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Abstract 
 

The microtubule cytoskeleton plays essential roles during cell division, 

migration, differentiation, defining cell morphology and organizing intracellular 

transport. The properties of microtubules, such as their stability, polarity and 

dynamics, are spatially and temporally regulated by several factors, including 

post-translational modifications, stabilizing/destabilizing MAPs, motors, 

kinases, phosphatases, etc. 

Many of these factors were identified in cycling cells and particularly 

during mitosis. Nevertheless, some bona-fide mitotic microtubule regulators 

are also expressed in differentiated cells such as neurons. In a neuron, the 

microtubule cytoskeleton is organized differently in axons and dendrites, to 

guarantee a unidirectional transmission of the signal in a neuronal network. In 

axons, microtubules are generally more stable and are oriented with their 

plus-ends growing towards the axon cone, while in dendrites microtubules 

have mixed polarity.  

In the work described in this thesis, we performed an RNAi screen in 

neurons with a short list of mitotic/microtubule – related genes that were found 

upregulated or constantly expressed in a microarray during hippocampal 

neuron differentiation in vitro.  

 In this screen, we found that the mitotic kinase Nek7 regulated axon 

length in immature neurons (5/6DIV). Nek7 depletion generates longer axons, 

and interestingly depletion/absence of Nek6, a kinase that works together with 

Nek7 in mitosis to phosphorylate the kinesin Eg5, generated the same 

phenotype. Eg5 pharmacological inhibition also increased axon length, as 

described by others, suggesting that these kinases are regulating axon length 

through Eg5. However, depletion of Nek9, another kinase form the same 

mitotic module, gave rise to shorter axons, indicating that the whole module is 

not conserved in neurons.  

 In mature neurons (14DIV) Nek7 depletion decreased the total length 

and branching of dendrites and affected dendritic spines, in a kinase-

dependent way. Nek6 and Nek9 had no effect on these morphological 

parameters, but Eg5 inhibition also decreased dendrite length and branching, 
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and spine density. Indeed, co-expression of an Eg5 S1033D phosphomimetic 

but not of a S1033A phosphor-null mutant, rescued the effects of Nek7 

depletion. Furthermore, Nek7 controls Eg5 accumulation in dendrites, in a 

S1033 phosphorylation-dependent way. To explore the mechanisms behind 

these dendritic phenotypes, we analyzed microtubule polarity and stability in 

these dendrites, and observed that Nek7 depletion/Eg5 inhibition increases 

the percentage of retrograde microtubule EB3 comets in the distal parts of the 

dendrite. Additionally, Eg5 inhibition with STLC also increased EB3 comet 

density and decreased tubulin acetylation in dendrites. Ectopic generation of 

excess of microtubules and of minus-end distal microtubules in the distal 

regions of the dendrites by expression of the CM1 domain of CDK5Rap2 also 

gave rise to similar dendritic phenotypes, suggesting that these observations 

are correlated.  

 I also observed that Eg5 inhibition with STLC can counteract the 

effects of KIF23 depletion in terms of dendritic microtubule polarity, a motor 

kinesin that is involved in establishing the mixed polarity microtubule array in 

dendrites. Furthermore, this depends on Eg5 binding to microtubules and on 

its motor function, since FCPT treatment did not rescue KIF23 –depletion 

phenotypes. 

 We suggest a model where Nek7 phosphorylates Eg5 S1033 in 

dendrites, thus mediating Eg5 transport by dynein and accumulation in 

dendritic microtubules via TPX2, by analogy with mechanisms existent during 

mitosis. As expected, I observed that depletion of TPX2 also decreased total 

dendrite length. In dendrites, immobile Eg5 likely crosslinks and stabilizes 

microtubules in parallel bundles, and mobile Eg5 may also help to guide and 

sort microtubules into parallel bundles, and to mediates sliding of antiparallel 

microtubules. It is also possible that Eg5 can regulate the rate of short 

microtubule transport in dendrites, as demonstrated by others in axons. 

Altogether, these functions would promote dendritic growth and branching and 

correct spine formation. 
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Resumen 
 

Los microtúbulos son una componente importante del citoesqueleto, 

esenciales en la división celular, migración, transporte intracelular y 

diferenciación. La polaridad, estabilidad y dinámica de los microtúbulos son 

reguladas por muchos factores, como MAPs (proteínas asociadas a 

microtúbulos), quinesinas, dineínas, quinasas, fosfatasas, entre otros. 

Muchos de estos reguladores fueron descubiertos y caracterizados por 

su función durante la mitosis, pero algunos también están presentes en 

células diferenciadas, como por ejemplo neuronas. Las neuronas dependen 

mucho de la organización de los microtúbulos para su función. En una 

neurona, el axón tiene microtúbulos de polaridad uniforme, mientras que en 

las dendritas la polaridad es mixta, y esto es esencial para la transmisión 

unidireccional de la señal nerviosa. El sistema de diferenciación de neuronas 

hipocampales in vitro se utiliza para estudiar la morfología neuronal y 

funciones del citoesqueleto. En mi trabajo de tesis doctoral, he caracterizado 

la función de una quinasa mitótica, Nek7, como reguladora de la 

diferenciación de neuronas hipocampales. He observado que Nek7, junto con 

Nek6, regula el crecimiento axonal en neuronas inmaduras (5/6DIV). En 

ausencia de Nek7 o Nek6 los axones son más largos, mientras que la 

depleción de Nek9, otra quinasa que funciona en conjunto con Nek6/7 en 

mitosis, genera axones más cortos.  

En neuronas maduras (14DIV), Nek7 controla la morfología de 

dendritas y espinas a través de la regulación de la quinesina Eg5, que 

también es su substrato en mitosis. Los defectos generados por la depleción 

de Nek7 se rescatan con un mutante fosfo-mimético de Eg5 (S1033D) pero 

no con un mutante no fosforilable (S1033A). Además, Nek7 controla el 

reclutamiento y acumulación de Eg5 en la parte distal de las dendritas, a 

través de esta fosforilación. En la base de estos fenotipos encontramos 

problemas en la estabilidad y polaridad de microtúbulos en las dendritas. 

Tanto la depleción de Nek7 como la inactivación de Eg5 aumentan el 

porcentaje de microtúbulos de polaridad reversa en la parte distal de la 

dendrita, y disminuyen la acetilación de microtúbulos, un indicador de 
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estabilidad. Finalmente se presenta un modelo en lo cual Eg5 regula la 

estabilidad, polaridad y deslizamiento de los microtúbulos dendríticos para 

favorecer el crecimiento dendrítico. 
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The microtubule cytoskeleton 

Microtubule structure, polarity, and dynamic instability 
	  
 

The microtubule cytoskeleton comprises one of the three types of 

filaments that compose the cytoskeleton in eukaryotic cells. Together with 

actin filaments and intermediate filaments, microtubules are essential for cell 

division, for cell motility and migration, for intracellular transport, and for cell 

morphology and architecture.   

 The structure and properties of microtubules are key factors for this 

broad range of functions. In physiological conditions inside a cell, a 

microtubule is a hollow cylindrical tube with a diameter of ~25nm, composed 

generally by 13 laterally aligned protofilaments (Tilney et al., 1973). Each 

protofilament is formed by heterodimers of α/β−tubulin in a head-to-tail 

arrangement. These heterodimers can also interact laterally, for the 

microtubule to be assembled (Nogales et al., 1998) (Figure 1). 

The head-to-tail arrangement of α/β−tubulin heterodimers confers an 

intrinsic polarity to microtubules. The microtubule “plus-end” displays the 

β−tubulin subunit, and is more dynamic. The “minus-end” has α-‐tubulin at the 

tip and is generally less dynamic, being commonly capped by other proteins 

or anchored to surfaces in the cell (Akhmanova & Hoogenraad, 2015; Allen & 

Borisy, 1974). The basic building blocks of the microtubule polymer, α-‐tubulin 

and	   β−tubulin, are two closely related tubulin isotypes, both possessing the 

ability to bind GTP. When α-‐tubulin and β−tubulin monomers form a 

heterodimer, α-‐tubulin GTP-binding-pocket gets tucked in the intradimer 

surface, and thus its GTP is non-exchangeable. In contrast, β−tubulin GTP is 

exposed and can be hydrolyzed into GDP. This has consequences in terms of 

conformation, as GTP-bound tubulin has a “straight” conformation and GDP-

bound tubulin assumes a “curved” conformation, remaining however “straight” 

within the microtubule because of interactions with the other dimers (Desai & 

Mitchison, 1998; Downing & Nogales, 1998; Löwe et al., 2001).  
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 In vivo, microtubules are nucleated and then polymerize and grow by 

addition of α/β−tubulin heterodimers at their plus-end. GTP hydrolysis 

accompanies this growth, and therefore the majority of the microtubule lattice 

is composed of GDP-β−tubulin, while a so-called GTP cap remains at the 

growing plus end. However, if GTP hydrolysis occurs faster than the rate of 

tubulin incorporation at the plus end, the change in conformation of the dimers 

at the plus end causes the microtubule to quickly depolymerize and shrink.  

 Therefore, depending on the availability of free tubulin heterodimers 

and on the rate of GTP hydrolysis, microtubule plus-ends can alternate 

between growth and shrinkage phases, a property known as dynamic 

instability (Mitchison & Kirschner, 1984a).	   Even	   in vitro, microtubules can 

assemble spontaneously when the concentration of α/β−tubulin heterodimers 

is above a certain threshold, and also oscillate between growth and shrinkage 

phases in the presence of GTP (Wade, 2009). A transition from growth to 

shrinkage is called catastrophe, while the opposite transition is called rescue. 

Between these phases, microtubules also exhibit a pause phase, during 

which they neither grow nor shrink (Desai & Mitchison, 1997; Mitchison & 

Kirschner, 1984b) (Figure 1). The velocities of growth/shrinkage and the rate 

of catastrophe/rescue are important parameters in regulating the behavior of a 

microtubule population.  

 Despite the high dynamicity at the plus end, tubulin heterodimers can 

also be added or removed at the microtubule minus end. One example of this 

happens during mitosis, as will be discussed further ahead. Nonetheless, the 

microtubule-minus end is more often associated with nucleating and/or 

capping factors. In vivo, formation of new microtubules by spontaneous 

assembly is not favored by the concentration of tubulin heterodimers in the 

cell and thus requires a nucleator. Nucleation provides also a control of 

timing, localization, and directionality of new microtubule assembly (Lüders & 

Stearns, 2007; Teixidó-Travesa et al., 2012).  
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Figure 1. Microtubule structure and dynamic instability. α- and β-tubulin form 
heterodimers that are the structural base of microtubules.  Microtubules are 
composed of 13 protofilaments and have a dynamic plus-end, while the minus end is 
more stable and usually associated to nucleating/capping factors. Microtubule 
polymerization occurs by addition of GTP-bound tubulin heterodimers in a sheet form 
that will then be zipped to form the hollow tube. A catastrophe event occurs when a 
microtubule goes from growing to shrinkage, and fountain-like curved protofilaments 
“peel off”. The depolymerization leads to the release of tubulin heterodimers that can 
exchange the GDP by a GTP and be incorporated into other growing microtubules. 
The end of a shrinkage phase is called rescue. If a microtubule is not growing or 
shrinking it is said to be in a pause state. Inspired from (Akhmanova & Steinmetz 
2008). 

Microtubule nucleation  
 

In eukaryotic cells, the main microtubule nucleator is the γ-tubulin ring 

complex (γTuRC), a multi-subunit complex that includes ~13 molecules of γ-

tubulin, another member of the tubulin superfamily, and a still unknown 

stoichiometry of 5 different γ-tubulin complex proteins, GCP2-6 (P. W. Baas & 

Joshi, 1992; Kollman et al., 2011; Teixidó-Travesa et al., 2012). The GCP2-6 

can associate laterally through their N-terminal domain, and each with one γ-

tubulin molecule through their C-terminal domain (Guillet et al., 2011; Kollman 

et al., 2011). Hence, they organize a lock washer-like structure that is 

proposed to serve as a platform/template for tubulin dimer addition and 

microtubule polymerization, since it resembles the symmetry of a microtubule 

in transversal section (Kollman et al., 2011; Moritz et al., 2000; Yixian Zheng 
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et al., 1995)(Figure 2). In addition to nucleation, γTuRC was proposed to 

function as a stabilizing cap at the minus end.  

To control the timing, location and efficiency of microtubule nucleation, 

other factors associate/cooperate with the γTuRC. One example is the 

targeting protein GCP-WD/NEDD1, which can bind to the γTuRC and attach it 

to the centrosomes or target it to the spindle during mitosis (Haren et al., 

2006; Lüders et al., 2006). Another example is CDK5RAP2, a large 

centrosomal protein which not only targets the γTuRC to the centrosome, but 

has also been described to activate its nucleation activity through a still 

unknown molecular mechanism. CDK5RAP2 contains a CM1 domain, which 

is sufficient to stimulate γTuRC nucleation activity in vitro and in vivo (Choi et 

al., 2010; Z. Wang et al., 2010). Myomegalin, a protein that shares similarity 

with CDK5RAP2, also possesses a CM1 domain and similarly to CDK5RAP2 

it has been described to recruit the γTuRC to the centrosome and to the Golgi, 

and to mediate Golgi-anchored microtubule array formation (Roubin et al., 

2013; Z. Wang et al., 2014).  

Apart from direct regulation of γTuRC, microtubule nucleation may be 

regulated at the level of the nascent microtubule as it starts to form. The 

microtubule-associated protein TPX2, for instance, facilitates microtubule 

growth by acting as an anti-catastrophe factor in the initial stages of 

microtubule nucleation, thus contributing to proper microtubule growth 

(Wieczorek et al., 2015). 

 

 
 

Microtubule 
growth

γTuRC

γ-tubulin β-tubulin
α-tubulin

GCP6

GCP4

GCP2

GCP5

GCP3



Introduction 

29	  

Figure 2. The γTuRC as microtubule nucleator 
The γ-tubulin ring complex is formed by ~13 molecules of γ-Tubulin and GCPs 2-6. It 
serves as a matrix for microtubule growth as γ-Tubulin interacts longitudinally with α 
and β -tubulin heterodimers. Inspired from (Teixidó-Travesa et al., 2012). 

Microtubule organizing centers (MTOCs) 
 
 In cells, microtubule nucleation is spatially controlled and organized by 

structures termed Microtubule Organizing Centers (MTOCs), which nucleate 

and anchor the minus ends of microtubules, allowing the plus ends to grow 

into the cytoplasm (Lüders & Stearns, 2007). In animal cells, the main MTOC 

is the centrosome, but microtubules can be organized from other cellular 

structures, such as the Golgi or even chromatin, depending on the different 

cell types and cell cycle stages, as will be described later on. The centrosome 

is an organelle formed by a pair of centrioles (microtubule-based, barrel-

shaped structures, with a 9-fold radial symmetry) (Bornens, 2002), 

surrounded by a protein matrix known as the pericentriolar material or PCM 

(Figure 3).  

 A cycling cell in G1 has one centrosome with a single pair of centrioles 

(mother and daughter) that duplicate only once during the cell cycle (in 

parallel with the DNA replication) (Cunha-Ferreira et al., 2009; Nigg, 2007) 

giving rise to two centrosomes with a pair of centrioles each. The two 

centrosomes will remain together as a single MTOC until they separate to 

form the two poles of the bipolar mitotic spindle. As with other MTOCs, γTuRC 

accumulates at the centrosome for microtubule nucleation (Lüders & Stearns, 

2007). Thus, cycling interphase cells have their microtubules usually 

organized in a radial array until the onset of mitosis (Fırat-karalar & Stearns, 

2014; Fu et al., 2015).  
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Figure 3. The centrosome 
The two centrioles are barrel-shaped structures composed of 9 microtubule triplets. 
Each centriole duplicates once per cell cycle. In the centrosome, centrioles are 
surrounded by a protein matrix called PCM, that contains γTuRCs and from where 
microtubules are nucleated. 
 

Microtubule organization and regulation in mitosis vs. post-
mitotic neurons - I 
 

The mitotic cell division is a relatively fast process (not more than a 

couple of hours in most mammalian cells), while establishing and remodeling 

the intricate ramifications of a neuron can be a gradual and slow process. 

Nonetheless, both involve regulation of the microtubule cytoskeleton, and it is 

interesting to analyze to which extent these two processes are similar or 

different, in terms of how and where microtubules are generated, organized, 

which microtubule regulators are in place and how they operate. In this thesis, 

I will thus compare both systems in terms of microtubule organization and 

regulation, starting with mitosis, when quick reorganizations of the microtubule 

cytoskeleton must take place to ensure chromosome segregation into the two 

daughter cells. 
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Mitosis 
 

In animal cells, mitosis encompasses several stages: prophase, 

prometaphase, metaphase, anaphase, telophase, and finally the separation of 

the two daughter cells, cytokinesis (Figure 4). The assembly of the mitotic 

spindle is a good example of how the previously described microtubule 

properties and their regulation by microtubule-associated proteins (MAPs), 

molecular motors, and other proteins, are key to the desired organization of 

microtubules in space and time. 

Microtubule organization during mitotic spindle assembly and 
progression 

 

During prophase, the interphase microtubule array disassembles, the 

two centrosomes increase their microtubule nucleation activity (Khodjakov & 

Rieder, 1999) and start to separate, close to the nuclear envelope. Dynamic 

microtubules grow from both centrosomes, which work as two independent 

asters. As the nuclear envelope is disassembled, prometaphase begins. 

Microtubules emanating from both centrosomes, now positioned at opposite 

sides of the cell to function as poles of the forming spindle, invade the region 

of the condensed chromosomes. At the chromosomes’ centromeres, several 

groups of proteins form complex structures termed kinetochores. Microtubules 

coming from each spindle pole will establish connections with the 

chromosomes through attachment to the kinetochores (DeLuca & Musacchio, 

2012). One proposed mechanism for this to occur is the “search and capture 

mechanism” (Kirschner & Mitchison, 1986) through which microtubules 

emanating from the centrosome would grow and shrink until they “find” and 

“capture” a kinetochore. However, this does not seem to be sufficient to 

explain the efficiency of the process in vivo (Wollman et al., 2005), and 

therefore other mechanisms must exist simultaneously. Indeed, non-

centrosomal microtubule nucleation in the vicinity of the mitotic chromosomes, 

triggered by a local high concentration of RanGTP (see below), help in 

establishing microtubule-kinetochore attachments. The interface between 

microtubules and kinetochores is mediated by several protein complexes, 
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such as the Ndc80 complex, the Mis12 complex and the Ska complex 

(amongst others), which stabilize the kinetochore-microtubule interaction and 

are necessary for proper chromosome segregation (Pesenti et al., 2016). 

