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The γ-tubulin ring complex (γTuRC) is required to efficiently generate new microtubules 

(MT) in a process known as MT nucleation. In mitotic cells, MT nucleation by γTuRC occurs 

from the centrosome, in vicinity of the chromosomes and from the lattice of pre-existing 

MTs in a process additionally involving the augmin complex. In neurons, the centrosome 

loses its MT nucleation capacity, while the γTuRC can still promote nucleation elsewhere. 

Still, it remains unclear how the γTuRC is regulated in these cells and whether other 

non-centrosomal sites function as microtubule-organizing centre in neurons. 

The aim of this thesis is to understand how MT nucleation mediated by augmin and γTuRC 

contributes to brain development and how nucleation is regulated during this process. 

In this thesis we show that the augmin complex is required for both axonal and dendritic 

development in vitro. In the axon, augmin guarantees that MTs are nucleated with the 

correct orientation, ensuring uniform axonal MT polarity. On the other hand, augmin 

depletion leads to an overall decrease in MT density in dendrites with no major effect on 

their polarity. Surprisingly, despite our findings, analysis of augmin function by other 

groups in vivo in flies and zebrafish has not revealed any dramatic defects.  

Strikingly, we show that, in conditional KO mice with gene deletion in the augmin subunit 

Haus6 in neural progenitors, brain development is halted before embryonic day 13 and 

the animals die at birth. These major brain defects are caused by impaired mitosis and 

massive cell death in neuroprogenitors, indicating significant, species-specific differences 

in the requirement for augmin function. 

In the last part of this thesis we identified KIF2A and CEP170 as γTuRC interactors in in 

vitro cultured mouse cortical neurons and we show that, in agreement with published 

data on KIF2A function, CEP170 seems to inhibit growth of axon collateral branches. We 

speculate that KIF2A and CEP170 may function as negative regulators of microtubule 

nucleation by γTuRC. 

Together these results establish augmin-mediated nucleation as essential for mammalian 

brain development and provide first insight in the regulation of microtubule nucleation in 

neurons by γTuRC interactors. 
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El complejo de anillo gamma-tubulina (γTuRC) es necesario para generar microtúbulos de 

manera eficiente en un proceso conocido como nucleación de microtúbulos. En células 

mitóticas, la nucleación a partir del γTuRC tiene lugar en el centrosoma, en regiones 

próximas a los cromosomas y en la superficie de microtúbulos previamente formados, en 

un proceso que requiere adicionalmente la presencia del complejo de augmina. A pesar 

de que en neuronas el centrosoma pierde su capacidad nucleadora de microtúbulos, el 

γTuRC aún puede inducir la nucleación en otros lugares. Sin embargo, aún se desconoce 

cómo se regula el γTuRC en estas células y si, aparte del centrosoma,  existen otros lugares 

que puedan funcionar como centros organizadores de microtúbulos. 

El objetivo de esta tesis doctoral es entender cómo la nucleación de microtúbulos 

dependiente de augmina y del γTuRC contribuyen al desarrollo cerebral y cómo se regula 

la nucleación de microtúbulos durante este proceso. 

En esta tesis hemos demostrado que el complejo de augmina es necesario para el 

desarrollo de axones y dendritas in vitro. En el axón, augmina garantiza que los 

microtúbulos se nucleen en una orientación adecuada, asegurando una polaridad 

microtubular uniforme a lo largo del axón. Por otro lado, la ausencia de augmina causa 

una disminución general en la densidad de microtúbulos de las dendritas, sin afectar a su 

polaridad. Sorprendentemente, a pesar de nuestros descubrimientos, otros grupos han 

analizado la función de augmina in vivo (en moscas y pez cebra) sin encontrar ningún 

defecto significativo. 

Curiosamente, hemos observado que, en ratones knockout condicionales en los que la 

subunidad Haus6 de augmina ha sido delecionada de progenitores neuronales, el 

desarrollo cerebral se interrumpe antes del decimotercer día del desarrollo embrionario. 

Adicionalmente, esta condición resulta letal para los animales, que mueren durante el 

nacimiento. Se ha encontrado que las causas de estos dramáticos defectos cerebrales son 

problemas en mitosis y una muerte masiva de neuroprogenitores. Estos resultados 

indican que existen diferencias en el requerimiento de augmina entre diferentes especies. 

En la última parte de esta tesis identificamos KIF2A y CEP170 como interactores del γTuRC 

en neuronas corticales de ratones cultivadas in vitro. También demostramos que, en 

concordancia con datos publicados sobre KIF2A, CEP170 parece inhibir el crecimiento de 
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ramificaciones laterales en axones. Nuestra hipótesis es que tanto KIF2A como CEP170 

podrían actuar como reguladores negativos de la nucleación de microtúbulos 

dependiente de γTuRC. 

En conclusión, estos resultados demuestran que la nucleación dependiente de augmina 

es un proceso esencial en el desarrollo cerebral humano, y proporcionan una primera 

visión de cómo interactores del γTuRC pueden regular la nucleación de microtúbulos en 

neuronas. 

  

 



 

17 

γTuNA – γTuRC-mediated nucleation activator 

γTuRC – γ-Tubulin ring complex 

γTuSC – γ-Tubulin small complex 

Aa – Amino acid 

ALS – Amyotrophic lateral sclerosis  

ATP – Adenosine triphosphate 

cKO – conditional knock-out 

CLASP - Cytoplasmatic-linker associated proteins 

CP – Cortical plate 

CPC – Chromosomal passenger complex 

DIV – Days in vitro 

DNA – Deoxyribonucleic acid 

ECT – Ectoderm 

ER – Endoplasmic Reticulum 

Fl - Flox 

GCP - γ-Tubulin complex protein 

GDP – Guanosine diphosphate 

GFP – Green fluorescence protein 

GO – Gene ontology 

GTP – Guanosine triphosphate 

HAUS – Homologous to augmin subunit 
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IKM – inter-kinetic nuclear movement 

IgG – Immunoglobulin G 

IP – Intermediate precursor 

IP – Immunoprecipitation 

IZ – Intermediate zone 

k-MT – Kinetochore microtubule 

KO – knock-out 

MAP – Microtubule associated protein 

MCPH – Recessive primary microcephaly 

MT – Microtubule 

MTOC – Microtubule organising centre 

MS – Mass spectrometry 

MZ – Marginal zone 

NEC – Neuroepithelial cell 

NECT – Neuroectoderm 

NF – Neural folds 

NG – Neural groove 

nk-MT – Non-kinetochore microtubule 

NT – Neural tube 

OCT – Optimal cut temperature compound 

PBS – Phosphate-buffered saline, pH7.4 

PCM – Pericentriolar material 
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PCR – Polymerase chain reaction 

PFA – Paraformaldehyde 

PTM – Posttranslational modification 

qRT-PCR – Quantitative real-time PCR 

RanGTP – GTP-bound Ras-related nuclear protein 

RGC – Radial glial cell 

RNA – Ribonucleic acid 

RNAi – RNA interference 

SAC – Spindle assembly checkpoint 

SAF – Spindle assembly factor 

SAINT – Significance Analysis of INTeractome 

shRNA – short-hairpin RNA 

SVZ – Subventricular zone 

VZ – Ventricular zone 

VS – Ventricular surface 

WB – Western blot 

WT – Wild type 
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1. THE BASIS OF MICROTUBULE CYTOSKELETON REGULATION 

 

The cytoskeleton is essential for regulating cellular organization in a scale much larger 

than individual proteins. Major cytoskeleton functions include (1) driving locomotion, 

(2) maintenance and regulation of cell shape, (3) ensuring cell division and (4) regulating 

the positions of organelles and macromolecules by trafficking. 

The eukaryotic cytoskeleton comprises four main components: microtubules (MTs), 

actin, septins and intermediate filaments. Apart from intermediate filaments, which are 

made of fibrous proteins and are very stable, microtubules, septins and actin filaments 

are formed by globular proteins that assemble into very dynamic polymeric structures. 

Strong cross talk between cytoskeleton components is also essential for regulating cell 

shape, mechanics and locomotion1 and, particularly, several studies have shown the 

clear relevance of this cross talk to ensure a proper neuronal development and 

function2–4. 

 

1.1 Microtubule structure, polarity and dynamics 

Microtubules are long hollow cylindrical polymers with 25 nm of diameter and are 

composed of α-tubulin-β-tubulin heterodimers (α/β-tubulin dimers) that interact 

longitudinally and laterally (Figure 1a,b). Tubulin was first identified around 50 years ago 

by Gary Borisy (at the time a graduate student in the lab of Edwin Taylor, University of 

Chicago) while he was trying to identify the molecular target of the spindle-assembly 

inhibitory drug colcemid5. 

In order to form MTs α/β-tubulin dimers bind longitudinally to form protofilaments, 

which are arranged to generate the typical cylindrical structure of MTs (Figure 1c). In 

vitro assembled MTs have a number of protofilaments which varies from twelve to 

sixteen, while in vivo, the number of protofilaments per MT is restrained to thirteen6,7. 

However, some exceptions can also be found. 
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The fact that α/β-tubulin dimers in the MT are arranged in a head-to-tail fashion results 

in an intrinsic MT polarity with β-tubulin exposed at the (+)-end and α-tubulin facing the 

(−)-end. MT (+)-ends are very dynamic, whereas (-)-ends are more stable being either 

capped or anchored to other structures in the cell8 (Figure 1c). 

α-Tubulin and β-tubulin monomers have an identical size, are highly similar in their 

amino acid sequence and share a highly conserved structure. On top of that, both can 

bind a guanine nucleotide with α-tubulin containing a nonexchangeable GTP binding site 

(known as N-site) and β-tubulin having an exchangeable binding site for GTP (known as 

E-site), which can be hydrolysed into GDP9 (Figure 1b). Incorporation of an α/β-tubulin 

dimer into the MT requires the presence of GTP bound to β-tubulin at the E-site10. 

However, after the α/β-tubulin dimer is incorporated into the (+)-end of the MT and as 

the lattice ages, this GTP is progressively hydrolysed into GDP. Thus, the older region of 

the lattice contains -tubulin in the GDP-bound form, whereas a zone at the growing 

(+)-end contains -tubulin in the GTP-bound state. This “GTP cap” confers structural 

stability to the (+)-end of growing MTs. When the kinetics of GTP-hydrolysis overcomes 

the kinetics of MT growth (which can be limited for example by the amount of free 

tubulin available or by the action of proteins that affect MT growth rates), the GTP cap 

is lost. Consequently, the (+)-end becomes structurally unstable and protofilaments peel 

off from the MT, leading to MT shrinkage (catastrophe).  Therefore, depending on the 

MT polymerisation rate and on the rate of GTP hydrolysis at the (+)-end, MTs can 

oscillate between phases of growth and shrinkage. This property of MT (+)-ends is 

known as dynamic instability and has been demonstrated both in vitro and in vivo, 

allowing cells to quickly reshape their MT network11,12 (Figure 1d). 
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Figure 1 – Microtubule structure, polarity and dynamic instability. (a) Representation of a 
transversal section of a microtubule (MT) and its 13 protofilaments. (b) Representation of α/β-
tubulin heterodimers with β-tubulin bound either to GTP (red sphere) or GDP (green sphere). α-
Tubulin is represented by a blue sphere. (c) Representation of a MT and MT polarity with its dynamic 
(+)-end and its capped (-)-end. (d) Representation of the dynamic instability properties of MTs. 
Adapted from: 13. 
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1.2. Regulation of microtubule dynamics 

Microtubule dynamics are crucial for the cytoskeleton to fulfil its cellular functions. 

Regulation of MT properties can occur through the activity of different proteins 

classified as microtubule-associated proteins (MAPs) or activity of motor proteins and  

MT severing enzymes (like the broadly studied katanin and spastin14). Different 

mechanisms involved in the regulation of MT dynamics are summarised in Figure 2. 

 

 

 

Figure 2 – Regulation of microtubule dynamics. (a) Representation of MT structure and MT-
associated proteins (MAPs) that regulate microtubule dynamics. The legend of this figure is 
presented next to it (bottom, right) (b) Representation of the MT posttranslational modifications 
described for α and β-tubulins. 
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1.2.1. Microtubule-associated proteins 

Microtubule associated proteins (MAPs) that interact with the MT (+)-end are commonly 

known as (+)TIP proteins (Figure 2). These proteins act either by promoting MT 

polymerisation or by inducing catastrophe. EB proteins specifically bind to growing MT 

(+)-ends. In vitro studies show that they bind close to the GTP-cap promoting lateral 

protofilament interaction15–19. Furthermore, EBs can also recruit other MAPs to the (+)-

end. This is the case for XMAP215 which recruits α/β tubulin dimers, promoting MT 

elongation20,21. Additionally, cytoplasmatic-linker associated proteins (CLASPs) have also 

been implicated in MT growth by inhibiting catastrophe21–23. 

There are also proteins, like the members of the kinesin-13 protein family (KIF2A, KIF2B, 

MCAK/KIF2C) that act on the (+)-end by promoting catastrophic events24. As an example, 

MCAK/KIF2C was shown to form oligomers that promote dissociation of α/β-tubulin 

from MT ends in an ATP-dependent manner25 (Figure 2). 

Other proteins can affect MT dynamics through binding to the MT lattice. This is the case 

of the already mentioned CLASPs that, apart from binding to the (+)-end, can promote 

stabilisation of the MT lattice26 (Figure 2). Other examples are MAP2 or tau, whose role 

in neuronal development will be discussed later. 

Microtubule (-)-ends are more stable and are the place where MTs start forming. The 

role of the γ-tubulin ring complex in the generation of new MTs and regulation of (-)-

ends will be discussed later. Still, there are other proteins that act on the MT (-)-end, 

stabilising or destabilising it. In this context, CAMSAPs are well described as a group of 

proteins that bind the (-)-end and protect it from depolymerisation8,27 (Figure 2). Apart 

from acting at the (+)-end, members of the kinesin-13 protein family can also induce MT 

depolymerisation at the (-)-end25. 
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1.2.2. Motor proteins 

Motor proteins move along the MT lattice through hydrolysis of ATP and not only able 

to transport cargos (e.g. vesicles, organelles) to specific intracellular location, but also 

to reshape the entire MT network of the cell. Therefore, it is through the activity of 

motor proteins that MTs can accomplish their role as intracellular highways, ensuring a 

correct intracellular trafficking, essential for cellular function and morphogenesis. 

Microtubule-based motor proteins are classified into two main categories: (1) motors 

that move towards the MT (+)-end (anterograde transport) and (2) motors that move 

towards the MT (-)-end (retrograde transport) (Figure 2). Motors that move towards the 

(+)-end include most members of the kinesin superfamily. The best example of a (-)-end 

directed motor is dynein, which assembles into a dynein/dynactin complex to move 

along MTs. In both cases, these proteins are able, on one hand, to bind to the MT lattice 

and, on the other hand, to bind to adaptor proteins that interact with a cargo. 

There are also examples of MT motor proteins that can regulate MT dynamics. One 

example is the already discussed kinesin-13 protein family, whose members can induce 

MT depolymerisation. Kinesin-8 member KIF18A is also able to depolymerise MTs during 

mitosis28. Interestingly, recent work suggests that, apart from sliding antiparallel MTs, 

Eg5 can also induce MT polymerisation and stabilise MTs29,30. 

 

1.2.3. Tubulin isotypes and posttranslational modifications 

In most organisms both α- and β-tubulin are encoded by multiple genes giving rise to 

different tubulin isotypes with a highly conserved structure. In mammals, 9 genes have 

been identified for α-tubulin and 9 genes for β-tubulin31. 

Initially, it was thought that tubulin isotypes were able to form individual MTs with 

specialised functions32. However, it quickly became clear that MTs display tubulin 

mosaicism, being simultaneously formed by α and β-tubulin monomers encoded by 

different genes33. Some of these tubulin isotypes, like the highly neuronal specific 
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β-tubulin isotype 3 (β3-tubulin), are expressed in specific tissues whereas others are 

more ubiquitously expressed. 

Incorporation of different tubulin isotypes may have an influence on MT dynamics 34,35 

and binding of MAPs and motor proteins. However, because most in vitro studies use 

tubulin isolated from the cow brain (which is composed of a mix of tubulin isotypes), 

little is known about the specific contributions of different tubulin isotypes on MT 

properties. 

Posttranslational modifications (PTMs) on MTs have also been shown to regulate MT 

behaviour both directly and indirectly by affecting the binding of MAPs36,37. 

Tubulins are globular proteins with a flexible C-terminal tail that, once an α/β-tubulin 

dimer is incorporated into the MT, it stays exposed at the MT lattice surface and is 

susceptive to different types of posttranslational modifications (PTMs) (Figure 3). For 

example, once incorporated into the MT, the C-terminal tail of α-tubulin (which in most 

cases terminates in a tyrosine) can be enzymatically detyrosinated. This truncation can 

be reverted by the activity of a tyrosine ligase. Detyrosination becomes irreversible if 

the preceding amino acid (glutamine) is also removed, giving rise to Δ2-tubulin. The C-

terminal tails of α and β-tubulin can also undergo poly-glutamylation and poly-

glycylation, respectively. 

Once incorporated into the polymer, α-tubulin can also be modified by acetylation. In 

contrast to the other PTMs, MT acetylation occurs at lysine-40 in a region that localises 

at the inner surface of the MT. 

High levels of detyrosination and acetylation are a hallmark of “long lived” stable MTs. 

Yet, accumulation of these PTMs seems to be a consequence, rather than the cause of 

MT stability36. 

The role of microtubule PTMs during neuronal development will be discussed below. 

 



Introduction 
 

36 

 

 

1.3. Microtubule nucleation 

The first step in generating a new MT from free tubulin is known as MT nucleation. In 

vitro, MT nucleation occurs spontaneously in the presence of sufficiently high 

concentrations of soluble tubulin. In these conditions, MT nucleation occurs through 

spontaneous assembly of small MT seeds in a process kinetically less favourable than 

MT polymerisation38. In vivo, MT nucleation takes place at lower tubulin concentrations 

in conditions where spontaneous assembly of new MTs is highly disfavoured. Therefore, 

cells have evolved mechanisms to overcome this kinetically unfavourable mechanism 

and, at the same time, control where and when new MTs are generated. In cells, MT 

nucleation occurs mostly at sites known as MT organizing centres (MTOCs) by a 

mechanism requiring the presence of a nucleator that mimics or stabilises small MT 

seeds (reviewed in39). 

The most well-established MT nucleator is γ-tubulin. γ-Tubulin was originally identified 

as a member of the tubulin superfamily in 1989 in Aspergillus nidulans by Elizabeth and 

Berl Oakley40. Since then, γ-tubulin was shown to be an ubiquitous protein in all 

eukaryotes and to be an essential component of MTOCs41,42. In Drosophila melanogaster 

and in vertebrates two different γ-tubulin genes have been identified43. In mice, only 

Figure 3 – Summary of the posttranslational modifications described in α/β-tubulin dimers. In this 
figure glycylation of the C-terminal tail of β-tubulin, detyrosination and glutamylation of the C-
terminal tail of α-tubulin and acetylation of α-tubulin in a region that lies at the lumen of the MT are 
represented. 
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one isoform, TUBG1 was found to be essential and ubiquitously expressed. On the other 

hand, another isoform TUBG2 is highly expressed in the mouse brain44. 

In order to act as a MT nucleator, γ-tubulin forms multi-subunit complexes by interaction 

with a conserved family of proteins known as γ-tubulin complex proteins (GCPs). Two 

different types of γ-tubulin complexes have been identified according to their size and 

protein composition45 (Figure 4): (1) the “γ-tubulin small complex” (γTuSC), with a size 

of ~300 kDa is a hetero tetramer of two laterally associated GCP proteins (one GCP2 and 

one GCP3) with each binding longitudinally one molecule of γ-tubulin; (2) the larger “γ-

tubulin ring complex” (γTuRC),  with a size of ~2 MDa, is an assembly of several γTuSCs 

plus the GCP proteins GCP4, 5 and 6. In the γTuRC all the GCPs interact laterally and 

most likely each one of them binds a γ-tubulin protein longitudinally, leading to a 

circular, helical arrangement that, when viewed from the top, resembles a ring with 13 

γ-tubulins (reviewed in 46,47,42,39,43).  

Whereas γ-TuSC components can be found in all eukaryotes, GCP4, 5 and 6 are missing 

in organisms like budding yeast or Caernorhabditis elegans. In vitro, nucleation activity 

of the γTuRC is estimated to be about 150-fold higher than that of γTuSC 45. 

At least in vitro, GCP2-6 are essential for γTuRC structure and depletion of any of these 

proteins causes disruption of the complex in sucrose gradients. In addition, GCP2-6 seem 

to be structurally related, sharing the same core protein folding that contains two 

conserved γ-tubulin complex grip motifs, one in the N-terminal region and another one 

in the C-terminal region of the proteins. Several studies suggest that, whereas the N-

terminal conserved region of GCP2-6 mediates lateral bindings between GCPs, their C-

terminal region directly binds γ-tubulin 48–51. 
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Figure 4 – γ-Tubulin ring complex structure and regulation. (a) Alignment of human γ-tubulin 
complex proteins (GCPs) GCP2,3,4,5 and 6 using MUSCLE algorithm within Geneious software. 
Conserved regions are indicated by grey shading with the darker regions corresponding to a higher 
degree of conservation. Below the alignment, GCP4 crystal structure is represented. Image taken 
from52. (b) Scheme showing how γ-tubulin complex proteins (GCPs) associate laterally with each ot-
her and longitudinally with γ-tubulin to assemble the γ-tubulin small complex (γTuSC) and γ-tubulin 
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ring complex (γTuRC). This scheme also representes how different proteins (MZT1, CDK5RAP2, GCP-
WD/NEDD1, GCP8, TPX2, XMAP215, Eg5) associate with the γTuRC, promoting activation/inhibition 
of MT nucleation or targeting it to microtubule organizing centres (MTOC). Abbreviations: γ-tubulin 
small complex (γTuSC); γ-tubulin ring complex (γTuSC). Adapted from: 53. 

 

In addition to GCP2-6 using mass spectrometry analysis of purified γTuRC, the Luders 

group and others have identified GCPWD/NEDD1, MZT1 and GCP8/MZT2 as additional 

γTuRC subunits (Figure 4). Even though these subunits, based on RNA interference 

(RNAi), do not seem to be essential for the assembly and/or stability of human γTuRC, 

they have important roles in regulating γTuRC targeting and activity. NEDD1 serves as a 

targeting factor for γTuRC to mediate centrosomal, augmin-dependent and chromatin-

mediated MT nucleation during cell division and is required for mitotic spindle 

assembly54–57. MZT1 binds to assembled γTuRC by interacting with the N-terminal 

regions of GCP3, 5 and 6 and potentially also GCP2. It mediates both targeting and 

activation of the γTuRC. On one hand, MZT1 promotes the interaction of the γTuRC with 

NEDD1 and, on the other hand, it serves as a positive regulator of nucleation by 

promoting the binding of γ-TuRC activating factor CDK5RAP253,58,59. Unpublished data 

from Artur Ezquerra, a former PhD student in our laboratory, show that GCP8/MZT2 

interacts with the N-terminal region of GCP2 and that it has a role as a negative regulator 

of the γ-TuRC during interphase in both the centrosome and the Golgi apparatus. 

It is important to mention that, in addition to MT nucleation, the γ-TuRC has also been 

implicated in MT stabilisation by capping (-)-ends and modulating (+)-end dynamics 60–

62. However, these functions are much less characterized. 

 

The most widely accepted model for how the γTuRC nucleates MTs is the template 

model. This model proposes that the helical arrangement of the 13 γ-tubulin molecules, 

which matches the geometry of a MT in cross-section, serves as a template for binding 

of α/β-tubulin dimers. According to this model, γ-tubulin in the γTuRC directly binds to 

α-tubulin, promoting lateral contacts between α/β-tubulin dimers and therefore 

kinetically favouring the formation of small MT seeds (revised in 39,47). This model can 
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also explain how the γTuRC is able to control formation of MTs with 13 protofilaments 

in vitro63. 

 

Cytosolic γ-tubulin complexes are relatively week MT nucleators and the percentage of 

active complexes may be as low as 1%, concentrated at MTOCs64. Therefore, both γTuRC 

targeting and activation are required to induce proper MT nucleation. Few proteins have 

been implicated in γTuRC activation and most of them carry a CM1 sequence motif (also 

known as γTuNA, which stands for γTuRC-nucleation activator motif). Through its CM1 

domain, human CDK5RAP2 has been shown to increase γTuRC nucleation activity in vitro 

by approximately five-fold. This mechanism is also relevant in a cellular context and 

overexpression of the CM1 domain of CDK5RAP2 induces ectopic MT nucleation in the 

cytoplasm65. As mentioned before, the γTuRC subunit MZT1 is involved in priming the 

complex for activation by CDK5RAP253 (Figure 4). 

In addition to activation of the complex, other factors stimulate γTuRC-dependent MT 

nucleation by stabilising nascent MTs and/or promoting tubulin incorporation. This is 

the case of the TPX2 and of the MT polymerase XMAP215. TPX2 is an anti-catastrophe  

factor that, recently, was also shown to contain a CM1-like domain capable of inducing 

branched MT nucleation66. In Xenopus egg extracts and in in vitro experiments, 

XMAP215 was shown to interact with the γTuRC and, through its TOG domains, 

stimulate MT nucleation by polymerisation of tubulin subunits on the γTuRC template67. 

More recently, Eg5 has also been proposed to induce curved-to-straight transition of 

tubulin, promoting lateral interactions between tubulin heterodimers and facilitating 

MT nucleation68. On the other hand, negative regulators like the kinesin-related MT 

depolymerase MCAK may act on nucleation by impairing tubulin incorporation into 

nascent MTs69. 

The function of γ-tubulin complexes as main MT nucleators and their roles in spindle 

assembly and proliferation are well stablished across species. However, while impairing 

γ-tubulin function severely disrupts spindle formation and slows down MT nucleation 

from the centrosome, it does not completely abolish MT assembly70–74. This suggests 



Introduction 
 

41 

that other mechanisms may be able to compensate for γ-tubulin loss or act in parallel 

with γ-tubulin. In fact, several MAPs have been suggested to display MT nucleation 

activity. These proteins include members of the XMAP215 family and the spindle 

assembly factor TPX2. In vitro experiments proved that TPX2 can trigger spontaneous 

MT nucleation. Furthermore, TPX2 can act synergistically with XMAP215, or its human 

homologue chTOG/CKAP5, to stimulate MT nucleation39. 

 

1.4. Microtubule Organizing Centres 

Inside the cell, MT nucleation occurs at specific sites known as microtubule organising 

centres (MTOCs). 

The most well established MTOC in eukaryotic cells is the centrosome. Since its 

discovery over 100 years ago by Theodor Boveri and Edouard van Beneden75, great 

advances were made in understanding centrosome structure and its function in cell 

division, motility and signalling. Animal centrosomes are composed of a pair of 

perpendicularly arranged, barrel-shaped centrioles and a surrounding electron-dense 

proteinaceous matrix, the pericentriolar material (PCM), which contains γ-tubulin and 

nucleates MTs (Figure 5). Each centriole has a cylinder-like structure composed of nine 

triplets of stable MTs arranged in a radial symmetry. One of the two centrioles (the 

older, mother centriole) is decorated with distal and subdistal appendages, critical for 

the function of centrosomes as MTOCs and signalling platforms76. 

Cycling cells in G1 have one centrosome with two centrioles (a mother and a daughter) 

that are kept together by the centrosome linker (Figure 5a). Centrosomes duplicate once 

every cell cycle (in parallel with DNA replication) as part of a process known as the 

centrosome cycle. In most cells, a complex cellular machinery ensures that centrosome 

duplication occurs only once every cell cycle, avoiding alterations in centrosome 

number77–79. During S-phase, each of the two centrioles serves as template for the 

formation of a new daughter centriole which grow from the proximal part of their lateral 

surface so that in G2 each cell has two centrosomes (with two centrioles each) (Figure 
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5b,c) 80. These two centrosomes remain tethered together and act as a single MTOC 

until they reach mitosis. At the entry of mitosis, the centrosomal linker is degraded and 

the PCM and its MT nucleation capacity is dramatically enlarged (Figure 5d,e). In mitosis, 

each centrosome lies at one of the spindle poles organising the bipolar spindle and 

promoting proper chromosome segregation 80. After mitosis, each of the daughter cells 

inherits one of the centrosomes and the centriole cycle is restarted78.  

Apart from its role as MTOC, the centrosome can also serve as basal body, building the 

foundations for cilia and flagella which are involved in chemical and mechano-sensing 

and cell locomotion (Figure 5a1). Cilia can be either motile or immotile, such as primary 

cilia which exist in most of the cells. Both types have sensory functions and are involved 

in cell signalling 81–83. 

 

 

Figure 5 – Centrosome cycle. Scheme representing centriole configurations during centrosome 
duplication, separation and maturation during different stages of the cell cycle. Adapted from79. 
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Most cells have only one or two pairs of centrioles, depending on the cell cycle phase. 

However, there are exceptions like multi-ciliated epithelial cells, which can grow 30 to 

300 motile cilia on their apical surface. One example are the ependymal cells which lie 

at the surface of brain ventricles and, through the coordinated beating motion of their 

multiple motile cilia, are responsible for moving the cerebrospinal fluid in the brain84. 

Thus, tight regulation of centrosome biogenesis and duplication is highly important and 

defects in controlling centriolar number and structure have been linked to cancer, 

dwarfism, microcephaly and a group of diseases known as ciliopathies85–87. 

 

Apart from the centrosome there are other cellular structures that recruit γ-tubulin and 

serve as MTOCs in both cells with and without centrosomes. The Golgi apparatus is one 

well-known example, where MT nucleation and anchoring at Golgi membranes is 

important for reshaping the MT network during cell migration88,89. In plant cells, as well 

as in some differentiated animal cells like muscle cells, the nuclear envelope also serves 

as an active MTOC. Microtubule nucleation by the γTuRC can also occur in the vicinity of 

the chromatin during mitosis or from the lattice of pre-existing MTs in a process 

mediated by the augmin complex (reviewed in90,91). 

The relative importance of these MTOCs in nucleating MTs in both mitotic cells and 

postmitotic neurons will be discussed below. 

