief overview of these two phases, with a special emphasis in mitosis, is 

discussed below.  

 

1.1 Interphase  

Interphase is the longest phase of the cell cycle and is the period in which the cell grows, takes 

nutrients, and duplicates its contents (DNA and other cell organelles). In the canonical cell cycle 

this period is subdivided into three phases (Norbury and Nurse, 1992) (Figure 1). The first gap 

phase (G1 phase) is the longest of all. Here, the cell grows and metabolic activities are high. 

RNA and protein synthesis are also elevated to prepare the cell for DNA replication. 

Importantly, and depending on the conditions or inhibitory signals, it is in G1 when most cells 

decide if they will continue to proliferate, differentiate or enter in a prolonged non-dividing 

state (G0) (Morgan and Morgan, 2007). G1 is followed by a phase of DNA synthesis (or S 

phase). Here, the typical DNA double helix structure is opened and DNA synthesis begins. 

During S phase an identical copy of each chromosome is generated giving rise to two sister 

chromatids. The two chromatids remain attached in regions called centromeres until mitosis 

where this connection is broken and sister chromatids separate. DNA replication is followed by 
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another gap phase (G2 phase) where the cell continues to grow, in preparation for mitosis 

(Morgan and Morgan, 2007).    

 The two gap phases are more than simple phases of growth and protein synthesis, they 

also provide time and serve as regulatory transitions (or cell cycle checkpoints) to control the 

progression to the next cell cycle phase (Alberts et al., 2008). Indeed, a number of checkpoints 

ensure the proper development of critical events during the cell cycle. During interphase, there 

are checkpoints for the initiation (G1/S checkpoint, also known as the replication checkpoint) 

and progression (intra S-phase checkpoint) of DNA replication. Another checkpoint (the G2/M 

checkpoint or DNA damage checkpoint) controls the fidelity of DNA replication and mitotic 

entry (Alberts et al., 2008; Norbury and Nurse, 1992) (Figure 1). 

In mitosis there is another checkpoint that controls proper chromosomes capture, the spindle 

assembly checkpoint or SAC (Morgan and Morgan, 2007; Musacchio and Salmon, 2007 ) 

(Figure 1). The central components of the cell cycle are cyclin-dependent kinases (CDKs). They 

are heterodimeric proteins formed of a serine/threonine kinase subunit and a cyclin subunit. 

During the cell cycle they phosphorylate different substrates that control specific cell cycle 

processes (Morgan and Morgan, 2007). CDKs activity oscillates during the cell cycle due to 

Cell division

INTERPHASE

Cell growth
Preparation for

mitosis

G2/M checkpoint

check for:
-Cell size
-DNA replication

G1/S checkpoint

check for:
-Nutrients
-Growth factors
-DNA damage

Spindle assembly checkpoint

check for:
-Correct chromosome attachment

Cell growth
Preparation
for DNA
synthesis

DNA
synthesis

Cell cycle exit,
arrest or differentiation

S

G1

G0

G2

MITOSIS

M-PHASE

Figure 1. The Eukaryotic Cell Cycle. 

The cell cycle in eukaryotic somatic cells consists of one phase of cell division (M-phase/mitosis, red) 

and one phase of cell growth and DNA replication (interphase, brown). DNA synthesis/duplication 

occurs in S phase. Two gap phases (G1 and G2) promote cell growth and prepare the cell to enter either 

S phase (G1 phase) or mitosis (G2 phase). Along the cell cycle there are several regulatory transition 

periods or checkpoints (green) that control cell cycle progression into the next cell cycle phase. One 

that controls entrance into S phase (G1/S checkpoint), one that control mitotic entry (G2/M checkpoint). 
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variations in the levels and localization of their regulatory subunits (known as cyclins) (Evans 

et al., 1983 ; Morgan and Morgan, 2007; Pines and Hunter, 1991 ). Each Cyclin–CDK complex 

promotes the activation of the next cell cycle phase, ensuring cell cycle progression in an 

orderly manner. In a simplified view, members of the cyclin D in complex with CDK4 and 

CDK6 regulate G1, Cyclin E-CDK2 and Cyclin A-CDK1 (or -CDK2) complexes are required 

for S-phase initiation and progression respectively. Mitotic entry is stimulated by the 

phosphatase Cell-division-cycle 25 (Cdc25), which releases Cyclin B-CDK1 from its inhibitory 

phosphorylation (Hochegger et al., 2008; Ohtsubo et al., 1995). Normally, once all the different 

processes and checkpoints are properly accomplished during interphase, the cell enters into 

mitosis. 

 

1.2 Mitosis: phases and structural components  

In his seminal book Zellsubstanz, Kern und Zelltheilung (Cell substance, Nucleus and Cell 

division; (Flemming, 1882), Walter Flemming described and drew, with great detail, how cell 

nuclei split and migrate to opposite poles forming two new cells. He named this process mitosis, 

from the Greek word of thread (Flemming, 1882). What W. Flemming saw as “threads” are the 

chromosomes that condense when the cell starts to divide, appearing as thread-like structures. 

Apart from the rearrangement of chromosomes, entry to mitosis also involves the formation of 

a microtubule (MT)-based structure, the mitotic spindle, that serves as the scaffold and force 

generator for chromosome segregation. In animal cells, the centrosome, the MT organizing 

center (MTOC) of these cells, resides at each pole of the mitotic spindle and contributes to the 

formation and organization of the MTs that form the spindle (Alberts et al., 2008). Based on 

discrete chromosomal and spindle formation events, mitosis is divided into five distinct stages 

(Figure 2). A brief description of the mitotic phases and the structural components of a mitotic 

animal cell is provided below. 

 

1.2.1 Mitotic phases  

Prophase is the first and longest phase of mitosis (Morgan and Morgan, 2007) and starts when 

the chromatin mass begins to condense allowing the visualization of distinct sister chromatids 

(Flemming, 1882; Sedat and Manuelidis, 1978). In parallel, the centrosomes highly increase 

their MT nucleation activity forming the two mitotic spindle poles (Zhai et al., 1996). Indeed, 

at each centrosome, MTs are nucleated in every direction forming two distinctive MT asters 

(Hayden et al., 1990). In an intermediate phase, called prometaphase, the nuclear envelop is 
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dissolved (due to the phosphorylation of nuclear lamins) in an event known as nuclear envelope 

breakdown (NEBD) (Peter et al., 1990) (Figure 2). The separation of centrosomes occurs in 

most cells during this phase. Interestingly, it is now recognized that centrosome separation is 

not restricted to a specific mitotic phase but it rather depends on the cell type (Agircan et al., 

2014). Indeed, while some cells enter prometaphase with already separated centrosomes 

(prophase pathway) (Magidson et al., 2011), others separate their centrosomes after NEBD 

(prometaphase pathway) (Toso et al., 2009).  

NEBD allows MTs to reach the vicinity of chromosomes. A fraction of these MTs binds 

directly to the chromosomes through the kinetochore, a multiprotein complex which is built on 

the centromeric DNA and facilitates/stabilizes MT attachments at this region (Musacchio and 

Desai, 2017). Dispersed chromosomes then initiate directed movements that culminate with 

their position at the center (or equator) of the spindle (Flemming, 1882). This motion of 

chromosomes is known as chromosome congression (Darlington, 1937) and precedes 

metaphase, the next phase of mitosis. Metaphase is thus defined by the alignment of all 

chromosomes in the cell equator, forming the metaphase plate. Due to chromosome congression 

and alignment, the mitotic spindle in metaphase is characterized by its array of MTs arranged 

in a bipolar manner so that each sister chromatid is attached to one spindle pole (Figure 2). 

Once all chromosomes are aligned and attached, the inhibitory signal of the SAC is released 

and chromosomes start to separate. For a review on SAC see (Musacchio and Salmon, 2007). 

Chromosome separation indicates the onset of anaphase, the following mitotic phase. 

Certainly, forces generated by MT depolymerization and motor proteins associated with MTs 

promote the separation of sister chromatids to opposite sides of the cell (Alberts et al., 2008). 

Mitosis is completed after telophase. Here, the nuclear envelope reforms around the 

chromosomes grouped at each side of the spindle (Figure 2). The chromosomes also start to 

uncoil losing their distinct appearance. Further, the mitotic spindle begins to disassemble 

(Alberts et al., 2008; Morgan and Morgan, 2007). The cell divides its cytoplasm during 

cytokinesis. Here, a contractile ring, made of actin filaments and myosin II (Mabuchi et al., 

1988), assembles at the cell equator and begins to tighten. This ring continues to tighten until 

the two daughter cells are connected only by a very packed group of MTs, called the midbody. 

The location of the midbody determines the site of abscission and the physical separation of the 

two daughter cells (Morgan and Morgan, 2007). The resulting daughter cells then enter in 

interphase (Figure 2).  
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Figure 2. Mitotic phases and main mitotic events in higher eukaryotes.  

Mitosis is divided in five phases according to the chromosomal configuration and spindle formation 

events. In animal cells the centrosomes (pink) contribute to MT nucleation and organization. Before 

mitosis (Interphase-G2) the DNA is not condensed and the two centrosomes are close to each other. In 

the early stages of mitosis (prophase and prometaphase) the chromosomes condense and the mitotic 

spindle starts to assemble. During metaphase all chromosomes align in the metaphase plate and each 

sister chromatid is attached to one spindle pole. During anaphase sister chromatids separate and move 

towards each spindle pole. Telophase is the last phase of mitosis. Here, chromosomes are further apart 

and start to decondense. The contractile ring (blue starts to form). Cytokinesis occurs just after the last 

phase of mitosis. During cytokinesis the contractile ring tightens until a bundle of antiparallel MTs 

(spindle midbody) is the only structure connecting the two daughter cells. The nuclear membrane 

reforms around the chromosomes of each resulting daughter cell.  

 

When compared to the whole cell cycle, mitosis is a brief period during which 

chromosomes condense, are captured, and are segregated by a MT-based structure (the mitotic 

spindle). Several organelles or structural components, such as the MT cytoskeleton, the 

centrosomes or the kinetochores contribute to the formation and organization of the mitotic 

spindle as well as the capture and movement of chromosomes during mitosis. 

 

1.2.2 The microtubule cytoskeleton: a dynamic network of filaments  

The ability of a cycling cell to drastically change shape, resist deformation and reorganize their 

cytoplasmic components depends on its cytoskeleton. The cytoskeleton is a network of dynamic 

filaments that are capable to modify their length to quickly reorganize into different 

configurations. Three filamentous proteins form the cytoskeleton of a cell: actin 

microfilaments, intermediate filaments and MTs (Alberts et al., 2008). Cytoskeletal MTs are 

the stiffest and thickest of the three filaments and can grow up to several millimeters within a 

cell (Brangwynne et al., 2006 ; Fletcher and Mullins, 2010; Gittes et al., 1993 ). Their lattices 
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are composed of polarized polymers of α-and β-tubulin arranged in a tubular structure of ~25nm 

in diameter (Nogales et al., 1999). Within a cell, arrays of MT polymers organize into different 

MT-based structures (such as the mitotic spindle), they also contribute to intracellular transport 

and cell polarity (Alberts et al., 2008 ; Morgan and Morgan, 2007). MTs are organized from 

microtubule organizing centers (MTOCs) such as centrosomes, for a review see (Lüders and 

Stearns, 2007). In dividing cells, the MT cytoskeleton is the main structural component of 

mitotic and meiotic spindles. In non-dividing cells, it can contribute to cell motility and/or be 

at the base of specialized structures such as cilia and flagella (Alfaro-Aco and Petry, 2015). In 

the following sections I will first discuss MT structure, properties and nucleation followed by 

a brief discussion of the factors that associate to MTs and change their properties. Due to my 

thesis subject, the role, formation and organization of MTs in mitosis is the subject of a 

complete section (1.3).  

 

1.2.2.1 Microtubule structure 

MTs are hollow tubular structures whose basic building block is a dimer made of two closely 

related proteins, α-and β-tubulins (Nogales et al., 1998). To assemble MTs, tubulin dimers join 

in a head-to-tail configuration forming polarized protofilaments. In turn, 13 protofilaments 

associate laterally and in the same direction establishing a hollow cylindrical structure (Nogales 

et al., 1999). Even if the interactions between tubulin subunits within the MT lattice are non-

covalent, the strength of both, end-to-end and lateral interactions, results in the formation of a 

rigid structure. Due to these tight association, the addition or removal of tubulin subunits occurs 

only at the ends of the MT (Morgan and Morgan, 2007). Furthermore, and as a consequence of 

the specific orientation of the α-and β-tubulin dimer, MTs are polarized assemblies with two 

distinct ends: one end has exposed β-tubulin and is called the MT plus-end while the other end, 

where α-tubulin subunits are exposed, is known as the minus-end (Figure 3A). Importantly, the 

rate of tubulin association is different between each end. The plus-end grows faster (fast-

growing) than the minus-end (slow-growing) (Morgan and Morgan, 2007). 

 

1.2.2.2 Microtubule dynamics 

The behavior of MTs is greatly influenced by the fact that tubulin subunits are bound to and 

catalyze the conversion of Guanosine Triphosphate (GTP) to Guanosine Diphosphate (GDP). 

Interestingly, both subunits contain GTP-binding sites yet only β-tubulin is capable to 

interconvert GTP. Thus, these sites are called N-site (for no exchangeable) in the α- tubulin 
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subunit and E-site (for exchangeable) in β-tubulin (Weisenberg et al., 1976). MTs are very 

dynamic structures, they grow by addition of new tubulin dimers, this process is known as MT 

polymerization. Just after addition of new dimers, the GTP bound to β-tubulin is rapidly 

hydrolyzed. Due to this, most β-tubulin subunits in the MT polymer exist in the GDP-bound 

form. On the contrary, and due to the addition of new tubulin dimers, the polymerizing plus-

end, contain GTP–bound tubulin dimers. This is called the GTP cap (Morgan and Morgan, 

2007).  

The different conformations of GDP- and GTP-bound tubulin can lead to a behavior 

called dynamic instability. Coined by Mitchinson and Kirschner (1984), dynamic instability 

refers to the rapid interconversion between phases of grow and shrinkage. Four parameters 

characterize MT dynamic instability; MT growth rate, MT shrinkage rate and the transitions 

between growing to shrinkage (or catastrophe) and shrinkage to growing (rescue) (Kline-Smith 

and Walczak, 2004; Mitchison and Kirschner, 1984 ; Walker et al., 1988 ) (Figure 3B).  

Another interesting MT behavior results from the different capacity to associate tubulin 

subunits at each MT-end. Indeed, at certain concentrations of free-tubulin dimers, the MT plus-

end incorporates new tubulin subunits (growing rapidly) while in the minus-end these subunits 

are lost (and so it shrinks). This behavior is known as MT treadmilling (Margolis and Wilson, 

1978).  

 

Post-translational modifications of tubulin influence microtubule dynamics 

Tubulin subunits are subjected to multiple post-translational modifications (PTMs). While 

some, such as phosphorylation and acetylation, are ubiquitous protein modifications (Janke and 

Chloë Bulinski, 2012), others appear to be specific for tubulin; i.e. detyrosination/tyrosination 

Figure 3. Microtubule structure and dynamic 

instability. 

(A) MTs are hollow cylindrical structures 

consisting of α/β-tubulin heterodimers organized 

in ~13 protofilaments. On MTs, α/β-tubulin 

subunits are organized in the same direction; with 

exposed α-tubulin subunits at its minus-end and β-

tubulin subunits at its plus-end. (B) MT 

polymerize upon the addition of new tubulin at 

their plus ends. MTs depolymerize after the 

hydrolysis of GTP-bound β-tubulin subunits. MTs 
switch stochastically from growth to shirking 

(catastrophe) or from shrinking to growth (rescue) 
phases, this property is known as dynamic 

instability. Image source: (Kline-Smith and 

Walczak, 2004). 
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(Prota et al., 2013) (Figure 4). Either directly or indirectly, PTMs contribute to the subcellular 

differentiation of functionally different MT populations. Directly, PMTs influence MT stability 

by the addition of specific amino groups. This addition usually takes place after MT 

polymerization and, depending on the modification, is commonly associated with MT 

stabilization. Indirectly, PTMs influence the interaction of MTs with several MT-associated 

and motor proteins (Janke and Chloë Bulinski, 2012). 

During mitosis, patterns of distinct PTMs can be found on the MTs that form the spindle 

MTs. For example, MT acetylation is specifically enriched in structures like the centrioles 

(structural components of the centrosomes) (Bobinnec et al., 1998), while polyglutamylation in 

specific MT populations within the spindle (Piperno et al., 1987). Similarly, while tyrosinated 

tubulin localizes evenly in all the populations of MTs (including the one extending outwards 

the center of the spindle), detyrosinated MTs have been found exclusively within the spindles 

of mitotic mammalian cells (Gundersen and Bulinski, 1986). An interesting observation on the 

impact of detyronsinated MTs on spindle function was recently published by Barisic et al 

(2015). They found that the motor protein CENP-E is more prone to bind to detyrosinated MTs 

and that this affinity favored the congression of polar chromosomes in mitotic human U2OS 

cells (Barisic et al., 2015). 

 

1.2.2.3 Microtubule nucleation 

MT formation spontaneously occurs in solutions of α/β-tubulin dimers provided with GTP. In 

vitro, the formation of a new MT from free tubulin dimers starts with the process of nucleation, 

defined by the assembly of stable aggregates (or nucleation centers), from which the MT 

polymer grows. However, this is a very slow process which involves the generation of MT 

intermediates that are quickly depolymerized if addition of new dimers is not fast enough (Voter 

and Erickson, 1984). To overcome this problem, cells have adopted mechanisms where MTs 

Figure 4. Types and sites of tubulin post-

translational modifications.  

PTMs occur at different regions of the α/β-

tubulin heterodimer. Inside the MT lattice, the α-

tubulin subunit is modified by acetylation. Other 

modifications take place at the carboxy C-

terminal tails (amino-acid sequence shown in 

gray) of the α-subunit (detyrosination, blue; and 

polyglutamylation, red) or β -subunit of the 

tubulin heterodimer. Image adapted from: (Janke 

and Chloë Bulinski, 2012). 
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are nucleated from templates. The most prominent of them requires the action of a third type of 

tubulin, the γ-tubulin protein (Farache et al., 2018; Morgan and Morgan, 2007 ). γ-tubulin is a 

member of the tubulin subfamily. This tubulin member is not incorporated into the MT 

polymer, it rather associates with other proteins in a complex that provides the scaffold for MT 

nucleation. γ-tubulin is ubiquitous in eukaryotes (Oakley and Oakley, 1989; Oegema et al., 

1999 ; Stearns et al., 1991; Riehlman et al., 2013). Several proteins that associate with γ-tubulin 

have been identified and designated as γ-tubulin complex proteins (GCPs, in humans) (Zheng 

et al., 1995). Five of these GCPs (numbered by increasing molecular weight, with γ-tubulin as 

GCP1) are structurally related (Guillet et al., 2011) and associate with γ-tubulin forming 

different complex configurations. Across eukaryotes two different types of γ-tubulin complexes 

have been identified. γ-tubulin small complexes (γ-TuSCs), composed of two molecules of γ-

tubulin each one bound to GCP2 and GCP3 (Oegema et al., 1999). γ-tubulin ring complexes 

(γ-TuRCs) on the other hand, are formed by the association of several γ-TuSCs that together 

with GCPs 4, 5 and 6 assemble a helical ring-shaped structure (Zheng et al., 1995). While γ-

TuSCs complexes have been identified in all eukaryotes, a diversity of γ-TuRCs conformations, 

with different associations of GCPs 4, 5 and 6 proteins, has been found among organisms 

(Farache et al., 2018). Interestingly, γ-TuSCs were found to nucleate MTs with less efficiency 

than γ-TuRCs, which suggested a contribution of the geometry of γTuRC in the nucleation of 

MTs (Oegema et al., 1999). Indeed, an outer ring of 13 γ-tubulin molecules in γ-TuRC is 

thought to serve as template to directly interface with α-tubulin subunits of the MT minus-end 

(Farache et al., 2018).  

Apart from γ-tubulin containing complexes, it is now recognized that other MT-

nucleators exist. For example, proteins associated with MTs like Xenopus Microtubule 

Associated Protein of 215 kDa (XMAP215- also known as ChTOG in mammals) and Targeting 

protein for Xklp2 (TPX2) act in synergy to nucleate and stabilize MTs, in vitro (Roostalu et al., 

2015 ; Wieczorek et al., 2015). However, it is likely that these proteins need to interact with γ-

TuRCs to promote strong MT nucleation (Farache et al., 2018; Thawani et al., 2018 ). Certainly, 

MT nucleation from pre-existing MTs, through the Augmin pathway (further discussed in 

section 1.4.1.4), depends on the targeting of γ-TuRCs to the vicinity of MTs (Song et al., 2018). 

Independently of the nature of the MT nucleator, cells control the site and time of MT 

polymerization by the recruitment of nucleators to MTOCs. Indeed, in animal somatic cells and 

in budding yeast, γ-TuRCs are concentrated at centrosomes or spindle pole bodies, their 

respective MTOCs (Fuller et al., 1995 ; Morgan and Morgan, 2007). 
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1.2.2.4 Microtubule associated proteins 

MT dynamic instability allows the cell to rapidly reorganize the MT cytoskeleton so it can 

fulfill distinct cellular functions. While MTs grow, shrink and are nucleated in pure tubulin 

solutions provided with GTP, they are not capable of organizing complex structures (Schulze 

and Kirschner, 1988). Through interaction with MTs, Microtubule associated proteins (MAPs) 

influence MT organization and dynamics so that structural complexity is achieved. Indeed, 

MAPs can stabilize and destabilize MTs, guide and move MTs towards specific cellular 

locations, cross-link MTs and mediate the interactions of these MTs with other proteins (Alberts 

et al., 2008). Based on their mode of action MAPs can be divided into different categories, for 

a detailed classification of these factors see (Goodson and Jonasson, 2018). In light of the 

subject of my study, below I provide a brief description of different categories of MAPs. 

Specific examples of MAPs and their roles during the formation of the mitotic spindle are 

presented in section 1.4. 

 

Stabilizers 

MT stabilizers are proteins that promote polymerization and/or prevent or reduce 

depolymerization of MT polymers. Based on shared sequences or behaviors, MT stabilizers can 

be classified in different groups (Goodson and Jonasson, 2018). For instance, proteins 

containing tumor-overexpressed-gene (TOG) domains, such as Xenopus microtubule 

associated protein 215 (XMAP215) and Cytoplasmic linker associated protein (CLASP), that 

promote MT polymerization and rescue respectively, are found in a wide range of organisms 

(Al-Bassam and Chang, 2011). On the contrary, while proteins containing CAP-GLY domains 

are found in most eukaryotes, the ones presenting MT stabilizing activities (e.g., the plus-end 

protein CLIP-170) are probably restricted to the animal fungi-lineage (Goodson and Jonasson, 

2018).  

 

Destabilizers 

MT depolymerases are proteins that induce MT catastrophes by favoring, promoting or 

accelerating MT depolymerization. Indeed, by opposing the action of MT polymerases they 

reduce MT net assembly and increase MT turnover (Howard and Hyman, 2007). Kinesin-13 

family members are well known and evolutionary conserved MT depolymerases (Wickstead et 

al., 2010). One of them is the Mitotic centromere-associated kinesin (MCAK), the best 

characterized member of this family. MCAK binds to MT plus or minus ends where it removes 

GTP-bound tubulin dimers using energy from ATP hydrolysis (Hunter et al., 2003).  
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MT- motor proteins 

MT-motors, are proteins that move along MTs transporting molecular cargoes or linking MTs 

into force generated arrays like the spindle. These are protein machineries that use the energy 

released by ATP hydrolysis to walk along MTs. Typically, a MT motor moves with a certain 

speed and towards a specific direction; e.g. plus or minus end-directed motors (Alberts et al., 

2008). In this way, motors guide the transport of associated cargoes from one location of the 

cell to another, they also organize MTs within the MT lattice. MT-motors are classified in two 

main families (Zhu et al., 2005). The family of kinesins, or kinesins related proteins, consists 

of motors that move along MTs towards their plus-ends, although within this group there are 

some that move in the opposite direction. Dyneins, the other family of MT-motors, are minus-

end directed motors (Goodson and Jonasson, 2018).  

 

1.2.3 Centrosomes: centers of MT nucleation and organization 

In the 19th century, the cell biologists Boveri and van Beneden described “a structure at the 

center of the cell from which fibers emanate”; they named this structure “centrosome”. Over 

100 years later centrosomes are still considered as the main microtubule organizing centers 

(MTOCs) in animal cells (Urbani and Stearns, 1999).  

Centrosomes are small (~1mm diameter), non-membrane bound organelles. They are 

composed of a pair of orthogonally arranged centrioles surrounded by a structured matrix of 

proteins, the pericentriolar material (PCM) (Figure 5). In vertebrates, the two centrioles are 

formed by MT triplets arranged in a nine-fold symmetry (Figure 5A); each centriole of a pair, 

differs in structure, age and potential (Anderson and Stearns, 2009 ; Bettencourt-Dias and 

Glover, 2007 ; Bornens, 2002; Tanos et al., 2013 ). The older-mother centriole, contains spoke-

like appendages at its distal end, which serve for anchoring at the plasma membrane (Figure 

5B).  

Centrioles recruit the hundreds of proteins that form the PCM, which is the site for MT 

nucleation, generating arrays of polarized MTs that extend their plus-ends outwards (Andersen 

et al., 2003 ; Bettencourt-Dias and Glover, 2007; Sonnen et al., 2012 ). 
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During interphase, centrosomes nucleate and organize the MT cytoskeleton. Moreover, 

in some cells they template the growth of cilia and flagella (Figure 6A). In proliferating cells, 

the mother centriole (also called basal body) serves as a seed for the growth of a primary cilia, 

which is a site of transduction of important signaling pathways (Anderson and Stearns, 2009 ; 

Tanos et al., 2013). During mitosis, centrosomes are associated with the poles of the bipolar 

mitotic spindle. Certainly, they are not merely sitting at the spindle poles but they actively 

participate to spindle formation and orientation. Indeed, upon mitotic entry the capacity of MT 

nucleation at the centrosome greatly increases (Khodjakov and Rieder, 1999; Piehl et al., 2004 

). Centrosomal MTs arising from each spindle pole, can be stabilized at the cell cortex, at the 

kinetochore of each sister chromatid or form antiparallel arrays that connect the two spindle 

poles (Walczak and Heald, 2008). In a normal situation, only one of the two centrosomes is 

inherited by each daughter cell. To ensure a bipolar spindle configuration at the next division, 

centrosomes are duplicated only once per cell cycle in a tightly controlled process (Nigg and 

Holland, 2018; Tsou and Stearns, 2006 ).  

 

1.2.3.1 Centrosome duplication cycle 

The centrosome duplication cycle is tightly linked to cell cycle progression, and consists in a 

cascade of timely regulated molecular events that induce the generation of a new centriole 

(called procentriole) at the vicinity of a pre-existing one (a parental centriole) (Delattre et al., 

2006 ; Kleylein-Sohn et al., 2007 ; Pelletier et al., 2006) (Figure 6A). After mitosis, each 

Figure 5. Centrosome structure. 

 (A) Electron microscopy image of the vertebrate centrosome. Distal and subdistal appendices (top 

inset) are located at the distal region of the mother centriole. Centrioles are formed of nine MT-triplets 

(bottom inset). (B) Schematic representation of the centrosome. Both centrioles, mother and daughter, 

are formed by MT triplets arranged in a nine-fold symmetry (green). They are surrounded by PCM 

(light orange) and linked by interconnecting fibers (gray). Scale bar 0.25µm. Adapted from: 

(Bettencourt-Dias and Glover, 2007). 
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daughter cell inherits one centrosome with two orthogonally arranged centrioles that are 

physically connected (or engaged) at their proximal ends by striated fibers. Centriole 

disengagement, defined by the loss of the linker and the orthogonal arrangement of the two 

centrioles, is required to license centriole duplication and occurs at the end of mitosis 

(Kuriyama and Borisy, 1981; Tsou and Stearns, 2006 ) (Figure 6A-a). The formation of 

procentrioles starts during S phase (Figure 6A-b). Here, each pre-existing parental centriole 

serves as a seed for the growth of one procentriole. Procentrioles then elongate until they reach 

their final size at the end of the G2 phase (Figure 6A-d). These procentrioles will reach full 

maturity by the acquisition of distal and subdistal appendages in the next cell cycle. Before 

mitotic entry, each centrosome (composed of two centrioles) accumulates and organizes PCM 

proteins to increase MT nucleation and organization capacity. Mature centrosomes will then 

separate to form the two poles of the mitotic spindle (Conduit et al., 2015; Firat-Karalar and 

Stearns, 2014; Kuriyama and Borisy, 1981 ; Nigg and Holland, 2018 ) (Figure 6A-f). At the 

molecular level, it is now established that the sequential recruitment of a “core set of proteins” 

is required at the different steps of centriole duplication (Farhadifar et al., 2015) (Figure 6B). 

First identified in C. elegans (Delattre et al., 2006), evolutionary conserved homologues of this 

set of proteins have been identified for other eukaryotic species (such as Drosophila and 

humans). Below I describe the sequential recruitment of these proteins and their main roles 

during centriole duplication. For simplicity, I only refer to the nomenclature used in humans.  

 During centriole duplication, only one procentriole is formed adjacent to the parental 

centriole. At the head of this process lies Polo-like kinase 4 (PLK4), as it is the first protein to 

be recruited at the precise site of procentriole formation (Kim et al., 2013; Sonnen et al., 2012 

) (Figure 6B-b). PLK4 recruitment is indeed a critical step that sets the whole centriole 

duplication process. For instance, the absence of Sak (the Drosophila homologue of PLK4) 

results in centrosome loss during Drosophila development (Bettencourt-Dias et al., 2005). The 

recruitment of this kinase is mediated by two scaffold proteins, Centrosomal protein of 152 kDa 

and Centrosomal protein of 192 kDa (CEP152 and CEP192) which, by direct binding to PLK4, 

recruit the kinase to the centrioles (Kim et al., 2013 ; Sonnen et al., 2013) (Figure 6B-a). The 

first visible structure at the site of procentriole formation is the cartwheel, which is the structure 

that sets the nine-fold symmetry of the centriole. PLK4 recruits and activates two structural 

proteins, Spindle assembly abnormal 6 (SAS-6) and SCL-interrupting locus protein (STIL) 

which together form the cartwheel (Figure 6B-c) (Kitagawa et al., 2011; Leda et al., 2018; 

Moyer and Holland, 2019 ). Centrioles elongate thanks to the deposition of MTs onto the 

cartwheel, which requires centrosomal P4.1-associated protein (CPAP, also known as CENPJ) 
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(Pelletier et al., 2006 ; Sharma et al., 2016 ; Zheng et al., 2016) (Figure 6B-d). Another protein, 

Centrosomal protein of 135 kDa (CEP135) stabilizes the link between MTs and the cartwheel 

as it binds to both (Lin et al., 2013). 

 

1.2.3.2  A tight control of centrosome number 

As the major MTOC in animal cells, the centrosome plays important roles during interphase 

and mitosis. Certainly, in mitosis it contributes to spindle formation and bipolarity. The precise 

number of centrosomes within the cell is necessary for its proper function. Importantly, 

alterations in centrosome number are associated to a plethora of human diseases, in particular, 

microcephaly and cancer (Conduit et al., 2015; Nano and Basto, 2016 ; Nigg and Holland, 2018 

). 

Two levels of control are required to maintain an appropriate number of centrioles and 

centrosomes: each centriole duplicates once and only once per cell cycle (cell cycle control) 

and only one daughter centriole is generated per mother centriole (copy number control) (Nigg 

and Holland, 2018). Similar to the control of DNA replication during the cell cycle, 

centrosomes are competent (or “licensed”) to replicate their centrioles only after mitosis is 

finished. The most known mechanism that license centrosomes/centrioles for duplication is the 

disengagement of parental centrioles at the end of G1(Tsou and Stearns, 2006). Interestingly, 

the main regulator of this process is Polo-like kinase 1 (PLK1) that together with the protein 

separase seems to decrease the levels of the PCM component Pericentrin (PCNT) at the 

centrosomes triggering centriole disengagement (Kim et al., 2015; Tsou et al., 2009 ). While 

cell cycle control of centrosome maturation is mainly regulated by PLK1 (see below), the 

founding member of the PLK family kinase, Polo- PLK4, is the master centriole duplication 

factor. Consistent with a crucial role in controlling centriole biogenesis, the levels and activity 

of PLK4 are tightly regulated. Accordingly, downregulation of PLK4 results in a lack of 

procentriole formation (Bettencourt-Dias et al., 2005; Habedanck et al., 2005 ), while its 

overexpression leads to the formation of multiple daughter centrioles per mother centriole 

(centriole overduplication) and to the generation of extra centrosomes (Basto et al., 2008 ; 

Holland et al., 2012; Kleylein-Sohn et al., 2007 ; Marthiens et al., 2013 ). Interestingly, PLK4 

is capable to autoregulate. Indeed, PLK4 exists as a homodimer and its activation or degradation 

is finely controlled by its autophosphorylation (Holland et al., 2012). 
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1.2.3.3 Centrosome maturation into mitotic centrosomes  

At mitotic entry, MT nucleation at the centrosome substantially increases. This is due to a 

drastic expansion of the PMC occurring at the G2/M transition, which is known as centrosome 

maturation. Centrosome maturation consists in the phosphorylation and recruitment of several 

proteins which together function to recruit and anchor the MT nucleator, γ-TuRC. The current 

model includes PLK1 as the kinase that phosphorylates CEP192, CDK5 Regulatory Subunit 

Associated Protein 2 (CDK5RAP2), and PCNT to induce PCM expansion (Haren et al., 2009 ; 

Lee and Rhee, 2011). Thus, γ-TuRC recruitment and MT nucleation greatly increase from the 

relatively low levels in interphase to the high levels needed for mitosis. Indeed, γ-tubulin can 

increase three to five-fold during centrosome maturation (Khodjakov and Rieder, 1999).  

 

Among the centrosomal proteins mentioned in the previous section, some are of interest in the 

present work as they have been used either to mark specific cellular structures or because their 

function was of relevance for this study. Here, I provide a brief description of each one of them.  

 

PLK4. Polo-like kinase 4 is a serine/threonine protein kinase, member of the Polo-like kinase 

family. Conserved throughout evolution, this protein is recognized as the master regulator of 

centriole duplication. Upon its recruitment to the centrosome (via CEP152 and CEP192), Plk4 

phosphorylates STIL which triggers SAS-6 recruitment and thus cartwheel biogenesis (Arquint 

and Nigg, 2016 ; Habedanck et al., 2005 ; Kleylein-Sohn et al., 2007). 

 

STIL. This centrosomal protein is part of the module PLK4-STIL-SAS-6 which all together 

initiate the formation of the procentriole. The interaction of PLK4 with STIL marks the site of 

pro-centriole assembly. PLK4 also phosphorylates STIL, which then enables STIL-SAS-6 

interaction and the formation of the cartwheel. STIL also interacts with CPAP (Arquint and 

Nigg, 2016 ; Cottee et al., 2013; Tang et al., 2011; Vulprecht et al., 2012b ). 

 

SAS-6. Spindle assembly abnormal 6 is a key structural component during centriole duplication 

as it imposes the nine-fold symmetry of the cartwheel. The cartwheel consists of an inner hub 

and nine radially arrange spokes, thereby determining the nine-fold arrangement of MT triplets 

within the procentriole (Arquint and Nigg, 2016 ; Kitagawa et al., 2011 ; Nakazawa et al., 

2007).  
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CENPJ/CPAP. Centromere Protein J/Centrosomal P4.1-Associated Protein. This centrosomal 

protein associates with MTs and promotes centriole elongation by the incorporation of MTs in 

the centriole wall. Together with CP110, CPAP also regulates procentriole length (Schmidt et 

al., 2009; Sharma et al., 2016; Tang et al., 2011).  

 

CEP192. Centrosomal protein of 192 kDa is a centrosomal component that, together with 

CEP152 is involved in the recruitment of PLK4 kinase. This protein also localizes at the PCM 

and together with CDK5RAP2 orchestrates centrosome maturation (Kemp et al., 2004; Kim et 

al., 2013; Sonnen et al., 2013 ; Zhu et al., 2008a).  

 

CDK5RAP2. CDK5 Regulatory Subunit Associated Protein 2. is a pericentriolar component 

that binds directly and recruits γ-tubulin to the centrosome, promoting centrosome maturation 

and MT nucleation (Fong et al., 2008)  

 

Pericentrin (PCNT). This centrosomal protein serves as a scaffold for the organization of 

many PCM proteins and regulates PCM maturation and maintenance (Mennella et al., 2012; 

Rauch et al., 2008; Sonnen et al., 2012).  
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Figure 6. Main events and players during centriole/centrosome duplication and maturation in 

vertebrates.  