In metaphase, microtubules are organized in a bipolar spindle-shape 

with their minus-ends focused at the poles and their plus-ends interacting with 

kinetochores, and chromosomes converge and align at the center, in the 

metaphase plate. Stable kinetochore-attached microtubules can form parallel 

bundles called K-fibers, which are more stable than other spindle 

microtubules and generate forces that help in chromosome alignment and 

segregation. (Magidson et al., 2012; Mchedlishvili et al., 2012; Rieder, 1981; 

Waters et al., 1996).  

 A spindle assembly checkpoint (SAC) is in place to ensure that 

kinetochore-microtubule attachments are correct (each sister kinetochore is 

attached to microtubules coming from opposite poles – amphitelic attachment) 

and that chromosome segregation can start. Once the SAC is satisfied, 

anaphase is triggered by the Anaphase-promoting-complex/Cyclosome 

(APC/C), and sister chromatids separate, being pulled to opposite poles. 

Pulling forces exerted by the astral microtubules, a subpopulation of 

centrosomal microtubules that are not kinetochore-attached, but rather 

interact with the actin cytoskeleton in the cell cortex for spindle positioning, 

help in moving the two poles (and consequently the chromosomes) further 

apart from each other (Musacchio, 2015).   

Another antiparallel microtubule array, termed central spindle, is then 

formed between the separating chromosomes. Antiparallel microtubule sliding 

will promote further separation of the chromosomes. This function is regulated 

by the chromosomal passenger complex (composed by the mitotic kinase 

Aurora B, Cdca8/Borealin and Survivin) and also by the mitotic kinase Aurora 

A and TACC3 (Guse et al., 2005; Lioutas & Vernos, 2013). 

At telophase, the separated chromosomes have reached the opposite 

poles and decondense, DNA-bound microtubules depolymerize, and the 

nuclear envelope reforms. In late anaphase cytokinesis is initiated, by 

formation of a contractile ring of actin and myosin that contracts the 

membrane between the two segregated masses of DNA. The microtubule 

bundles of the central spindle will form the midbody when the ring reaches its 
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maximum contraction through telophase, before abcission fully separates the 

newly formed daughter cells (Green et al., 2012). 

  

It is important to note that not only microtubules nucleated from the 

poles participate in the spindle organization. Indeed, the mitotic spindle can 

even assemble in the absence of centrosomes, in plant cells, or if 

centrosomes are disrupted or non-existent (Basto et al., 2006; Khodjakov et 

al., 2000; La Terra et al., 2005). A population of microtubules nucleated 

around the chromosomes, through a mechanism involving a gradient of the 

GTPase Ran associated to GTP (RanGTP), is also essential for the assembly 

of a functional bipolar spindle (Gruss et al., 2001; Heald et al., 1996a; Kalab 

et al., 2002; Karsenti et al., 1984; Meunier & Vernos, 2012). This mechanism 

is not yet fully understood, but it is known to depend on the γTuRC and on 

TPX2 and Aurora A (Brunet et al., 2004; Gruss et al., 2001, 2002; Lüders et 

al., 2006; Pinyol et al., 2013; Scrofani et al., 2015; Wittmann et al., 2000) 

It was proposed that kinetochores can also nucleate microtubules, as 

the γTuRC was detected in these structures. However, it is not clear whether 

microtubules are indeed nucleated at the kinetochore or only stabilized here 

by the aforementioned chromosomal passenger complex (Needleman et al., 

2010; Sampath et al., 2004; Tulu et al., 2006) 

Overall, chromosome-nucleated microtubules are believed to aid the 

centrosome-nucleated microtubules in the “search and capture” process 

(Maiato et al., 2004). 

Finally, microtubules in the spindle can also be nucleated as 

“branches” or “daughter” microtubules, growing from the side of pre-existent 

microtubules, with the same polarity as the “mother” microtubule (Sánchez-

Huertas & Lüders, 2015). This process involves the Augmin/HAUS complex, a 

8-subunit complex which recruits the γTuRC laterally to the lattice of pre-

existing microtubules, with NEDD1 as a mediator between both complexes 

(Goshima et al., 2008; H. Zhu et al., 2008). This mechanism increases 

microtubule density in the spindle, helping to generate forces that promote 

spindle bipolarity and integrity, and chromosome segregation (Figure 4). 
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Figure 4. The microtubule cytoskeleton during mitosis. 

a. In prophase, centrosomes nucleate aster microtubules and separate from each 
other as the Nuclear Envelope breaks down and chromosomes become condensed. 
Centrosomes migrate to opposite sides of the nucleus and at prometaphase 
microtubules invade the chromosome area, and attach to kinetochores. Microtubules 
nucleated around the chromatin help in this process. At metaphase chromosomes 
are aligned at the equatorial region and each sister chromatid is attached to one of 
the poles via their kinetochore. Microtubules nucleated via the augmin pathway give 
robustness to the spindle. When the SAC is fulfilled, the cell enters anaphase and 
chromosomes are segregated. An acto-myosin network is established at the center 
of the cell during telophase, and will constrict the membrane for the physical 
separation of the two daughter cells in cytokinesis. b. Fluorescence micrographs of 
mitosis in fixed newt lung cells stained with antibodies to visualize microtubules 
(green) and with a dye against DNA (blue). A and B prophase, C and D 
prometaphase, E metaphase, F anaphase, G telophase, and H cytokinesis (Rieder 
and Khodjakov, 2003). 

 
 
MAPs and Molecular motors in mitosis 
 

	   As described before, the assembly of a functional spindle requires 

microtubule dynamics, organization and stabilization. However, microtubules 

alone would not be sufficient to achieve all the required changes and fine 

tunings in dynamics, nor to exert the forces necessary for cell division. 

Therefore, a number of Microtubule Associated Proteins (MAPs) regulate 

these properties by binding to the microtubule plus-ends, minus ends, or to 

the microtubule lattice, acting as stabilizers, destabilizers, bundlers, severing 

enzymes or molecular motors. MAPs are not exclusive to mitosis, and can 
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transitional phases characterized by the activity of defined cell-cycle regulators, in 

particular the mitotic cyclin-

dependent kinases and the 

anaphase-promoting 

complex/cyclosome (Pines & 

Rieder, 2001) (Figure 2). They 

propose a division of mitosis in 

five different transitions. The 

first one is characterized by the 

activation of Cdk/CyclinA, which 

is followed by the activation of 

CyclinB/Cdk1 being this 

activation the main event of the 

second transition. The third 

transition would be the 

equivalent to the traditional 

prometaphase. It is 

characterized by the presence 

of active CyclinB/Cdk1 and the 

Anaphase Promoting Complex 

(APC), though the latter being 

modulated by the kinetochore-

attachment checkpoint. In the 

fourth transition the APCCdc20 is 

fully active and CyclinB-Cdk1 activity starts to decrease due to the degradation of 

CyclinB. After Cdk1/CyclinB inactivation a new nuclear envelope is formed. In this 

final transition, Cdc20 is degraded and replaced in the APC by Cdh1. APCCdh1 

helps to coordinate late mitotic events.  

!
 

 

!  

    Figure 2. A. Fluorescence micrographs of mitosis in 
fixed newt lung cells stained with antibodies to reveal the 
microtubules (green), and with a dye (Hoechst 33342) to 
reveal the chromosomes (blue). Compare with Fig. 1. 
(Rieder & Khodjakov, 2003) Adapted from. B. Comparison 
of the traditional phases of mitosis (top) and our proposed 
transitions (bottom). Adapted from (Pines & Rieder, 2001). 
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regulate different microtubule populations in different cell types, in the same 

cell, and even during different cell cycle stages. Here I will focus on some 

important microtubule regulators/MAPs that play roles during mitosis, and 

further ahead will describe other MAPs (and also a few of the same MAPs) in 

the context of neurons. 

 

Microtubule stabilizers/destabilizers 
 

Microtubule stabilizers/destabilizers can include MAPs that bind along 

the microtubule lattice, or at the microtubule plus or minus ends, and that 

affect the rate of microtubule growth or shrinkage, or either prevent or rescue 

catastrophe.  

A superfamily of MAPs is the so-called plus-end-associated proteins 

(+TIPs).  As the name itself, these are proteins that interact specifically with 

the microtubule plus-ends, potentially by recognition of the GTP-cap, and 

regulate microtubule dynamics or mediate the attachment of microtubules to 

other cellular structures (Anna Akhmanova & Steinmetz, 2008, 2010; R. 

Zhang et al., 2015). 

More than 20 families of proteins are included in this group. An 

important family are the End-Binding (EB) proteins (Bu & Su, 

2001)(Akhmanova & Steinmetz, 2010). These track only microtubule plus-

ends that are growing. Whereas EB1 is found tracking microtubule plus-ends 

in interphase and mitosis (Berrueta et al., 1998) and, together with EB2, is 

ubiquitously expressed, EB3 is preferentially found in muscle and brain tissue 

(Nakagawa et al., 2000; Su & Qi, 2001). Curiously during neuron 

development, EB3 is upregulated while EB1 expression decreases (Jaworski 

et al., 2009). CLIP-170 and CLASP are +TIP proteins that mediate interaction 

of microtubules with the actin cytoskeleton, the cell cortex, and also with 

kinetochores in mitosis (M. Fukata et al., 2002; Lansbergen et al., 2006; 

Maiato et al., 2005). 

Another example of a +TIP protein is ch-TOG/XMAP215/Ckap5, which 

can bind tubulin dimers and also localize at the microtubule plus-ends, acting 

as a polymerase and enhancing microtubule growth (Brouhard et al., 2008; 
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David L Gard & Kirschner, 1987). In addition to its involvement in the growth 

of chromosome-nucleated microtubules, it also accumulates at the spindle 

poles and along the spindle during mitosis (Popov et al., 2001, 2002; 

Tournebize et al., 2000), and while it affects the overall spindle assembly and 

organization in Xenopus female meiosis (Gard et al., 1995), in HeLa cells its 

depletion results in increased multipolar spindles (Cassimeris & Morabito, 

2004; Gergely et al., 2003). Thus, it also has been proposed to anchor and 

stabilize the minus ends of centrosomal microtubules that have been released 

from the centrosome (Gergely et al., 2003). 

MCAK/KIF2C in mammals and XKCM1 in Xenopus antagonize the role 

of chTOG/XMAP215, by destabilizing microtubules, promoting their 

depolymerization and inhibiting nucleation (Wieczorek et al., 2015). 

MCAK/KIF2C protein belongs to the kinesin superfamily, and is included in 

the kinesin-13 family. Other proteins such as Op18/Stathmin, destabilize 

microtubules by sequestering free tubulin dimers in the cytoplasm (Belmont & 

Mitchison, 1996; Gupta et al., 2013) or inducing catastrophe at the plus-end 

(Howell et al., 1999).  

In the K-fibers, proteins such as Transformed Acidic Coiled-Coil 3 

(TACC3) and clathrin can bind to the microtubule lattice and stabilize 

microtubule bundles by forming bridges between the microtubules (Booth et 

al., 2011). 

There are even proteins that can sever microtubules in an ATP-

dependent manner, such as Katanin, Spastin and Fidgetin (Francis J. McNally 

& Vale, 1993; Roll-mecak & Vale, 2008; D. J. Sharp & Ross, 2012). 

Microtubule severing by these proteins can destabilize the spindle to promote 

sister chromatid segregation, but also generates new microtubule fragments 

(F J McNally & Thomas, 1998; D. J. Sharp & Ross, 2012; D. Zhang et al., 

2007). 
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Molecular motors 
 

Molecular motors are proteins that can also affect the stability and 

dynamics of microtubules, but are here considered as part of a different 

group, since they typically have a property that clearly distinguishes them 

from more “static” MAPs: molecular motors can “move/walk” along the 

microtubule lattice at the cost of ATP hydrolysis. Motors that move towards 

the plus-end include most members of the kinesin superfamily, while dynein 

and some kinesins move towards the minus-end (Hirokawa & Noda, 2008; 

Porter & Johnson, 1989; R. D. Vale et al., 1992; Wade, 2009). During mitosis, 

the combined action of several motors is essential for bipolar spindle 

assembly and function, as they promote interaction between anti-parallel 

overlaps of microtubules growing from the two spindle poles, mediate 

microtubule-chromosome interactions, focus microtubules at the poles, and 

mediate interactions of astral microtubules with the cell cortex (Carminati & 

Stearns, 1997; Ferenz et al., 2010; Heald et al., 1996b; Hornick et al., 2010; 

Kotak et al., 2012; Tulu et al., 2006). 

Dynein 
 
Dyneins move toward the microtubule minus-end and usually transport 

vesicles or organelles, but some are also involved in ciliary and flagellar 

movement (axonemal dyneins). Structurally, dynein has two heavy chains 

containing the ATPase/motor domains, which generate energy for its 

movement, a coiled-coiled stalk, which binds to and moves along the surface 

of a microtubule, and a tail which binds to the intermediate chains, 

intermediate light, and light chains. The latter ones are responsible for cargo 

binding. Cytoplasmic dynein is usually activated by dynactin, and often 

requires binding to cargo adaptors (such as the protein BicD2) (McKenney et 

al., 2014; Porter & Johnson, 1989) (Figure 5). 

In mitosis, cytoplasmic dynein is involved in spindle positioning and 

chromosome separation by exerting pulling forces on astral microtubules 

coming from the spindle poles (Carminati & Stearns, 1997; Kotak et al., 2012; 

Raaijmakers et al., 2012; Starr et al., 1998).  
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Figure 5. Dynein structure and function 

Dynein motor complex with its several subunit chains assembles and when bound to 
the dynactin complex becomes processive. BicD2 mediates the association between 
dynein and dynactin and also with cargo adaptors. Once active, dynein will move and 
transport carg towards microtubule minus ends. 

Kinesins 
 

The kinesin superfamily includes 14 different families (Figure 6), 

named kinesin-1 to kinesin-14, and is involved mainly in the transport of cargo 

(organelles, vesicles, chromosomes, or even other small microtubules) but 

also with other functions. Although their structure may vary depending on the 

family/function, a prototypical kinesin (kinesin-1) is a heterotetramer 

composed by a dimer of two motor subunits (Kinesin Heavy Chains or KHCs) 

connected to two Kinesin Light Chains (KLCs) which usually possess the 

cargo-binding domain (Hirokawa et al., 1989; Ronald D. Vale, 2003) (Figure 
6). 

 The KHCs are composed of a globular head, with an N-terminal motor 

domain and with a microtubule-binding domain. The motor domain has an 

ATP binding pocket, responsible for ATP hydrolysis and ADP release. There 

is then a flexible neck linker, which connects the head to the stalk (a long 

- end+ end

Cargo

BicD2

Dynein Light Chain

Dynein Light Intermediate Chain
Dynein Intermediate Chain

Dynein Heavy ChainDynactin complex

Cargo adaptor



Introduction 

39	  

coiled-coil domain). The stalk ends in a C-terminal tail domain, which 

mediates association to the KLCs. When ATP is hydrolyzed and ADP 

released, there is a change in the conformation of the microtubule binding 

domain and in the orientation of the neck, leading to the motion of the kinesin. 

(Cross & McAinsh, 2014) 

As mentioned before, Kinesin-13 and also members of the Kinesin-8 

family can act as microtubule destabilizers and control microtubule dynamics. 

Kinesin-2, Kinesin-3 and Kinesin-9 families have been associated with flagella 

formation and intraflagellar transport. Members of the kinesin families 4, 5, 6, 

7, 10, 12 and 14 functions have been associated with mitosis and/or meiosis 

(Hirokawa & Noda, 2008). For transport and delivery of a specific cargo in an 

exact subcellular destination, or to control processivity, many kinesins rely 

also on adaptor/scaffolding proteins, especially useful in intricate cells such as 

neurons, as will be described later. Some kinesins’ activity and binding are 

also regulated through phosphorylation (Hirokawa & Noda, 2008). In this 

section I will focus on two concrete examples of kinesins and on their 

functions during mitosis.  

 
Figure 6. Kinesin structure and function and kinesin families 

a. The prototype kinesin (Kinesin-1) composed by two heavy chains and 
(KHC) and two light chains (KLC), binds to cargo via adaptor molecules, and moves 
and transports cargo towards microtubule plus ends. b. The 14 kinesin families and 
representative family members in H. sapiens, direction of movement and structure 
(Hirokawa and Noda, 2008). 
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KIF23 
 
KIF23 is a kinesin from the kinesin-6 family. Alternative splicing gives 

rise to two isoforms, CHO1 (longer) and MKLP1 (shorter). In vitro, it was 

shown to be able to cross-link and slide antiparallel microtubules (Nislow et 

al., 1992). During mitosis, it is important for spindle elongation during 

anaphase, and it was also described to be involved in the formation and 

function of the central spindle and of the cleavage furrow and midbody in late 

mitosis/cytokinesis, by forming the centralspindlin complex with RhoGAP 

(Hornick et al., 2010; Hutterer et al., 2009). 

Eg5 
 

Eg5/KIF11/Kinesin-5 is a plus-end directed kinesin. Structurally, it is a 

bipolar homotetramer with two motors on each end: each monomer has an N-

terminal globular motor domain and microtubule binding-domain, an internal 

stalk composed by coiled-coil domains that is involved in dimerization and 

orients the motors relative to one other, and a C-terminal tail domain (figure 
7). Thus, Eg5 can bind to two adjacent parallel or anti-parallel microtubules, 

using each dimeric motor to bind to one protofilament of one of the 

microtubules it crosslinks (Lukas C. Kapitein et al., 2005). Interestingly, Eg5 

requires also its non-motor stalk and tail domains to crosslink and slide 

microtubules, as the tail domain is involved in the motor’s localization and 

enhances its affinity for microtubules (Weinger et al., 2011). It was also 

observed that the ADP release is particularly slow on Eg5’s first “step” on a 

microtubule, while it is considerably faster in the consequent processive steps 

(Waitzman & Rice, 2014; Waitzman et al., 2011). In vitro, Eg5 was shown to 

be able to tether to microtubule plus ends and remain bound there, and even 

sort and align microtubules into bundles with the same polarity. However, this 

function has not yet been demonstrated in vivo (Lukas C. Kapitein et al., 

2005). 