 

1.5. Mechanisms of microtubule nucleation during mitotic spindle assembly 

Cell division in animal cells comprises different stages, the mitotic phases prophase, 

prometaphase, metaphase, anaphase and telophase, followed by cytokinesis. Each of 

them is marked by rearrangements in the MT network. 

At the entrance of mitosis, in prophase, the relatively stable interphasic MTs 

disassemble and the centrosome recruits a high amount of PCM components, increasing 

its nucleation activity. By the action of motor proteins like Eg5, the two centrosomes are 
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separated to opposite poles of the cell, forming two independent MT asters. After 

breakdown of the nuclear envelope, in prometaphase, the two centrosome asters 

contribute to the establishment of the mitotic spindle, an antiparallel bipolar MT array 

with one centrosome at each pole. By metaphase, MTs emanating from both poles have 

been captured and bind to the chromosomes through the kinetochore, aligning them at 

the metaphase plate. During this process, MTs must be very dynamic to allow correction 

of attachment errors. Not surprisingly, treatments with drugs that either destabilise of 

stabilise MTs cause a mitotic delay by prolonging the time that cells spend in 

prometaphase. 

If we take a closer look at the architecture of the mitotic spindle in animal cells, three 

categories of MTs can be found (Figure  6): kinetochore MTs (k-MTs), which build up the 

k-fibers (MT bundles involved in the attachment of chromosomes to the spindle poles 

through interaction with the kinetochores); astral MTs which radiate from the spindle 

poles and, through interaction with the cellular cortex, help in spindle positioning and 

non-kinetochore MTs (nK-MTs). nK-MTs originated from opposite poles meet at the 

central spindle region. Sliding of these antiparallel nK-MTs by molecular motors like Eg5 

helps to separate the poles and to stabilise the spindle. (Reviewed in 92,93). 
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After metaphase, anaphase starts with each pair of chromatids using spindle MTs as 

guides to migrate towards opposite poles of the cell. In order to avoid chromosome 

segregation defects, progression from metaphase to anaphase only occurs once all the 

kinetochores are properly attached to mitotic spindle MTs. With that purpose, cells have 

developed an accurate quality control mechanism that measures MT-kinetochore 

attachment and tension. This mechanism is known as the spindle assembly checkpoint 

(SAC) and a defective SAC leads to chromosome mis-segregation, aneuploidy and 

tumorigenesis. During early prometaphase, SAC proteins (like Mad1, Mad2 and Mps1) 

are recruited to kinetochores, signalling it as being non-attached to spindle MTs. The 

SAC allows mitotic progression to occur only once a group of 20-30 MT (+)-ends (known 

as k-fibers) is correctly attached to the kinetochore. In parallel, another mechanism 

ensures that each pair of kinetochores is attached to MTs from opposite poles (which 

generates tension between the kinetochores). This mechanism is important to ensure 

correct chromosome segregation since kinetochore attachments that are not under 

Figure 6 – Categories of microtubules found in metaphasic animal cells. In this scheme, the three 
categories of microtubules in metaphase spindles are represented: in red, bundles of kinetochore-
microtubules (k-MTs) that are generated through nucleation at the chromatin, the centrosome and 
from within the spindle and that connect the chromosomes (through the kinetochore) to the spindle 
poles (in green); in blue, the astral MTs originated at the centrosome and that play an important role 
in spindle positioning; in grey, the non-kinetochore-microtubules (nk-MTs) that are originated from 
the centrosome or from within the spindle and contribute to robust spindle architecture. 
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tension activate the error correction pathway, which depends on Aurora B kinase 

substrate phosphorylation. This leads to MT detachment from the kinetochores which, 

in turn, activates the SAC. Once the SAC has been satisfied, anaphase is triggered by 

activation of the anaphase-promoting-complex/Cyclosome (APC/C)94–97. 

During anaphase, another antiparallel MT array, known as the central spindle, is formed 

between the chromosomes. Motor proteins promote sliding of these antiparallel MTs 

helping to further separate chromosomes. Once the duplicated chromatids reach each 

of the poles, chromosome attached MTs depolymerise, the chromatin decondenses and 

the nuclear envelope is reformed. Cytokinesis starts during late anaphase through the 

formation of an actomyosin ring that contracts the cellular membrane in the region of 

the central spindle and continues through telophase until abscission, when the two 

daughter cells are fully separated. 

 

Tight regulation of MT nucleation during cell division is essential for the establishment 

of a robust mitotic spindle. Three major MT nucleation pathways have been described 

for mitotic spindle assembly (Figure 7): a centrosome-mediated, a chromatin-mediated 

and a MT amplification pathway. There is evidence suggesting both redundancy and 

synergy between the three17,98,99. On top of that, different cell types may require a 

different balance of these nucleation pathways to ensure proper assembly of the mitotic 

spindle. 
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Figure 7 – Microtubule nucleation pathways in mitotic cells. (a) Scheme of a prometaphase cell 
where the three main pathways of microtubule (MT) nucleation are represented: Centrosome-
mediated pathway; Chromatin-mediated pathway; MT amplification or augmin pathways. 
(b) Details of the mechanism involved in the chromatin-mediated pathway. The generation of a 
RanGTP gradient around the chromosomes (here shown in blue) promotes the release of spindle 
assembly factors (SAFs) from importin. An example of a SAF that is released from importins as a 
consequence of the activity of the RanGTP pathway is TPX2. Interaction of TPX2 with the TuRC 
(orange) induces MT nucleation. (c) Mechanistic details of the augmin-mediated pathway. The 
augmin complex (in light blue) targets the TuRC (orange) to pre-existing MTs of the mitotic spindle, 
promoting MT nucleation with the newly formed MT having the same polarity as the “mother” MT. 
Newly formed MTs are then moved towards the poles in a process mediated by the activity of motor 
proteins. 
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1.5.1. The centrosome-mediated pathway 

From the description of the mechanisms involved in cell division it becomes evident that 

the centrosome is a key mitotic player, due to its ability to nucleate MTs and organise 

the mitotic spindle poles. Its importance for mitosis is indicated by the fact that 

abnormalities in centrosome number have been linked to tumorigenesis and 

developmental defects. Mice lacking centrioles are not viable since acentriolar spindles 

assemble less efficiently, causing a short delay in prometaphase, and leading to massive 

cell death through activation of a p53-dependent pathway100. The specific brain 

developmental defects caused by centrosome aberrations, such as microcephaly, will be 

discussed in more detail later. 

For a long time, a well-established model describing how MTs can find and bind to the 

kinetochores has been the “search-and-capture model”. According to this model, MTs 

growing from the centrosome search the cellular space as they grow and shrink due to 

their dynamic instability, changing their trajectory in each growth phase. Once a MT is 

“captured” by a kinetochore it becomes stabilised by a phosphorylation-dependent 

mechanism involving Aurora B within the chromosomal passenger complex (CPC). 

However, mathematical models have demonstrated that if human cells would use only 

this random search-and-capture strategy to promote k-MT attachment, the duration of 

mitosis would be much longer than what is typically observed65. This suggests the 

existence of other mechanisms to achieve MT-kinetochore attachment. 

 

1.5.2. The chromatin-mediated pathway 

Microtubule nucleation can also occur in the vicinity of the chromosomes in a pathway 

mediated by Ras-related nuclear protein (Ran)-GTP (RanGTP) complex (reviewed in90). 

In summary, the existence of a RanGTP gradient centred on the mitotic chromatin 

promotes the release of spindle assembly factors (SAFs) from importins which induce 

MT nucleation in the vicinity of the chromosomes. An example of a SAF protein is TPX2 

which, after release from importins, interacts with the GCP-WD/NEDD1 subunit of the 
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γTuRC triggering MT nucleation. If these MTs reach the kinetochore they are stabilised 

by the CPC and favour the assembly of k-fibres (Figure 7b). 

 

1.5.3. The microtubule amplification or augmin pathway 

During mitosis, γ-tubulin associates with the mitotic spindle in a process dependent on 

phosphorylation of the γ-TuRC subunit GCP-WD/NEDD1 at the serine-418. Expression of 

this S418D GCP-WD/NEDD1 mutant in cells depleted of endogenous NEDD1 leads, not 

only to removal of γ-tubulin from the spindle, but also to a reduction in the amount of 

spindle MTs and an increase in the mitotic index54. These observations, together with 

the fact that growing MT (+)-ends emerge from within the spindle101 suggested that MT 

nucleation could most likely occur from pre-existing spindle MTs. 

In 2007, an RNAi screen in Drosophila melanogaster S2 cells identified 5 previously 

uncharacterized proteins required for γ-tubulin localization to the mitotic spindle102. 

These proteins were named Dgt2 to 6 (“Dgt” referring to dim γ-tubulin). In a follow-up 

study it was found that these 5 proteins can form a complex that is able to bind both the 

γTuRC and MTs. This complex was named augmin complex due to its ability to augment 

MT density within the spindle103. 

Subsequent work by several groups identified the full set of 8 augmin subunits, which in 

human cells were named HAUS1 to HAUS8104,105 (standing to homologous to augmin 

subunit). Depletion of any of the augmin subunits leads to disruption of the 

complex104,105 in human cells and causes: (1) increase in mitotic index due to a prolonged 

mitosis; (2) increase in abnormal spindles; (3) reduction in the amount of MTs in the 

spindle; (4) reduction in kinetochore MT attachment as observed by increased levels of 

Mad2 on misaligned chromosomes; (5) centrosome fragmentation. In addition, augmin 

depletion also causes defects in cytokinesis and a reduction in the amount of MTs at the 

central spindle105. These phenotypes are much more severe than the ones observed in 

Drosophila melanogaster S2 cells and in the non-cancer cell line RPE1106. 
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Since then, many studies have implicated the augmin complex in ensuring the 

robustness of the meiotic and/or mitotic spindle in mice, drosophila, zebra fish, plants 

and fungi 99,107–114. 

Unlike the initial work done in cells, the use of Xenopus egg extracts allowed to directly 

visualize nucleation from the lattice of pre-existing MTs (and demonstrated the 

dependency of this process on γTuRC)110. It was observed that daughter MTs grow with 

a shallow angle and with the same polarity as the mother MT111,115 with an architecture 

that resembles the formation of MT branching. Therefore, augmin-mediated MT 

nucleation is sometimes referred to as branching MT nucleation. It was further shown 

that RanGTP and its effector TPX2 stimulate augmin-dependent MT branching in vitro, 

suggesting that factors of both chromatin and MT amplification pathways may act 

cooperatively to nucleate MTs in mitosis. On the other hand, spindle assembly in 

Drosophila S2 cells is largely unperturbed following D-TPX2 depletion when compared 

to augmin depletion and TPX2 does not seem to have a prominent role in MT branching 

at the central spindle116,117. This suggests that the mechanisms involved in augmin-

dependent nucleation are probably species or cell type dependent. 

Information on the detailed structure of the augmin complex is still limited. Two 

independent studies (one using reconstituted human augmin118 and another using 

Xenopus augmin purified from insect cells119) propose that the augmin complex has a Y-

shaped structure, composed of two tetrameric subcomplexes. However, the two studies 

diverge in the description of the composition of these subcomplexes. 

Recruitment of γ-tubulin to the mitotic spindle occurs through interaction between 

HAUS6 with the γTuRC subunit GCP-WD/NEDD1105,120,121. Experiments performed in our 

laboratory showed that, after MT nucleation within the spindle, MT (-)-ends are 

transported towards the poles in a process mediated both by the direct action of (-)-end 

directed motors dynein and HSET, and sliding of antiparallel MTs at the central spindle 

mediated by Eg5122. The relevance of this (-)-end poleward transport in building up a 

proper bipolar spindle is relevant not only in the context of MTs nucleated by the augmin 

pathway, but also for MTs nucleated by the chromatin pathway (Figure 7c). 
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More recently, an interesting study used mathematical modelling combined with live 

microscopy in HeLa cells in order to get more insight into how the cooperation of 

different spindle assembly pathways contributes to k-fibre formation123. The authors 

proposed that once pioneer MTs originated at the centrosome are captured by the 

kinetochores during early prometaphase, they are stabilised. This generates long-lived 

templates for augmin-driven amplification. During late prometaphase and metaphase, 

distribution of growing MT (+)-ends can be almost entirely explained by augmin-

dependent amplification of these long-lived MTs. 

In vivo, the augmin-mediated pathway may play an even more important role in cells 

that divide in the absence of centrosomes. During oocyte development in Drosophila 

melanogaster meiosis I occurs in the absence of centrosomes124. Indeed, Drosophila 

melanogaster carrying mutations in different augmin subunits are viable and don’t 

present major defects apart from female infertility107,114. In mammals, full Haus6 

knockout (KO) mice are not viable and do not survive the blastocyst stage99. Similarly, to 

meiosis I in Drosophila females, the first rounds of mitosis during mouse development 

occur without centrosomes. In these cells augmin is required to cluster the multiple 

acentrosomal MTOCs, allowing the formation of a bipolar mitotic spindle. So far, no 

function has been described for augmin during later developmental stages, where 

centrosomes are present.
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2. MICROTUBULES IN BRAIN DEVELOPMENT AND DISEASE 

 

Brain development is a very complex process that relies on proper mitotic expansion of 

neuroprogenitors followed by different events involving neuronal differentiation which 

include neuronal specification, polarization, migration, maturation and wiring, among 

others. All these processes are highly dependent on the establishment of an ordered MT 

network and its dynamic remodelling. Thus, not surprisingly, brain development is very 

sensitive to defects in the MT network. 

In this section I will summarise the main cellular events that occur during brain and 

neuronal development and highlight the functions of the MT cytoskeleton in most of 

them. I will mostly focus on mouse brain development as it is the animal model used in 

this thesis. Furthermore, special focus will be given to the available information on how 

new MTs are generated in neurons. 

 

2.1. Histology of embryonic mouse brain development 

A very complete brain atlas published in 2017 describes the main histological events 

occurring during brain development in the mouse embryo125. In this section, I will 

summarize these events in order to facilitate the understanding of the results presented 

in this thesis. 

Mouse brain development starts around day embryonic day 7.0 (e7.0) of gestation with 

the formation of the neural plate, which consists in a thickened region of the embryonic 

ectoderm, the neuroectoderm (Figure 8a). Folding of the neural plate leads to formation 

of the neural tube, around e8.5 (Figure 8a). Neural tube formation starts by fusion of 

the neural folds in the boundary between the future hindbrain and spinal cord and 

proceeds both rostrally and caudally in a zipper-like fashion. Formation of the neural 

tube concludes with the physical separation of the neuroectoderm (the future central 

nervous system) from the surface ectoderm (the future skin). The inner ventricular zone 
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(VZ) of the neural tube is composed of the neuroepithelial progenitor cells that 

ultimately give rise to the great majority of the neural cell populations in the central 

nervous system (neurons, astrocytes and oligodendrocytes). 

Progressively, the cephalic (more rostral) region of the neural tube dilates and at e9.0 

three major brain vesicles are prominent: prosencephalon (forebrain), mesencephalon 

(midbrain) and rhombencephalon (hindbrain) (Figure 8b). 

At e9.5, remodelling of the prosencephalon occur through folding of its rostral region. 

This leads to the division of the prosencephalon into 3 brain ventricles: the two more 

rostral constitute the telencephalon and will give rise to the two lateral ventricles of the 

cerebral hemisphere; the other one, more caudal, constitutes the diencephalon and will 

give rise to the third ventricle, surrounded by the thalamus and hypothalamus (Figure 

8b). 

Figure 8 – Main events occurring during early development of the mouse embryonic brain.  
(a) Around embryonic day e7.0-e7.5 takes place the formation of the neural plate (in red) which 
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consists in a thickened region of the ectoderm (ECT), the neuroectoderm (NECT). At e8.0 the NECT 
starts folding, forming a neural groove (NG) surrounded by the neural folds (NF). Neural folds fuse 
with each other leading to the formation of the neural tube (NT). (b) Originally, the neural tube 
originates three main ventricles in the embryonic brain. At e9.5, remodelling of the prosencephalon, 
leads to the division of the prosencephalon into three ventricles: two lateral ventricles that 
correspond to the telencephalon and will give rise to the cortex and another ventricles (more caudal), 
the diencephalon, from where the thalamus and hypothalamus will be originated. Other 
abbreviations: END (endoderm), MES (mesoderm), N (notchord), NCR (neural crest cells), S (somite 
pairs). Image from: 125. 

 

At e11.5 the fundamental topology of the brain is established with 5 individual brain 

ventricles formed. Rapid expansion of the brain results in the formation of larger and 

more defined subdivisions within the neuroectoderm. At this stage 3 morphologically 

distinct layers can be identified: The inner ventricular zone (VZ) close to the lumen and 

harbouring the neuroprogenitors, an intermediate zone and an outer marginal zone. 

The cortical plate progressively enlarges, with neurogenesis occurring close to the lumen 

in the ventricular zone and both at ventricular and subventricular zones later in 

development. 

Cortical neurogenesis occurs in a fast and sustained manner mostly between e11 and 

e18. On the other hand, neuronal migration and lamination continues until several 

weeks after birth. The changes that occur in neurodevelopment in mice from 

approximately e15 until 7 to 10 days after birth are considered equivalent to those that 

take place during the third trimester of gestation in human foetuses. This includes 

selective elimination of unneeded cells by programmed cell death (apoptosis). 

Apoptosis occurs mostly in neurons whose axons are not able to form proper 

connections with their targets and is crucial for the formation of correct circuits in the 

nervous system. Other important events are synaptogenesis, dendritic arborisation and 

myelinization. 

 

2.2. Cortical neurogenesis 

Before neurogenesis, the neural plate and the neural tube are composed of a single layer 

of neuroepithelial cells (NEC) organised into a pseudostratified neuroepithelia. Initially, 
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NEC expand their pool by undergoing successive symmetric cell divisions (Figure 9a). 

Later, these cells divide asymmetrically giving rise to radial glial cells that sit at the 

ventricular zone of the cortex126,127. Similarly to NEC, radial glial cells (RGC) have a 

bipolar structure with their centrosomes localizing at the surface of the apical process 

during most of the interphase128. At the apical surface, the centrosome serves as basal 

body for a short non-motile primary cilium that protrudes towards the lateral ventricle 

(Figure 9b). This primary cilium is disassembled and reassembled every cell cycle and is 

required for basal-apical polarity of RGCs and its localization at the VZ129. On top of that, 

activity of the primary cilia as a sensor for the Sonic Hedgehog pathway seems to be 

involved in neurogenesis by regulating the balance between symmetric vs asymmetric 

divisions of RGCs130. 

 

Figure 9 – Schematic representation of the main cellular events occurring embryonically during 
cortical neurogenesis. Details on the mechanisms described from (a) to (f) are given throughout the 
main text. Abbreviations: NEC (neuroepithelial cell); RGC (radial glial cell); IP (intermediate 
precursor); IKM (inter-kinetic nuclear movement); VZ (ventricular zone); SVZ (subventricular zone); 
IZ (intermediate zone); CP (cortical plate); MZ (marginal zone). Adapted from: 127. 
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During interphase, the nuclei of RGCs lie within the VZ (Figure 9b). In each cell cycle, the 

nuclei in RGCs undergo interkinetic nuclear migration so that mitosis occurs close to the 

ventricular surface. At the onset of corticogenesis, neurogenesis occurs mostly through 

asymmetric divisions of RGCs, producing one daughter RGC and one neuron (Figure 9c). 

Then, neurons migrate apically to outer layers of the cortical plate (Figure 9d) through 

mechanisms that will be described in the next section. 

Later in neurogenesis, RGCs give rise to intermediate precursors (IPs) that detach from 

the apical surface and localize at the subventricular zone (SVZ). In contrast with RGCs, 

most IPs divide symmetrically giving rise to two identical neurons (Figure 9e). 

It is important to consider that not only neurons are generated during cortical 

development. Apart from neurons, other cells types like glia (which can be classified as 

oligodendrocytes or astrocytes) play a critical role in neurological functions. Whereas 

during development of lower organisms like flies, neurons and glia are originated 

coincidentally, in vertebrates, neurogenesis and gliogenesis occur consequentially in 

time. As previously mentioned, neurogenesis from division of RGCs occurs interruptedly 

from e11 to e18. Around e18 neurogenesis is supressed and gliogenesis starts with RGCs 

dividing into astrocytes. Postnatally, gliogenesis proceeds with the formation of 

oligodendrocytes (revised in 131). 

 

2.3. Neuron migration 

The cerebral cortex comprises two main types of neurons: (1) excitatory projection 

neurons that migrate radially to integrate the cortical plate; (2) inhibitory interneurons 

that migrate tangentially to reach the cortical plate132. 

Excitatory cortical neurons originated through division of RGCs migrate towards their 

final destinations at the cortical plate in a multi-step process133. In summary, early after 

neurogenesis, the newly born neuron adapts a bipolar shape and ascends rapidly 

towards the SVZ using radial glial fibres as a trail. There, it remains for some time (~24h 

in the rat brain) assuming a multipolar shape (Figure 9d). Neuron migration proceeds by 
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radial locomotion with the neuron acquiring again a bipolar shape that consists of a 

leading process towards the cortical plate and a trailing process towards the ventricular 

zone. In some neurons, axon-dendritic polarization starts already during the migration 

process. During cellular migration, and depending on the neuronal type, either the 

leading or the trailing will give rise to the axon134. 

The 6 layers of the cerebral cortex form in an “inside-out” manner with the earlier 

migrating neurons remaining in the more inner layers (close to the lumen) and the later 

migrating neurons forming successively outer layers of the cortex (Figure 9f). 

Centrosomes are involved in both radial and tangential neuron migration. During radial 

migration, the centrosome localises at the base of the leading process, ahead of the 

nucleus. While the neuron moves towards the cortical plate, MTs generated at the 

centrosome extend towards the leading process, producing pulling forces that cause the 

centrosome to move into the leading process and the nucleus to follow. Nonetheless, 

some studies show that the nucleus and the centrosome can move independently135,136. 

 

2.4. Neuron differentiation in vitro and in vivo 

Pyramidal neurons are the most abundant type of excitatory neurons in the cerebral 

cortex and hippocampus. In fact, pyramidal neurons comprise around two thirds of the 

neurons in the mammalian cerebral cortex, playing a key role in many cognitive 

functions137. Morphologically, they are multipolar with each neuron containing a central 

soma (where the nucleus and centrosome are found), one long and thin axon and 

several shorter but highly branched dendrites (Figure 11). The flow of signal in these 

neurons is mostly unidirectional: (1) dendrites receive chemical synaptic inputs coming 

from other neurons; (2) this chemical signal is translated into an electrical signal by 

triggering action potentials which are propagated, first to the soma, and then along the 

axon; (3) at pre-synaptic structures in the axon, action potentials are translated into a 

chemical signal which, through the release of neurotransmitters, pass on information to 

another post-synaptic neuron. 
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As already mentioned, in vivo, neuron polarization of cortical/hippocampal pyramidal 

cells starts during migration, as the leading and trailing edges become either the axon 

or the apical dendrite. Once neurons reach their final destinations, both elongation of 

the axonal and dendritic processes, branching of axons and dendrites and formation of 

dendritic spines proceed until post-natal stages. 

Most of the data on the molecular mechanisms underlying the different steps of 

neuronal differentiation come from studies using in vitro cultured neurons. In this 

context, one of the most widely used models is the culture of hippocampal and 

neocortical neurons from mouse embryos. This was de model used in the in vitro work 

presented in this thesis. Despite being already polarised in the e17.5 embryo, once 

isolated and plated in vitro, these neurons resume their cell differentiation program that 

includes 5 well-characterised steps (Figure 10) 134,138: 

 Stage 1: Shortly after attachment to the surface, cells form motile lamellipodia 

around the soma from where neurites will preferentially arise. 

 Stage 2: These neurites grow forming processes that resemble the ones present 

in multipolar migrating neurons. 

 Stage 3: Some hours after neurite appearance one of the neurites starts growing 

~10 times faster than the other neurites and forms branches. This growing 

neurite will give rise to the axon. 

 Stage 4: The other neurites become the dendrites, form branches and grow (still, 

at a much lower rate than the axon). At this stage axonal growth proceeds and 

there is maturation of the axon initial segment. 

 Stage 5: Around 7 DIV, a process termed maturation or final differentiation 

starts. This includes the formation of dendritic spines and functional synapses. 

At this stage, even though there is little growth of axonal and dendritic processes, 

cells actively make connection between them through the formation of 

synapses. 
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Figure 10 – Model of differentiation stages found in cultured pyramidal neurons. In dissociated 
cultures, postmitotic cortical neurons display specific transitions with their maturation state 
classified into five main stages. In stage 1 immature post-mitotic neurons display intense lamellipodia 
and filopodia around the soma where neurites will preferentially form during stage 2. During stage 
3 neuronal symmetry breaks and a single neurite grows rapidly to become the axon (red) while the 
other neurites acquire dendritic identity (green). Stage 4 is characterized by rapid axon grown and 
dendritic outgrowth. During stage 4 there is the formation of the axon initial segment (yellow). 
During stage 5, neurons terminate its differentiation into pyramidal neurons forming dendritic spines 
and establishing synapses with other neurons. Image copied from:134. 

 

It is important to consider that there is no strict boundary between each of the stages 

and that within a neuron primary culture, at a specific timepoint, neurons at different 

stages develop and cohabitate. 

 

2.5. Role of microtubules during neuron development in vitro 

2.5.1. Neuritogenesis 

During neuronal migration in vivo, or shortly after plating in vitro, neuritogenesis starts 

by the formation of small lamellipodia around the soma. In this process MTs directly 

invade or are transported by motor proteins into the lamellipodia, originating parallel 

arrays with their (+)-ends oriented towards the tip of the neurite139. At the lamellipodia, 

MTs become stabilised and push the actin tip, promoting neurite elongation. 
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2.5.2. Axon and dendritic specification 

Neuronal symmetry breaks once one of these minor neurites undergoes rapid growth, 

becoming the axon, while the growth of the other neurites, which will later become the 

dendrites, is inhibited. 

Cytoskeleton dynamics play a critical role during axonal specification with newly formed 

axonal shafts showing destabilisation of the actin network and stabilisation of MTs when 

compared to the other neurites. Indeed, MT stabilisation is a key inducer of axon 

specification as treatment of in vitro cultured rat hippocampal neurons with the MT 

stabilising drug Taxol leads to the formation of multiple axons. Moreover, local 

activation of a photoactivatable form of Taxol within an individual neurite can induce 

that neurite to become the axon. Indeed, newly formed axons are enriched in acetylated 

and de-tyrosinated MTs, two posttranslational modifications (PTMs) that are 

characteristic of stable MTs140. During the period of this thesis these data were 

confirmed in our laboratory in a small summer project performed by Mar Fillat (a high 

school student) which I tutored. 

In vitro work suggested that the centrosome determines which neurite will give rise to 

the axon, by localizing in its proximity141. However, another study by the same group 

showed that upon axotomy, the centrosome is not reoriented towards the newly 

assigned axon suggesting that, in more mature neurons, centrosome localization is not 

required for axon re-specification142. Still, this is quite a controversial topic with several 

other studies showing examples of radially migrating neurons where the centrosome 

localizes close to the leading process that instead of becoming the axon, becomes the 

primary dendrite143. 
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Figure 11 – Microtubule organisation in the different subcellular compartments of mammalian 
pyramidal neurons. Schematic representation highlighting: microtubule (MT) invasion of dendritic 
spines and its interaction with the actin cytoskeleton in this subcellular compartment; MT mixed 
polarity in the dendritic compartment; MT uniform polarity in the axon. Apart from dendrites, 
dendritic spines and the axon other subcellular structures of the neuron are represented in this 
scheme: Synapse, new axonal collateral branches, growth cone and axonal bouton. 

 

Even though both axon and dendrites display a MT network with MTs organised into 

dense bundles, they differ in the orientation of these MTs. In the axon, there is a uniform 

MT polarity with almost all the MTs pointing with their (+)-ends towards the tip of the 

axon. In contrast, dendrites display mixed MT polarity with the (+)-end of MTs pointing 

both towards the soma and the tip of the dendrites (Figure 11)144. The mechanisms 

through which these distinct polarities are generated and maintained have been a 

puzzle and matter of debate for many years. 

Another difference between axons and dendrites is their composition in terms of 

MAPs145. A clear example is the distinct distribution of MAP2 and tau, which belong to 

the same protein family146. In mature neurons, MAP2 localizes almost exclusively in the 

somatodendritic compartment inducing MT stability possibly through MT bundling. Tau, 



Introduction 
 

63 

is enriched in the axon where it may induce stabilisation of MTs both through induction 

of MT-crosslinking and protection of MTs from the activity of MT severing enzymes like 

katanin147,148. 

 

2.5.3. Axon growth and branching 

As mentioned before, axons are characterised by the presence of MTs with uniform 

polarity with barely all MT (+)-end pointing towards the tip of the axon (Figure 11). One 

proposal for how uniform MT polarity is maintained in the axon is that motor proteins 

sort MTs in this cellular compartment depending on their polarity. This model is based 

on observations suggesting the existence of transport of short-MTs along MT tracks in 

the axon in a process mediated by motor proteins. According to this model, which is 

discussed in 149,150, MT motors transport (+)-end-out MTs anterogradely towards the tip 

of the axon while (-)-end-out MTs are cleared from the axon by retrograde transport 

towards the soma. Another speculation is that short (-)-end out MTs generated, for 

example, through MT nucleation or severing can undergo flipping events at the growth 

cone, reorienting these MTs to a correct polarity. In this thesis we will discuss another 

mechanism where the correct (+)-end out polarity of axonal MTs is determined already 

during MT nucleation events. 

 

Axon specification is followed by fast axonal growth and branching. During both 

processes, the growth cone, a structure initially identified by Ramon y Cajal in 1890, 

plays a critical role. 

The axon growth cone consists of a “hand-like” structure that is present at the tip of 

growing axonal branches and is responsible for directed axonal growth (Figure 11). 

Structurally, it is composed of 3 regions named peripheral zone (comprising both actin-

rich filopodia and lamellipodia), transition zone and central zone. 