The centrosome cycle is characterized by the duplication of centrioles during S phase (pink) and the 

maturation of centrosomes in G2-M (purple) (A) Centrosome, centriole and cilium behavior during the cell 
cycle. a. centrioles lose their orthogonal configuration at the end of G1 (centriole disengagement). b. new 

centrioles (procentrioles) start to form and elongate during S phase, most cells in G2-S phase organize very 

little PMC (c). d. prior mitosis, duplicated centrosomes lose their link and start to recruit larger amount of 
PCM components (PCM expansion, also viewed in e). f. During mitosis, the two centrosomes separate and 

nucleate and organize MTs at the mitotic spindle poles. g. In many differentiated cells or during interphase 

centriole pair can migrate to the cell membrane to form a basal body from which a cilium extends. (B) 

Main molecular pathways of centriole and mitotic centrosome assembly in vertebrates (the scheme 

illustrates the core set of protein needed for centriole duplication and centrosome maturation; the names 

for the protein homologues in Drosophila and C. elegans). a. the centrosomal proteins CEP152 and CE192 

(Asl in Drosophila and Spd2 in C. elegans) recruit PLK4 (Sak in Drosophila and ZYG-1 in C. elegans) at 

the lateral wall of the parental centriole (b). c. STIL and SAS6 are recruited by PLK4 and form the 

cartwheel d. CPAP incorporates (Sas4 in Drosophila and SAS4 in C. elegans) MTs onto the cartwheel e. 

During centrosome maturation/expansion PCM components such as CEP192, CDK5RAP2, and PCNT are 
phosphorylated and heavily recruited. This process in controlled by PLK1. Adapted from: (Conduit et al., 

2015) 
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1.2.4 Kinetochores: the major site of MT-chromosome attachment   

During mitosis, chromosomes look like rod-shaped structures of tightly condensed chromatin. 

In vertebrates, each metaphase chromosome consists of a set of duplicated chromatids held 

together at its primary constriction site (Morgan and Morgan, 2007). Within this location lies 

the centromere, a discrete DNA locus that serves as the site of interaction with mitotic MTs. 

Kinetochores are large multiprotein complex assembled at the centromere, a constricted region 

in the chromosome (Cleveland et al., 2003). The size and complexity of kinetochores and 

centromere regions vary considerably among species. For example, Saccharomyces cerevisiae 

centromeres comprise very small DNA binding sequences of ~125 base-pairs (Meraldi et al., 

2006) while in other fungi, plants and mammals, large DNA sequences of repetitive DNA 

comprise their centromeres (Burrack and Berman, 2012; Winey et al., 1995). Similarly, 

kinetochore protein levels and the number of binding sites differ between species. Interestingly, 

the functional unit of MT-kinetochore interaction is conserved and shows remarkable flexibility 

to maintain proper chromosome segregation despite the differences in centromeric sequences 

or kinetochore-MTs attachment (Burrack and Berman, 2012). 

 

1.2.4.1 Unattached kinetochores and the mitotic checkpoint 

Chromosome movement and alignment is certainly powered by interactions between MTs and 

the kinetochore. These interactions also favor chromosome biorientation so that each sister 

chromatid of a duplicated chromosome is attached, via the kinetochore, to one spindle pole. 

The bioriented nature of these attachments is a prerequisite for proper chromosome segregation 

(Walczak and Heald, 2008). Interestingly, attachments are also monitored at the kinetochore. 

Unattached kinetochores activate the mitotic spindle checkpoint that halts mitosis until all 

kinetochores are attached (Cleveland et al., 2003; Rieder et al., 1994 ; Walczak and Heald, 2008 

). Indeed, in order to ensure accurate chromosome segregation, the SAC (the cell cycle 

checkpoint of mitosis) blocks the entry into anaphase until the two kinetochores of each sister 

chromatid have attached to MTs (Musacchio and Salmon, 2007; Rieder et al., 1995 ). At the 

kinetochore, the system works by “sensing the tension” produced by MT/kinetochore 

attachments. Many proteins are involved in the regulation of mitosis through the SAC, for a 

review see (Musacchio and Salmon, 2007). 
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1.3 Microtubules of the mitotic spindle  

During the cell cycle, the MT cytoskeleton reorganizes dramatically. A typical non-dividing 

(interphase) animal cell displays radial arrays of MTs arising from the centrosomes (its main 

MTOC). The MT minus-ends are thus localized and anchored at the centrosome while their 

plus-ends extend towards the cell periphery. These MTs, which are normally very stable, can 

be used as tracks to transport proteins, vesicles and mRNAs, fueling cell growth (Alberts et al., 

2008). Just before cell division, this rather stable interphase MT array disassembles almost 

completely (Zhai et al., 1996). This is followed by the polymerization of thousands of much 

more dynamic MTs (Saxton et al., 1984) that are sorted and organized into a bipolar structure- 

the spindle. Within the spindle, the minus ends of MTs focus at the two poles, whereas their 

plus-ends extend outwards (McIntosh and Euteneuer, 1984).  

As first proposed by Marc Kirschner and Tim Mitchison (1986), spindle 

formation/organization involves the selective stabilization of the MTs nucleated from their 

MTOCs (e.g the centrosomes in mitotic animal cells) (Kirschner and Mitchison, 1986). This 

selective stabilization, in turn, organizes these MTs into specialized MTs populations. Different 

populations can play specific roles during spindle formation and function. Generally, the 

mitotic spindle of animal cells consists of a central spindle (formed by MTs that connect the 

two spindle poles), and two asters of MTs. At the center of the spindle MTs arising from the 

two spindle poles can form antiparallel arrangements. On the contrary, aster MTs growing from 

the spindle poles extend outwards in different directions. Importantly, asters are typical of 

spindles that contain centrosomes (i.e mitotic spindles in animal cells) (Bennabi et al., 2016). 

According to their location and birth place, different MT populations have been described for 

the mitotic spindle of animal cells.  

 

1.3.1 Kinetochore fibers  

Kinetochore MTs or k-fibers are the MTs that link each sister chromatid to the spindle pole, 

directly contributing to chromosome motion. This connection takes place at the kinetochore 

(Musacchio and Desai, 2017) (Figure 7). In most species, k -fibers are bundles of parallel MTs 

that expand from the kinetochore to the spindle pole (McEwen et al., 1997; Rieder, 1981). 

Interestingly, differences in the structure of the kinetochore can influence the number of MTs 

that attach to it. For example, in different species of yeast, 1 to 4 MTs attach to the kinetochore 

(Ding et al., 1993 ; Winey et al., 1995). K-fibers in mammals on the other hand, comprise larger 

bundles of up to 30 MTs (in humans) (Rieder, 1981), or 7 (in mouse) (Putkey et al., 2002).  
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K-fibers are the most stable MTs of the spindle. Indeed, while other MT populations 

rapidly depolymerize after perturbations that depolymerize MTs, such as cold temperature or 

MT depolymerizing drugs, k-fibers are readily more resistant (Rieder, 1981). Another 

interesting feature of k-fibers is their dynamic behavior, even after establishment of end-on 

attachments (attachments trough their MT-ends) with the kinetochore. Certainly, within the k-

fiber, MT growth and shrinkage are detected close to the kinetochore (Mitchison et al., 1986) 

while stable end-on attachments are maintained (Guo et al., 2013).  

K-fibers were long assumed to be directly connected to the spindle poles. This long-

lasting assumption has recently been challenged thanks to the visualization of mitotic spindles 

by super-resolution techniques. Indeed, visualization of mitotic metaphase spindles of human 

cells and in C.elegans (by electron-microscopy and tomography) have shown that not all k-

fibers are directly connected to the spindle poles (Redemann et al., 2017; Sikirzhytski et al., 

2014 ). Instead, other MTs populations within the spindle serve not only as the link between k-

fibers and spindle poles but they also contribute to chromosome movement (Nixon et al., 2015; 

Nixon et al., 2017).  

As mitosis progresses, the number of MTs in a k-fiber progressively increases. For 

instance, in PtK1 cells, the average number of MTs on fully congressed kinetochores goes from 

~20 in late prometaphase, to 24 in late metaphase and 28 in anaphase (McEwen et al., 1997). 

In anaphase, k-fibers shorten by depolymerization at the kinetochore and at the spindle poles, 

which generates forces for the segregation of sister chromatids to opposite spindle poles 

(Asbury, 2017).  

 

1.3.2 Polar MTs, Interpolar MTs and bridging fibers 

Other populations of MTs within the spindle include those that are not associated to the 

kinetochore. Non-kinetochore MTs can be found as single MTs or in parallel and antiparallel 

bundles (Tolić, 2018). According to their length and bundle arrangements, non-kinetochore 

MTs can be classified in three types.  

First, interpolar MTs are sufficiently long to form antiparallel MT overlaps connecting 

one spindle pole to the other (Scholey et al., 2016; Brinkley and Cartwright, 1971) (Figure 7). 

During anaphase, and through the action of MT motors that move in opposite directions, 

antiparallel interpolar MTs start to move in opposite directions contributing to the elongation 

of the anaphase spindle (Scholey et al., 2016; Tolić, 2018). This antiparallel arrangement of 

interpolar MTs in anaphase is known as the spindle midzone and is required to maintain the 
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integrity of the anaphase spindle. Indeed, perturbations of the spindle midzone in yeast and 

C.elegans result in deficient separation and/or collapse of the spindle poles during anaphase 

(Khodjakov et al., 2004 ; Schuyler et al., 2003). Polar MTs, on the other hand, are shorter and 

have free MT-ends. Most polar MTs also localize in one spindle half, ending before they reach 

the spindle equator (Figure 7) (Tolić, 2018). Although not well understood, polar MTs appear 

to increase the rigidity of the spindle to resist pole-to-pole compression (Helmke et al., 2013). 

A third population of non-kinetochore MTs within the spindle has been recently identified 

(Tolić, 2018). This population, called bridging fibers, are bundles of antiparallel interpolar MTs 

that connect the two k-fibers of each sister chromatid (Polak et al., 2017). Due to their 

localization and properties, bridging fibers balance the tension between sister kinetochores and 

the compression forces generated at the poles (Kajtez et al., 2016). Moreover, by laser ablation 

of k-fibers within the spindles of PtK1 and human HeLa cells a contribution of bridging fibers 

to chromosome segregation has been observed (Vukusic et al., 2017).  

 

1.3.3 Astral microtubules   

With the exception of acentrosomal spindles (i.e in meiotic cells), a population of astral MTs 

characterizes the morphology of the spindles of somatic animal cells. Astral MTs are typically 

nucleated at the centrosome with their plus-ends extending towards the cell cortex; where they 

probe for anchoring sites (Kellogg et al., 1994) (Figure 7). Astral MTs are also less bundled 

which makes them much more susceptible to depolymerization than other MT populations such 

as the k-fibers (Rieder, 1981). A prominent feature of astral MTs is their increase in number 

and density during metaphase to anaphase transition (Alberts et al., 2008). Interestingly, astral 

MT elongation has been shown to be at the origin of the determination of the cleavage furrow 

in the large cells of Xenopus and Zebrafish embryos (Wuhr et al., 2010). Certainly, interactions 

of astral MTs with the cell cortex are important for spindle rotation in metaphase, spindle 

positioning in anaphase and in the determination of the cleavage furrow (di Pietro et al., 2016; 

Dogterom et al., 2005 ; Grill and Hyman, 2005 ). I will further discuss the role of astral MTs in 

spindle orientation in section 1.6.2. 
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1.4 Factors associated to the mitotic spindle  

In an effort to understand spindle assembly mechanisms, proteomic studies have identified 

more than 1,000 different factors associated with MTs and mitotic spindle components, 

including hundreds of uncharacterized proteins (Andersen et al., 2003; Sauer et al., 2005; 

Uchiyama et al., 2005). Additionally, functional genomic studies defined that ~200 of these 

spindle associated factors (SAFs) were essential for spindle assembly (Goshima et al., 2007 ; 

Hutchins et al., 2010 ; Neumann et al., 2010). According to their activity, SAFs can be 

organized into three groups: factors influencing MT nucleation, factors influencing MT 

dynamics and MT organizers. 

Through the control of MT nucleation, dynamics and organization, SAFs influence 

several processes during spindle formation. SAFs help to define from where and when MT are 

nucleated; and how long, how dynamic and in which orientation/location MTs will be born and 

organized within the spindle. Moreover, SAFs can also modulate MT/chromosomes 

attachments. In essence, due to their influence on MTs, SAFs ultimately determine spindle size, 

Figure 7. Spindle microtubule populations in somatic animal cells. 

Different population of MTs characterize the spindle of somatic (centrosome containing) animal cells. 

Kinetochore MTs, directly connect to the chromosomes via the kinetochore. Interpolar MTs, extend 

along the spindle axis and form antiparallel arrangements with MTs arising from the opposite pole. 

Polar MTs, extend towards the center of the spindle but normally do not cross the metaphase plate. 

Bridging fibers, are bundles of MTs that connect the two k-fibers of each sister chromatid. Astral MTs, 

extend outwards towards the cell cortex where they prove for anchoring sites. Image adapted from: 

(Morgan and Morgan, 2007). 
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architecture, orientation and function. Of note, SAFs rarely act alone, they instead interact with 

each other to fulfill specific functions. For example, 100 protein complexes, containing 

essential and uncharacterized SAFs, have been characterized in mitotic human cells (Hutchins 

et al., 2010).   

In the following sections processes such as spindle formation dynamics and 

organization are discussed. As SAFs are tightly linked to such processes, a detailed description 

of some key SAFs will be provided in each section; special emphasis will be given for the 

proteins investigated in this study.  

 

1.4.1 How a spindle is assembled? - MT nucleation pathways 

Upon nuclear envelope breakdown (NEB), interphase MTs are almost completely disassembled 

and MTs are generated de novo to form the spindle (Zhai et al., 1996). In spindles, de novo 

generation of MTs (known as MT nucleation) involves the recruitment of MT nucleation factors 

to spatially discrete sites, termed MT organizing centers (MTOCs). This allows spatial and 

temporal control over the growth of newly formed MTs, which is key during spindle formation 

(Petry, 2016). While recent studies have identified different factors as nucleators of MTs 

(Roostalu et al., 2015 ; Wieczorek et al., 2015), MT nucleation at MTOCs usually requires γ-

tubulin ring complexes γ-TuRCs. Regarding mitosis, different MTOCs can participate to 

spindle assembly. Indeed distinct, not mutually exclusive, MT nucleation pathways are known 

to contribute to the assembly of the mitotic spindle (Figure 8).  
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1.4.1.1 Spindle assembly from centrosomes 
 

Centrosomal spindles are characterized by the presence of two prominent arrays of MTs 

extending from the centrosomes outwards. Since their early description, these arrays (or asters) 

are so conspicuous that can be easily seen by light microscopy (Kellogg et al., 1994). 

Furthermore, when present, the centrosomal pathway is the main pathway to nucleate MTs in 

dividing cells (Conduit et al., 2015). Thus, the centrosomes are clearly the dominant sites of 

MT nucleation in centrosomal spindles. Upon mitotic entry, centrosomes move apart from each 

other and mature into more active MT nucleation centers (Prosser and Pelletier, 2017). MT 

nucleation at the centrosome relies on the recruitment of γ-TuRC complexes (Khodjakov and 

Rieder, 1999). Different proteins are involved in the recruitment of γ-TuRC at the centrosomes. 

For example, PCM components such as pericentrin, CEP192 and CDK5RAP2 extensively 

recruit γ-TuRC during centrosome maturation (Zhu et al., 2008a; Zimmerman et al., 2004 ). 

Interestingly, a specific domain within CDK5RAP2 has been found to stimulate γ-TuRC 

activation (Choi et al., 2010). Moreover, mitotic regulators such as the kinases PLK1 and 

Aurora-A are involved in the phosphorylation and activation of these and other factors at the 

spindle poles (Lane and Nigg, 1996 ; Terada et al., 2003 ) (Figure 8A). 

Upon recruitment and activation of γ-TuRC at the centrosomes, MTs nucleate in every 

direction forming two distinctive MT asters. It has been shown that MTs arising from these 

asters, probe the cytoplasm and are very dynamic until they found an obstacle such a 

kinetochore or the cortex, where they might become stabilized (Holy and Leibler, 1994). This 

“search and capture module” was proposed to be necessary and sufficient for spindle bipolarity 

and chromosome alignment. However, more recent data has challenged this view and indicates 

that the “search and capture” pathway is rather inefficient on its own requiring longer hours 

than the average time of a normal mitosis (Wollman et al., 2005). Moreover, spindles can still 

Figure 8. Spindle assembly pathways.  

Three main pathways can contribute to MT nucleation during spindle assembly; in every pathway, γ-

TuRC recruitment is necessary for MT nucleation. (A) MTs are nucleated from centrosomes. γ-TuRC-

binding partners GCP9, NEED1 and PCM components CDK5RAP2, CEP192 recruit γ-TuRC complexes 

to the centrosome. Mitotic kinases PLK1 and Aurora-A induce γ-TuRC recruitment by the 

phosphorylation and activation of different substrates. (B) MTs are nucleated near chromosomes by three 

routes. First, a RAN-GTP gradient induces the release of SAF’s (such as TPX2 and HURP) from 
importins. These factors promote MT nucleation and stabilization near chromosomal regions. Second, 

the kinetochore associated CPC complex promotes MT polymerization by the inhibition MT 

depolymerases such as MCAK. Third, MTs are nucleated directly from kinetochores; several Ran-

regulated proteins seems to contribute kinetochore-dependent MT nucleation. (C) MT are nucleated from 

pre-existing MTs. The 8-subunit protein complex Augmin interacts with and targets γ-TuRC to the side 

of a pre-existing MT, triggering MT nucleation at this site. Image adapted from: (Petry, 2016). 
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form in the absence of centrosomes in vertebrate cells, (Khodjakov et al., 2000), flies (Basto et 

al., 2006) and in many cell types, like female oocytes and plant cells (Bannigan et al., 2008; 

Manandhar et al., 2005 ). All these studies indicated the existence of other spindle assembly 

pathways.  

 

1.4.1.2 Spindle assembly from chromosomes 

One centrosome-independent pathway of spindle formation involves the nucleation of MTs at 

the vicinity of chromosomes which are then sorted into bipolar arrays by molecular motors. 

This pathway was first described in studies using Xenopus egg extracts. In these extracts, MT 

nucleation around chromatin-coated beads was sufficient to form bipolar spindle-structures 

(Heald et al., 1996) supporting a view for spindle “self-assembly”. In this mechanism, 

chromosomes can generate specific signals that promote the nucleation and growth of MTs 

around them (Walczak and Heald, 2008). Originally thought to be exclusive of cells lacking 

centrosomes (Bannigan et al., 2008; McKim and Hawley, 1995 ), MT nucleation around 

chromatin has also been observed in cells with intact centrosomes (Rebollo et al., 2004). Several 

routes of MTs nucleation around chromosomes have been identified (Figure 8B).  

 

Ran-GTP as a key player of chromosome-mediated spindle assembly. One of the best 

characterized members of this pathway is the small RAs-related nuclear (Ran) protein. Ran is 

a nuclear transport protein that exists in two forms, active Ran-GTP and inactive Ran-GDP 

(Prosser and Pelletier, 2017). Metaphase chromosomes have a locally high concentration of 

Ran-GTP thanks to the activation of Ran by the chromatin-bound protein regulator of 

chromosome condensation 1 (RCC1) (Kalab et al., 1999 ; Ohtsubo et al., 1989). In turn, this 

Ran-GTP gradient allows the release of importin-sequestered cargoes near chromosomes. 

These cargoes include different SAFs that, once released from importins, induce localized MT 

nucleation and stabilization. SAFs interact with importins via their nuclear localization signal 

Figure 9. Ran-mediated MT nucleation. 

Nuclear transport protein Ran-GTP (red) is 

activated and form a gradient around 

chromosomes via its interaction with chromatin-

bound RCC1. In locations where Ran-GTP is high 

(near chromosomes), Ran-GTP binds to importin 

(purple) releasing importin-regulated SAFs. 

Active SAF’s (green) regulate MT assembly and 
stability at the vicinity of chromosomes. SAFs 

bind to importin trough their nuclear localization 

signal (NLS). Some SAF’s regulated by importin 
include TPX2, HURP and NuMA.   
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(NLS); to date at least 14 SAFs are known to be regulated by Ran-GTP (Petry, 2016) and I will 

be discussing one of these, TPX2 later in the manuscript (Petry, 2016; Prosser and Pelletier, 

2017 ) (Figure 9). 

Near chromosomes, two other routes contribute to MT formation/stabilization 

independently of Ran-GTP; the chromosomal passenger complex (CPC) and MT nucleation 

from kinetochores (Figure 8B). Rather than MT nucleation, the kinetochore-associated CPC-

complex favors MT stabilization near centromeric regions. The mechanism involves Aurora-B 

dependent inhibition of different MT destabilizing factors, such as Mitotic Centromere-

Associated Kinesin (MCAK) (Maresca et al., 2009; Sampath et al., 2004 ). Through the 

inhibition of MT depolymerases the CPC therefore, creates an environment that favors MT 

polymerization. Of note, the CPC complex also plays an Aurora B-dependent role in the 

regulation and error correction of k-fiber attachments to the kinetochore (Tanaka et al., 2002).  

 

1.4.1.3 MT nucleation at the kinetochores 

MTs can also be nucleated directly or adjacent to kinetochores. MT nucleation from 

kinetochores has been observed on isolated mitotic chromosomes (Telzer et al., 1975), in 

mammalian cells recovering from MT poisons (De Brabander et al., 1981) and even in live 

untreated cells (Maiato et al., 2004). MT nucleation at the kinetochore was suggested to be a 

rare event that poorly contributes to k-fiber formation, yet a recent study shows that most 

kinetochores (~75%) can nucleate MTs during early mitosis in human cells (Sikirzhytski et al., 

2018). The mechanism of MT nucleation near the kinetochore is still not well understood 

however, several Ran-GTP protein targets have been shown to contribute to this process (Petry, 

2016).  

 

1.4.1.4 Microtubule branching- The Augmin pathway 

The idea of MTs acting as templates for the generation of new MTs came from the fact that γ-

TuRC and MT plus-ends are not only restricted to centrosomes and chromosomes but rather 

localize throughout the spindle (Mahoney et al., 2006). Genome-wide studies in Drosophila 

cells further identified the genes responsible for γ-TuRC recruitment within the spindle 

(Goshima et al., 2007). Because their knock down resulted in dim γ-tubulin signal within the 

spindle, they were called dim. Further studies identified 8 dim γ-tubulin (DGT2-9), assembled 

in a complex now currently called Augmin (Goshima et al., 2008). In mammalian cells, the 



 

 

 33 

Augmin complex is also formed by 8 protein homologues known as Augmin Like Complex 

Subunits (HAUS) (Lawo et al., 2009 ; Uehara et al., 2009). 

 Augmin drives MT nucleation from MTs due to its capacity to interact with both MTs 

and γ-TuRCs at the same time (Song et al., 2018). Indeed, Augmin interacts and binds to γ-

TuRC through its HAUS6 (or FAM29A) subunit, while MT-binding occurs via HAUS8 (or 

HICE1) (Tsai et al., 2011; Zhu et al., 2008b ), promoting MT nucleation on a MT. The 

nucleation of a MT from a pre-existing one results in MT branching (Kamasaki et al., 2013) 

(Figure 8C). Interestingly, MTs are normally branched at very shallow angles, resulting in the 

formation of new MTs almost parallel to the pre-existing ones (Kamasaki et al., 2013; Petry et 

al., 2013). Thus, MT branching can both amplify MT numbers while preserving the original 

polarity of the spindle lattice.  

 Regarding its activity, Augmin is highly regulated by two mitotic kinases; Aurora-A 

and PLK1. Both kinases, directly phosphorylate HAUS8 promoting the interaction of Augmin 

with MTs and thus MT branching (Johmura et al., 2011). Studies in Xenopus egg extracts have 

also identified TPX2 as a key modulator of MT branching; suggesting a possible link between 

this pathway and Ran-GTP (Petry et al., 2013) (Figure 8C). However, unlike the centrosomal 

and non-centrosomal pathways, the Augmin pathway does not seem to provide with enough 

MT nucleation to exist on its own. It seems to be rather an additional pathway, reinforcing the 

two other pathways and contributing to the robustness of bipolar spindles (Alfaro-Aco et al., 

2017).  

Overall, different MT nucleation/polymerization pathways can contribute to the 

formation of the mitotic spindle. Interestingly, it has recently been shown that these pathways 

can coexist and cooperate within the same cell. Further, one can replace the inactivation of the 

other (Hayward et al., 2014; O'Connell and Khodjakov, 2007). However, even if MTs are 

nucleated at a specific time and in the right place, these MTs need to be organized so that spindle 

bipolarity and chromosome attachments are accurately established. Thus, coordination between 

MT nucleation, dynamics and organization will finally determine spindle architecture and 

function. 

 

1.4.2 How a spindle is organized?   

 

The mitotic spindle needs to be functionally assembled in order to guarantee the maintenance 

of bipolarity and to organize MTs in a way that chromosomes can correctly attach and be 

segregated towards the two poles. The robust yet dynamic structure of the spindle is achieved 



 

 

 34 

thanks to the activities of hundreds or more proteins that regulate MT organization and 

dynamics (Helmke et al., 2013). Although a great effort has been done to understand the 

contribution of each factor to spindle formation, this is a difficult task as most proteins 

contribute to this process in more than one way and in cooperation with others. In the following 

sections I will discuss how MT organization and dynamics influence spindle morphology and  

function. Details of certain MT-stabilizing, destabilizing and transport proteins are also 

reviewed, and special emphasis will be given for the factors analyzed on this study (Figure 10).  

 

 

  

Figure 10. Mechanisms of metaphase spindle organization.  

Within the spindle, multiple SAFs contribute to maintain a steady-state and polarized spindle structure. 

(A) Stabilization of MTs (green) is promoted by different mechanisms; e.g. at the spindle poles, a 

complex formed by the +TIPs TACC3 (yellow) and ChTOG (pink) stimulates the incorporation of 

tubulin dimers promoting polymerization and stabilization of the MT polymer. (B) MT 

depolymerization occurs via MT depolymerases such as MCAK. At k-fiber plus-ends, MCAK 

catalyzes spindle depolymerization by the removal of GTP-bound tubulin dimers. (C) In zones where 

antiparallel MTs overlap the MT plus-end-directed kinesin Eg5 (red) binds to and walk on antiparallel 

MTs effectively sliding these MTs towards the spindle minus ends. (D) At the spindle poles, minus-

end directed motors such as HSET (purple) and Dynein (orange) contribute to MT spindle pole 

focusing. Dynein-protein adaptor NuMA (blue) binds to Dynein and act as a enhancing pole focusing 

factor. Of note, the figure depicts only some examples of the distinct mechanisms involved in spindle 

organization. Factors depicted here plus many other SAFs can localize at different spindle regions 

contributing to local MT organization.   
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1.4.2.1 Microtubule-stabilizing factors in the spindle 

As mentioned earlier, MT number exponentially increases upon mitotic entry (Zhai et al., 

1996). However, once nucleated, these MTs need to be stabilized. Otherwise they can quickly 

depolymerize. In the mitotic spindle, several MAPs regulate MT stability either by stabilizing 

specific conformations of tubulin dimers/polymers, by promoting MT polymerization or by 

decreasing MT catastrophy (Petry, 2016). The list of proteins that promote these events is large 

and some promote MT stabilization by different means. Nonetheless, most of them bind to the 

MT plus-ends to exert their function as stabilizers.  

 

Plus-end associated proteins and their roles in spindle MT stabilization. MT plus-end 

tracking proteins (+TIPS) associate with the fast-growing MT plus ends where they regulate 

MT dynamics directly or by the recruitment of MT polymerases and depolymerases 

(Akhmanova and Steinmetz, 2008). One prominent example of a +TIP factor that promotes MT 

growth is the MT polymerase ChTOG (XMAP215 in Xenopus) (Brouhard et al., 2008). ChTOG 

is a processive polymerase capable of adding up to 25 tubulin dimers without detaching from 

the MT polymer. Indeed, ChTOG, has been shown to enhance MT growth-rate up to ten-fold 

in Xenopus egg extracts (Brouhard et al., 2008). In mitotic human cells, this protein is required 

for bipolar spindle formation and spindle pole organization (Cassimeris and Morabito, 2004 ; 

Gergely et al., 2003). At the spindle poles, ChTOG forms a one-to-one complex with 

Transforming Acidic Coiled-Coil Containing Protein 3 (TACC3), another +TIP. The current 

model posits that TACC3 recruits ChTOG to the centrosome enhancing MT polymerization 

(Kinoshita et al., 2005) (Figure 10A). Other +TIPS, such as the Ran-regulated hepatoma 

upregulated protein (HURP), reduce MT dynamics by the stabilization of tubulin dimers at the 

plus ends of a growing MTs (Helmke et al., 2013).  

 

TACC3. Transforming Acidic Coiled-Coil Containing Protein 3. Is a +TIP MT associated 

protein that primarily localizes to the spindle poles in mitotic human cells. TACC3 depletion, 

leads to a decrease in MT density around the poles and shorter astral MTs whereas its 

overexpression induces the formation of longer MTs (Gergely et al., 2000). Apart from its role 

in MT stabilization at the spindle poles; TACC3/ChTOG and the structural protein Clathrin 

form a complex that binds and crosslinks k-fiber-MTs (Booth et al., 2011; Hubner et al., 2010). 

TACC3 also regulates MT nucleation as it targets γ-TuRC components at the centrosomes 

(Suhail et al., 2015). Importantly, TACC3 targeting to the spindle poles is regulated by Aurora 

A-dependent phosphorylation (Kinoshita et al., 2005). Further, depending on the residue 
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phosphorylated by Aurora A, TACC3 could act either as a MT crosslinker or, together with 

ChTOG, promote MT polymerization (Burgess et al., 2015). 

 

1.4.2.2 Microtubule depolymerizing factors in the spindle  

Spindle organization, function and especially size, depend on the capacity of MTs to decrease 

in length or completely depolymerize if needed. When MT depolymerization is artificially 

induced or prevented, spindles size is dramatically affected (Helmke et al., 2013). This is also 

the case under physiological conditions, as different MT depolymerizing factors are known to 

influence meiotic spindle size, between different species, and mitotic spindle size during 

development. Regarding spindle function, MT depolymerases play a role in the correction of 

kinetochore/k-fiber misattachments and in the movement of chromosomes during anaphase 

(Helmke et al., 2013 ; Prosser and Pelletier, 2017).  

During mitosis, MCAK is enriched at the centrosomes and centromeres/kinetochores 

(Figure 10B). In agreement with this localization, MCAK influences MT dynamics and 

kinetochore/MT attachments. In Xenopus egg extracts, depletion or inhibition of MCAK 

activity results in improper spindle maintenance and chromosome misalignment (Ems-

McClung and Walczak, 2010). However, perturbation of MCAK activity in human cultured 

cells has minimal effects on spindle assembly, yet it severely impacts chromosome segregation 

(Ganem et al., 2005). Moreover, factors like GTSE1 interact with and attenuate MCAK activity 

influencing k-fiber stability in these cells (Bendre et al., 2016). This suggests that factors with 

pleiotropic activities and different interactors, such as MCAK, might exert specific roles 

depending on the needs of the cell. 

 Other destabilizing MAPs include MT-severing enzymes. These proteins use hydrolysis 

of ATP to physically cleave MTs either at different points within the MT polymer or by cutting 

away the stabilizing caps of MTs plus-ends. During mitosis, they participate in the release of 

MTs from the centrosomes, in the generation of new sites for MT nucleation and the 

establishment of suitable MT depolymerases-substrates; by the generation of de-capped MT 

plus-ends (Sharp and Ross, 2012).    

 

1.4.2.3 Motor proteins and MT transport in the spindle 

The precise arrangement of MTs into a steady-state spindle is controlled by molecular motors 

and MT-bundling proteins. Within the spindle, motors move and bundle MTs largely 

contributing to spindle architecture (Helmke et al., 2013). For mitotic spindles, a balance 
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between antagonistic forces seems to maintain a stable spindle structure. Two main groups of 

proteins can generate opposite forces within the spindle; plus-ends-directed kinesins and minus-

ends-directed dyneins (Sharp et al., 2000).  

One of the major kinesin motors within the spindle is Kinesin-5 also known as Eg5. Due 

to its molecular configuration, Eg5 binds to and crosslinks antiparallel MTs pushing them 

towards opposite sides. This capacity to slide MTs away, generates outward forces within the 

spindle which help to establish and, sometimes, maintain spindle bipolarity (Kapitein et al., 

2005). Differences in the contribution of Eg5 to the maintenance of spindle bipolarity have been 

observed between organisms (Helmke et al., 2013). Indeed, it seems that in spindles where the 

number of interpolar MTs is high (such as the ones of Xenopus egg extracts), Eg5 is necessary 

to establish but also to maintain spindle bipolarity (Kapoor et al., 2000).  

Contrary to Eg5, proteins such as the kinesin Human spleen embryonic tissue and testes 

(HSET) and Dynein are minus-end directed motors. Their binding and movement trough MTs 

generate inwards forces that oppose the outwards forces generated by Eg5 (Ferenz et al., 2009; 

Mountain et al., 1999 ). These two motors also transport, as cargoes, MTs to the spindle poles, 

contributing to the focusing of MTs minus-ends at this region (Figure 10C). Thus, HSET and 

Dynein contribute to both the regulation of metaphase spindle length and the integrity and/or 

stability of the spindle poles (Prosser and Pelletier, 2017). Interestingly, it has been shown that 

the adaptor protein Nuclear and Mitotic Apparatus (NuMA) helps to recruit dynein at the 

spindle poles enhancing spindle pole focusing (Figure 10D) (Hueschen et al., 2017 ; Merdes et 

al., 2000 ; Merdes et al., 1996). 

Other types of motor proteins contribute to the movement of chromosomes within the 

spindles as they bind to both, MTs and chromosomes. For example, centromere associated 

protein E (CENP-E), is a plus-end directed motor that mediates lateral kinetochore-MT 

attachments and thus contributes to the congression and maintenance of chromosomes into the 

metaphase plate (Gudimchuk et al., 2013; Wood et al., 1997 ). Overall, due to their ability to 

bind and move along MTs and to transport different cargoes MT motors provide an additional 

layer in the regulation of metaphase spindle assembly. Furthermore, protein motors such as Eg5 

and HSET also control the localization of γ-TuRCs along the spindle contributing, indirectly, 

to MT nucleation (Lecland and Luders, 2014).  

 

Eg5. Is a homotetramer which consists of a pair of motor domains, located at either end of the 

molecule, connected through a very elongated central region. Within the spindle Eg5 binds to 

antiparallel MTs at each motor domain. Eg5 plus-end directed movement crosslinks and slides 
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these overlapping MTs (Kapitein et al., 2005). Eg5 loss of function, results in the collapse of 

metaphase spindles poles resulting in monopolar structures. Apart from its role in the 

establishment and maintenance of spindle bipolarity, Eg5 poleward movement of MTs 

contributes to MT spindle pole flux (Ferenz et al., 2010). Eg5 has been found to interact with 

TPX2, HURP and the p150 subunit of dynactin, the dynein binding partner (Eckerdt et al., 2008 

; Ferenz et al., 2010 ; Koffa et al., 2006). 

 

HSET. Human spleen embryonic tissue and testes. Belongs to the kinesin14 family of proteins 

whose members, unlike any other kinesins, move towards the minus-ends of MTs. HSET 

crosslinking and sliding functions depend on its C-terminal motor domain and an additional 

MT binding domain located at its N-terminal region (Cai et al., 2009). In Drosophila cells, 

disruption of non-claret-disjunctional (ncd), the HSET Drosophila homologue, leads to the 

formation of abnormal spindles with unfocused poles (Endow et al., 1994). By contrast, HSET 

knockdown in mammalian cultured cells resulted in shorter spindles but did not affect pole 

organization (Cai et al., 2009). Thus, while dispensable for spindle pole organization, HSET 

contributes to spindle elongation in mammals. Importantly, both HSET and ncd are necessary 

for centrosome clustering and the survival of cells with supernumerary centrosomes (Basto et 

al., 2008 ; Kwon et al., 2008 ; Mountain et al., 1999).  