Eg5 localizes at spindle microtubules and spindle poles during mitosis 

(Sawin & Mitchison, 1995) and is required for the formation of a bipolar 

spindle, as chemical inhibition of Eg5 with drugs (monastrol, STLC) or Eg5 
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depletion by RNAi leads to formation of monopolar spindles (Maliga et al., 

2002; Mayer et al., 1999; Skoufias et al., 2006). The proposed models of 

bipolar spindle assembly and maintenance, and chromosome segregation 

assume a finely tuned balance of forces exerted by several motors on the 

spindle microtubules. Eg5 was proposed to slide and push apart interpolar 

antiparallel microtubules at the metaphase plate to drive sister chromatid 

separation (van den Wildenberg et al., 2008). Curiously, usage of a chemical 

Eg5 inhibitor (FCPT) that causes its rigor-like association to spindle 

microtubules, shows that Eg5 restricts spindle elongation (Collins et al., 2014; 

Groen et al., 2008). While normally a fraction of Eg5 remains stationary in the 

spindle midzone during metaphase, the remainder is sorted poleward (Gable 

et al., 2012). As Eg5 accumulates closer to the spindle poles, it may also 

crosslink and slide parallel microtubules in the spindle, and thus potentially 

sort microtubules with the same polarity into bundles (Lukas C. Kapitein et al., 

2005; Weinger et al., 2011) (Figure 7).  

The BimC box, located in the C-terminal tail domain, determines Eg5 

localization in the mitotic spindle, as it contains a consensus site that is 

phosphorylated by CDK1 (T926 in human and T937 in Xenopus). 

Phosphorylation of this residue increases Eg5 affinity for microtubules (Cahu 

et al., 2008; Sawin & Mitchison, 1995; Slangy et al., 1995). It is not yet known 

how this phosphorylation alters the Eg5 tail to enhance its microtubule binding 

affinity, but some reports indicate that it does not require any binding partners 

(Cahu et al., 2008). 

Nonetheless, T926 phosphorylation also mediates Eg5 interaction with 

dynein, through the p150glued subunit of dynactin, and this interaction is 

important for Eg5 localization and poleward movement during metaphase, 

and also for Eg5-mediated centrosome separation in prophase (in this case it 

interacts with nuclear-envelope-associated dynein) (Blangy et al., 1997).  

Remarkably, a small fraction (3%) of Eg5 is also phosphorylated during 

prophase at S1033 by the NimA-like kinases NEK6 and NEK7, mediating Eg5 

pericentrosomal accumulation and being necessary for centrosome 

separation (Bertran et al., 2011; Rapley et al., 2008). How Eg5 is recruited to 

the centrosome is not yet known, but the docking mechanism of Eg5 at this 
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organelle seems to involve the phosphatase and tensin homologue Pten and 

the PDZ-domain–containing protein Dlg1/Sap97 (van Ree et al., 2016). 

Finally, proper Eg5 targeting also requires the already mentioned MAP 

TPX2. Eg5 binding to the C-terminus of TPX2 is necessary for its localization 

and distribution along the spindle microtubules and also regulates Eg5 motor 

activity, being important for spindle organization (Ma et al., 2010, 2011). 

 
 

Figure 7. Eg5 structure and function in metaphase 

a. Eg5 domains. Adapted from (Weinger et al., 2011) b. In metaphase, Eg5 binds to 
antiparallel microtubules and slides them apart. If bound to TPX2, Eg5 remains 
stationary and restricts spindle elongation. Eg5 poleward movement depends on 
dynein and TPX2, and EG+g5 close to the poles may contribute to sorting and 
bundling of parallel microtubules.  

Mitotic kinases 
 

 Most of the described events taking place during mitosis at the level of 

effector proteins that interact with microtubules are coordinated by upstream 

regulators, mitotic kinases and phosphatases. 

Phosphorylation/dephosphorylation cycles orchestrate the functions of 

many microtubule interacting proteins including their localization, activity and 

turnover. Important kinase families are the Cyclin-Dependent Kinases (CDKs), 

Polo-like-Kinases (PLKs), the Aurora Family and the NimA family, amongst 

others. CDK1 is considered the main mitotic regulator, and in absence of 

other CDKs, it can even drive the cell cycle events on its own (Santamaría et 

al., 2007). Other kinases, such as PLK1, Aurora A and Aurora B are also 

essential for mitotic progression by controlling events ranging from 
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centrosome maturation and centrosome separation to kinetochore-

microtubule interactions, chromosome-microtubule nucleation and central 

spindle assembly, amongst others (De Cárcer et al., 2011; Ducat & Zheng, 

2004; Malumbres, 2014).    

 Interestingly, some “mitotic” kinases also have roles during interphase, 

or even in differentiated cells, and thus are of particular interest in the context 

of this thesis. One example is the NimA-family of kinases, or NEK kinases. 

NimA/NEK kinases 
 
 The founding member of this family of serine/threonine kinases is the 

Never in Mitosis A (NimA) kinase from the fungus Aspergillus nidulans. NimA 

loss-of-function causes an arrest in G2, a finding that led to its name. In 

mammals the NiMA-related kinase family or NEK kinase family has 11 

members, which despite having low sequence similarity with NimA, still retain 

most of NimA’s organizational characteristics, such as an N-terminal kinase 

domain (except NEK10), and coiled-coil motifs (except NEK4, 6 and 7) (Fry et 

al., 2012; Moniz et al., 2011).  

 The different NEK kinases also possess unique characteristic 

features/domains, which correlate with their specific functions (Figure 8).  

 
Figure 8. The NimA-related kinases family 

The similarities and differences in protein domains between the original NIMA and 
the 11 mammallian NEKs. Modified from O’Conell et al., 2003. 
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Most of the NEKs do not have described roles during mitosis, albeit 

many are involved in cell cycle progression and/or regulate microtubules and 

microtubule-related structures, and have been associated with several types 

of cancer (Fry et al., 2012; Moniz et al., 2011). Some NEKs have roles in 

ciliogenesis or cilliary function, such as NEK1 and NEK8 (Otto et al., 2008; 

Smith et al., 2014; White & Quarmby, 2008). NEK3 and NEK4 are both 

involved in regulation of microtubule dynamics: NEK3 is expressed in neurons 

and affects microtubule acetylation, while NEK4 knockdown affected 

microtubule sensitivity to drugs (taxol, vincristine) in MCF7 cells (Chang et al., 

2009; Doles & Hemann, 2010). NEK10 is involved in a G2/M checkpoint in 

response to UV irradiation (Moniz et al., 2011), and NEK11 is also activated 

by Chk1 upon UV-induced DNA damage, preventing the cells from entering 

mitosis.  

NEK2, NEK5, NEK6, NEK7 and NEK9 are the mitotic NEKs. 

Nonetheless, some of them also have non-mitotic functions. Curiously, the 

original NimA was recently found to also have interphase functions in the 

regulation of microtubules and the Endosomal Sorting Complex (ESCRT) in 

yeast (Govindaraghavan et al., 2014).  

NEK5 localizes to the centrosomes/spindle poles and its depletion 

affects centrosome integrity and causes a prometaphase delay (Prosser & 

Fry, 2015). NEK2 is one of the best-characterized NEKs, with three isoforms 

(NEK2A, B and C), and also the one with most similarity to NimA (Schultz et 

al., 1994). NEK2A and NEK2B regulate centrosome separation before 

mitosis. NEK2A accumulates at the centrosomes, and phosphorylates the 

proteins C-Nap1 and Rootletin, which link the two centrosomes, leading to 

their displacement (Bahe et al., 2005; Fry et al., 1998). It also mediates 

microtubule-kinetochore attachments (Du et al., 2008) and participates in the 

spindle assembly checkpoint (Wei et al., 2011). 

NEK6, NEK7 and NEK9 form a module that operates at the onset of 

mitosis to trigger centrosome separation and the formation of a bipolar spindle 

(Belham et al., 2003). During the course of this work I will describe that these 

kinases (and NEK7 in particular) are also expressed in neurons and regulate 
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different aspects of neuron differentiation (see Results).  Here I will focus on 

the previously described roles of these three kinases.  

NEK9 
  

 NEK9/Nercc1 is a ~120kDa kinase, with an N-terminal kinase domain, 

a RCC1 (regulator of chromosome condensation) domain which acts as an 

autoinhibitory domain and mediates NEK9 interaction with Ran (Roig et al., 

2002), and a C-terminal domain. The C-terminal domain contains nine 

consecutive glycine residues that might form a flexible hinge within a PEST 

sequence, several putative CDK1 phosphorylation sites, and a putative coiled-

coil, required for NEK9 oligomerization (Holland et al., 2002; Roig et al., 2002) 

(figure 8). 

 NEK9 is expressed throughout the cell cycle, and localizes diffusely in 

the cytoplasm, despite not being active during interphase (Roig et al., 2002). 

In prophase, around 5% of NEK9 is activated and active NEK9 localizes at 

centrosomes/spindle poles, and also at the chromosomes in anaphase and 

the midbody during cytokinesis (Roig et al., 2005). NEK9 activation involves 

its phosphorylation at T210 of its activation loop, which for many kinases 

controls substrate binding and/or catalytic activity (Adams, 2003). It was 

shown that this phosphorylation requires NEK9 homodimerization (Roig et al., 

2002, 2005). NEK9 dimerization is mediated by its C-terminal domain, through 

binding to the dynein light chain LC8, which dissociates once NEK9 is 

activated (Gallego et al., 2013; Regue et al., 2011).   

 Both CDK1 and PLK1 are necessary for NEK9 activation in mitosis, in 

a two-step activation mechanism. PLK1 can bind to NEK9 in mitosis and 

phosphorylate it directly at T210. Phosphorylation of NEK9 by PLK1 in other 

putative sites in the RCC1 domain might also contribute to a conformation 

change of this autoinhibitory domain and to NEK9 activation. Aurora A 

phosphorylation of NEK9 at other sites might help to accumulate NEK9 at the 

centrosomes (Bertran et al., 2011). 

 Active NEK9 promotes centrosome maturation in prophase through 

NEDD1 phosphorylation and consequent γ-tubulin recruitment (Sdelci et al., 

2012), and is also involved in controlling centrosome separation in prophase 
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through activation of two other NEKs, NEK6 and NEK7 (Belham et al., 2003). 

Overexpression of an inactive (K81M) NEK9 mutant or NEK9 inactivation in 

mitosis impairs entry into mitosis or causes abnormalities in chromosome 

segregation that can result in aneuploidy or mitotic arrest/catastrophe (Roig et 

al., 2002). 

 Curiously, NEK9 has also been implicated in non-mitotic processes: as 

interactor of the FACT complex in G1/S for chromatin structure regulation in 

transcription and replication (Tan & Lee, 2004), in the DNA replication stress 

response (Smith et al., 2014), as regulator of autophagy (Behrends et al., 

2010), and in controlling cilia number and length in human fibroblasts (Casey 

et al., 2016). 

NEK6 and NEK7 
 
 These two kinases are the smallest members of the NEK family. They 

are also very similar to each other, bearing the typical N-terminal kinase 

domain that is also found in other NEKs, but lacking C-terminal regulatory 

domains. NEK6 and NEK7 have 87% identity in their kinase domain, and 

differ only in the N-terminal protein sequence. NEK6 but not NEK7 has a few 

extra amino acids preceding the kinase domain (Kandli et al., 2000). NEK6 

and NEK7 structural studies showed that they have a globular kinase domain 

and a disordered N-terminal stretch (Meirelles et al., 2011; Richards et al., 

2009).  

 Despite their similarity, both kinases have different patterns of 

expression and different subcellular localizations as well. During mouse 

embryogenesis, and also in adult mice, NEK6 and NEK7 are expressed in the 

brain, with different distributions/localizations (Feige and Motro, 2002). They 

are also differentially expressed in other tissues in adult mice (Arama et al., 

1998; Kandli et al., 2000).  

 Similarly to NEK9, NEK6 localizes diffusely around the cell in 

interphase, and in mitosis is associated with spindle microtubules, central 

spindle, and the midbody in cytokinesis (O’Regan & Fry, 2009). NEK7 

localizes at the centrosomes throughout the cell cycle (Yissachar et al., 2006). 
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 In terms of activation, NEK6 and NEK7 are both activated by NEK9 at 

the onset of mitosis, as described before (Belham et al., 2003)(Figure 9). In 

the case of NEK6, NEK9 phosphorylates S206 in its activation loop, and once 

active, NEK6 auto-phosphorylates at two other residues (S137 and S202), 

achieving an even higher activation state (Belham et al., 2003). 

 For activation of NEK7, NEK9 functions in two ways: it phosphorylates 

the NEK7 activation loop at S195 and at the same time, through its C-

terminus, releases the NEK7 inhibitory residue Y97, both causing NEK7 

conformational changes (and potentially dimerization), triggering its activation 

(Haq et al., 2015; Richards et al., 2009). Curiously, serum-deprivation 

conditions increase kinase activity of NEK7 but not of NEK6, suggesting 

alternative mechanisms for the activation of this kinase (Minoguchi et al., 

2003).  

 In terms of function, NEK6 and NEK7 differ in their substrate specificity 

in vivo and in vitro, which may be mediated by their different N-terminal 

domains (Belham et al., 2001; De Souza et al., 2014; Meirelles et al., 2010). 

Nonetheless, they both cooperate in phosphorylating S1033 of a pool of Eg5 

in prophase, to mediate its accumulation around the centrosomes (Bertran et 

al., 2011; Rapley et al., 2008) (Figure 9). Indeed, NEK6 or NEK7 RNAi 

impairs centrosome separation, and slows mitotic progression. Moreover, 

these cells have defects in spindle assembly and chromosome segregation. 

Interestingly, the two kinases are not redundant in this process, as loss of 

NEK6 is not compensated by NEK7, and vice-versa (O’Regan & Fry, 2009). 

NEK6/7 depleted cells also have weaker mitotic spindles (O’Regan & Fry, 

2009; Yissachar et al., 2006).  

 Regarding the functions of NEK7 in interphase, it was described that it 

can regulate microtubule dynamics, as NEK7-depleted HeLa cells and NEK7    

-/- MEFs have overall reduced microtubule growth/catastrophe speed (Cohen 

et al., 2013). There is some controversy whether NEK7 is necessary for 

centriole duplication (S. Kim et al., 2011), but it seems to be required for a 

correct number of primary cilia. However, the ciliary number abnormalities 

might be a consequence of cell division abnormalities, as these NEK7 -/- cells 

also display polyploidy, micronuclei and chromosomal instability (Salem et al., 

2010).  
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 NEK7 -/- mice either die perinatally or show severe growth defects, 

leading to death in the first post-natal stages (Salem et al., 2010). This 

indicates important roles of NEK7 in proliferation and/or other essential 

processes. Curiously, recent reports identify NEK7 as a component of the 

inflammasome in macrophages, to activate inflammatory caspases in a 

kinase-independent manner (Yuan He et al., 2016; Schmid-Burgk et al., 2016; 

Shi et al., 2015). 

 Altogether, NEK6, NEK7 and NEK9 have been extensively 

characterized in mitosis, but there is some data suggesting non-mitotic roles 

as well, making them interesting candidates for further characterization in 

non-proliferative tissues/cell types. 

 
 

Figure 9. The NEK6/7/9/Eg5 pathway in prophase. 

a. In prophase, CDK1 and PLK1 activate NEK9, which in its turn activates NEK6 and 
NEK7. NEK6 and NEK7 phosphorylate Eg5 S1033. Together with CDK1 
phsophorylation on Eg5 T926, this leads to Eg5 association with microtubules and its 
accumulation close to the centrosomes. b.  Eg5 contributes to centrosome 
separation in prophase by crosslinking and sliding antiparallel microtubules coming 
from each centrosome. 
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Microtubule organization and regulation in mitosis vs. post-
mitotic neurons - II 

 
After describing microtubule organization in cycling cells and 

particularly during mitosis, I will now focus on a post-mitotic cell type and 

explore how the described microtubule properties, and some of the MAPs, 

motors, and other regulators (including kinases) cooperate to build a fully-

differentiated neuron. 

In neurons, the microtubule cytoskeleton is necessary for neuron 

migration during embryogenesis and as the neural progenitors are giving rise 

to brain formation, for neuron differentiation, and finally for neuron function in 

a neuronal network. Therefore, I will explore briefly the first aspect and focus 

with more detail on the last two aspects.  

Neuron migration 
  

 The cerebral cortex in mammals is responsible for higher cognitive 

functions (especially in humans), and is generated during embryogenesis by 

active migration of neurons that will position themselves to generate several 

cortical layers. Neural progenitor cells in the ventricular zone generate these 

neurons during brain development, by asymmetric cell division.  

Cohorts of newly generated post-mitotic neurons will then migrate to 

their final destination in the cortex or hippocampus. This migration can involve 

crawling of the neuron along a radial glia cell, which can extend from the 

ventricular zone almost to the pial surface. Radial glial cells descend from the 

first populations of neuroepithelial progenitors, and generate postmitotic 

neurons or other glial cells themselves. During their cell cycle, radial glial cells 

undergo interkinetic nuclear migration, a process through which the nucleus is 

at the basal side of the cell in G1 and S phases, and moves back to the apical 

side (in the ventricular zone) in G2 and mitosis (Spear & Erickson, 2012).  

The migration of a neuron along a radial glial cell is called radial 

migration and is typical of excitatory projection neurons, such as the cortical 
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and hyppocampal pyramidal neurons (Kriegstein & Noctor, 2004). Inhibitory 

interneurons undergo tangential migration to reach the cortical layers. 