At the level of the growth cone, axonal growth can be divided into three individual 

phases151: (1) protrusion, consisting of the extension of lamellipodia and filopodia at the 
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peripheral zone through actin filament polymerisation; (2) engorgement, where MTs 

advance and invade the previously formed lamellipodia, carrying membrane vesicles 

and organelles; (3) consolidation, where MTs are bundled and stabilised and the 

proximal part of the growth cone assumes a cylindrical structure becoming part of the 

pre-existing axon shaft.  Microtubules at the growth cone are highly dynamic and 

suppression of MT dynamics slows down axonal growth and supresses growth cone 

turning in response to guidance cues152,153. 

 

Axon branching allows neurons to connect to several postsynaptic targets. There are 

two ways of generating new axonal branches: either through bifurcation of a growth 

cone, or through the formation of a collateral branches along the axon shaft (Figure 11). 

The second one involves local remodelling of the actin cytoskeleton and generation of a 

new growth cone through the process described in the previous paragraph. Curiously, 

in the branching zone, a large number of short MT fragments is observed154. At least 

part of these short MTs is generated by the activity of MT severing enzymes and might 

serve as seeds to produce new MTs. In fact, spastin depletion decreases axonal 

branching while its overexpression induces it155. Once a new branch is formed, MTs are 

stabilised (as denoted by an increase in acetylated-tubulin at the proximal part of the 

branch), whereas at the tip of the new growth cone MTs remain very dynamic156. 

Neurons also display mechanisms to control the generation of new axon collateral 

branches. For example, the MT depolymerase KIF2A has been proposed to act on newly 

formed branches, restraining their growth157.  

 

2.5.4. Dendrite formation, growth and branching 

Dendritic development occurs after axonal specification, corresponding to the stage 4 

of the development of hippocampal neurons in vitro (Figure 10). Contrarily to axonal 

development, dendritic development involves a break with the uniform (+)-end out MT 

polarity observed in primary neurites. In dendrites there is a mixed MT polarity with 
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both (+)-end-out and (-)-end-out MTs. This mixed MT polarity increases during dendritic 

development and is more prominent in proximal regions of the dendrite when 

compared to more distal regions139,158. 

How this mixed MT polarity is achieved is still not very clear. Recent studies suggest the 

existence of a difference in stability between MTs of opposite polarity with (-)-end-out 

MTs being more stable159. However, MT-based molecular motors also seem to play a 

role in this process.  

Results from different groups show that inhibition of either KIF23 or kinesin-12  (also 

known as KIF15) prevents the formation of a mixed polarity MT network in dendrites 

with (-)-end-out MTs being moved towards the soma, leading to an enrichment in (+)-

end-out MTs160. These results suggest that the mixed MT polarity in the dendrites must 

be constantly maintained through the transport of (-)-end-out MTs into the dendrites 

by molecular motors. Recent work from our laboratory showed that Eg5/KIF11 is able 

to counteract the dendritic functions of KIF23 and kinesin-12 in the regulation of the 

percentage of microtubules, suggesting that these motors have the opposite effect in 

sorting/transporting microtubules30. 

One question that arises from the fact that dendrites possess MTs of mixed polarity is 

how molecular motors can distinguish between different MT orientations, a 

requirement for directional cargo transport. Recent outstanding work performed by 

Roderick Tas and colleagues helps to unravel this puzzle161. The authors proposed that, 

in dendrites, MTs of opposite polarity are organised separately in bundles such that all 

MT within a bundle have the same polarity and differ in posttranslational modifications: 

whereas (-)-end-out MTs are more stable and display high levels of tubulin acetylation, 

(+)-end-out MTs are less stable and enriched in tyrosinated tubulin. Furthermore, two 

kinesins (kinesin-1 and kinesin-3) were found to interact preferentially with acetylated 

and tyrosinated MTs, respectively. This mechanism can explain how motor proteins can 

move in specific directions inside the dendritic shaft, despite the presence of a mixed 

polarity MT network. 
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Microtubule severing also has a relevant role during dendritic development. Similar to 

observations in the axon, activity of both katanin and spastin enzymes is involved in 

dendritic growth and arborisation162,163. 

 

2.5.5. Dendritic spine formation 

Dendritic spines are small membranous protrusions enriched in post-synaptic 

components like neurotransmitter receptors, organelles and signalling systems essential 

for synaptic function and plasticity (Figure 11). For a long time, the presence of MTs at 

these neuronal structures was not clear. However, around 10 years ago it was shown 

that, indeed, dynamic MTs are able to invade dendritic spines and that an increase in 

MT invasion correlates with an increase in neuronal activity, spine formation, changes 

in spine morphology and synaptic plasticity164,165. Furthermore, the ability of these 

dynamic MTs to invade dendritic spines seems to be dependent on the presence of the 

(+)-TIP protein EB3 at the (+)-end 166. 

Whereas MT-based transport of cargos into dendritic spines has not yet been visualised 

directly, there are several lines of evidence suggesting that MTs are important structures 

in mediating synaptic cargo delivery (discussed in167).  

 

2.6. Sources of new microtubules and microtubule nucleation in developing 

neurons 

In the previous section I have discussed the importance of MTs and of their proper 

organisation for neuronal development. However, little is known about how new MTs 

are generated in neurons and how this process is regulated. 

For some time, it was believed that neuronal MTs were mostly nucleated at the 

centrosome. After being nucleated, these MTs would then be released or cleaved 

through the activity of severing enzymes (katanin, spastin or fidgetin) and transported 

through the activity of MT-based motor proteins to both axon and dendrites168–172,160. 
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However, in 2010 this model was challenged by observations using in vitro cultured rat 

hippocampal neurons showing that, in mature 9 days in vitro cultured (DIV) neurons, 

most of the growing MTs found in the soma were not associated with the centrosome173. 

In contrast, in young neurons (2DIV) most of the MTs were centrosomal. This suggests 

that, during the process of neuronal differentiation, the centrosome loses its role as 

major MTOC. Furthermore, laser ablation of the centrosome in young neurons did not 

affect axonal growth, showing that axonal growth does not depend on MT nucleation 

from the centrosome. Similarly, it was also observed that centrosome ablation in 

Drosophila neurons did not affect MT polarity at dendrites and axons174. 

These data are in agreement with observations showing that γ-tubulin, γTuRC targeting 

factor GCPWD/NEDD1 and γTuRC activator CDK5RAP2 are lost from the centrosome 

during neuronal maturation175,176. Furthermore, mutant flies that lack centrosomes in 

the brain develop normally, questioning the need of centrosomes as a source of 

neuronal MTs177. 

Even though the centrosome loses its role as major neuronal MTOC, MT nucleation 

mediated by the γTuRC is still required for the generation of new MTs in the developing 

neuron. Indeed, data published by our laboratory and by the laboratory of Casper 

Hoogenraad show that γ-tubulin depletion in in vitro cultured mouse hippocampal 

neurons cultured reduce the amount of MTs in the soma and in the axon, leading to MT 

unbundling in the soma and impairment of axonal growth175,178. 

One could hypothesise that, during neuron development, another cellular structure may 

assume the role of the centrosome acting as a non-centrosomal MTOC. Indeed, it was 

proposed that non-centrosomal γTuRC can nucleate MTs from Golgi outposts localized 

at branching points in dendrites and that this mechanism is important for dendritic 

growth and branching179. However, these results are still controversial with data using a 

similar model showing that, indeed, γ-tubulin mediates MT nucleation at dendritic 

branch points but that Golgi outposts are not required for γ-tubulin to localise to these 

dendritic locations180. 
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2.7. Microtubules in brain diseases 

Brain development and homeostasis is particularly sensitive to defects in: (1) 

neuroprogenitor cell division; (2) neuronal migration and maturation; (3) intracellular 

trafficking in developing and mature neurons. Therefore, and considering the critical 

role of MTs in all these cellular processes, it is not surprising that deficiencies in the MT 

network and MT-based transport have been linked to different types of brain diseases, 

from neurodevelopmental defects to neurodegeneration. 

Microcephaly is a brain malformation characterised by a reduction in the size of the 

brain and particularly of the cortex. Microcephaly has been linked to defects in the 

proliferation of neuroprogenitors and increased cell death, as well as the premature 

differentiation of these cells into neurons (all of which can deplete the neuroprogenitor 

pool in the developing brain)181. Lissencephaly-pachygyria spectrum syndromes are a 

spectrum of diseases generally caused by defects in neuron migration during brain 

development182. Intellectual disabilities associated with these diseases can range from 

mild to severe. 

Several mutations in genes encoding for α and β-tubulins were shown to cause a wide 

range of brain malformations often referred to as tubulinopathies 183,184. In most cases, 

like mutations in TUBA1A, TUBB2B and TUBB3 genes, brain malformations are mostly 

characterised by lissencephaly or pachygyria which can be accompanied by 

microcephaly (reviewed in 185). On the other hand, patients carrying mutations in the 

TUBB5 gene present microcephaly as the primary brain defect 186. There are also cases 

of tubulinopathies whose phenotypes arise postnatally. For example, patients from 

different families and carrying mutations in the TUBB4A gene (poorly expressed during 

central nervous system development but highly expressed in the adult cerebellum, 

brainstem and striatum) develop motor dysfunction during infancy, but present normal 

cognitive and language development185. However, the cellular and molecular 

mechanisms underlying these phenotypes are still poorly understood. 

The range of tubulin genes involved in the generation of tubulinopathies was broadened 

when mutations in the gene encoding γ-tubulin (TUBG1) and other γTuRC subunits 
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(GCP2, GCP4, GCP5, GCP6)184,187–195 were identified in patients displaying congenital 

malformations of cortical development. Most patients carrying mutations in the TUBG1 

gene develop both microcephaly and pachygyria, accompanied by mild to severe 

intellectual disabilities. In patients with mutations in TUBGCP4, TUBGCP5 and TUBGCP6 

microcephaly is also observed. These data confirm the role of the γTuRC in brain 

development during both division of neuroprogenitors (which is not surprising 

considering the role of the γTuRC in mitotic spindle assembly) and neuron migration. 

Indeed, depletion of γ-tubulin or expression of disease related γ-tubulin missense 

mutants in migrating neurons causes defects in neuronal migration during mouse 

cortical development187,188. 

But examples of mutations in cytoskeleton-related proteins linked to 

neurodevelopmental disorders are not restricted to tubulin and γTuRC subunit genes. 

Indeed, many other examples can be found in the literature where mutations in MAPs, 

motor proteins or genes required for proper MTOC function affect normal brain 

development in humans185. For example, mutations in the CDK5RAP2 gene which, as 

previously mentioned, is involved in activation and targeting of the γTuRC to the 

centrosome, cause recessive primary microcephaly (MCPH). CDK5RAP2 is highly 

expressed in the neuronal progenitor pool and, probably, MCPH is caused by spindle and 

mitotic defects leading to premature neurogenesis and non-proliferative divisions in 

these cells 196–198. Moreover, mutations in several genes involved in centriole duplication 

(namely, CEP152, CEP63, CEP135, SAS6, STIL, CPAP/CENPJ) have been linked to MCPH 

(reviewed in 199). 

Together these data show the importance of MT nucleation and, particularly, the 

importance of centrosomes for control of proper cell division in neuroprogenitors during 

human brain development. Furthermore, studies in mice reveal that centrosome loss in 

neuroprogenitors causes microcephaly by inducing mitotic delay and apoptosis in these 

cells200. On the other hand, little is known about the contribution of other spindle 

assembly pathways like the augmin or the chromatin-mediated pathways in ensuring 

mitotic progression and proliferation in neuroprogenitors during brain development. 
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Additionally, in post-mitotic neurons, reduction in MT mass from axons and dendrites is 

often associated with neurodegenerative diseases 201,202. However, it is still unclear how 

neurons control the formation of new microtubules once MT nucleation at the 

centrosome is strongly reduced. 

 

Before I started working on my PhD thesis Dr. Carlos Sanchez Huertas, a former Postdoc 

in our laboratory, observed that despite the requirement of γTuRC-mediated MT 

nucleation for neuronal development, staining with γ-tubulin specific antibodies did not 

reveal any cellular structure with γ-tubulin accumulation outside the centrosome. 

Therefore, he hypothesised that post-mitotic neurons, rather than using a specific 

MTOC, may nucleate MTs from the lattice of pre-existing MTs in a process mediated by 

the augmin complex. 

When I started my PhD, I contributed to and completed ongoing work on the role of 

augmin in axonal development. These data were published in 2016 in Nature 

Communications in a study were I was co-author175. Following this study, I decided to 

study the role of augmin during dendritic development, a cellular compartment where, 

in contrast to the axon, MTs present a mixed polarity. These results will be presented in 

the first chapter of this thesis. 

In vitro works performed at our and other laboratories implicate augmin in mitosis/cell 

proliferation and in neuronal morphogenesis in mammalian cells, raising the question of 

what the in vivo role of augmin-mediated MT nucleation is. In this context, studying 

brain development is a very good model as it allows us to evaluate the role of augmin in 

both proliferation of neural progenitors and neuron differentiation in vivo. With this 

purpose we generated three conditional knockout (cKO) mice where Haus6 gene is 

deleted in specific cells during brain development (neuroepithelial cells, young 

immature neurons and mature hippocampal neurons). Data regarding the 

characterisation of these cKO mice will be presented in the second chapter of this thesis. 

At last, targeting and activation of the γTuRC are important regulatory mechanisms for 

controlling MT nucleation in different cells. Therefore, I aimed to obtain the first γTuRC 



Introduction 
 

71 

interactome in neurons in order to identify possible targeting, activation and inhibition 

factors involved in MT nucleation during neural development. The obtained γTuRC 

interactome and characterisation of a selection of γTuRC interactor candidates during 

axonal growth will be presented in the third chapter of this thesis. 
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The main aims of my thesis were the following: 

1. Determine the role of augmin-dependent nucleation in the establishment of the 

neuronal axonal and dendritic microtubule network in vitro. 

2. Study the in vivo role of the augmin complex in proliferation and differentiation 

during neural development. 

3. Analyse how γTuRC-dependent microtubule nucleation is regulated in neurons.  
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Mice generation and maintenance 

In order to obtain embryonic brain tissue for the experiments with neuron primary 

cultures, pregnant 6-weeks-old female mice (Mus musculus; strain OF1) were purchased 

from Janvier Laboratories and maintained at the animal facilities of the Barcelona 

Science Park (PCB), in strict accordance with the Spanish and European Union 

regulations. At e17.5-e18.5 days of gestation, females were euthanized by cervical 

dislocation and embryos sacrificed by decapitation. 

For the experiments using Haus6 conditional knockout (cKO) mice, sperm from Haus6 

floxed mice (Assessing number: CDB1354K) was obtained from the laboratory of Dr. 

Gohta Goshima (Nagoya University, Japan). Originally, Haus6 floxed mice were 

generated as described in203. Sperm from Haus6 floxed mice was then used by IRB 

Mutant Mouse Facility to in vitro fertilize C57BL6/J females. The obtained Haus6 floxed 

mice were maintained at the animal facilities of the PCB. 

Nestin-Cre Haus6 cKO, Baf53b-Cre Haus6 cKO and CamKIIα-Cre Haus6 cKO mouse 

strains were obtained by crossing Haus6 floxed mice with B6.Cg-Tg(Nes-cre)1Kln/J, 

Tg(Actl6b-Cre)4092Jiwu/J and B6.Cg-Tg(Camk2a-cre)T29-1Stl/J mice, 

respectively. 

Transgenic mice expressing Cre recombinase gene under a Nestin promotor (B6.Cg-

Tg(Nes-cre)1Kln/J) were a gift from Maria Pia Cosma’s Laboratory (CRG) and 

previously purchased by Jackson Laboratories . Transgenic mice expressing Cre-

recombinase gene under a Baf53b or CamKIIα promotors (B6.Tg(Actl6b-

Cre)4092Jiwu/J and B6.Cg-Tg(Camk2a-cre)T29-1Stl/J, respectively) were 

purchased from Jackson Laboratories. 

All the mouse strains were generated and maintained on a C57BL/6 background. 

Animals were maintained in strict accordance with the European Community 

(2010/63/UE) guidelines in the Specific-Pathogen Free (SPF) animal facilities in the 

Barcelona Science Park (PCB). Protocols were approved by the Animal Care and Use 
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Committee of the PCB (IACUC; CEEA-PCB) in accordance with applicable legislation (Real 

Decreto 53/2013). All efforts were made to minimize use and suffering. 

In order to obtain embryonic tissue from Nestin-Cre Haus6 cKO mice, pregnant females 

at e13 and e17 days of gestation were sacrificed by cervical dislocation and embryos 

sacrificed by decapitation. From these embryos brain tissue was collected for 

histopathology analysis and tissue from the tail collected for genotyping. 

 

Mouse Genotyping 

Genotyping was performed by PCR using genomic DNA extracted from tail biopsies 

taken at the time of sacrifice or ear biopsies taken at the time of weaning (3 weeks after 

birth). Both ear and tail biopsies were digested with Proteinase-K (0.4 mg/mL in 10 mM 

Tris-HCl, 20 mM NaCl, 0.2% SDS, 0.5 mM EDTA) overnight at 56ᵒC. DNA was recovered 

by isopropanol precipitation, washed in 70% ethanol, dried and resuspended in H2O to 

use in PCR reactions. 

To detect Haus6 wt (800 bp), Haus6 floxed (1080 bp) and Haus6 KO (530 bp) alleles by 

PCR the following pair of primers was used: mAug6KO_FW (5’- 

CAACCCGAGCAACAGAAACC-3’) and mAug6KO_Rev (5’- CCTCCCACCAACTACAGACC-3’). 

These PCR were run for 35 cycles with an annealing temperature of 64.5∘C. 

To detect transgenic Cre-recombinase allele in Nestin-Cre cKO mice and CamKIIα-Cre 

cKO mice (100bp) the pair of primers olMR1084 (5’- GCGGTCTGGCAGTAAAAACTATC-3’) 

and olMR1085 (5’-GTGAAACAGCATTGCTGTCACTT-3’) was used. For this PCR, primers 

olMR7338 (5’- CTAGGCCACAGAATTGAAAGATCT-3’) and olMR7339 (5’-

GTAGGTGGAAATTCTAGCATCATCC-3’) were used as internal PCR controls (324 bp). 

These PCRs were run for 35 cycles with an annealing temperature of 51.7∘C. 

To detect Cre-recombinase in Baf53b-Cre cKO mice (650bp), the pair of primers 26994 

(5’-GCTGGAAGATGGCGATTAGC-3’) and 30672 (5’-TCAGCCTGGTTACAAGGAACA-3’) was 

used. For this PCR, primers olMR7338 (5’- CTAGGCCACAGAATTGAAAGATCT-3’) and 
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olMR7339 (5’-GTAGGTGGAAATTCTAGCATCATCC-3’) were used as internal PCR controls 

(324bp). These PCRs were run in two steps of PCR cycles, starting with 10 cycles with a 

temperature of annealing that starts in 65∘C and decreases 0.5∘C in each consecutive 

cycle followed by 28 cycles with a temperature of annealing of 60∘C. 

All PCR reactions were performed with Taq polymerase (Biotools). 

 

Histology and immunofluorescence of tissue sections 

For histopathology analysis of e13 and e17 mouse embryos, animals were euthanized 

by decapitation and fixed in paraformaldehyde (PFA) 4% diluted in phosphate buffer 

saline (PBS) pH 7.4. Fixation was performed by incubating the tissue with fixative 

solution for 3 hours at room temperature followed by overnight incubation at 4∘C. After 

fixation, samples were washed 3 times for 15 minutes with PBS, followed by 

cryoprotection by incubating the tissue overnight in 30% sucrose diluted in PBS. Tissue 

was then frozen in OCT (from Tissue-Tek) at -80∘C. 

For histopathology analysis of 9-10 months mice, animals were euthanized and perfused 

intracardially with 4% PFA diluted in PBS by using a Gilson peristaltic pump (flow rate: 2-

3 mL/minute; perfusion duration: 15 minutes). After perfusion, different tissues were 

isolated (brain, pancreas, gastrocnemius muscle, kidney, cecum and spleen) and 

incubated overnight in 4% PBS diluted in PBS at 4oC. After fixation, samples were washed 

3 times for 15 minutes with PBS and embedded into paraffin using standard histological 

procedures. 

From OCT frozen samples, cryosections were cut at 10 µm thickness and placed on glass 

slides. When a general overview of the tissue histology was required, cryosections were 

stained with Hematoxilin/Eosin using standard protocols. For immunofluorescence 

staining, cryosections were thawed at room temperature for 5 minutes and then washed 

in PBS 3 times for 15 minutes. In PFA fixed samples, this step was followed by heat-

mediated antigen retrieval in citrate buffer (10 mM citric acid) at pH6. Tissue sections 
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were then permeabilized by incubation with PBS containing 0.05% of TX100 detergent 

(PBST-0.05%) 3 times for 15 minutes and blocked for 1 hour at room temperature with 

5% milk powder diluted in PBS containing 0.1% of Triton TX100 detergent. After the 

blocking step, samples were incubated overnight at 4∘C with the desired antibodies 

diluted in blocking solution. The day after, samples were washed with PBS-T 0.05% (3 

times for 15 minutes) and incubated for 1 hour at room temperature with the desired 

secondary Alexa Fluor antibodies diluted in blocking solution. Incubation with secondary 

antibodies was followed by washing 3 times with PBS-T 0.05% (5 minutes each wash). 

When desired, nuclei were labelled by incubation with DAPI. 

For paraffin embedded samples, 7 µm thick sections were performed and after paraffin 

removal using standard histological procedures, stained with either haematoxylin and 

eosin or with DAPI. 

 

Quantitative real time PCR 

Dissected tissue was collected on ice and frozen. Tissues were disrupted in 500 µL of 

Trizol (Invitrogen) using by passing it several times through a thin needle. After tissue 

disruption in Trizol, RNA was isolated by addition of 130 µL o Chloroform. The previous 

mix was incubated for 5 minutes at room temperature and then centrifuged for 15 

minutes at 12000g. The transparent supernatant (where the RNA fraction relies) was 

isolated and incubated with isopropanol for 5 minutes in a 1:1 ratio. The previous mixed 

was centrifuged for 15 minutes at 12000g and the obtained pellet washed with 75% 

ethanol. After centrifugation (15 minutes, 12000g) the obtained pellet was dried and 

resuspended in 50 µL of RNase free water. An amount of 1.5 µg of RNA was used in a 

reverse transcriptase reaction using a high-capacity RNA-to-cDNA kit (Applied 

Biosystems) according to manufacturer’s specifications. Amplification of the cDNA was 

done with TaqMan master mix and specific probes for Haus6. Probes for Gapdh were 

used as housekeeping controls. Reactions were run on a 7900HT thermocycler (Applied 
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Biosystems) and data were plotted using SDS2.3 software. The 2−ΔΔCT method was 

used for the analysis of the amplification products. 

 

Cell cultures 

Hippocampal and cortical cell cultures were prepared from brain tissue of e17.5-18.5 

mouse embryos. Briefly, tissue was dissected on 10 cm dishes placed on ice and 

containing cold Hank’s solution (0.14 M NaCl, 1 mM CaCl2, 0.4 mM MgSO47H2O, 0.5 

mM MgCl26H2O, 0.3 mM Na2HPO42H2O, 0.4 mM KH2PO4, 6 mM D-Glucose, 0.4 mM 

NaHCO3, pH 7.4 – all reagents from Merck/Sigma). Isolated hippocampi / neocortexes 

were treated with 0.25% trypsin (Life Technologies) and DNAse (Roche) for 15 minutes 

at 37°C and dissociated into single cells by gentle pipetting. Neuron density in 

suspension was calculated by counting cells in a Neubauer chamber. Neurons were then 

seeded on glass coverslips or plastic plates pre-coated with 0.1 mg/ml Poly-D-lysine 

(Sigma) diluted in Borate Buffer pH 8.5. Neurons were plated at 6.6 x 104 cells per cm2 

for normal density cultures or 1 × 104 cells per cm2 for low-density cultures in DMEM 

containing 10% fetal bovine serum (FBS) and penicillin/streptomycin (100 IU/ml and 100 

µg/ml, respectively). Two hours later, this Plating medium was replaced by Maintenance 

Medium, consisting on Neurobasal medium supplemented with 2% B27, 

penicillin/streptomycin (100 IU/ml and 100 µg/ml, respectively), 0.6% Glucose and 

Glutamax (all reagents from Life Technologies). Neurons were maintained at 37∘C in a 

humidified atmosphere containing 5% CO2. Cytosine arabinoside (1 μM; Sigma) was 

added to cultures at 3DIV and 1/3 of the medium was refreshed every 4–5 days. Cultures 

of low density were supplemented at 2DIV with conditioned media from mature 

cultures. 

HEK293T and Neuro-2a cells were cultured in DMEM containing 10% FBS and 

penicillin/streptomycin (100 IU/ml and 100 µg/ml, respectively) and kept at 37∘C in a 

humidified atmosphere containing 5% CO2. 
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Plasmids 

The target sequence for depletion of mouse HAUS7 (sh HAUS7: CCAGATGACCAGGATCTTCTA) 

and HAUS1 (sh HAUS1: GCTGAACTTACCAAGAAAGTA) were cloned for expression as 

short-hairpin RNAs (shRNAs) into plKO.1 plasmids. A pLKO.1 plasmid expressing a 

scrambled sequence (CAACAAGATGAAGAGCACCAA) was used as control. All these 

pLKO.1 plasmids with shRNA constructs were obtained as bacteria clones from a library 

of the IRB Barcelona Functional Genomics facility (as a partnership with Sigma-Aldrich 

RNAi program). The target sequences for simultaneous depletion of mouse γ-tubulin 

isotype 1 and isotype 2 (CAAGGAGGACATCTTCAA) and mouse CEP170 (CEP170 shRNA 

#1:GGCGAACCATCTCTAGGAT) (CEP170 shRNA#2: GGATACCAGAGCAGACGTA) were 

cloned into a pLL3.7 shRNA expression plasmid (Addgene plasmid #11795) following a 

protocol described in204. A pLL3.7 plasmid expressing a shRNA against luciferase 

(CTTACGCTGAGTACTTCGA) was used as control. 

The reporter plasmid EB3-Tomato was a generous gift of Anne Straube (University of 

Warwick, UK). 

Full-length GCP8B was PCR amplified from a human liver cDNA library using the 

following primers: CCGCTCGAGCGATGGCGGCGCAGGGCGTAGG and 

CCGGAATTCCTAGGTGCTGCCCTGCGTAGGGCT. For expression in human cells 

amplified GCP8 sequences were inserted into pEGFP-C1 (Clontech, Palo Alto, CA) 

containing a modified multiple clone sites using FseI and AscI restriction sites. Green 

Fluorencence Protein (GFP)-GCP8 was sub-cloned into a pCS2+N-FLAG (Addgene) and 

pCS2+HA using FseI and AscI restriction sites. GFP-KIF2A plasmid was a gift from the 

Gohta Goshima laboratory. pEGFP-C1-CEP170 plasmid was a gift from the laboratory of 

Erich Nigg. 

Other plasmids used in this thesis were GFP-GCP8 N-terminal region (amino acids 1-155) 

and GFP-GCP8 C-terminal region (amino acids 112-158)205. 
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Cell culture treatments 

Hippocampal neurons were transfected at 2DIV using Lipofectamine 2000 (Life 

Technologies) according to manufacturer’s instructions. To perform transfections, the 

Maintenance medium was replaced by warmed 37°C Transfection medium (same as 

Maintenance medium but without penicillin/streptamicin) 20 minutes before the 

moment of transfection. DNA and Lipofectamine 2000 mixes were made in Neurobasal 

medium and then added to the neuron plates/well. For the experiments of time-lapse 

microscopy of EB3-comets, neurons were co-transfected with EB3-tomato and plkO.1 

plasmids containing shRNA against HAUS1 or HAUS7 on a ratio 1:3. 

HEK293T cells were transfected with Lipofectamine 2000 (Life technologies) according 

to manufacturer’s instructions. 

 

Lentivirus production and transduction 

Lentivirus was generated using the LentiLox3.7 system206. Briefly, HEK293T cells were 

co-transfected with a pLL3.7 or pLKO.1 plasmids containing the desired shRNA, and the 

viral package and envelope plasmids, by using calcium phosphate. 72 hours later, 

lentivirus particles in the medium were concentrated by ultracentrifugation at 27000 

rpm during 2 hours at 4∘C. Virus particles were resuspended in ice-cold PBS and 

aliquoted and stored at −80°C. InfecƟvity was assayed for GFP-carrying virus by infecting 

HEK293T cells with serial dilutions of the concentrated lentivirus, and sorting of GFP-

positive cells by FACS 72 hours after infection. Neurons were infected at 1DIV at 

multiplicity of infection 3. In the case of low-density cultures we used multiplicity of 

infection 6. The complete medium was replaced with fresh Maintenance medium 16–

18 hours after infection. 
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Antibodies 

Table 1 – List of antibodies used in this thesis and respective references and dilutions used for 
immunofluorescence (IF), Western Blot (WB) and Immunoprecipitation (IP) experiments. Other 
abbreviations: IgG (Immmunoglobulin G). 