 

Dynein. Is a large minus end-directed motor complex. Its structure primarily consists of two or 

three large motor domains (each cone containing multiple protein subunits) connected by a tail 

cargo-binding domain (Trokter et al., 2012). Dynein motor complexes interact with multiple 

adaptor proteins; the best characterized is dynein activator or dynactin complex. Binding of 

dynein and dynactin enhances dynein processivity (King and Schroer, 2000). Apart from its 

roles in spindle bipolarity and pole focusing, dynein also localizes to the kinetochore where it 

participates in the inactivation of the mitotic checkpoint controlling faithful kinetochore/MT 

attachments (Howell et al., 2001). The cortically localized pool of dynein also interacts with 

NuMA to tether astral MTs at the cell cortex and orient the spindle (di Pietro et al., 2016; 

Okumura et al., 2018 ; Tame et al., 2014 ).   

 

CENP-E. Centromere protein E. is a centromere-associated, MT plus-end directed motor of the 

kinesin 7 subfamily. Its molecule consists of a very long coiled-coil domain that separates its 

kinetochore-binding and MT motor domains (Kim et al., 2008). Due to this molecular structure, 

CENP-E establishes stable connections between chromosomes and MT k-fibers facilitating the 
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transport and maintenance of chromosomes at the metaphase plate (Gudimchuk et al., 2013; 

Wood et al., 1997 ). CENP-E downregulation impairs chromosome alignment leading to the 

activation of the mitotic spindle assembly checkpoint (Yao et al., 2000). A role of CENP-E in 

the conversion of lateral-to end-on attachments has been observed during kinetochore MT 

nucleation (Sikirzhytski et al., 2014). Also, a preferential binding of CENP-E to detyrosinated 

MTs has been overserved (Barisic et al., 2015).  

 

1.4.3 Aurora-A is a key mitotic regulator of mitotic spindles  

 

The precise control of SAF activity in space and time is critical for proper spindle assembly. 

Many SAFs need to be phosphorylated to be activated and/or prone for protein interaction. 

Aurora kinases are serine/threonine protein kinases that regulate multiple mitotic events by the 

phosphorylation of their protein targets. Aurora-A is an essential regulator of centrosome 

function and metaphase spindle assembly. During mitosis, active Aurora-A mainly localizes at 

the centrosomes and MT minus-ends where it interacts with and activates several SAFs 

(Nikonova et al., 2013). Aurora-A is constituted by a regulatory N-terminal domain, that 

controls the localization of the protein, and a large and conserved catalytic domain. A threonine 

in the Aurora-A catalytic domain (Thr288, in the human Aurora-A homologue) is crucial for 

the activity of the protein (Bayliss et al., 2003). Several mitotic processes are regulated by this 

kinase, including centrosome maturation and separation, spindle assembly and bipolarity, 

chromosome alignment in metaphase and the control of mitotic entry and exit. Aurora-A has 

many protein targets (Nikonova et al., 2013) including some of the factors previously described:  

TACC3, Eg5, HURP, CEP192, CENP-E and CDK5RAP2.   
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1.5 TPX2, a pleiotropic spindle associated factor  
 

With numerous roles and protein interactions, Targeting protein for Xklp2 (TPX2) is one of the 

most essential SAFs required for spindle assembly and function (Wadsworth, 2015). The 

critical role of TPX2 during spindle formation was first demonstrated by depletion of this 

protein in Xenopus egg extracts (Wittmann et al., 2000) or in human cell lines (Garrett et al., 

2002 ; Gruss et al., 2002). In both cases, TPX2 depletion resulted in aberrant spindle formation. 

Further, TPX2-depleted human cultured cells arrested in mitosis (Gruss et al., 2002). TPX2 has 

also been shown to be fundamental during meiosis. Downregulation of TPX2 by siRNA impairs 

spindle formation and meiotic progression (Brunet et al., 2008). Compelling in vivo evidence 

for the critical role of TPX2 in mitotic spindle formation and cell proliferation is provided by 

the study of TPX2 knockout mice. Homozygous TPX2−/− mutant mice died at the morula stage, 

before pre-implantation. Furthermore, the mitotic cells of these TPX2 deficient mice presented 

collapsed and monopolar spindles (Aguirre-Portoles et al., 2012). Consistently, a knockout of 

the TPX2 homologue in Arabidopsis thaliana is also deleterious during plant development (Vos 

et al., 2008).  

 

1.5.1 TPX2 localization and structure 

The TPX2 gene is cell cycle regulated. TPX2 is expressed during S, G2 and M phases with its 

protein levels peaking during mitosis and extensively declining after cytokinesis (Perez de 

Castro and Malumbres, 2012 ; Stewart and Fang, 2005). Immunofluorescence analysis and the 

expression of a recombinant GFP-TPX2 in human HELA cells, determined that TPX2 protein 

accumulates in the nucleus during interphase and on the spindle during mitosis (Figure 11). 

Further, while at mitotic onset TPX2 mainly localizes at the spindle poles, in metaphase it 

extends more along the spindle MT minus-ends.  

 

 

 

Figure 11. Human-TPX2 distribution in HELA cells.  
Representative images showing the immunolocalization of MTs (green; 

also shown in gray in left panels) and hTPX2 (red; also shown in gray in 

left panels) in cultures HELA cells during mitosis (upper panels) and 

interphase (lower panels). Scale bars, 2.5 μm (upper panels) and 20 μm 
(lower panels). Image source: (Garrett et al., 2002). 
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TPX2 was initially identified, in Xenopus egg extracts, as the factor responsible for the 

recruitment of Xenopus kinesin-like protein (Xklp2) to the spindle poles (Wittmann et al., 

1998). Almost two decades later, we know now that Xklp2 is not the only factor regulated by 

TPX2. Directly or indirectly, TPX2 interacts with mitotic regulators, MAPs, MT motors and 

MT nucleators, pleiotropically influencing spindle formation and function. In the following 

sections I provide an overview of TPX2 protein structure, its different roles, as well as its main 

protein interactors.  

 

The protein sequence of TPX2 is relatively well conserved throughout evolution. Still, 

some specific domains are not present in certain animals, like in the Drosophila TPX2 

orthologue (Goshima, 2011). In humans, the TPX2 protein has two main functional domains 

and several regulatory sequences (Zhang et al., 2017). The N-terminal region contains the 

binding domain for the kinase Aurora-A whereas the C-terminal region has the domain of 

interaction for the motor protein Eg5 (Bayliss et al., 2003 ; Eckerdt et al., 2008). A short central 

sequence in TPX2 contains nuclear localization signals (NLS) required for the binding of this 

protein with the Ran-regulated adaptor importin-α (Giesecke and Stewart, 2010). Importantly, 

these regions are decisive for the regulation of TPX2 localization during the cell cycle. A recent 

study in Xenopus egg extracts also defined a minimal fragment in the TPX2 C-terminal region 

required for Augmin-dependent MT branching (Alfaro-Aco et al., 2017) (Figure 12).  Different 

MT binding regions (green bars, Figure 12) have been identified along the TPX2 sequence 

(Alfaro-Aco et al., 2017 ; Brunet et al., 2004 ; Zhang et al., 2017). 

Human TPX2:

Aurora-A

binding region

NLS

1-43 710-747312-340

Eg5

interacting region

Figure 12. Human TPX2 protein domains. 

Schematic representation of the main domains found in the human TPX2 sequence. An Aurora-A 

binding domain (a.a 1-43, pink) is found at the N-terminal region of TPX2. In the middle, a short 

fragment (a.a 312-340, light blue) contains NLS sequences for the binding and inhibition of TPX2 trough 

importin-α. At the C-terminal region a domain for Eg5 interaction is found (a.a 710-747). Close to this 

region, a sequence responsible for MT-branching was found in the protein homologue of Xenopus TPX2. 

Green bars represent described MT binding regions. Image source: Vargas et al., - adapted from (Zhang 

et al., 2017).    
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TPX2 function is also relatively well conserved among organisms, yet small differences 

in its protein sequence have been related with changes in TPX2 activity. For example, the TPX2 

Drosophila orthologue (Ssp1/Mei-38) lacks the Aurora-A and Eg5 binding domains, which 

seems to result in a minor contribution of this protein to the spindle assembly (Goshima, 2011). 

Very interestingly, a comparison between TPX2 sequences in another study revealed that even 

a small deletion (7a.a) in  TPX2 from Xenopus tropicalis, conferred higher MT-nucleation 

capacity when compared to X. laevis (Helmke and Heald, 2014). Thus, it seems that TPX2 key 

mitotic functions are widely conserved, yet depending on the organism TPX2 might contribute 

differently to spindle formation.  

 

1.5.2 TPX2 as a MT nucleation factor 

TPX2 is probably best known for its role in stimulating MT nucleation during spindle 

formation. Indeed, one of the first roles ascribed to TPX2 was as the key Ran-regulated factor 

influencing MT assembly in acentrosomal spindles (Gruss et al., 2001 ; Tsai et al., 2003; 

Wittmann et al., 2000 ). Although Ran-regulated MT nucleation by TPX2 is still widely 

observed for many organisms, recent studies have pointed a novel role of TPX2 in MT-

branching.    

 

TPX2 as the key factor of Ran-dependent MT nucleation.    

Ran-mediated MT nucleation posits that SAFs are released from importin inhibition thanks to 

the prominent levels of Ran-GTP near the chromosomal region (Walczak and Heald, 2008). 

Since its discovery, as one of the factors of Ran-dependent spindle assembly in Xenopus egg 

extracts (Gruss et al., 2001), TPX2 is probably the most-recognized target of this pathway. 

Indeed, studies mapping the Xenopus TPX2 sequence further confirmed that the nucleation 

activity of TPX2 relies on its importin-α binding domain (Schatz et al., 2003). Another 

breakthrough came with the discovery that this pathway was not only restricted to acentrosomal 

spindles. In human cultured cells with intact centrosomes, TPX2 depletion resulted in the 

formation of disorganized spindles with low MT densities (Gruss et al., 2002). Interestingly, in 

these cells, mitotic spindle bipolarity and morphology were also determined by the role of TPX2 

in MT organization (Garrett et al., 2002).  

One aspect that remains unclear is how TPX2 induces MT nucleation after being 

released from importin. Recent, in vitro studies have shown that synergic interactions between 
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TPX2 and ChTOG promote MT nucleation/polymerization by reducing the frequency of MT 

catastrophes (Roostalu et al., 2015). Likewise, the analysis of TPX2 central structure found 

specific structural elements at this region that allow the lateral binding of TPX2 to MTs (Zhang 

et al., 2017).  In both studies MT nucleation was found to be regulated by importin α. Together 

these in vitro studies propose that upon importin release, TPX2 forms part of a nucleation 

module where the specific binding of this protein to MTs plus its interaction with ChTOG 

promote MT nucleation/polymerization.  

 

TPX2 as promoter of MT branching. 

It has been proposed that MT branching contributes to the formation of dense MT networks 

while keeping the polarity of the spindle structure (Kamasaki et al., 2013). The Augmin 

complex has been characterized as a key targeting factor that directly binds and recruits γ-TuRC 

to existing MTs promoting the generation of new MTs at this region (Kamasaki et al., 2013 ; 

Song et al., 2018). While Augmin has long been recognized as the main factor inducing MT 

branching, recent studies have pointed a contribution of TPX2 to this pathway. By total internal 

reflection microscopy (TIRF), direct visualization of MT branching has been observed in 

Xenopus meiotic extracts. Interestingly, TPX2 immunodepletion in this system abolished 

completely MT-branching, indicating its requirement in MT branching. In addition, TPX2 co-

precipitated with both Augmin and γ-TuRC complexes (Petry et al., 2013).  

Structural analyses have identified a minimal domain (TPX2 α5-α7), located at the C-

terminal region of Xenopus TPX2 (Figure 12), that is necessary for MT nucleation from MTs. 

Alfaro-Aco et al., also found γ-TuRC activation motifs within this domain, yet TPX2 α5-α7 

was not sufficient to promote MT branching in the absence of Augmin (Alfaro-Aco et al., 2017). 

Finally, studies of the spatio-temporal regulation between TPX2/Augmin/γ-TuRC have 

elucidated a model for MT-nucleation from MTs. It has been proposed that first TPX2 binds to 

pre-existing MTs, which is followed by the binding of Augmin/γ-TuRC complexes, resulting 

in the nucleation of new MTS from this region. Intriguingly, MT-branching occurred 

preferentially at regions close to the polymer minus-end, suggesting that TPX2-dependent MT 

branching is not only temporally but also spatially regulated (Thawani et al., 2019).  

 

1.5.3 TPX2 as an activator of mitotic kinase Aurora-A  

TPX2 contribution to spindle formation is also related to its targeting and activator activities. 

One of the most prominent TPX2 targets is the kinase Aurora-A. Indeed, direct binding of 
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Aurora-A to the first 43 N-terminal TPX2 residues (Figure 12) leads to the activation and 

subsequent recruitment of the kinase to spindle MTs (Eyers et al., 2003; Kufer et al., 2002 ). In 

turn, activated Aurora-A phosphorylates and activates TPX2 (Eyers et al., 2003 ; Tsai et al., 

2003). Interestingly, it seems that in different organisms the inhibition of this interaction leads 

to different outcomes. In Xenopus extracts, a RAN-GTP-TPX2 pathway was essential for 

Aurora-A activation and the formation of bipolar spindles. A high percentage of monopolar 

spindles was observed upon inhibition of this pathway (Tsai et al., 2003). On the contrary, in 

human cultured cells, spindle bipolarity was still achieved upon inhibition of Aurora-A 

activation by TPX2. Here, the analysis of point mutations at the N-terminal region of TPX2 

was sufficient to prevent Aurora-A activation. Remarkably, these TPX2 mutants assembled 

bipolar, but very short spindles, suggesting that spindle bipolarity is not controlled by chromatin 

mediated MT-nucleation (Bird and Hyman, 2008).  

 Structural and biochemical studies have further helped to understand the precise 

mechanism by which TPX2 activates Aurora-A. TPX2 binding to the C-terminal region of 

Aurora-A, locks this catalytic domain into an active conformation favoring substrate binding. 

While Aurora-A autophosphorylation on Thr288 results in a similar configuration, TPX2 

binding additionally protects Thr288 from dephosphorylation by phosphatases, which prevents 

Aurora-A degradation (Bayliss et al., 2003).  

  

1.5.4 TPX2 as a MT organizing and bundling factor  

MT nucleation and stabilization are not the only modes by which TPX2 influences spindle 

formation and architecture. Undoubtedly, and thanks to the capacity of TPX2 to bind to MTs 

and MT motors, this protein is capable of reorganizing and bundling MT networks influencing 

spindle assembly and morphology.   

 

TPX2 as regulator of mitotic Eg5 localization and activity. 

As mentioned before, the motor protein Eg5 organizes MTs within the spindle so that spindle 

bipolarity is achieved and maintained. During spindle formation, TPX2 not only localizes Eg5 

but also controls its motor activity. Actually, interactions between TPX2 and Eg5 allow the 

localization of both proteins to specific spindle regions.  

Characterization of TPX2 domains in Xenopus egg extracts, identified the C-terminal 

fragment as the region responsible for the localization of TPX2 to the spindle poles (Brunet et 

al., 2004). Further studies in mammalian cells, determined that this poleward transport was 
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abolished upon inhibition of Eg5, dynein or MT flux (Ma et al., 2010). The model postulates 

that TPX2 moves from the center of the spindle towards the spindle poles in a dynein-dependent 

manner and that is mediated by the interaction with Eg5 (Eckerdt et al., 2008). Indeed, a discrete 

domain for the binding with Eg5 lies within the last 35 C-terminal amino acids of TPX2 

(Eckerdt et al., 2008 ; Ma et al., 2010; Zhang et al., 2017 ) (Figure 12). TPX2 on the other hand, 

contributes to stabilize Eg5 on spindle MTs. In mammalian cells, expression of a TPX2 version 

lacking the Eg5 binding domain, impaired Eg5 localization to the spindle MTs but not the 

spindle poles. This resulted in defective spindles with unfocussed poles, and disorganized MTs 

(Ma et al., 2011). In vitro studies using TIRF microscopy to follow single molecule-movements, 

further prove that TPX2 reduces Eg5 motility both by reducing its motor activity and by binding 

to MTs, acting as a roadblock (Balchand et al., 2015). 

 

TPX2 as a MT bundling factor. 

TPX2 MT bundling activity is less characterized than its other roles in MT nucleation and 

organization. Nevertheless, since early in vitro experiments, TPX2 has been observed to bind 

and bundle pre-polymerized MTs (Brunet et al., 2004 ; Schatz et al., 2003; Wittmann et al., 

2000 ). During spindle formation, TPX2-dependent MT bundling is thought to organize MTs 

into antiparallel arrays; MTs that were pre-polymerized either by TPX2-dependent or 

independent pathways (Alfaro-Aco et al., 2017; Schatz et al., 2003 ).  

TPX2 MT-bundling activity has been attributed to the domain comprising C-terminal 

half of the protein. Alfaro-Aco et al, have analyzed the MT-bundling capacity between different 

truncated versions of the C-terminal Xenopus TPX2. The addition of each of these constructs 

to solutions with pre-formed MTs showed that there is not a single MT-bundling domain within 

the C-terminal region. Instead, a minimum of three consecutive domains are necessary to highly 

bundle MTs in vitro (Alfaro-Aco et al., 2017). In similar assays, the central part of the human 

TPX2 (residues 274–659) did not induce MT-bundling even at high protein concentrations 

(Zhang et al., 2017). Interestingly, TPX2 bundling capacity is not regulated by the Ran-GTP 

pathway as MT-bundling by TPX2 is not affected upon addition of importin α (Schatz et al., 

2003). 
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1882). As a second important role, and through the interaction of astral MTs with the cell cortex, 

the mitotic spindle rotates and orients determining the cell division axis and cleavage plane 

(Grill and Hyman, 2005). The importance of these two processes is clear: accurate chromosome 

segregation is necessary for the genetic stability and survival of cells while spindle positioning 

and determination of the cell-division plane are essential for normal development and tissue 

homeostasis. Thus, the mitotic spindle needs to face different challenges during division to 

ensure the proper accomplishment of these two main functions. 

 

1.6.1 Deregulation of chromosome number 

Numerical aneuploidy, defined by the gain or loss of at least one whole chromosome, results 

from the abnormal segregation of sister chromatids during cell division, normally attributed to 

defects in the mitotic machinery (Ricke and van Deursen, 2013). As mentioned before, 

interactions between centrosomes, kinetochores and spindle associated factors organize the 

mitotic MTs into a robust bipolar spindle that stably connects bioriented sister chromatids to 

each spindle pole (Conduit et al., 2015 ; Morgan and Morgan, 2007 ; Petry, 2016). Moreover, 

the SAC prevents anaphase onset until all chromosomes are correctly attached (Musacchio and 

Salmon, 2007). A dysfunction in any of these processes can impair chromosome segregation 

and result in the generation of aneuploid cells (Chunduri and Storchová, 2019). 

Different defects during mitosis render a dividing cell susceptible to generate aneuploid 

daughter cells (Orr et al., 2015). For example, incorrect kinetochore–MT attachments in which 

one kinetochore is attached to both spindle poles (known as merotelic attachments) are not 

sensed by the SAC and if not resolved until anaphase onset, the probability for chromosomes 

to be missegregated highly increases (Ganem et al., 2009; Silkworth et al., 2009). Similarly, a 

weakened SAC and/or weakened MT-kinetochore attachments bypass the checkpoint control 

increasing the likelihood of aberrant chromosome segregation (DeLuca et al., 2006 ; Weaver et 

al., 2007). Centrosome dysfunction, in particular an increase in centrosome number, has long 

been correlated with chromosome number imbalanced (Conduit et al., 2015; Nigg and Holland, 

2018). The presence of supernumerary centrosomes during cell division fosters multipolar 

divisions leading to high levels of chromosome missegregation (Marthiens et al., 2013 ; Sabino 

et al., 2015). Moreover, even transient states of spindle multipolarity can lead to merotelic 

attachments and chromosomes segregation abnormalities (Ganem et al., 2009 ; Silkworth et al., 

2009).  
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 Cells with abnormal karyotype (abnormal chromosome content), normally restrain their 

proliferation capacity. Chromosome missegregation is often followed by irreversible cell cycle 

arrest, impaired proliferation, cell death or premature differentiation (Gogendeau et al., 2015 

Marthiens et al.,  2013; Hinchcliffe et al., 2016; Sabino et al., 2015; Santaguida et al., 2017; 

Soto et al., 2017; Thompson and Compton, 2010). In mammalian cells and tissues, most of 

these responses are tightly regulated by p53. p53 is a tumor suppressor transcription factor 

(DeLeo et al., 1979 ; Hafner et al., 2019; Lane and Crawford, 1979 ; Olbrich et al., 2017 ). In 

normal conditions, p53 is continuously expressed but is also rapidly degraded by the 

proteasome (Levav-Cohen et al., 2014). In abnormal conditions, different stress-kinases can 

phosphorylate p53 leading to its activation, other modes of p53 activation also exist (Hafner et 

al., 2019).  

 Aneuploidy has a paradoxical role in cell proliferation. Certainly, aneuploidy has been 

associated with a plethora of pathological conditions such as miscarriages (Jia et al., 2015) and 

microcephaly (Marthiens et al., 2013), where it has a detrimental effect in cellular fitness. 

Aneuploidy has also long been recognized as a hallmark of cancer cell, normally recognized by 

enhanced cell proliferation (Beroukhim et al., 2010). Further, murine aneuploid models have 

shown both tumor suppressor and oncogenic effects (Weaver et al., 2007). While such 

paradoxical effect is still not well understood, it seems that different factors, such as the nature 

of the missegregated chromosome can confer proliferative advantage in certain contexts 

(Sheltzer and Amon, 2011). 

 

1.6.2 Regulation of spindle orientation  

By dictating the axis of cell division, the position of the spindle influences two main processes. 

First, it determines the final position of the two daughter cells, which is important to maintain 

tissue structure and/or contribute to tissue morphogenesis in animals. Second, it determines 

daughter cell size and distribution of cellular components (Akhmanova and van den Heuvel, 

2016; Morgan and Morgan, 2007). Symmetric divisions produce identical daughter cells, which 

is important for the expansion of cell populations. On the other hand, asymmetric divisions can 

generate cells with distinct size, inherited components and developmental fate (Akhmanova and 

van den Heuvel, 2016; Horvitz and Herskowitz, 1992 ). Producing cells of different size and 

fate are the mechanisms by which progenitor-stem cells generate cell diversity during the 

development of organisms (Morgan and Morgan, 2007).  
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Mitotic spindle orientation can be influenced by geometric, internal, and external cues. 

While cells are able to divide along their longest axis (Hertwig, 1884), certain cells do not 

follow this rule. In fact, most animal cells undergo oriented cell divisions that involve the 

generation of polarized pulling forces at the cell cortex, and the transmission of these forces 

(through astral MTs) to the spindle (di Pietro et al., 2016). Interestingly, several studies in 

vertebrate and invertebrate organisms have identified an evolutionary conserved complex of 

proteins responsible for the generation of forces at the cell cortex (Izumi et al., 2006 ; Merdes 

et al., 1996 ; Morin et al., 2007 ; Peyre et al., 2011 ; Pirovano et al., 2019 ; Schaefer et al., 2000; 

Yu et al., 2000).  

This complex consists of the α subunit of the guanine-nucleotide protein (Gai), the 

adaptor protein leucine–glycine–asparagine (LGN), and the MT-binding protein Nuclear 

Mitotic Apparatus (NuMA). Genetic and functional analysis have provided further insight into 

how this complex works. Gαi are subunits of the G protein heterotetramers, which are tightly 

anchored to the membrane, their Gαi subunit faces the cytosol. Gαi binds to the GoLoco domain 

of LGN (located at its C-terminal domain) (Mochizuki et al., 1996). In turn the LGN N-terminal 

domain interacts with NuMA (Pirovano et al., 2019). LGN thus constitutes the link between 

Gαi subunits and NuMA (Du and Macara, 2004).  

During mitosis, this trimeric complex (Gαi/LGN/NuMA) localizes in specific 

subcortical domains and directs the recruitment of the minus-end MT motor protein dynein. 

Cortical dynein moves along astral MTs-towards their minus ends (Merdes et al., 1996). This 

minus-end directed movement of dynein plus astral MT-depolymerization, generates pulling 

forces on the spindle poles leading to spindle rotation and positing. NuMA binds to dynein 

through its N-terminal domain (Radulescu and Cleveland, 2010). Of note, NuMA is a large 

MT-binding protein and plays different roles during mitosis. During interphase, NuMA 

localizes at the nucleus. Upon mitotic entry, NuMA binds to spindle MTs and is enriched at the 

mitotic spindle poles, where it participates in spindle pole focusing (Goshima et al., 2005). 

NuMA bound to spindle MTs also confers flexibility to the spindle structure (Elting et al., 

2017). Interestingly, it was recently shown that phosphorylation of NuMA by Aurora-A in 

human culture cells controls the association of NuMA with the cortex or the spindle pole 

(Gallini et al., 2016). Other factors, such as the plasma membrane actin filaments crosslinker 

ezrin, radixin and moesin protein complex (ERMs) have been proposed to influence NuMA 

recruitment at the cell cortex (Machicoane et al., 2014). It has been shown that activation of 

ERMs, through phosphorylation, influences the recruitment of LGN, the Drosophila Pins 
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homologue in a polarized manner, which then influences NuMA recruitment and so spindle 

orientation. 

The rate at which cells proliferate, differentiate and die establishes the number of cells 

at the end of development (Conlon and Raff, 1999). Early studies in the C. elegans embryo 

(Kraut et al., 1996), Drosophila neuroblasts (brain progenitor cells) and sensory organ 

progenitor cells (SOPs) (Uemura et al., 1989), which are well established models to study 

asymmetric cell division, prompted the relationship between spindle orientation and cell fate. 

Since then, the mechanisms of spindle orientation have been extensively studied. These studies 

have established a series of steps in the process of cell asymmetric cell division: 1) specification 

of the cell polarity axis; 2) asymmetric localization of cell fate determinants along the polarity 

axis; 3) recruitment of force generators and alignment of the mitotic spindle with the cell 

polarity axis (Morin and Bellaïche, 2011). While the general mechanisms have been elucidated, 

many differences in the process by which cells set up their polarity and distribute fate 

determinants have been found.  

 

Spindle orientation lessons from Drosophila.  

In Drosophila, asymmetric cell division has been extensively studied in the progenitor cells of 

the central and peripheral nervous system, neuroblasts and SOPs, respectively. While in both 

systems cells divide asymmetrically, the localization of polarity proteins and establishment of 

polarity is set up differently. During early embryogenesis, neuroblasts delaminate from the 

neuro-ectoderm and divide asymmetrically beneath the epithelial layer. SPOs stay within the 

epithelium and also divide asymmetrically but within the plane of the epithelium (Betschinger 

and Knoblich, 2004; Petronczki and Knoblich, 2001 ). In both cases, polarity proteins localize 

asymmetrically yet their localization occurs at different regions along the apico-basal or 

anterior-posterior axis. Indeed, while in neuroblasts polarity proteins localize apically, in SOPs 

they localize anteriorly (Ohno, 2001). Polarity is also set up differently, while in neuroblasts 

apical-basal polarity is established before delamination, in SOPs planar polarity cues along the 

axis of the tissue control the distribution of polarity proteins (Roegiers et al., 2001).  

 

Spindle orientation lessons from mouse skin epidermis 

The orientation of cell division can also change within the same population of cells during 

development. This switch in the orientation of the spindle often correlates with a change in fate, 

from symmetric to asymmetric divisions. Mouse skin epidermis is a stratified tissue, in which 

cells switch the orientation of division promoting the stratification of the tissue (Lechler and 
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Fuchs, 2005). In mice the switch occurs around embryonic day 15 (E15), and is characterized 

by a change from parallel to perpendicular divisions and a change in cell fate. Thus, mouse skin 

epidermis stratification and development consist of a phase of cell expansion followed by a 

phase of cell differentiation and tissue stratification (Lechler and Fuchs, 2005). Indeed during 

early development, progenitor cells undergo parallel divisions to produce two symmetric 

daughter progenitor cells that expand the undifferentiated epithelial basal layer.  At later 

developmental stages, progenitors cells divide perpendicularly producing one daughter 

progenitor cell and a suprabasal cell that is committed in fate and forms the deep epithelial 

tissue layers forming the skin barriers (Lechler and Fuchs, 2005).  

 

Spindle orientation lessons from the vertebrate neuroepithelium 

As similar change from symmetric to asymmetric divisions occurs in the pseudostratified 

vertebrate neuroepithelium. In mouse and chick embryos, neural progenitors are columnar cells 

that extend from the apical to the basal surface of the cortex. In mitosis, most of their soma 

localizes in the apical side, where they undergo mitosis. Neural progenitor cells initially expand 

by symmetric divisions and progressively switch to asymmetric divisions (Götz and Huttner, 

2005).  

Here, orientation is also influenced by members of the force generator complex 

(Gαi/LGN/NuMA). Indeed, different studies have shown how altering the levels of these 

proteins can impact spindle orientation. For example, in the chick and mouse neuroepithelium 

interfering with LGN function led to randomization of spindle orientation. Furthermore, 

randomization of spindle orientation resulted in loss of apical attachment and mispositioned 

progenitors.  Interestingly, these abnormally localized progenitors conserved their proliferative 

potential (Konno et al., 2008; Morin et al., 2007). These and other results suggest that the 

control of spindle orientation not only influences neuronal progenitor cell fate. Importantly, 

neural progenitors tightly control the switch between symmetric and asymmetric divisions 

during neurogenesis. In section 2.1.3, I further discuss the mechanisms of control of spindle 

orientation in mouse neural progenitors.  

 

1.7 Mitotic spindle tailoring (variations in size and morphology) 

Cell specialization among and within organisms has generated an immense variability of cell 

shapes, sizes and types. To successfully reproduce through cell division, subcellular structures 

need to accommodate this variability. The spindle is no exception since its primary role is to 
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accurately segregate chromosomes and properly position the cleavage plane within tissues 

during development. Indeed, this subcellular structure is robust yet dynamic enough to promote 

accurate chromosome segregation while adapting to the specific needs of the cell. A common 

trait of all spindles is their bipolarity. Moreover, in many organisms, spindles need to be 

precisely positioned during oriented cell divisions.  

 

1.7.1 Variations across phylogeny  

Mitotic spindles show remarkable diversity in both size and architecture between different 

species. For example, during early divisions, metaphase spindle length ranges from ∼5 μm in 

Caenorhabditis elegans to over 50 μm in Xenopus leavis embryos (Crowder et al., 2015). 

Between these species metaphase spindle morphology is also considerably different. While in 

X. leavis metaphase spindles are centrally located and contain short astral MTs that do not reach 

the cell cortex, C. elegans spindles have long and numerous astral MTs that heavily contact the 

cortical membrane (Crowder et al., 2015; Mitchison et al., 2012).  

Comparative studies have helped us to understand the basic principles that determine 

spindle features. Spindles differences have been studied between the small meiotic spindles of 

X. tropicalis and the large spindles of its relative X. laevis. These studies suggested the presence 

of cytoplasmic factors in the control of spindle size in a dose-dependent manner (Brown et al., 

2007). Indeed, higher levels of SAFs such as the MT-severing enzyme katanin influence MT 

dynamics at the poles of X. tropicalis spindles, reducing its overall length (Loughlin et al., 

2011). Interestingly, TPX2 is a key factor in the control of spindle diversity as it not only 

contributes to spindle length but also to spindle morphology differences between these two frog 

species (Helmke and Heald, 2014).  

Spindle size differences have also been analyzed at a larger scale and within species. A 

study comparing more than 90 C. elegans strains from around the world could define that 

variations in cell size at the first embryonic division are the main driver of variations in spindle 

size (Farhadifar et al., 2015). Similarly, analysis of mitotic and meiotic spindle length in a wide 

range of metazoan phyla showed that for all the species analyzed, mitotic spindle length 

decreased with cell size which was not the case for meiotic spindles (Crowder et al., 2015). 

Interestingly, by analyzing spontaneous mutations and their stabilization throughout their 

progeny in the 90 species of C. elegans, they observed that mutations determining embryo size 

were fixed. Thus, it seems that natural selection acts predominantly on cell size influencing, 

indirectly, spindle size. 
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1.7.2 Variations during development  

Within organisms, changes in cell type specialization and organization influence cell shape and 

function. In order to meet the requirements imposed by these unique cell divisions spindles 

need to tailor their structure. For example, acentrosomal meiotic spindles have rounded spindle 

poles that lack prominent astral MTs. On the contrary, centrosome containing mitotic spindles 

have very focused spindle poles, which emanate long astral MTs (Bennabi et al., 2016). 

Bennabi et al., showed the importance of maintaining a “meiotic spindle” structure during 

meiosis. In their study, the motor protein HSET was sufficient to change a “meiotic spindle” 

into a “mitotic spindle” structure. Here, HSET allowed a rapid bipolarization of the spindle 

decreasing the duration of meiosis I. Interestingly, this decrease in meiosis I duration lead to 

chromosome misalignment and missegregation.  

 Variations between spindles, specially their size, have also been found during early 

development. In many animals, early embryonic development is characterized by a serie of 

rapid cell divisions that progressively decrease cell size. During early development, like 

between different organisms, spindle size scales with the size of the cell. Yet there is an upper 

limit for spindle size (Wühr et al., 2008). Comparative analysis of mitotic spindles during early 

development has helped to elucidate the mechanisms behind this drastic decrease in spindle 

size. In Xenopus, for instance, changes between the importin-α cytoplasmic or membrane-

bound pools control the inhibition of the depolymerizing kinesin Kif2a influencing spindle 

length (Wilbur and Heald, 2013). Interestingly, changes in MT dynamics were also observed 

to set up spindle size during early embryonic development of C. elegans and the sea urchin 

Paracentrotus lividus (Lacroix et al., 2018).  

 Undoubtedly, spindles are able to tailor their structure in order to promote robust 

chromosome segregation while adapting to diverse cell morphologies and functions. However, 

even if several studies have elucidated common mechanisms for spindle tailoring it is still 

unclear what are the factors triggering this architectural change and what are the mechanisms 

behind specific changes. While genomic data has provided a wide list of factors influencing 

spindle differences, a cell biological description of spindle architectures is still needed to 

correlate these factors with specific cellular needs. Moreover, given the critical role of the 

spindle, it is not surprising that many SAFs have been linked to spindle dysfunction. For 

example, several genes encoding centrosomal or spindle components are mutated in primordial 

microcephaly disorders, posting the possibility that the mammalian brain is particularly 
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susceptible to centrosome or spindle dysfunction. To understand this susceptibility, I performed 

a systematic comparison of spindle assembly mechanisms of the mitotic mouse apical Radial 

Glial Cells (aRGCs), in the mammalian brain. In the following sections I describe brain 

development, their main events and progenitors. I also provide a description of the human 

neurodevelopmental disorders related to centrosome and spindle dysfunction and the different 

studies that have contributed to understand the etiology around brain susceptibility to those 

dysfunctions. 

 

2. Brain development  

 

The development of the brain in mammals incorporates intrinsic and extrinsic cues into the 

formation of a structurally and functionally complex organ. Structurally, the nervous system 

divides in two main parts: the central nervous system (CNS), which consists of the brain and 

the spinal cord and the peripheral nervous system, consisting of cranial and spinal nerves, 

ganglia, plexuses, and sensory receptors. Here I will describe the main events leading to the 

formation of the CNS.  

The architecture of the brain becomes clearer through an understanding of the 

developmental origins and early events in neural tissues. After fertilization, the egg (zygote) 

undergoes a massive number of cell divisions, specification and cell migration events namely 

blastulation and gastrulation that specify the three embryonic germ layers: ectoderm, mesoderm 

and endoderm. The nervous system develops from the outer-most layer, the ectoderm. The first 

major event of the CNS development is the formation of a specialized tissue of ectodermal 

origin called the neural tube. Neurulation refers to the process by which the ectoderm acquires 

neural origin and the neural tube is formed (which in mice starts around embryonic day 7.5- E 

7.5) (Colas and Schoenwolf, 2001). 

During neurulation induction of neural fate in the ectoderm forms the neural plate, 

which through a serie of morphological changes involving tissue invagination, reshaping and 

closure, the neuroectoderm transforms into the neural tube (~E9.5 in mice) (Figure 14A). The 

neural tube is a cylindrical structure formed by pseudostratified neuroepithelium and is the 

structure that gives rise to the CNS (Colas and Schoenwolf, 2001). Before the complete closure 

of the neural tube (E9.5), its anterior most region undergoes morphological changes that result 

in the formation of the three primary brain vesicles: prosencephalon (forebrain), mesencephalon 

(midbrain), and rhombencephalon (hindbrain) (Figure 14B) (Chen et al., 2017). 
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The neural tube further expands trough proliferation and the secretion of cerebrospinal 

fluid into the lumen, forming the five secondary vesicles (~E10.5) (Figure 14B). The 

prosencephalon subdivides into the telencephalon (cerebral hemispheres) and diencephalon 

(thalamus and hypothalamus). In turn, the mesencephalon becomes the midbrain and the 

rhombencephalon subdivides into the metencephalon (cerebellum and pons) and the 

myelencephalon (medulla oblongata). The caudal most region of the neural tube is the spinal 

cord (Chen et al., 2017). 