Microtubule regulation and organization during neuron 
migration 
 
 The neuron migration processes are regulated both by extracellular 

and intracellular cues, which will determine changes in the actin and 

microtubule cytoskeleton of these neurons (Pollard & Borisy, 2003; Wu & 

Tang, 2012).  

 Interkinetic nuclear migration of radial glial cells seems to be 

centrosome-independent, and while the basal-directed nuclear movement 

depends on the kinesin KIF1A, the apical-directed movement depends on 

dynein (Carabalona et al., 2016; Tsai et al., 2010). However, centrosomes 

regulate both radial and tangential neuron migration (Grant & Moens, 2010). 

During radial migration, neurons switch from a multipolar to a bipolar 

morphology, with a leading process and a trailing process. During migration, 

the centrosome localizes ahead of the nucleus, at the base of the leading 

process (Vallee et al., 2009) and is coupled to the nucleus by a perinuclear 

microtubule “cage” (Rivas & Hatten, 1995). Microtubules also extend from the 

centrosome into the leading process generating pulling forces (Heng et al., 

2010; Kuijpers & Hoogenraad, 2011), and the centrosome moves into the 

leading process causing the nucleus to move afterwards. Nonetheless, some 

studies showed that nucleus and centrosome can move independently (Distel 

et al., 2010; Umeshima et al., 2007). Thus, there are probably other 

mechanisms for centrosomal and nuclear translocation, potentially involving 

the actin cytoskeleton. Indeed, myosin II accumulates behind and ahead of 

the nucleus, thus being in a position to exert both pushing and pulling forces 

(Bellion et al., 2005; Solecki et al., 2009; Zhu et al., 2010). 

 In terms of microtubule regulation, neuron migration is affected by 

microtubule structure at its very core, since tubulin heterodimer composition is 

temporally specified in this process. There are eight different α-‐tubulin	  

isoforms,	  which can dimerize with nine	  possible	  β−tubulin subunits in human 

cells. The expression of specific tubulin isotypes is associated with specific 
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microtubule configurations (E. C. Raff, 1997) and can vary from tissue to 

tissue and in different stages of development. Mutations in TUBA1A and 

TUBB2B, for example, generate defects during corticogenesis (Jaglin et al., 

2009; Keays et al., 2007).  

 Microtubule post-translational modifications (PTMs) also affect neuron 

migration, as lower tubulin acetylation due to silencing of the acetyltransferase 

Elongator led to a reduction in migration speed (Creppe et al., 2009). These 

modifications regulate microtubule stability and its association with MAPs and 

motors. Several MAPs, such as MAP1B, MAP2 and Tau, which will be 

approached with more detail later on, are also necessary during neuron 

migration.  

 Doublecortin (DCX) is a MAP that stabilizes microtubules and DCX 

RNAi leads to destabilization of the microtubule array surrounding the nucleus 

and to nucleus-centrosome uncoupling, resulting in migration defects. 

Lysencephaly-1 (LIS1) is also a MAP that promotes microtubule stability and 

coordinates centrosome-nuclear movements during migration. Dynein is also 

required for this process and it seems to be regulated by both LIS1 and DCX 

(Nguyen et al., 2010). A model suggests it is necessary to pull microtubules 

and the centrosome into the leading process. DCX and LIS1 were named 

after the cortical malformations found in patients with mutations in these 

genes, Double Cortex Syndrome and Lissencephaly (smooth brain), 

respectively (Dobyns et al., 1993; (Pilz et al., 1998). The kinesin Eg5 also 

seems to control the rate of migration in cultured neurons, as its inhibition 

causes a faster albeit more random migration (Falnikar et al., 2011). 

As in other systems such as the mitotic spindle, the activity of some 

MAPs during neuron migration is controlled by phosphorylation. The kinase 

CDK5 can phosphorylate MAP2, MAP1B and Tau, and also the dynein 

regulator NDEL1 (Heng et al., 2010). Figure 10 summarizes the process of 

neuron migration. 
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Figure 10. Radial migration of pyramidal neurons in the mouse cortex. 

Radial glial cells (blue) have a long basal process attached to the pial surface 
and a short apical process in the ventricular zone. By asymmetric cell division, radial 
glial cells generate neurons (orange) during embryogenesis stages E11 and E17. 
The post-mitotic neuron exits the cell cycle and starts migrating along the radial glial 
cell towards the pial surface. During migration it goes through a multipolar stage 
where several neurites sprout from the cell, and one of them is specified as the axon, 
presumably through centrosome positioning. This neurite will also be the trailing 
process in the subsequent stages of migration, as the other process, which faces the 
pial surface direction, is the leading process. As the neuron reaches the Cortical 
plate, the axon rapidly elongates. The leading process finally gives rise to the apical 
dendrite which will branch at the marginal zone (green neuron). Other dendrites will 
form and spines also mature during the first 3 weeks post-birth (P1-P21), as the 
neuron cell body translocates ventrally. Adapted from (Polleux and Barnes, 2009). 

 
 
During neuron migration, the polarization and formation of a leading 

and trailing edges are the first steps of neuron differentiation, as depending on 

the neuron type, the leading edge and trailing edge become either the axon or 

the apical dendrite (Barnes & Polleux, 2009). 

Neuron differentiation – in vivo and in vitro 
 
 A differentiated pyramidal neuron is one of the most polarized cells in 

the organism, which is compartmentalized into two main functionally distinct 

domains: the axonal and the somatodendritic domain. A neuron has usually 

one axon, which is long and thin, and several dendrites which are shorter and 
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more tapered and branched projections. This defines a unidirectional flow of 

signal in a neuronal network, as the dendrites receive synaptic input coming 

from other neurons, and activate action potentials that propagate to the soma 

and then to the axon, which will then conduct this as a presynaptic signal onto 

other target cells.  This morphology-prototype is conserved amongst neurons, 

although dendrite and axon architectures can have a broad range of 

variations from cell to cell (and also between different types of neurons and 

between organisms) (Heng et al., 2010). Neuron differentiation and the 

formation of axonal and dendritic compartments during development is thus 

an essential process for a correct wiring of the neuronal network. 

 As mentioned before, the polarization of cortical/hippocampal 

pyramidal neurons in vivo occurs already during their migration, as the leading 

edge becomes the apical dendrite and the trailing edge becomes the axon. 

These events take place during embryogenesis. The axon then elongates and 

branches, the primary dendrite forms branches as well, and other dendrites 

start to form, both during migration and after the neuron reaches its 

destination (Heng et al., 2010). Other characteristic features such as the axon 

initial segment (AIS) - the site of soma-axon transition where input signals are 

summed before being propagated to the axon and that participates in axon 

compartmentalization and functional organization (Zhou et al., 1998) - and 

dendritic spines - small membranous protrusions that generally have a 

bulbous “head” where several synaptic receptors are present (Gray, 1959) - 

are only acquired during the first weeks of postnatal development. 

 Many of the genes and pathways involved in the different stages of 

neuron differentiation, including the ones that concern microtubule 

cytoskeleton regulation, were discovered in studies using in vitro cultured 

neurons. In this sense, one of the most used models is the culture of 

hippocampal neurons from mouse e17.5 embryos, which were also used in 

the work described in this thesis. These neurons are obtained from 

dissociated embryonic mouse hippocampi, and despite being already 

polarized prior to tissue dissociation, they resume their differentiation process 

upon plating, in 5 well-characterized stages (Dotti et al., 1988). 

 The 1st stage or stage 1 involves the formation of motile lamellipodia 

around the soma, which might reflect the cell’s adaptation to the substrate 
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upon plating. However, these lamellipodia will give rise to discrete patches 

around the cell periphery, from where neurites will preferentially arise. Stage 2 

is, thus, the formation and growth of these neurites, which will happen over 

the course of a few hours in culture. These neurites are very similar to one 

another and resemble to a certain degree the processes present in multipolar 

migrating neurons prior to polarization. A few hours after neurite appearance, 

one of these neurites eventually starts to grow 5-10 times faster than the 

others, forms branches, and assumes the role and morphology of an axon – 

this is stage 3, corresponding to cell polarization. Early observations suggest 

that all neurites have the potential to become axons, but once one of them is 

specified as axon, the others are prevented from following the same fate 

(Gomis-Ruth et al., 2008). The other neurites will therefore become dendrites, 

although they will only experience growth around the 4th day in vitro (DIV) - 

stage 4 - roughly 2 to 3 days after initial axon growth. Their growth rate is 

much slower than the axon’s, and several dendrites can grow and branch 

simultaneously (Dotti et al., 1988; Goslin & Banker, 1989). The axon initial 

segment also matures during this stage. 

 Finally, stage 5 is defined after 7DIV (approximately, can occur at even 

later stages, at >14DIV), with the formation of dendritic spines and functional 

synapses, and is also referred to as maturation or terminal differentiation. 

Despite not displaying the drastic morphological changes observed in stages 

1-4, stage 5 involves cell-cell interactions (synapses) and therefore a new 

layer of development (Figure 11). 
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Figure 11. The several stages of hippocampal neuron differentiation in culture.  

At the time of plating, neurons form lamellipodia and then extend neurites. In an 
asynchronous manner, neurons enter stage 3 as one of these neurites assumes the 
role and morphology of an axon, while the other neurites become dendrites. The 
axon grows and branches, and after approximately 4 days in culture, so do the 
dendrites. Spines and synapses will start to form later on (10-15DIV). Adapted from 
(Polleux and Barnes, 2009). 

Microtubule organization during neuron differentiation 
 
 Neuron differentiation imposes remodeling of the microtubule 

cytoskeleton, and in a terminally differentiated neuron microtubules are 

organized into very complex non-centrosomal arrays with several layers of 

regulation. 

Neuritogenesis  
 
 During this stage, single microtubules or microtubule bundles invade 

the segmented lamellipodia stretches, and then become organized into 

parallel arrays with their plus-ends oriented distally to the soma. Membrane 

constricts around the base of this newly forming protrusion, microtubules 

become stabilized and push the actin-rich tip, leading to the formation and 

further elongation of a neurite (Dehmelt et al., 2003). 

Axon specification 
 
 The compartmentalization of axonal and somatodendritic domains, also 

referred to as cell polarization, involves local actin filament instability and 

growth and stabilization of microtubules in one neurite, which will become the 

axon. 

 Concerning microtubule stabilization, it was observed that local 

activation of a photoactivatable variant of the microtubule-stabilizing drug 

taxol was able to cause any neurite to become the axon. Similarly, use of 

microtubule stabilizing drugs cause the formation of multiple axons (Gomis-

Ruth et al., 2008). Indeed, microtubules in the newly forming axon have 

higher levels of acetylation, a post-translational modification that is 
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characteristic of more stable microtubules. The position of the centrosome 

might as well be an important factor for axon specification, as some studies 

have reported that the centrosome localizes at the base of the neurite which 

will become the axon, potentially contributing to microtubule stability. 

Nonetheless, this subject is still not entirely understood and there are 

controversial results (de Anda et al., 2005; Gärtner et al., 2012; Zmuda & 

Rivas, 1998).  

An important regulator of microtubule stabilization during axonal 

specification is the Glycogen synthase kinase 3 (GSK3). GSK3 has to be 

inactivated at the axon formation site, while it remains active in the other 

neurites, which will become dendrites. Phosphorylation of several MAPs by 

GSK3 regulates their association to microtubules. For instance, Adenomatous 

Poliposis Coli (APC) and MAP1B are MAPs that stabilize microtubules in the 

growing axon and promote axon formation. When phosphorylated by GSK3, 

APC and MAP1B cannot properly associate with microtubules (Goold et al., 

1999; Zumbrunn et al., 2001). CRMP-2B, from the Collapsin-Response 

Mediator Protein family, accumulates at the tip of the growing axon and binds 

to tubulin heterodimers promoting their polymerization on growing 

microtubules. When phosphorylated by GSK3, CRMP2 becomes inactive ( 

Fukata et al., 2002; Yoshimura et al., 2005). GSK3 also inhibits the KIF3A-

mediated transport of the kinase PAR-3 to the axon specification site. PAR-3 

forms a polarity complex with PAR-6 and aPKC kinases, which prevent the 

kinase MARK2 from phosphorylating the MAP Tau, thus leading to 

microtubule assembly and axon growth (Nishimura et al., 2004). The kinesin 

KIF5C was also shown to explore all neurites at stage 2 but to make a more 

prolonged invasion of the future axon, although the significance of this 

observation is still unknown (Jacobson et al., 2006). 

 A crosstalk between actin and microtubule stability regulators is also 

important. The protein Rac1 is a small GTPase from the Rho family of 

GTPases that modulates actin dynamics in the axon shaft. Its activator 

DOCK7 mediates the phosphorylation and consequent inactivation of the 

microtubule-severing enzyme stathmin, promoting microtubule stability (Heng 

et al., 2010). 
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This microtubule stabilization will be followed by transport of proteins, 

membranes and organelles to support further axon growth (Figure 12).  

 

 
Figure 12. Axon specification pathways and cytoskeleton regulators  

a. Several factors contribute for the axon specification, namely microtubule 
stabilization, potentially centrosome positioning and spatial distribution of other 
regulators. b. A coordination of several pathways contributes for axon specification 
during neuron polarization. The inactivation of the kinase GSK3β  specifically in the 
axon will allow for microtubule stabilizers to exert their functions, in coordination with 
actin regulators. 

Axon growth and branching 

Axonal microtubule sources - centrosomal vs non 
centrosomal 
 
 It was demonstrated that the rapid growth of the axon is intimately 

related with the addition of new microtubules to its microtubule lattice (Daniels 

et al., 1975). For this purpose, it has been suggested that microtubules 

generated in the soma are transported into the axon, and that microtubules 

can also be locally assembled in the axon.    

 The role of the centrosome in generating neuronal microtubules is still 

unclear. It was proposed that microtubules nucleated at the centrosome would 

be severed by katanin, spastin, or fidgetin and then transported into other 

compartments of the cell with the help of motor proteins (Ahmad et al., 2000; 
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Karabay, 2004; Lin et al., 2012; Yu et al., 1993; Yu et al., 1996; Zheng et al., 

2008). However, while in young neurons there are still microtubules growing 

from the centrosome, in more mature neurons the microtubule array is not 

centered at the centrosome, but rather organized in dense, non-centrosomal 

bundles, in soma, axon and dendrites (Stiess et al., 2010). The microtubule 

bundles in axons have uniform polarity, with the almost all microtubules 

having their plus ends oriented towards the axon growth cone. In dendrites 

there are microtubule bundles with mixed polarity, as will be addressed later 

on (Baas et al., 1989). In agreement with this, it was also observed that the 

centrosome loses its potential as MTOC as neurons mature, since the levels 

of centrosomal γ-tubulin decrease during this process (Stiess et al., 2010; Kah 

Wai Yau et al., 2014). The generation of adult mutant flies without 

centrosomes also questioned the need of the centrosome as a source of 

neuronal microtubules, since these flies had normal neuron morphogenesis 

(Basto et al., 2006). More importantly for the context of axon growth, ablation 

of the centrosome in cultured rat hippocampal neurons did not impair axon 

elongation (Stiess et al., 2010). Thus, non-centrosomal sources of 

microtubules and alternative MTOCs likely exist.  

As mentioned before, in mitosis the augmin-mediated microtubule 

nucleation is a mechanism to generate new microtubules independently of the 

centrosome. A very recent study from our laboratory described that this 

pathway also operates in the axons of mouse hippocampal neurons – augmin 

is required for maintaining uniform axonal microtubule polarity, by restricting 

the direction of γTuRC-mediated microtubule nucleation to plus-end-out, 

similar to the role of augmin in mitosis (Sánchez-Huertas et al., 2016). γTuRC 

is therefore also present in axons, being required for microtubule nucleation 

and proper microtubule density and axon growth (Stiess et al., 

2010)(Sánchez-Huertas et al., 2016). As augmin-derived microtubules are not 

anchored to the centrosome, other mechanisms of minus-end stabilization will 

take place. Besides the γTuRC, proteins of the patronin/CAMSAP family can 

also bind to microtubule minus ends and stabilize them (Goodwin & Vale, 

2010; Tanaka et al., 2012). CAMSAP2 was shown to stabilize non-
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centrosomal microtubule minus ends in neurons and promote axon 

specification (Jiang et al., 2014; Kah Wai Yau et al., 2014). 

 
Axon branching allows an axon to connect to several postsynaptic 

targets. Axon branches can be formed by splitting/bifurcation of a growth 

cone, or by formation of collateral branches along the axon shaft. The 

formation of lateral branches in the axon shaft involves local remodeling of the 

actin cytoskeleton and formation of lamellipodia and filopodia, and 

subsequent microtubule invasion into these structures, which will contribute to 

the growth of a new shaft, in a different direction than the original one 

(Gianluca Gallo, 2011). In branching zones, a large density of short 

microtubule fragments was observed. It was thus suggested that these short 

microtubules could be generated by severing of longer microtubules in the 

axon and these fragments would then be transported and serve as seeds for 

new microtubules (Karabay, 2004).  

When invading a developing branch, microtubules also extend (Erik W 

Dent et al., 1999; G Gallo & Letourneau, 1999). Microtubule acetylation is 

found in the proximal regions of the branch, denoting more stable 

microtubules, while unstable and more dynamic microtubules are found at the 

distal regions, thus indicating microtubule polymerization in the latter (Dent & 

Kalil, 2001). Indeed, microtubules at the distal parts of the axons are display 

less acetylation, as their dynamicity is important for axon growth. The tubulin 

deacetylase HDAC6 was reported to localize at the axon tips and its inhibition 

or depletion reduces axon length and growth (Tapia et al., 2010). Thus, 

nucleation of new microtubules and a combination of microtubule dynamics, 

microtubule severing and microtubule transport contribute to axon elongation 

and branching (see figure 13). 

Microtubule severing in the axon 
 
Several microtubule severing enzymes, spastin, katanin and fidgetin, 

are present in neurons.  

Katanin p60 subunit inhibition in rat neurons reduces axon growth. 

However, to avoid an excess of katanin activity, the microtubule binding 
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protein Tau, which decorates axonal microtubules, protects them form 

severing by this enzyme (Qiang et al., 2006). On the other hand, microtubule 

acetylation seems to render microtubules more sensitive to katanin activity 

(Sudo & Baas, 2010). Spastin also regulates axonal growth and branching, as 

this enzyme localizes at the sites of newly forming branches, in order to 

cleave long microtubules and generate the short fragments that will invade the 

branches (Yu et al., 1993; Yu et al., 1994, 2008).  