Antibody: Reference: Raised in: Dilution: 

α -tubulin Sigma, clone DM1A Mouse (IgG1) 
1:2000 (IF) 
1:500 (IF in 

tissue sections) 

Acetylated-α-tubulin Sigma #T6793 Mouse (IgG2b) 1:50000 (IF) 

Actin MP Biomedicals #691001 Mouse (IgG1) 1:10000 (WB) 

β3-tubulin (TuJ1) AbCam #ab18207 Rabbit 1:1000 (IF) 

β3-tubulin (TuJ1) Biolegend #801201 Mouse (IgG2a) 1:1000 (IF) 

CEP170 Bionova #A301-024A Rabbit 1:2000 (WB); 
1:250 (IF) 

Cleaved caspase-3 Novus Biologicals #MAB835 Rabbit 1:500 (IF) 

Faloidin (polymerised 

actin) 

Alexa 488-phalloidin: Life 

Technologies #A12379 
- 1:500 (IF) 

γ-tubulin ExBio Clone TU-30 Mouse (IgG1) 1:500 (IF) 

γ-tubulin Sigma Clone GTU-88 Mouse (IgG1) 1:5000 (WB) 

GCP3 

Custom-made antibody 

produced in our laboratory as 

described in207,208 

Rabbit 1:2000 (WB); 
1:500 (IP) 

GCP4 

Custom-made antibody 

produced in our laboratory as 

described in207,208 

Rabbit 1:2000 (WB) 

GCP8 

Custom-made antibody 

produced in our laboratory as 

described in207,208 

Rabbit 1:2000 (WB), 
1:500 (IP) 

GFP Life Technologies #A11120 Mouse (IgG2a) 1:500 (IP) 

GFP Torres Pines Biolabs #TP401 Rabbit 1:2000 (WB) 

GFP Aves Labs #GFP-1020 Chicken 1:1000 (IF) 

KIF2A Novis Biologicals #NB500-180 Rabbit 
1:10000 (WB) 

1:500 (IF) 



Material and Methods 
 

87 

Antibody: Reference: Raised in: Dilution: 

p53 Cell signaling # CST2524S Mouse (IgG1) 1:500 (IF) 

PAX6 Biolegend #901301 Rabbit 1:300 (IF) 

Phospho-Histone3 Millipore #06-570 Rabbit 1:1000 (IF) 

Alexa Fluor 488 goat 

anti-mouse IgG (H+L) 
Life Technologies #A11029 Goat 1:500 (IF) 

Alexa Fluor 568 goat 

anti-mouse IgG (H+L) 
Life Technologies #A11031 Goat 1:500 (IF) 

Alexa Fluor 488 goat 

anti-mouse IgG1 
Life Technologies #A21121 Goat 1:500 (IF) 

Alexa Fluor 568 goat 

anti-mouse IgG1 
Life Technologies #A21124 Goat 1:500 (IF) 

Alexa Fluor 488 goat 

anti-mouse IgG2a 
Life Technologies #A21131 Goat 1:500 (IF) 

Alexa Fluor 633 goat 

anti-mouse IgG 
Life Technologies #A21050 Goat 1:500 (IF) 

Alexa Fluor 488 goat 

anti-mouse IgG2b 
Life Technologies #A21141 Goat 1:500 (IF) 

Alexa Fluor 568 goat 

anti-rabbit IgG (H+L) 
Life Technologies #A11036 Goat 1:500 (IF) 

Alexa fluor 488 goat 

anti rabbit IgG (H+L) 
Life Technologies #A11034 Goat 1:500 (IF) 

Alexa chicken 488 Life Technologies #A11039 Goat 1:500 (IF) 

Anti mouse IgG-HRP 
Jackson Immuno Research Lab. 

#115-035-003 
Goat 1:10000 (WB) 

Anti rabbit IgG-HRP 
Jackson Immuno Research Lab. 

#111-035-003 
Goat 1:10000 (WB) 
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Lysates, Immunoprecipitation, Western blot and mass spectrometry 

For experiments using in vitro cultured primary neurons, cells were lysed at 1DIV, 3DIV, 

5DIV or 7DIV with lysis buffer containing (50 mM HEPES pH 8.0, 100 mM KCl, 2 mM 

EDTA, 0,1% NP40, 10% glycerol) in the presence of protease inhibitors (Complete, 

Roche) and phosphatase inhibitors (PhosSTOP EASYpack, Roche). Primary neurons 

infected with virus expressing shRNAs against CEP170 were lysed at 4DIV using the same 

buffer. For the immunoprecipitation experiments using HEK293T cells, cells expressing 

either GFP, GFP-GCP8 full length, GCP-GCP8 N-terminal region (aa 1-111), GFP-GCP8 C-

terminal region (aa 112-158), GFP-KIF2A or GFP-CEP170 were lysed 24 hours after 

transfection using the same lysis buffer. 

For immunoprecipitation experiments, lysates were clarified by centrifugation (16000 

rpm, 15 minutes at 4oC) and cleared lysates incubated for 2 hours at 4oC with 1 µg of 

purified rabbit IgG or with specific antibodies against either GCP3 or GCP8 (for the 

experiments with in vitro cultured primary neurons) or with a specific antibody against 

GFP (for the experiments with HEK cells). Then, dynabeads Protein G (Sigma, 10003D) 

were added to the mixture and incubated for 1 more hour at 4oC. Beads were pelleted 

and washed with the described lysis buffer 3 times. Beads were then incubated with 1x 

sample buffer (83 mM Bis-Tris, 50 mM HCl, 3.3% glycerol, 1.3% SDS, 0.3 mM EDTA, 0.01% 

bromophenol blue, 0.83% β-mercaptoethanol) containing 0.1 M dithiothreitol (DTT). 

Beads were pelleted and the supernatant was prepared for SDS-PAGE by incubation for 

5 minutes at 95oC. 

Samples from immunoprecipitation experiments performed with in vitro cultured 

neurons were loaded on a Bis-Tris acrylamide gels (4% for stacking and 12% for running 

gels) and run at 120 mV in 1x Laemmli buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). 

The rest of the samples were loaded into Bis-Tris acrylamide gels (4% for stacking and 

10% for separation) and run at 120 mV in 1x MOPS buffer (50 mM MOPS, 50 mM Tris-

base, 0.1 %SDS, 1 mM EDTA). Proteins were transferred to Nitrocellulose membranes 

(Milipore) for 90 minutes at 60V in 1x transfer buffer (25 mM Tris, 192 mM Glycine, 20% 

methanol, 0.1% SDS). Membranes were blocked in 1x TBS-T (25 mM Tris, 150 mM NaCl, 
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2 mM KCl and 0.1 % Tween20) + milk (5%) and probed with antibodies diluted in 1x TBS-

T + milk (5%). Membranes were washed with TBS-T between each incubation step. 

For the immunoprecipitation experiments used for identifying candidate GCP3 

interactors by MS, 36 wells of 6 multi-well plates containing 7DIV primary cortical 

neurons cultured at a cell density of ~80000 cells/cm2 were lysed in lysis buffer 

containing (50 mM HEPES pH 8.0, 100 mM KCl, 2 mM EDTA, 0,1% NP40, 10% glycerol) in 

the presence of protease inhibitors (Complete, Roche) and phosphatase inhibitors 

(PhosSTOP EASYpack, Roche). Lysates where clarified by centrifugation 16000rpm, 15 

minutes at 4oC). Cleared lysates were incubated for 2 hours at 4oC with 50 μL of Protein 

G Sepharose beads (GE Healthcare) previously cross-linked to either control IgGs or to a 

specific antibody rose in rabbit against GCP3 human protein. 

To cross-link the antibodies to beads, Protein G Sepharose beads were washed 3 times 

with PBS and then incubated with either IgG control or GCP3 antibody (in a proportion 

of 0.5 μg of antibody per μL of beads) for 1 hour at 4oC. Beads were then washed 3 times 

with 0.2 M sodium borate pH 9.0 at room temperature. After these washing steps, cross-

linking of antibodies to the beads was performed by incubation for 30 minutes at room 

temperature with 0.02 M dimethyl suberimidate (DMS) diluted in 0.2 M sodium borate 

pH 9.0. The cross-linking reaction was stopped by incubating the beads with 0.1 M 

ethanolamine pH 8.0 diluted in sodium borate buffer for 2 hours at room temperature. 

Beads were then washed with lysis buffer before using them for immunoprecipitation 

experiments. 

After incubation of neuronal extracts with antibody-crosslinked beads for 2 hours, beads 

were washed 5 times with 1 mL of lysis buffer containing protease inhibitors. Beads were 

then washed twice with rinsing buffer containing 50 mM ammonium bicarbonate and 

75 mM KCl (pH 8-8.5). For elution, beads were incubated with 100 μL of elution buffer 

(0.125 M ammonium hydroxide pH >11) for 10 minutes. Two consecutive elution steps 

were performed. Eluates were then lyophilised, resuspended in 200 μL of HPLC-graded 

water and lyophilized again. 
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For the preliminary studies using Neuro2a cell lines, lyophilised eluates were 

resuspended in sample buffer and prepared for SDS-PAGE by incubation at 95oC for 5 

minutes. Samples were loaded on a Bis-Tris acrylamide gels (4% for stacking and 10% for 

separation) and run at 120 mV in 1x MOPS buffer (50 mM MOPS, 50 mM Tris-base, 0.1 

%SDS, 1 mM EDTA). Acrylamide gels were then stained with silver nitrate solution using 

standard protocols. 

In order to identify candidate GCP3 interactors from neuronal extracts by MS, 

lyophilised eluates were resuspended in 100 μL of 50 mM ammonium bicarbonate (pH 

8 – 8.5). Trypsin digestion was performed adding 1 μL of trypsin (0.5 μg/μL Promega 

sequencing grade) to the previous solution. Eluates were trypsinised overnight at 37 oC 

and, the next morning, an additional trypsinization step was performed by incubating 

eluates with additional 1 μL of trypsin for 2 more hours at 37 oC. Trypsinised eluates 

were lyophilized in speedvac to evaporate ammonium bicarbonate. 

 

High performance liquid chromatography was conducted using a 2cm pre-column 

(Acclaim PepMap 50 mm x 100 um inner diameter (ID)), and 50 cm analytical column 

(Acclaim PepMap, 500 mm x 75 um diameter; C18; 2 um; 100 Å, Thermo Fisher Scientific, 

Waltham, MA), running a 120 min reversed-phase buffer gradient at 225 nl/min on a 

Proxeon EASY-nLC 1000 pump in-line with a Thermo Q-Exactive HF quadrupole-Orbitrap 

mass spectrometer. A parent ion scan was performed using a resolving power of 60,000, 

then up to the twenty most intense peaks were selected for MS/MS (minimum ion count 

of 1,000 for activation), using higher energy collision induced dissociation (HCD) 

fragmentation. Dynamic exclusion was activated such that MS/MS of the 

same m/z (within a range of 10 ppm; exclusion list size = 500) detected twice within 5 

sec were excluded from analysis for 15 sec. For protein identification, Thermo .RAW files 

were converted to the .mzXML format using Proteowizard [18606607], then searched 

using X!Tandem [14976030] and Comet [23148064] against the human Human RefSeq 

Version 45 database (containing 36113 entries). Search parameters specified a parent 

ion mass tolerance of 10 ppm, and an MS/MS fragment ion tolerance of 0.4 Da, with up 
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to 2 missed cleavages allowed for trypsin.  Variable modifications of +16@M and W, 

+32@M and W, +42@N-terminus, and +1@N and Q were allowed. Proteins identified 

with an iProphet cut-off of 0.9 (corresponding to ≤1% FDR) and at least two unique 

peptides were analyzed with SAINT Express v.3.3. Two control runs of anti-IgG control 

(raised in rabbit) IP were compared to the two technical replicates of anti-GCP3 IP. High 

confidence interactors were defined as those with a BFDR<1%. 

 

Immunofluorescence staining of cultured neurons 

For experiments with in vitro cultured primary neurons, cells were fixed with 4% PFA 

containing 4% sucrose (diluted in PBS) for 15 minutes. For staining with α-

tubulin/Acetylated-α-tubulin, cells were fixed using 4% PFA diluted in PHEM buffer (60 

mM Pipes, 25 mM Hepes pH 7.4, 5 mM EGTA, 1 mM MgCl2) supplemented with 4% 

sucrose, 0.25% glutaraldehyde and 0.1% Triton X-100, all from Sigma-Aldrich. All fixed 

cells were washed with PBS and permeabilised with 0.25% Triton X-100 in PBS for 5 

minutes, blocked for 1 hour with 4% bovine serum albumin (BSA, Sigma) diluted in PBS 

and incubated overnight at 4∘C with primary antibodies diluted in blocking solution in a 

wet chamber. Alexa350, Alexa488, Alexa568 or Alexa633 secondary fluorescent 

antibodies were used (Invitrogen) and DNA was stained with DAPI. Coverslips were 

washed with PBS between incubations. 

 

Microscopy 

Histology sections stained with hematoxilin/eosin were imaged with the digital slide 

scanner Nanozoomer 2.0 HT from Hamamatsu. 

Immunofluorescently labelled histology sections were imaged with a confocal 

microscope TCS-SP5 (Leica Microsystem, GmbH). 

To analyse α-tubulin / acetylated-α-tubulin levels, and dendritic and axonal length in 

HAUS1 and HAUS7 depleted neurons and to analyse axonal length in CEP170 depleted 
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neurons, single-plane images were acquired with an Orca AG camera (Hamamatsu) 

coupled to Leica DMI6000B microscope. For analysis of α-tubulin / acetylated-α-tubulin 

levels, a 40x objective was used. To assemble mosaics of complete axons/dendritic 

arbours 20x and 10x objectives were used and complete mosaics were reconstructed 

using Las X software from Leica. To analyse CEP170 and KIF2A localisation at the axonal 

tip a confocal microscope TCS-SP5 (Leica Microsystem, GmbH) equipped with a 63x/1.40 

OIL objective was used. 

 

Time-lapse microscopy 

Hippocampal cultures were plated in 0.1mg/ml Poly-D-lysine coated glass-bottom 

dishes (MatTek) and transduced with virus expressing shRNA and/or co-transfected with 

EB3-Tomato reporter and plKO.1 shRNA expressing plasmids. For double depletion 

experiments of γ-tubulin and HAUS7, hippocampal cultures were firstly nfected at 1DIV 

with virus expressing a pLL3.7 plasmid containing shRNA plasmids. For analysis after 

expression of CDK5RAP2 construct, 3DIV neurons were cotransfected with EB3-tomato 

and either GFP or GFP-CDK5RAP2 plasmids and imaged 24 hours later.  

Live-imaging of EB3-comets was performed in the proximal axonal (~60-80 µm away 

from the soma) and distal dendritic regions (~20 µm close to the tip of the dendrite) of 

random transfected neurons using an Olympus IX81 microscope equipped with 

Yokogawa CSU-X1 spinning disc and a temperature-controlled CO2 incubation chamber. 

Image stacks were acquired with 100x/1.4 OIL immersion objective and an iXon EMCCD 

Andor DU-897 camera, using iQ2 software. Fluorescent images with pixel size of 0.14 

μm were taken at intervals of 1 second for 150 seconds. Multiple planes were imaged 

with a step size of 0.2 μm. Z-stacks were performed by using ImageJ software (NIH). 
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Image analysis 

Histology sections scanned with Nanozoomer 2.0 HT were analysed with NDP.view 2 

from Hamamatsu. 

The rest of images were processed and quantified using the ImageJ software (NIH). 

For all fluorescence intensity measurements, background signal was measured in an 

adjacent area and subtracted. For each experiment, intensities were measured in 

images acquired with constant exposure settings and background-subtracted intensities 

were normalised to the average intensity of the control. 

Whole axon and dendritic lengths were measured using NeuronJ macro (ImageJ 

software). Sholl analysis was performed using Sholl analysis plugin as described 

before209 using binary versions of the dendrite tracings generated with the NeuronJ 

plugin. 

Axonal and dendritic EB3-comet analysis was performed using the kymograph macro 

(ImageJ software), with lines drawn on the trajectories of comets. 

 

Statistical analysis 

Statistical analysis was done using the Prism 6 software. Two-tailed unpaired t-tests 

were performed to compare the experimental groups. The details are reported in the 

figures and figure legends. For Figures 12a group mean differences were assessed using 

a linear model including the experiment run as a covariate. As a deviation from the 

normal distribution was observed in the data, a transformation was applied to the data 

in order to meet the assumptions of the model. This transformation was chosen from 

the Box–Cox family as it showed to be optimal according to the Maximum Likelihood 

criteria210. For interpretation purposes, results are expressed as adjusted means and 

standard errors in their original scale after undoing this transformation. For doing so, 

standard errors were computed from 1,000 simulations generated by the corresponding 
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model using the R package arm (http://CRAN.R-project.org/package=arm)211. A 5% level 

was chosen for significance of group differences after multiple contrasts adjustment212. 
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IN VITRO ANALYSIS OF THE ROLE OF THE AUGMIN COMPLEX IN ESTABLISHING 

NEURONAL MICROTUBULE NETWORK 

 

The establishment of a proper microtubule (MT) network is essential for neuronal 

development and homeostasis. However, little is known about how the generation of 

new MTs is controlled and regulated during neuronal development. Different studies 

show that the γTuRC is essential for establishing the neuronal MT network but where 

these MTs are nucleated is still unclear175,178. As discussed in the introduction of this 

thesis, during neuron maturation the centrosome loses its role as major MTOC. 

Furthermore, in mouse hippocampal neurons cultured in vitro, staining with γ-tubulin 

specific antibodies does not reveal any structure with γ-tubulin accumulation outside 

the centrosome. Therefore, Dr. Carlos Sanchez hypothesised that post-mitotic neurons 

may nucleate MTs from the lattice of pre-existing MTs in a process mediated by the 

augmin complex. 

In the first part of this chapter I will present the results with which I contributed to 

understand the role of augmin-dependent MT nucleation in the axon and that were 

published in 2016 in Nature Communications175.

 

Augmin controls γTuRC-dependent nucleation and microtubule polarity in the 

axon 

In the axon, MTs display a uniform polarity forming tight bundles of MTs with their (+)-

ends growing towards the tip of the axon. The augmin complex is known to promote MT 

branching with the new nucleated MT having the same polarity as the template MT. 

Therefore, we hypothesised that augmin could be important for the establishment of 

the uniform MT polarity observed in the axon. 

In order to test this hypothesis, we cultured hippocampal neurons derived from 

embryonic mouse brain and depleted the γTuRC using a shRNA against γ-tubulin and the 
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augmin complex using a shRNA against HAUS7 (Figure 12a,b). As a read-out for 

nucleation events we used the (+)TIP protein EB3 fused to tdTomato fluorescent protein 

and performed live imaging of EB3 comets in the axon of  γ-tubulin and augmin-depleted 

neurons. 

At 1 day in vitro (DIV), neurons were infected with lentivirus expressing shRNAs against 

either luciferase or γ-tubulin. At 3DIV, neurons were co-transfected with a plasmid 

expressing the (+)-tip reporter EB3-tomato and a plKO.1 plasmid expressing either a 

control shRNA or a shRNA against HAUS7. EB3 comets were analysed 24 hours after 

transfection by time-lapse microscopy. 

We observed that γ-tubulin depletion causes a reduction in the density of growing    (+)-

tips in the axon when compared to control. HAUS7 depletion had no significant effect 

on the density of growing (+)-tips in the axon (Figure 12c,d). On the other hand, whereas 

control axons only had few MTs with their (+)-tips towards the soma (~2.8% of 

retrograde microtubules), HAUS7 depleted neurons displayed an increase in MTs with 

this configuration (~8%) (Figure 12c,e). In this thesis I only present the results that I 

obtained using one shRNA against γ-tubulin and one shRNA against HAUS7. However, 

results presented by us in 175 show a comparable reduction in comet density using 

another shRNA against γ-tubulin and an increase in retrograde MTs using a shRNA 

against another subunit of the augmin complex, HAUS1. 

These results suggest that γTuRC dependent MT nucleation is required to generate MTs 

in the axon and that augmin properly targets γTuRC to the lattice of pre-existing MTs 

ensuring that MTs are nucleated with the correct polarity. We suggest that, in the 

absence of the augmin complex, MT nucleation occurs ectopically and with a random 

orientation. Indeed, we observed that co-depletion of γ-tubulin and HAUS7 was able to 

rescue the MT orientation phenotypes observed with HAUS7 depletion alone (Figure 

12c,e), supporting our hypothesis. 
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Figure 12: Augmin-dependent nucleation is required for ensuring axonal microtubule uniform 
polarity and axonal growth. (a) Immunoblot of 4DIV neurons expressing either a shRNA control (Ctr) 
or a shRNA against γ-tubulin (γ-Tub) using a γ-tubulin specific antibody and a specific antibody against 
actin as a loading control. (b) Immunoblot of 4DIV neurons expressing either a shRNA control (Ctr) 
or shRNAs against augmin complex subunits HAUS7 and HAUS1. HAUS6 immunoblot is used as read-
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out for augmin depletion and actin as loading control. (c) Representative kymographs of EB3-comets 
from control, HAUS7 and HAUS7 + γ-tubulin depleted 4DIV axons. Yellow arrowheads mark 
retrograde comets (growing towards the soma). (d,e) Quantification of EB3-comet density and % of 
retrograde comets from kymographs like in (d). 30-48 axons from 3 individual experiments. *P<0.05, 
**P<0.01, ****P<0.0001 in the Wald t-tests derived from a linear model. Graph bars show averages 
normalised using a linear model +/- SEM (e) 30-48 axons from 3 individual experiments. *P<0.05, 
***P<0.0001 in t-tests. Graph bars show averages +/- SEM (f) Representative images of control and 
HAUS7 and HAUS1 depleted 4DIV neurons. Scale bar 100 µm. (g) Quantification of the total axon 
length from neurons like in d. n=45 axons from 3 individual experiments. ***P<0.001 in two-tailed t-
test. 

 

To evaluate the role of augmin-dependent MT nucleation for the development of the 

axon we measured the axon length in young 4DIV cultured HAUS7 or HAUS1 depleted 

neurons. We observed that depletion of either augmin subunits caused a strong 

decrease in the axon length, showing the relevance of this mechanism in axonal growth 

(Figure 12f,g).  

CDK5RAP2 is a human microcephaly protein that, amongst other motifs, contains (1) a 

centrosomal targeting domain, (2) a Golgi targeting domain and (3) a small γTuRC 

binding motif which acts as γTuRC-mediated nucleation activator (known as γ-

TuNA)65,213. In U2OS cells overexpression of the small CDK5RAP2 γ-TuNA domain (aa 51-

100) induces ectopic MT nucleation in the cutoplasm. 

According to our model we thought that induction of ectopic MT nucleation, by other 

means rather than removal of the augmin complex, would also cause a disruption in the 

uniform MT polarity in the axon. To test this hypothesis, we analysed the polarity of EB3-

labeled MT (+)-ends in axons of neurons overexpressing the small CDK5RAP2 fragment 

that harbours the γ-TuNA domain (amino acids 51-100). Indeed, overexpression of this 

small domain led to an increase, not only in the density of EB3-labelled comets in the 

axon (Figure 13b,d), but also in the percentage of retrograde MTs (growing towards the 

soma) (Figure 13b,c). This result clearly shows that induction of ectopic MT nucleation 

causes defects in MT polarity in the axon. 
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Augmin-dependent microtubule nucleation is involved in the generation of 

dendritic microtubule network 

In contrast to the uniform MT polarity found in the axon, dendrites have a distinct MT 

configuration with a mixed polarity containing MTs with (+)-ends growing both towards 

the soma and towards the tip of the dendrites. We aimed to understand how this mixed 

MT polarity is controlled and whether augmin could have a role in controlling the 

amount of anterograde versus retrograde MTs or in the generation of both. 

Figure 13 - Induction of ectopic microtubule nucleation impairs uniform microtubule polarity in 
the axon. (a) Immunofluorescence image of EGFP-tagged CDK5RAP2 51–100 aa in the axon. Scale 
bar, 5 μm. (b) Representative kymographs of EB3-comets in EGFP-Control or EGFP-CDK5RAP2 51–
100 transfected axons. Yellow arrowheads mark reverse comets. (c,d) Quantification of (c) % of 
retrograde comets and (d) comet density in axons of EGFP (Control) and EGFP-CDK5RAP2 51–100 
(51–100) transfected neurons from kymographs like the ones in (b). (c,d) n=27 (control) and n=28 
(CDK5RAP2 51–100) axons analysed from three independent experiments. (c) *P<0.05, ***P<0.001 
by two-tailed t-test. Graph bars show averages +/- SEM (d) Graph bars show averages normalised by 
a linear model +/- SEM *P<0.05 in the Wald t-tests derived from a linear model. 
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We started by analysing how augmin depletion affects the overall MT density in 

dendrites. For that, 4DIV HAUS7 and HAUS1 depleted neurons were fixed and stained 

with antibodies under conditions that extracted most of the soluble tubulin but preserve 

MTs (Figure 14a). Staining with an antibody against α-tubulin revealed that in dendrites 

from HAUS7 or HAUS1 depleted neurons the density of dendritic MTs was decreased by 

~22% and ~47%, respectively (Figure 14b). Since neuronal MTs are highly stable, we 

evaluated if augmin depletion could also influence dendritic long-lived MTs. A hallmark 

of long-lived MTs is the abundance of post-translational modifications like acetylation. 

Therefore, we stained augmin depleted neurons with a specific antibody against 

acetylated α-tubulin (Acetyl-α-Tub). We observed, that HAUS7 or HAUS1 depletion led 

to a reduction of ~18% and ~32%, respectively, in the amount of stable MTs (Figure 14c). 

To assess the role of augmin-dependent nucleation in establishing the mixed dendritic 

MT polarity we co-transfected 2DIV neurons with the (+)-tip reporter EB3-tomato and a 

plKO.1 plasmid expressing shRNAs against either HAUS7 or HAUS1 subunits. 48 hours 

later, EB3 comets at the distal region of dendrites were imaged by time-lapse 

microscopy. Both comet density and comet orientation (here shown as % of reverse 

comets) were measured. Our results show that depletion of either HAUS7 or HAUS1 

both cause a significant reduction (~28% and ~25%, respectively) in the EB3-comet 

density when compared to the control (Figure 14e). On the other hand, no significant 

difference was found for the orientation of these comets with both control and HAUS7 

or HAUS1 depleted dendrites showing ~11-14% of comets growing towards the soma 

(Figure 14f). These results suggest that augmin is required in dendrites for the 

generation of MTs with both orientations. 
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Figure 14 - Augmin is required to ensure proper microtubule density, but not polarity in dendrites 
(a) Examples of α-tubulin and acetylated-α-tubulin (acetyl- α-tubulin) co-stainings in dendrites of 
control, HAUS7 or HAUS1-depleted neurons. Scale bar: 10 µm (b,c) Quantification of the mean 
intensity of α-tubulin and acetyl-α-tubulin staining normalized to the average intensity in control 
neurons. Dotblots show average +/- SEM n=78-80 cells from 3 individual experiments. (d) 
Representative kymographs of EB3-comets from control, HAUS7 or HAUS1 4DIV depleted neurons. 
Yellow arrowheads mark retrograde comets. (e,f) Quantification of the EB3-comet density and % of 
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retrograde comets from kymographs like in (d). n=23-33 axons from 3 individual experiments. Graph 
bars show average +/- SEM (b,c,e,f) *P<0.05, **P<0.01, ***P<0.001 by two-tailed t-test. 

 

This reduction in the amount of dendritic MTs causes a delay in dendritic development 

in young neurons with 4DIV HAUS7 or HAUS1 depleted neurons showing shorter 

dendrites (~35% and ~22% shorter, respectively, when compared to control) (Figure 

15a) and a reduction in the dendritic arbour (Sholl analysis shows significant drop in the 

number of intersections between 10 to 30 µm of distance from the soma) (Figure 15b). 

Therefore, we suggest that, even though augmin is not involved in generating the mixed 

MT polarity characteristic of dendrites, it is required to reinforce the dendritic MT 

network and consequently, assure their capacity to properly develop and grow. 

 

 

Figure 15 - Augmin depletion impairs dendritic growth in young cultured neurons. (a) Dendrite 
tracings and quantification of total dendritic length of control and HAUS7 and HAUS1 depleted 4DIV 
neurons. Dotplots show average +/- SEM n=44-45 from 3 individual experiments. Scale bar 30 µm. 
(b) Dendritic sholl analysis of the neurons analysed in a. Graph show average +/- SEM (a,b)  *P<0.05, 
**P<0.01, ***P<0.001 in two-tailed t-test. 
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STUDY OF THE MITOTIC ROLES OF THE AUGMIN COMPLEX DURING MOUSE BRAIN 

DEVELOPMENT 

 

Our data clearly show that augmin-dependent MT nucleation is required for establishing 

a correct and robust MT network in both axons and dendrites during early neuronal 

development in vitro. 

My next goal was to test the relevance of this mechanism in an organism context during 

brain development. Brain development is very complex and relies on the effectiveness 

of processes like division of neuroprogenitors and neuronal specification, migration, 

maturation and survival. At a cellular level all these processes require the establishment 

and maintenance of a robust MT network. Therefore, we consider that unravelling the 

role of augmin-dependent MT nucleation during each one of these processes is very 

pertinent. 

With this purpose we took advantage of the C57BL/6-Haus6 flox mice generated by Dr. 

Sadanori Watanabe in the laboratory of Dr. Gohta Goshima (Nagoya University). 

Haus6 flox mice were obtained from Haus6 flox Neo mice (Accession No. CDB1218K) 

previously described in 99. In these mice, exon 1 of the Haus6 gene (a key augmin 

complex subunit) was flanked by LoxP sites but also contained an adjacent PGK-neo 

cassette. In order to remove the PGK-neo cassette, Haus6 flox Neo mice were crossed 

with C57BL/6-Tg(CAG-flpe)36Ito/ItoRbrc (RBRC01834)mice expressing a FLP 

recombinase (CAG-FLPe). The resultant Haus6 flox mice without the PGK-neo cassette 

were maintained by heterozygous crossing in a C57BL/6N background. A scheme 

showing the genetics strategy used to generate these mice is presented in Figure 16a.
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It is important to point out that, as described in 99, homozygous Haus6 KO mice are not 

viable and die in pre-implantation stages during early embryogenesis. Therefore, 

studying the role of augmin during brain development requires obtaining tissue specific 

Haus6 gene deletion. This can be carried out by crossing Haus6 flox mice with 

commercially available transgenic mice expressing Cre-recombinase under control of 

tissue-specific gene promotors. Therefore, by selectively expressing the recombinase it 

is possible to induce cellular and tissue specific Haus6 KO. Figure 16b shows that only in 

mice carrying both the floxed-Haus6 allele and the Cre-recombinase transgene there is 

induction of Haus6 deletion, seen by the appearance of a smaller PCR product that 

corresponds to the KO allele.  