The dorsolateral telencephalon or cerebral cortex is the rostral-most region of the 

forebrain. In vertebrates, in particular in mammals, this region has undergone an extraordinary 

expansion forming the evolutionary youngest part of the cortex, known as neocortex (Fernandez 

et al., 2016 ; Lui et al., 2011; Taverna et al., 2014 ). 

  

Figure 14. Early events of the mammalian central numerous system development. 

(A) Main events leading to the formation of the neural tube (pink). The formation of the neural tube 

initiates at E7.5 with the specification of the neural plate and finishes at ~E8.5 with the closure of the 

neural tube. (B) Development of primary and secondary brain vesicles; left, horizontal views and right, 

lateral views. Gestational age is indicated below. Adapted from: (Chen et al., 2017) 
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2.1 Cortex and cortical development  

The neocortex is the part of the mammalian brain involved in higher cognitive functions such 

as perception, emotion, memory, learning and language. It is a highly organized structure 

composed of six layers of neurons and supporting non-neuronal glial cells. Each cortical layer 

contains diverse neuronal types with different sizes and density as well as different nerve-fiber 

organization. During development, the precise control of neural progenitor proliferation and 

differentiation, post-mitotic neuronal positioning and establishment of synaptic connections is 

essential for the proper formation of the neocortex (Lui et al., 2011). 

The neocortex develops in an intricately yet highly regulated sequence of events which 

start with the formation of the neural tube. The neural tube is a neuroepithelium made up of 

highly polarized neural progenitor cells, known as neuroepithelial cells (NECs). Neuro-

epithelium polarization is initially induced by the formation of the neural tube where the apical 

side of NECs lies inwards (luminal part, also called ventricle) and the basal side of NECs 

outwards (basal lamina). NECs extend long processes throughout the cortical wall with their 

apical and basal endfoot contacting the ventricle and basal lamina respectively (Jiang and 

Nardelli, 2016 ; Paridaen and Huttner, 2014). Apical and basal contacts are necessary for NECs 

to undergo interkinetic nuclear migration (INM) (Figure 15A). INM is the process by which 

nuclei shuttle up and down along the apico-basal axis depending on the cell cycle phase. Before 

they divide, NECs move their nuclei to the ventricular surface for mitosis to occur. Due to 

nuclei translocation, the ventricular zone appears pseudostratified (Götz and Huttner, 2005; 

Uzquiano et al., 2018) (Figure 15A). Before neurogenesis, which in mouse starts around the 

embryonic day 10.5 (E10.5), NECs undergo symmetrical-proliferative divisions to self-renew 

and to generate an adequate pool of founder progenitors (Götz and Huttner, 2005) (Figure 15A).  

This phase of “neural progenitor expansion” also continues during the early phases of 

neurogenesis (~E12.5) and its duration is critical for determining the size of the progenitor pool 

available to generate neurons. Indeed, it is one of the factors controlling final surface area and 

thickness during the evolution of the neocortex (Fernandez et al., 2016 ; Lui et al., 2011; 

Taverna et al., 2014 ). Since my present project investigated mechanisms of spindle assembly 

of neural progenitors during mouse neuro-development, I will mainly focus on the different 

aspects related to neurogenesis of the mouse neocortex; a brief discussion about cortical 

expansion and its implications in the evolution of the mammalian brain is provided at the end 

of section. 
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2.1.1 Cortical neurogenesis in mice: main events and players  

The high number and variability of neurons with specialized functions and connections is what 

allows mammals to perform high cognitive functions. Estimations of neural numbers can go 

from ~12 billions (in mice) to up to ~86 billions (in humans) (Herculano-Houzel, 2009); almost 

all of these neurons are produced during embryonic development. 

Neural progenitor cells generate neurons through a process called neurogenesis. In mice, 

neurogenesis begins around embryonic day 10.5 (E10.5) (Figure 15B). At this embryonic stage, 

NECs start to transit from a pure proliferative to a neurogenic state. This transit is also 

characterized by a switch in the identity of NECs. This switch involves several changes like the 

Figure 15. Cortical brain development in mice. 

Main neural progenitor subtypes and neurogenic phases of the developing mouse neocortex. (A) 

Interkinetic nuclear migration (INM) in progenitor cells of the ventricular zone (VZ) coordinates with 

cell cycle phases; neural progenitor mitosis occurs next to the ventricle. (B) Different stages that 

comprise the development of the mouse cerebral cortex. Initially, before embryonic day 10.5 (E10.5), 

the mouse cerebral cortex is composed of neuroepithelial cells (NECs, gray); they only undergo 

symmetric proliferative divisions. At neurogenic onset (E10.5), radial glial cells (RGCs, pink) are 

generated from NECs divisions. RGCs can undergo symmetric proliferative divisions; mainly 

observed at early neurogenic stages (~E12.5). During late neurogenesis (E16.5) RGCs undergo more 

asymmetric differentiating divisions. Asymmetric cell divisions produce one RGC and either a 

neuron (blue) or an IP (red).  Adapted from: (Jiang and Nardelli, 2016). 
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downregulation of Golgi-derived apical trafficking (Taverna et al., 2016), the loss of tight 

junctions (gradually replaced by an adherens junction belt) (Aaku-Saraste et al., 1996), and the 

acquisition of astroglial hallmarks, such as glycogen granules (Gadisseux and Evrard, 1985). 

NECs thus become apical radial glial cells (aRGCs) (Götz and Huttner, 2005). aRGCs comprise 

the predominant neural progenitor cell type within the developing neocortex (Malatesta and 

Gotz, 2013; Noctor et al., 2001; Noctor et al., 2004 ) (Figure 15B). Of note, for simplicity in 

Vargas et al., we refer to aRGCs as NSCs, with the exception of section A: results Vargas et al, 

in the present manuscript they are refer as aRGCs.  

As NECs, aRGCs also undergo INM, but their nuclei only oscillate within the apical-

most layer of the cortex, the VZ. At the onset of neurogenesis (E10.5 in the mouse brain), 

aRGCs mainly self-renew by symmetric divisions. aRGC symmetric divisions are also 

predominant during early neurogenesis (~E13.5). At late neurogenic stages (~E16.5), on the 

other hand, aRGCs undergo predominately asymmetric divisions. aRGC asymmetric divisions 

give rise to another aRGC and one more neuronal restricted progeny. These more committed 

cells can be either a neuron (direct neurogenesis), or an intermediate progenitor cell or IPC 

(indirect neurogenesis) (Götz and Huttner, 2005; Uzquiano et al., 2018). 

Intermediate progenitor cells (IPCs) are transit amplifying progenitors. They divide 

symmetrically to produce two neurons, which doubles the neuronal output (Tyler et al., 2015). 

IPCs lose their polarity and delaminate from the VZ to occupy the subventricular zone (SVZ) 

(Figure 15B). Contrary to aRGCs, they express the transcription factor Tbr2 (Jiang and 

Nardelli, 2016; Taverna et al., 2014 ). Since they divide in the SVZ, IPCs are also called basal 

progenitors (Fietz et al., 2010; Hansen et al., 2010; Shitamukai et al., 2011). Other types of 

neural progenitors have also been described. Short neural precursors (SNPs), have an apical 

process as aRGCs yet their basal process remains constrained within the VZ. SNPs arise from 

aRGC divisions, they keep dividing apically and contribute to neurogenesis in mice (Gal et al., 

2006); (Stancik et al., 2010). Other neural progenitors called subapical progenitors (SAPs) are 

located within the VZ but lose their apical attachment to divide away from the apical surface; 

SAPs divide to generate IPCs (Pilz et al., 2013).  Basal radial glial cells (bRGCs) are located in 

the SVZ, they also loose apical attachment to divide further away from the ventricle 

(Shitamukai et al., 2011). In mice, bRGCs do not self-amplify nor produce IPCs, but rather 

undergo neurogenic terminal divisions (Wang et al., 2011). In the mouse neocortex, bRGCs 

and SAPs are much less abundant than aRGCs and IPCs (i.e bRGs represent less than 1% of 

the cortical progenitors in mouse) and thus do not mainly contribute to neurogenesis (Fernandez 

et al., 2016). 
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From all the progenitor types, aRGCs are considered as the building blocks of the 

cerebral cortex (Malatesta and Gotz, 2013; Taverna et al., 2014). Their roles in 1) the production 

of neurons (either directly or indirectly) and 2) the regulation of their position within the 

neocortex, make them pivotal contributors of neocortex formation and patterning. Importantly, 

a timely coordination between changes in aRGC intrinsic properties and brain tissue 

organization is observed during cortical neurodevelopment. 

 

2.1.2 Early versus late neurogenesis: RGCs intrinsic and extrinsic changes during mouse 

neocortical development 

In mice, cortical neurogenesis is sustained over a period of just few embryonic days (~E11.5–

E18.5) during which the cortical wall undergoes a massive expansion; 3-fold times more at the 

final steps of neurogenesis than at its onset (Molnar et al., 2006) (Figure 15B). During this 

period, the millions of neurons that are born are also progressively organized into 6 different 

neuronal layers; each one holding intricated connections and functions (Paridaen and Huttner, 

2014). Corticogenesis therefore comprises a massive reorganization of the cortical tissue in 3 

dimensions (Molnar et al., 2006; Paridaen and Huttner, 2014; Rash and Grove, 2006).   

Concomitant with cortical tissue expansion, mitotic aRGC division mode changes. As 

neurogenesis progresses, the requirement for aRGC expansion decreases while neuronal 

production increases. Indeed, mitotic aRGCs progressively switch from symmetric proliferative 

to asymmetric neurogenic divisions (Götz and Huttner, 2005) (Figure 15B).  

Neuronal output highly depends on the balance between symmetric and asymmetric 

divisions. Symmetric divisions are necessary to produce a specific number of progenitors 

which, directly or indirectly, will give rise to all the neurons in the brain. Thus, any alteration 

of the progenitor pool greatly impacts neuronal output and proper brain formation. Many 

neurodevelopmental disorders are associated with deregulation in the establishment and/or 

maintenance of the progenitor pool. Intrinsic and extrinsic factors such as, apico-basal polarity 

of progenitors, INM, specific inheritance of subcellular components, and feedback signaling 

from neighboring cells, are known to control the balance between symmetric and asymmetric 

divisions (Uzquiano et al., 2018).  

 

2.1.3 Vertical versus Off-vertical: regulation of spindle orientation in mitotic aRGCs  

For aRGCs to proliferate, their divisions must be symmetric in terms of daughter fate 

determinants and inheritance of epithelial features (i.e. apical and basal compartments). 

Symmetric cell divisions are tightly controlled, especially during early neurogenic stages (Jiang 
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and Nardelli, 2016) (Figure 15B). Upon mitotic entry, the centrosomes (which are normally 

localized close to the ventricular lining) start nucleating MTs and move basally to form the 

poles of the bipolar spindle (Hu et al., 2013). Interestingly, in the neuroepithelium, spindles 

probe the cell cortex first before final positioning. aRGC metaphase spindles first rotate in all 

directions just until before anaphase onset when cleavage plane is set up and then the cell 

divides (Haydar et al., 2003; Peyre et al., 2011; Roszko et al., 2006). During symmetric 

divisions, the cleavage plane is tightly positioned along the apico-basal axis (vertical divisions). 

During asymmetric divisions, the cleavage plane is slightly tilted from its vertical position so 

that aRGCs undergo off-vertical divisions (Konno et al., 2008 ; Kosodo et al., 2004) (Figure 

16). 

The tight control of RGC divisions (symmetric versus asymmetric) requires interactions 

between the cell cortex and mitotic spindle astral MTs. In mitotic aRGCs the protein complex 

G i/LGN/NuMA forms a belt at the lateral walls of the cell cortex (Konno et al., 2008 ; Morin 

et al., 2007 ; Peyre et al., 2011). This belt stabilizes and restricts astral MT anchoring at the cell 

equator (Figure 16C). Several studies have shown the impact of altering the levels of these 

proteins in spindle orientation and aRGC self-renewal potential. Depletion of LGN leads to a 

randomization of spindle orientation in chick (Morin et al., 2007) and mouse (Konno et al., 

2008) mitotic aRGCs. Interestingly, in physiological conditions, a broader distribution of LGN 

along the apico-basal axis increases the frequency of astral MT-cell cortex interactions and  

vertical divisions of mitotic mouse RGCs (Mora-Bermúdez et al., 2014). Cortical force 

generators like dynein pull on astral MTs (Konno et al., 2008 ; Peyre et al., 2011 ; Postiglione 

et al., 2011). Subcortical localization of the G i/LGN/NuMA complex is controlled, at least in 

part, by the interaction of LGN with disks large homolog 1 (Dlg1). Indeed, in the chick 

neuroepithelium direct interaction between these two proteins promotes the localization of LGN 

at the cell equator (Saadaoui et al., 2014).  

In aRGCs, the inheritance of apical and/or basal process has been associated with 

determination of proliferative potential and fate. The inheritance of the apical process, for 

example, has been associated with maintenance of aRGC identity. The bypass of this 

compartment during asymmetric division was proposed to be relevant for the acquisition of 

different fates by the two daughter cells (Kosodo et al., 2004; Marthiens and ffrench-Constant, 

2009). This view has now been challenged by live-imaging analysis of aRGCs during mitosis, 

where only a small proportion of aRGC-daughter cells asymmetrically inherited their apical 

domains (Asami et al., 2011; Konno et al., 2008 ; Shitamukai et al., 2011 ). Interestingly, several 
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studies now propose the basal process inheritance as an important determinant of aRGC fate 

acquisition (Fietz et al., 2010 ; Konno et al., 2008 ; Tsunekawa et al., 2012). In these studies, 

the basal compartment localization of specific signaling pathways (integrin signaling) (Fietz et 

al., 2010) or mRNAs coding for proteins involved in cell cycle regulation (Cyclin D2) 

(Tsunekawa et al., 2012) was proposed to confer to the daughter cell inheriting this 

compartment a progenitor potential.  

 Interestingly, splitting of the basal compartment has been reported during aRGC 

symmetric cell divisions. This starts with the accumulation of actin and anillin at the tip of the 

basal process, further promoting a unidirectional division of the entire process until it reaches 

the soma when cytokinesis is completed (Kosodo et al., 2008). Of note, basal process splitting 

seems to be a rather infrequent event, as it is not seen in mitotic aRGCs from early neurogenic 

stages nor in some aRGCs from late neurogenic stages. Regrowth of the basal process has been 

documented in Zebrafish and there is evidence supporting the same for mammals  (Shitamukai 

and Matsuzaki, 2012).  

The association between aRGC mitotic spindle orientation and cell fate is not as 

straightforward. Proper spindle orientation is also needed to maintain aRGC polarity and tissue 

organization. Indeed, deregulation of spindle orientation not always impacts RGC fate. This 

was exemplified by Konno and colleagues (2008) as randomization of planar divisions in LGN 

depleted mouse brains resulted in abnormally localized aRGCs, still these ectopic progenitors 

maintained their proliferative potential (Konno et al., 2008). Similarly, Insolera et al., (2014) 

observed that in mouse SAS-4 mutants, centrosome depletion in RGC lead to a delocalization 

of these cells, yet they maintained RGC identity (Insolera et al., 2014).  
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Cell cycle kinetics in aRGCs. 

The proliferative/neurogenic potential of aRGCs is also associated with changes in their cell 

cycle length (Paridaen and Huttner, 2014). Several studies have shown that aRGCs lengthen 

their cell cycle as neurogenesis progresses (Borrell and Calegari, 2014; Calegari et al., 2005 ; 

Salomoni and Calegari, 2010). In other words, proliferative RGCs from early stages of 

neurogenesis display shorter cell cycles than neurogenic aRGCs at late neurogenesis. This 

lengthening is primarily due to increased G1 phase duration and is associated with higher 

neurogenic potential (Lukaszewicz et al., 2005 ; Pilaz et al., 2009). Indeed, lengthening and/or 

shortening of the G1 phase length by forced depletion/overexpression of the G1/S transition 

cell cycle regulators CyclinD1/E1 is sufficient to alter the balance between symmetric and 

asymmetric divisions (Lange et al., 2009 ; Pilaz et al., 2009).  

As the building blocks of neocortical formation, the amount and proliferation capacity of 

RGCs are tightly regulated during brain formation. As mentioned earlier, the size of the RGC 

pool plays a critical role in defining neocortical size. Alterations in the fine regulation of RGC 

proliferation and/or survival lead to either excessive (megalencephaly), or decreased 

(microcephaly) brain size. In the following sections I will focus on the disorders associated with 

Figure 16. Modes of division and cell cortex regulators of mitotic RGCs during neuro-development. 

During neurogenesis, mitotic RGCs undergo symmetric-vertical divisions that give rise to two daughter 

RGCs (A), or asymmetric-off vertical divisions giving rise to one RGC (green) and one neuron (pink), 

or one neural progenitor of more restricted fate (B; not shown). (C) Spindle orientation of mitotic RGCs 

is regulated by interaction of astral MTs with the cell cortex. A protein complex formed by LGN/NuMA 

(green) forms a lateral belt near the spindle poles, facilitating astral MTs cell cortex interactions. The 

protein Dlg1 (light blue) specifies LGN/NuMA subcortical localization. Images adapted from: (Paridaen 

and Huttner, 2014); for (A and B) and (di Pietro et al., 2016); for (C).  
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decreased brain size, with a special emphasis on the role of spindle defects and their relationship 

with reduced brain size.  

 

2.2 Spindle dysfunction and its role in primordial microcephaly disorders  

The size of the human neocortex, as in other mammals, is largely determined by the capacity 

of RGCs to proliferate, differentiate and survive. Alterations in any of these processes are at 

the origin of human congenital brain size disorders. From those, a large group comprises 

disorders related to reduced proliferation and/or apoptosis of neural progenitors, known as 

primordial microcephalic disorders (referred here as PMDs) (Barkovich et al., 2012; Pirozzi et 

al., 2018 ). PMDs include a plethora of diseases characterized by brain growth retardation either 

with or without body size defects. These include Microcephalic osteodysplastic primordial 

dwarfism type II (MOPD-II), Primordial dwarfism disease Seckel syndrome (SCKS) and 

Autosomal recessive primary microcephaly (MCPH). With distinct clinical features, all PMDs 

are characterized by one common phenotypic trait, a drastic reduction of the size of the brain 

at birth, known as microcephaly. In particular, mutations in genes coding for centrosome and 

spindle pole components were frequently identified in the genome of patients affected by 

MCPH (Jayaraman et al., 2018; Nano and Basto, 2017; Woods and Basto, 2014 ). Here I 

provide a brief description of MOPD-II and SCKS syndromes followed by a more detailed 

description of microcephaly and MCPH.  

 

Microcephaly: definition, main clinical features and associated disorders. 

Microcephaly is clinically defined as a head circumference more than two standard deviations 

(SD) below the mean for age, sex and ethnicity (Ashwal et al., 2009 ; Pirozzi et al., 2018; 

Woods and Parker, 2013). Genetic and non-genetic factors are at the origin of abnormally small 

brain size. Duplications or deletions in single genes and/or large chromosomal rearrangements 

(e.g. trisomies) are among the genetic factors leading to microcephaly. A list of these genes, 

the proteins they encode and their related syndrome are provide in Table 1 (Gambarotto and 

Basto, 2016 ; Pirozzi et al., 2018). Non-genetic factors include exposure to different types of 

viruses (e.g Zika virus) and teratogenic agents (e.g alcohol). Microcephaly is commonly 

associated with epilepsy, autism, and other birth defects. Further, the degree of cognitive 

impairment often correlates with brain size (Ashwal et al., 2009; Pirozzi et al., 2018). 

  Due to its heterogeneity in terms of causes and clinical traits, microcephaly related 

disorders have been difficult to classify. Indeed, different syndromes can have overlapping 
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features and genetic factors. According to brain and body growth abnormalities they are 

classified as MOPD-II, SCKS and MCPH. Importantly, even if the extent of brain size reduction 

varies among the three disorders, the structure of the brain is overall maintained. Indeed, all six 

neocortical layers are formed and brains present minor malformations (Thornton and Woods, 

2009). Unlike MCPH, in MOPD-II and SCKS brain size reduction is accompanied by mild or 

severe forms of dwarfism (short stature). MOPD-II also presents facial dysmorphism and 

skeletal dysplasia. Also, higher cognitive impairment has been observed in individuals with 

SCKS and in those with MCPH. Finally, more severe brain and body growth defects are denoted 

in SCKS than in MOPD-II and MCPH (Gambarotto and Basto, 2016 ; Nano and Basto, 2017; 

Thornton and Woods, 2009 ; Verloes et al., 1993 ).  

 

2.2.1 RGC spindle/centrosome vulnerability: the case of MCPH 

Autosomal recessive primary microcephaly (MCPH) is a genetically and clinically 

heterogeneous disease. Clinically, it is defined and diagnosed by head circumferences (HC) that 

range between 2-11 SD below the mean; MCPH patients with 3 SD or below present high 

intellectual disability. It is also a rare genetic disease, reported in about 100 families world-

wide (Kaindl et al., 2010 ; Nano and Basto, 2017). The term “primary” in MCPH refers to its 

early-onset. Indeed, brain size reduction is already evident during the second/third semester of 

gestation. From the different brain regions, the cerebral neocortex is the most reduced in size 

in MCPH. This syndrome is also characterized by the absence of other syndromic features, 

including body growth abnormalities or additional brain malformations. Further, while 

microcephaly is present and evident at birth, brain size reduction is not progressive afterwards 

(Kaindl et al., 2010 ; Mahmood et al., 2011).  

 MCPH can be considered as a “disorder of mitosis” because most of the proteins 

encoded by the genes implicated in its etiology play a role in the mitotic process of neural 

progenitors (Mahmood et al., 2011). Mutations in 18 genes have been identified as causative of 

MCPH; from those 11 encode for centrosome or mitotic spindle associated components 

(Gambarotto and Basto, 2016; Nano and Basto, 2017 ; Woods and Basto, 2014 ; Woods and 

Parker, 2013 ) ( Table 1).  

Overall, MCPH seems to be a “mitotic disorder” where the brain (more specifically the 

neocortex) is the most affected region in the human body. Understanding the mechanisms 

leading to MCPH; in particular the link between spindle dysfunction and brain size defects is 

of importance to comprehend mechanisms behind pathological and physiological brain 

formation.  
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2.2.2 Etiology of microcephaly   

Different factors are at the origin of microcephaly; all ultimately converging into one: the 

premature exhaustion or reduction of the neural stem progenitor pool during neurogenesis. 

Certainty, RGC death and/or premature differentiation decrease the number of progenitors 

available for neuron production. Defects in spindle formation, orientation and DNA damage 

response were proposed at the origin of RGC depletion (Gambarotto and Basto, 2016 ; Kaindl 

et al., 2010; Nano and Basto, 2017 ).   

Microcephaly causal mutations are found in a large number of genes, most of which 

generate premature stop codon that either lead to mRNA decay or encode for truncated versions 

of the proteins (Pirozzi et al., 2018; Woods and Basto, 2014 ). According to the 

localization/function of the protein they encode, microcephaly-mutated genes can be classified 

in three main categories: 1) genes related to centrosome and spindle function 2) genes with a 

role in chromosome dynamics (including kinetochore components) and 3) genes related to 

DNA damage response; see Table 1 for classification of microcephaly-related disorders. In the 

following sections, I provide some key findings regarding spindle assembly mechanisms and 

their possible role in brain size control.  

 

2.2.3 Microcephaly and centrosome dysfunction 

Generally, centrosome dysfunction in the brain has been analyzed in two scenarios: in mitotic 

RGCs without centrosomes (centrosome loss) or with too many (centrosome amplification) and 

also impaired centrosome integrity. 

 

Centrosome loss-of- function mutations. 

Centrosome loss has been mainly induced by manipulations of the centriolar protein CenpJ. 

Humans with CenpJ/CPAP mutations hold a wide range of phenotypic severity, and studies of 

various CenpJ microcephaly models suggest diverse underlying mechanisms. In all studies the 

general outcome was a reduction of the progenitor pool yet the mechanisms leading to brain 

size reduction seemed to depend on the origin of the mutation. Indeed, progressive loss of 

centrioles, due to CenpJ depletion at the onset of neurogenesis, lead to RGCs mitotic delay and 

p53 dependent cell death. RGC delamination towards the subventricular zone was also observed 

(Insolera et al., 2014). Garcez et al. showed similar results as acute depletion of CenpJ by 

shRNA also leads to mitotic delay and cell death yet it also induced premature differentiation 

of the ectopic RGC population (Garcez et al., 2015). Thus, it seems that acute versus 



 

 

 66 

progressive loss of CenpJ lead to different outcomes in terms of NSC-fate. In MPCH, 

CPAP/CENPJ mutations consist in single base deletions and substitutions that lead to truncated 

versions of the protein (Bond et al., 2005). McIntyre et al. 2012 generated a genetic model 

where a truncated version of CenpJ was expressed in mice embryos. Interestingly, this variant 

recapitulated many clinical traits observed in SCKS syndrome, including pronounce 

microcephaly and dwarfism. Spindle defects, DNA damage and apoptosis were also observed 

in CENPJ-mutant mitotic RGCs (McIntyre et al., 2012). 

Mutations in CDK5RAP2 are also known to cause human primary microcephaly (Bond 

et al., 2005). CDK5RAP2 is a PCM component that recruits γ –TURC, during centrosome 

maturation and maintenance. In a homozygous mouse model of Hertwig’s anemia (an), a 

human condition that is caused by a mutation in Cdk5Rrap2, brain size reduction was detected 

even at very early stages of neurogenesis. Interestingly, this reduction in brain size was due to 

defects in RGC proliferation, survival, and possibly, changes in cell fate (Lizarraga et al., 2010). 

Moreover, RGCs cells with multiple poles devoid or not of centrosomes, defects in spindle 

orientation and premature neuronal differentiation were also detected (Buchman et al., 2010; 

Lizarraga et al., 2010 ). 

 

Centrosome amplification.  

Centrosome amplification in the mouse central nervous system also causes microcephaly 

Marthiens et al., generated a genetic mouse model were PLK4 was overexpressed in mouse 

apical RGCs to induce the formation of extra centrioles/centrosomes from the onset of 

neurogenesis onwards (Marthiens et al., 2013). Multipolar spindles and massive chromosome 

missegregation in RGCs were at the origin of brain size reduction in these mutant embryos 

(PLK4OE). Remarkably, RGCs from PLK4OE mice also presented different capacities to 

cluster their extra centrosomes during neurogenesis. At early stages of neurogenesis (E11, E13), 

most mitotic RGCs underwent multipolar divisions (Figure 17B, left). This correlated with high 

levels of aneuploidy and apoptosis at these stages (Figure 17C). On the contrary, the frequency 

of multipolar spindles highly decreased at later stages of neurogenesis (E16.5), with all cells 

experiencing a bipolar division (Figure 17B, right). Low levels of aneuploidy were still 
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mutants for the protein Asp, an orthologue of ASPM, also presented smaller brains. 

Interestingly, in flies mutant for Asp, neuroepithelial cells of the optic lobe assembled spindles 

with unfocused poles leading to chromosome missegregation and cell death. These flies also 

displayed disorganization of the neuroepithelial tissue due to an Asp-related role in INM 

(Rujano et al., 2013).   

 The second most common mutated gene involved in MCPH is WD Repeat Domain 6 

WDR62 (Jayaraman et al., 2018). WDR62 is a spindle pole associated protein which, together 

with ASPM, Centromeric protein 63 (Cep63) and through activation of Aurora-A, recruit CPAP 

at the spindle poles. This contributes to spindle pole integrity and maintenance (Chen et al., 

2014 ; Jayaraman et al., 2016) (Table 1). Mutants in WDR62 generate spindles with 

centrosomes misplaced from the spindle poles (Bogoyevitch et al., 2012 ; Chen et al., 2014).  

Furthermore, in mouse WDR62 mutant RGCs, activation of the SAC delays mitotic progression 

which leads to apoptosis and reduction of brain cortical layers (Chen et al., 2014 ; Sgourdou et 

al., 2017). Interestingly, a disruption in the interaction between WDR62 and Aurora-A was 

noticed and was proposed to be at the origin of spindle defects (Chen et al., 2014).  

 

2.2.5 Microcephaly and other spindle and mitotic-associated factors  

Even if most microcephaly mutations are associated with centrosome and spindle pole proteins, 

other factors associated to the spindle or specific mitotic processes (e.g mitotic duration) have 

been associated with brain size reduction. Huntingtin (Htt), the protein whose mutation leads 

to Huntington’s disease exemplifies this scenario.  Htt binds to dynein/dynactin and mediates 

the transport of cargoes along MTs (Godin and Humbert, 2011). In mouse mitotic RGCs, Htt 

is mainly localized at the spindle poles and spindle midzone where it mediates dynein/dynactin 

transport of cargoes. Indeed, depletion of Htt in mouse RGCs leads to mislocalization of NuMA 

at the spindle poles. Moreover, Htt depletion by RNAi in the mouse neocortex led to spindle 

misorientation and premature neuronal differentiation (Godin et al., 2010).  

Other proteins such as lissencephaly-1 homologue (LIS1) have also been implicated in 

microcephaly-related phenotypes. LIS1 encodes for an adaptor protein of cytoplasmic dynein 

complex (Moon et al., 2014). In humans, this protein is also associated with disorders that cause 

lissencephaly, a neurodevelopmental disorder characterized by the absence of folds in the 

cerebral cortex (Gambarotto and Basto, 2016). LIS1 is a binding partner of CLIP-70 and 

NDEL1 and their interaction is thought to target the complex to the cell cortex (Yingling et al., 

2008). LIS1 defects in mouse RGCs have been implicated in deregulation of mitotic spindle 

orientation. Indeed, LIS1 depletion leads to cortical size reduction during mouse brain 
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development, apart from decreased cortical thickness (Yingling et al., 2008). Moreover, MEFs 

mutants for LIS1 presented centrosome amplification and severe chromosome segregation 

defects (Moon et al., 2014).  

Mitotic delay per se can also lead to microcephaly. A direct implication of this process 

comes from a recent study by Pilaz and colleagues. Here, mitotic delay was either analyzed in 

Magoh (a spliceosome component) mutant mice or induced by pharmacological inhibition in 

RGCs of wild-type brains. Interestingly, RGCs with prolonged mitosis showed two different 

outcomes; they either prematurely differentiate into neurons or underwent p53 mediated 

apoptosis, both finally led to reduction in the pool of progenitors. This suggest that, 

independently of the origin, delay in mitosis can decrease the RGC progenitor population by 

apoptosis and premature neuronal formation.  

  



 

 

 70 

Table 1. Genes associated with MCPH 

LOCUS GENE 
SUBCELLULAR 

LOCALIZATION 
PATHWAY REFERENCES 

MCPH1 MCPH1 Nucleus 

DNA damage 

response 

Chromosome 

condensation 

(Jackson et al., 

2002) (Trimborn et 

al., 2004) 

MCPH2 WDR62 
Centrosome and 

spindle poles 

Centriole 

biogenesis 

(Bilguvar et al., 

2010; Jayaraman et 

al., 2016) (Nicholas 

et al., 2010) (Yu et 

al., 2010) 

MCPH3 CDK5RAP2 Centrosome 
Centriole 

biogenesis 

(Kodani et al., 

2015) (Bond et al., 

2005) 

MCPH4 CASC5a Kinetochore 

MT/Chromosome 

attachment 

SAC 

(Genin et al., 2012) 

MCPH5 ASPM 
Centrosome 

(interphase) 

Centriole 

biogenesis 

(Jayaraman et al., 

2016) (Bond et al., 

2002) 

MCPH6 
CENPJ  

(CPAP/SAS-4) 

Centrosome 

(interphase) 

Centriole 

biogenesis 

(Jayaraman et al., 

2016) (Bond et al., 

2005) 

MCPH7 STIL Centrosome 
Centriole 

biogenesis 

(Kumar et al., 2009) 

(Tang et al., 2011) 

MCPH8 CEP135 Centrosome 
Centriole 

biogenesis 

(Hussain et al., 

2012) (Lin et al., 

2013) 

MCPH9 CEP152 Centrosome 
Centriole 

biogenesis 

(Guernsey et al., 

2010) (Kodani et 

al., 2015) 

MCPH10 ZNF335 Nucleus 
Cell fate 

regulation 

(Yang et al., 2012) 

MCPH11 PHC1 Nucleus 

Negative 

regulation of 

GMNN 

(Awad et al., 2013) 

MCPH12 CDK6 Centrosome 
(mitosis) 

Unknown 

(Hussain et al., 

2013) 

MCPH13 CENPE 
Kinetochore/ 

Centromere 
Unknown 

(Mirzaa et al., 2014) 

MCPH14 SASS6 Centrosome 
Centriole 

biogenesis 

(Lin et al., 2013) 

(Khan et al., 2014) 

MCPH15 MFSD2A 
Plasma 

membrane 

Omega-3 fatty 

acid transport 

across blood–
brain barrier 

(Alakbarzade et al., 

2015) (Guemez-

Gamboa et al., 

2015) 
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MCPH16 ANKLE2 Not characterized 

Fly model, 

decrease 

proliferation 

increase apoptosis 

(Yamamoto et al., 

2014) 

MCPH17 CIT Midbody Cytokinesis 

(Harding et al., 

2016) (Li et al., 

2016) 

MCPH18 
WDFY3 

(ALFY) 

Nucleus and 

cytoplasm 

Autophagy and 

regulation of Wnt 

signaling 

(Kadir et al., 2016) 

 
* This table was adapted from (Jayaraman et al., 2018), highlighted in green are the mutations that code form 

centrosome or spindle pole protein components  
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Animals 

For animal care, we followed the European and French National Regulation for the Protection 

of Vertebrate Animals used for Experimental and other Scientific Purposes (EC directive 

2010/63; French Decree 2013-118). The project was authorized and benefited from guidance 

of the Animal Welfare Body, Research Centre, Institute Curie. All mice were kept at the 

Institute Curie Specific Pathogen Free (SPF) animal facility for breeding. C57Bl6/N pregnant 

females were purchased from Charles River Laboratories (France). The transgenic mTomato 

mouse line are inbred in our animal facility. 

For all pregnant females, the day of mating was referred to 0.5 day of gestation (E0.5). Pregnant 

females were anaesthetized by inhalation of isoflurane (Baxter, DDG9621) before being 

sacrificed by cervical dislocation. Embryos were collected after caesarian section. 

 

Preparation of cortical explants for en face view analysis   

Dorsal telencephalons (referred here as cerebral cortices or cortical explants) from wild type 

C57Bl6/N mice were dissected from embryos at different stages of embryogenesis. 

Preparations of mouse embryonic brain tissues for en face view analysis were performed as 

described in (Rujano et al., 2015). In brief, dissection of cerebral cortices was performed by 

removal the olfactory bulb and the ventral and median part of the telencephalon, so that the 

ventricular surface of cerebral cortices was exposed. Cerebral cortices were mounted with their 

ventricular surface up (en face view) for microscopy analysis. To prevent microtubule (MT) 

depolymerization during manipulation, cerebral cortices were dissected at room temperature 

(RT) in 37°C pre-warmed DMEM/HamF12 medium, supplemented with 2.9g/L glucose 

(Sigma, G6152), 1.2g/L sodium bicarbonate (Sigma, S5761), 1% penicillin/streptomycin 

(Gibco, 15140), and 250ng/ml Amphotericin B (Sigma, A2942). After dissection, for all the 

procedures that required short-term incubations and to optimize steady-state spindle 

morphology, cortical explants were transferred into 37°C pre-warmed and pre-oxygenated 

dissection medium supplemented with 2% B27 supplement w/o vitamin A (ThermoFisher, 

12587-010), 1% N2 supplement (ThermoFisher, 17502048), 20 ng/ml FGF (Sigma, F0291), 10 

ng/ml EGF (Sigma, E9644), 5% horse serum (HS; Gibco, 16050122) and 5% fetal bovine serum 

(FBS; Gibco, 1027016) (Konno et al., 2008). For all the procedures that required visualization 

of mitotic spindles, MTs were stabilized by pre-incubation of at 37°C for 10 min before any 

further treatment. 
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Preparation and plasmid transfection of primary adherent RGC cultures  

To establish primary adherent cultures of mouse RGCs, we have adapted the protocol described 

in Sun et al., (Sun et al., 2011). In brief, cortical explants from brains of E16.5 and E3.5 WT 

embryos, were dissociated into single cell suspensions by mechanical titration. To plate the 

cells, 6 or 12-well cell culture plates were coated by sequential incubation of 2 g/cm2 poly-D-

lysine (PDL, P6407, Sigma Aldrich) and 1 g/cm2 fibronectin (F1141, Sigma Aldrich), in sterile 

1xPBS for 1h and at RT. Primary RGCs were cultured in a medium favoring the propagation 

of proliferating cells containing: DMEM/HamF12 medium, supplemented with 2.9g/L glucose 

(Sigma, G6152), 1.2g/L sodium bicarbonate (Sigma, S5761),  2% B27 supplement w/o vitamin 

A (ThermoFisher, 12587-010), 20 ng/ml FGF (Sigma, F0291),  10 ng/ml EGF (Sigma, E9644), 

1% penicillin/streptomycin  (Gibco, 15140), and 250ng/ml Amphotericin B (Sigma, A2942), 

at 37°C under 5% CO2. Cortical cell fates and RGC spindle morphology were assessed at day 

in vitro (DIV) 1, DIV3, DIV6 and DIV8 after immunofluorescent staining. In order to have 

similar cortical cells-confluency at the time of fixation, cells were plated at 1.5x105 cells/cm2 

(DIV1), 8x104 cells/cm2 (DIV3) and 2.5x104 cells/cm2 (DIV6-DIV8). Cells were seeded at a 

density of 103 cells/cm2 for maintenance and passaged once every week using accutase solution 

(Sigma, A6964) to detach the cells. Once every two days, half volume of cell culture medium 

of the primary cultures was removed to add the same volume of fresh medium. 