Microtubule transport in the axon 
 
The presence of motor-mediated transport of short microtubules 

(generated either by severing of other microtubules or through nucleation) in 

the axonal shaft has been a controversial subject. The first attempts to 

visualize microtubule transport showed slow movements of short microtubule 

polymers in axons of Xenopus motor neurons, while similar experiments in 

other organisms were not able to detect these movements (Hirokawa et al., 

1997; Reinsch et al., 1991). By doing photobleaching in relatively long 

segments of axons that had been injected with fluorescent tubulin, and 

imaging for longer periods, rapidly moving tubulin polymers (7 to 10nm) were 

visualized. The movement was described as “intermittent, asynchronous and 

bidirectional”, at a rate consistent with motor-mediated transport (Hasaka et 

al., 2004; He et al., 2005; Myers & Baas, 2007; Wang & Brown, 2002). 

Introduction of stabilized fluorescent microtubules into neurons also showed 

saltatory movements that could be due to motor activity (Terasaki et al., 

1995).	  

	   Interestingly, the observed anterograde movements of microtubules in 

axons were about twice as frequent as the retrograde ones (L. Wang & 

Brown, 2002). Nonetheless, it is not yet known if the microtubules transported 

anterogradely are also plus-end-distal oriented, since only actively growing 

microtubules can be visualized through EB protein imaging. The anterograde 

transport of only plus-end-distal microtubules was proposed as a mechanism 

for generating and maintaining the axonal microtubule array uniform polarity. 

Similarly, the wrongly oriented minus-end-distal microtubules generated either 

by fragmentation of longer microtubules or by non-controlled local nucleation, 
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would be cleared from the axon through retrograde transport (Baas & 

Mozgova, 2012).  

Cytoplasmic dynein was one of the motors proposed to regulate the 

transport of short microtubules in the axon. As described before, dynein can 

move along microtubules, while transporting cargo via its cargo-binding 

domain. Nevertheless, the dynein cargo binding domain can also interact with 

microtubules and actin filaments. Through this binding, dynein was suggested 

to operate in a “sliding” mechanism: while being bound to long and immobile 

microtubules or actin filaments with its cargo-binding domain, its motor 

domain moves toward the minus ends of short microtubules, thus sliding them 

along the immobile lattice (Vale et al., 1992). Partial depletion of Dynein 

Heavy Chain in neurons caused a decrease in anterograde microtubule 

movement, without affecting the retrograde movement, thus suggesting actin 

slides microtubules towards the axon tip (He et al., 2005). However, 

anterograde movements were not totally abolished, possibly due to 

incomplete dynein depletion or because dynein is only responsible for sliding 

microtubules against actin filaments and not against other microtubules (Peter 

W. Baas & Mozgova, 2012; Hasaka et al., 2004). Interestingly, dynein 

inhibition in another study generated an increase in mis-oriented microtubules 

in axons of Drosophila neurons, therefore suggesting an active role for dynein 

in clearing of mis-oriented axonal microtubules.   

Most kinesins are plus-end-directed motors and some could 

hypothetically also transport microtubules as cargo towards the axon tip. 

However, this type of transport would move short microtubules regardless of 

their orientation, and thus introduce wrongly oriented microtubules in the 

axon. The already described “mitotic” kinesin Eg5 was suggested to have a 

role in this process, but its depletion increased the rates of anterograde and 

retrograde transport of short microtubules in the axon, rather than decreasing 

it. This led to the hypothesis that Eg5 may act as a brake for short microtubule 

transport, by cross-linking the transported and the immobile microtubule 

(Myers & Baas, 2007). Concomitantly, Eg5 depletion or pharmacological 

inactivation lead to increased axon growth and length in rat peripheral 

neurons and immature rat cortical neurons (but not in more mature neurons), 

respectively (Haque et al., 2004; Myers & Baas, 2007; Yoon et al., 2005). 
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Depletion of KIF15, from the kinesin-12 family, also led to an increase in 

anterograde and retrograde transport of microtubules in the axon, and to 

increased axon growth (M. Liu et al., 2010). 

Microtubules in the axon growth cone 
 
The growth cones present at the very distal part of axon branches, and 

are highly dynamic actin-based structures that spread out in an “open-hand-

like” morphology exploring the substrate/tissue for synaptic contacts. They 

contain a central zone right at the end of the axon shaft, a transition zone and 

a peripheral zone, which contains actin lamellipodia and filopodia. As the axon 

grows, lamellipodia and filopodia extend (protrusion), microtubules then 

invade these protrusions (engorgement), transporting organelles and 

membrane vesicles. Finally microtubules are bundled and stabilized together 

in the central part of the cone as its proximal part becomes cylindrical and is 

added to the preexistent axon shaft (consolidation) (Poulain & Sobel, 2010). 

Microtubules in actively extending growth cones are highly dynamic 

and tyrosinated, and they splay and defasciculate into the lamellipodia, while 

in paused cones microtubules usually adopt a loop configuration. Both 

microtubule polymerization/depolymerization and the severing of actin 

filaments at the cone are important for proper axon growth and for growth 

cone guidance (Baas & Ahmad, 1993; Gallo & Letourneau, 1999; Poulain & 

Sobel, 2010; Ruthel & Hollenbeck, 2000; Yu et al., 1996).  The plus end-

binding proteins EB1 and EB3 are necessary during this process and EB3 

interacts with the actin filament-stabilizer Drebrin for cone growth formation 

(Geraldo et al., 2008). 

The kinesin Eg5 is required for growth cones to turn in response to 

external cues (Nadar et al., 2008). GFP-tagged Eg5 was shown to localize at 

growth cones and asymmetric inactivation of Eg5 in the transition zone in only 

one side of the cone causes turning of the cone in the same direction. Thus 

Eg5 was proposed to be a regulator of microtubule invasion to the peripheral 

zone of the growth cone. Eg5 inhibits microtubule invasion in the growth cone 

when T926-phosphorylated, and Eg5 T926A expressing neurons have 

decreased axon length (Nadar et al., 2012). 
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Microtubule sliding in the axon 
 

 To differentiate this concept from the previously described dynein-

mediated transport of short microtubules, I will refer to microtubule sliding as 

the sliding movement of longer microtubules, either one microtubule relative 

to other microtubules or two microtubules relative to one another. 

 This phenomenon was described in Drosophila neurons. By using 

photoconversion of tubulin, sliding of microtubules relative to each other was 

observed in the axon in the first few hours after plating, but not in older 

neurons. This sliding was shown to be dependent on kinesin-1, which also 

mediates microtubule sliding for the extension of the first neurites. Curiously, 

here kinesin-1 slides antiparallel microtubules apart and the minus-end out 

microtubules push the neurite tips (Del Castillo et al., 2015). In regenerating 

axons post-mechanical axotomy, microtubule reorganization and kinesin-1-

dependent microtubule sliding was also observed, enhanced by the activity of   

JNK kinase (Lu et al., 2015). The kinesin-6 Mklp1/Pavarotti was shown to 

antagonize the effect of kinesin-1 in microtubule sliding, as its depletion in 

Drosophila neurons enhanced sliding of long microtubules (Del Castillo et al., 

2015). It has still not been demonstrated that this sliding mechanism also 

exists in vertebrate neurons. In addition to kinesins, dynein was also found to 

generate forces that push the cytoskeleton forward in axons, causing bulk 

translocation of long microtubules (Roossien et al., 2014). 

Other features of microtubule organization in the axon – 
PTMs, MAPs and motors 
 
 In addition to the presence of different tubulin isoforms in neurons, 

which are generally not found in other cells (such as β-tubulin isotype-III 

(TUBB3)), microtubules in axons and dendrites are also regulated by post-

translational modifications and MAPs. 

 As described before, tubulin acetylation is often found in stable long-

lived microtubules, as are other post-translational modifications (PTMs) such 

as glutamylation or detyrosination. Polyamination is a modification that 

confers resistance to depolymerization (Lukas C. Kapitein & Hoogenraad, 
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2015). Tyrosinated tubulin is found in younger and more labile microtubules. 

Axonal microtubules have stretches with more PTMs close to their minus 

ends, suggesting that they could be more stable than the plus ends (Baas & 

Black, 1990).  

The described isoforms of the MAP Tau bind to microtubules in 

neurons, and Tau is highly enriched in axon microtubules. It stabilizes and 

bundles microtubules, promoting their assembly and nucleation and has a 

critical role in the establishment and maintenance of the axon, as well as in 

axon branching (Caceres et al., 1991; C. W. A. Liu et al., 1999; Poulain & 

Sobel, 2010; Yi Zheng et al., 2008). Tau has around 80 predicted 

phosphorylation sites, and its phosphorylation usually reduces its affinity for 

microtubules. The phosphorylation of many of these sites is spatially and 

temporally regulated, and hyperphosphorylation of Tau is associated with 

deregulation of the microtubule cytoskeleton and with disease (Billingsley & 

Kincaid, 1997; Takashima, 2013). MAP1B is the first structural MAP to be 

expressed in neurons and also localizes to (but not exclusively) axonal 

microtubules. It also has microtubule-stabilizing activity and promotes 

microtubule polymerization (Gonzalez-Billault et al., 2001; Tint et al., 2005).  

MAP1B inhibition decreases axon elongation, and impairment of the function 

of both MAP1B and Tau causes severe developmental defects (Poulain & 

Sobel, 2010). The already mentioned MAP DCX also promotes axon growth 

by bundling axonal microtubules. Many other MAPs participate in the 

organization of the axonal microtubule cytoskeleton. A particular important 

zone is the AIS, since it functions as a barrier for the diffusion and transport of 

vesicles and other cargo from the soma to the axon. AIS microtubules are 

organized in tight bundles with thin cross-bridges composed by the protein 

TRIM46 (Van Beuningen et al., 2015). It was hypothesized that these features 

contribute for for AIS barrier functions and for maintaining axonal uniform 

microtubule polarity. Guidance of microtubules by motors might also be a way 

of establishing uniform polarity bundles in the axon shaft and in nascent 

branches. The Kinesin-14 preferentially crosslinks parallel microtubules, and 

could mediate microtubule sorting into bundles with uniform polarity (Braun et 

al., 2009).  
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Finally, the fast transport of membranous organelles and slow transport 

of proteins and other cytoskeletal proteins by kinesins, dynein, and myosins 

are also essential for axon growth and function. Cargos transported along the 

axon by several kinesins include synaptic vesicle precursors (such as 

synaptophysin) (KIF1A, KIF1Bβ), mitochondria (KIF1Bα, KIF5), components 

of dynein-dynactin complexes (KIF5), plasma membrane precursors (KIF3), 

amongst others. In several cases, specific adaptor proteins such as 

DENN/MADD, The Milton-Miro complex, or Lyprin-a, mediate the interaction 

between the motor and its specific cargo or improve motor processivity. 

Proteins from the Rab family anchor to vesicle membranes and also mediate 

this specificity. Cytoplasmic dynein is involved in retrograde transport of 

mitochondria, BDNF (Brain-derived neurotrophic factor) vesicles, endosomes, 

and other cargo in the axon (Hirokawa et al., 2010). 

The specificity of certain motors for axonal transport is still not 

completely understood, but is thought to be mediated by the AIS (a recent 

study indicates that dynein adaptor NDEL1 is involved in traffic control at the 

AIS (Kuijpers et al., 2016)), by microtubule stability in the axon (M. A. M. 

Franker & Hoogenraad, 2013), by a tubulin-code of PTMs and MAPs, and by 

cargo adaptors and motor regulators (kinases, etc.) (Hirokawa et al., 2010). 

Figure 13 summarizes the above mentioned mechanisms involving the 

microtubule cytoskeleton during axon growth. 
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Figure 13. Axon growth and the microtubule cytoskeleton  

During axonal growth, several mechanisms involving the microtubule cytoskeleton 
take place. New axonal microtubules can be either nucleated by the γTuRC in the 
axon, with augmin imposing a restriction on their polarity, or be generated by 
enzyme-mediated severing of long microtubules, which often takes place at 
branching points. These microtubules can be stabilized at the minus ends by 
CAMSAP proteins. Centrosome-nucleated microtubules might also contribute for the 
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axonal microtubule lattice at early stages of differentiation, through severing and 
transport. Axon microtubules have uniform plus-end out polarity. The tight TRIM46-
linkage of microtubule bundles in the AIS might contribute for this organization, 
together with sliding of anterograde microtubules and clearance of retrograde 
microtubules by dynein. Kinesins also might participate in microtubule transport, but 
they have been better characterized for their functions in the transport of 
mitochondria and vesicles. Microtubule bundles in the axon are stabilized by Tau and 
other MAPs, and microtubules in the axon shaft present high levels of tubulin 
acetylation. In the growth cone, however, microtubules are more labile and unstable 
and present higher levels of tyrosination. Invasion of polymerizing microtubules into 
the actin filopodia/lamellipodia at the growth cone contributes for axon growth. 

Dendritogenesis 
 
 Many studies have focused on axon specification and growth, but the 

establishment of dendritic identity is not yet so well understood. The growth 

and branching of dendrites (in vitro stage 4) depends on external cues and on 

internal organization of the cytoskeleton, similarly to the axon. Proteins such 

as Semaphorin3A and Slit1 act as chemotropic agents for dendritic growth 

and branching (McAllister, 2002). Many actin regulators that take part in 

axonal development are also involved in this process. Just like axon growth 

cones and branching points, dendrite growing tips or branching points also 

start with the formation of filopodia and microtubule invasion (Conde & 

Cáceres, 2009; Heng et al., 2010; Lukas C. Kapitein & Hoogenraad, 2015). 

The small GTPases Rac and Cdc42 regulate dendritic growth and the stability 

and turnover of branches by modulating the polymerization/depolymerization 

of actin filaments. Short Stop/Shot is a large protein from the plakin/dystrophin 

family that crosslinks actin and microtubules and is required for axon 

guidance and proper dendritic branching in Drosophila neurons (S. Lee et al., 

2000). 

 The microtubule cytoskeleton reorganizes as dendrites develop, since 

immature neurites display uniform plus-end out microtubules while mature 

dendrites exhibit approximately equal percentages of microtubule bundles 

with opposing polarities (Baas et al., 1988); Burton et al., 1988; (Baas et al., 

1989). More detailed analysis by plus-tip tracking of growing microtubules with 

EB3 has shown that mixed polarity microtubules are present in the proximal 

dendrite regions, but in more distal dendrite areas there is a majority of plus-

end-distal microtubules (Stepanova et al., 2003). This could be explained by 
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the presence of longer minus-end distal microtubules relatively to the plus-end 

distal ones, or by different dynamics in both populations. Indeed, a recent 

study showed that reverse microtubules may be more stable, since laser-

cutting of dendritic microtubule bundles generated an equivalent number of 

retrograde and anterograde EB3 comets, and the length of depolymerization 

before rescue was shorter in retrograde microtubules (Yau et al., 2016). The 

gradual appearance of minus-end distal microtubules during dendrite 

development raises the question about their origin. One possibility is that 

these microtubules are formed locally within dendrites. Alternatively, they may 

form in the soma and then be transported into dendrites. 

Dendritic microtubule sources - centrosomal vs non 
centrosomal 
 

 The previously described mechanisms of centrosomal nucleation 

followed by severing and transport that could operate for axon elongation 

would in principle also be valid for dendritic growth, at least at very early 

stages of differentiation.  

 Indeed, it was shown that treatment with vinblastine, a microtubule 

depolymerizing drug, post axonogenesis reduces dendritic growth but does 

not impair the appearance of retrograde microtubules in dendrites, thus 

suggesting that these might be transported from the soma (Sharp et al., 

1995). However, elimination of the centrosome does not alter microtubule 

polarity in Drosophila neuron dendrites, suggesting that these microtubules 

could have a different origin (Nguyen et al., 2011). In the same system, it was 

proposed that non-centrosomal γTurC can nucleate microtubules from Golgi 

outposts that localize at branching points in dendrites, and that this would be 

important for dendritic growth and branching. However, these findings are still 

controversial (Nguyen et al., 2014; Ori-McKenney et al., 2012; Quassollo et 

al., 2015). Nonetheless, Golgi outposts likely still play a role in dendritic 

growth and branching as a source of membranes and other proteins/vesicles, 

and ER to Golgi traffic was shown to regulate dendritic growth but not axonal 

growth (Ye et al., 2007). A more recent study described that γ-tubulin can 

nucleate microtubules in the somatodendritic cytoplasm of both young and 
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mature neurons. The newly generated minus-ends are then stabilized by 

CAMSAP2, which is also important for axon growth as mentioned before. This 

process was important for dendritogenesis (Yau et al., 2014). 

Microtubule severing in dendrites  
 
 In dendrites microtubule severing might have a similar role as in axons, 

in generating microtubule seeds that will polymerize and become stabilized in 

forming branches. Indeed, katanin function was linked to proper dendritic 

arborization (Ahmad et al., 2000; Mao et al., 2014). 

 In Drosophila neurons, loss of function mutants of katanin p60 have an 

increased elaboration of dendrites (Mao et al., 2014), while katanin p60-like 1 

(kat-60L1) mutants have a reduced number of dendrite branches and overall 

shorter dendrites in larval class IV sensory neurons (Stewart et al., 2012). 

Mutations in the same gene were also associated with impairment of dendritic 

pruning (a process of branch retraction to allow for rewiring of the nervous 

system during development) (Lee et al., 2009). Spastin also affects dendrites, 

as dendritic branching was reduced in null mutants of this gene in Drosophila 

(Jinushi-Nakao et al., 2007).  

Microtubule transport in dendrites 
 
 One of the key questions regarding the organization of dendritic 

microtubules is how their mixed polarity is established and maintained during 

development and during the neuron’s lifetime.  