 

Figure 16 – Strategy to generate floxed-Haus6 mice and Haus6 conditional KO mice. (a) Schematic 
representation of the wildtype (wt) Haus6 allele, the targeted allele and the floxed Haus6 allele. 
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Positions of exons 1–4, loxP sequences (black triangles), FRT sequences (white triangles), neomycin 
resistance cassette (neo) and the SpeI site are shown. Positions of PCR primers are indicated by blue 
arrows (wildtype, floxed and knockout (KO) Haus6 alleles). (b) PCR product using genomic DNA 
isolated from the tail of 3 weeks-old mice from Haus6 Nestin-Cre line. For these PCRs, the primers 
identified as blue arrows in (a) were used resulting in a 1080 basepair (bp) band for the floxed Haus6 
allele, 800bp for the wt Haus6 alleles and 550bp for the recombined KO Haus6 allele. 

At the beginning of this project we obtained sperm of Haus6fl/wt (Haus6 flox 

heterozygous) mice fom Gotah Goshima’s laboratory (Nagoya University) in a 

collaboration with Dr. Sadanori Watanabe. This sperm was then used by the IRB mouse 

mutant facility to perform in vitro fertilization (IVF) in order to rederive these mice and 

obtain living Haus6fl/wt mice at the PCB mouse facility. 

Microtubules play a critical role during brain development to establish the mitotic 

spindle of neuroprogenitors and to support neuron migration, maturation and survival. 

Therefore we wanted to study the role of augmin-mediated MT nucleation in three 

different steps of brain development: (1) division of neuroprogenitors; (2) in new-born 

neurons to study neuronal migration and axonal and dendritic formation; (3) in mature 

neurons in order to study the requirement of augmin for neuron survival and 

homeostasis. 

In order to induce Haus6 gene deletion during specific stages of mouse brain 

development, Haus6fl/fl (Haus6 flox homozygous) mice were crossed with mice from 3 

different transgenic lines, which express Cre-recombinase under control of promotors 

for the following genes: Nestin, Actl6b, CamKIIα. Therefore, for each one of the mouse 

lines generated, KO of augmin occurs only in cells expressing either NESTIN, ACTL6B or 

CAMKIIα. These mice that have tissue-specific gene deletion are commonly known as 

conditional knock-out (cKO). Known tissue-specific Cre expression for each of the 

transgenic lines is summarized in Table 2. 
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Table 2 – Summary of Cre-recombinase expression data found in the literature for the selected 
transgenic mouse strains used to generate tissue-specific Haus6 conditional knock-out (cKO) mice 

Cre-line 
Mouse line full 

name 
Tissue expression Ref.s: 

Nestin Tg(Nes-Cre)1Kln 

Progenitor cell types present in the 
neuroectoderm. At e15.5 recombination might 
occur in virtually all cells of the brain. 
Recombination might also occur in the 
mesonephros and in the somites during 
development and in the germline. 

214, 215, 
216 

Baf53b Tg(Actl6b-Cre) 
4092Jiwu 

Neuronal specific. Cre-recombinase is widely 
expressed at e15.5 in the central nervous 
system (fore, mid and hind brains and in the 
spinal cord). At P8 it is also expressed in 
peripheric and sensory neurons. Recombination 
also occurs in pancreatic islets. 

217 

CamKIIα Tg(CamK2α-Cre) 
T29-1Stl 

Forebrain specific recombination occurs 
postnatally, starting in the hippocampus ≈2 
weeks after birth. In 2-month-old mice 
recombination is uniform in the hippocampus 
and neocortex. 
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Nestin-Cre Haus6 cKO mice are not viable 

By crossing Haus6fl/fl or Haus6fl/wt with Haus6fl/wt Nestin-Cre+ mice, as predicted by 

Mendel’s rule of inheritance, the expected ratio of Nestin-Cre Haus6 cKO offspring 

(Haus6fl/fl Nestin-Cre+) would be 25% and 12,5%, respectively. After performing 

numerous crosses, we could never identify any Nestin-Cre Haus6 cKO mice at the time 

of weaning (3-4 weeks after birth) (Table 3). This suggested that most likely these Haus6 

conditional KOs were not viable and would die either embryonically or during the first 

weeks of life. Indeed, when we analysed the new-born offspring from these crosses at 

P0 we were able to identify some Nestin-Cre Haus6 cKO mice. However, these mice were 

not alive. 
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Table 3 – Genotype analysis of the 3 weeks-old offspring obtained from intercrossing of Haus6fl/wt 
Nestin-Cre+ with Haus6fl/wt Nestin-Cre- mice. A total of 83 mice genotyped at 3-4 weeks of age were 
included in these quantifications. 

Genotype 
Total number of 

animals 
Experimental % 

of animals 

Theoretical 
(Mendelian) 
% of animals Haus6 

Nestin-
Cre 

fl/fl + 0 0.0% 12.5% 

fl/fl - 11 13.3% 12.5% 

fl/wt + 17 20.5% 25.0% 

fl/wt - 37 44.6% 25.0% 

wt/wt + 8 9.6% 12.5% 

wt/wt - 6 7.2% 12.5% 

Other Genotypes 4 4.8% 0.0% 

 

 
Another observation from analysis of the offspring obtained from these crosses revealed 

that, in few cases, mice that do not carry the Cre-recombinase transgene would 

surprisingly show full recombination of one of its Haus6 flox alleles, (represented as 

Haus6ko/fl or Haus6ko/wt). This only occurred when one of the parents carried the Nestin-

Cre transgene. As expected, these Haus6 heterozygous mice were viable. These results 

are in agreement with the literature where it has been shown that, in some cases, 

Nestin-Cre transgenic mouse strains express Cre-recombinase transgene in the germline 

of both males and females219. 

It is relevant to mention that when carrying out these crosses only one of the parents 

(either the male or the female) carries the Nestin-Cre allele. Since by PCR it is not 

possible to distinguish from mice carrying one or two alleles of Cre-recombinase, this 

strategy ensures that the progeny of these crosses will carry at most one copy of the 

transgene. This avoids ambiguities when characterizing our mouse model due to 

expression of different levels of Cre-recombinase protein. 
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Nestin-Cre Haus6 cKO mice abort brain cortical development during 

embryogenesis 

Nestin-Cre Haus6 cKO are not viable and the few newborn cKO identified were not alive. 

Therefore, we decided to analyse these animals at late embryonic stages to get more 

insight into the reasons leading to this lack in viability. 

For that, pregnant females at 17 days of gestation were sacrificed and its embryos 

genotyped and fixed in paraformaldehyde 4% (diluted in PBS) for brain histopathology 

analysis. As shown in Figure 17a,b, macroscopically there were signs of head and brain 

development defects in the Nestin-Cre Haus6 cKO embryos. However, there was no 

apparent reduction in body size and embryos were still alive. This led us to conclude that 

cKO embryos die either at the last days of gestation or at birth. 

Histopathology analysis revealed a clear disruption in brain development and, 

particularly, in forebrain development as shown in Figure 17c,d. Surprisingly, we 

observed complete agenesis of the cortex, thalamus and hypothalamus. Different 

structures of the midbrain and hindbrain (Pons and Medulla oblongata) were present 

but histologically defective. In addition, Nestin-Cre Haus6 cKO embryos, also showed 

agenesis of the cerebellum. Choroid plexus, responsible for cerebrospinal fluid 

production and movement, was also present in both controls and Haus6 cKO embryos. 
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Figure 17 – Haus6 Nestin-Cre conditional KO mice present drastic brain defects with agenesis of 
the cerebellum, cortex and other forebrain structures. (a,b) Pictures taken from e17 (a) Control 
(Haus6fl/fl Nestin-Cre-) and (b) Nestin-Cre Haus6 cKO (Haus6fl/fl Nestin-Cre+) embryos. (c,d) Coronal 
histological sections taken from embryos shown in (a) for (c) Control and in (b) from (d) Nestin-Cre 
Haus6 cKO and stained with hematoxilin and eosin. Scale bar: 1 mm. Different brain structures are 
highlighted in these images: ctx (cortex), tlm (thalamus), hptlm (hypothalamus), mb (midbrain), crbl 
(cerebellum), mo (medulla oblongata) and cp (choroid plexus). 
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Considering that at 17 days of gestation brain defects in these cKO mice were very 

severe (with absence of many forebrain structures) it was not possible to use these 

samples to study the mechanisms triggering the observed defects. We decided to 

analyse Nestin-Cre Haus6 cKO mice earlier during embryogenesis. Since, forebrain 

structures were strongly defective in cKO mice we focused our study in this brain region. 

Neuroprogenitor division during cortical development is a well characterized process 

with a high rate of neuroprogenitor proliferation around 13 to 15 days of 

embryogenesis. 

Analysis of e13 embryos revealed that, at this embryonic stage, brain development was 

already impaired in cKOs (Figure 18a,b). Surprisingly, at this point there was an almost 

complete absence of the lateral cortexes in cKO mice. Still, it was possible to identify the 

structures that will give rise to the thalamus and hypothalamus which surround the third 

ventricle of the brain. Therefore, we decided to focus our study in this embryonic brain 

area in order to try to understand the mechanisms leading to impairment in brain 

development. 

Figure 18 – Forebrain development is impaired in e13 Nestin-Cre Haus6 cKO embryos. (a,b) Pictures 
taken from e13 (a) Nestin-Cre Control (Haus6fl/wt Nestin-Cre+) and (b) Nestin-Cre Haus6 cKO 
(Haus6fl/wt Nestin-Cre+) coronal sections stained with hematoxilin and eosin. Scale bar: 0.5 mm. 
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Since no phenotypic differences were visible between Haus6fl/fl Nestin-Cre-, Haus6wt/wt 

Nestin-Cre+ and Haus6fl/wt Nestin-Cre+ (conditional Haus6 heterozygous) mice, from this 

point on Nestin-Cre conditional Haus6 heterozygous mice were be used as controls for 

this mouse strain. 

 

Haus6 KO in neuroprogenitors leads to accumulation of cells in mitosis 

Neuroprogenitor division and the robustness of the mitotic spindle in these cells are 

essential for neurogenesis during embryonic brain development. Taking this premise 

into account we evaluated whether mitosis could be affected in Haus6 deficient 

neuroprogenitors in Nestin-Cre Haus6 cKO embryos. 

To quantify the amount of neuroprogenitors undergoing mitosis in Nestin-Cre Haus6 

cKOs, coronal sections of e13 embryos were stained by immunofluorescence with an 

antibody against the phosphorylated form of Histone 3 (pH3), a widely used mitotic 

marker (Figure 19a). Then, the density of mitotic cells was quantified at different 

distances from the ventricular surface (VS) of the third ventricle (Figure 19b). As 

mentioned in the introduction of this thesis, to divide, neuroprogenitors undergo 

interkinetic nuclear migration and mitosis occurs mostly closer to the ventricular surface 

(VS) in the lateral and third ventricles. We observed an almost 3-fold increase in the 

density of neuroprogenitors undergoing mitosis in the ventricular zone (0 to 30 µm away 

from VS) in Nestin-Cre Haus6 cKO when compared to controls. Furthermore, in cKO 

there was also an increase in ectopic mitoses, with a high increase (>50x) in the density 

of mitotic cells dividing further than 60µm from the ventricular surface. 

An increase in the amount of neuroprogenitors undergoing mitosis at a certain 

timepoint could have two possible explanations: either there are more cells entering 

mitosis or there is a mitotic delay during cell division. Considering that spindle and 

centrosomal defects generally cause an increase in mitotic duration we hypothesised 

that the existence of a mitotic delay in Haus6 cKO neuroprogenitors might be the 

underlying cause for the increase in the mitotic index in the tissue. 
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To test this hypothesis, we analysed the mitotic phase of neurogenitors dividing close to 

the third ventricle surface (0 to 30 µm) (Figure 19c). For this analysis, classification of 

the mitotic phase of dividing neuroprogenitors was performed considering the DNA 

appearance in tissue sections stained with haematoxylin and eosin. When compared to 

controls, Nestin-Cre Haus6 cKO displayed a significant 1.7-fold increase in the 

percentage of cells in prometaphase, accompanied by 0.58, 0.24 and 0.21-fold decrease 

in the percentage of cells in metaphase, anaphase and telophase, respectively. These 

data suggested the existence of a mitotic delay in neuroprogenitors from Haus6 cKO. 

Still, we also considered relevant to compare which percentage of cells were found in 

pre-anaphase and post-metaphase stages of mitosis. This analysis showed that in Haus6 

cKO mice 96±2% of the mitotic cells are in prophase, prometaphase and metaphase, 

whereas in control mice this value was significatively smaller (82±3%) (Figure 18d). 

Together, these data clearly suggest the existence of a large mitotic delay in Haus6 

deleted neuroprogenitors. 
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Figure 19 – Haus6 deletion causes mitotic delay in neuroprogenitors. (a) Representative image of 
thalamic structures surrounding the third ventricle obtained from coronal sections of e13 Nestin-Cre 
control (Haus6fl/wt Nestin-Cre+) and Nestin-Cre Haus6 cKO (Haus6fl/fl Nestin-Cre+) embryos. IF staining 
against phospho-Histone3 (magenta-mitotic marker), γ-tubulin (green) and DAPI (blue) Scale bar: 25 
µm. (b) Quantification of the density of neuroprogenitors undergoing mitosis (# mitotic cells/100 
µm) at different distances from the ventricle surface (VS) of the third ventricle. N=4 (Nestin-Cre 
control) and n=3 (Nestin-Cre Haus6 cKO) different embryos. (c) Relative distribution of mitotic 
neuroprogenitors along the different cell cycle stages. (d) Percentage of dividing neuroprogenitors 
found in pre-anaphasic and post-metaphasic stages of mitosis.      (c,d) For this analysis only cells 
dividing close to the ventricle surface were counted. N=3 (Nestin-Cre Control) and n=4 (Nestin-Cre 
Haus6 cKO) different embryos. (b,c,d) Column bars show average±SEM. *P<0.05, **P<0.01, 
***P<0.001 by two-tailed t-test.  
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Haus6 cKO causes centrosome fragmentation in mitotic neuroprogenitors 

The augmin complex is known to target the γTuRC to the mitotic spindle, promoting MT 

nucleation from the lattice of pre-existing spindle MTs. Depletion of several augmin 

complex subunits causes removal of the γTuRC from spindle MTs, shown by 

disappearance of the spindle-associated, but not the centrosomal γ-tubulin 

staining103,105. 

We observed that, in dividing neuroprogenitors from e13 Haus6 cKO embryos the 

spindle staining of γ-tubulin was lost. We realised that, whereas in control embryos 

almost 80% of the dividing neuroprogenitors displayed two circular γ-tubulin dots 

(which correspond to the two centrosomes), in cKO embryos ~29% of the mitotic cells 

displayed more than two γ-tubulin dots (a ~6-fold increase when compared to control) 

(Figure 20b). Most of these “extra” γ-tubulin dots are smaller, less roundish and do not 

display the typical shape of a γ-tubulin centrosomal staining (Figure 20a). On top of that, 

in cKO mice, even in mitotic neuroprogenitors presenting two γ-tubulin dots, in most of 

the cases the γ-tubulin staining presents an aberrant shape characteristic of a 

fragmented centrosome. While in control embryos only ~13% of dividing 

neuroprogenitors showed fragmented centrosomes, in cKO embryos this percentage 

was 7-fold increased to ~56% (Figure 20c). 

Furthermore, we observed a ~2.5 fold increase in the presence of abnormal/multipolar 

spindles in neuroprogenitors dividing close to the VS of the third ventricle in Haus6 cKO 

embryos when compared to controls (where ~82% of the mitotic cells present proper 

bipolar spindles) (Figure 20d,e). 

These results are in agreement with previous data showing that depletion of augmin 

subunits in HeLa cells cause mitotic spindle defects and centrosome fragmentation 

during mitosis104. 
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Figure 20 – Haus6 deletion causes centrosome fragmentation and mitotic spindle defects in 
dividing neuroprogenitors. (a) Representative images of Nestin-Cre Control (Haus6fl/wt Nestin-Cre+) 
and Nestin-Cre Haus6 cKO (Haus6fl/fl Nestin-Cre+) neuroprogenitors dividing close to the ventricular 
surface (VS) of the third ventricle. Histologic e13 coronal sections were stained with an antibody 
against γ-tubulin (green in the upper panel and white in the lower panel) and DNA (DAPI, blue in the 
upper panel). Scale bar: 3 µm. Yellow arrowheads point to pole-associated γ-tubulin staining. Light 
blue arrowheads point to spindle-associated γ-tubulin staining (b,c) Quantification of the number of 
γ-tubulin dots per cell and % of cells with fragmented centrosomes in dividing neuroprogenitors like 
the ones shown in (a). (d) Representative images of different mitotic spindle morphologies found in 
neuroprogenitors dividing close to the VS of the third ventricle. Histologic e134 coronal sections were 
stained with an antibody against α-tubulin (green) and antibody against phosphorylated Histone-3 
(blue), which labels mitotic DNA. (e) Quantification of the percentage of mitotic neuroprogenitors 
from Nestin-Cre Contol and Haus6 cKO e13 embryos displaying abnormal/multipolar spindles to the 
(b,c,e) Column bars show average±SEM. *P<0.05, **P<0.01, ***P<0.001 by two-tailed t-test. 
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Haus6 KO leads to massive apoptosis and p53 upregulation in 

neuroprogenitors 

Hematoxilin eosin staining of e13 embryos already showed a high amount of cell debris 

in the lateral and third ventricles (Figure 18b) and an increase in the amount of pyknotic 

nuclei (characteristic of apoptotic cells) in the tissues that surround them (Figure 19a). 

In order to confirm the existence of apoptotic cells in these tissues we performed 

staining with an antibody against cleaved caspase-3, a marker of cells undergoing 

apoptosis (Figure 21a). Whereas in control embryos only a few cleaved caspase-3 

positive cells could be identified, in cKO embryos there was a massive concentration of 

cells expressing the apoptotic marker in the tissue surrounding the third ventricle 

(Figure 21b). Most of the cells expressing cleaved caspase-3 were found in layers closer 

to the ventricular surface and did not express the neuronal marker β3-tubulin 

(Figure 21a). This data confirms that there is massive cell death in Nestin-Cre Haus6 cKO 

forebrain, explaining why these brain structures fail to develop. 

One of the most well characterized intracellular signalling pathways that lead to cell 

cycle exit and apoptosis after delayed mitosis is the pathway dependent on the p53 

protein220–222. Therefore, we decided to test whether this could be the pathway involved 

in triggering apoptosis in the brains of Nestin-Cre Haus6 cKO embryos. As observed with 

the cleaved caspase-3 staining, barely any p53 positive cells were found in the tissue 

surrounding the third ventricle in control embryos. On the other hand, a high density of 

cells expressing increased levels of p53 was found in this tissue in cKO brains 

(Figure 21a,c). Once again, most of the cells overexpressing pP53 were found in more 

apical regions of the tissue, in the region where neuroprogenitors rely. 
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Figure 21 – Haus6 gene deletion causes massive apoptosis and activation of the P53 pathway in 
neuroprogenitors. (a) Representative image of thalamic structures surrounding the third ventricle 
obtained from coronal sections of e13 Nestin-Cre control (Haus6fl/wt Nestin-Cre+) and Nestin-Cre 
Haus6 cKO (Haus6fl/fl Nestin-Cre+) embryos. IF staining against p53 (red), cleaved caspase-3 (light 
blue) and β3-tubulin (green). Scale bar: 20 µm. (b,c) Quantification of the density of cells 
overexpressing (b) p53 and (c) Cleaved Caspase 3 from images like the ones shown in (a). Column 
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bars show average ± SEM. N=3 quantification from 3 individual Nestin-Cre Control and Nestin-Cre 
Haus6 cKO. *P<0.05, ***P<0.001 by two-tailed t-test. (d) Representative image of thalamic 
structures surrounding the third ventricle obtained from coronal sections of e13 Nestin-Cre control 
(Haus6fl/wt Nestin-Cre+) and Nestin-Cre Haus6 cKO (Haus6fl/fl Nestin-Cre+) embryos. IF staining against 
P53 (red), neuroprogenitor marker PAX6 (yellow) and β3-tubulin (green). Scale bar: 20 µm. (e) 
Circular graphic showing quantifications of the percentage of p53-overexpressing cells with co-
express either only PAX6 (orange), β3-tubulin (red), both PAX6 and β3-tubulin (white) or none of 
these markers (grey). Graph bars show averages ± SEM. N=3 quantifications from three individual 
Nestin-Cre Haus6 cKO e13 embryos. 

 

In order to evaluate which cells were overexpressing p53 we performed a triple staining 

with antibodies against p53, the neuronal marker β3-tubulin and the neuroprogenitor 

marker PAX6 (Figure 21d). Since in brain sections from control embryos the amount of 

cells overexpressing p53 was almost negligible this staining was only performed in 

histology sections from brains of Nestin-Cre Haus6 cKO embryos. This experiment 

revealed that ~87% of the cells positive for p53 co-expressed the neuroprogenitor 

marker PAX6 and only a small fraction (5%) of p53-posive cells were in fact neurons (β3-

tubulin-positive) (Figure 21e). It is also important to mention that p53 was not detected 

in the mitotic cells found in the tissue (data not shown), suggesting that 

neuroprogenitors undergoing delayed mitosis are able to complete mitosis and only 

afterwards induce the p53-dependent signalling pathway. 

 

In the first part of this chapter I have discussed the role of the augmin complex in 

ensuring proper mitotic progression and cell survival of neuroprogenitors during mouse 

brain development through the analysis of Nestin-Cre Haus6 cKO mice.   In the next part 

of this chapter I will briefly present some of the results which we obtained with the 

analysis of Baf53b-Cre Haus6 cKO mice, where Haus6 deletion is supposed to occur in 

young post-mitotic neurons of the central and peripheric nervous system. 
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POST-MITOTIC ROLES OF THE AUGMIN COMPLEX DURING MOUSE DEVELOPMENT 

 

Baf53b-Cre Haus6 cKO are viable but present developmental defects 

postnatally and develop type-1 diabetes 

By crossing Haus6fl/wtBaf53b-Cre+/- mice with Haus6fl/fl mice we observed that 

Baf53b-Cre Haus6 cKO (Haus6fl/flBaf53b-Cre+/-) are viable. Furthermore, at the time of 

weaning (3-4 weeks after birth), no clear differences in development were observed 

between cKO mice and control mice (Haus6fl/flBaf53b-Cre-/- and Haus6fl/wtBaf53b-Cre+/-

) of the same litters. However, and in clear contrast with control mice, which developed 

normally, Baf53b-Cre Haus6 cKO mice failed to gain weight (Figure 22a,b). 

Figure 22 – Mice with Haus6 deletion under control of the Baf53b gene promotor are viable but 
present developmental defects. (a) Photographs of 9 weeks-old Control (Haus6fl/fl Baf53b-Cre-/-) and 
Baf53b-Cre Haus6 cKO (Haus6fl/fl Baf53b-Cre+/-). (b,c) Graphical representation of the evolution in 
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weight of (b) female and male Control and Baf53b-Cre Haus6 cKO mice between 4 and 9 weeks after 
birth. Graph shows average ± SEM from (b) 3-8 and (c) 2-5 mice. *P<0.05, **<0.01, ***P<0.001, 
****P>0.0001 by two-tailed t-test.  

 

Additionally, around 8 weeks after birth, cKO mice started to present clear welfare 

problems which included a curved posture, enlarged abdomen difficulties in locomotion 

and clear signs of pain. Therefore, and for ethical reasons, the endpoint criterium of the 

experiment was applied around 9-10 weeks after birth. Both Control and cKO mice were 

euthanised and their different organs fixed and analysed by histology (Figures 23, 24, 25). 

One of my first observations was that, in cages where Baf53b-Cre Haus6 cKO mice were 

housed, water consumption was strongly increased, and mice seemed to produce higher 

amounts of urine. Since increase in urination and water consumption are two hallmarks 

in the development of diabetes223, and considering that Cre-recombinase expression in 

pancreatic islets have been reported for Baf53b-Cre mice217 we decided to evaluate the 

existence of developmental defects in the pancreas of cKO mice. 

Figure 23 – Baf53b-Cre Haus6 cKO mice present pancreatic islet atrophy presenting symptoms that 
suggest the development of type-1 diabetes. (a) Histological cuts stained with Haematoxylin and 
eosin from Control (Haus6fl/flBaf53b-Cre-/-) and Baf53b-Cre Haus6 cKO (Haus6fl/fl Baf53b-Cre+/-) mice. 
Pancreatic islets are highlighted by yellow arrowheads. (b) Graphical representation of the glucose 
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concentration (mg/mL) in the blood of 9-10 weeks old non-fasted Control and Baf53b-Cre Haus6 cKO 
mice measured between 8:30am and 10:00am. Graph show average (blue lines) ± SEM. *P<0.05 by 
two tailed t-test. 

 

Cells of the endocrine pancreas responsible for hormone production cluster into 

numerous cellular clusters known as pancreatic islets or Langerhans islets. In rodents, 

60-80% of the cells that constitute the pancreatic islets are β-cells which are responsible 

for insulin production. In pancreatic islets β-cells are surrounded by other types of 

endocrine cells, like α-cells which constitute 15-20% of the cells of the islets and are 

responsible from glucagon production224. Histologic analysis of the pancreas (performed 

in collaboration with Neus Prats, head of the Histopathology Facility of our institute) 

revealed a severe reduction in the number of pancreatic islets in Baf53b-Cre Haus6 cKO 

mice, when compared to controls (Figure 23a). Whereas the controls presented an 

average of 8-12 of different sized pancreatic islets, only 0-3 small-sized islets were 

presented in the KO. 

Considering the critical requirement of pancreatic islets for insulin production and the 

role of this hormone for glucose uptake from different tissues we analysed the levels of 

glucose in the circulating blood in Baf53b-Cre Haus6 cKO mice. Not surprisingly, the 

blood of Baf53b-Cre Haus6 cKO mice revealed a significantly higher glucose 

concentration in the blood when compared to control mice (Figure 23b). It is important 

to point out that in the graphics shown in Figure 23b, three cKO mice were excluded 

from the analysis as they presented blood glucose levels above the detection limit of the 

glucometer used (detection limit 600 mg glucose per dL of blood), confirming the 

severity of the phenotypes observed. Furthermore, the phenotypes suggest the 

development of diabetes myelitis type 1 in Baf53b-Cre Haus6 cKO mice. 

 

Our main goal with the development of Baf53b-Cre Haus6 cKO mice was to study the 

role of augmin in neuronal migration and axonal and dendritic formation during brain 

development. Since cortical development is one of the most well-established models to 

study these processes, we validated Haus6 deletion in the cortex of cKO mice. With that 
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purpose we performed mRNA extraction from tissue cortical samples of 9-10 weeks old 

control (Haus6fl/flBaf53b-Cre+/-) and Baf53b-Cre Haus6 cKO mice followed by 

quantitative real-time PCR (qRT-PCR). These experiments revealed that, Baf53b-Cre 

Haus6 cKO display a clear reduction (~75%) in the levels of Haus6 mRNA (Figure 24a). 

Interestingly, even though the overall brain morphology was not affected (Figure 24b), 

cKO mice reveal a small but significative reduction in the total brain weight (Figure 24c) 

and in the thickness of the sensory cortex (Figure 24d). 

Neurons generated by asymmetric and neurogenic symmetric divisions of radial glial 

cells (in the ventricular zone) and intermediate progenitors (in the subventricular zone) 

migrate radially to form the different layers of the cortical plate. Neuron migration 

defects are generally characterised by deficiencies in the formation of these neuron 

cortical layers. Therefore, we decided to evaluate if the formation neuronal cortical 

layers was affected in Baf53b-Cre Haus6 cKO mice. However, whereas there is a 

tendency in the reduction of the thickness of layers 2/3, 4 and 5/6/7 in cKO mice (which 

could justify the overall reduction in the thickness of the sensory cortex) no significative 

difference was observed between the formation of cortical layers between controls and 

Baf53b-Cre Haus6 cKO mice (Figure 24e).  
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Figure 24 – Baf53b-Cre Haus6 cKO display a mild reduction in brain size and cortical thickness with 
no major defects in the formation of cortical layers. (a) Analysis of the Haus6 mRNA levels by 
quantitative real time PCR in cortical samples dissected from 9-10 months old Control 
(Haus6fl/flBaf53b-Cre-/-) and Baf53b-Cre Haus6 cKO (Haus6fl/flBaf53b-Cre+/-) mice. N=3 mice per 
genotype (b) Analysis of the total brain weight of 9-10 weeks old Control and Baf53b-Cre Haus6 cKO 
mice. For this analysis non fixed brains were used. N=4 mice per genotype. (c) Representative images 
of brain coronal sections from 9-10 months old Control and Baf53b-Cre Haus6 cKO mice stained with 
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haematoxylin eosin. The region of the sensory cortex S1FL is highlighted. Scale bar: 1mm. (d) 
Quantification of the total cortical thickness of the sensory cortex region S1FL highlighted in (c) from 
Control and Baf53b-Cre Haus6 cKO mice. N=3 control and n=4 Baf53b-Cre Haus6 cKO mice. (e) (left) 
Representative DAPI staining from 9-month-old coronal sections showing the S1FL region of the 
sensory cortex and highlighting the different layers of the cortical plate. (right) Quantification of the 
thickness of the different layers of the sensory cortex region S1FL highlighted in (c) from Control and 
Baf53b-Cre Haus6 cKO mice. N=3 control and n=4 Baf53b-Cre Haus6 cKO mice. (a,e) Column bars 
show averages ± SEM. (b,d) Graph shows averages (blue lines) ± SEM. **P<0.01 in two tailed t-tests. 

 

Apart from pancreatic defects and mild brain defects Baf53b-Cre Haus6 cKO mice also 

presented: (1) locomotive difficulties; (2) increase in the production of urine; (3) large 

enlargement of the cecum; (4) Strong reduction in spleen size. Therefore, in 

collaboration with Neus Prats we performed a histopathology study in control and 

Baf53b-Cre Haus6 cKO mice, which included analysis of the following organs: muscle 

(gastrocnemius), kidney, cecum and spleen. A summary of the results obtained from this 

histopathology analysis is presented in Figure 25. 

The gastrocnemius is an important muscle that relies in the back part of the hind limbs. 

Histological analysis of the gastrocnemius revealed an atrophy of the muscle fibres with 

a severe decrease in its size in Baf53b-Cre Haus6 cKO mice when compared to control 

mice (Figure 25a).  

Furthermore, every cKO analysed presented a bilateral dilatation of the renal medula. 