 

Cold-based microtubule depolymerization/repolymerization assays 

As mentioned previously, for all procedures that required short term incubation, dissected 

cortical explants were incubated for 10 minutes at 37°C and 5% CO2 for the stabilization of 

microtubule structures. MT depolymerization assays were performed by incubating cortical 

explants at 4˚C before fixation at different time points. For proper analysis of spindle MT decay 

upon cold treatment, each cortical hemisphere was cut into pieces. For each hemisphere, one 

piece was fixed before cold treatment to serve as an internal control of preserved bipolar spindle 

apparatus (steady-state). The other pieces were fixed after 3 min and 7 min of cold treatment, 

analysis of spindle structures was performed by immunostaining.  

MT depolymerization/repolymerization assays were performed by incubating cortical explants 

at 4˚C for 90 min to complete depolymerize all mitotic spindle populations. After cold 

treatment, explants were placed back at 37°C to allow repolymerization of those MTs. Each 

cortical hemisphere was cut in pieces. One piece was immediately fixed for internal control of 

steady-state spindles, another piece was fixed after cold treatment to serve as an internal control 
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MPI-0479605 Mps1 
Inhibition of its 

activity 
1 

Selleckchem, 

(S7488) 

Centrinone Plk4 
Inhibition of its 

kinase activity 
0.3 

CliniSciences, 

(HY18682) 

 

In utero injection/electroporation procedures and functional assays  

In utero injection/electroporation procedures were performed as described in (Baffet et al., 

2016). Briefly, pregnant females were anaesthetized with isoflurane (2 l/min of oxygen, 3% 

isoflurane during induction and 2.5% during surgery). A pool of four different siRNAs for 

TPX2 (On-target plus mouse TPX2 siRNA SMART pool, Dharmacon, Table 3) was injected 

through the uterine horns in the lateral ventricles of E15.5 and E13.5 embryos with a 

microneedle. To standardize the dose used for in utero electroporation, RGC primary cultures 

were previously transfected with concentrations of the TPX2 siRNA pool ranging from 10nM 

to 100nM. This enabled us to identify 50nM as a dose partially downregulating TPX2 protein 

levels without affecting bipolar spindle integrity and morphometrics as assessed by 

immunofluorescent staining (Figure 4, Figure 6, Supplementary Figure 6). A dose of 100nM 

was chosen to fully downregulate TPX2 protein levels (Figure 5, Supplementary Figure 5). For 

each embryo, only one brain hemisphere was injected intraventricularly with a solution of 0.1% 

fast green (Sigma, 68724) in endonuclease free water containing Ctrl (ON-TARGETplus Non-

targeting Pool, Dharmacon) or TPX2 siRNA at 50nM or 100nM, mixed with a pEGFP-C1 

(Clontech) or a pBLBP-EGFP (kind gift from F. Francis lab; (Kielar et al., 2014)) plasmid at 

1µg/µL. Electroporation was performed with a low voltage electric field (5 pulses, 50V, 50ms 

long, 1s interval) provided by a BTX-830 electroporator using a pair of tweezertrodes (Sonidel 

Limited) oriented so that the anode was placed above the dorsal telencephalon of each injected 

hemisphere. Brains were harvested and fixed 24h or 48h post-electroporation.   

 

Table 3. List and targeted sequences of TPX2 siRNAs 

Name Targeted Sequence 

ON-TARGET plus SMART pool siRNA J-055634-09, TPX2 GAACAAGAUUGCACGAGAC 

ON-TARGET plus SMART pool siRNA J-055634-10, TPX2 UGAAGAAGUCCACGAGCCA 

ON-TARGET plus SMART pool siRNA J-055634-11, TPX2 CAAGAGAGCACCUGUUAAA 

ON-TARGET plus SMART pool siRNA J-055634-12, TPX2 CGUUGAAGGCAGUUGACAA 

 

Western blot and FACS sorting of mouse RGCs 

Total protein levels of E13.5 and E16.5 cortical RGCs were evaluated by Western-blot after 

Nestin-based fluorescence-activated cell sorting (FACS). To prepare RGCs for cell sorting, 

dissociated cortical cells were fixed by addition of -20˚C pre-cooled EtOH 70% under agitation. 
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Fix cells were then incubated with anti-nestin primary antibody for 2h at RT (Table 5) followed 

by an incubation with Alexa Fluor 488 conjugated secondary antibody for 1h at RT, diluted in 

PBS, BSA 0.5%, saponin 0.1%. Nestin positive cells were sorted using a FACS Aria III systems 

(BD Biosciences) flow cytometer with an 85 m nozzle and 45 psi pressure in PBS. Protein 

extracts were immediately prepared by addition of 4x Laemmli sample buffer (SB) containing 

0.25mM Tris/HCl pH6.6, 8% SDS, 20% -mercaptoethanol, 40% glycerol, 0.1% bromophenol 

blue. For protein denaturation, samples were heated up to 70°C, to avoid the generation of 

protein aggregates, for 10 min. Protein extracts obtained from 1x106 Nestin positive cells were 

loaded per lane, separated in  8% Tris-Glycine gels and transferred by wet electroblotting in  

25mM Tris, 192mM glycine, 20% methanol to a 2 m NC nitrocellulose membrane (GE 

Healthcare, UK) for 2h under 100V. Membranes were blocked in PBS, 0.1% Tween, 10% BSA 

for 30 min at RT followed by 4˚C overnight incubation with primary antibodies and RT 

incubation with HRP conjugated secondary antibodies for 1h (Table 5). Comparative evaluation 

of protein levels was performed using the “Gel analysis” tool from Fiji online software. Relative 

density of each band was measured by drawing rectangles of the same size around each band. 

Density value for each protein of interest was normalized to the density value of the 

corresponding loading control band. For western blot analysis the protein Afadin was used as 

loading control. At least three independent experiments were carried out to generate each 

dataset. 

 

Generation of human TPX2 constructs 

To obtain full-length and truncated GFP-hTPX2 versions of the protein, the human TPX2 

sequence (NM_012112.4, Origene) was amplified by PCR (Phusion high-fidelity PCR kit, 

E0553S, New England Biolabs) to introduce XhoI or HindIII restriction sites at the 5’ end and 

a Kpn1 restriction site at the 3’ end (see Table 4 for primers; all restriction enzymes were 

purchased from NewEngland Biolabs). PCR products were purified according to 

manufacturer’s instructions (28104, QIAquick PCR Purification Kit), digested, ligated into 

pCMV-EGFP-C1 (6084-1, Clontech) using TaKaRa DNA Ligation Kit (6023, Clontech; 

according to manufacturer instructions) and amplified in E. coli (strain: DH5a, 18258012, 

Termo Fisher Scientific).   

To generate GFP/hTPX2-*NLS, a mutagenic PCR was carried out using the GFP-hTPX2FL 

construct to change K314, R315, K336 and R337 to alanines by site directed mutagenesis, 

according to the manufacturer’s instructions (Q5® Site-Directed Mutagenesis Kit, E0554S, 
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(1/2000, Jackson ImmunoResearch) were used. 4’,6-diamidino-2-phenylindole (DAPI, 

ThermoFisher Scientific) was used to label DNA at a concentration of 3 g/ml. 

 

Evaluation of fluorescence intensity (FI) index and astral MTs characteristics 

Images were acquired on an inverted Leica TCS SP8 confocal microscope with a 63X oil-NA 

1.4 Plan Apo immersion objective and hybrid (HyD) detectors at zoom 1 or 2 or on an inverted 

spinning disk confocal Gattaca/Nikon microscope equipped with a sCMOS camera with a 100X 

oil-NA 1.4 Plan Apo immersion objective. For comparison purposes, images were acquired 

with the same settings and at the same microscopy session for each staining combination. 

Random acquisitions of different cortical regions along the rostro-caudal and the medio-lateral 

axis were performed for each cortical explant. Images were acquired with a resolution of 

1024x1024 pixels along the apico-basal axis with a z-step of 0.2μm. Only metaphase spindles 

were included in our analysis based on chromosomes alignment at the center of the bipolar 

spindle, evaluated by a combination of DNA and centromere staining (not shown). Distribution 

of α-tubulin signal intensity (and other spindle associated proteins) was measured along each 

spindle from pole to pole by a 3D line scan analysis (30 pixels line width) using maximum 

intensity projections of 10 z-stacks. The background intensity evaluated from a region of similar 

area was subtracted in each cell. For each spindle, MT density index or loading of MT 

associated proteins on spindles were calculated by dividing the minimum fluorescence intensity 

value at the spindle center over the maximum fluorescence intensity value at the spindle pole 

(Figure 1C). For distribution of fluorescence signal intensity along the spindles, all the values 

were normalized to the highest spindle pole value. Normalized distributions of at least 15 

spindles (with similar length from pole to pole) were plotted per stage and the mean value +/- 

standard deviation (SD) provided for each position analyzed along the spindle.  

 

Analysis of spindle architectures 

For characterization of spindle architectures (Figure 2A-D), images were acquired with a N-

SIM (Structured Illumination Microscope, Nikon Systems, France), mounted on an inverted 

Eclipse Ti-E microscope equipped with a motorized XY Stage (Nikon, Japan), equipped with 

an EMMCD camera (Andor DU-897). Optical sectioning was achieved using a piezo stage 

(Nano-z series, Mad City Lab, USA).  Nikon systems’ laser bench was equipped with 488 nm 

(200 mW), 561 nm (100 mW) and 640 nm (100 mW) lasers coupled to the N-SIM head through 

a single mode fiber. Correction collar of the Plan Apochromat TIRF SR 100× 1.49 NA oil 
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immersion objective was optimized to have a symmetrical point spread function. 100 nm size 

beads were used for calibration before each data set acquisition (TetraSpeck beads, Life 

Technologies, T7279). Multiple Point Spread Function was obtained using 0.12μm z-steps, 15 

images per z-section (3 angles and 5 phases per angle) and a 3D structured illumination with 

stripe. 3D-SIM -tubulin immunostained spindles were reconstructed manually with the NIS 

Elements viewer software v4.3.02 (Nikon; (Gustafsson et al., 2008)) by tracing individual MT 

bundles within each spindle. Centrosomes were identified with pericentrin staining as starting 

points of each spindle MT bundle. Number and length of MT bundles were extracted from each 

3D reconstructed spindle. MT bundle widths were evaluated by measuring the full width at half 

maximum of the fluorescence intensity profile across each individual MT bundle. MT bundle 

width was determined next to the spindle center where individual MT bundle can be best 

visualized. 

For evaluation of astral MT population characteristics (Figure 1F and 1G), the number and 

length of individual MT bundles nucleated from a spindle pole and directed towards the cell 

cortex (even if not directly interacting with it) were assessed at the cell equator on images 

acquired from an en face view perspective with the confocal or spinning-disk confocal 

microscope. Values of at least 30 spindles and the mean value +/- standard deviation (SD) were 

plotted per stage.  

 

Spindle orientation analysis 

For determination of mitotic spindle orientation (Figure 4I-4K), en face views of E16.5 cortical 

explants (after in utero electroporation of Ctrl or TPX2 siRNAs) were immunostained to label 

DNA (to determine the phase of mitosis), mitotic spindles (to evaluate its morphology) and 

spindles poles (to depict spindle position). We have restricted our analysis to cells in late 

metaphase since mitotic spindles stop rotating along the apico-basal axis from metaphase 

onwards (Haydar et al., 2003). Orthogonal views (xz) of spindles poles were used to determine 

their position relative to the ventricular surface. Angles were calculated by tangent function;  tan 𝜃 = 𝐎𝐚   where the tangent of an angle is calculated by the length of the opposite side (o, 

distance in z between the 2 spindle poles; obtained from orthogonal views), divided by the 

length of the adjacent angle (a, distance in x between the spindle poles; spindle length). Data 

plotting and statistical analyses were performed using GraphPad Prism software. 

 

Centrinone treatment and centrosome number analysis in mitotic primary RGCs 
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E16.5 primary cultures of day in vitro 8 (DIV8) were incubated with Centrinone (see table 

Table 2), DMSO or medium alone (NT) for 16h or 24h after which they were fixed with PFA. 

During the treatment new medium with the corresponding solvent/drug was added to the 

cultures. To analyze centrosome number these primary cultures were stained for centrin3 and 

CEP192 to visualize both, centrioles and PCM respectively. Centrioles were defined and 

quantified when distinct Centrin-3 positive dots were surrounded by Cep193 positive rings.  

 

Colony formation assays upon centrosome loss of primary RGC cultures  

In order to analyze the formation of colonies arising from a single progenitor cell, E16.5 

primary cultures from DIV8 were passage into a new 6-well plate t a concentration of 50 

cells/cm2 , at this confluency nothing was added or it was added either centrinone (at a final 

concentration of 300nM) or DMSO. Plates where incubated under these conditions for two 

weeks. New medium with either drug/solvent was added every 3 days.  

 

Table 5. List of primary antibodies 

Antibody  
Host  

species  
Fixation  Concentration  Specifications 

Provider/ Cat. 

number 

α-tubulin 

(clone DM1α) 
Mouse IgG1                                                                                  

PFA1, FA2, 

MetOH3, TCA4  

1/1000 (IF), 

1/50000 (WB) 

Post fixation 

EtOH5  
Sigma (T6199) 

Acetylated 

Tubulin 
Mouse IgG                                                                                    PFA, MetOH 1/1000 (IF) AR6 Sigma (T7451) 

AuroraA Mouse IgG2b PFA, MetOH 1/500  Abcam (ab13824) 

pAurora-A 

(Thr288) 
Rabbit IgG FA 1/500  

Novus Biologicals 

(NB100-2371) 

Haus6 

(Augmin) 
Rabbit IgG MetOH 1/500  

generated in the 

lab 

Afadin Rabbit IgG  - 1/1000 (WB)  Abcam (ab11337) 

-tubulin 

isotype III  
Mouse IgG2b PFA, MetOH 1/1000 DNAse treatment7 Sigma (T8660) 

Cleaved 

Caspase-3 
Rabbit IgG PFA 1/750  

Cell Signaling 

(9661) 

CDK5RAP2 Rabbit IgG PFA 1/500 
High resolution 

microscopy8 

Bethyl 

Laboratories 

(IHC-00063) 

CENP-E  Rabbit IgG PFA, MetOH 1/100  

Kindly provided 

by D. Cleveland 

Lab.   

Centrin3 Rabbit IgG PFA 1/500 
High resolution 

microscopy 

generated in the 

lab 

Centromere Human IgG PFA, FA, MetOH 1/100  
Antibodies Inc. 

(15-235-0001) 
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Preamble  
 

During development the human brain appears to be more vulnerable to spindle defects than 

other organs in the body. Indeed, the common outcome of spindle and centrosome dysfunction 

during brain neurogenesis is microcephaly; a drastic but proportionate reduction of brain size 

at birth. Several studies; including previous studies in the lab, have shown that microcephaly 

results from the depletion of radial glial (RG) progenitors during the neurogenic period. We 

also showed previously that spindle defects and errors in chromosome segregation were at the 

origin of the death of mitotic RGCs that harbor extra centrosomes. Further, spindle and 

chromosome segregation defects improved when comparing mitotic RGCs of early versus late 

neurogenic stages.  

 

To understand the origin of these differences, my project aimed to unravel the mechanisms of 

spindle assembly in mitotic RGCs during brain neurogenesis. Mitotic spindles are very dynamic 

structures that are capable to adapt to specific cellular needs. Indeed, differences in spindle 

architecture and size have been widely described between organisms or tissues. Remarkably, I 

obtained clear evidences of spindle tailoring within the same RGC population as neurogenesis 

progresses. I also found one spindle associated factor contributing to spindle tuning; the MT-

associated protein TPX2. Importantly, increased TPX2 levels in RGCs mitotic spindles 

correlated with spindle robustness and a better capacity to segregate the chromosomes correctly.   

 

For this chapter, results are presented in the form of 2 sections; Section A, corresponds to one 

manuscript (accepted in Current Biology) and Section B, contains unpublished data that I 

generated and that are also relevant for this study.  
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Summary 

A functional bipolar spindle is essential to segregate chromosomes correctly during mitosis. 

Across organisms and cell types, spindle architecture should be optimized to promote error-free 

divisions. However, it remains to be investigated if mitotic spindle morphology adapts to changes 

in tissue properties, typical of embryonic development, in order to ensure different tasks such as 

spindle positioning and chromosome segregation. We have characterized mitotic spindles in 

neural stem cells (NSCs) of the embryonic developing mouse neocortex. Surprisingly, we found a 

switch in spindle morphology from early to late neurogenic stages, which relies on an increase in 

inner spindle microtubule density and stability. Mechanistically, we identified the microtubule-

associated protein TPX2 as one determinant of spindle shape, contributing not only to its 

robustness but also to correct chromosome segregation upon mitotic challenge. Our findings 

highlight a possible causal relationship between spindle architecture and mitotic accuracy with 

likely implications in brain size regulation. 
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Introduction 

 

Accurate chromosome segregation depends on the assembly of a bipolar spindle that connects 

sister chromatids to each spindle pole [1]. Spindle bipolarity is a conserved feature of mitotic 

cells, even if variations in spindle morphology and size have been widely observed among 

different cell types and organisms [1-4]. Whether cells can adapt spindle morphology according 

to changes in tissue environment during development is not known. 

During mammalian brain development, neural stem cells (NSCs) undergo a concerted 

number of divisions before giving rise to neurons and glial cells [5]. Their number is tightly 

regulated and ultimately determines brain size and function [6]. Primary recessive microcephaly 

(MCPH) is characterized by brain size reduction at birth [7]. MCPH mutations were identified in 

genes encoding for centrosome or spindle components, indicating that brain development is 

particularly vulnerable to these mutations [8-10]. Microcephaly models in Drosophila [11, 12], 

mouse [13-16] and ferret [17] revealed that small brains result from a decrease in the NSC 

population. Mis-position away from the ventricle, cell cycle arrest, mitotic delay or chromosome 

mis-segregation can lead to reduction of the NSC pool, by triggering cell death and/or premature 

neuronal differentiation [13-16, 18-20]. 

During neurogenesis, NSCs switch from proliferative symmetric divisions, which expand 

the pool of NSCs to asymmetric neurogenic divisions, which give rise to committed neuronal 

precursors [21]. Mitotic spindles have to be positioned according to the mode of division through 

astral MT interactions with a polarized cell cortex [22, 23]. It remains to be determined whether 

other spindle functions are impacted during neurogenesis.  
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Results  

 

Spindle morphology changes during neurogenesis 

We analysed mitotic spindle morphology during neurogenesis using the “en face view” protocol 

[24] for visualization of mitotic NSCs in the ventricular zone (VZ) [21] (Figure 1A). Brain 

explants were labelled with centrosomes and a-tubulin antibodies to label the spindle poles and 

the mitotic spindle respectively. Metaphase spindles (recognized by the alignment of all 

chromosomes within a cell) displayed striking differences in their architecture from early to late 

neurogenic stages (Figure 1B, Figure S1A). At early neurogenic stages, from Embryonic Day 

11.5 (E11.5) to E13.5 spindles displayed long astral microtubules (MTs) that contacted the cell 

membrane, while MT density near the chromosomes appeared low. At late neurogenic stages 

(from E16.5 onwards), fewer and shorter astral MTs were detected, while MT density within the 

inner spindle was increased. Importantly, these changes in spindle morphology were observed in 

the same population of NSCs that express the transcription factor Pax6 (Figure S1C)[21].  

 To quantitatively evaluate spindle morphology differences, we plotted tubulin 

fluorescence intensity (FI) profiles that span from one spindle pole to the other (Figure 1C, 1E, 

Figure S1B). By dividing the minimum FI value (at the centre of the spindle) by the maximum FI 

value (at the spindle poles), we obtained a MT density index (Figure 1C). MT density indices 

increased stepwise (Figure 1D), indicating enrichment of MT bundles within the spindle inner 

mass during neurogenesis. 

We next focused on E13.5 and E16.5 neurogenic stages, since all mitotic spindles within 

each stage displayed the typical architecture shown in Figure 1B and since FI values and MT 

density index differences were highly significant between these two stages (Figure 1D, 1E). 

Differences in spindle length or width between both stages were not observed (Figure S1D-F). 

Increased inner MT density in E16.5 spindles inversely correlated with the abundance of 

astral MTs, which were also shorter (Figure 1B, 1F-G). Such a decline in the population of astral 

MTs has been previously correlated to the switch from vertical to off-vertical divisions that 

occurs in the NSC population during neurogenesis (Figure 1A) [23]. Our findings now show that 

both astral and spindle MT populations change in mitotic NSCs during neuro-development.  
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We will refer to spindles with robust astral MT arrays and low inner MT density as early 

or E13.5 spindles, while spindles with low astral MT numbers and higher inner MT density will 

be E16.5 or late spindles. 

 

Increase in spindle MT density and stability during neurogenesis 

MT organization, nucleation and stability influence spindle architecture [2]. To further 

characterize spindle architecture, we performed 3-D structural illumination microscopy (3D-

SIM), followed by 3D tracking and reconstruction of MT bundles (Figure 2A). We found more 

and longer MT bundles at E16.5 as compared to E13.5 (Figure 2B-C). Since spindle length was 

not changed (Figure S1E), we reasoned that the increase in E16.5 bundle length reflected their 

higher curvature (Figure 2A, 2C). Moreover, bundle width increase in E16.5 spindles (Figure 

2D), suggesting that at this stage, bundles contain more MTs. 

Since E16.5 spindles displayed a higher MT density index and thicker bundles, we 

ascertained whether this impacted spindle stability. We depolymerized MTs with cold and 

compared tubulin FI values at different time-points (Figure 2E). After 3 min, E13.5 spindles 

showed low FI values, while E16.5 spindles still contained thick bundles (Figure 2F). After 7 

min, higher mean tubulin FI was observed in E16.5 spindles when compared to E13.5 (Figure 

2G), indicating that MT bundles are more stable in E16.5 spindles. Since tubulin post-

translational modifications (PTMs) can impact MT stability [25], we evaluated eventual 

differences in E13.5 and E16.5 spindle PTMs. Comparative analysis of tubulin acetylation and 

tyrosination did not show significant differences between the two stages (Figure S2A-D).  

To test if differences in MT-nucleating pathways could contribute to differences in 

spindle morphology, we identified the sites of MT nucleation. Cells were subjected to cold, 

followed by MT repolymerisation at 37°C (Figure 2H). After 2 min, MTs nucleated from the 

centrosome at both stages, albeit E16.5 centrosomes appeared as stronger nucleators (Figure 2I). 

We did not observe any MT nucleation away from the centrosomes (cytoplasmic nucleation), as 

observed in RPE-1 spindles used as positive control (Figure S2E-F). Centrosomes were the main 

MT nucleating sites in NSCs at both neurogenic stages. 

 As E16.5 centrosomes appeared as stronger nucleators (Figure 2I, Figure S2E), we used 

high-resolution microscopy to characterize the recruitment and spatial organization of 

centrosomal proteins in NSCs (Figure S2G-H). We did not detect any difference regarding 
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protein level or organization when analysing the main MT nucleator g-tubulin, or other 

Pericentriolar Material proteins (PCM) Cep192 and Cdk5Rap2 (Figure S2I-L). Nevertheless, we 

observed thicker bundles nucleated from E16.5 centrosomes after MT repolymerisation assays 

(Figure 2I-J). Altogether, E16.5 spindles appeared more stable than E13.5 spindles.  

 

Identification of spindle morphology determinants 

Since we excluded the involvement of tubulin PTMs and centrosome activity in spindle 

morphogenesis alterations (Figure S2A-D and S2G-L), we postulated that changes in the 

landscape of MAPs, which can tune spindle morphology may contribute to the differences 

described above [2]. We evaluated the levels and distribution of MAPs with important roles in 

bipolar spindle assembly. We used antibodies against HSET, Eg5, TPX2 and the motor protein 

CENP-E. Of these, CENP-E and HSET did present similar distributions at both stages (Figure 

S3A-E).  

We then analysed the MT stabilizing, nucleating and bundling factor TPX2 [26-28], 

which contributes to morphology changes in the meiotic spindles of Xenopus species [29], and 

the motor protein Eg5 [30]. We observed similar changes in the distribution of these proteins 

when comparing E13.5 and E16.5 spindles. At E13.5, they were associated with MT minus ends 

and particularly enriched near the poles, while at E16.5 they were distributed all along the MTs 

(Figure 3A and Figure S3F). Accordingly, evaluation of their distribution along the spindles and 

of density index values confirmed their accumulation near the chromosomes at E16.5, even if 

more pronounced in the case of TPX2 (Figure 3B-C and Figure S3G-H).  

Since the pool of TPX2 associated with spindle MTs appeared higher at E16.5, we tested 

whether it reflected an overall increase in cytoplasmic TPX2 levels. We isolated NSCs by 

Fluorescent Activated Cell Sorting (FACS) and analysed total TPX2 levels by Western blot. 

TPX2 levels were similar at both stages (Figure 3D-E), despite a slight increase in a-tubulin 

levels at E16.5 (Figure 3F). These results suggested that TPX2 loading was increased on spindle 

MTs from E13.5 to E16.5, while total protein levels remained unchanged. Altogether, Eg5 and 

TPX2 appeared as the most relevant candidates to explain spindle morphology changes. 

 

TPX2 is one determinant of NSC spindle morphology 
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To functionally test Eg5 involvement in spindle morphology differences, we used low doses of 

the Monastrol inhibitor [31] to partially inhibit Eg5 protein activity without compromising 

spindle bipolarity in E16.5 cortical explants. We observed a reduction in E16.5 spindle length, 

confirming the effective action of the drug (Figure S4A-B). However, Eg5 inhibition did not 

change spindle morphology as spindles from Ctrl and Monastrol-treated explants showed similar 

MT density indices (Figure S4A-C). We concluded that Eg5 is not involved in shaping NSC 

spindle morphology.  

 We next investigated the contribution of TPX2. We decreased TPX2 levels by in utero 

electroporation of E15.5 brains with short interfering (si)RNAs and analysed mitotic spindles 

after 24hrs (E16.5) (Figure 4A). We evaluated the concentration of TPX2 siRNA to be injected 

into the ventricle should be of 50nM in order to slightly decrease the levels of TPX2 (partial 

depletion) instead of totally depleting the protein, which would impair bipolar spindle formation 

[26, 32, 33]. In these conditions, we could observe a reduction in the levels of the protein loaded 

on spindle MTs, without compromising spindle bipolarity (Figure 4B-C). After partial TPX2 

depletion, E16.5 spindle architectures appeared similar to E13.5 spindles, as they displayed more 

astral MTs (Figure 4B), reduced MT density in the inner spindle region (Figure 4B, 4D-E) and 

decreased MT bundle width (Figure 4F). Importantly, TPX2-MT associated FI levels directly 

correlated with both MT density index and spindle morphology (Figure 4G-H). These results 

identified TPX2 as one main contributor of spindle morphology switch. 

A decrease in the number of astral MTs accompanies the switch from vertical to off-

vertical divisions that occurs during neurogenesis (Figure 1A) [23]. We thus investigated if 

changes in TPX2 levels were sufficient to alter spindle positioning in the VZ. We observed a 

higher frequency of vertical divisions (parallel to the ventricular lining) in E16.5 explants 

electroporated with TPX2 siRNA as compared to Ctrl siRNA (Figure 4I-K). We concluded that 

the spindle switch in response to TPX2 depletion also impacts spindle orientation. 

To determine the relevance of TPX2 function during brain morphogenesis, we depleted 

TPX2 using in utero electroporation of E13.5 brains [34]. We analysed the consequences on NSC 

division and fate in brain coronal sections 48h later (E15.5) using Brain Lipid Binding Protein 

(BLBP)-GFP expression as a positive marker of NSC transfection (Figure S4D). A high 

frequency of mitotic spindles with abnormal configurations (monopolar and/or low MT density) 

was observed, illustrating the efficiency of TPX2 down-regulation (Figure S4E-F). When bipolar 

91



 8 

spindles were formed, we noticed a high frequency of NSCs with misaligned chromosomes 

(Figure S4E, S4G), confirming the role of TPX2 in generating functional spindles in mouse 

NSCs. Further, while in Ctrl brains, NSCs and neurons occupy distinct layers along the apico-

basal axis [21], they were intermingled in TPX2 siRNA brains (Figure S4H). Moreover, analysis 

of GFP expressing cells (NSCs and their progeny) in TPX2 siRNA brains revealed an increased 

proportion of neurons generated at the expense of NSCs in comparison with Ctrl siRNA brains 

(Figure S4I). Premature neuronal differentiation leads to early depletion of the NSC pool and 

brain size reduction –microcephaly [11, 14, 16, 19, 20, 35].  

Overall, and in agreement with a previous study [27], our results support a key role for 

TPX2 in the regulation of NSC division, positioning and fate.  

 

Identification of TPX2 domains influencing spindle morphology 

The pleiotropic roles played by TPX2 during brain morphogenesis in vivo prevented further 

analysis on the function of TPX2 in spindle assembly. We took advantage of an in vitro 2D 

culture assay that enabled the expansion of primary NSCs in vitro (Figure S5A). We adapted the 

protocol from [36], where a nearly-pure population of NSCs can be obtained (Figure S5B-C).  

E16.5-derived primary NSC cultures assembled mitotic spindles similar to spindles observed in 

vivo: few astral MT and high inner spindle MTs density (Figure S5D-F). 

TPX2 is a monomeric protein that contains multiple MT binding regions [37, 38], one 

domain of interaction with the kinase Aurora-A (N-terminal region, N-TER) [39] and one with 

the motor protein Eg5 (C-terminal region, C-TER) [40]. TPX2 is also an importin α-regulated 

cargo, which influences chromatin-mediated MT nucleation [41] (Figure 5A). We first confirmed 

that TPX2 is required to regulate spindle morphology in primary NSCs. As previously described 

[26, 42], TPX2 down-regulation by siRNA (Figure 5B) lead to the formation of abnormal 

spindles (monopolar, short bipolar or bipolar with low MT density) and the percentage of cells 

with normal spindles in TPX2 depleted condition was lower than in Ctrls (Figure 5B-C). The 

full-length (FL) GFP-tagged version of human TPX2 (hTPX2) rescued spindle morphology in 

TPX2 depleted cells (Figure 5C), validating the specificity of our conditions. We next identified 

TPX2 domains responsible for normal spindle assembly. After TPX2 siRNA, both hTPX2 N-

TER and C-TER GFP-tagged versions rescued the number of spindles with normal morphology 

when compared to Ctrls (Figure 5A, 5C), even if higher frequency of normal spindles was 
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observed in the TPX2 C-TER domain condition (Figure 5C). Interestingly, TPX2 loading on 

interphase spindle MTs was increased in hTPX2 C-TER as compared to hTPX2 N-TER 

transfected cells (Figure S5G).  

TPX2 activity is regulated by cooperative interactions between the C-TER and N-TER 

regions and/or other importin α-regulated factors [38, 43]. Since TPX2 N-TER region comprising 

the NLS sequence (Figure 5A) was only partly efficient in rescuing spindle assembly, we 

analysed the contribution of importin α/chromatin-mediated MT nucleation to spindle 

morphology. We introduced point mutations in hTPX2-NLS sequence (hTPX2-NLS*). After 

TPX2 siRNA, hTPX2 NLS* version rescued spindle morphology to the same extent than TPX2 

C-TER and FL conditions, even if the great majority of cells scored in the abnormal spindle 

category exhibited reduced spindle length (Figure 5B-C). This result suggested that, yet 

important for spindle length regulation, regulation of TPX2 activity by importin α did not 

influence spindle architecture. Accordingly, we did not observe significant changes in the levels 

of other importin α-regulated proteins like HSET (Figure S3C) or Ran Guanine Nucleotide 

Exchange factor, RCC1 (Figure S5H-I) during neurogenesis in vivo. 

Overall, these results indicated that different TPX2 domains are required to fulfil the 

pleiotropic function of TPX2 in the regulation of NSC bipolar spindle formation, size and 

architecture. Additionally, they excluded the possibility that differences in activation of the Ran 

pathway contributed to the function of TPX2 in shaping spindle architecture. Nevertheless, they 

strengthened our previous observations that the extent of TPX2 loading on MTs contribute to 

NSC spindle architectures. 

 

Differences in spindle morphology impact mitotic fidelity 

We reasoned that changes in TPX2 loading status during neurogenesis might be translated into 

different capacity of NSCs to preserve mitotic fidelity in adverse situations. We compared the 

capacity of E13.5 and E16.5 spindles to align and segregate chromosomes upon drug-induced 

mitotic challenge. First, we challenged mitosis with MPI-0479605, an Mps1 inhibitor, which 

compromises the Spindle Assembly Checkpoint [44]. We compared the percentage of NSCs in 

whole-mount cortical explants with misaligned chromosomes at metaphase (Figure 6A) and 

lagging chromosomes at anaphase (Figure 6B). The frequency of defects was increased after drug 

incubation in E13.5 NSCs, contrary to E16.5 NSCs (Figure 6C-D). E13.5 explants incubated with 

93



 10 

the DMSO diluent alone, which is a MT stabilizer [45], also displayed high incidence of mitotic 

errors, as compared to Ctrls (Figure 6C-D). We concluded that E13.5 spindles were more prone 

to mitotic errors upon perturbation of Mps1 activity than E16.5 spindles. As mitotic challenge 

can impair NSC survival, a phenotype at the origin of microcephaly [14, 16, 20, 46], we 

compared the levels of apoptosis after Mps1 inhibition at both stages of neurogenesis (Figure 6E-

F). We confirmed that Mps1 drug-induced mitotic errors resulted in an increased of apoptotic 

cells at E13.5 as compared to E16.5 (Figure 6E-F). Second, we challenged mitosis by impairing 

the activity of the motor protein CENP-E, which promotes congression and alignment of 

chromosomes at the metaphase plate [47], as mutations in the human CENP-E gene were 

reported in microcephaly patients [48]. Importantly, we did not observe any changes in CENP-E 

levels at the kinetochores when comparing E13.5 and E16.5 spindles (Figure S3A). After 

incubation of whole-mount cortical explants with GSK923295, an allosteric inhibitor of CENP-E 

motor protein activity [49], E13.5 explants showed a marked increase of prometaphase cells with 

misaligned chromosomes when compared to E16.5 (Figure S6A). A slight (non-significant) 

increase in the percentage of anaphases with lagging chromosomes was also noticed (Figure 

S6B).  

To assess whether TPX2 loading status underlies the differential vulnerability of E13.5 

and E16.5 NSCs to mitotic challenge, we partially decreased TPX2 levels in E16.5 brains (Figure 

4A) and evaluated the rate of mitotic errors upon Mps1 or CENP-E drug treatments after spindle 

morphology conversion (24h post-transfection) (Figure 6G-H; Figure S6C-D). In agreement with 

our predictions, the percentage of cells showing mitotic defects in E16.5 brains transfected with 

TPX2 siRNA was higher than in Ctrl cells (Figure 6G-H; Figure S6C-D). Our results show that 

TPX2 loading status favours accurate cells division upon mitotic challenge. 
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Discussion 

 

Our analysis of mitotic spindle architecture in the developing mammalian brain has exposed 

intrinsic differences in mitotic spindle architecture in NSCs between early and late neurogenic 

stages. At early stages, the number and length of astral MTs, emanating from the centrosome to 

contact the cortex, appeared to be greater than at later stages, where astral MTs were more 

difficult to identify. In contrast, we found that the density of inner spindle MTs, which are 

responsible for establishing chromosomes interactions, was increased at later neuro-

developmental stages in NSCs.  