 The “mitotic” kinesin Cho1/Mklp1/KIF23 is required for dendrite 

establishment and maintenance, as its inhibition prevented the formation of 

mixed polarity microtubule arrays both in developing dendrites and in 

dendrites from mature neurons, which assumed an axon-like morphology and 

organelle distribution (Lin et al., 2012; Sharp et al., 1997; Yu et al., 2000). In 

these dendrites, minus-end distal microtubules were drawn back to the soma, 

while plus-end distal microtubules became predominant. Simillar results were 

observed when inhibiting kinesin-12 (S. Lin et al., 2012). This suggests that 

KIF23 and Kinesin-12 may continously transport minus-end-out oriented 
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microtubules into dendrites, and that the mixed polarity configuration of 

dendritic microtubules may be regulated and even be reversible. 

 Interestingly, Eg5 was also found to affect dendritic growth and 

microtubule polarity in later-stage neurons. Eg5 depletion or inhibition 

decreased dendrite length and width, and increased the percentage of minus-

end distal microtubules in dendrites. This suggests that Eg5 can impose a 

limit on the transport of short retrograde microtubules (Kahn et al., 2015a). In 

dendrites, Eg5 was found to associate preferably with tyrosinated-tubulin rich 

microtubules, in a T926-dependent manner. Furthermore, CDK5 was shown 

to phosphorylate this residue on the Eg5 tail domain, which in mitosis is 

phosphorylated by CDK1 (Kahn et al., 2015b). Eg5 activity in neurons seems 

to be regulated by its mitotic-interacting partner TPX2, as TPX2 depletion or 

Eg5 inhibition both increase neurite growth in young neurons (Kahn et al., 

2015b). 

Microtubule sliding in dendrites 
  

It is currently unclear whether KIF23 actively transports short 

microtubules or if it promotes sliding of longer antiparallel microtubules, or 

both. In C.elegans Kinesin-1/KHC mutants, dendrites had their typical mixed 

microtubule polarity reversed into an axonal-like plus-end out microtubule 

conformation. It was suggested that the ability of Kinesin-1 to crosslink 

antiparallel microtubules in vitro would mediate microtubule sliding and glide 

the plus-end out microtubules out of the dendrite, to ensure a mixed 

population of microtubules in this compartment (Yan et al., 2013). 

It is possible that these kinesins (and others with similar roles) form 

antiparallel bundles within the dendrite and clear out a certain population of 

microtubules through antiparallel microtubule sliding. Another possibility is 

that these motors promote the formation of antiparallel bundles, which are 

then amplified by directionality-maintaining, augmin-dependent nucleation, or 

by directionally unbiased nucleation followed by selective stabilization of 

microtubules. Indeed, studies in Drosophila suggested that growing 

microtubules approaching branching zones in dendrites are guided towards 

the plus-ends of other microtubules by Kinesin-2 which interacts with EB1 and 
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APC (Mattie et al., 2010). Motors could then guide and slide microtubules, 

and parallel or antiparallel microtubule bundlers such as the protein PRC1 

(which operates in the central spindle in anaphase) would then stabilize a 

certain polarity configuration (Subramanian & Kapoor, 2012). 

Other features of microtubule organization in dendrites – 
PTMs, MAPs and motors 
 
 Dendritic microtubules are usually less acetylated and more tyrosinated 

than axonal ones, and are normally stabilized by proteins of the MAP2 family. 

MAP2 increases microtubule rigidity and also promotes microtubule 

nucleation and bundling. Inhibition of MAP2 disorganizes microtubules in 

cultured neurons and also reduces the number of formed neurites. 

Nevertheless, mice lacking MAP2 are viable and display only a minor 

dendritic length reduction in hippocampal neurons (Poulain & Sobel, 2010), 

pointing to a redundance in function between MAP2 and MAP1B. Only in the 

absence of both MAPs severe defects are observed (Conde & Cáceres, 

2009). 

 Some studies suggest that MAP2 has other functions apart from 

stabilizing microtubules, such as contributing to organelle sorting into 

dendrites or interacting with signaling molecules that contribute to dendrite 

growth and remodeling. MAP2 is phosphorylated by CAMKII and by JNK1 

kinases, increasing its affinity for microtubules and contributing to dendritic 

differentiation (Conde & Cáceres, 2009).  

MAP1A is enriched in mature dendrites and does not affect overall 

dendrite elongation, but is necessary for dendrite branching in response to 

synaptic activity, presumably by regulating actin-microtubule interactions 

(Conde & Cáceres, 2009; Lukas C. Kapitein & Hoogenraad, 2015).  

 Motors in dendrites will be regulated by similar factors as in the axon, 

i.e., a tubulin-code of PTMs, MAPs, mixed microtubule polarity, and cargo 

adaptors/processivity activators that are specific to this subcellular 

compartment. Kinesins transport mRNAs for local translation, several types of 

post-synaptic receptor vesicles (NMDARs, AMPARs, GABARs), amongst 

other types of cargo. KIF5 is one of the most important motors in dendrites, 
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and KIF17 also participates in transport of synaptic receptors (M. A. M. 

Franker & Hoogenraad, 2013; Hirokawa et al., 2010). 

 Cytoplasmic dynein can convey cargos retrogradely or anterogradely in 

dendrites, due to the mixed polarity of microtubules. It has been described to 

mediate the transport of mRNA complexes, endosomes and glycine receptor 

vesicles. Different intermediate chain and light chains mediate specificity for 

different types of cargo (Hirokawa et al., 2010). Finally, dynein can also 

regulate dendrite morphology, as its cofactors Lis1 and NuDE affect 

microtubule dynamics and dendrite branching in Drosophila neurons (Arthur 

et al., 2015). Figure 14 summarizes the described microtubule cytoskeleton 

organization mechanisms during dendritogenesis. 
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Figure 14. Dendrite growth and the microtubule cytoskeleton  

The microtubule cytoskeleton contributes for dendritic growth. Microtubules are 
generated in the dendrite either through nucleation in the dendritic cytoplasm by the 
γTuRC, or by enzyme-mediated cleavage of longer centrosomal microtubules or 
longer dendritic microtubules close to branching points. The new microtubules are 
stabilized at their minus ends by proteins from the CAMSAP family, and can be 
transported by kinesin (such as Cho1) or dynein motors. This transport and/or 
sorting/guidance by motors is thought to be a crucial factor for the mixed-microtubule 
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polarity in dendrites. Microtubules of either polarity are also stabilized into bundles by 
MAPs, such as MAP2 or MAP1B, and tubulin acetylation is a hallmark of this 
stability. Although still controversial, it is hypothesized that Golgi outposts might 
contribute for microtubule nucleation/organization in dendrites. Actin regulators such 
as Rac or Cdc42 mediate actin destabilization close to branching points, and proteins 
such as Short-Stop can crosslink actin filaments and microtubules. Some of the 
forces necessary for dendritic growth might be exerted by microtubule polymerization 
and/or microtubule sliding (so far only demonstrated in invertebrate neurons). 

Spines and synapses 
 
 Mature dendrites both in vivo and in vitro (stage 5) are able to form 

small post-synaptic membrane protrusions that are called dendritic spines, 

and which compose most of the excitatory synapses in the brain. These 

spines have various shapes, and usually are composed of a slender neck and 

a bulbous head (mushroom shape), a small head (thin shape) or no neck 

(stubby shape) (Figure 15). These shapes are interchangeable, as spines are 

very dynamic and plastic structures that can alter their morphology in 

response to synaptic activity. This plasticity is essential for memory and 

learning (Rochefort & Konnerth, 2012; Shirao & González-Billault, 2013). 

 Spine plasticity is mediated by the actin cytoskeleton. When an axon 

presynaptic terminal establishes contact with a dendritic filopodium, the 

protein Drebrin accumulates and binds to actin filaments on the dendritic site, 

which become more stable and form clusters at the core of the newly forming 

spine. Post-synaptic density proteins (such as PSD-95) and receptors are 

then recruited and accumulate in the spine. ADF/cofilin, on the other hand, 

competes with Drebrin to destabilize actin filaments and can contribute to 

spine remodeling or destabilization (Shirao & González-Billault, 2013).  

Microtubules and dendritic spines 
 
 Microtubules are not thought to be a stable component of dendritic 

spines, but it was shown that microtubules can enter spines, and that this 

correlates with synaptic activity. BDNF treatment increases microtubule entry 

into spines, which is impaired if cells are co-treated with the microtubule-

destabilizing drug nocodazole. Concomitantly, treatment with a small 

concentration of taxol stabilizes microtubules and leads to an increased 
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density of spines in response to BDNF treatment (Gu et al., 2008). 

Microtubules that enter spines are dynamic and have EB3 at their plus tips, 

and EB3 depletion reduces spine formation (Jaworski et al., 2009). The 

binding between EB3 and Drebrin might regulate microtubule association with 

actin in the spine, and modulate actin dynamics (Figure 15). MAP1B was 

identified in some of these microtubules, but not MAP2 (Shirao & González-

Billault, 2013).  

Recent studies have shown that microtubules entering spines promote 

accumulation of PSD-95, and also spine head enlargement (Hoogenraad & 

Bradke, 2009; Hu et al., 2011). NMDA receptor activity also promotes spine 

enlargement, and interestingly NDMA-dependent chemically induced long-

term depression reduced the percentage of spines with microtubules, and 

also decreased microtubule dynamics in dendrites (Kapitein et al., 2011).  

Although not yet directly demonstrated, a microtubule-based transport 

system, in which motors enter spines via microtubules to deliver post-synaptic 

components, would be a likely scenario, and would complement the myosin-

driven transport into these compartments (Dent et al., 2011). 

 

 
 

Figure 15. Dendritic spines and the microtubule cytoskeleton 

a. Dendritic spines are plastic and can assume different morphologies 
according to stimuli from an axonal presynaptic terminal b. Microtubules can invade 
dendritic spines and interact with the actin filaments in the spine, via Drebrin. 
Microtubule invasion correlates with synaptic activity in the spine, and is 
hypothesized to contribute for PSD95 accumulation. Modified from (Shirao and 
Gonzalez-Biillault, 2013). 
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Cell cycle regulators in neurons 

 
 Neurons need microtubules for their migration, differentiation and 

function. The presence and activity of “bona-fide mitotic microtubule 

regulators” in neurons in these three processes is still a relatively unexplored 

field. As described above, many so-called mitotic motors such as cytoplasmic 

dynein, KIF23, Eg5, and microtubule-associated proteins such as the EB 

family, ch-TOG, or TPX2, are also expressed in neurons and regulate the 

neuronal microtubule cytoskeleton. 

 This “recycling” of cell-cycle/mitotic machinery in neurons is therefore a 

clever evolutionary mechanism that allows an organism to reuse the same 

regulators in different tissues with either similar or alternative roles.  

 Some of the already described examples were either identified 

because the proteins were found expressed in the brain, or because of 

mutation screenings. A few examples of cell-cycle-related proteins with 

alternative neuronal functions include the CDK-inhibiting kinases (CKI) p21, 

p57 and p27, which are expressed in neurons - p27 was described to regulate 

neuron migration and differentiation. The Anaphase-Promoting Complex 

(APC/C) subunits Cdc20 and Cdh1 were implicated in dendrite 

morphogenesis and axonal growth, respectively, years after some pioneering 

studies detected their expression in the brain. The same complex was also 

reported to regulate synaptic strength in Drosophila and C.elegans neurons. 

The cohesin complex, which keeps sister chromatids together until anaphase, 

was found to regulate axon pruning through yet unclear mechanisms in 

Drosophila neurons. The Origin Recognition Complex (ORC) binds to DNA in 

sites where replication is initiated in S-phase. In neurons, ORC3 and ORC5 

depletion lead to a dendritic atrophy and to a decrease in dendritic spine 

density. Surprisingly, even some mitotic kinases are active in neurons, as 

Aurora A controls neurite extension together with TPX2, and also 

accumulates in the post-synaptic density, being associated with NMDA 

receptor activation (Frank & Tsai, 2009; Herrup, 2013; Mori et al., 2009).  

However, the vast majority of cell cycle regulators and proteins that 

orchestrate the formation of the mitotic spindle have yet to be characterized in 
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the context of non-mitotic cell types such as neurons. Since several 

databases report expression of mitotic/cell-cycle related genes in the brain 

(brain-map.org, hbatlas.org, or BrainTX), it is tempting to speculate that many 

of these proteins may have important functions in post-mitotic neurons. 

Given the high complexity of neurons, and of the mechanisms 

regulating their differentiation and function, identifying the cytoskeletal gears 

that drive this immense machinery will prove to be very important, in particular 

since many of the already known microtubule cytoskeleton-related genes 

have been associated with severe neurodevelopmental malformations and/or 

neurodegenerative disease (Hoogenrad, 2013).  
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There is a vast amount of genes regulating cell cycle progression and 

organizing the microtubule cytoskeleton during this process. A few genes from 

this group have been found to play similar or alternative roles in neurons, but 

the majority remains yet to be characterized in a post-mitotic context. Since in 

particular cases the known functions of some these genes in cycling cells 

suggest a potential role for these genes also in neurons, we hypothesized that 

there might indeed be more mitotic (microtubule) regulators that are actively 

participating in neuron differentiation and function. Thus, to explore this 

hypothesis, the main objective of this thesis was investigate the existence of 

novel roles (either similar or alternative) for a subset of mitotic (microtubule) 

regulators during mouse embryonic hippocampal neuron differentiation. 

For this purpose, we focused on the expression of genes belonging to 

this group during hippocampal neuron differentiation, by analyzing it in a 

whole genome microarray. The microarray was performed with mRNA 

samples from cultured hippocampal neurons at their several stages of 

differentiation. 

From here on, more detailed objectives included: 

 

- Selection of a subset of genes, which had either upregulated or 

constant expression levels during neuron differentiation, and testing of these 

short listed genes through an RNAi screen in neurons. 

 

- Identification of positive hits by differences in axon and dendrite 

length in immature neurons, and further characterization of these positive-hit 

genes functions/phenotypes in other neuron differentiation stages. 

 

- Characterization of the mechanisms through which the candidate 

gene Nek7 (one of the positive hits) regulates neuron morphology/function 

and the neuronal microtubule cytoskeleton, with a special focus on the 

regulation and roles of its substrate, the kinesin Eg5 
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Animals and cell cultures 
 

Pregnant OF1 mice females were purchased from Charles 

River/Janvier and maintained at the animal facilities of the Barcelona Science 

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

regulations. Nek6 KO mice and their WT littermates were a generous gift from 

Joan Roig’s lab (IRB Barcelona). Work protocols have been approved by the 

Animal Care and Use Committee of the PCB (IACUC; CEEA-PCB), in 

accordance with applicable legislation. Hippocampal and cortical cell cultures 

were prepared from e17.5-18-5 mouse embryos. Briefly, mouse embryos 

were dissected from a sacrificed pregnant female and placed on ice in 10cm 

plates with cold Hank’s (1x). Embryos were sacrificed and their brains were 

removed, and also placed in 10cm plates with cold Hank’s (1x). Hippocampi 

were dissected from the brains, and treated with 0.25% trypsin (Life 

Technologies) and DNAse (Roche) during 15 min at 37ºC and dissociated into 

single cells by gentle pipetting. Neuron density in suspension was calculated 

by counting cells in a Neubauer chamber, and neurons were seeded on glass 

coverslips or plastic plates previously coated with 0.1 mg/ml Poly-D-lysine 

(Sigma) in Borate buffer pH 8.5, for 3 h or O/N at 37ºC. Neurons were plated 

at ~105 cells/cm2 for normal density, or at 2x104 cells/cm2 for low-density 

cultures, in DMEM (Dulbeco’s modified Eagle’s medium, from Invitrogen) 

containing 10% foetal bovine serum (FBS), penicillin/streptomycin ((100 IU/ml 

and 100 µg/ml,respectively). Two hours later this Plating medium was 

replaced with Maintenance medium, consisting of Neurobasal medium 

(Invitrogen) supplemented with 2% B27, pen/strep, 0.6% Glucose and 

Glutamax (all these reagents from Life Technologies). Neurons were 

maintained at 37ºC in a humidified atmosphere containing 5% CO2. Cytosine 

arabinoside (1 µM; Sigma) was added to cultures at 3 days in vitro (DIV) and 

1/3 of the medium was refreshed every 4-5 days. HEK293T, SH-SY5Y, 

U2OS, N2a cell lines and Embryonic Mice Fibroblast cells were cultured in 

DMEM containing 10% FBS and pen/strep (concentrations indicated above). 

All cells were kept at 37ºC in a humidified atmosphere containing 5% CO2. 

 



Materials and Methods 

82	  

Microarray and qPCR 
 
 The microarray experiments were done prior to my arrival at the lab, in 

collaboration with IRB Funcional Genomics Facility and IRB 

Biostatistics/Bioinfomatics facility for data analysis. Briefly, total RNA was 

purified from mouse embryo hippocampal neuron cultures (two independent 

replicas) at different timepoints of differentiation in vitro (namely, 0DIV; 1DIV; 

3DIV; 6DIV; 12DIV; 15DIV). After quality control these samples were used for 

whole genome microarrays, Affymetrix Mouse gene 1.0 ST.  

 The qPCR reactions for validation of the short-listed microarray genes 

expression levels, and for testing of the shRNA clones used in the RNAi 

screen and shKif23 were performed by the IRB Functional Genomics facility. 

Briefly, we extracted total RNA from transfected N2a cells using RNeasy Mini 

Kit (QIAGEN), according to manufacturer’s instructions. We provided IRB 

Barcelona’s Functional genomics facility with this RNA, and there double-

stranded DNA was synthesized and amplified from 25ng total RNA using 

WTA2 kit (Sigma-Aldrich).  Real-time PCR was performed in a CFX96 system 

(BIO-RAD) from 10ng dsDNA  per reaction using SsoFast Evagreen (BIO-

RAD) following the manufacturer's recommendations. GAPDH (shRNA 

testings) or beta-actin (validation of microarray data and comparison with N2a 

expression levels) were used as house-keeping genes. Normalized 

expression was quantified using CFXManager software with  2-ΔΔCT method 

where GAPDH/beta-actin is the reference target. 