These defects in the kidney were confirmed histologically by the presence of a pelvis 

renal dilatation and papillary atrophy (Figure 25b). The renal pelvis has a funnel-like 

structure and corresponds to a dilated part of the ureter in the kidney. Dilation of the 

renal pelvis is a characteristic of several types of hydronephrosis, a condition caused by 

an increase in urine pressure in this region of the kidney and often caused by a 

downstream obstruction of inability to expel sufficient amounts of urine into the 

bladder. 

Another clear feature of Baf53b-Cre Haus6 cKO was a severe increase in the size of the 

cecum. The cecum is the most proximal region of the large intestine. In opposition to 

humans where the cecum and the colon form contiguous regions of the large intestine, 

in rodents the cecum presents itself as an individualised organ, localised between the 
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small intestine and the colon. In rodents, the cecum is an important site for fermentation 

of plant materials as well as for the production of vitamin K and B.  Histological analysis 

revealed that in the enlarged cecum of these mice the different layers presented a 

severe atrophy. 

 

 

Figure 25 – Baf53b-Cre Haus6 cKO display histological abnormalities in the muscle, kidney, cecum 
and spleen. Histological sections of the (a) Gastrocnemius muscle, (b) Kidney, (c) cecum and (d) 
spleen from control (Haus6fl/fl Baf53b-Cre-/-) (left panel) and Baf53-Cre Haus6 cKO (Haus6fl/fl Baf53b-
Cre-/-) (right panel) 9-10 weeks old mice. (a-d) Histological sections were stained with haematoxylin 
and eosin. Scale bar: (a) 50 μm, (b) 1 mm, (c-d) 250 μm. 
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As mentioned at the beginning of the Chapter 2a, I also generated Haus6 cKO mice 

where deletion of this augmin subunit is induced under control of the CamKIIα gene 

promotor. In these mice Haus6 deletion occurs, specifically, in more mature neurons (~2 

weeks after birth) of the forebrain. CamKIIα-Cre transgenic mice are widely used to 

induce specific gene deletion in brain structures of the forebrain and, more specifically, 

to study the role of specific genes in mature hippocampal neurons. I have observed that 

CamkIIα-Cre Haus6 cKO mice are viable and develop normally. Furthermore, preliminary 

data did not show any signs of increased neuronal cell death in 3 months-old cKO mice. 

We are currently analysing dendritic morphology and dendritic spine morphology in 

hippocampal neurons in vivo using fixed brain sections from these cKO mice. However, 

further experiments are necessary to determine if augmin-dependent MT nucleation 

has any role in maintaining MT mass and ensuring neuronal homeostasis in mature 

post-mitotic neurons in vivo.  
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UNDERSTANDING THE ΓTURC INTERACTOME DURING AXON DEVELOPMENT 

 

The importance of γTuRC-mediated MT nucleation during neuron development, and 

particularly, axonal development has been shown by studies from our and other 

groups175,178–180,225,226. Furthermore, unpublished data from our laboratory surprisingly 

suggest that overexpression of γ-tubulin can stimulate nucleation and promote axonal 

growth in mouse hippocampal neurons cultured in vitro.  In the first chapter of this thesis 

I discussed the role of the augmin complex in targeting MT nucleation to the lattice of 

pre-existing MTs and ensuring the establishment of an organised MT network in 

neurons. Yet, it is still unclear how γTuRC activity is regulated and which other molecular 

players may be involved in modulating MT nucleation in neurons.

 

Development of a γTuRC pulldown experiment 

We aimed to identify γTuRC interactors that may help us understand the mechanisms 

involved in the regulation of MT nucleation during axonal growth. 

A good strategy to study the interaction network of a protein complex is to perform 

immunoprecipitation (IP) experiments. Briefly, in these experiments a cell lysate is 

incubated with a specific antibody against one of the subunits of the complex under 

study. Then, the obtained imunoprecipitate is analysed by mass spectrometry (MS). 

We had a costum-made antibody in our laboratory that was raised against the γTuRC 

subunit GCP3 and that worked for IP. Therefore, our strategy was to use this antibody 

to immunoprecipitate endogenous GCP3 and associated proteins from mouse neuron 

lysates and identify proteins in purified imunoprecipitates by MS. 

In order to avoid a high protein background in the imunoprecipitates analysed by MS 

due to the presence of large amounts IgGs, GCP3 antibody was cross-linked to Protein 

G sepharose beads prior to incubation with the neuronal extract. 
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As a first test we used cellular lysates obtained from the mouse neuroblastoma cell line 

Neuro2A. In this experiment, cellular extracts were incubated with Protein-G sepharose 

beads cross-linked to either a specific antibody against GCP3 or control IgGs. After 

washing the beads with lysis buffer, imunoprecipitates were eluted twice with 

ammonium hydroxide at pH 11. After that, and to analyse the non-eluted fraction, beads 

were incubated with Sample Buffer 1x at 95ᵒC for 5 minutes. The resulting eluates were 

then run in an acrylamide gel and analysed by performing a Silver staining of these gels 

(Figure 26).  

 
Figure 26 – Optimization of the GCP3 immunoprecipitation protocol using lysates from Neuro2A 
cells. Neuro2A cell lysates (Input 0.5%) were incubated with Protein G Sepharose beads previously 
crosslinked to either control IgGs (laines 2-4) or a GCP3 antibody (laines 5-7). For eluting the 
imunoprecipitates two consecutive elutions with ammonium hydrochloride were performed (laines 
2-3 and 5-6) followed by elution with sample buffer 1x (laines 4 and 7). Red * identify the heavy and 
light chains of the IgGs. Proteins with a molecular weight matching the one of γTuRC subunits are 
shown are highlighted with blue arrows. 
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As shown in Figure 26, this first experiment showed that by eluting the 

immunoprecipitates with ammonium hydroxide: (1) IgGs are not eluted, (2) there is a 

large amount of proteins specifically immunoprecipitated with the GCP3 antibody, (3) 

some of the eluted proteins match the molecular weight of known γTuRC subunits (γ-

tubulin and GCP2-6). Still, a significant amount of protein remained bound to the beads 

after high pH elution. According to the size of these bands they seem to match the 

molecular weight of γTuRC subunits, meaning that most likely a portion of proteins 

strongly bound to the beads (like γTuRC subunits) are not completely eluted with 

ammonium hydroxide at pH 11. 

 

Still, we considered that these were good results and we proceeded with repeating this 

IP using lysates from cultured mouse cortical neurons. For this experiment, neocortical 

neurons were cultured in vitro and 7 days later cellular extracts were prepared. We 

chose to lyse neurons after 7DIV since, at this time point, axonal growth is abundant 

allowing us to study the γTuRC interaction network during this process. A similar 

protocol to the one used for the IPs with Neuro2A cellular lysates was followed. 

Immunoprecipitates eluated with ammonium hydroxide at pH 11 were sent to our 

collaborators in Canada (Etienne Coyaud in the group of Brian Raught, Toronto 

University) who analysed them in order to identify possible GCP3 interactors by MS. 

 

List of the identified GCP3 interactors 

From our collaborators we received a list of proteins which were found in IgG control 

and GCP3 IPs and the respective peptide count (number of times that a specific peptide, 

corresponding to each indicated protein was identified by MS in the analysed samples). 

Significance Analysis of INTeractome (SAINT) was used to identify which of these 

proteins were enriched in the GCP3 over the control IP, determining which of the 

identified proteins could represent putative GCP3 interactors (hits). Only proteins with 
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a SAINT value >0.8 were considered as high confidence hits (generally corresponding to 

a ~1% false discovery rate). 

A total of 53 proteins were identified as hits of GCP3 interactors. The full list of these hit 

together with a summary of the known biological functions for each one is presented in 

Table 4. 

 

Table 4 – List of GCP3 candidate interactors identified from 7DIV neocortical culture lysates by MS. 
In this table the official gene name is presented followed by a brief summary of the known protein 
function and the respective SAINT value for the MS analysis. 

Gene name: Known information found in the 
literature: 

Control  
#1   #2 

GCP3 IP          
#1    #2    Total 

SAINT 
value: 

        
Tubgcp3 Structural component of the γTuSC and 

γTuRC complexes. 
  58 53 111 1,00 

Pacs1 

Coat protein that is involved in the 
localization of trans-Golgi network (TGN) 
membrane proteins that contain acidic 
cluster sorting motifs. Involved in ciliary 
traffic in olfactory sensory neurons. 
Mutations are involved in intellectual 
disability and craniofacial development 
defects. 227–230 

  535 570 1105 1,00 

Tubb4a 
β-tubulin isotype 4a. Mutations in these 
gene have been implicated in 
neurodevelopmental defects.231 

146  497 500 997 1,00 

Cep170 

Maker of mature centrosomes in 
interphase. During mitosis it localizes to 
the mitotic spindle targeting kinesin-13 
protein KIF2B to this structure.232,233 

  335 315 650 1,00 

Wdr37 

Member of the WD40 repeat protein 
family. WD repeats heterotrimeric or 
multiprotein complexes. Mutations in 
flies and humans are involved in 
neurodevelopmental defects.234 

  308 312 620 1,00 

Gphn 

MAP involved in membrane protein-
cytoskeleton interactions. Involved in 
anchoring glycine receptor (GLYR) to 
subsynaptic MTs. Protein dysfunction 
has implications in AD and epilepsy.235  

  239 239 478 1,00 
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Gene name: Known information found in the 
literature: 

Control  
#1   #2 

GCP3 IP          
#1    #2    Total 

SAINT 
value: 

        

Homer1 

Scaffold protein at postsynaptic 
compartments. Plays a central role in 
calcium signalling in the central nervous 
system. Homer1 knockdown has 
protective effects against neuronal injury 
in in vitro PD model.236 

  226 213 439 1,00 

Tfg 

Plays a role in the normal dynamic 
function of the endoplasmic reticulum 
(ER) and its associated MTs. Inhibition of 
TFG function causes axon degeneration 
by impairing ER structure.237 

41 28 176 178 354 1,00 

Sec16a 

Defines endoplasmic reticulum exit sites 
(ERES) and is required for secretory 
cargo traffic from the endoplasmic 
reticulum to the Golgi apparatus.238 

7  153 134 287 1,00 

Tubgcp2 Structural component of the γTuSC and 
γTuRC complexes 

  119 133 252 1,00 

Ywhaz Member of 14-3-3 protein family. Binds 
tau in neurofibrilary tangles in AD.10  

30 36 101 110 211 1,00 

Ywhag 
Member of 14-3-3 protein family. 
Mutations in this gene are involved in 
the early onset of epylepsy.239 

31 35 100 105 205 1,00 

Tubg1 

Structural component of the γTuSC and 
γTuRC complexes. Mutations in this gene 
are involved in neurodevelopmental 
disorders.188 

  95 108 203 1,00 

Pacs2 

Multifunctional sorting protein that 
controls the endoplasmic reticulum (ER)-
mitochondria communication, including 
the apposition of mitochondria with the 
ER and ER homeostasis.240 

  91 106 197 1,00 

Iqsec2 

Guanine nucleotide exchange factor for 
the ADP-ribosylation factor family of 
small GTPases. Mutations in these gene 
have been implicated in intellectual 
disability and disruption of dendritic 
spine morphogenesis.241,242  

  94 94 188 1,00 

Ywhae 

Member of the 14-3-3 protein family. 
Overexpression is correlated with the 
appearance of autism spectrum 
disorders, epilepsy and mental 
retardation and disrupts neuritogenesis 
by impeding MT entry into new neurites 

21 23 83 96 179 1,00 



Chapter 3 | Results 
 

134 

Gene name: Known information found in the 
literature: 

Control  
#1   #2 

GCP3 IP          
#1    #2    Total 

SAINT 
value: 

        in a process mediated by 
doublecortin.243 

Cttn 

Contributes to the organisation of the 
actin cytoskeleton and cell shape. 
Involved in regulation of neuron 
morphology, axon growth, formation of 
neuronal growth cones and spine 
density.17,18  

  89 88 177 1,00 

Ctbp1 

Involved in controlling the equilibrium 
between tubular and stacked structures 
in the Golgi complex. Confers protection 
to Ad in rat models.244,245 

  81 78 159 1,00 

Ywhaq Member of the 14-3-3 protein family. 11 17 59 69 128 1,00 

Ywhah 
Member of the 14-3-3 protein family. 
Associated with familiar forms of 
psychotic bipolar disorders.246 

  57 69 126 1,00 

Otud4 Deubiquitinase enzyme. 247   68 57 125 1,00 

Ywhab Member of the 14-3-3 protein family.   56 65 121 1,00 

Mycbp Member of the Myc protein family.248   52 49 101 1,00 

Kif2a 

Member of the kinesin-13 family of MT 
depolymerases. Its activity is involved 
proper mitotic progression and during 
neuron development it promotes axonal 
pruning, inhibits growth of axonal 
colateral branches and is involved in 
proper hippocampal wiring. Mutations in 
Kif2a gene were implicated 
neurodevelopmental disorders. 249–253 

  52 44 96 1,00 

Hnrnpa3 Plays a role in cytoplasmic trafficking of 
RNA.254 

  40 48 88 1,00 

Paip1 Stimulator of translation initiator.255   39 48 87 1,00 
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Gene name: Known information found in the 
literature: 

Control  
#1   #2 

GCP3 IP          
#1    #2    Total 

SAINT 
value: 

        

Amph 

Protein associated with the cytoplasmic 
surface of synaptic vesicles. Endocytic 
regulator involved in synaptic 
plasticity.256 

  42 34 76 1,00 

Ctnna2 

Function as a linker between cadherin 
adhesion receptors and the 
cytoskeleton, regulating cell-cell 
adhesion and differentiation in the 
nervous system. Regulates synaptic 
plasticity and cerebellar and 
hippocampal lamination during 
development.257 

  39 33 72 1,00 

Elavl3 

Member of the nElavl protein family, 
RNA-binding proteins that regulate RNA 
stability and alternative splicing. Elavl3 is 
involved in control of glutamate levels 
and neuron excitability.258,259 

  35 34 69 1,00 

Dpysl3 

Member of the CRMP family of proteins. 
Found to mediate growth cone 
behaviour in vitro and axonal guidance 
in zebra fish. A mutation in this gene has 
been implicated in amyotrophic lateral 
sclerosis. Localizes to spindle MTs in 
mitosis.260–262 

  30 36 66 1,00 

Tkt 
Enzyme involved in the pentose 
phosphate glucose metabolism pathway. 
Found in dopaminergic neurons.263 

  29 26 55 1,00 

Mycbp2 

E3 ubiquitin-protein ligase. In the 
nucleus of DRG neurons MYCBP2 co-
localized with Ran and facilitated 
through its RCC1-like domain the 
GDP/GTP exchange of Ran.264 

  31 23 54 1,00 

Cdh10 

Member of the calcium-dependent cell 
adhesion protein family Cadherin. 
Important for maintaining correct 
inhibitory and excitatory strength in 
cortical neurons.265 

  25 24 49 1,00 

Iqsec1 

Guanine nucleotide exchange factor for 
the ADP-ribosylation factor family of 
small GTPases. Critical for development 
of mature glutamatergic synapses.266 

  19 26 45 1,00 

Bin1 

Also known as amphiphysin 2 it is 
involved in membrane curvature, 
endocytosis and calcium homeostasis. It 
has been described as the second most 
significant susceptibility locus for late-

  18 15 33 1,00 
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Gene name: Known information found in the 
literature: 

Control  
#1   #2 

GCP3 IP          
#1    #2    Total 

SAINT 
value: 

        onset AD. Suggested to link the MT 
cytoskeleton with the cellular membrane 
via CLIP170. 267,268 

Ppp2r1a 

Gene encoding a constant regulatory 
subunit of protein phosphatase 2, 
implicated in the negative control of cell 
growth and division. Associated with Ad 
and mental retardation.269 

4 5 17 16 33 0,99 

Hspd1 

Member of the chaperonin family it is 
essential for the folding and assembly of 
newly imported proteins in the 
mitochondria and plays a role in 
neuronal survival. Mutations associated 
with Hspd1 cause autosomal recessive 
spastic paraplegia 13.270 

  13 17 30 1,00 

Tjp1 Protein essential for tight junction 
assembly.271 

  12 14 26 1,00 

Matr3 

Nuclear matrix protein, proposed to 
stabilise certain messenger RNA species. 
Mutations in Matr3 are related to 
amyotrophic lateral sclerosis. 
Deregulation of Matr3 levels cause 
neurotoxicity.272  

  13 12 25 1,00 

Ubr4 

E3 ubiquitin-protein ligase. Together 
with clathrin, forms meshwork 
structures involved in membrane 
morphogenesis and cytoskeletal 
organisation.273 

  12 13 25 1,00 

Hsdl1 
Uncharacterized member of short-chain 
dehydrogenase/reductase (SDR) protein 
family. 

  11 12 23 1,00 

Map1lc3a 

Involved in the autophagy-lysosome 
pathway. MT binding protein. Stabilises 
MT networks by decreasing MT 
dynamicity and promoting growth over 
shortening events.274 

  12 11 23 1,00 

Mzt2 Member of the γTuRC. 52   12 11 23 1,00 

Prdx2 

Peroxiredoxin present at the cytoplasm. 
Inactivation peroxiredoxin-2 by 
phosphorilation induced by Cdk5 
sensitizes neurons to the deleterious 
effects of parkinsonian toxins.275 

  11 12 23 1,00 
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Gene name: Known information found in the 
literature: 

Control  
#1   #2 

GCP3 IP          
#1    #2    Total 

SAINT 
value: 

        

Dhx9 

Also known as RNA helicase A. In the 
cytoplasm it is preferentially associated 
with actively translating polyribosomes 
and is necessary for efficient translation 
of RNAs that contain a highly structured 
5'UTR.276 

  11 11 22 1,00 

Set 
Multitasking protein, involved in 
apoptosis, transcription, nucleosome 
assembly and histone chaperoning. 

  13 9 22 1,00 

Basp1 

Membrane bound protein, may function 
by regulating organisation and 
morphology of the plasma membrane. 
BASP1 overexpression stimulated 
neurite outgrowth.277 

2  11 9 20 1,00 

Sec13 

Constituent of the endoplasmic 
reticulum and the nuclear pore complex. 
It has similarity to the yeast SEC13 
protein, which is required for 
membrane-bending and vesicle 
biogenesis from endoplasmic reticulum 
during the transport of proteins.278 

  11 8 19 1,00 

Tubgcp4 
Structural component of the γTuRC 
complex. Mutations in GCP4 have been 
identified in microcephaly patients.191 

  9 9 18 1,00 

Pabpc1 

Poly(A) RNA-binding protein its depletion 
prevents protein synthesis and induces 
cell death in Hela cells. Also relevant in 
compensatory mechanisms in Purkinje 
neurons.279 

  9 7 16 1,00 

Slc25a4 

ADP/ATP translocator. Embedded in the 
inner mitochondrial membrane, it 
determines the rate of ADP/ATP flux 
between the mitochondrion and the 
cytosol.280 

  5 9 14 1,00 

Birc6 

Also known as BRUCe or APPOLON it 
contained a ubiquitin-conjugating 
enzyme E2, catalytic domain. Inhibits 
apoptosis by facilitating the degradation 
of apoptotic proteins by ubiquitination. 
Involved in neurodegeneration caused 
by kainic acid and its downregulation 
promotes neuronal death.281 

  4 7 11 1,00 

Klhl22 
E3 ubiquitin ligase. Involved in mono-
ubiquitination of Plk1 and consequent 
removal from the kinetochores upon 

  7 4 11 1,00 
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Gene name: Known information found in the 
literature: 

Control  
#1   #2 

GCP3 IP          
#1    #2    Total 

SAINT 
value: 

        chromosome biorientation. Also 
involved in regulation of mTOR pathway 
activity.282,283 

Hnrnpl 
Splicing factor binding to exonic or 
intronic sites and acting as either an 
activator or repressor of exon inclusion. 

  4 2 6 0,99 

Pkm2 

 Pyruvate kinase protein. Plays a 
significant role in tumour growth, 
angiogenesis, apoptosis and metastasis. 
In rat hippocampal neurons it is involved 
in neurodegeneration after hypoxia and 
in neuropathic pain.284,285 

  3 2 5 0,99 

  

 

With the exception of GCP5 and GCP6 and apart from the bait GCP3, I identified the 

γTuRC subunits γ-tubulin, GCP2, GCP4 and MZT2/GCP8 (from here on I will name it 

GCP8) as high confidence interactors, which validated my approach. Surprisingly, and 

even though we have previously identified HAUS6 as a γTuRC interactor by Western blot 

in IP experiments from neuronal extracts175 we were not able to identify any augmin 

subunit in our candidate list obtained by MS.  

In order to have a better understanding of the types of other proteins that I identified I 

performed a Gene Ontology (GO) analysis using the Panther Classification System286. 

This analysis evaluates, for a given list of proteins, any significant enrichment in a specific 

GO category when compared to the overall proteome of a specific species. GO analysis 

of the “cellular component” (Table 5) and “biological process” (Table 6) was performed 

for our list of GCP3 interactor candidates. 
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Table 5 – Gene Ontology analysis of cellular components of identified candidate interactors using 
PANTHER classification system. GO terms, number of hits identified for each category and fold 
enrichment when compared to the mouse (Mus Musculus) proteome are represented in this table. 
Only significantly enriched (P value <0.5) and >5-fold enriched categories are presented.

GO cellular component term: # proteins 
identified Fold enrichment 

γ-tubulin complex 5 > 100 

Microtubule organising centre 11 6.68 

Microtubule cytoskeleton 16 5.72 

Polar microtubule 3 > 100 

Spindle 9 13.36 

Centrosome 10 7.98 

Centriole 4 14.10 

Centriolar subdistal appendage 2 90.08 

Axon 9 5.23 

Cell leading edge 6 6.45 

Synapse 20 5.86 

Extrinsic component of synaptic vesicle membrane 2 81.08 

Presynapse 8 5.81 

Photoreceptor ribbon synapse 2 67.56 

Presynaptic active zone cytoplasmic component 3 57.91 

Presynaptic active zone 4 17.63 

Postsynaptic specialization 8 7.61 

Postsynaptic specialization, intracellular component 4 43.83 

Glutamatergic synapse 12 9.59 

ER to Golgi transport vesicle membrane 2 36.85 

Myelin sheath 6 11.42 

Ribonucleoprotein granule 4 7.80 
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Table 6 - Gene Ontology analysis of biological process of identified candidate interactors using 
PANTHER classification system. GO terms, number of hits identified for each category and fold 
enrichment when compared to the mouse (Mus Musculus) proteome are represented in this table. 
Only significatively enriched (P value <0.5) and >5-fold enriched categories are presented. 

GO biological process term: # proteins Fold enrichment 

Microtubule nucleation 4 90.08 

Spindle organisation 6 18.71 

Protein targeting 6 11.69 

Intracellular protein transport 10 5.39 

Mitotic cell cycle 8 6.37 

   
 

Both GO analysis presented in Table 5 and Table 6 show that in our GCP3 IP there is a 

clear enrichment in proteins related to MT nucleation, MT cytoskeleton, the centrosome 

and the mitotic spindle. These results are not surprising considering the known functions 

of GCP3 and the γTuRC and its subcellular localizations and the fact that several 

microtubule cytoskeleton associated genes that play a role in mitotic spindle assembly 

are also expressed during neuronal development30. Still, these results show that our IP 

worked well and may give us reliable results on GCP3 interactor candidates. From the 

“cellular component” GO analysis I would like to point out the enrichment in presynaptic 

components and, most clearly in postsynaptic components which could suggest a 

function of the γTuRC in synaptogenesis and synaptic function. 

Furthermore, by performing a bibliographic research on the identified candidate 

interactors I observed that 33% have previously been linked to cytoskeleton function, 

61% have a described function in neurons and 47% have been implicated in 

neurodevelopmental or neurodegeneration disorders (Figure 27b). 
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Figure 27 – Summary of the identified candidates and their known roles in cytoskeleton regulation, 
neuronal functions and brain-related disorders. (a) Summary of the number of found candidate 
interactors, highlighting the γTuRC subunits identified and selected proteins for further analysis. (b)
Scheme showing the percentage of candidate interactors which have described functions in 
cytoskeleton, in neurons or have been related to neurodevelopmental or neurodegenerative 
diseases. 
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Amongst the identified γTuRC interactor candidates, two proteins stood out: 

 KIF2A – Member of the kinesin-13 protein superfamily which is characterized 

by the absence of motor activity but the ability to promote MT 

depolymerisation at MT ends287. It is required during mitosis to ensure proper 

bipolar spindle formation and, when overexpressed, it correlates with bad 

prognosis in different types of cancer250. In neurons it has been shown to 

localise to newly formed axonal collateral branches inhibiting their growth251 

and it promotes axonal pruning252. Kif2a knockout mice present defects in 

neuronal wiring the hippocampus due to overgrowth of dendrites and the gain 

of axonal properties253. Different KIF2A mutations have been implicated in 

neurodevelopmental disorders and, more recently, KIF2A has been implicated 

in cilia disassembly at the entry of neuroprogenitors into the cell cycle288,289. 

Furthermore, by the time these results were obtained, former PhD student 

Artur Ezquerra identified KIF2A as a putative interactor of the γTuRC subunit 

GCP8 in cycling HeLa cells in immunoprecipitation experiments analysed by MS. 

Therefore, we were interested in understanding whether interaction of a MT 

depolymerase like KIF2A with the γTuRC could affect MT nucleation activity 

during axonal development. 

 

 CEP170 – CEP170 was one of the γTuRC interactor candidates that presented 

the highest spectral count in the MS analysis (Table 4). CEP170 is a centriolar 

protein which is widely used as a marker for mature centrosomes232. It contains 

a MT binding domain and upon infection with Chlamidya trachomatis it induces 

reorganisation of the MT network in host cells290. It targets the kinesin-13 

protein KIF2B to the mitotic spindle and, more recently, it has been implicated 

in regulation of the ciliary cycle in neuroprogenitors together with KIF2A233,289. 

Therefore, we were interested in understanding whether CEP170 is involved in 

regulation/targeting of MT nucleation by the γTuRC and influence the functions 

of KIF2A during axonal development.  
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Validation of KIF2A and CEP170 as γTuRC interactors 

In order to confirm the interaction between KIF2A and CEP170 with the γTuRC we 

performed further IPs using the same GCP3-specific antibody and analysed the resulting 

immunoprecipitates by westernblot (Figure 23a). Since at the time when I obtained 

these results Artur Ezquerra also identified KIF2A as a GCP8 interactor in Hela cell 

extracts, we also performed an IP with a GCP8-specific antibody (Figure 28a). 

As shown in Figure 28a, both GCP3 and GCP8 antibodies can specifically pulldown the 

γTuRC (detected by GCP3, GCP4 and GCP8) and both KIF2A and CEP170. This result 

confirms that both KIF2A and CEP170 interact with the γTuRC. 

Since CEP170 has never been described in neurons, we also showed that CEP170 (as 

KIF2A) is expressed from 1 to 7DIV during development of mouse hippocampal neurons 

in vitro (Figure 28b). 

 

Figure 28 – Validation of GCP3 interactor candidates. (a) Immunoblot for CEP170, KIF2A and 
several γTuRC subunits of samples immunprecipitated with control IgG and GCP3 and GCP8 
antibodies. (b) Immunoblot for CEP170, KIF2A and Actin of samples from primary mouse 
hippocampal neurons cultured during different days in vitro. 
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KIF2A interacts with the C-terminal region of GCP8 and with CEP170 

Considering that KIF2A was also identified as a GCP8 interactor in HeLa cells and that 

CEP170 had previously been identified as an interactor of another kinesin-13 protein 

family member KIF2C we wanted to address: (1) if it would be likely that GCP8 is the 

binding partner of KIF2A in the γTuRC; (2) in case KIF2A is a direct GCP8 interactor to 

which region of GCP8 it would bind; (3) if CEP170 is a KIF2A interactor. With that purpose 

we transfected human HEK cells with constructs expressing GFP-tagged KIF2A, CEP170, 

full length GCP8, an N-terminal fragment (aa 1 to 111) of GCP8 or a C-terminal fragment 

(aa 112 to 158) of GCP8 (Figure 29). Unpublished data from our laboratory (performed 

by Sabine Klischies) show that GCP8 interacts with the γTuRC through its N-terminal 

region (aa 1 to 111) and that its C-terminal region (aa 112 to 158) is not able to bind the 

complex. 24 hours after transfection, cells were lysed and cellular extracts used to 

perform IP experiments using a specific antibody against GFP. 

Figure 29 – KIF2A interacts with CEP170 and with the C-terminal region of GCP8 (a,b) Immunoblot 
against GFP showing (left) 5% of the extract amount (input) used for the immunoprecipitation 
experiments from HEK cells overexpressing GFP-tagged versions of KIF2A, GCP8 full length (FL), GCP8 
N-terminal region (amino acids 1 to 111), GCP8 C-terminal region (amino acids 112 to 158) and 
CEP170 for 24 hours. (centre) Immunoblot against GFP from the samples shown in the inputs and 
immunoprecipitated with GFP specific antibody. (right) Immunoblot against CEP170, KIF2A and γ-
tubulin from the samples shown in the inputs and immunoprecipitated with GFP specific antibody. 
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Our results show that overexpressed GCP8 can pulldown KIF2A and that KIF2A binds 

more strongly to the C-terminal region of GCP8, this is, the region which has a low ability 

to bind the γTuRC. This data suggests that KIF2A most likely interacts with the γTuRC 

directly through the C-terminal region of GCP8. We have also observed that 

overexpressed GFP-KIF2A is able to pulldown CEP170 and vice versa (Figure 29). At the 

time when these experiments were performed this interaction between KIF2A and 

CEP170 had not been described. 

 

KIF2A and CEP170 localization at growth cones of developing neurons 

Deletion of the Kif2a gene has been shown to induce overgrowth of axonal collateral 

branches in neurons. On the other hand, CEP170 function has never been described in 

neurons. 

In order to get more insight into the cellular roles of these two proteins we fixed 2DIV 

cultured neurons with PFA 4% diluted in PBS and performed immunofluorescence 

stainings with antibodies against KIF2A and CEP170 (Figure 30). 