NSC mitotic spindles are accurately positioned along the apico-basal axis to regulate the 

axis of division [21]. Our findings that astral MTs were more abundant when vertical divisions 

expand the population of NSCs and regulate daughter cell positioning, appears as a plausible 

explanation to justify a reduction in the number of astral MTs during neurogenesis. Defects in 

astral MT nucleation and spindle positioning result in apical NSCs loss and lead to brain 

heterotopia or dysplasia [13, 17, 35, 50-52]. At late neuro-developmental stages, spindles 

undergo off-vertical divisions and do not require long and robust astral MT arrays [23], but 

spindle-size asymmetry instead appears as a driver of asymmetric divisions [53]. 

 The spindle is also required to segregate chromosomes correctly in order to prevent the 

generation of aneuploid cells [54]. We found a higher incidence of chromosome segregation 

errors when spindle MT density was low. Mitotic errors generate chromosome number imbalance 

-aneuploidy- associated with limited proliferation capacity [54, 55], premature differentiation [11, 

19] and cell death [12, 14-16, 46]. All these conditions contribute to NSC depletion and thus to  

microcephaly [8-10]. Most likely, the decreased inner MT density typical of early neurogenic 

stages, identified here does not impair mitosis in normal conditions. However, it is possible that 

in the presence of hypomorph microcephaly mutations, error prone mitosis would be more 

frequent at early developmental stages (Figure 7). This possibility could be tested by comparing 

the impact of genetic mutations or Zika virus (ZIKV) infection [56-58] on mitotic fidelity [59, 

60] at different neuro-developmental stages. Accordingly, the strongest effect of ZIKV infection 

was observed at early stages of neurogenesis [61].  

We identified TPX2 as one key determinant of spindle morphology. Changes in TPX2 

levels are also sufficient to induce variations in spindle architecture and size in Xenopus [29]. A 
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slight decrease in TPX2 loading on spindle MTs was sufficient to alter the balance between astral 

and inner spindle MTs. Our results thus support a model whereby TPX2 loading influences 

bundling and spatial organization of MTs within NSC spindles (Figure 7). Furthermore, the 

loading of TPX2 on MTs in interphase NSCs ([27] and this work), appears as a potential 

regulator of its activity in the subsequent mitosis. Mutations in TPX2 are not found in 

microcephaly patients. Since TPX2 activity is required in both proliferating and differentiated 

cells [27, 62, 63], mutations in TPX2 might not be compatible with mammalian development. 

Accordingly, TPX2 null mutant mice die quite early at around E8 [32]. 

Our results identify cell-specific spindle morphology tailoring during neuro-development, 

offering new views on the contribution of spindle assembly to organ homeostasis in health and 

disease. 
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Figure legends 

 

Figure 1. NSC spindle architecture variations during neurogenesis 

See also Figure S1 

(A) Left: diagram depicting the organization of NSCs in the developing mouse neocortex during 

neurogenesis. Right: en face view confocal acquisition of mitotic NSCs.  (B) Representative 

confocal images of metaphase spindles at E13.5 and E16.5. Left and right insets: magnifications 

of astral MTs at each spindle pole (arrows). (C) Procedure to evaluate astral MTs and inner 

spindle MT density index (see methods). (D) Dot plot graph of MT density index values at all 

neurogenic stages; each dot represents one cell. Error bars represent means ± SD from at least 17 

NSCs out of 4 brains per stage. (E) Normalized ɑ-tubulin FI profiles from pole-to-pole in E13.5 

(blue line, n=53) and E16.5 (red line, n=47) spindles. Each data point represents the mean value ± 

SD at a given position along the spindle. F) Dot plot graphs indicating the number (F) and length 

(G) of astral MTs per spindle pole in E13.5 (blue) and E16.5 (red) NSCs. In F, each dot 

corresponds to one spindle (E13.5 n=52, E16.5 n=59), in G to one individual astral MT (E13.5 

n=52, E16.5 n=48). Error bars represent means ± SD from at least 26 NSCs. Unpaired t-tests 

were used for statistics. Scale bar B: 5µm. 

 

Figure 2. E16.5 spindles displayed more stable and thicker MT bundles  

See also Figure S2. 

(A) 3D-reconstructions of spindles imaged with SIM in E13.5 and E16.5 cerebral cortices. 

Tracking of spindle fibres enabled to extract MT bundle density. (B), length (C) and width (D). 

B: each dot represents one cell, in C and D one MT bundle (C: E13.5 n=226, E16.5 n=472; D: 

E13.5 n=51, E16.5 n=37). Error bars represent means ± SD from at least 12 mitotic NSCs out of 

4 brains. (E) Schematic representation of MT depolymerization assays (see Methods). (F) 

Representative images of MT bundles in E13.5 and E16.5 mitotic spindles before (left panels) 

and after 3 min of cold-treatment (right panels). (G) Quantifications of α-tubulin mean FI along 

E13.5 (blue) and E16.5 (red) spindles before (t=0) and after 7 min of MT depolymerization (t=7). 

Mean FI at t=0 was normalized to 100% at each stage. More than 15 cells were analysed at each 

time point. (H) Schematic representation of MT depolymerization/repolymerization assays (see 

methods). (I) Representative images of E13.5 and E16.5 NSCs after MT depolymerization (left 

panels) and 2 min after repolymerization (right panels). Insets show magnifications of MTs 
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nucleated at each spindle pole (dashed boxes). (J) Dot plot graph depicting MT bundle widths 2 

min after repolymerization. Each dot represents one MT bundle at E13.5 (blue, n=26) and E16.5 

(red, n=26). Error bars represent means ± SD from at least 9 mitotic NSCs. Unpaired t-tests were 

used for statistics. Scale bars A: 2µm; F, I: 5µm. 

 

Figure 3. Increased TPX2 loading in E16.5 spindles. See also Figure S3. 

 (A) Left: representative confocal images of E13.5 and E16.5 cortical explants. Right: 

magnifications of metaphase spindles (white boxes in left panels). (B) FI profiles of TPX2 

distribution along E13.5 (blue, n=31) and E16.5 (red, n=29) spindles. (C) Dot plot graph of TPX2 

density index values in E13.5 and E16.5 NSCs. Each dot represents one cell (E13.5 n=59 and 

E16.5 n=63); Error bars represent means ± SD. Unpaired t-tests were used for statistics. (D) 

Western blot analysis of α-tubulin (bottom) and Tpx2 (middle) total protein content in FACS-

sorted NSC extracts. Afadin was used as loading control (upper lane). Graphs bars showing total 

TPX2 protein (E) and α-tubulin (F) levels relative to loading controls. ns: non-significant. Mann-

Whitney non-parametric test was used for statistics. Scale bars A left: 10µm, right: 5µm.  

 

Figure 4. TPX2 is determinant in NSCs spindle morphology and orientation. See also 

Figure S4. 

 (A) Schematic representation of the protocol used to decrease TPX2 levels in E16.5 cortical 

explants in vivo. (B) Representative confocal images of E16.5 mitotic spindles in metaphase, 24h 

after electroporation of Ctrl (upper panels) and TPX2 (middle and lower panels) siRNAs. (C) Dot 

plot graph displaying TPX2 density indices in E16.5 NSCs after Ctrl (n=18) and TPX2 (n=23) 

siRNA in utero electroporation. (D) Dot plot graph showing MT density indices in E16.5 

spindles after Ctrl (n=30) and TPX2 siRNAs (n=34). (E) Normalized FI profiles of ɑ-tubulin 

along E16.5 spindle axis after Ctrl (red, n=14) and TPX2 (pink, n=18) siRNAs. (F) Dot plot 

graph showing MT bundle width in E16.5 spindles after Ctrl (red, n=48) or TPX2 (pink, n=44) 

siRNAs. Each dot represents one MT bundle measure. (G) Bar graph representing the proportion 

of cells with E13.5-like (blue; low inner spindle / high astral MTs density) or E16.5-like spindle 

morphology (red, high inner spindle / low astral MTs density) after TPX2 siRNA (see B for 

images). Cells were categorized according to TPX2 levels at the spindles, high (n=14), medium 

(n=7) and low (n=3); see B for classification. (H) XY plot and corresponding linear regression 
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between MT density and TPX2 density indices (n=25 mitotic NSCs). Spearman r-test was used 

for statistics. (I) Diagram depicting the protocol used to measure spindle position relative to the 

ventricular lining in E16.5 siRNA-electroporated explants (see Methods). (J) Representative 

images of E16.5 metaphases in brains electroporated with Ctrl (left) or Tpx2 (right) siRNAs. 

Bottom insets show spindle pole positions relative to the ventricular lining (apical). (K) Dot plot 

graph showing spindle angle values in E16.5 NSCs after Ctrl (left, n=22) or Tpx2 (right, n=23) 

siRNAs. Error bars represent means ± SD from more than 3 brains and 3 replicates.  For C, D, F 

and K, unpaired t-tests were used for statistics. Scale bars: 5µm. 

 

Figure 5. TPX2 N- and C-terminal domains contribute to robust bipolar spindle formation. 

See also Figure S5 

 (A) Schematic representation of human TPX2 protein and its different domains adapted from 

[64]. (B) Representative images of spindle morphology in E16.5 NSC primary cultures. 

Monopolar and bipolar spindles with low inner MT density and/or mis-organized MTs were 

identified as abnormal. (C) Graph bar showing the proportion of E16.5 mitotic NSCs with normal 

and abnormal spindles after transfection of Ctrl or TPX2 siRNAs with different hTPX2 

fragments. The number of NSCs analysed per condition from 2 replicates is indicated in the 

graph. Chi square-test was used for statistics. Scale bar: 5µm. 

 

Figure 6. NSC spindle architectures influences the rate of mitotic errors. See also Figure S6. 

(A-B) Representative confocal images of E13.5 cortical explants after inhibition of CENP-E (A) 

and Mps1 (B). Right insets: Higher magnifications of metaphases with misaligned chromosomes 

(A, yellow arrows) and anaphases with lagging chromosomes (B, purple arrows).  (C-D) Bar 

graphs showing the proportion of mitotic NSCs with misaligned (C) and lagging (D) 

chromosomes in E13.5 (blue) and E16.5 (red) cortical explants after treatment (NT, non-treated; 

DMSO; Mps1 inhibitor (inh)). The number of NSCs analysed is indicated below. At least 2 

brains in 2 independent experiments were analysed. (E) Representative images of E13.5 (left 

panels) and E16.5 (right panels) lateral brain sections after each treatment stained for Cleaved-

caspase 3 +cells. (F) Bar graph showing the proportion of CC3+ cells per area (A.U.). At least 4 

sections per brain from 4 brains in 2 replicates were analysed. (G-H) Bar graphs showing the 

percentage of E16.5 NSCs with misaligned (G) and lagging chromosomes (H) after Ctrl or TPX2 
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siRNAs and the indicated treatments. The number of NSCs analysed is indicated below. At least 

2 brains in 2 replicates were analysed. Unpaired t-tests were used for statistics. Scale bars A: 

20µm; E: 50µm. 

 

Figure 7. Variations in NSC spindle architectures influence susceptibility to mitotic errors 

In the mouse neocortex, the mitotic spindle undergoes morphological changes during 

neurogenesis. Early stages NSCs spindles contain many and long astral MTs, in comparison to 

late stages spindles, while they display reduced MT density in the inner spindle region. These 

differences in spindle architecture correlate with TPX2 loading status (orange). In unchallenged 

conditions, E13.5 spindle configuration favours astral MT-cortex interaction to position the 

spindle during symmetric divisions. Upon mitotic challenge, E13.5 spindle shows higher 

susceptibility to generate chromosome segregation errors and aneuploid cells. Aneuploid NSCs 

are eliminated by cell death or premature differentiation leading to NSC pool depletion. 
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STAR Methods 

LEAD CONTACT AND MATERIALS AVAILABILITY 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead contact Renata Basto (renata.basto@curie.fr).  

There are no restrictions to the availability of reagents generated in this study. 

  

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

Animals 

For animal care, we followed the European and French National Regulation for the Protection of 

Vertebrate Animals used for Experimental and other Scientific Purposes (Directive 2010/63; 

French Decree 2013-118). The project was authorized and benefited from guidance of the Animal 

Welfare Body, Research Centre, Curie Institute. All mice were kept at the Curie I. Specific 

Pathogen Free (SPF) animal facility for breeding. C57Bl6/N pregnant females were purchased 

from Charles River Laboratories (France).  

For all pregnant females, the day of mating was referred to 0.5 day of gestation (E0.5). Pregnant 

females from embryonic day 10.5 (E10.5) to embryonic day 18.5 (E18.5) were used. They were 

anaesthetized by inhalation of isoflurane (Forene, Abbvie, B506) before being sacrificed by 

cervical dislocation. Embryos were collected after caesarean section. Embryos from both sexes 

were indistinctly used in all the experimental procedures. 

 

Embryonic mouse neocortical explants  

Dorsal telencephalons (referred after as cerebral cortices or cortical explants) of wild type 

C57Bl6/N embryos were dissected at different stages of neurogenesis (from E10.5 to E18.5). 

Preparations of mouse embryonic brain tissues for en face view analysis are described in details 

in [24]. To prevent microtubule (MT) depolymerization, cerebral cortices were dissected at room 

temperature (RT) in 37°C pre-warmed DMEM/HamF12 medium (Gibco, 42400-028), 

supplemented with glucose (2.9g/L; Sigma, G6152), sodium bicarbonate (1.2g/L; Sigma, S5761), 

penicillin/streptomycin 1% (Gibco, 15140-122) and Amphotericin B (250ng/mL; Sigma, A2942). 

After dissection, for all the procedures that required short-term incubations and to optimize 

102



 19 

steady-state spindle morphology, cortical explants were transferred into 37°C pre-warmed and 

pre-oxygenated dissection medium supplemented with B27 supplement w/o vitamin A 2% 

(ThermoFisher, 12587-010), N2 supplement 1% (Gibco, 17502-048), bFGF (20 ng/ml; Sigma, 

F0291), EGF (20 ng/ml; Sigma, E9644), horse serum 5% (Gibco, 16050122) and foetal bovine 

serum 5% (Gibco, 1027016) [51]. For all the procedures that required MT visualization, cortical 

explants were pre-incubated at 37°C for 10 min before any further treatment. 

 

Human RPE1 cell line culture  

Human Retinal Pigmented Epithelial hTERT RPE-1 cells (ATCC Cat# CRL-4000, 

RRID:CVCL_4388) were cultured in DMEM/HamF12 medium (Gibco, 11320-033) 

supplemented with 10% Foetal Bovine Serum (FBS) (GE Healthcare) and 1% 

penicillin/streptomycin (Gibco, 15140-122) on poly-D-lysine (2µg/cm2; Sigma, P6407) and 

fibronectin (1µg/cm2; Sigma, F1141) -coated substrates. Cells were maintained at 37°C in a 5% 

CO2 atmosphere. Cells were routinely checked for mycoplasma (PlasmoTest™-Mycoplasma 

Detection Kit, InvivoGen, #rep-pt1) and underwent cell authentication by short tandem repeat 

analysis (powerplex16 HS kit, Promega #DC2101) processed at the Genomics Platform 

(Department of the translational research, Curie Institute). 

   

Primary adherent NSC culture and transfection  

To establish primary adherent cultures of NSCs, we have adapted the protocol described in [36]. 

Cortical explants were dissociated into a single cell suspension by mechanical titration from 

E16.5 embryonic WT brains (Figure S5A). Cortical cells were plated at a density of 104 cells/cm2
 

on plastic/glass coverslips pre-coated sequentially for 1h at RT with poly-D-lysine (2µg/cm2; 

Sigma, P6407) and fibronectin (1µg/cm2; Sigma, F1141). Cells were cultured in a medium 

favouring the propagation of proliferating cells containing DMEM/HamF12 medium (Gibco, 

42400-028), supplemented with glucose (2.9g/L; Sigma, G6152), sodium bicarbonate (1.2g/L; 

Sigma, S5761), B27 supplement w/o vitamin A 2% (ThermoFisher, 12587-010), FGF (20 ng/ml; 

Sigma, F0291), EGF (20 ng/ml; Sigma, E9644), penicillin/streptomycin 1% (Gibco, 15140-122) 

and Amphotericin B (250ng/ml; Sigma, A2942), at 37°C under 5% CO2. 
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Cortical cell fates and NSC spindle morphology were assessed at day in vitro (DIV) 1, DIV3, 

DIV6 and DIV8 after immunofluorescent staining. In order to have similar cortical cells 

confluency at the time of fixation, cells were plated at 1.5x105 cells/cm2 (DIV1), 8x104 cells/cm2 

(DIV3) and 2.5x104 cells/cm2 (DIV6-DIV8). After one week in culture, more than 80% of the 

population is composed of Nestin-positive proliferating cells (Neural Stem cells, NSC). Cells 

were seeded at a density of 104 cells/cm2 for maintenance and passaged with accutase solution 

(Sigma, A6964) once a week.  

 

METHOD DETAILS 

 

Cold-based MT depol/repolymerization assays 

MT depolymerization assays were performed by incubating cortical explants at 4˚C before 

fixation at different time points (Figure 2E). For proper analysis of spindle MT decay upon cold 

treatment, each cortical hemisphere was cut into pieces. For each hemisphere, one piece was 

fixed before cold treatment to serve as an internal control of preserved bipolar spindle apparatus 

(steady-state). The other pieces were fixed after 3 min and 7 min of cold treatment for further 

analysis of MT depolymerization.  

MT depolymerization/repolymerization assays were performed by incubating cortical explants at 

4˚C for 90 min for complete depolymerization of spindle-MTs before allowing those MTs to 

repolymerize by incubation at 37°C (Figure 2H). Each cortical hemisphere was cut in pieces. One 

piece was immediately fixed for internal control of steady-state spindles, another piece was fixed 

after cold treatment to serve as an internal control of complete MT depolymerization. The other 

piece was fixed after 1 min or 2 min of incubation at 37°C for further analysis of MT 

repolymerization. The sites of MT repolymerization were investigated after 1 min of 

repolymerization. For RPE1 cells (Figure S2E), MTs were completely depolymerized for 90 min 

before repolymerization at 37°C for 45 sec and fixation for analysis of sites of MT 

repolymerization.  
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Drug-based assays 

Decrease of Eg5 motor protein activity was performed using 1.25µM Monastrol (Selleckchem, 

S8439). Chromosomes misalignment and mis-segregation events were promoted using inhibitors 

of CENP-E motor protein activity (GSK923295, Selleckchem, S7090; 800nM) and Mps1 activity 

(MPI-0479605, Selleckchem, S7488; 1µM). All the drugs were diluted in dimethyl sulfoxide 

anhydrous (DMSO, Sigma, 276855). Whole cortical explants were incubated for 1h with the 

drugs at 37°C and washed two times quickly with medium before fixation. Explants incubated 

with DMSO alone, diluted at equivalent concentrations (V/V), or with medium only were used as 

negative controls. Chromosome alignment (metaphase) and segregation (anaphase) were assessed 

in mitotic NSCs after en face view analysis of cortical explants (Figure 6, Figure S6). To evaluate 

apoptosis (Figure 6E-F), explants were incubated for 1h with the drug and washed two times 

quickly. They were further mounted in a drop of medium surrounded by 10S Voltalef oil (VWR 

BDH Prolabo, 9002-83-9) and incubated at 37°C in a 5% CO2 atmosphere for 7h before fixation. 

They were then sliced manually with a micro-knife before proceeding for immunofluorescent 

staining to enable visualization of mitotic NSC outcomes along the apico-basal axis. 

 

In utero injection/electroporation procedures 

In utero injection/electroporation procedures were performed as described in [65]. A pool of four 

different siRNAs for TPX2 was injected through the uterine horns in the lateral ventricles of 

E15.5 (Figure 4A) or E13.5 (Figure S4D) embryos with a microneedle. Only one hemisphere was 

injected per embryo and between 4 and 6 embryos per progeny. The concentrations of TPX2 

siRNA to be injected in the ventricles were predetermined using in vitro adherent NSC cultures. 

We identified 50nM as a dose partially downregulating TPX2 protein levels without affecting 

bipolar spindle integrity for the experimental procedures performed in Figure 4, Figure 6 and 

Figure S6. A dose of 100nM was chosen to fully downregulate TPX2 protein levels for the 

experimental procedures performed in Figure S4. For each embryo, one brain hemisphere was 

injected intraventricularly with a solution of fast green 0.1% (Sigma, 68724) in endonuclease free 

water containing Ctrl (ON-TARGET plus Non-targeting Pool, Dharmacon, D-001810-10-05) or 

TPX2 siRNA (ON-TARGET plus Mouse TPX2 (72119) siRNA, Dharmacon, #L-055634-01-

0005) at 50nM or 100nM. To identify the regions transfected after focal electroporation of the 

siRNA in the dorsal telencephalon, pEGFP-C1 (Clontech) or a pBLBP-EGFP (kind gift from F. 
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Francis lab, IFM, Paris, France; [66]) plasmids were added to the injected solutions at 1µg/µL. 

Electroporation was performed with a low voltage electric field (5 pulses, 50V, 50ms long, 1s 

interval) provided by a BTX-830 electroporator using a pair of tweezertrodes (Sonidel Limited). 

The electrodes were oriented so that the anode was placed above the dorsal telencephalon of each 

injected hemisphere. Brains were harvested and fixed 24h (Figure 4, Figure 6, Figure S6) or 48h 

(Figure S4) post-electroporation. They were further sectioned with a vibratome and 100 µm-

width sections were recovered for lateral views analysis (Figure S4). 

 

Western blot and FACS sorting of NSCs 

Total protein levels in NSCs were evaluated by Western-blot after Nestin-based fluorescence-

activated cell sorting (FACS) of E13.5 and E16.5 cortical cells (Figure 3). Dissociated cortical 

cells were fixed by addition of -20˚C precooled EtOH 70% under agitation. They were 

sequentially incubated with anti-Nestin antibody for 2h at RT (Table 1; 1/100, BD Pharmingen, 

556309, RRID:AB_396354) and secondary antibody for 1h at RT (Goat anti-mouse IgG (H+L) 

Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488-conjugated; 1/250, ThermoFisher, 

A-11029, RRID:AB_138404) diluted in PBS, BSA 0.5%, saponin 0.1%. Nestin positive cells 

were sorted using a FACS Aria III systems (BD Biosciences) flow cytometer with an 85µm 

nozzle and 45 psi pressure in PBS. Protein extracts were immediately prepared by addition of 4x 

Laemmli sample buffer (SB) containing Tris/HCl pH6.6 (0.25mM), SDS (8%), b-

mercaptoethanol (20%), glycerol (40%) and bromophenol blue (0.1%). For protein denaturation, 

samples were heated up to 70°C to avoid the generation of protein aggregates. Protein extracts 

obtained from 1x106 Nestin positive cells were loaded per lane, separated in 8% Tris-Glycine gels 

and transferred by wet electroblotting in Tris 25mM, glycine 192mM, methanol 20% to a 2µm 

nitrocellulose membrane for 2h under 100V. Membranes were blocked in PBS, Tween 0.1%, 

BSA 10% for 30 min at RT followed by 4˚C overnight incubation with primary antibodies and 1h 

RT incubation with HRP-conjugated secondary antibodies. Primary and secondary antibodies 

used: Rabbit anti-afadin (1/1000, Abcam, ab11337, RRID:AB_297943), Mouse anti-atubulin 

clone DM1a (1/50000, Sigma, T6199, RRID:AB_477583), Rabbit anti-TPX2 (1/1000, Abnova, 

PAB11993, RRID:AB_1716384), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary 

Antibody HRP (1/2500, ThermoFisher, G21234, RRID:AB_2536530), Peroxidase AffiniPure 
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Goat Anti-Mouse IgG (H+L) (1/2500, Jackson ImmunoResearch, 115-035-003, 

RRID:AB_10015289). 

 

Generation of human TPX2 constructs 

To obtain full-length (hTPX2 FL) and truncated GFP-hTPX2 versions of the protein (hTPX2 N-

TER (aa:1-370); hTPX2 C-TER (aa: 371-747)) the human TPX2 sequence (NCBI Ref Seq: 

NM_012112.4; Origene, SC115515) was amplified by PCR (Phusion high-fidelity PCR kit, New 

England Biolabs, E0553S). XhoI or HindIII restriction sites were added at the 5’ end and a KpnI 

restriction site at the 3’ end (all restriction enzymes were purchased from New England Biolabs). 

The following primers were used for PCR: hTPX2FL forward, 5’-

CGCGAAGCTTCAATGTCACAAGTTAAAAGC-3’; hTPX2FL reverse, 5’-

CGCGGGTACCTTAGCAGTGGAATCGAGTGG-3’; hTPX2CT forward, 5’-

CGCGAAGCTTCAGTACTGCAAACCAAACAC-3’; hTPX2NT forward, 5’-

CGCGCTCGAGCAATGTCACAAGTTAAAAGC-3’; hTPX2NT reverse, 5’-

CGCGGGTACCTTAAGGAGTCTGTGGGTCTC-3’. PCR products were purified according to 

manufacturer’s instructions (QIAquick PCR Purification Kit, ThermoFisher Scientific, 28104), 

digested and ligated into pCMV-EGFP-C1 (Clontech) using the DNA Ligation Kit (Takara, 

6023) and amplified in E. coli (strain: DH5a, ThermoFisher Scientific, 18258012). 

To generate GFP/hTPX2-*NLS, a mutagenic PCR was carried out using the GFP-hTPX2FL to 

change K314, R315, K336 and R337 to alanine by site directed mutagenesis according to the 

manufacturer’s instructions (Q5® Site-Directed Mutagenesis Kit, New England Biolabs, 

E0554S). The following primers were used for PCR: hTPX2NLS* forward, 5’- 

CTTGCACAGCAAGTTGAAGACTTCCATGCAGCAACCCCTAACAGATATCATTTGAGG

AGCAAG-3’, hTPX2NLS* reverse, 5’-

CTTGCACAGCAAGTTGAAGACTTCCATGCAGCAACCCCTAACAGATATCATTTGAGG

AGCAAG-3’. All constructs were prepared with an endonuclease free maxiprep kit (Endofree 

Plasmid Maxi Kit, Qiagen, 12362) for transfection. hTPX2 N-TER, TPX2 C-TER and hTPX2-

*NLS were transfected in E16.5 primary NSCs with the mouse NSC nucleofector kit (Lonza, 

VPG-1004) according to the manufacturer’s instructions. Only cells expressing the GFP-fused 

versions of the protein were included in the analysis.  
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Generation of antibodies 

PCR fragments were amplified from mouse Centrin3 cDNA (NCBI Ref Seq: NM_007684.3; 

IMAGE clone ID: 30019209, Thermo Fisher Scientific Biosciences, MMM1013-202805556), 

mouse Cep135 cDNA (NCBI Ref Seq: NM_199032.3; IMAGE clone ID: 6852711, Thermo 

Fisher Scientific Biosciences, MMM1013-202859840), human Cep192 cDNA (kind gift from A. 

Dammermann lab, MPL, Vienna, Austria) and mouse HSET/Kifc1 cDNA (NCBI Ref Seq: 

NM_001195298.1; IMAGE clone ID: 30841951, Thermo Fisher Scientific Biosciences, 

MMM1013-202780075) using Phusion® DNA Polymerase (ThermoFisher Scientific, F530S). 

The following primers were used: mCentrin3/aa:1-168 forward, 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAGTTTAGCTCTGAGAGGTGAG-

3’; mCentrin3/aa:1-168 reverse, 5’- 

GGGACCACTTTGTACAAGAAAGCTGGGTCTTATATGTCACCAGTCATAATAGC-3’; 

mCep135/aa:936-1141 forward, 5'-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAATGCACATCACGCATACGAGTCT-

3’;  mCep135/aa:936-1141 reverse, 5’- 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATGCATTTATATGATCAGGAGT-3’; 

hCep192/aa:1-210 forward, 5’- 

GGGACAAGTTTGTACAAAAAAGCAATGGAAGATTTTCGAGGTATAGCA-3’; 

hCep192/aa:1-210 reverse, 5’- 

GGGGACCACATTTGTACAAGAAAGCTGGGTCTCAATCTTCCAAGCTTGTCGGTAAGA

T-3’; mHSET/aa:1-227 forward, 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGGTTCATGGACGTGCAGGCGCAGAGGCCA-

3’; mHSET/aa:1-227 reverse, 5’- 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAAGCAGCCTTTCCCTGGTACCCAG 

-3’. PCR products were cloned in fusion with the E.coli malE gene, which encodes for Maltose 

Binding Protein (MBP) using the Gateway cloning system (ThermoFisher Scientific, 12535-019). 

Expression vectors were transformed into competent C41 E.coli cells and tested for isopropyl-

beta-D-thiogalactopyranoside (IPTG)-mediated recombinant protein expression. Soluble proteins 

were purified from cell lysates by pre-pure amylose columns containing 4ml amylose resin (New 
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England Biolabs, E8021L) and run on 8% polyacrylamide gels to select the band of appropriate 

size containing the protein of interest. Rabbit immunizations were performed by Covalab 

company (Lyon-France). Immune sera were purified sequentially by affinity on MBP protein-

bound and antigen-bound columns (Affigel 10, BioRad 153-6052; Affigel 15, BioRad 153-6046). 

Antibodies were eluted in 0.5 mL glycine 0.1M, pH2.1 buffer, and immediately neutralized in 

Tris pH8.5. Collected fractions were pooled according to their IgG concentration, evaluated with 

a Bradford assay. Purified antibodies were stored in glycerol 50% at -20˚C before use. 

 

Immunofluorescent staining 

To better preserve MTs integrity, cortical explants, primary NSC cultures and RPE1 cells were 

fixed with 37˚C-prewarmed paraformaldehyde (PFA) 8% solution directly added to the medium 

for 15 min at RT, followed by 45 min incubation in PFA 4% at RT. All antibodies were used on 

PFA-fixed samples; only anti-Eg5 (Figure S3F) and anti-HSET (Figure S3C) antibodies were 

used on methanol-fixed samples. Methanol fixations were performed for 8 min at -20 ˚C. An 

additional step of antigen retrieval (30 min at 80˚C in Sodium Citrate 10mM, pH6) was 

performed for acetylated tubulin (Figure S2A), RCC1 (Figure S5H) and Pax6 (Figure S1C) 

staining. For cortical explants, a post-fixation permeabilization step with 1% Triton X-100 for 15 

min was systematically performed to allow better antibody penetration. Explants were incubated 

for 1h in blocking solution (PBS, BSA 3%, Triton X-100 0.3%, Sodium azide 0.02%), followed 

by sequential overnight primary and secondary antibody incubations. Washings were performed 

with the blocking solution after each incubation. Cortical explants were mounted with the apical 

surface facing the glass coverslips for further analysis of apically localized mitotic progenitors, as 

described in [24]. For cells, a solution containing PBS, BSA 2%, Triton X-100 0.1%, Sodium 

azide 0.02% was used. After a 30 min blocking step, cells were sequentially incubated for 1h at 

RT with primary and secondary antibodies.  

The following primary antibodies were used for analysis: mouse anti-acetylated-tubulin (Sigma, 

T7451, RRID:AB_609894); mouse anti-atubulin (clone DM1a, Sigma, T6199, 

RRID:AB_477583); mouse anti-btubulin isotype III (Sigma, T8660, RRID:AB_477590); rabbit 

anti-cleaved caspase-3 (Cell Signaling, 9661, RRID:AB_2341188); rabbit anti-Cdk5rap2 (Bethyl 

Laboratories, IHC-00063, RRID:AB_2076863); rabbit anti-CENP-E (kind gift from D. Cleveland 

lab, LICR, La Jolla, USA, [67]); rabbit anti-Centrin-3 (this study); human anti-centromere 

109



 26 

(Antibodies Inc., 15-235-0001, RRID:AB_2797146); rabbit anti-Cep135 (this study); rabbit anti-

Cep192 (this study); rabbit anti-detyrosinated tubulin (Merck, AB3201, RRID:AB_303601); 

rabbit anti-Eg5 (Novus Biologicals, NB500-181, RRID:AB_10002881); chicken anti-GFP 

(Abcam, ab13970, RRID:AB_300798); mouse anti-g-tubulin (clone GTU88, Sigma, T5326, 

RRID:AB_532292); rabbit anti-HSET (this study); rabbit anti-NeuN (abcam, ab177487, 

RRID:AB_2532109); rabbit anti-NuMA (Novus Biologicals, NB500-174, RRID:AB_10002562); 

mouse anti-Pax6 (Millipore, AB2237, RRID:AB_2270373); rabbit anti-pericentrin (Abcam, 

ab4448, RRID:AB_304461); rabbit anti-RCC1 (Proteintech, 22142-1-AP, RRID:AB_11183045); 

goat anti-Sox2 (R and D Systems, AF2018, RRID:AB_355110); rabbit anti-TPX2 (Abnova, 

PAB11993, RRID:AB_1716384); rat anti-tyrosinated tubulin (kind gift of C. Janke lab, Curie 

Institute, Paris, France). The following secondary antibodies from Molecular Probes were used: 

Goat anti-mouse IgG (H+L) Highly Cross-Adsorbed Alexa Fluor 488-conjugated: A-11029, 

RRID:AB_138404; Alexa Fluor 546-conjugated: A-11030, RRID:AB_144695; Alexa Fluor 647-

conjugated: A-21236, RRID:AB_141725; Goat anti-rabbit IgG (H+L) Highly Cross-Adsorbed 

Alexa Fluor 488-conjugated: A-11034, RRID:AB_2576217; Alexa Fluor 546-conjugated: A-

11035, RRID:AB_143051; Alexa Fluor 647-conjugated: A-21245, RRID:AB_141775; Donkey 

anti-rabbit IgG (H+L) Highly Cross-Adsorbed Alexa Fluor 568-conjugated: A-10042, 

RRID:AB_2534017; Goat anti-chicken IgY (H+L) Highly Cross-Adsorbed Alexa Fluor 488-

conjugated: A-11039, RRID:AB_142924; Goat anti-rat IgG (H+L) Cross-Adsorbed Alexa Fluor 

488-conjugated: A-11006, RRID:AB_141373; Donkey anti-goat IgG (H+L) Alexa Fluor 647-

conjugated: A-21447, RRID:AB_141844; Goat anti-human IgG (H+L) Highly Cross-Adsorbed 

Alexa Fluor 647-conjugated: A-21445, RRID:AB_141843. 4’,6-diamidino-2-phenylindole 

(DAPI, ThermoFisher Scientific, D1306, RRID:AB_2629482) was used to label DNA at a 

concentration of 3µg/ml. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

 

Evaluation of fluorescence intensity index 

Images were acquired on an inverted Leica TCS SP8 confocal microscope with a 63X oil-NA 1.4 

Plan Apo immersion objective and hybrid (HyD) detectors at zoom 1 or 2 or on an inverted 

spinning disk confocal Gattaca/Nikon microscope equipped with a sCMOS camera with a 100X 
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oil-NA 1.4 Plan Apo immersion objective. For comparison purposes, images were acquired with 

the same settings for each staining combination. Random acquisitions of different cortical regions 

along the rostro-caudal and the medio-lateral axis were performed for each cortical explant. 

Images were acquired with a resolution of 1024x1024 pixels along the apico-basal axis with a z-

step of 0.2μm. Only metaphase spindles were included in our analysis based on chromosomes 

alignment at the centre of the bipolar spindle, evaluated by a combination of DNA and 

centromere staining (not shown). Distribution of α-tubulin signal intensity (and other spindle 

associated proteins) was measured along each spindle from pole to pole using the line scan 

analysis tool of the online Fiji software with a 30 pixels line width and maximum intensity 

projections of 10 z-stacks (2µm). The background intensity evaluated from a region of similar 

area was subtracted in each cell. For each spindle, MT density index or loading of MT associated 

proteins on spindles were calculated by dividing the minimum fluorescence intensity value at the 

spindle centre over the maximum fluorescence intensity value at the spindle pole (Figure 1C). For 

distribution of fluorescence signal intensity along the spindles, all the values were normalized to 

the highest spindle pole value. 

 

Analysis of spindle architectures 

For characterization of spindle architectures (Figure 2A-D), images were acquired with a N-SIM 

(Structured Illumination Microscope, Nikon Systems, France), mounted on an inverted Eclipse 

Ti-E microscope equipped with a motorized XY Stage (Nikon, Japan), equipped with an 

EMMCD camera (Andor DU-897). Optical sectioning was achieved using a piezo stage (Nano-z 

series, Mad City Lab, USA).  Nikon systems’ laser bench was equipped with 488 nm (200mW), 

561 nm (100mW) and 640 nm (100mW) lasers coupled to the N-SIM head through a single mode 

fibre. Correction collar of the Plan Apochromat TIRF SR 100× 1.49 NA oil immersion objective 

was optimized to have a symmetrical point spread function. 100 nm size beads were used for 

calibration before each data set acquisition (TetraSpeck beads, Life Technologies, T7279). 