Plasmids 
 
 The target sequences of shRNA constructs tested for the RNAi screen 

genes (except Nek7 and Nek9), cloned into plKO.1 plasmid are described in 

the following table:   

 

Oligo name Target sequence 
shTacc1 #1 GCCAAGTGTTTATTGCACATT 
shTacc1 #2 GCATGAGTTCTCAGAAGAGTT 
shEml2 #1 CCTGTTCGAGAAACACGAGAA 
shEml2 #2 GCTATCCACACAGATGGCAAT 
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shZwint #1 GCCAAGATCATGGAGGAGTTT 
shZwint #2 GCTGAGGACAAAGATGTGAAA 
shNek10 GTCCAGATATTGTAGAAGTTA 
shMtap7 GCGTCTGATGGCTATAAAGTA 

shCcne1 #1 CCATATTGTCAGAACAGAATA 
shCcne1 #2 CCTGGGATGATAATTCAGCAT 
shBub3 #1 GCCTTGTTAAAGGTGACCAAA 
shBub3 #2 CCAGAAGTGAACGTGATGGTA 
shSka3 #1 CCTCCGAAAGTTACTGCGATT 
shSka3 #2 CTCTTCTCGATGAAGCAAGAT 

shCkap5 #1 GCAGATTTAGTGAAAGCATTA 
shCkap5 #2 CGACTGAATGATTCAAACAAA 
shTacc3 #1 GCAGTCTTTGTACGTGAAATT 
shTacc3 #2 GCTGAGCTTGTCAACTTAGAT 

shCdca8 CAATTTAACAGCTGAAGCTAT 
 

Table 1 – RNAi screen shRNA clones and targeting sequences 

 

 

The target sequences for depletion of NEK7 (shNek7 #1: 
GCATCATTCATTGAGGATAAT; shNek7#2 : 

CGTGGACAATTTAGTGAAGTT), Nek6 (shNek6 #1: 

CACCGACCTGACATTGTATAT; shNek6 #2: 

CCATCCGAATATCATCAAGTA), Nek9 (shNek9 #1: 

GCTCTGATATCTGTACCTCAT; shNek9#2: 

CGACAACATCATTGCCTACTA), TPX2 (shTPX2: 

CCTCACAGATGAGCGAATCAA) and Kif23 (shKif23: 

CCATCTATTCAAGAACTACTT) were cloned for expression as shRNAs into 

pLKO.1. 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-Adrich RNAi program).  For rescue experiments, the cDNA of 

mouse Nek7 was rendered shRNA resistant by PCR mutagenesis - using the 

Quickchange II mutagenesis kit (Agilent Technologies), according to 

manufacturer’s inctructions - and cloned into pCS2 (with N-terminal triple 

FLAG tag) using FseI/AscI sites. PCR mutagenesis was also performed in 

order to obtain the kinase-dead (D179A) mutant from (shRNA resistant) and 
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the constitutively active (Y97A, non-shRNA resistant) mutants of NEK7. The 

non-shRNA resistant kinase-dead mutant of Nek7 (D179A) was a gift from 

Joan Roig’s lab, and this plasmid was cloned prior to my arrival, having a 

FLAG tag pCMV5 plasmid as backbone. 

The FLAG-Nek6, FLAG-Nek9 and FLAG-Nek9 ΔRCC1 plasmids 

(backbone vector pCMV5) were cloned in Joan Roig’s lab, prior to my arrival. 

A cDNA of human Kif11/Eg5 was also cloned into the pCS2-3xFLAG plasmid 

with the restriction enzymes FseI/AscI. The Eg5 S1033A and S1033D 

mutants were obtained by performing PCR mutagenesis using the wild-type 

FLAG-Eg5 plasmid as template.  

PCR was used to amplify a CDK5RAP2 fragment (amino acids 51-100) 

from the cDNA clone KIAA1633 (Kazusa DNA Research Institut, Kisarazu, 

Japan). CDK5RAP2 sequences were inserted into pEGFP-C1 (Clontech). The 

reporter plasmid EB3-Tomato was a generous gift of Anne Straube (University 

of Warwick, UK). 

 

Cell culture treatments  
 

Hippocampal neurons were transfected at 2 DIV, 5DIV or 7 DIV 

respectively, using Lipofectamine 2000 (Life Technologies) according to 

manufacturer’s instructions. To perform transfections, the Maintenance 

medium was replaced for the transfection period (1-2h) by Transfection 

medium (same as Maintenance medium, but without pen/strep). DNA and 

Lipofectamine 2000 mixes were made in Neurobasal medium and then added 

to the neuron wells/plates. Together with shRNA plasmids in indicated 

experiments, neurons were co-transfected with an EGFP plasmid (pEGFP N1, 

Clontech) in a 5:1 ratio, in order to visualize neuron morphology in transfected 

cells. To perform replating experiments, shRNA-transduced/transfected 

cultures at 5 DIV were trypsinized (0,05% Trypsin-EDTA, Life Technologies) 

for 5 min, collected in Neurobasal medium with 5% FBS, pelleted at 800 rpm 

for 3 min, resuspended in conditioned media and replated in Poly-D-lysine 

coated coverslips. After 48 hours of regrowth, neurons were fixed and stained 
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for microscope analysis. In Eg5 inhibition experiments, hippocampal neuron 

cultures were treated at either 2DIV or 7DIV with 100µM Monastrol (Sigma), 

10µM STLC (Sigma), 10µM FCPT (a generous gift from Tim Mitchison’s lab) 

or DMSO (Sigma) for 5-7days and either live-imaged for EB3-labeled comets 

or fixed for analysis of dendritic morphology/Eg5 intensity, respectively. Both 

STLC and FCPT were ressuspended in DMSO and stored at -20ºC. The 

mouse neuroblastoma Neuro2A cells were transfected with Lipofectamine 

2000 and 72 h later were lysed for collection of protein extracts. Human 

osteosarcoma U2OS cells were arrested in mitosis through an O/N treatment 

with 100µM Nocodazole (Sigma), and mitotic “shake-off” was performed the 

following day in order to collect the mitotic cells for a lysate. The human 

neuroblast SH-SY5Y cell lines were grown in culture and then serum-starved 

for 7 days and differentiated by addition of 40 nM of retinoic acid (Sigma) plus 

BDNF 50ng/ml (Sigma). 

Lentivirus production and transduction 
 

Lentivirus were generated with the LentiLox3.7 system. HEK293T cells 

were co-transfected with either with a pLL3.7 GFP-containing plasmid or with 

a pLKO.1 plasmid 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 utracentrifugation at 27,000 

r.p.m. for 2 h. Virus particles were resuspended in PBS at 4ºC, aliquoted, 

frozen in liquid nitrogen and stored at -80ºC. Infectivity was assayed for GFP-

carrying virus by infecting HEK293T cells with serial dilutions of concentrated 

lentivirus, and sorting of GFP-positive cells by FACS 72 h after infection. 

Neurons were infected at multiplicity of infection (moi) 3. 

Antibodies 
 

The anti-NEK7 antibody used was (3920-1, Epitomics, dilution WB 

1:10000).    The other rabbit antibodies used for the experiments in this thesis 

were: anti-Eg5 (GTX30692, GeneTex, dilution IF: 1:250), anti-NEK6 
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(Ab133494, Abcam, dilution WB: 1:1000), anti-NEK9 (Ab138488, Abcam, 

dilution WB: 1:1000), anti-MAP2 (Chemicon, dilution IF: 1:500), anti-TPX2 

(Alexander Bird’s lab generous gift , dilution WB 1:500) and anti-Cyclin A (sc-

596, Santa Cruz, dilution WB: 1:2000). The mouse antibodies used were: anti-

α-tubulin (DM1A, Sigma, dilution IF: 1:2000, dilution WB 1:10000), anti-γ-

tubulin (TU-30, ExBio, dilution IF: 1:500) anti-Acetylated-α-tubulin (6-11B-1, 

Sigma, dilution IF: 1:50000), anti-Eg5 (611187, BD Biosciences, dilution WB: 

1:1000), anti-Tau (A0024, Dako, dilution WB: 1:10000), anti-FLAG (F3165, 

Sigma, dilution IF: 1:2000, dilution WB: 1:10000). I also used a Chicken anti-

GFP (Aves Labs, dilution IF: 1:1000). 

 

Lysates, Immunoprecipitation and Western blot 
 

For immunoprecipitation, differentiated SH-SY5Y cell lines were lysed 

(50 mM Tris pH 7.4, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 10% Glycerol 

and 1% Triton X-100) in the presence of protease inhibitors (Complete, 

Roche). Lysates were clarified by centrifugation at 16000 x g for 10 min at 

4ºC, and equal protein amounts were immunoprecipitated with anti-Eg5 (2 µl, 

611187, BD Biosciences) or control mouse IgG antibody overnight. Protein G-

Sepharose beads (GE Healthcare) were added during 2 h. After washing with 

lysis buffer, the proteins were eluted by boiling in 1 volume of 2x sample 

loading buffer 0.5M Bis-Tris, 0.3M HCl, 20% glycerol, 8%SDS, 2mM EDTA, 

0.06% bromophenol blue, 5%β-mercaptoethanol. For Western Blotting, cell 

culture lysates were prepared as described above or brain cortex tissue was 

dissected and homogenized in lysis buffer. To obtain soma or axonal protein 

extracts, hippocampal neurons were cultured on filters with 3 µm pore size 

membranes (Neurite Outgrowth Assay Kit, Millipore). At 8 DIV cells were fixed 

in methanol at -20ºC for 5 min. To obtain axonal fractions, somas on the 

upper side of the device were first carefully removed with wet flattened cotton 

swabs following manufacturer´s instructions. Axons at the bottom side of the 

membrane were extracted in a 200µl drop of SDS sample buffer. To obtain 

soma fractions, axons from the bottom part of the device were first removed 

by scraping. Then SDS sample buffer extracts were prepared from the upper 
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side of the membrane. For the Phospho-NEK7 S195 antibody testing Western 

Blot, N2a lysates were prepared in lysis buffer containing also phosphatase 

inhibitors (NaF 50mM, Na3VO4 10mM, β-glycerophosphate 2mM, Calyculin 

25nM) or in the firstly described lysis buffer, followed by additional treatment 

with λPPase (New England Biolabs), following the manufacturers instructions, 

for 1h at 30ºC.All samples were clarified by centrifugation and boiled in 

sample buffer for SDS-PAGE. Protein samples were loaded in an acrylamyde 

gel (4% forstacking and 10% for separation) and run at 120mV in MOPS 

buffer (2.5mM MOPS, 2.5mM Tris-base, 0.005% SDS, 0.05mM EDTA) or 

MES buffer (50mM MES, 50mM Tris-base, 0.1% SDS, 1mM EDTA). Proteins 

were separated and transferred onto PVDF membranes (Millipore) for 1 and a 

half hours at 65mV in transfer buffer (2.5mM Tris-base, 192mMglycine, 20% 

methanol) Membranes were blocked with 5% milk (or in the case of P-NEK7 

Ser195 with 5% BSA, Sigma) in TBST (2.5mM Tris-base,137mM NaCl, 

2.7mM KCl, 0.1% tween20) for 1 hour and probed overnight with primary 

antibodies diluted in TBST. The relative intensity of the bands was quantified 

using ImageJ. 

 

Immunofluorescence microscopy 
 

Cultured neurons and cell lines were fixed in methanol at -20ºC for 5 

min or in 4% PFA / 4% sucrose diluted in PBS for 15 minutes at room 

temperature. For staining Eg5 and α-tubulin/Acetylated-α-tubulin cells were 

simultaneously permeabilized and fixed using 4% paraformaldehyde (PFA) / 

4% sucrose / 0.25% glutaraldehyde / 0.1% Triton X-100 diluted in PHEM 

buffer (60 mM Pipes, 25 mM Hepes pH 7.4, 5 mM EGTA, 1 mM MgCl2) as 

previously described. All fixed cells were permeabilized with 0.25% Triton X-

100 in PBS for 5 min, blocked for 1h with 4% bovine serum albumin (BSA, 

Sigma) in PBS and incubated in 2% BSA overnight with primary antibodies. 

Alexa350, Alexa488, or Alexa568 secondary fluorescent antibodies were used 

(Invitrogen) and DNA was stained with DAPI. Coverslips were washed with 

PBS between each incubation. A confocal microscope TCS-SP5 (Leica 

Microsystem, GmbH) equipped with a 63x/1.40 OIL objective was used for 
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imaging dendritic spines at 1024 x 1024 pixel resolution. Dendritic spine 

image stacks were taken with a 0.125 µm step-size, and deconvoluted using 

ImageJ software (NIH). For analysis of neurons and other cells, single-plane 

images were acquired with an Orca AG camera (Hamamatsu) coupled to a 

Leica DMI6000B microscope equipped with a 100x/1.40 OIL objective. 

20x/0.50 DRY, 40x and 63x OIL objectives were additionally used for 

standard imaging and for mosaics generation of complete axons/dendritic 

arbors and replated neurons.  

 

Time-lapse microscopy 
 

Hippocampal cultures were plated in glass-bottom dishes (MatTek), 

transduced with virus expressing shRNA, or treated with drugs, transfected 

with EB3-Tomato reporter at 7 DIV and imaged 24hours later. For analysis 

after expression of the CDK5RAP2 construct, cultures were co-transfected 

with plasmid encoding EGFP, or EGFP-CDK5RAP2 fragment 50-100 together 

with EB3-Tomato reporter (2:1 ratio) at 6 DIV and imaged 48 h later. Live-

imaging of EB3 comets was performed in the dendrites of random transfected 

cells, 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 1 s intervals during 2.5 min for EB3 

comets in dendrites. 

Image analysis 
 

All 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. Dendritic EB3 comet analysis 

was performed using the kymograph macro (ImageJ software), with lines 

drawn on the trajectories of comets. Intensities were measured in images 

acquired with constant exposure settings. The average fluorescence 
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intensities of GFP, Eg5, or α-tubulin and acetylated α-tubulin staining were 

measured in somas or along approximately 50µm in the proximal region and 

in the distal region of the imaged dendrite, or in the same lengths of proximal 

and distal axons or in the whole growth cone. Whole axon and dendrite length 

were measured using the NeuronJ macro (ImageJ software). Sholl analysis 

was performed using the Sholl analysis plugin, as described before (Ferreira 

et al., 2014) using binary versions of the dendrite tracings generated with the 

NeuronJ plugin. Dendritic spine morphology and density analysis was 

performed on deconvoluted image stacks using NeuronStudio Software 

(Rodriguez et al., 2008). 

Statistic analysis 
 

Statistic analysis was done using the Prism 6 software. Two-tailed 

unpaired t-tests or ANOVA tests were performed to compare the experimental 

groups. The results are detailed in the figures and the figure legends. 	  
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Short-listing of candidate genes from a neuron differentiation 
microarray for an RNAi screen 

 

During neuron differentiation in vitro, the distinct stages and associated 

changes in cell morphology involve a well-timed activity of a multitude of 

players. The pattern of expression of genes during this process could serve 

as a hint for a potential role at specific stages of neuron differentiation. Based 

on this consideration, prior to my arrival at the lab, a whole genome 

microarray analysis was performed using RNA isolated from cultured 

hippocampal neurons at different time points of their differentiation - 0DIV, 

1DIV, 3DIV, 6DIV, 12DIV and 15DIV - encompassing the main differentiation 

stages (Dotti et al., 1988). 

When analyzing the microarray results, a vast majority (77%) of genes 

were not “differentially expressed” during the process, meaning that any 

difference in their expression values between any of the analyzed timepoints 

(consecutive or not) was lower than 2-fold. The other ~23% of genes 

belonged, therefore, to the “differentially expressed” group - genes whose 

expression changed by more than 2-fold between any of the analysed 

timepoints. Here we found genes with an expression that was overall 

upregulated, downregulated, or with oscillatory behavior, and thus overall 

neither upregulated nor downregulated over the differentiation time course 

(Figure 16 and Figure 17).  
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Figure 16 – Microarray gene groups and expression behaviors, including the 
short-listed genes. The green box of short-listed genes denotes the upregulated 
group wile the blue box denotes the not-differentially expressed group. 

 

 

Special importance was given to a subset of 1456 genes, which were 

designated as “signature genes”. This group included the microtubule 

cytoskeleton regulators/associated proteins known with described roles in a 

cycling-cell context, as well as other kinases, phosphatases and signaling 

molecules that compose the mitotic machinery and/or orchestrate cell cycle 

progression. From these “signature” genes, 374 belonged to the “differentially 

expressed” group. The following figure shows the several expression patterns 

(clusters) found in the differentially expressed group, both for non-signature 

(gray lines) and signature genes (blue lines). Since many signature genes had 

no described functions in neurons/neuron differentiation, I started by 

searching for genes in this subgroup that were clearly upregulated (from 

clusters 2, 3 and 11 in Figure 17). 

 
Figure 17 – Clusters of 
gene expression from 
the “differentially 
expressed group”. The 
red line denotes the 
average/tendency of 
each cluster, gray lines 
represent non-signature 
genes and blue lines 
signature genes. The 
horizontal axis values are 
hours post-plating and 
vertical axis expression 
values. 
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in the “differentially expressed” group, see Figure 16). Such genes may 

simply be continuously expressed throughout neuron differentiation. Genes 

that were clearly downregulated were discarded. Since a relatively high 

number of genes fulfilled my filtering criteria, I narrowed down my interest to 

genes whose functions had been more extensively characterized in cycling 

cells, or whose protein products had already been shown to localize to 

specific subcellular regions related with the microtubule cytoskeleton, such as 

the centrosome, the mitotic spindle, or the kinetochores (according to 

information obtained from EMBL-EBI Mitocheck - Cellular Phenotype 

Database, Gene Ontology, Genecards, Uniprot databases and other 

publications – see Table 2). A few genes that were part of important 

complexes in cycling cells were also short-listed. In the end, a short-list of 16 

genes was assembled for a small RNAi screen in neurons (Figure 16). 

The following table summarizes this list, including some of the genes’ 

characteristics as described by the end of 2011.  

 

 

Gene 

Known 
subcellular 

localization(s)* Functions* 

Tacc1 Centrosome, 
Midbody 

Predicted to be involved promoting cell 
division prior to the formation of 
differentiated tissues (Gergely et al., 
2000) 

Nek7 Centrosome 

Protein kinase. Required for mitotic cell 
cycle progression, centrosome 
separation, robust mitotic spindle 
formation, cytokinesis, ciliogenesis.(Fry 
et al., 2012) 

Ccne1 Centrosome 

Control of the cell cycle at the G1/S 
transition. Described expression in 
postmitotic neurons during 
development and in adult brain (Ikeda 
et al., 2011). 