Figure 30 – CEP170 and KIF2A localize to the tip of a subset of axonal collateral branches. 2DIV 
neurons were fixed with paraformaldehyde 4% (diluted in PBS) and immunofluorescence labelled 
with antibodies against either CEP170 (first row) or KIF2A (second row) (red) and with Faloidin (in 
green with labels polymerised actin) and α-tubulin (in blue). Axonal tips are shown. 63x magnification 
was used. 
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We could observe that both KIF2A and CEP170 antibodies produce diffuse staining in 

the soma, in dendrites and in the axon. More strikingly was the fact that a subset, but 

not all, axonal tips had an enrichment of KIF2A and CEP170 staining in the region 

preceding and including the central part of the growth cone (Figure 30). Since both KIF2A 

and CEP170 antibodies are raised in rabbit, it was not possible to co-stain neurons with 

both KIF2A and CEP170 antibodies. Therefore, it remains to be proven that both proteins 

colocalize in these structures. Furthermore, it remains to be proven that the signal 

observed is specific. Still, these results are in agreement the known functions of in 

negatively regulating growth of axonal collateral branches and could mean that KIF2A 

and CEP170 interact and cooperate at this subcellular region. 

 

CEP170 depletion induces elongation of axonal branches 

The role of CEP170 in neuronal development and homeostasis has never been 

characterized. Therefore, we decided to evaluate the effect of CEP170 depletion in 

cultured mouse hippocampal neurons. With this purpose we generated two pll3.7 

expression plasmids expressing GFP and different shRNAs against CEP170. To test the 

efficiency of these plasmids in depleting CEP170, 1DIV neurons were infected with 

lentivirus expressing either CEP170 shRNA #1 or #2. Three days later, cells were lysed 

and neuronal extracts analysed by westernblot, which revealed that infected neurons 

showed ~68% and ~88% reduction in CEP170 protein levels, respectively (Figure 31a). 

These data demonstrate the efficacy of the generated shRNA expressing plasmids. 

In order to evaluate the role of CEP170 during axonal development, mouse hippocampal 

neurons were transfected at 2DIV with pll3.7 plasmids expressing shRNAs #1 and #2 

against CEP170. Five days later, 7DIV neurons were fixed, GFP expressing cells were 

detected by immunofluorescence and neuronal morphology was analysed using Fiji’s 

plugin NeuronJ. We observed that depletion of CEP170 with shRNA#1, but not shRNA#2, 

caused a significative ~65% increase in the total axonal length (Figure 31c). CEP170 

depletion did not cause any effect on the total axonal branching using either of the 
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shRNAs (Figure 31d). However, when we focused on long axonal branches (> 100 µm of 

length), we observed that both shRNAs caused an increase in the number of long axonal 

branches, corresponding to a ~21% and ~39% more long branches per 100 µm of axon 

(Figure 31e). 

These results are in agreement with the described phenotypes caused by KIF2A 

depletion in neurons, which suggest that CEP170 and KIF2A could act together in 

inhibiting the growth of newly formed axonal collateral branches. 

 

Figure 31 – CEP170 depletion induces growth of axonal collateral branches. (a) Immunoblot 
showing CEP170 levels in cellular extracts obtained from 4DIV neurons infected at 1DIV with 
lentivirus expressing either a shRNA control (against luciferase) or two different shRNAs (#1 and #2) 
against CEP170. (b) Axonal tracing of 7DIV control neurons and CEP170 depleted neurons (using 
shRNA#1) (c,d,e) Quantification of (c) total axonal length, (d) number of axon branches normalised 
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to axon length and (e) number of long axon branches (>100 µm) per 100 µm normalised to axon 
length. N=29-32 different neurons from a total of three individual experiments. Dotplots show 
averages (blue bars) +/- SEM. *P<0.05, **p<0.01 and ***p>0.001 from t-tests. 
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Role of augmin-mediated microtubule nucleation in establishing the uniform 

axonal microtubule polarity 

Neurons display a very complex MT network which is essential to ensure proper 

neuronal development and homeostasis. Despite the importance of the MT 

cytoskeleton, little is known about how new MTs are originated during neuronal 

development. Generation of new MTs can be accomplished by two main mechanisms: 

(1) severing of pre-existing MTs or (2) MT nucleation at the centrosome and at non-

centrosomal sites. Different studies show a clear role of MT severing enzymes like 

spastin or katanin during axonal and dendritic development155,162,163. However, until 

recently, the role of MT nucleation by the γTuRC in the context of neuronal development 

was poorly understood. 

Results obtained by a former postdoc in our laboratory (Carlos Sanchez) show that 

γ-tubulin depletion in cultured mouse hippocampal neurons impairs primary neurite 

outgrowth and axon specification175. Furthermore, once the axon has been specified, 

γ-tubulin depletion leads to a decrease in axonal growth and branching. The observed 

defects are caused by a weakening in the axonal MT network (as observed by a reduction 

in the total amount of MTs) and include impaired mitochondrial transport along the 

axon. Furthermore, a previous study showed that γ-tubulin, in cooperation with the 

(-)-end capping protein CAMSAP2, is required for axonal specification and  for dendritic 

development178. Both studies show, for the first time, a key role of the MT nucleator 

γTuRC in promoting neuronal differentiation and ensuring the formation of a proper MT 

network in neurons. 

An important limitation in studying the mechanisms involved in MT nucleation in the 

context of cells is the lack of tools to detect nucleation events within complex MT arrays. 

One technique commonly known as “microtubule regrowth assay” is used in cultured 

cell lines to evaluate MT nucleation from MTOCs (e.g. centrosome or Golgi) and analyses 

the recovery of the MT network after complete depolymerisation. However, it is not 

suitable to use this strategy to study microtubule nucleation in axons and dendrites as, 

in these cellular compartment, the highly stable MT network is resistant to treatments 
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commonly used to depolymerise MTs (exposure to MT-depolymerising drugs, 

incubation on ice, or combination of the former two treatments). Indeed, unpublished 

data from our laboratory and examples found in the literature226 show that, even after 

depolymerisation treatments like the ones described, non-depolymerised MTs could be 

observed in axons and dendrites. Therefore, analysis of MT regrowth under these 

conditions can be quite misleading as it is impossible to distinguish between nucleation 

events and repolymerisation of small MT seeds which haven’t been completely 

depolymerised. 

Instead, in this thesis I used another technique known as “EB-comets” technique, which 

relies on the analysis of growing MT (+)-ends in living cells. End-binding (EB) proteins, or 

EBs, are members of a protein family that specifically bind to MT (+)-ends, modulating 

MT polymerisation. Time-lapse imaging of cells expressing fluorescent protein-tagged 

EBs allows to visualise and measure both the density and directionality of growing MT 

(+)-ends (also known as “EB-comets” due to their comet-like shape)158. Even though this 

technique doesn’t directly image MT (-)-ends we consider that, given the critical role of 

MT nucleation in MT formation, it can give us a good read out of the MT number and an 

approximation on the MT nucleation activity in axons and dendrites. One of the 

limitations of this assay is that, since it only recognises the actively growing pool of 

dynamic MTs, changes in (+)-tip dynamics like increase/decrease in the duration or 

speed of MT growth can also influence the results obtained. As I will discuss in the next 

paragraphs, this doesn’t seem to be the case in our experimental model. 

Still, the development of a MT nucleation sensor would be very important as a tool to 

study regulation and localisation of nucleation events in different cell types and in 

different stages of development. 

Despite its limitations, we consider that, as other groups have done in the past, 

quantifying “EB-comets” is the best available tool to access MT organisation in non-fixed 

cultured neurons178,180,291. Therefore, in this thesis, we take the quantification of EB-

comets as a readout of MT nucleation events. 
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Using this strategy, we showed that γ-tubulin depletion in mouse hippocampal neurons 

leads to a decrease in the density of EB-comets in the axon (Figure 12d). Whereas in 

Drosophila S2 cells γ-tubulin was proposed to have a role in regulation of (+)-end 

dynamics (which could have an influence in the interpretation of our EB-comets results), 

data from our laboratory show that, in the axon, γ-tubulin depletion has no effect in the 

duration and speed of EB-comets62,175. 

Together with the fact that γ-tubulin depletion causes a reduction in the total MT density 

in axons, our data supports the role of the γTuRC in promoting MT nucleation in the 

axonal compartment. One main question is where are these neuronal MTs nucleated. 

Different studies show that, during neuronal maturation, γ-tubulin and γTuRC 

associated proteins (GCPWD/NEDD1 and CDK5RAP2) are depleted from the 

centrosome, causing this cellular organelle to lose its MTOC function173–176. This is due 

to a specific reduction in the centrosomal pool of γ-tubulin and does not involve a 

reduction in the overall expression levels of γTuRC subunits175. In one of these studies it 

is shown that, whereas in young 2DIV rat hippocampal neurons most MT regrow from 

the centrosome, in the soma of more mature 9 and 14DIV neurons, MT regrowth occurs 

almost entirely from non-centrosomal locations173. Furthermore, laser ablation of the 

centrosome in 2DIV neurons has no effect on axonal extension showing that, even in 

young neurons where the centrosome is still an active MTOC, it is not required for the 

generation of MTs that ensure proper axonal development. Together with the data 

presented in this thesis, this supports that during neuronal maturation, MT nucleation 

mediated by the γTuRC suffers a displacement from centrosomal to acentrosomal 

subcellular localisations. This is not the first case where, during cellular differentiation, 

a transition from centrosomal to acentrosomal MT network is reported. For example, in 

several animal epithelial cells MTOC function localises apically leading to the formation 

of a parallel MT array that concentrates along the apical-basal axis. Another example are 

mammalian muscle cells, where MTOC activity occurs at the nuclear envelope (revised in 292). 

In the case of neurons, it is still unclear if another subcellular structure can act as an 

acentrosomal MTOC. Two different studies using class IV Drosophila neurons, show that 
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at dendritic branching points γ-tubulin nucleates MTs and that this activity is important 

for establishing dendritic development and dendritic MT polarity179,180. However, the 

requirement of Golgi outpost for nucleation at these subcellular locations is not clear 

with conflicting results between the two studies. 

In our model, staining of neurons with a γ-tubulin specific antibodies showed that: (1) 

γ-tubulin specifically localises throughout the cytoplasm; (2) and no accumulation of 

γ-tubulin was observed in another subcellular localisation 175. In this thesis we propose 

that, in neurons, MT nucleation takes place from the lattice of pre-existing MTs, in a 

process mediated by the augmin complex. 

The augmin complex is known to promote γTuRC-dependent MT nucleation from the 

lattice of pre-existing MTs in a process where the new MT displays the same polarity as 

the template one. Therefore, we hypothesised that augmin could be the mechanism 

used by neurons to nucleate new MTs independently of the centrosome. Furthermore, 

since in the axon MTs are organised into dense bundles of parallel MTs with their 

(+)-ends growing towards the axonal growth cone, we also hypothesised that augmin 

could have a role in maintaining this uniform MT polarity. 

Our data show that, in contrast with γ-tubulin depletion, augmin depletion causes a 

disruption in the typical uniform axonal MT polarity with an increase in the amount of 

MTs growing towards the soma of the neuron (Figure 12c,e). Axonal MT polarity defects 

caused by augmin depletion were rescued by co-depletion of γ-tubulin, proving that 

these wrong-polarity MTs are nucleated by the γTuRC and that augmin acts as a 

targeting factor of the γTuRC, restraining MT polarity. Interestingly, and in clear contrast 

with γ-tubulin depletion (which causes a decrease in the density of EB-comets), augmin 

depletion had no effect on the density of EB-comets (Figure 12d). From these results 

one could hypothesise that, in the axon, targeting of the γTuRC to the lattice of pre-

existing MTs by augmin and γTuRC activation are independent events. Furthermore, we 

show that depletion of augmin-mediated MT nucleation impairs axonal growth 

(Figure 12f,g). Recent studies where MT regrowth is analysed in the soma of 3, 5 and 

7DIV cultured mouse hippocampal neurons show that as neuron maturation proceeds, 
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the amount of MTs nucleated at the soma considerably decreases226. These data support 

our hypothesis that MT nucleation can occur in the axonal compartment. 

According to our model we propose that augmin is required to properly target the γTuRC 

to axonal MTs and that this is the mechanism through which cells ensure that MT 

nucleation occurs with the right parallel, (+)-end-out orientation, maintaining axonal 

uniform MT polarity. To further test our model, we induced ectopic MT nucleation 

through overexpression of the small γTuNA domain of CDK5RAP2, previously shown to 

activate the nucleation activity of the γTuRC at the cytoplasm65. Similar to augmin 

depletion, expression of the γTuNA of CDK5RAP2, disrupted the uniform MT polarity 

found in the axon (Figure 13). This last piece of data corroborates our model showing 

that active control of nucleation events is required to ensure the formation of a correct 

axonal MT network. Furthermore, it shows that, like in human cell lines, the γTuNA of 

CDK5RAP2 can induce MT nucleation by the γTuRC. From these data one could 

hypothesise that CDK5RAP2 may have an important role in the establishment of 

neuronal MT network. Still, whereas CDK5RAP2 plays a critical role in division of neural 

progenitors as shown by the association between mutations in its gene and the 

development of primary microcephaly (reviewed in 199), its role in neuronal cells remains 

to be studied. CDK5RAP2 is strongly downregulated during brain development and in 

the mouse cortex it is only detectable in young developing neurons (that co-stain for β3-

tubulin) but not in more mature neurons (that stain for the neuronal marker NeuN)293. 

Therefore, in case there is any role of CDK5RAP2 in regulating the neuronal MT network, 

it is most likely restrained to early stages of neuronal development. 

An interesting difference between the mechanism of augmin-mediated MT nucleation 

identified in the axon and the one previously described in the mitotic spindle is the 

requirement of the γTuRC subunit GCP-WD/NEDD1 for augmin-γTuRC interaction. In 

mitotic cells, targeting of the γTuRC to the lattice of pre-existing MTs requires 

interaction between the augmin subunit HAUS6 with NEDD1105,121,294. In contrast, work 

from our laboratory shows that, in neurons, NEDD1 plays no role in augmin-mediated 

nucleation at the axon175.  This is not unexpected as NEDD1 (which stands for Neural 

Precursor Cell Expressed Developmentally Down-Regulated Protein 1) is strongly 
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downregulated during neuronal maturation. Interestingly, work performed in 

Arabidopsis showed that, in the cortical MT array of interphase cells, depletion of 

GCP-WD/NEDD1 strongly favours the formation of MT branches with a decreased angle 

(more parallel)295. Based on these experiments, I hypothesise that, in neurons, 

downregulation of GCP-WD/NEDD1 may favour the formation of shallow branch angles, 

further promoting the formation of highly bundled MT arrays in axons and dendrites. 

Still, it remains a puzzle how, in the absence of NEDD1, the augmin complex recruits the 

γTuRC to the lattice of pre-existing MTs. 

In the future, it would also be interesting to test if augmin has any role in the 

establishment of the original uniform MT polarity of primary neurites or if it is also 

involved in axon specification. 

 

Role of augmin-mediated microtubule nucleation in the establishment of the 

dendritic microtubule network 

In this thesis I show that the role of the augmin complex in establishing the neuronal MT 

network is not restricted to the axon but is also relevant in the context of dendritic 

development. 

Our data show that augmin depletion in 4DIV neurons causes, not only a decrease in the 

total MT density in young dendrites, but also a decrease in stable MTs, as seen by a 

reduction in the fluorescence intensity of acetylated-α-tubulin (Figure 14a,b,c). Finally, 

these MT defects cause a delay in the development of these young dendrites and a 

reduction in dendritic arborization (Figure 15). 

Whereas in the axon almost all MTs are arranged with their (+)-ends towards the tip, in 

dendrites there is a mixed MT polarity. Therefore, we were interested in studying if 

augmin would be involved in mediating the generation of MTs of either orientation. 

With that purpose, and similarly to the experiments performed in the axon, we took 

advantage of the EB-comet assay to access MT polarity in augmin-depleted dendrites. 

We observed that depletion of either HAUS7 or HAUS1 did not cause any significant 
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effect on the dendritic MT polarity (Figure 14d,f). On the other hand, a reduction in the 

density of EB-comets (which we take as a readout for reduction in nucleation events) 

was observed when either of the shRNAs were used (Figure 14d,e). These results are in 

agreement with a study published last year in Cell Reports showing that, in more mature 

12DIV neurons, HAUS6 depletion doesn’t have any effect on MT polarity at the dendrites 

but causes a reduction in the amount of dynamic MTs (EB-comets) and a reduction in 

total MT density and dendritic growth291. In both axons and dendrites, augmin 

depletions led to a reduction in the total MT density. However, whereas in axons augmin 

depletion had no effect on the density of EB-comets and on the density of stable 

acetylated-MTs, in dendrites, augmin depletion caused a decrease in both. One 

possibility is that in axons, where MTs stabilization is overall more stable, augmin 

depletion activates the MT stabilising machinery (like MT stabilization by tau), 

counteracting the reduction in the total amount of MTs observed in this condition. 

Despite these differences, our data support that, in both axon and dendrites, augmin 

acts by amplifying a pre-existing MT polarity. 

Several studies have implicated augmin in the establishment of MT bundles of uniform 

polarity118,296. One possible consequence of the mechanism proposed in this thesis is 

that, in dendrites, augmin-mediated MT nucleation leads to the formation of individual 

bundles of uniform MT polarity with either their (+)-ends pointing towards the soma or 

the tip of the dendrites. Indeed, this hypothesis is sustained by recent advances in the 

ultrastructure of the dendritic MT architecture showing that, in this cellular 

compartment, MTs associate into individual uniform polarity bundles with either their 

(+)-ends oriented towards the tip of the dendrite or with their (+)-ends oriented towards 

the soma. Interestingly, bundles with MTs of opposite orientation carry different 

posttranslational modifications (PTMs) that mediate the binding of motor proteins only 

to MT bundles with a specific oritentation161.  

However, it remains unclear how, during dendritic development, the initially uniform 

(+)-end out MT polarity in young primary neurites is disrupted and what is the origin of 

the soma-directed (+)-end dendritic MTs. One possibility is that MTs nucleated in the 

soma, in the centrosome or at the cytosol (depending on whether the centrosome is still 
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an active MTOC) are subsequently released from their nucleation site and transported 

into dendrites with their (-)-ends leading by motor proteins like KIF23297,298. 

Our data brings new insights into how neurons maintain their acentrosomal MT network 

by amplifying pre-existing MTs in a mechanism mediated by augmin. However, there are 

still many unresolved questions regarding the mechanisms underlying augmin-mediated 

MT nucleation, for example: (1) how does the augmin complex target the γTuRC in the 

absence of GCP-WD/NEDD1; (2) how is the binding of augmin to pre-existing MTs and 

to the γTuRC regulated and (3) which molecular players are involved in γTuRC activation 

in these cells? 

Results obtained from Xenopus egg extracts show that RanGTP and its effector TPX2 can 

induce augmin-dependent MT branching111,115. Indeed, recent studies in young 

hippocampal neurons show that TPX2 depletion inhibits neurite growth and that there 

is RanGTP accumulation at the soma and at the tip of young neurites299. Therefore, the 

authors hypothesised that RanGTP accumulation induces TPX2 activation and 

consequently induction of MT nucleation at specific subcellular locations in post-mitotic 

neurons. However, whether this mechanism is dependent on the augmin complex and 

how is this RanGTP accumulation achieved in a context where the nucleus is intact is still 

unclear. 

In addition, different studies show that binding of the augmin complex to pre-existing 

MTs can be regulated by phosphorylation of HAUS subunits. For example, 

phosphorylation of HAUS8 by Aurora-A has an impact on the capacity of the augmin 

complex to bind to pre-existing MTs300. Similarly, phosphorylation of HAUS6 by Plk1 

promotes binding of the augmin complex to spindle MTs294. Indeed, data from our lab 

show that in WB using neuronal and brain lysates, a HAUS6-specific antibody show 

multiple specific bands with different sizes175. This can also be seen in Figure 12b. 

Interestingly, these bands are differentially expressed during development. One 

possibility is that these different bands correspond to different phosphorylation forms 

of HAUS6. However, this hypothesis remains to be tested. In the future it would be 
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interesting to study whether regulation of augmin-dependent MT nucleation in axons 

and dendrites can also occur through phosphorylation of HAUS subunits. 

 

The augmin complex is essential for division in neuroprogenitors during 

mouse brain development 

Proper brain development requires tight control of rapid division of neural progenitors 

and neuronal differentiation, migration and maturation, among other processes. This 

complex succession of events makes the brain a very good model to study the 

requirement of specific proteins for both mitotic and post-mitotic processes in the 

context of a tissue. 

Augmin-dependent MT nucleation is important for mitotic spindle assembly and, as 

shown in the first chapter of this thesis, it plays a critical role in neuronal development 

in vitro. Therefore, we decided to evaluate if augmin plays a similar role during mouse 

brain development. With that purpose we generated three cKO mouse strains where 

Haus6 gene deletion is triggered under control of different gene promotors expressed 

at specific stages of brain development. In this thesis, I focused on the study of Nestin-

Cre and Baf53b-Cre Haus6 cKO mice with a stronger emphasis on the first one. 

The Nestin gene encodes for an intermediate filament protein that is expressed during 

early mouse brain development in neuroepithelial cells and radial glial cells and, after 

birth, in neural stem cells301. Therefore, mice expressing the Cre-recombinase under the 

control of a Nestin gene promotor are widely used to induce cKO in neuroepithelial cells 

and all its progeny in the brain. Different studies show that the Tg(Nes-cre)1Kln mouse 

strain used in this thesis induces Cre/LoxP recombination in the neuroepithelia of the 

prosencephalon, mesencephalon, rhombencephalon and spinal cord from ~e10. At 

e15.5, it has been shown that recombination has occurred in cells from all cortical 

layers302–304. Still, another study proposes that in these mice recombination occurs at 

much lower rates during embryogenesis305. Furthermore, one should take into account 

that analysis of this and other Nestin-Cre mouse strains reveals that Cre/LoxP 
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recombination under control of Nestin promotor can also occur in other tissues, like 

progenitor cells of the kidney or in the germline214,219. Indeed, we obtained some 

Haus6fl/ko Cre- and Haus6wt/ko Cre- mice (this is, mice where full recombination has 

occurred in one allele even though Cre-recombinase was not expressed) (Table 3 – other 

genotypes) as a result of crosses between Haus6fl/wt Cre- and Haus6fl/wt Cre+ animals. 

These unexpected genotypes confirm that, in our mouse model, Cre/LoxP 

recombination can also occur in the germline of mice carrying both floxed Haus6 and 

Cre-recombinase alleles. Animals carrying these unexpected genotypes were discarded 

from the study. 

One of the main obstacles that I experienced in this project was to validate HAUS6 

depletion in Haus6 cKO mice. Our main strategy was to validate HAUS6 depletion by 

immunofluorescence (IF) with antibodies raised against HAUS subunits in brain sections 

from cKO mice. Firstly, tests in mouse cell lines showed that, amongst the antibodies we 

had available against HAUS subunits, only the HAUS6 specific antibody works for IF 

experiments in mouse samples. Still, we observed that this antibody only gives a specific 

signal when samples are fixed in cold methanol. During this thesis I tried several 

fixation/histological procedures with brain e13 embryonic samples: (1) fixation with PFA 

followed by OCT embedding and cryosectioning; (2) methanol fixation followed by OCT 

embedding and crysectioning; (3) whole mount IF in methanol fixed brain explants as 

described in306; (4) tissue “snap-freezing” followed by OCT embedding and 

cryosectioning. By the time the present thesis was written, none of these techniques 

revealed satisfactory results, being impossible to visualise the spindle localisation of 

HAUS6 using two different antibodies against this augmin subunit. In the future, other 

strategies will be tested like WB or quantitative real time PCR. Still, and as shown in 

Figure 16b-4th lane, Cre/LoxP recombination is observed in adult mice carrying both 

floxed Haus6 and Cre-recombinase alleles. Similarly, Cre/LoxP recombination has also 

been observed in e13 embryos carrying these genotypes (data not shown). 

Furthermore, most of the phenotypes here described in neuroprogenitors of Nestin-Cre 

Haus6 cKO mice (mitotic delay, mitotic spindle abnormalities, centrosome 

fragmentation and loss of the γ-tubulin signal at the mitotic spindle) are in agreement 
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with augmin-depletion phenotypes described in cell lines104,105. Therefore, we conclude 

that HAUS6 is being depleted in the brain of these mice. 

The only study where the role of augmin during mammalian development was 

addressed shows that full Haus6 KO mice are not viable, with augmin being required to 

cluster the multiple acentrosomal MTOCs found in the first rounds of mitosis of mouse 

development99. Therefore, our study is the first to reveal the in vivo role of augmin in 

mitotic spindle assembly and progression in the presence of centrosomes. 

We observed that Nestin-Cre Haus6 cKO embryos are not viable (Table 3) with the few 

newborn cKO mice identified at P0 being already dead. However, at embryonic day 17 

these embryos were still alive. Therefore, Nestin-Cre Haus6 cKOs most likely die either 

in the last days of gestation or at/right after birth. 

The fact that at embryonic day 17 cKOs are still alive is quite surprising considering their 

major brain defects. In these mice, agenesis of the forebrain (including the cortex, 

thalamus and hypothalamus) and of the cerebellum (Figure 17) is observed at this time 

of embryogenesis. In contrast with the severe brain defects found in cKOs, no apparent 

defects in body size were identified in these mice. Still, and considering that Cre-

recombinase expression in Nestin-Cre mice can also occur in other organs like the 

kidney, it would be interesting in the future to confirm if malformations are observed 

elsewhere. 

A bibliographic research for mouse models with congenital brain malformations 

revealed very few cases where the severity of brain defects is comparable to those 

observed in Nestin-Cre Haus6 cKO mice. Indeed, the majority of cases where most brain 

structures fail to form, resulting in severe anencephaly, derive from defects in neural 

tube closure307. However, this is not the case in our mouse model as neural tube closure 

occurs properly (Figures 17 and 18). Interestingly, the only example which I identified 

where agenesis of most brain structures is not linked to neural tube defects is a mouse 

model where the apoptosis inhibitory gene Survivin is deleted by crossing floxed Survivin 

mice with Nestin-Cre transgenic mice308. Whereas most brain structures initially form, 

at e13 Survivin cKO brains display massive levels of apoptosis and tissue disruption.  
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Similarly, impairment in forebrain development in Nestin-Cre Haus6 cKO mice was 

already evident early during embryogenesis. At 13 days of gestation, lateral cortexes in 

cKO mice are not properly developed. Furthermore, a high amount of pyknotic nuclei is 

observed in the structures that would give rise to the cortical tissue (Figure 18). At this 

embryonic stage, in cKOs, structures that will give rise to the thalamus and 

hypothalamus (and that surround the third ventricle of the brain) are present but show 

a delay in development and an increase in the amount of pyknotic nuclei when 

compared to controls (Figure 18). Skull formation follows the increase in brain mass that 

occurs during neuronal development. However, in e17.5 cKO mice the skull appears 

larger than the defective brain structures (Figure 17c,d). Together with the fact that a 

high amount of pyknotic nuclei is observed in cKO brain tissue, these data already 

suggest that failure in brain development due to loss of augmin in neuroprogenitors and 

its progeny is most likely accompanied by massive apoptosis and loss of brain mass 

embryonically. 

In the work presented in this thesis we found that Haus6 deletion caused an 

accumulation of mitotic neuroprogenitors at the ventricular zone of the third ventricle 

(Figure 19a,b). In these neuroprogenitors we observed an increase pre-metaphase 

mitotic stages with a strong accumulation of cells in prometaphase (Figure 19c,d). 

Therefore, we conclude that there is a mitotic delay in neuroprogenitors dividing in the 

absence of augmin. Our data suggest that this mitotic delay is, at least at some extent, 

caused by defects in spindle bipolarity in dividing neuroprogenitors (Figure 20d,3). 

However, considering the described role of augmin in k-fiber formation123, it is also 

possible that, even in metaphasic neuroprogenitors presenting proper bipolar spindles, 

SAC is not satisfied causing a delay in anaphase onset. 

In agreement with the described functions of augmin in ensuring spindle pole integrity 

during mitosis104, most of the mitotic Haus6 KO neuroprogenitors displayed centrosomal 

PCM fragmentation (Figure 20). It has been proposed that in the absence of augmin, 

mitotic centrosomes fragment due to an imbalance of forces generated at the level of 

spindle microtubules. However, and considering that augmin also localises to centrioles, 

one cannot discard that augmin may also have a more direct role in 
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centriole/centrosome integrity. Centrosomes and cilia (both centriole-dependent 

structures) are thought to be important for basal-apical polarity of radial glial cells 

(RGCs). This idea is supported by the fact that in mouse models with centrosomal or 

ciliary defects in neuroprogenitors (such as Sas4 cKO or Cep63, Eml1 or Arl13b KO 

mice129,200,309–311), these cells show increased detachment from the ventricular surface, 

loss of basal-apical polarity and cell division in more basal layers of the cortex. Similar to 

these studies, in our Nestin-Cre Haus6 cKO, apart from centrosome fragmentation 

during mitosis, there is also an increase in neuroprogenitors dividing in outer cortical 

layers, far from the VZ (Figure 19 and 20). 

The severity of the phenotypes observed in Nestin-Cre Haus6 cKO were quite stunning 

considering that analysis of augmin mutants by other groups in vivo in flies and zebrafish 

has only revealed relatively milder defects. Indeed, in studies with Drosophila, null 

mutants for two different augmin subunits (Wac and Msd1) don’t cause any apparent 

developmental defects apart from female infertility. However, and as mentioned in the 

introduction of this thesis, the requirement of augmin for female fertility may arise from 

the fact that in Drosophila oocytes meiosis-I takes place in the absence of centrosomes. 

Comparison between these Drosophila mutants and our Nestin-Cre cKOs would suggest 

that the mechanisms involved in spindle assembly are different between these species. 