Multiple Point Spread Function was obtained using 0.12μm z-steps, 15 images per z-section (3 

angles and 5 phases per angle) and a 3D structured illumination with stripe. 3D-SIM a-tubulin 

immunostained spindles were reconstructed manually with the NIS Elements viewer 

software v4.3.02 (Nikon; [68]) by tracing individual MT bundles within each spindle. 

Centrosomes were identified with pericentrin staining as starting points of each spindle MT 
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bundle. Number and length of MT bundles were extracted from each 3D reconstructed spindle. 

MT bundle widths were evaluated by measuring the full width at half maximum of the 

fluorescence intensity profile across each individual MT bundle using the line-scan tool of the 

online Fiji software. MT bundle width was determined next to the spindle centre where individual 

MT bundle can be best visualized. The same analysis of MT bundle widths was performed after 

MTs repolymerization (Figure 2J) and TPX2 siRNA (Figure 4F) assays. 

For evaluation of astral MT population characteristics (Figure 1F and 1G), the number and length 

of individual MT bundles nucleated from a spindle pole and directed towards the cell cortex 

(even if not directly interacting with it) were assessed at the cell equator on images acquired from 

an en face view perspective with the confocal or spinning-disk confocal microscope. Analysis 

was performed with the measurement tools of the online Fiji software. 

 

Centrosome organization analysis 

For characterization of centrosome organization at mitotic spindle poles (Figure S2G-2L), images 

were acquired in cerebral cortical explants with a high resolution OMX microscope (Deltavision). 

Accumulation of PCM proteins at mitotic centrosomes was evaluated according to [69]. Briefly, 

line-scan fluorescence intensity profiles were performed across mother centriole PCM rings using 

the line-scan tool of the online Fiji software. Ring diameter for each marker was evaluated and 

used as a measure of PCM protein accumulation. Only metaphase centrosomes oriented correctly 

with the mother PCM ring structure clearly visible were considered for analysis.  

 

Spindle orientation analysis 

For determination of mitotic spindle orientation (Figure 4I-4K), en face views of E16.5 cortical 

explants were immunostained to label DNA (to determine the phase of mitosis), mitotic spindles 

(to evaluate its morphology) and spindles poles (to depict spindle position). We have restricted 

our analysis to cells in late metaphase since mitotic spindles stop rotating along the apico-basal 

axis from metaphase onwards [70]. Orthogonal views (xz) of spindles poles were used to 

determine their position relative to the ventricular surface. Angles were calculated by a tangent 

function (Figure 4I). The tangent of each a angle is calculated by dividing the length of the 

opposite side (o, distance in z between the 2 spindle poles; obtained from orthogonal views) and 

the length of the adjacent side (a, distance in x between the spindle poles; spindle length). The 
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angle a was deduced using the Arc Tangent function. Analysis was performed with the 

measurement tools of the online Fiji software. 

 

Quantitative analysis of Western-blots 

Comparative evaluation of protein levels was performed using the “Gel analysis” tool from Fiji 

online software. Relative density of each band was measured by drawing rectangles of the same 

size around each band. Density value for each protein of interest was normalized to the density 

value of the corresponding loading control band.  

 

Statistical analysis 

All data plotting and statistical analyses were performed using the GraphPad Prism software 

(GraphPad software, Inc.). All statistical details for each experiment can be found in the Figures 

and Figure legends. 

For all functional analysis, we performed at least two independent experiments. Results were 

plotted as mean ± SD. All data underwent normality check (Shapiro-Wilk test) and in respect to 

that, appropriate tests were performed for group comparison (unpaired t-test or Mann-Whitney), 

correlation coefficient assessment between two parameters (Spearman’s test) and evaluation of 

association between parameters (Chi-squared test). Differences were considered statistically 

significant at values of P ≤ 0.05.  

 

 

DATA AND CODE AVAILABILITY 

 

No dataset/code associated with the manuscript. 
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Supplementary Figure titles 

 

Figure S1, related to Figure 1: Spindle morphology but not size changes during neurogenesis 

Figure S2, related to Figure 2: No change in MT PTMs, nucleation site, centrosome 

organization or activity  

Figure S3, related to Figure 3: Identification of MAPs differently loaded on spindle MTs  

Figure S4, related to Figure 4: TPX2 influences NSCs division, positioning and fate 

Figure S5, related to Figure 5: Characterization of adherent primary mouse embryonic brain  

cultures  

Figure S6, related to Figure 6: Mitotic NSCs with early-like spindle morphology are more 

susceptible to CENP-E inhibition  
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Figure S1, related to Figure 1: Spindle morphology but not size changes during 

neurogenesis (A) Upper panels, low magnifications of en face view cortical explants at 

different neurogenic stages. Bottom panels show high magnifications of spindle morphology 

from three different mitotic NSCs (white squares in upper panels). (B) ɑ-tubulin FI profiles 

measured along the spindles of mitotic NSCs at different stages during neurogenesis. Each data 

point represents the mean value ± SD from at least 21 mitotic NSCs out of two different 

embryonic brains. (C) Left, representative images of apical NSCs spindles at E11.5 and E18.5 

stages. Explants were stained for DNA (blue), MTs (in green) and the transcription factor Pax6 

(in red). Right, higher magnifications of mitotic NSCs in metaphase (white boxes shown in left 

panels); microtubules (MT) and the NSC marker Pax6 are also shown in gray (middle and 

lower panels). (D) Diagram showing the parameters used to evaluate spindle morphometrics. 

Spindle length was determined by the distance between the two spindle poles and spindle width 

by the maximum distance between centromeres of congressed chromosomes at the metaphase 

plate. (E-F) Dot-plot graphs of spindle length (E) and width (F) quantifications; each dot 

represents one cell (at least 100 mitotic NSCs were analyzed at each stage). Error bars represent 

means ± SD from at least 5 different embryonic brains. Statistical significance was assessed by 

unpaired t-tests. Scale bars: A and C right panels, 5µm; C left panels, 10µm. 
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Figure S2, related to Figure 2: No change in MT PTMs, nucleation site, centrosome 

organization or activity (A) Representative confocal images of E13.5 (left) and E16.5 (right) 

NSCs spindles in metaphase stained with antibodies against acetylated tubulin (Acetyl. Tub., 

in red and grey in bottom insets) and α-tubulin (green), DNA is shown in blue. (B) Dot plot 

graph of Acetyl. Tub. PTM density index values from E13.5 and E16.5 spindles. Each dot 

represents one mitotic NSC.  (C) Representative confocal images of E13.5 (left) and E16.5 

(right) NSCs spindles in metaphase stained with antibodies against Tyrosinated tubulin (Tyr. 

Tub, in red and grey in bottom insets) and α-tubulin (green), DNA is shown in blue. (D) Dot 

plot graph of Tyr. Tub. PTM density index values from E13.5 and E16.5 NSCs. Each dot 

represents one mitotic NSC. Error bars represent means ± SD of at least 14 mitotic NCSs. 

Statistical significance was assessed by unpaired t-tests. (E) Representative confocal images of 

RPE-1 (left), E13.5 (middle) and E16.5 (right) mitotic spindles after 1 min of MT 

repolymerization. Centrosomes are depicted in red, DNA in blue and MTs in green and in grey 

(bottom panels). Lower insets show magnifications of MT nucleation from selected regions 

(dashed boxes). (F) Bar graph comparing the frequency of MT nucleation at the centrosome 

and in the cytoplasm between RPE-1 human cells (grey, n=27), E13.5 (blue, n=33) and E16.5 

(red, n=25) mitotic NSCs of the mouse brain. (G) Left panel, high resolution images of 

centrosomes (white dotted boxes) at the two poles of a metaphase spindle in E13.5 NSCs. 

Centrosomes were stained with the centriole marker centrin-3 (red) and the PCM marker γ -

tubulin (green). One z-section is provided in each panel. The two centrioles (centriole and 

procentriole identified by the two centrin-3 red dots) of each centrosome are arranged 

orthogonally and surrounded by a ring of PCM identified by γ-tubulin. The green lines in the 

right panels depict the orientation of the line-scan FI analysis provided in (H). (H) FI profiles 

of γ-tubulin across the mother centriole ring for each centrosome. The distance between the 

left and right fluorescence peaks reflects the outer diameter of each γ-tubulin ring and can be 

used to evaluate protein accumulation. (I-J) 3D-SIM images of E13.5 (left) and E16.5 (right) 

NSCs stained with the PCM markers Cep192 or Cdk5rap2 (red) and γ-tubulin (green). The 

white circles mark the mother centriole within each centrosome. (K) FI profiles of γ-tubulin 

(left graph), Cep192 (middle graph) and Cdk5rap2 (right graph) across the E13.5 (blue line) 

and E16.5 (red line) mother centriole rings shown in (I-J). (L) Dot plots depicting γ-tubulin 

(left), Cep192 (middle) and Cdk5rap2 (right) mother centriole ring diameters in E13.5 (blue 

dots) and E16.5 (red dots).  Error bars represent means ± SD of at least 10 mitotic NCSs from 

2 different brains. Statistical significance was assessed by unpaired t-tests. Scale bars: A and 
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C, 5µm; E left panels, 9µm; E right panels, 4µm; G left panel, 2µm; G right panels, 0.75µm; I 

and J: 0.5µm. 
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Figure S3, related to Figure 3: Identification of MAPs differently loaded on spindle MTs 

(A) Representative confocal images of E13.5 (left) and E16.5 (right) mitotic spindles in 

metaphase stained with antibodies against MTs (green), centromeres (grey) and the motor 

protein CENP-E (red). Insets show magnifications of a selected region within the cell (white 

dashed boxes). (B) Dot plot graph depicting CENP-E FI at the MT plus ends/kinetochores in 

mitotic spindles of E13.5 (blue dots) and E16.5 (red dots) NSCs. Each dot represents one value 

at one MT plus-end in at least 10 spindles. (C) On the left, representative en face view confocal 

images of E13.5 and E16.5 cortical explants stained with antibodies against HSET (in red and 

in grey in the bottom panels), α-tubulin (green) and DAPI (blue). On the right, higher 

magnifications of mitotic NSCs in metaphase (white boxes shown in left panels); MTs and 

HSET are also shown in grey (middle and lower panels). (D) Normalized fluorescent intensity 

(FI) profiles of HSET distribution along the spindle axis of E13.5 (blue line, n=9) and E16.5 

(red line, n=9) mitotic NSCs. (E) Dot plot graph of HSET density index values from spindles 

of E13.5 (n=14) and E16.5 (n=18) NSCs. (F) On the left, representative low magnification en 

face view confocal images of E13.5 and E16.5 cortical explants stained with antibodies against 

Eg5 (in red and in grey in the bottom insets), α-tubulin (green) and DNA (blue). On the right, 

higher magnifications of mitotic NSCs in metaphase (white boxes shown in left panels); MTs 

and Eg5 are also shown in grey (middle and lower panels). (G) Normalized FI profiles of Eg5 

distribution along the spindle axis of E13.5 (blue line, n=11) and E16.5 (red line, n=8) mitotic 

NSCs. (H) Dot plot graph of Eg5 density index values from E13.5 (n=24) and E16.5 (n=21) 

mitotic spindles. Error bars represent means ± SD of at least 10 mitotic NCSs from 2 different 

brains. Statistical significance was assessed by unpaired t-tests. Scale bars: A, C right panels, 

F right panels, 5µm; C left panels, F left panels, 10µm. 
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Figure S4, related to Figure 4: TPX2 influences NSCs division, positioning and fate 

 (A) Representative confocal images of mitotic NSCs in metaphase from E16.5 cortical 

explants after incubation with DMSO solvent (left panels) or 1.25µM of Monastrol (Eg5 

inhibitor, right panels). Explants were labelled with antibodies against the centrosome marker 

Cep135 (in red), ɑ-tubulin to label MTs (in green and grey in the bottom insets) and DNA in 

blue. Each spindle is also shown in fire lookup table (LUT) to illustrate ɑ-tubulin FI. (B) 

Normalized FI profiles of ɑ-tubulin distribution along the spindle axis in E16.5 cortical 

explants treated with DMSO solvent (left graph, red line) or 1.25µM Monastrol (right graph, 

pink line). Each data point from normalized FI profiles represents the mean value ± SD at a 

given position along the spindle with similar spindle length for comparison. (C) Dot plot graph 

of MT density index values from E16.5 mitotic spindles after treatment with DMSO solvent 

(left, n=15) or 1.25µM Monastrol (right, n=17). Data from at least 2 brains were included in 

the analysis. Statistical significance was assessed by unpaired t-tests. (D) Schematic 

representation of the protocol used to decrease TPX2 levels during early brain development in 

vivo. In utero electroporation was performed in E13.5 embryos and brains were sliced 48h 

after; NSC division, positioning and fate was analysed within the GFP-positive region 

(electroporated region). (E) Representative confocal images of mitotic NSCs from explants 

electroporated with Ctrl (left) or TPX2 siRNAs (right). Explants were stained for MTs (in green 

and grey in middle panels), TPX2 (in red) and DNA in blue (and grey in bottom panels). (F) 

Bar graph showing the percentage of mitotic NSCs with abnormal spindles in explants 

electroporated with Ctrl (n=41 NSCs) or TPX2 (n=45 NSCs) siRNAs. Both monopolar or 

bipolar spindles with low inner spindle MT density and or mis-organized MTs were classified 

as abnormal (as shown in E). (G) Bar graph indicating the percentage of mitotic NSCs with 

unaligned chromosomes upon electroporation of Ctrl (n=41) or TPX2 (n=45) siRNAs. Data 

from 2 brains and 2 independent replicates were included in the analysis. Statistical 

significance was assessed by a Chi squared-test. (H) Representative images of E15.5 lateral 

brain sections co-electroporated with pBLBP-GFP plasmid (in green) and Ctrl (left) or TPX2 

(right) siRNAs and co-stained for GFP (electroporated cells, in green), Sox2 (NSC marker, in 

blue) and NeuN (neuronal marker, in red). Insets show magnifications from selected regions 

(white boxes); arrows indicate selected GFP-expressing cells. (I) Dot plot graph showing the 

proportion of NeuN-positive versus Sox2-positive cells among the GFP-expressing cells 

evaluated in the E15.5 lateral brain sections presented in (H). A total of 12 sections out of at 
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least 2 electroporated brains were analysed per condition. Statistical significance was assessed 

with an unpaired t-test. Scale bars: A, E, 5µm; H, 50µm. 
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Figure S5, related to Figure 5: Characterization of adherent primary mouse embryonic

brain cultures (A) Diagram depicting the protocol used to culture adherent primary NSCs.

After mechanical dissociation, cells were cultured on fibronectin substrates in the presence of 

growth factors allowing enrichment for proliferating NSCs. (B) Representative images of 

E16.5 primary brain cortical cultures, labelled with antibodies against Pax-6 (NSCs, in green) 

and Tubulin βIII (neurons, in red) at day in vitro 1 (DIV1, left) and DIV6 (right), DNA is 

shown in blue. (C) Bar graph showing the percentages of Pax6 positive NSCs, tubulin βIII 

positive neurons and other cell types (determined by the absence of Pax6 or tubulin βIII 

staining) in E16.5 primary cultures. (D) Representative confocal images of mitotic spindles 

from E16.5 primary cultures at DIV1 and DIV6. MTs are shown in green (in grey in the bottom 

panels) and DNA in blue. (E) Bar graph showing the percentage of mitotic cells with E13.5-

like spindle morphology (defined by the presence of few and thin MT bundles within the 

spindle; in blue) and E16.5-like spindle morphology (defined by the presence of dense and 

thick MT bundles; in red) from E16.5-derived cortical cultures. The number of cells analysed 

at each day in vitro is indicated in the graphs. (D) Dot plot graph of MT density indexes in 

spindles of E16.5 primary NSCs at DIV1 (left, n=36) and DIV6 (right, n=21); each dot 

represents one mitotic NSC. (G) Representative images of E16.5 primary cultures co-

electroporated with TPX2 siRNA and the different GFP-tagged versions of hTPX2 (FL, N-

TER, C-TER and NLS*). GFP is shown in green, MTs in red and DNA in blue. Bottom left 

insets show magnifications of mitotic NSCs and the localization of each GFP-tagged hTPX2 

version on the spindle. (H) Representative confocal images of mitotic spindles in metaphase 

from E13.5 (left) and E16.5 (right) cortical explants stained for MTs (in green), the Ran 

activator-RCC1 (in red and in grey, bottom insets), DNA is shown in blue. (I) Dot plot graph 

of RCC1 FI levels at the chromosome region in mitotic E13.5 (blue, n=30) and E16.5 (red, 

n=36) NSCs. Statistical significance was assessed by unpaired t-tests. Scale bars: B, 30µm; D, 

G insets and H, 5µm; G, 10µm. 
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Figure S6, related to Figure 6: Mitotic NSCs with early-like spindle morphology are more 

susceptible to CENP-E inhibition  

(A) Bar graph showing the proportion of mitotic NSCs with unaligned chromosomes in E13.5 

(blue) and E16.5 (red) cortical explants after 1h incubation with medium (NT, light grey-

dashed bars), DMSO solvent (light grey-dotted bars) or CENP-E inhibitor (GSK923295, dark 

grey bars). (B) Bar graph showing the percentage of E13.5 and E16.5 anaphases with lagging 

chromosomes after the indicated treatments. (C-D) Bar graphs showing the percentage of E16.5 

NSCs with misaligned (C) and lagging chromosomes (D) after electroporation of NSCs with 

Ctrl or TPX2 siRNAs followed by incubations with culture medium (NT, grey-dashed bars), 

DMSO (grey-dotted bars) or CENP-E inhibitor (dark grey bars). The number of mitotic NSCs 

analysed is indicated below and results from at least 2 brains out of 2 independent experiments. 

Statistical significance was assessed by unpaired t-tests. 
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Section B: Unpublished Results 
 

1. COMPLEMENTARY RESULTS AND FIGURES 
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1.1 Results  

 

1.1.1 The Augmin subunit HAUS6 is similarly distributed on the spindles of mitotic RGCs 

during neurodevelopment  

 

Several spindle-associated factors (SAFs) were analyzed as part of the screen for protein 

candidates involved in spindle morphology differences between early and late mitotic RGCs 

(see Table 6 for a summary on the main results obtained). From the proteins mentioned before, 

TPX2 was one important factor whose loading on spindle MTs determined spindle architecture. 

I thus postulated that spindle loading or distribution of other SAFs could also contribute to 

spindle architecture, dependently or independently of TPX2. Factors such as the MT nucleator 

Augmin, the kinase Aurora-A and the MT polymerizing protein TACC3 are key contributors 

of spindle assembly. Interestingly, all of them interact directly or indirectly with TPX2.  

TPX2 is known to target the Augmin complex to microtubules (MTs) promoting 

nucleation of MTs from these pre-existing ones (Thawani et al., 2019). Since high MT density 

and TPX2 spindle loading were observed in E16.5 mitotic spindles, I wondered whether this 

reflected an increase in the Augmin MT-nucleation pathway. I therefore analyzed spindle 

loading and distribution of HAUS6, the Augmin protein subunit that binds to and targets γ-

TuRC to MTs in mitotic human cells (Uehara et al., 2009). Immunofluorescence analyses of 

HAUS6 revealed no differences in the distribution (Figure 1A-B) or levels (Figure A-C) of this 

protein in the E16.5 spindles as compared to E13.5 ones. Importantly, as observed in MT 

depolymerization-repolymerization assays, the main MT nucleation sites of mitotic aRGCs 

were the centrosomes, suggesting a minor contribution of other MT nucleation pathways in the 

assembly of aRGCs spindles. Therefore, HAUS6 levels and thus MT nucleation from MTs do 

not account for the significant increase in MT density observed in E16.5 spindles (1.5-fold 

increase when compared to E13.5). 

 

1.1.2 A complex of Aurora-A and TACC3 is enriched at the spindle poles of mitotic E16.5 

RGCs 

Another factor regulated by TPX2 is the mitotic kinase Aurora-A. Direct binding of TPX2 to 

Aurora-A targets this kinase to the spindle in mitotic human cell lines. Interestingly, TPX2 is 

also a substrate of Aurora-A (Kufer et al., 2002). Further, this binding activates Aurora-A by 

inducing its autophosphorylation on Thr288 (Bayliss et al., 2003; Eyers et al., 2003 ). To 

ascertain if increased TPX2 levels contribute to increased Aurora-A targeting and/or activation 
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to E16.5 mitotic spindle poles of mouse aRGCs I examined spindle loading and distribution of 

both total and phosphorylated Aurora-A (Aurora-A and pAurora-A-Thr288). Comparative 

analysis of Aurora-A immunofluorescence distribution along the spindles by line-scan analysis 

showed that the protein in its active form was restricted to the spindle poles in both E13.5 and 

E16.5 mitotic spindles (Figure2A and D). No differences in total Aurora-A distribution along 

the spindle were observed between both neurogenic stages (Figure 2B). Nonetheless, 1.6 fold-

increase of Aurora-A FI levels was found when comparing E16.5 and E13.5 spindle poles 

(Figure 2C). Moreover, a significant increase in both the area and density levels of active 

Aurora-A were detected at the poles of E16.5 spindle when compared to E13.5 ones (Figure 

2E-F).  

An increase in total and active Aurora-A at the spindle poles of mitotic E16.5 aRGCs 

might reflect increased activation of Aurora-A-dependent pathways. Among other functions, 

the kinase Aurora-A is necessary for the proper formation of the mitotic spindle as it recruits 

and activates different factors involved in spindle assembly (Nikonova et al., 2013). The MT 

plus-end associated protein TACC3 is a recognized substrate of Aurora-A. Certainly, 

phosphorylation of TACC3 by Aurora-A is required to target TACC3 to the spindle poles 

(Kinoshita et al., 2005). Contrary to what was observed for TPX2 distribution, TACC3 was 

associated with the spindle MTs in E13.5 aRGCs but was mainly associated with the spindle 

pole regions in E16.5 aRGCs (Figure 2G-J). In agreement, TACC3 density index decreased at 

late stages of neurogenesis (Figure 2I), yet TACC 3 fluorescence intensity (FI) levels highly 

increased at the spindle poles (Figure 2G and 2J) of E16.5 spindles when compared to E13.5.  

Overall these results suggest a possible role of the Aurora-A/TACC3 complex in the 

stabilization and polymerization of MTs at the spindle poles of E16.5 aRGCs. Interestingly, a 

higher density of MTs is observed at this region upon repolymerization of E16.5 mitotic 

spindles as compared to E13.5. On the other hand, the fact that at E16.5, no increase in the 

levels of Aurora-A at the spindle poles was noticed, contrary to what was observed for TPX2, 

discarded the possibility that the increased loading of TPX2 on spindle MTs affects the 

accumulation of Aurora-A at spindle poles. 

 

1.1.3 E13.5 RGC spindle morphology is non-cell autonomous  

The differences in spindle morphology together with the changes in SAFs described above lead 

me to ask whether these are influenced by tissue inherent characteristics at each developmental 

stage. To analyze the influence of the brain tissue properties in the establishment of metaphase 
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spindles, I used the protocol described before for the culture of primary aRGCs that maintain 

stem cell proliferation capacity in vitro (section A-Vargas et al., see also material and methods). 

Importantly, after several days in culture in the presence of growth factors on fibronectin 

substrate, E13.5 primary cortical cultures were enriched in proliferating aRGCs (Figure3A-B, 

see also section A-Vargas et al). Spindle morphology analysis showed that, at day in vitro (DIV) 

1, in both E13.5 and E16.5 1ry RGC cultures, mitotic spindle morphologies were similar to the 

ones observed in vivo (Figure 3C, left panels). Surprisingly, over a period of 6 days in culture 

(DIV6), spindles derived from E13.5 aRGC cultures changed morphology and contained more 

MTs within the spindle midzone when compared to DIV1(compare Figure 3C, E13.5 left and 

right panels and 3D E15.3 1ry cortical cultures). In contrast, spindles from E16.5-derived RGC 

cultures maintained a morphology similar to the one observed in vivo (Figure 3C-D). 

Accordingly, the MT density index of spindles highly increased in E13.5 mitotic aRGCs from 

DIV1 to DIV6. On the other hand, MT density values in mitotic spindles from E16.5 aRGC 

primary cultures were not altered after one week of culture (Figure 3E).  

The observation that E13.5 aRGC mitotic spindles changed morphology after DIV3 

could be explained by the fact that after this period, E13.5 aRGCs follow their neurogenic 

program and become E16.5 aRGCs. If this was the case, the observed changes in spindle 

morphology in vitro may not result from being outside the brain, but rather due to the 

developmental program. To unequivocally distinguish between these possibilities, we 

performed two different experiments. First, we established primary cultures from E11.5 brains. 

In the brain, E11.5 aRGCs assemble mitotic spindles that resemble E13.5 spindles (see 

Supplementary Figure1A, section A Vargas et al). However, when expanded as adherent 

cultures in vitro, around 60% of aRGCs from E11.5-derived cultures assembled spindles with 

an E16.5-like morphology. This percentage rose to more than 90% by DIV6 (Figure 3F-G). 

These results suggest that early spindle morphologies are not maintained in vitro, irrespectively 

of their initial developmental stage.  

I further investigated whether primary cultures of aRGCs maintained their in vivo 

proliferative potential. Indeed, cell cycle length is one of the key aRGC characteristics, inherent 

to the neurodevelopmental program, that increases during the course of neurogenesis (Borrell 

and Calegari, 2014 ; Calegari et al., 2005 ; Salomoni and Calegari, 2010). To that aim, we co-

cultured cortical cells from E16.5 (membrane Tomato +) and E13.5 (without membrane label) 

brains (Figure 4A) and compared their proliferative in vitro potential. As expected, within the 

co-cultures, cells derived from E13.5 brains proliferated quicker than the ones derived from 

E16.5 ones (Figure 4B-C), indicating that cortical cells in culture keep their in vivo proliferative 
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potential. All together these results show that E13.5 spindle morphology is non-cell 

autonomous and influenced by the brain tissue.  

 

1.1.4 Spindle and mitotic defects arise from acute centrosome loss in mitotic mouse RGCs 

As described above, when mitosis is challenged, there is an increased susceptibility to mitotic 

errors in E13.5 spindles compared to E16.5. Further, in these challenged conditions, a higher 

rate of apoptotic aRGCs is also observed in E13.5 explants as compared to E16.5 .  

To understand the influence of centrosome defects on mitotic aRGC progression and 

accuracy, I decided to characterize spindle morphology and mitotic defects upon centrosome 

loss. For this, primary cultures of E16.5 aRGCs were incubated with Centrinone, a reversible 

inhibitor of Plk4 activity (Wong et al., 2015) (Figure 5A). First, I characterized centrosome loss 

by counting the number of centrioles located at the poles of metaphase aRGC spindles (see 

materials and methods for further details). In agreement with what was observed for non-

transformed human and mouse cell lines (Wong et al., 2015), incubation of mouse primary 

RGCs with Centrinone led to a drastic reduction in the number of centrioles/centrosomes after 

16h of treatment when compared to control conditions (Figure 2B-C). Furthermore, colony 

formation assays after centrinone treatment showed a significant decrease in the number of 

colonies formed in centrinone-treated as compared with control primary cultures, suggesting 

poor aRGC survival or decreased proliferation capacity (Figure 2D-E). In order to distinguish 

between these two possibilities, I decided to analyze RGC spindle architectures and mitotic 

figures. Interestingly, the percentage of monopolar and pseudo bipolar spindles (here referred 

together as abnormal spindles; Figure 5F left panels) increased up to 50% in the primary 

cultures treated with Centrinone when compared to control conditions (Figure 5G). Moreover, 

the percentage of RGCs with unaligned chromosomes at the metaphase plate (Figure 5F right 

panels) was also higher, from 3% in control to 15% in Centrinone treated primary cultures 

(Figure 5H). These results indicate that acute centrosome loss leads to spindle and mitotic 

defects in mouse aRGCs primary cultures.  

In mouse genetic mutants, progressive centrosome loss in the mouse central nervous 

system induces mitotic delay and p53 dependent apoptosis (Insolera et al., 2014). I thus decided 

to analyze the effects of acute centriole/centrosome loss by incubating E13.5 WT whole-mount 

cortical explants with Centrinone (Figure 6A). After 8h of centrinone treatment, I could observe 

a decrease in the number of centrioles in mitotic aRGCs treated with the inhibitor as compared 

to control conditions (Figure 6B). Interestingly, these cells also presented spindle morphology 
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defects, such as monopolar spindles or bipolar spindles with very low densities of MTs and 

reduced pole-to-pole distance (Figure 6B). Furthermore, a high frequency of pyknotic nuclei 

(an indicator of cell death) was readily observed in Centrinone treated explants as compared to 

controls (Figure 6C).  

All together these results provide evidence that an acute loss of centrioles in mitotic 

mouse RGCs leads to spindle morphology and mitotic defects both in vitro and in vivo, which 

might be at origin of the increased proportion of cell death observed in the E13.5 cortical 

explants.  
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Table 6. List and results of main protein candidates analyzed 

PROTEIN 

CANDIDATE 
FUNCTION 

TOTAL 

LEVELS 
DISTRIBUTION 

SPINDLE 

LOADING 

Acetylated tubulin 

(modification of 

tubulin) 

Tubulin modification, 

normally associated 

with more stable MTs 

NA 

MT minus ends, 

sp. poles (E13.5 

and E16.5) 

Vargas et al. 

Augmin 

(protein complex) 
MT branching NA ND ND 

Aurora-A 

(kinase) 
Mitotic regulator NA 

MT minus ends, 

sp. poles (E13.5 

and E16.5) 

No increase on the 

spindle; Increase on 

spindle poles (E16.5) 

pAurora-A 

(Thr288) 

Mitotic regulator, 

+ Phosphorylation on 

Thr288 (active form) 

NA 

MT minus ends, 

sp. poles (E13.5 

and E16.5) 

Increase on spindle 

poles (E16.5) 

Cenp-E 

(MT motor, 

plus-end directed) 

Chromosome alignment 

and maintenance at the 

metaphase plate 

NA ND Vargas et al. 

Cep192 

(Centrosome, PCM) 

MT nucleation at the 

centrosome 
NA ND Vargas et al. 

Cdk5Rap2 

(Centrosome, PCM) 

MT nucleation at the 

centrosome 
NA ND Vargas et al. 

De-tyrosinated 

tubulin 

(modification of 

tubulin) 

Tubulin modification, 

normally associated 

with stabilization of the 

MT lattice 

NA ND Vargas et al. 

Eg5 

(MT motor, 

plus-end directed) 

Spindle pole separation 

(MT crosslinker) 
NA 

MT minus ends, 

sp. poles (E13.5) 

Spindle MTs 

(E16.5) 

Increase on spindle 

MTs (E16.5) 

HSET 

(kinesin) 
Spindle pole focusing NA ND Vargas et al. 

RCC1 

(Ran-dependent 

pathway) 

MT nucleation-trough 

the activation of SAFs 
NA ND NA 

Tacc3 

(+TIP) 

MT stabilization, 

polymerization 
ND 

Spindle MTs 

(E13.5) 

MT minus ends, 

sp. poles (E16.5) 

Increased on spindle 

poles (E16.5) 

Tpx2 

(MAP) 

MT bundling, 

stabilization, nucleation 
ND 

MT minus ends, 

sp. poles (E13.5) 

Spindle MTs 

(E16.5) 

Increased on spindle 

MTs (E16.5) 
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Tyrosinated tubulin 

(modification of 

tubulin) 

Tubulin modification, 

normally associated 

with more dynamic 

MTs 

NA 
Spindle MTs 

(E13.5 and E16.5) 
Vargas et al. 

γ-tubulin 

(γ-TuRC) 
MT nucleation scaffold NA ND Vargas et al. 

 

For the different factors analyzed in candidate screen spindle loading and distribution differences between E13.5 

and E16.5 spindles are stated. Total levels were analyzed by western blot of FACS sorted eRGCs. Spindle 

distribution and loading were determined by quantifications of immunofluorescence data. ND (no differences), 

MAP (microtubule associated protein), PCM (pericentriolar material), NA (not analyzed), γ-TuRC (gamma-

tubulin ring complex), SAF (spindle assembly factors). 
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1.2 Figures 
 

This section is composed of 6 figures; figure legends appear after each figure  
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Figure 1. Spindle loading and distribution of the Augmin subunit HAUS6 does not change 

between E13.5 and E16.5 mitotic RGCs.  

 

(A) On the left, en face view confocal images of representative WT E13.5 and E16.5 cortical 

explants stained for Augmin (in red and in gray in the bottom panels), MTs (green) and DNA 

(blue). On the right, higher magnifications of mitotic RGCs in metaphase (white boxes shown 

in left panels); α-tubulin (MTs) and HAUS6 (Augmin) signals are also shown in gray (middle 

and lower panels respectively). (B) Normalized fluorescent intensity (FI) profiles of HAUS6 

distribution along the spindle axis of E13.5 (blue line, n=7) and E16.5 (red line, n=7) mitotic 

RGCs. (E) Dot plot graph of HAUS6 density index values from spindles of E13.5 (n=14) and 

E16.5 (n=13) RGCs; Each dot represents one measurement in a cell; Error bars represent means 

± SD from 2 different brains. Statistical significance was assessed by unpaired t-tests. 
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Figure 2. Aurora-A and TACC3 are enriched at the spindle poles of E16.5 mitotic RGCs.  

 

(A) On the left, en face view representative confocal images of E13.5 and E16.5 WT explants 

stained with antibodies against Aurora-A (in red, and in gray in bottom panels), α-tubulin 

(green) and DAPI (blue). On the right, higher magnifications of mitotic RGCs in metaphase 

(from white boxes shown in left panels); MTs and Aurora-A are also shown in gray (middle 

and lower panels). (B) Normalized fluorescent intensity (FI) profiles of Aurora-A distribution 

along the spindle axis of E13.5 (blue line, n=7) and E16.5 (red line, n=10) mitotic RGCs. (C) 

Dot plot graph of Aurora-A density index values from spindles of E13.5 (blue, n=21) and E16.5 

(red, n=25) RGCs. (D) On the left, low magnifications of representative en face view confocal 

images of E13.5 and E16.5 WT cortical explants stained with antibodies against the 

phosphorylated from of Aurora-A (pAurora-phosphorylated in Thr288; in red and in gray in 

the bottom insets), α-tubulin (green) and DNA (blue). On the right, higher magnifications of 

mitotic RGCs in metaphase (white boxes shown in left panels); MTs and pAurora-A are also 

shown in gray (middle and lower panels). (E) Dot plot graph of the area of pAurora-A signal 

measured at the spindle poles of E13,5 (blue, n=20) and E16.5 (red, n=16) mitotic RGCs. (F) 

Dot plot graph of the area of pAurora-A signal measured at the spindle poles of E13.5 (blue, 

n=20) and E16.5 (red, n=16) mitotic RGCs. (G) On the left, representative en face view 

confocal images of E13.5 and E16.5 WT explants stained with antibodies for the MT plus-end 

protein TACC3 (in red, and in gray in bottom panels), MTs (green) and DNA(blue). On the 

right, higher magnifications of mitotic RGCs in metaphase (white boxes shown in left panels); 

MTs and TACC3 are also shown in gray (middle and lower panels). (H) Normalized fluorescent 

intensity (FI) profiles of TACC3 distribution along the spindle axis of E13.5 (blue line, n=10) 

and E16.5 (red line, n=13) mitotic RGCs. (I) Dot plot graph of TACC3 density index values 

from spindles of E13.5 (blue, n=35) and E16.5 (red, n=33) RGCs. (J) Dot plot graph of TACC3 

FI levels at the spindle poles of E13.5 (blue, n-= 35) and E16.5 (red, n=33) mitotic RGCs. Error 

bars represent means ± SD of at least 10 mitotic NCSs from 2 to 3 different brains. Statistical 

significance was assessed by unpaired t-tests. 
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Figure 3. E13.5 spindle morphology is non-cell autonomous.  

 

(A) Representative images of E13.5 primary brain cortical cultures, labeled with antibodies 

against the stem cell marker Pax-6 (to label RGCs, in green) and Tubulin βIII (to label neurons, 

in red) at day in vitro 1 (DIV1, left) and DIV6 (right). DNA is shown in blue. (B) Graph showing 

the percentages of RGCs, neurons and other cell types (determined by the absence of Pax6 or 

Tubulin βIII staining) in E13.5 primary cultures. (C) Representative confocal images of mitotic 

RGCs from E13.5 primary cultures at day in vitro 1 (DIV1) and 6 (DIV6). MTs are labeled 

with ɑ-tubulin (in green and in grey in the bottom panels). Each spindle is also shown in fire 

lookup table (LUT, bottom panels) to illustrate MT fluorescence intensity (FI), DNA was 

labelled with DAPI (blue). (D) Bar graphs showing the percentage of mitotic cells with E13.5-

like spindle morphology (defined by the presence of few and thin MTs bundles within the 

spindle; in blue) and E16.5-like spindle morphology (defined by the presence of dense and thick 

MT bundles; in red) from E13.5 (left) and E16.5 (right)-derived cortical cultures; statistical 

significance indicates the differences in the percentages of RGCs between days in culture, 

number of mitotic RGCs analyzed is indicated on the graph. (E) Dot plot graph of MT density 

indexes from mitotic spindles of E13.5 (blue dots) and E16.5 (red dots) primary RGCs at DIV1 

and DIV6 (n=32 in DIV1 and n=22 in DIV6 primary E13.5 cultures; n=36 in DIV1 and n=21 

in DIV6 primary E16.5 cultures), each dot represents one cell. (F) Representative confocal 

images of mitotic RGCs from E11.5 primary cultures at DIV1 and DIV6 stained for MTs (green 

and gray in bottom panels). Spindles are also shown in fire lookup table (LUT, bottom panels) 

to illustrate MT fluorescence intensity (FI). (G) Bar graph showing the percentage of cells with 

an E13.5-like (blue) or E16.5-like (red) spindle morphology from E11.5-derived cortical 

cultures at DIV1 and DIV6. The number of cells analyzed is indicated on the graph. Statistical 

significance was assessed by unpaired t-tests. Error bars represent means ± SD from >3 

independent experiments where cortical cells from at least 3 embryos were cultured. 
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Figure 4. E13.5 and E16.5 mitotic RGCs maintain their proliferation potential in vitro.  

 

(E) Schematic diagram of the protocol used to determine RGC proliferative capacity. Cells 

dissociated from wild-type E13.5 (white) and E16.5 membrane-targeted Tomato (Td-tomato, 

red) cortical explants were platted in a 1:1 proportion. For comparative analysis of RGC 

proliferative capacity, the mixed populations were fixed at different DIVs and the proportion 

of E13.5 white versus E16.5 red RGCs was evaluated. (F) Representative images of the mixed 

primary cultures at DIV1, DIV7 and DIV15. (G) Bar graph showing the percentages of white-

E13.5 and red-E16.5 RGCs in the mixed primary cultures. Statistical significance was analyzed 

by unpaired t-tests and indicates the differences in the percentages of E13.5 white RGCs 

between days in culture. Error bars represent means ± SD from 2 independent experiments.  
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Figure 5. Acute centrosome loss causes spindle formation defects in primary mitotic 

RGCs. 

(E) Schematic diagram of the protocol used to induce centrosome loss in primary cultures of

mitotic mouse RGCs (see material and methods for specifications on the protocol). (B)

Representative images of mitotic primary RGCs in metaphase immunostained with antibodies

against Centrin-3 (to label centrioles, in red) CEP192 (to label PCM, in green) and DAPI (to

label DNA, in blue) from control (lefts panels) or Centrinone (right panels) primary cultures

treated for 24h. (C) Bar graph showing the percentages of mitotic RGCs with 4 (black bars),

less than 4 (light gray bars) and more than 4 (dark gray bars) centrioles. (D) Representative

images of crystal violet–stained colonies from clonogenic assays of primary mitotic RGCs. (E)

Bar graph showing the number of colonies, relative to the NT control condition, found in

DMSO and Centrinone treated primary cultures. Error bar represent ± SD from 2 replicates. (F)

Representative images of mitotic spindle morphologies and mitotic figures observed in E16.5

RGC primary cultures; DNA is shown in blue, MTs are shown in green and centrioles in red.

DNA and MTs (in gray) are also shown in insets. For analysis of spindle morphology,

monopolar and pseudo bipolar spindles were identified as abnormal spindles. (G) Graph bar

showing the proportion of mitotic RGCs with normal and abnormal spindles from E16.5 mouse

primary cultures non-treated or treated with DMSO or Centrinone (300nM). (I) Graph bar

indicating the proportion of mitotic RGCs of primary mitotic RGCs with non-aligned

chromosomes at the metaphase plate.
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Figure 6. Acute centrosome loss leads to spindle formation defects in mitotic RGCs in 

vivo. 

 

(E) Schematic diagram of the protocol used induce centrosome loss in primary cultures of 

mitotic mouse RGCs, see material and methods for specification on the protocol. (B) 

Representative  confocal images of mitotic RGCs in metaphase immunostained with antibodies 

against Centrin-3 (to label centrioles, in red) CEP192 (to label PCM, in green) and DAPI (to 

label DNA, in blue) from non-treated cortical explants (lefts panels) or treated with 300nM 

Centrinone (right panels) for 8h. (C) Representative confocal images of the chromatin status 

(shown in gray) of cells within E13.5 cortical explants upon incubation with medium alone (NT 

Ctrl, left), DMSO (middle) and Centrinone (right). 
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The aim of my PhD was to investigate the reasons behind the marked vulnerability of 

mammalian aRGCs to centrosome and spindle dysfunction. With this purpose, I took a 

systematic approach to characterize spindle morphology and assembly in apical Radial Glial 

Cells (aRGCs) during mouse cortical development. Remarkably, I found that aRGCs tailor the 

morphology of their bipolar spindles between early and late neurogenesis. While at early stages 

(E13.5) aRGCs spindles contained more numerous and longer astral microtubules (MTs) that 

reached the cell cortex, at later stages (E16.5) the mitotic spindles of these neural progenitors 

gained inner spindle MT density and stability yet they presented very few astral MTs (Figure 

7-Vargas et al). Different questions emerged from these findings, such as how these mitotic 

spindles are able to assemble differently? Why spindle tailoring occurs in the first place? But 

more importantly, are these spindle variations at the origin of neural progenitor vulnerability? 

In the following paragraphs I will discuss my results in light of the questions raised above.   

 

1.    On the role of TPX2 on aRGC spindle tailoring  

Alterations in the landscape of spindle associated factors are known to tune spindle 

morphometrics according to specific cellular requirements (Helmke et al., 2013). By 

comparative and functional analysis, I have identified TPX2 as one important factor involved 

in the spindle remodeling of aRGCs. Certainly, a slight decrease in TPX2 cellular levels in 

E16.5 aRGCs was sufficient to convert these spindles from a “late-like” morphology (robust 

inner cell mass and almost no astral MTs) to an “early-like” spindle (abundant and long astral 

MTs and few inner spindle MTs). Importantly, I also observed that the levels of TPX2 on MTs 

highly correlated with increased MT density and bundling.  

TPX2 is a pleiotropic protein essential for spindle formation in many cell types 

(Wadsworth, 2015). Well-described domains of interaction for the motor protein Eg5 (Eckerdt 

et al., 2008), Aurora-A kinase (Bayliss et al., 2003) and the NLS-importin-α regulatory 

sequence (Brunet et al., 2004) encompass the TPX2 protein sequence. In this study, all the 

different truncated versions of TPX2 rescued aRGC spindle formation and morphology, 

indicating a requirement of all TPX2 domains in the formation of a robust spindle. Importantly, 

the C-TER domain showed the strongest rescue. Interestingly, preventing importin-α/TPX2 

interaction did not perturb spindle morphology but it rather affected its size. Certainly, our 

results based on spindle rebuilding assays only detected MT nucleation at the spindle poles. 

Along this line, no differences in the MT nucleation capacity at the centrosome nor in PTMs of 

tubulin were detected between spindles of different morphology. Accordingly, previous studies 
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show that while TPX2 MT nucleation activity is regulated by importin α, its bundling activity 

is not (Schatz et al., 2003). Therefore, these results support a model where the amount of TPX2 

loaded on MTs influences MT reorganization and bundling within aRGC spindles contributing 

to their robustness. Interestingly, slight variations in TPX2 levels at the spindle have also been 

described at the origin of spindle size differences and morphology, between two Xenopus 

species (Helmke and Heald, 2014). Along this line, it would be interesting to investigate 

whether higher TPX2 levels could also convert “early-like (E13.5)” spindles into “late-like 

(E16.5)” spindles. Unfortunately, I did not succeed in over-expressing this protein in the 

embryonic neocortex at early stages. Indeed, TPX2 over-expression inhibited aRGCs mitotic 

entry (data not shown) as described in (Kosodo et al., 2011). 

An important question that remains to be answered is what can be controlling TPX2 

loading on aRGC spindles? In our in vitro experiments, and contrary to the nuclear localization 

during interphase observed in human HeLa cell lines (Garrett et al., 2002 ; Gruss et al., 2002), 

hTPX2-GFP was also loaded on MTs in interphase aRGCs. Accordingly, an enrichment of 

TPX2 bound to MTs has been observed during G2 in mouse aRGCs in vivo. Further, MT-bound 

TPX2 in the apical process is necessary to regulate MT bundling and thus nuclear translocation 

in these cells (Kosodo et al., 2011). This MT localization during interphase was much more 

marked upon electroporation of the C-TER domain of hTPX2-GFP. Interestingly, a region 

within the C-terminal domain of Xenopus TPX2 has been recently identified as the minimal-

region necessary for MT-bundling in vitro (Alfaro-Aco et al., 2017). Therefore, I could 

speculate that in aRGCs specific requirements of TPX2 localization during interphase influence 

its loading on the spindle in mitotic aRGCs.  

 For the moment, TPX2 has been the only factor that I identified for which a decrease 

in cellular levels was sufficient to modify aRGC spindle morphology. I cannot discard however 

the contribution of other spindle associated factors (SAFs) to the alterations in spindle 

architecture of aRGCs. Certainly, between early and late spindles I observed variations in the 

distribution and loading of other key SAFs such as the kinase Aurora-A, the MT plus end 

protein TACC3 and the motor protein Eg5. In fact, I could observe that in the spindles of aRGC 

these factors were differently distributed over the course of neurogenesis. While at late 

neurogenic stages TPX2 and Eg5 localized on spindle MTs, TACC3 and Aurora-A (including 

its active form) were concentrated at the spindle poles (Figure 18). In human cell lines and 

Xenopus extracts, the interaction of TPX2 with Eg5 seems to be crucial for the regulation of 

spindle integrity and size (Helmke and Heald, 2014 ; Ma et al., 2011). Further, TPX2/Eg5 

interaction is necessary for the targeting of Eg5 to the spindle but not to the spindle poles in 
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mammalian cultured cells (Ma et al., 2011). It is thus possible that TPX2/Eg5 interact to 

organize the increased density of MTs within the spindles of mitotic aRGCs at late 

neurogenesis. Interestingly, inhibition of Eg5 motor activity in E16.5 mitotic aRGCs did not 

change spindle morphology but decreased its size. This might imply Eg5 as a downstream 

effector of TPX2 necessary to further bundle and crosslink antiparallel MTs and contribute to 

spindle pole separation in these robust spindles. 

The other pool of factors differently distributed were preferentially enriched at the 

spindle poles of E16.5 mitotic aRGCs when compared to E13.5 and comprised the non-active 

but also active forms of Aurora-A as well as its targeting factor TACC3 (Figure 18). In human 

cell lines and Xenopus egg extracts, Aurora-A phosphorylation of TACC3 and its further 

interaction with the polymerase Ch-TOG (XMAP-215) are known to regulate MT 

polymerization and stability at the spindle poles (Kinoshita et al., 2005). Therefore, it is possible 

that the Aurora-A/TACC3/ChTOG complex is responsible for the increased nucleation and/or 

stabilization of MTs at the centrosomes of E16.5 mitotic aRGS. Interestingly, depending on the 

regulatory relationship between TACC3 and Aurora-A, TACC3 can either promote MT 

assembly via ChTOG or the stabilization/formation of MT kinetochore -fibers (k-fibers) 

through its interaction with the MT crosslinker Clathrin (Burgess et al., 2015). Functional 

analyses to decrease or increase the levels of full-length or mutated versions of the 

aforementioned proteins would contribute to further validate these hypotheses. 

 

 

Figure 18. Changes in the landscape of SAFs during mouse neurodevelopment.   

Spindles assembly factors are distributed in two different pools within the spindles of mitotic aRGCs 

when comparing late (E16.5, red) to early (E13.5, blue) neurogenic stages. While Tpx2 and Eg5 are 

increased on spindle MTs, Aurora-A (and also pAurora-A) and TACC3 are highly enriched at the 

spindle poles (close to the centrosomes). 
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2.    On the relationship between spindle orientation and spindle morphology 

Our previous results conclude that TX2 loading on spindle MTs readily influences aRGC 

spindle architectural changes over the course of neurogenesis. However, does spindle 

remodeling takes place? Interestingly, aRGCs spindle tailoring correlates with a switch in the 

division mode of these neural progenitors from early to late neurogenesis. Indeed, as 

neurogenesis progresses there is a lower requirement for apical progenitor expansion and thus 

RGCs progressively switch from symmetric/vertical to asymmetric/off-vertical divisions 

(Fernandez et al., 2016; Haydar et al., 2003 ). Minor deviations in the vertical orientation of 

aRGC divisions are enough to promote asymmetric inheritance of apical and basal 

compartments (Kosodo et al., 2004). A strict control of spindle orientation is therefore 

particularly important during aRGC symmetric/vertical divisions.  

Oriented cell divisions depend on the presence of a robust array of astral MTs that needs 

to establish interactions with a receptive and polarized cell cortex (di Pietro et al., 2016). 

Interestingly, and in agreement with Mora-Bermudez et al., (Mora-Bermúdez et al., 2014), I 

observed a predominance of astral MTs on spindles of symmetrically dividing aRGCs at early 

stages when compared to asymmetrically dividing aRGCs at late stages. Strict control of spindle 

orientation is decisive during mammalian brain formation. Indeed, mis localization of cortical 

force regulators, or defects in astral MT nucleation are associated with different outcomes such 

as the premature differentiation of neural progenitors, their mispositioning and/or neural 

progenitor cell death (Insolera et al., 2014 ; Konno et al., 2008 ; Postiglione et al., 2011). This 

suggest that spindle orientation is not the only determinant of the aforementioned neural 

progenitor defects. Interestingly, in the present analysis of aRGC mitotic spindle morphology I 

observed an inverse correlation between different MT populations. Certainly, the high numbers 

of astral MTs observed in aRGCs from early neurogenic stages came at the expense of MT 

reinforcement in the spindle inner cell mass. In contrast, in aRGCs from late neurogenic stages 

the spindles contained very short and few astral MTs, whereas MT density and stability within 

the spindle was greatly reinforced. I therefore propose a model where the specific needs in 

mitotic spindle orientation influence the balance between spindle and astral MT-populations.  

Along with the increase in asymmetric/off-vertical/neurogenic divisions (Haydar et al., 

2003), new-born neurons migrate and progressively organize into different neuronal layers, 

expanding the neocortical wall (Molnar et al., 2006 ; Paridaen and Huttner, 2014 ; Rash and 

Grove, 2006).Changes in the stiffness within the ventricular zone are also detected during 

mouse neurodevelopment (Iwashita et al., 2014). Thus, it seems possible that changes in the 

biomechanical properties of the neocortex would also impact spindle morphology. Here, 
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changes in the biomechanical properties of the brain could modify cell cortex properties in 

aRGCs finally influencing astral MTs abundance. In agreement, when analyzing spindle 

morphology upon cell dissociation, E13.5 aRGC spindles transformed into a “late-like” spindle 

morphology, suggesting that in vivo cell and tissue properties at early stages render aRGCs 

more prone to interact with their cell cortex. Further analysis on the cortical properties as well 

as a comparative analysis on the cell- cortical recruitment of different factors involved in cell 

cortex/astral MT-stabilization are now the subject of a new study in the lab.   

 

3.    On the relationship of spindle morphology and mitotic vulnerability  

Concerning the aim of my PhD, I wanted to understand the possible consequences during cell 

division of these changes in spindle architecture. Through a functional point of view, the high 

numbers of astral MTs contacting the cell cortex was actually coming at the expense of the MT-

populations that interact, capture, align and segregate the chromosomes during mitosis. In 

normal conditions, aRGC spindle tailoring did not impose a different capacity to interact and 

segregate the chromosomes correctly between the two spindles morphologies. However, in our 

drug-based assays, aimed to challenge mitosis, I observed a clear susceptibility to experience 

mitotic errors in aRGC of “early-like” spindle morphology. Certainly, the data presented here 

have unveiled an inverse correlation in the control of mitotic aRGC spindle orientation and 

mitotic accuracy in aRGCs. I thus propose that the tight regulation of spindle orientation, 

typically of aRGCs from early neurogenesis, results in the assembly of “vulnerable” mitotic 

spindles that are readily more prone to undergo mitotic errors and chromosome missegregation 

in adverse situations.  

Chromosome missegregation and the generation of aneuploid cells (with chromosome 

number imbalance) can reduce cellular fitness and is associated with limited proliferation 

capacity, survival potential (Santaguida and Amon, 2015). Further, centrosome and spindle 

dysfunction, typically observed in microcephaly disorders, have been observed to be at the 

origin of neural progenitor depletion through cell death, cell cycle arrest or premature neuronal 

differentiation (Lambrus et al., 2016 ; Marthiens et al., 2013 ; Nano and Basto, 2017). Thus, I 

could speculate that if centrosome or spindle dysfunction occurs at early neurogenesis, time 

where the neural progenitor pool actively expands, this will greatly impact aRGC mitotic 

division and number leading to microcephaly. Interestingly, previous studies in the lab have 

already reported that aRGCs with supernumerary centrosomes (centrosome amplification) are 

more prone to mitotic errors and cell death than centrosome amplified aRGCs from late 
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neurogenic stages (Marthiens et al., 2013). Along this line it would be interesting to know if 

centrosome loss or malfunction leads to different aRGC behaviors during mammalian brain 

development.  

The consequences of centrosome loss during brain development have been described in 

a mouse genetic model where depletion of centrosomes in aRGCs was induced at neurogenesis 

onset (Insolera et al., 2014). In here, mitotic delay and further death of aRGCs were at the origin 

of brain size reduction. Remarkably, defects in chromosome segregation were not observed 

(Insolera et al., 2014). In contrast, I have obtained preliminary data were centrosome loss (by 

acute, drug-based inhibition of Plk4) leads to abnormal spindle formation and mitotic 

progression. The differences in both results could be explained by the different approaches used 

to induce centrosome loss. Indeed, while in the mouse mutant centrosomes were progressively 

lost from neurogenesis onset, a drastic decrease in centriole number was observed upon Plk4 

inhibition in primary aRGCs. Further characterizations of aRGC centrosome number, spindle 

morphology and mitotic outcome are needed to corroborate the obtained preliminary data. 

Accordingly, it would be also relevant to investigate the impact of Zika virus (ZIKV) infection 

in aRGCs from different developmental stages. Indeed, its tropism to infect embryonic neural 

progenitors (Cauchemez et al., 2016; Cugola et al., 2016 ; Dang et al., 2016 ) could be a valuable 

tool to further understand the etiology of microcephaly. Interestingly, ZIKV has been shown to 

induce mitotic abnormalities, defects in centrosome number and consequent cell death, with the 

strongest effects of viral infection observed at early stages of neurogenesis (Qian et al., 2016; 

Souza et al., 2016 ; Wolf et al., 2017 ).  

Regarding the importance of TPX2 in the control of spindle morphology. A correlation 

between mutations in this gene and microcephaly disorders was expected. To date however no 

mutations in the TPX2 gene are found in microcephaly brain disorders. Certainly, and due to 

the pleotropic roles of this protein, mutation in TPX2 probably impact organism development. 

Indeed, mice TPX2 null mutants die around embryonic day 8 (E8) reflecting an early embryonic 

lethality in the absence of this protein (Aguirre-Portoles et al., 2012). Along this line, 

heterozygous mutations of its binding partner Eg5 (KIF11) have been characterized in 

individuals with autosomal-dominant microcephaly, a neurodevelopmental recessive disorder 

characterized by mild-severe brain size reduction (Ostergaard et al., 2012).  
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spindle, is responsible for equal segregation of chromosomes 
in two daughter cells. The centrosome, the major organizer of 
the microtubule cytoskeleton in animal cells, nucleates micro-
tubules and organizes the mitotic spindle poles, influencing not 
only efficiency of spindle assembly but also its bipolar status. 
Thus, strict control of centrosome duplication during interphase 
is required for cells to enter mitosis with only two centrosomes, 
which ensures the assembly of a bipolar spindle.

Defects in centrosome duplication, cytokinesis, or cell 
fusion can result in centrosome amplification, defined as the 
presence of more than two centrosomes in a cell. Centrosome 
amplification is a common feature of human cancers and it 
has been associated with tumor progression, poor prognosis, 
and metastasis (Godinho et al., 2009). When induced through 
overexpression of Plk4 (the master centriole duplication ki-
nase), centrosome amplification is a tumor-initiating event in 
vivo (Basto et al., 2008; Coelho et al., 2015; Serçin et al., 2016; 
Levine et al., 2017) and causes developmental defects affect-
ing the brain, such as microcephaly (Marthiens et al., 2013). 
Centrosome amplification correlates with numerical aneu-
ploidy (the gain or loss of whole chromosomes) as the presence 
of extra centrosomes can lead to the formation of multipolar 
spindles, which leads to the generation of aneuploid daughter 
cells. The random distribution of chromosomes in more than 
two daughter cells, however, might generate a hurdle to tumor 
progression because imbalanced chromosome sets are normally 
associated with poor cell survival (Godinho et al., 2009). To 
escape this problem, cells with supernumerary centrosomes use 
mechanisms to suppress multipolar spindle assembly and en-
sure viability of daughter cells. Centrosome clustering is one of 
these mechanisms whereby the extra centrosomes coalesce to-
gether in two mitotic spindle poles, promoting the assembly of a 
pseudo-bipolar spindle. Different studies in various model sys-
tems have identified key factors essential for clustering (Basto 
et al., 2008; Kwon et al., 2008). These include mitotic timing, 
regulators of cell adhesion, and actin-dependent generators of 
cortical cues, which organize astral microtubules to generate the 

forces that guide clustering. One of the most important factors 
is HSET, a minus end–directed kinesin that has been implicated 
in spindle pole focusing. Interestingly, while HSET is dispens-
able in most cells that contain two centrosomes, it becomes ab-
solutely essential in cells that contain extra centrosomes (Basto 
et al., 2008; Kwon et al., 2008).

Although our understanding of centrosome clustering 
mechanisms has increased in the past few years, an outstanding 
question remains unanswered: why do certain cell types show 
high clustering efficiency, whereas others fail to cluster extra 
centrosomes? In this issue, Rhys et al. investigated centrosome 
clustering in different nontransformed cell lines that contain 
similar degrees of centrosome amplification to study what 
determines cell type–specific centrosome clustering capacity. 
Interestingly, two distinct cell line groups with high (>80% 
of the cells cluster their centrosomes) and low (only <40% of 
the cells cluster their centrosomes) clustering efficiency were 
identified. The differences observed between these two groups 
were not explained by defects in centrosome inactivation, an-
other mechanism that prevents multipolarity through the loss of 
pericentriolar material and hence microtubule nucleation. Fur-
thermore, they were not caused by differences in mitotic tim-
ing or HSET levels and localization. Instead, Rhys et al. (2018) 
found a correlation between low clustering capacity and the 
presence of E-cadherin.

E-cadherin localizes at adherens junctions and is one of 
the most important cell–cell adhesion molecules in epithelial 
cells. E-cadherin junctions are active mechanical structures 
that regulate cortical contractility by coupling E-cadherin ad-
hesion receptors to the actomyosin cortex. To test whether 
E-cadherin had a direct effect on centrosome clustering, Rhys 
et al. (2018) abolished E-cadherin expression from epithelial 
cell lines and found that this was sufficient to increase corti-
cal contractility and, importantly, to improve centrosome clus-
tering and cell viability.

A previous study demonstrated that cortical contractility is 
locally reduced in adherens junctions in an E-cadherin–depen-
dent manner (Hidalgo-Carcedo et al., 2011). It has been shown 
that during interphase, E-cadherin recruits the discoidin domain 
receptor 1 (DDR1) triggering a signaling cascade that, through 
p190RhoGap, culminates in the local inhibition of RhoA and 
thus decreased cortical contractility (Hidalgo-Carcedo et al., 
2011). Importantly, Rhys et al. (2018) observed that DDR1 
also localized at the cell cortex during epithelial cell mitosis 
and that it was enriched at sites of cell–cell contact. Moreover, 
inhibition of DDR1 was sufficient to increase the efficiency of 

Centrosome clustering is a process frequently used by 
cancer cells with extra centrosomes to avoid multipolar 
divisions. How cell-intrinsic properties influence clustering 
is not entirely known. In this issue, Rhys et al. (2017. 
J.  Cell Biol. https ://doi .org /10 .1083 /jcb .201704102) 
report an unexpected link between clustering capacity 
and cortical contractility through E-cadherin and DDR1 
proteins.
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centrosome clustering, even in epithelial cells that expressed 
high levels of E-cadherin. However, in this case, the authors 
rule out a role for p190RhoGap and RhoA. Instead, they iden-
tified RhoE as a DDR1 target, which was recruited to adherens 
junctions in a DDR1-dependent manner. These results suggest 
a model where the expression of E-cadherin in epithelial cells 
prevents cortical contractility through DDR1-induced RhoE 
inhibition, and ultimately influences the clustering capacity of 
extra centrosomes (Fig. 1).

These findings raise another question: is cortical con-
tractility sufficient to induce centrosome clustering? And if 
this is the case, through which mechanism? The answer to this 
question came by analyzing the smallest angle between centro-
somes in metaphase-like cells. Rhys et al. (2018) found that the 
smallest angle values were found in the population of cells that 
lacked E-cadherin. In other words, loss of E-cadherin resulted 
in centrosomes being positioned closer to each other. Further-
more, inhibition of cortical contractility was sufficient to revert 
this behavior, suggesting that inhibition of cortical contractility 
(favored by the presence of E-cadherin) directly impacts in-
ter-centrosome distance and influences their ability to cluster. 

Importantly, the authors also showed that HSET does not in-
fluence the distance between centrosomes. A limiting distance 
between centrosomes as a requirement for clustering can indeed 
explain why, even in the presence of active HSET, cell lines 
of epithelial origin display low centrosome clustering capacity 
compared with the other cell lines.

Fueled by this attractive hypothesis, Rhys et al. (2018) 
characterized centrosome behavior using live-cell imaging. 
They found that centrosome clustering takes place in a biphasic 
manner. In the first phase of “search-and-capture,” centrosomes 
moved in a stochastic manner, allowing them to be positioned in 
close proximity to each other. This was then followed by a sec-
ond “motorized” phase, where closely positioned centrosomes 
(7–8 µm apart) were engaged in fast and directional movements 
toward each other to coalesce in one single pole just before 
anaphase onset (Fig. 1 a). Rhys et al. (2018) also provide evi-
dence that, although HSET was not required for the first phase 
of search-and-capture, it was absolutely essential for the mo-
torized phase where it promoted microtubule cross-linking and 
the subsequent clustering of centrosomes. Interestingly, Rhys et 
al. (2018) found that knockout of E-cadherin did not impair the 

Figure 1. Mechanisms of centrosome clustering in 
epithelial cells. (A) Centrosome clustering is a two-step 
process: search-and-capture and motorized phases. 
(B) Influence of E-cadherin in centrosome clustering. 
E-cadherin presence (E-cadherin +) inhibits RhoE 
cortical contractility, which increases centrosome-os-
cillation frequencies and inter-centrosome distance. 
In the absence of E-cadherin (E-cadherin −), there is 
increased cortical contractility, which restricts centro-
some movement and inter-centrosome distance (≤7–8 
µm) and the HSET motor cross-links antiparallel MTs 
and promotes centrosome clustering.
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biphasic clustering of centrosomes in epithelial cells. Moreover, 
they found that the range of stochastic movements typical of the 
search-and-capture phase was significantly higher in epithelial 
cells expressing E-cadherin, suggesting a direct contribution of 
cell contractility in restricting centrosome movements during 
this phase. Rhys et al. (2018) not only describe the biphasic 
mode of centrosome clustering for the first time but they also 
provide a new paradigm to explain intrinsic differences in the 
efficiency of centrosome clustering across cell types. In this 
model, lack of E-cadherin at adherens junctions increases corti-
cal contractility, restricting centrosome movement and increas-
ing the probability of extra centrosomes being positioned at the 
minimal distance required for HSET to do its final job: bringing 
extra centrosomes together (Fig. 1 b).

Supernumerary centrosomes are a common feature of 
cancer cells (Godinho et al., 2009). Survival of cancer cells with 
centrosome amplification depends on their clustering capacity 
and their ability to assemble a pseudo-bipolar mitotic spindle 
that minimizes chromosome number deviations. One prediction 
of the results described by Rhys et al. (2018) is that tumor cells 
of epithelial origin should display poor cell survival because of 
low centrosome clustering efficiency. Yet, most human tumors 
are of epithelial origin and are known to contain extra centro-
somes (Godinho et al., 2009). To solve this apparent paradox, 
Rhys et al. (2018) characterized a panel of 15 breast cancer 
cell lines, including luminal and basal subtypes, taking into 
account parameters related with centrosome amplification and 
E-cadherin/DDR1 levels. Importantly, they found that in the six 
cancer cell lines that displayed high frequency of centrosome 
amplification, neither the E-cadherin nor DDR1 proteins were 
detected, even though these were present in the other cell lines. 
In agreement with the proposed model, in these six cell lines, 
centrosome clustering was very efficient.

Overall, the study by Rhys et al. (2018) puts forward 
a model in which, upon centrosome amplification, the effi-
ciency of centrosome clustering will depend on cell-intrinsic 
properties. The presence of E-cadherin at adherens junctions 
in epithelial cells negatively impacts centrosome clustering 
capacity. Unfortunately, it appears that transformed epithelial 
cells with extra centrosomes can escape multipolar divisions by 
down-regulating E-cadherin in order to increase their clustering 
efficiency and ensure cell survival. Of particular relevance to 
cell biology, this work supports the idea that the mechanisms 
promoting centrosome clustering rely on both intrinsic and 
extrinsic cues, which synergize to assemble a bipolar spindle 
and avoid the generation of high levels of aneuploidy. It will 
be interesting to investigate whether other factors that are influ-
enced by cortical contractility, like mitotic rounding, also facil-
itate the positioning of extra centrosomes in close proximity to 
favor clustering. From a developmental biology point of view, it 
will be important to analyze centrosome clustering efficiency in 
different tissues of various origins. This type of analysis might 
help us understand how several tissue-specific responses to cen-
trosome amplification arise (Basto et al., 2008; Marthiens et al., 
2013; Coelho et al., 2015; Sabino et al., 2015; Serçin et al., 
2016; Levine et al., 2017). Interestingly, this study also provides 
an explanation for the different outcomes observed when cen-
trosome amplification was induced in the Drosophila wing disc 
epithelium and in Drosophila neural stem cells of the developing 

brain (Basto et al., 2008; Sabino et al., 2015). Centrosome am-
plification driven by Plk4 overexpression leads to efficient clus-
tering in nonepithelial neural stem cells, but multipolar mitosis 
events were detected in the wing disc epithelium. Therefore, 
it will be important to determine whether the negative correla-
tion between centrosome amplification and E-cadherin levels 
described by Rhys et al. (2018) extends beyond breast cancer 
cell lines. Intracellular heterogeneity represents an enormous 
obstacle in the treatment of human cancer. It has been proposed 
that inhibition of centrosome clustering, through the use of 
HSET inhibitors, for example, might specifically challenge the 
survival of cancer cells with extra centrosomes. In light of the 
results presented by Rhys et al. (2018), it now seems essential 
to take into consideration E-cadherin and DDR1 levels before 
considering HSET inhibition to prevent centrosome clustering.
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ABSTRACT 

 
The mammalian brain holds a peculiar vulnerability to centrosome or mitotic spindle dysfunction. Mutations in 

centrosome or spindle encoding genes are the leading cause of Human Primary Recessive Microcephaly (MCPH), 

a neurodevelopment growth disorder were the brain is drastically reduced in size yet body size is not affected. 

Loss of neural progenitor cells or apical Radial Glial cells (aRGCs) during brain development causes 

microcephaly. The lab has previously shown that the presence of supernumerary centrosomes leads to mitotic 

errors and consequent apoptosis of aRGCs. They also noticed a higher susceptibility to mitotic errors and cell 

death at early stages of neurodevelopment as compared to late stages. The underlying mechanisms that render 

aRGCs vulnerable are still unknown. To identify the mechanisms behind aRGC vulnerability, I characterized 

during my PhD mitotic spindle assembly during normal mouse brain development. Surprisingly, I found that aRGC 

spindle morphology changes between early and late stages of neurogenesis. At early stages, spindles are prone to 

interact with the cell cortex through astral MTs which comes at the expense of MT density within the spindle. In 

contrast, at late stages, spindles decrease astral MT numbers while reinforcing MT inner cell density. Furthermore, 

I identified the microtubule stabilizing and bundling factor TPX2 as one key determinant of spindle robustness 

and mitotic accuracy after drug treatments in aRGCs from late neurogenic stages. Indeed, by decreasing TPX2 

loading on spindle MTs, which was sufficient to switch spindle morphology to an early-like architecture, I 

observed an increased frequency of chromosome alignment and segregation errors. The data obtained reveal 

unexpected modifications in the pathways used by aRGCs to build a bipolar spindle during the course of 

neurogenesis, which are translated into different chromosome segregation capacity. I thus propose that during 

mammalian neurogenesis not all aRGCs are equally competent to segregate chromosomes correctly. My work 

therefore provides mechanistic insights by which mutations in genes encoding centrosome or spindle components 

might affect specifically brain size during embryonic development. 

MOTS CLÉS 
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RÉSUMÉ 

 
Le cerveau de mammifère est particulièrement vulnérable au dysfonctionnement des centrosomes et du fuseau 

mitotique. En effet, la mutation de gènes codant pour des protéines régulant la fonction de ces structures sont la 

cause génétique principale de la Microcéphalie Humaine Primaire Récessive (MCPH), une pathologie du neuro-

développement où la taille du cerveau mais pas celle du corps est affectée de manière drastique. La perte des 

progéniteurs neuronaux apicaux, aussi appelés cellules de la glie radiaire, durant le processus de neurogenèse est 

à l’origine de la microcéphalie. L’équipe a précédemment montré que la présence de centrosomes surnuméraires 
conduisait à des erreurs mitotiques et à la perte par apoptose des cellules progénitrices. Elle a aussi mis en évidence 

que les erreurs mitotiques et la mort cellulaire qui en résulte étaient plus fréquentes aux stades précoces que tardifs 

du neuro-développement. Les mécanismes sous-jacents à cette vulnérabilité précoce des progéniteurs neuronaux 

mitotiques restent inconnus. Afin d’identifier ces mécanismes, j’ai caractérisé pendant ma thèse l’assemblage du 
fuseau mitotique durant le développement normal du cerveau de souris. De manière surprenante, j’ai observé des 
changements de la morphologie des fuseaux entre les stades précoces et tardifs de la neurogenèse. Aux stades 

précoces de la neurogenèse, les fuseaux interagissent avec le cortex de la cellule par l’intermédiaire des 
microtubules (MTs) astraux, au dépend de la densité des microtubules du fuseau. Aux stades plus tardifs de la 

neurogenèse, la densité de la population des MTs astraux décline, au profit de la densité des MTs du fuseau. De 

plus, j’ai identifié la protéine TPX2, un facteur impliqué dans la nucléation, la stabilisation et la fasciculation des 
MTs, comme un déterminant clé de la robustesse du fuseau et de la fidélité mitotique aux stades tardifs de la 

neurogenèse. En effet, en diminuant expérimentalement l’interaction de TPX2 avec les MTs du fuseau mitotique 
aux stades tardifs de la neurogenèse, j’ai montré que cette interaction était suffisante pour convertir la morphologie 
du « fuseau tardif » en « fuseau précoce » et pour augmenter la fréquence des erreurs d’alignement et de 
ségrégation des chromosomes. Ainsi, mes données ont révélé des modifications inattendues des mécanismes 

utilisés par les progéniteurs neuronaux pour assembler un fuseau mitotique bipolaire durant la neurogenèse, avec 

un impact révélé sur leur capacité à ségréger correctement les chromosomes. Mes travaux ont ainsi permis de 

proposer que durant la neurogenèse chez les mammifères, toutes les cellules progénitrices n’étaient pas 
équivalentes dans leur capacité à ségréger les chromosomes. Ils ont aussi apporté de nouveaux éléments 

mécanistiques concernant la vulnérabilité particulière du cerveau embryonnaire aux mutations des composants du 

centrosome et/ou du fuseau mitotique dans le contexte de la microcéphalie. 
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