However, similarly to expression of augmin mutants, centrosome loss doesn’t cause 

major brain defects177 in Drosophila suggesting that the centrosome doesn’t play a 

critical in spindle assembly in neuroprogenitors this species. One possibility is that, in 

clear contrast to observations in Drosophila S2 cells where TPX2 doesn’t play a major 

role in spindle assembly in mitosis116, the major spindle assembly pathway in Drosophila 

neuroprogenitors is the chromatin-mediated pathway. Another possibility is that, in 

opposition to what happens in mice, there is a strong redundancy between spindle 

assembly pathways in Drosophila neuroprogenitors.  

Previously published mouse models show that both reduced and increased87 

centrosome number in neuroprogenitors lead to microcephaly but not forebrain 

agenesis. In one study, centrioles were depleted from neuroprogenitors by deletion of 

the centriole-biogenesis gene Sas4 under control of a Nestin promotor200, as in my thesis 
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work. Nestin-Cre Sas4 cKO mice developed microcephaly, due to prolonged mitosis and 

apoptosis in neuroprogenitors. Similarly to Sas4 cKO mice, full Cep63 KO mice also 

develop microcephaly309. CEP63 is required for timely centriole duplication and Cep63 

KO mice have neuroprogenitors displaying monopolar spindles and acentriolar spindle 

poles, leading to a delay in mitosis and triggering of p53-dependent cell death. The fact 

that Haus6 deletion in neuroprogenitors leads to more severe proliferation defects than 

centrosome loss may suggest that the augmin pathway is crucial for spindle assembly in 

these cells and cannot be compensated for by chromatin or centrosome-mediated 

nucleation. Alternatively, we can also hypothesise that the differences in the severity of 

the phenotypes observed with the two models (Haus6 and Sas4 cKO) are due to 

differences in the kinetics of augmin and centrosome loss in the tissue. 

The critical role of γ-tubulin and other γTuRC subunits for proper human brain 

development has been revealed by the fact that individuals carrying mutations in 

TUBG1, TUBGCP2, TUBGCP4, TUBGCP5, and TUBGCP6 genes display a wide-spectrum of 

congenital malformations of cortical development including microcephaly and 

lissencephaly-pachygyria syndrome. In contrast, to my knowledge, there is no case 

where human patients carrying mutations in genes encoding for augmin subunits 

present similar phenotypes. Therefore, and considering the severe brain development 

phenotypes observed in Nestin-Cre Haus6 cKO mouse models, it would be very 

interesting to perform a study where the presence of mutations in augmin subunits is 

evaluated from samples from patients suffering from malformations of cortical 

development.  

Another interesting questions that arises from this mouse model is why the forebrain 

and cerebellum are particularly affected by Haus6 deletion in comparison to other brain 

structures of the mid and hindbrain. Whereas to my knowledge there is no bibliographic 

data to support it, one could hypothesise that Cre/LoxP recombination occurs at 

different rates in different brain regions during brain development. Another possibility 

is that progenitors from different brain regions are differentially susceptive to spindle 

defects or to Haus6 deletion. In the future it would be interesting to address this issue 
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by analysing if mitotic defects can also be found in neuroprogenitors from other regions 

of the brain of cKO embryos. 

 
 
 
Haus6 deletion leads to mitotic delay and induction of the p53 pathway in 

neuroprogenitors 

p53 is a well-known tumour suppressor gene involved in inducing cell cycle arrest and 

apoptosis in response to abnormal proliferative signals or stress signals (e.g. DNA 

damage).  The pathway through which p53 promotes apoptosis involves transcriptional 

regulation of target genes as well as transcription-independent functions of p53 that 

culminates, in some cases, in activation of the Bax/Apaf-1/caspase-9/caspase-3 

mitochondrial death pathway312,313. 

A recent study showed that, by increasing mitotic duration using drugs that interfere 

with spindle assembly, both cell fate and survival of cycling radial glial cells are 

affected222. In this study authors used organotypic brain slices and in vitro cultured 

neuroprogenitors and proved that induction of mitotic delay leads to an increase in 

neurogenic cell divisions (both symmetric and asymmetric) and to an increase in 

apoptosis in the progeny of these divisions. Their results suggest that whereas a mild 

increase in the mitotic duration simply induces neurogenic division, longer mitotic 

duration lead to both neurogenic division and apoptosis in daughter cells. Furthermore, 

it was observed that p53 KO was sufficient to prevent apoptosis. While the molecular 

pathway that link mitotic duration to differentiation or apoptotic cell death are not very 

clear, these findings provide new insights into the mechanisms involved in the 

development of microcephaly in patients with mutations in centrosomal and spindle-

associated proteins. In fact, in both microcephaly mouse models described earlier 

(Nestin-Cre Sas4 cKO and Cep63 KO mice) p53 KO is sufficient to rescue both cell death 

and microcephaly phenotypes. However, Sas4 cKO mice develop hydrocephaly due to 

the complete lack of centrioles (and thus cilia) in multi-ciliated ependymal cells, 

responsible for moving the cerebrospinal fluid. 
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Like in these other mouse models, Nestin-Cre Haus6 cKO showed an increase in cells 

with increased p53 and cleaved caspase-3 expression (Figure 21a,b,c). Compared to the 

referred studies, in our mouse model the increase in the amount of p53 and cleaved 

caspase-3 positive cells was much higher, with massive cell death taking place in the 

tissues surrounding the third ventricle. Most of these p53 and cleaved caspase-3 positive 

cells lie in apical regions of the tissues that would give rise to the thalamus and 

hypothalamus. Indeed, p53 and cleaved caspase-3 positive cells are mostly found in 

regions that don’t show immunofluorescence staining for the neuronal marker β3-

tubulin and are not found in mitotic cells. This suggests that Haus6 depleted 

neuroprogenitors can complete mitosis and only then activate the apoptotic cell death 

program through a p53-dependent pathway. Indeed, we have observed that almost all 

cells overexpressing p53 also express the neural progenitor marker PAX6, proving that 

most of the p53-dependent cell death occurs in neural progenitors (Figure 21d,e). Still, 

we cannot discard that, at least to some extent, cell death in post-mitotic neurons might 

occur.  

In the future it would be interesting to perform experiments to properly trace the 

progeny of neuroprogenitors dividing in the absence of Haus6. This would allow us to 

address if there is still neurogenesis in the forebrain of cKO embryos at e13.5 or if all the 

neuroprogenitors that divide in the absence of Haus6 undergo apoptosis. Furthermore, 

it remains to be tested if deletion of p53 in nestin-Cre Haus6 cKO mice is also sufficient 

to rescue the cell death phenotype and potentially brain development and lethality. 

 

Haus6 deletion under control of a Baf53b promotor leads to mild brain 

phenotypes but a strong impairment in the development of the exocrine 

pancreas 

In order to study the role of augmin during neuronal differentiation we decided to cross 

floxed Haus6 mice with mice expressing Cre recombinase under control of the Baf53b 

gene217. Among the commercially available Cre-expressing transgenic mouse strains we 

chose this one as it was shown to induce strong Cre-induced genomic recombination in 
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the developing brain, embryonically and very specifically in neurons. Furthermore, it 

was shown to induce recombination in neurons of the peripheral nervous system in the 

eye, olfactory epithelium, tongue and skin and of the enteric nervous system in the 

intestine217. 

Interestingly, Cre-induced recombination was also present in the pancreatic islets. This 

is not the first example of a neuron-specific gene which is also expressed in pancreatic 

islets and, more specifically, in β-cells (the most abundant cell type of pancreatic islets, 

which is responsible for insulin production). Indeed, even though neurons and β-cells 

arise from different germ layers, they both express a similar subset of differentiation 

markers314,315. This similarity in gene expression was shown in a genome-wide mRNA 

expression screening performed in humans and rodents where it was found that 15% of 

the cell-specific genes expressed in β-cells are also expressed in neuronal tissues where 

they code for proteins involved in neurotransmitter transport, synaptic vesicle 

formation and brain development316. 

Analysis of the brain of 2-month-old Baf53b-Cre Haus6 cKO mice didn’t reveal any major 

brain abnormality but a small but significative reduction in brain size (measured by brain 

weight) and in cortical thickness when compared to controls (Figure 24b,c,d,). We 

hypothesized that this small decrease in brain weight and cortical size could be caused 

by an increase in apoptosis in cKO brains. Nevertheless, preliminary data obtained by 

me showed no increase in cells expressing the apoptotic marker cleaved caspase 3 in 

brain sections from both 2-month-old and newborn cKO mice. One hypothesis is that, 

by limiting dendritic and axonal growth (as we have seen in our in vitro studies), Haus6 

deletion may cause a reduction in the neuronal mass, leading to a reduction in both 

brain weight and size. Still, further experiments would be needed to validate this 

hypothesis. 

A recent study shows that injection of a shRNA against HAUS6 into the ventricle of the 

developing mouse brain causes mild defects in neuronal polarization and, consequently, 

on radial migration of cortical neurons in vivo291. However, analysis of Baf53b-Cre Haus6 

cKO mice did not reveal any significative differences in the formation of neuronal cortical 
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layers (Figure 24e,f). Still, the use neuronal markers for specific cortical layers would be 

required to confirm these results. 

One possible interpretation of our results is that proper depletion of HAUS6 levels in 

Haus6 deleted neurons only occurs once cells have already polarised and started 

migrating or have finished migrating towards their final destinations in the cortex. 

Therefore, it would be important to determine the exact timing of HAUS6 depletion and 

weather it occurs, before, during or after neuronal migration. For that, confirming Haus6 

deletion at a single cell levels in IF experiments would be very useful. 

However, it is very important to be cautious when interpreting the results obtained in 

the brain of Baf53b-Cre Haus6 cKO mice. These cKO mice present: (1) strongly decreased 

growing curves after weaning (Figure 22a,b,c); (2) increase in water consumption; (3) 

severe atrophy in pancreatic islets (Figure 23a) where insulin production takes place and 

(4) severe hyperglycaemia (Figure 23b). All these symptoms support that Baf53b-Cre 

Haus6 cKO mice develop diabetes type-1 where insulin production is impaired by 

defects/disruption of pancreatic islets317. Several studies have reported a correlation 

between de-regulation of blood glucose levels and small brain atrophy in patients 

suffering from type 1 diabetes318–321. Therefore, one must consider the hypothesis that 

the small but significant brain atrophy found in Baf53b-Cre Haus6 cKO mice is not caused 

by Haus6 deletion in the brain per se but is rather a side effect of abnormal glucose levels 

in these diabetic mice. 

How may Haus6 deletion affect pancreatic islet formation? 

Formation of the endocrine pancreas starts around day e12.5-e13.5 with endocrine 

progenitors giving rise to the different cell populations that will compose the future 

pancreatic islets (α-cells, β-cells, PP-cells and δ-cells)322,323. Then, differentiated 

endocrine cells migrate towards the mesenchyme of the pancreas, where they cluster 

and give rise to proto-islets. It is important to mention that in these proto-islets 

endocrine cells already express differentiation markers like insulin (in β-cells) and 

glucagon (in α-cells)324,325. During the late stages of embryogenesis and in neonatal 

stages differentiated β-cell found in proto-islets can also re-enter the cell cycle 
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promoting expansion of the β-cell population in these pancreatic structures.326–329. 

Indeed, it has been shown that in the developmental stages proliferation of 

differentiated β-cells is the major mechanism contributing to pancreatic islet growth330. 

Consequently, it is not unlikely that perturbances in mitotic progression in these cells 

would strongly affect the formation of pancreatic islets and lead to deficits in insulin 

production. Here, I hypothesize that Haus6 deletion in differentiated β-cells of Baf53b-

Cre cKO may lead to mitotic defects once these cells re-enter the cell cycle during late 

embryogenesis and neonatal stages. Strong mitotic defects as the ones observed in 

Haus6 KO neuroprogenitors would cause failure in islet expansion and consequently 

affect insulin production, culminating in the development of diabetes in the cKO mice. 

Therefore, in the future it would be very important to test this hypothesis and evaluate 

if in newborn mice mitotic and cell survival defects are found in the pancreatic islets of 

Baf53b-Cre Haus6 cKO mice. These results would have a strong implication in our study 

since they would show a clear mitotic requirement of augmin in vivo in other cell types 

rather than neuroprogenitors, which are known to be particularly sensitive to spindle 

defects. 

Apart from defects in pancreatic islet development other tissues were also severely 

affected in Baf53b-Cre Haus6 cKO (Figure 25).  Some of the observed phenotypes 

(reduction in hepatocyte size and muscle atrophy) may be explained by the 

development of diabetes in these mice and consequent impairment in glucose uptake 

by these tissues. On the other hand, a direct link between diabetes and other 

phenotypes (spleen atrophy, hydronephrosis, cecum enlargement and disruption of the 

mucosa in the cecum) is less clear. 

Hydronephrosis is characterised by an enlargement of the kidney as a result of urine 

accumulation in the renal pelvis or calyces. In contrast with other types of 

nephropathies, hydronephrosis has not been implicated as a side effect of diabetes331. 

Hydronephrosis is often caused by static anatomic occlusion (e.g., by stones) or by 

failure in peristaltic mechanism, responsible for propelling urine in the kidney pelvis and 

ureter332. Whereas different studies show that peristalsis in the ureter can occur in the 
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absence of neural innervation, activity of the autonomous nervous system has been 

implicated in modulation of peristaltic movements in this organ333. Furthermore, 

bladder disfunctions have also been linked to the development of hydronephrosis334. 

One of the hallmarks of diabetic patients is the development of neuropathy in neurons 

from the autonomous nervous system (which is essential for bladder function)335. 

Therefore, we hypothesize that hydronephrosis may arise from disruption of the 

autonomous nervous system in the urinary tract of Baf53-Cre Haus6 cKO mice because 

of diabetes. 

Similarly, diabetic neuropathy can also result in abnormalities in intestinal motility due 

to disruption of reflex and sensory pathways that control gastric and intestinal function. 

In the intestine it can result in diarrhoea, constipation, intestinal distention and 

abdominal pain336. Therefore, distention and enlargement of the cecum (and 

consequent atrophy of the mucosa of the cecum) may also be a consequence of loss of 

motility due to diabetic autonomic neuropathy in Baf53b-Cre Haus6 cKO mice. 

To distinguish between neuronal dysfunction caused by Haus6 deletion in the 

autonomic nervous system and neuropathy caused by diabetes, an important 

experiment would be to determine which of these phenotypes can be rescued by 

administration of insulin to Baf53b-Cre Haus6 cKO mice, to promote glucose uptake by 

the different tissues and restore normal blood glucose levels.  
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Analysis of the γTuRC interactome by performing a GCP3 pulldown followed by MS 

Considering that MT nucleation in neurons is still poorly characterized, an additional 

goal in this thesis was to identify the γTuRC-associated proteome in neurons, with the 

hope of discovering potential regulators.  

Among the 54 proteins significantly enriched in GCP3 immunoprecipitates were the 

γTuRC subunits γ-tubulin, GCP2, GCP3, GCP4 and MZT2/GCP8 as high confidence 

interactors, which validated my approach (Table 4). While GCP5 and GCP6 were not 

identified in the MS data, the γTuRC subunit GCP4 was present suggesting that the 

samples indeed contained γTuRC and not only γTuSC subcomplexes.  

Curiously, and even though we had previously identified HAUS6 in GCP3 IPs from lysates 

of mouse neuron primary cultures175, none of the augmin subunits was included in the 

candidate list obtained by mass spectrometry. A possible explanation may be the 

technical differences in the experiments: (1) the lysis buffers used were considerably 

different; (2) the elution techniques used were also different: in the IP performed in this 

thesis, GCP3 interactors were eluted with high pH ammonium buffer instead of sample 

buffer. Sample buffer has a high concentration of SDS and reducing agent and thus is 

incompatible with MS analysis, but elutes proteins more efficiently.  

A Gene Ontology (GO) analysis was performed in order to obtain a better understanding 

of the types of proteins identified by MS. Not surprisingly, we observed enrichment in 

proteins that form part of the γTuRC and localise to the spindle or to MTOCs like the 

centrosome (Table 5 and 6). Considering the localisation of GCP3 at these subcellular 

localisations, this piece of data confirms that our IP worked well and may give us reliable 

results on GCP3 interactor candidates. 

Interestingly, we observed an enrichment in proteins that localise to pre and 

postsynaptic compartments (Table 5). Evidence of MTs playing a role in the 

development and function of dendritic spines is quite recent. It has been shown that 

dynamic (tyrosinated) MTs are able to invade dendritic spines and that an increase in 

MT invasion correlates with an increase in neuronal activity, spine formation and 
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synaptic plasticity337,338. Whereas several MAPs like EBs and MAP6 have been found to 

localise to dendritic spines, no function of the γTuRC has ever been reported in these 

structures339,340. While these results may look interesting one needs to consider that  

these IP experiments were performed with lysates from 7DIV primary cortical cultures, 

a stage where neurons present little amounts of dendritic spines134. Even though I did 

not further develop this subject in my thesis, it would be very interesting to test if MT 

nucleation occurs in pre and/or postsynaptic compartments at dendritic spines and 

axonal boutons. One possible experiment to validate these proteins as specific γTuRC 

interactors in pre and postsynaptic structures would be to repeat these IP experiments 

in more mature neurons, where a higher density of these structures have already been 

formed. 

14-3-3 proteins are a family of conserved multifunctional regulatory molecules able to 

interact with many signalling proteins. These proteins are highly expressed during brain 

development and have been implicated in several signalling events taking place during 

neurogenesis, neuronal migration and neuromorphogenesis341,342. Amongst the list of 

putative GCP3 interactors identified by MS I found six members of the 14-3-3 family 

(Ywhaz, Ywhag, Ywhal, Ywhaq, Ywhah, Ywhab) as high confidence interactors. Due to 

lack of time, I was not able to validate these candidates as γTuRC interactors. Still, one 

could hypothesise that 14-3-3 proteins could be involved in γTuRC regulation and link 

γTuRC activity to other intracellular cell signalling pathways. 

 

KIF2A and CEP170 interact with γTuRC in cellular extracts from cortical 

neurons 

Amongst the GCP3 interactors identified by MS, I decided to focus my study on KIF2A 

and CEP170. KIF2A is a member of the kinesin-13 protein family which is characterised 

by promoting microtubule depolymerisation at MT ends. What could be the significance 

of the interaction of KIF2A with TuRC? One possibility is that it is an inhibitory factor 

for MT nucleation similar to the role of the microtubule depolymerase MCAK in 

promoting catastrophe in small MT seeds in vitro69. Another possibility is that KIF2A 
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interacts with γTuRC capped MTs, promoting depolymerization at the (-)-end. These 

hypotheses will be discussed further below. 

CEP170 has been identified as a targeting factor for kinesin-13 protein KIF2B to the 

mitotic spindle during mitosis and, more recently, as targeting factor for KIF2A to the 

centrosome during cilia disassembly343,344. Consequently, we wanted to test if it could 

play a role in targeting KIF2A to specific subcellular locations or be involved in 

γTuRC/KIF2A interaction in neurons. Furthermore, CEP170 was one of the GCP3 

interactor candidates with the highest peptide count in the obtained MS list, making it 

a high confidence hit. 

In this thesis I was able to validate both KIF2A and CEP170 as γTuRC interactors in 

neurons with both proteins co-immunoprecipitating with endogenous GCP3 and GCP8 

in 7DIV mouse neuronal extracts (Figure 28a). In the future it would be interesting to 

test if KIF2A and/or CEP170 form stable complexes with the γTuRC. For that, we could 

test if KIF2A and CEP170 co-fractionate with γ-tubulin complexes in a sucrose gradient.  

 

KIF2A interacts with the C-terminal region of GCP8 and with CEP170 

In order to better understand the interaction between CEP170, KIF2A and the γTuRC we 

performed immunoprecipitation experiments from HEK cells expressing GFP-tagged 

versions of KIF2A, CEP170 and different constructs of GCP8. Unpublished data from 

Sabine Klischies, a former PhD student in the lab, had shown that GCP8 binds to the 

γTuRC through interaction between GCP2 and the N-terminal region of GCP8 (aa 1-111). 

On the other hand, the C-terminal region of GCP8 (aa 112-158) alone was not able to 

bind to the γTuRC. 

The experiments presented in this thesis show that KIF2A interacts with CEP170 in 

cellular extracts from HEK cells (Figure 29). At the time when these experiments were 

performed, the CEP170 function in targeting KIF2A to the centrosome during cilia 

disassembly had not yet been described. Preliminary experiments performed with help 

of an Erasmus student at our laboratory (Chiara Paolantoni) showed that in U2OS cell 
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lines CEP170 is required for targeting of KIF2A, but not γ-tubulin, to the interphase 

centrosome. 

We also observed that KIF2A interacts with GCP8 and, more specifically, with the GCP8 

C-terminal region (which does not bind to γTuRC) (Figure 29). Further experiments are 

required to test if the interaction between KIF2A and GCP8 occur in a direct or indirect 

manner. Interestingly, CEP170 was not immunoprecipitated with GCP8 constructs 

suggesting that interaction between CEP170 and the γTuRC occurs through a different 

mechanism than KIF2A-γTuRC interaction. Unexpectedly, neither GFP-KIF2A, nor 

GFP-CEP170 were able to pulldown γ-tubulin. Since in these experiments overexpression 

of protein tagged versions were used, we could hypothesise that the GFP tag of these 

constructs may interfere with KIF2A and CEP170 interaction with the γTuRC. In order to 

test this hypothesis, it would be interesting to test different KIF2A and CEP170 

antibodies and try to perform IP experiments against endogenous KIF2A and CEP170 

proteins. Another possibility is that, in the cytosol, only a small fraction of KIF2A and 

CEP170 is bound to the γTuRC. In the case of KIF2A this is quite likely as it has also been 

shown to interact with MT (+)-ends. 

In his thesis Artur Ezquerra performed experiments where he depleted either GCP8 or 

KIF2A from RPE1 cells and performed MT regrowth experiments to analyse MT 

nucleation in the absence of these proteins. He observed that after MT 

depolymerisation using a cold treatment, MTs regrow faster from both the centrosome 

and Golgi Apparatus in cells lacking GCP8 or KIF2A. These data suggest that both GCP8 

and KIF2A act as negative regulators of MT nucleation at both the centrosome and the 

Golgi apparatus. 

During MT nucleation in vitro, MCAK functions as negative regulator by promoting 

catastrophe events in small MT seeds69. However, it is still unclear whether it also has 

this function in the context of nucleation by γTuRC. In addition, this same study shows 

that TPX2 and XMAP215, due to their activities as anti-catastrophe factor and MT 

polymerase, respectively, stimulate templated MT nucleation. I propose that KIF2A may 

act, like the proposed function of MCAK, as a negative regulator of MT nucleation by 
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γTuRC. On the other hand, CEP170 may act as a targeting factor of KIF2A to different 

subcellular locations where inhibition of MT nucleation is required. However, to confirm 

these hypotheses, further experiments are required. 

Structurally, kinesin-13 proteins are characterised by the presence of a NECK domain 

(comprising aa 153-223 in human KIF2A) and a degenerated motor domain (comprising 

aa 553-706 in human KIF2A). Both domains are required for efficient MT 

depolymerisation activity of KIF2A345. Crystal structure of monomeric KIF2A in complex 

with α/β-tubulin heterodimers show that both NECK and motor domains interact with 

the lattice of consecutive tubulin heterodimers346. It was proposed that this interaction 

promotes the insertion of the loop L2 region (which constitutes the ATPase domain of 

the motor domain) between the two α/β-tubulin dimers and promotes MT bending and 

consequent depolymerisation in an ATP-dependent manner. As future perspectives for 

this project, it would be interesting to map the region (or regions) of KIF2A that interact 

with the γTuRC. Ideally, these data would allow us to generate a KIF2A mutant which 

can induce MT depolymerisation at the (+)-end but is unable to interact with the γTuRC. 

Testing if this mutant can rescue MT regrowth phenotypes observed after KIF2A 

depletion would be very informative to understand the relevance of γTuRC/KIF2A 

interaction for MT formation. 

 

Role of KIF2A and CEP170 in neuronal development 

Whereas different studies have shown the relevance of KIF2A during neuronal 

development, CEP170 has never been described in this cell type. In this thesis we show 

that, like KIF2A, CEP170 is expressed during early stages of development of mouse 

hippocampal neurons (from 1 to 7 DIV) (Figure 28b). Curiously, the immunoblot against 

KIF2A showed the expression of bands with different sizes that are differentially 

expressed during neuron differentiation. This observation could be explained by 

differential expression of different KIF2A isoforms. This is the case, for example, for the 

KIF2Aβ isoform which was shown to be expressed during specific stages of hippocampal 

development347. On the other hand, these different band sizes could also be explained 
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by differential phosphorylation which, depending on the amino acid where the 

posttranslational modification occurs, were shown to either induce or decrease KIF2A 

activity and, consequently neurite outgrowth348. However, both hypotheses were not 

tested in this thesis. 

When performing an immunostaining with specific antibodies against CEP170 and KIF2A 

we observed that, in young 2DIV neurons both proteins localise to the centrosome and 

give a diffuse staining in the soma, dendrites and axon. Interestingly, both antibodies 

stained a subset of axonal growth cones, showing an enrichment of both CEP170 and 

KIF2A in the region preceding and at the central region of the growth cone (Figure 30). 

As mentioned during the introduction of this thesis, MTs at the central zone of the 

growth cone are highly tyrosinated and dynamic. On the other hand, very stable MTs 

are found in the region preceding the central region of the growth cone. Previous studies 

showed that KIF2A localises to the tip of neurites in mouse cortical neurons349,350. 

Furthermore some studies suggest that KIF2A is able to bind to tyrosinated MTs351. Since 

dynamic tyrosinated MTs are particularly enriched at the growth cone352, the 

mechanism through which KIF2A slows down axonal growth may be trough inducing MT 

depolymerization at these cellular locations. This mechanism becomes particularly 

important for controlling extension of axon collateral branches. 

During axonal development, neurons extend long primary axons toward targets in order 

to form appropriate neuronal connections. Apart from the primary axon, neurons also 

establish connections with multiple targets by growing axonal collateral branches. 

However, while the growth cone of the primary axon is actively extending, growth of 

small collateral branches is inhibited until conditions require them to extend (discussed 

in 251). KIF2A activity has been strongly implicated in this process since Kif2a KO neurons 

show aberrant axonal branching due to overextension of collateral branches251,349. Kif2a 

KO mice are not viable and die early after birth presenting defects in migration of cortical 

neurons and overextension of axonal extensions251. A recent study shows that cKO of 

Kif2a induced by tamoxifen administration leads to dendro-axonal conversion and 

development of aberrant axonal extensions in hippocampal neurons. This leads to 

defects in hippocampal wiring with cKO mice presenting signs of epileptic hippocampus253. 
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In order to understand what the role of CEP170 for axonal development is we designed 

two different shRNAs against the mouse CEP170 (Figure 31a). Interestingly, we observed 

that, similarly to Kif2a KO neurons described in the literature, CEP170 depleted neurons 

presented an increase in axonal growth (with one of the shRNAs used) and an increase 

in the amount of long axonal collateral branches (Figure 31b,c,d,e). Therefore, since 

both CEP170 and KIF2A show similar subcellular localisations and its depletion show 

similar phenotypes, I speculate that the role of KIF2A in controlling growth of axon 

collateral branches could be linked to CEP170. Considering that CEP170 is a KIF2A 

interactor and that, in mitotic cells, it is able to target another kinesin-13 protein (KIF2B) 

to spindle MTs, one can even speculate that CEP170 could be the targeting factor of 

KIF2A to the growth cone of axon collateral branches. In order to test this hypothesis, it 

would be crucial to test if there is any displacement of KIF2A from the growth cone in 

CEP170 depleted neurons. 

Another question that remains to be answered is whether the phenotypes observed for 

KIF2A and CEP170 depletion are linked to regulation of γTuRC nucleation activity or are 

simply caused by regulation of MT plus-ends. We have never observed accumulation of 

γTuRC at the growth cone in neurons. However, advances in the field have shown that 

regulation of MT nucleation is far more complex than simply concentrating γTuRCs at 

MTOCs and involve, for example, specific regulation by activating factors such asMT 

polymerases of the XMAP215 family67. In analogy to such observations negative 

regulation of γTuRC by KIF2A is equally plausible. 

 

As a final summary, in this thesis we were able to establish augmin-mediated MT 

nucleation as an essential factor for maintaining a proper MT network in both axons and 

dendrites in vitro and for neural progenitor division during mammalian brain 

development in vivo. Furthermore, our data provides new insights into the regulation of 

MT nucleation in neurons by proposing KIF2A and CEP170 as two new γTuRC interactors 

(and potential regulators), which repress the growth of axonal collateral branches.
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The major conclusions of this thesis are the following: 

 Depletion of γ-tubulin in cultured mouse hippocampal neurons causes a 

reduction in the amount of actively growing dynamic microtubules in the axon. 

 Depletion of augmin in cultured mouse hippocampal neurons impairs axonal 

uniform microtubule polarity with an increase in retrograde microtubules in a 

process dependent on γ-tubulin. 

 Proper targeting of microtubule nucleation in the axon is required to ensure a 

correct microtubule polarity in this cellular compartment 

 Augmin depletion in cultured mouse hippocampal neurons leads to a decrease 

in the amount of dendritic microtubules, including a reduction in the density of 

stable microtubules. 

  Augmin depletion in cultured mouse hippocampal neurons impairs dendritic 

growth and arborisation. 

 Augmin depletion in cultured mouse hippocampal neurons leads to a decrease 

in the amount of actively growing dynamic microtubules in dendrites, with no 

effect on their overall polarity. 

 KO of Haus6 in neuroprogenitors in vivo aborts brain development 

embryonically. 

 KO of Haus6 in neuroprogenitors in vivo causes a mitotic delay in these cells. 

 Haus6 KO causes centrosome fragmentation and spindle defects in mitotic 

neuroprogenitors in vivo. 

 KO of Haus6 in neuroprogenitors leads to induction of the p53 pathway and 

apoptosis. 
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 KO of Haus6 under control of the Baf53b promotor causes atrophy of pancreatic 

islets and development of diabetes type 1 in a mouse model 

 In cultured neurons, CEP170 and KIF2A interact with the γ-TuRC. 

 CEP170 is an interactor of KIF2A. 

 KIF2A interacts with the C-terminal region of the γTuRC subunit MZT2/GCP8. 

 CEP170 depletion in hippocampal neurons leads to an increase in size of axonal 

branches
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