Zwint Kinetochore, 
Spindle 

Belongs to the MIS12 complex, 
required for kinetochore formation and 
spindle checkpoint. Targets ZW10 to 
the kinetochore in prometaphase 
(Kasuboski & Bader, 2011; Kops et al., 
2005; Y.-T. Lin et al., 2006; Obuse et 
al., 2004) 
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Gene 

Known 
subcellular 

localization(s)* Functions* 

Pde4dip/ Myomegalin Centrosome, 
Golgi 

Potential sequestration of components 
of the cAMP-dependent pathway to 
Golgi and/or centrosomes. (Faul et al., 
2007; Verde et al., 2001)  Potential role 
in regulation of microtubule nucleation 
(by similarity with Cdk5Rap2) 

Eml2 Spindle 
Binds to microtubules, inhibiting 
microtubule nucleation and growth 
(Eichenmüller et al., 2002)  

Nek10 Midbody 
Protein kinase. Mediates cell cycle 
arrest in G2/M in response to UV-
induced damage (Moniz et al., 2011) 

Mtap7/Map7/ 
Ensconsin Spindle 

Microtubule-stabilizing protein that 
seems to play an important role during 
reorganization of microtubules in 
epithelial cells. Associates with 
microtubules in a dynamic manner 
(Bulinski & Bossler, 1994). Drosophila 
homolog (Ensconsin) promotes 
recruitment of Kinesin-1 to microtubules 
(Sung et al., 2008) 

Nek9 Centrosome, 
Spindle 

Protein kinase. Regulator of mitotic 
progression, controlling spindle 
dynamics and chromosome separation. 
Phosphorylates different histones, 
myelin basic protein, beta-casein, and 
BICD2. Phosphorylates NEK6 and 
NEK7 and stimulates their activity.(Fry 
et al., 2012) 

Bub3 Kinetochore, 
Spindle 

Spindle assembly checkpoint 
component. Promotes correct 
kinetochore-microtubule attachments 
and regulates chromosome 
segregation. The BUB1/BUB3 complex 
plays a role in the inhibition of 
anaphase-promoting complex or 
cyclosome (APC/C) when spindle-
assembly checkpoint is activated (Li et 
al., 2009). 

Ska3 Centrosome 

Component of the Ska1 complex, which 
binds microtubules in the outer 
kinetochore for proper chromosome 
segregation (Gaitanos et al., 2009; 
Welburn et al., 2009). The complex 
facilitates microtubule 
depolymerization-coupled motility. 



Results 

95	  

Gene 

Known 
subcellular 

localization(s)* Functions* 

Ckap5 
Centrosome, 
Kinetochore, 

Spindle 

Binds to microtubule plus ends 
regulating microtubule dynamics and 
organization. Promotes cytoplasmic 
microtubule nucleation and elongation. 
Organizes spindle poles (Gergely et al., 
2003) 

Tacc3 Centrosome 

Microtubule-dependent coupling 
ofnucleus andcentrosome.Regulator of 
centrosome-mediated interkinetic 
nuclear migration (INM) of neural 
progenitors. Potential regulator of cell 
growth and differentiation (Peset & 
Vernos, 2008; Sadek et al., 2003) 

Cdca8/ Borealin Kinetochore, 
Spindle 

Component of the chromosomal 
passenger complex (CPC), regulator of 
chromosome alignment and 
segregation, and necessary for 
chromatin-induced microtubule 
stabilization and spindle assembly. 
Controls Aurora B activity (Gassmann 
et al., 2004; Sampath et al., 2004). 

GCP8 Centrosome, 
Spindle 

Novel component of the γ-TuRC 
(Teixidó-Travesa et al., 2010) 

 

 
Table 2 – Short-listed genes localization and functions. (*by the end of 

2011). As in Figure 1, the green boxes denote upregulated genes while blue boxes 
include the not-differentially expressed genes. 

 

 

 

In Figure 18 the fold-difference in gene expression for the 

aforementioned short-listed genes is shown, as detected in the microarrays 

between neurons immediately after plating (0DIV) and neurons after 15DIV.  

The two separate gene expression groups can be seen in the graph. 
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Figure 18 – Differences in gene expression for short-listed genes in the 

microarray.  Fold-change differences in expression between 0DIV and 15DIV 
neurons, for the short-listed genes, green bars represent the “upregulated” gene 
group while blue bars represent the “not differentially expressed” genes. 

 

Validation of short-listed genes expression changes by qPCR 
 

I then confirmed these values by qPCR, to have more solid evidence 

that these genes were indeed expressed during neuron differentiation, and in 

case of the first group, that their expression was upregulated. This experiment 

was performed using the same RNA batch that was used for microarray 

analysis, from 0DIV and 15DIV neurons (first and last timepoints) and 

including also RNA from N2a cells, a mouse neuroblastoma cell line, that 

served as a “cycling-cell” control. I found that overall the expression seen for 

the short-listed genes during neuron differentiation in the microarray were 

confirmed by the qPCR data. (compare Figure 18 with Figure 19a).  

Surprisingly, Mtap7 levels were found to increase by a far lesser extent in the 

qPCR, while for GCP8 the opposite was observed.  

Most of the short-listed genes have higher levels of expression in 

cycling N2a cells than in recently-plated post-mitotic neurons (DIV0). This was 

expected for the bona-fide mitotic genes, such as Nek7, Nek9, Ccne1, Bub3, 

or Cdca8. Interestingly, Mtap7, Nek10, Pde4dip/Myomegalin and Tacc3 are 

more highly expressed in post-mitotic cells than in cycling neuroblasts, an 
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indicator for the potential relevance of these genes in this context (Figure 

19b). 
Figure 19 – Differences in gene expression for short-listed genes by 

qPCR. (a) Fold-change in gene expression for each gene between 0DIV and 15DIV 
cultured neurons. (b) Fold-change in gene expression for each gene between 0DIV 
cultured neurons and N2a cells. Reactions were performed in triplicate and 
normalized. Green bars represent the “upregulated” genes, while blue bars represent 
“not differentially expressed” genes. 

Testing of shRNA constructs for the RNAi screen 
 

The next step was to design a screen in which I could test if these 

short-listed genes had any function during neuron differentiation. The 

approach used was to deplete each gene with two independent shRNA 
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constructs, and assess the effects of the depletion in neuron morphology. For 

validating efficient shRNAs for each gene, I transfected N2a cells separately 

with an shRNA construct targeting one of the short-listed genes, with a 

minimum of 2 shRNAs tested per gene. After 72h, total RNA was extracted 

from these cells for every condition, and probed by qPCR against the target 

gene. I found for most of the genes two shRNA constructs that decreased the 

target gene’s transcript levels with a minimum efficiency of ~50% (Figure 
20a). For Mtap7, Nek10 and Cdca8, only one shRNA construct amongst the 

ones tested had this level of efficiency. In the meantime, other group 

members had tested GCP8 depletion in 5-6DIV neurons, and noted no 

differences in axon or dendrite length when comparing with control neurons 

(Sabine Klischies, unpublished), and therefore I excluded this gene from 

further screening. For Pde4dip/Myomegalin, all 5 shRNA constructs tested 

proved inefficient in depleting the transcript. It is known that this gene has 4 

isoforms, two longer and two shorter ones (Verde et al., 2001), but even using 

qPCR primers that detected only the long isoforms (the ones being targeted 

by the tested shRNAs), there was no reduction in transcript levels when 

comparing with shControl-transfected N2a, and therefore this candidate was 

also excluded from the screen. Finally, in late 2011 a study was published 

describing Cyclin E1 (Ccne1) role in regulation of synaptic plasticity/memory 

formation in neurons (Odajima et al., 2011), and thus we decided to exclude 

this candidate as well. Since in the lab there was a working anti-NEK7 

antibody available, I tested the two Nek7 shRNA constructs by directly 

transducing neurons at 2DIV with lentivirus carrying each of these constructs, 

and preparing cell lysates from the neurons 72h later. These protein extracts 

were then probed by Western blot against NEK7. I found that both shRNA 

constructs efficiently depleted NEK7, and that shNek7 #2 was consistently 

more efficient in doing so (Figure 20b,c). 
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Figure 20 – Testing of shRNA constructs for RNAi screen in neurons. (a) 

Quantification of short-listed gene expression by qPCR in depleted N2a cells as 
percentage of expression in shControl-transfected cells. Reactions were performed 
in triplicate and normalized. Dashed line represents 50% threshold. (b) Western blot 
with the depletion of NEK7 by two independent shRNAs, neurons were transduced at 
2DIV and lysates collected at 5DIV. α-Tubulin was used as loading control. (c) 
Quantification of the levels of NEK7 in Western blots from 3 independently 
transduced hippocampal culture lysates. NEK7 intensity was normalized to the 
intensity of α-tubulin. 

RNAi screen results reveal Eml2 and Nek7 as positive hits 
 

For the screen, I transfected cultured hippocampal neurons at 1DIV 

with each of the described shRNA constructs together with a pEGFP plasmid, 

and then fixed the cells 96h later (5DIV). These cells were immunostained 

against GFP and analyzed by fluorescence microscopy. By tracing images of 

GFP-positive neurons, I quantified total axon and dendrite length and 

compared the values with neurons transfected with a control (scrambled) 

shRNA. The results of these measurements are presented in the graphs 

below (Figure 21a-d). NEK7 depletion experiments were performed prior (and 

therefore separately) to the screen, although under the exact same 

conditions, and the respective results are also presented (Figure 21c,d). 
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Figure 21 – RNAi screen results in 5DIV neurons (a) Quantification of the 

total axon length in 5DIV neurons, control and depleted for the short-listed genes (b) 
Quantification of the total dendrite length in 5DIV neurons, control and depleted for 
the short-listed gene. (c) Quantification of the total axon length in 5DIV neurons, 
control and Nek7-depleted. (d) Quantification of the total dendrite length in 5DIV 
neurons, control and Nek7-depleted. The green horizontal bars encompass the 
control S.EM. values. (e) Representative GFP immunostainings (GFP plasmid co-
transfected with shRNAs at 1DIV) of 5DIV neurons, control (shRNA scrambled) and 
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NEK7-depleted, with respective tracings (blue-dendrite; red-axon). Scale bar, 50µm. 
n=80 neurons, from 3 independent experiments. * P<0.05, ** P<0.01, *** P<0.001, by 
two-tailed t-test. Histograms show average ± S.E.M. 

 
 
In order to be considered a “positive hit” in this screen, any of the 

targeted genes had to be associated with a significant alteration in total axon 

and/or dendrite length when depleted, and this effect had to be verified with 

both of its shRNA silencers, with the same tendency. Thus, Tacc1 and Nek9 

were not considered positive hits since only one of their shRNAs yielded a 

significant decrease in axon length (Figure 21a). The same was applicable in 

terms of dendrite length (Figure 21b), as only one of Tacc1, Nek9 or Tacc3 

shRNAs gave a significant alteration, while ZWINT depletion had opposite 

effects for one shRNA versus the second. Simultaneously with the analysis of 

the screen results, a study describing Ckap5 as necessary for axon extension 

was published (van der Vaart et al., 2012). Even though this prompted us to 

remove Ckap5 from our list of candidates for further characterization, it also 

provided the screen with a positive control, since neurons depleted of CKAP5 

in this screen have significantly shorter axons, in agreement with the 

published results. 

Finally, the two positive hits of this screen were the microtubule-

associated protein EML2, whose depletion significantly reduced total axon 

length, and the kinase NEK7, whose depletion generated neurons with 

significantly longer axons.  

In spite of both being interesting candidates, I decided to pursue the 

further characterization of NEK7 in post-mitotic neurons.  

NEK7 protein levels increase during cultured hippocampal 
neuron differentiation and in the developping mouse brain 
 

In order to confirm the previously obtained data that showed 

upregulation of Nek7 mRNA levels during differentiation of cultured 

hippocampal neurons I tested if the same was true for NEK7 protein levels. 

Lysates of hippocampal cultures collected from different timepoints of neuron 

differentiation were immunoblotted against NEK7. Indeed, I observed a 

significant increase (5-7 fold) in NEK7 protein levels from 1 to 21DIV (Figure 
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22a,c). NEK7 is also expressed in vivo during mouse brain development, as 

seen by western-blot from mouse cortex homogenates from different 

developmental stages - e18.5 to young adult mice (P30) (Figure 22b,d). 

While the increase in NEK7 levels in vivo was not as clear and gradual as in 

vitro, the kinase was detectable in all of the analyzed stages, and its levels 

were increased in P15/P30 brains when compared to younger stages. 

Altogether, these results are in agreement with our microarray and qPCR data 

and with previous in-situ hybridization results that detected Nek7 in the brain 

(Arama et al., 1998).  

 

Figure 22 – NEK7 protein levels increase during cultured neuron differentiation 
and mouse brain development.  (a) Lysates of hippocampal cultures from 1 to 21 
DIV were immunoblotted against NEK7, and α-Tubulin was used as loading control. 
(b) Homogenates from cortex of mice in several stages of development (e15.5 to 
~P30/Adult) were immunoblotted against NEK7, and α-Tubulin was used as loading 
control. (c) Quantification of the levels of NEK7 in Western blots from 3 independent 
hippocampal culture lysates. Nek7 intensity was normalized to the intensity of α-
tubulin in every blot for each time point of neuron differentiation. (d) Quantification of 
the levels of NEK7 in Western blots from 3 independent batches of mice cortex 
homogenates. NEK7 intensity was normalized to the intensity of α-tubulin in every 
blot for each time point of cortex development. * P<0.05, by two-tailed t-test. 
Histograms show average ± S.E.M. 
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NEK7 affects axon length in early-stage neurons and dendrite 
length and branching in mature neurons 
 

Having observed that NEK7 depletion from 1 to 5DIV increases axon 

length by ~20% (Fig. 21c), we wondered if this effect could be more 

pronounced in later-stage neurons, when NEK7 levels are higher. For this 

purpose, neurons were co-transfected at 7 DIV with plasmid expressing either 

control shRNA or Nek7 shRNA and an EGFP reporter plasmid as described 

before, and fixed at 14DIV, for morphological analysis. Surprisingly, the 

differences in axon length disappear as neurons mature, as at later stages 

(14DIV) axons from NEK7-depleted neurons are no longer significantly larger 

than the ones from control cells (Figure 23b). Interestingly the major 

difference between 14DIV NEK7-depleted neurons and control is the total 

length and branching of their dendrites (Figure 23a,c). Depletion of NEK7 

from 7 to 14DIV leads to shorter dendrites (an approximately 40% decrease 

when compared with control cells), and also to a reduction in complexity of the 

dendritic arbor (Sholl analysis shows significant drop in the number of 

intersections between 75µm and 150µm of distance from the soma for 

shNek7#1 and for all the analyzed distances for shNek7#2) (Figure 23d,e).  
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Figure 23 – NEK7 depletion in later-stage neurons decreases total dendrite 
length and branching  (a) Representative GFP immunostainings (GFP plasmid co-
transfected with shRNA plasmids at 7DIV) of 14DIV neurons, control (shRNA 
scrambled) and Nek7-depleted. Scale bar, 50µm. (b) Quantification of the total axon 
length in 14DIV neurons, control and Nek7-depleted, transfected at 7DIV. (c) 
Quantification of the total dendrite length in in 14DIV neurons, control and Nek7-
depleted, transfected at 7DIV. (d) Schematic representation of the Sholl analysis, in 
which concentric circles are drawn consecutively further away from the soma, and 
the number of intersections of the dendritic arbor with each circle is quantified.  (e) 
Sholl analysis of 14DIV neurons, control and NEK7-depleted. (b,c,e) n=55 neurons, 
from 4 independent experiments. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 by 
two-tailed t-test. Histograms show average ± S.E.M. 

 

The existence of an the early-stage-specific axon phenotype and a 

late-stage-specific dendritic defect raised the question of whether the latter 

was related to a specific accumulation of NEK7 in the dendritic compartment 

in neurons during dendrite maturation (from 6/7DIV on, (Dotti et al., 1988; 

Poulain & Sobel, 2010)). To test this, neurons were cultured on porous filters 

that allow to physically separate the axon compartment (bottom of the filter) 

from the soma/dendrite compartment (top of the filter), After harvesting and 

analyzing the distinct compartments by western blotting, I found that at 9DIV 

the levels of Nek7 are considerably higher in the somato-dendritic fraction 

(presence of 

 Pan-Histone marker) than in the axonal fraction (enriched in Tau 

marker), suggesting a later-stage-role of NEK7 in dendrites (Figure 24). 

 

 
 

To discard the possibility that the timespan of depletion was not 

enough to generate discernible dendritic defects in early stage neurons, I 

replated neurons previously transfected with Nek7 shRNA from 2 to 5DIV, 

resetting their differentiation process, and let them re-differentiate for 2 days, 

Figure 24 – NEK7 accumulates specifically 
in soma/dendrites in 9DIV neurons. 
Hippocampal neurons were cultured 9DIV and 
lysates of somatodendritic and axonal 
compartments were obtained. These lysates 
were immunoblotted against NEK7, Tau, and a 
Pan-Histone antibody, using α-Tubulin as 
loading control.   



Results 

105	  

now with low levels of NEK7 from the time of plating. I observed that in 

replated neurons, the only phenotype was the already mentioned increase in 

axon length (by 50% in case of shNek7 #2), while dendrite length remained 

unchanged (Figure 25 a-c), supporting the hypothesis that NEK7 affects 

dendrites only at later stages of neuron differentiation.   

 

Figure 25 – NEK7 only affects axon lenth in replated neurons. (a) Representative 
images of replated neurons, control and NEK7-depleted, GFP staining labels the 
whole cell while MAP2 staining has stronger signal in soma and dendrites. Scale bar, 
50µm. (b) Quantification of total axon length in neurons as in (a). (c) Quantification of 
total dendrite length in neurons as in (a). (b,c) n=60 neurons, from 4 independent 
cultures. **P<0.01 by two-tailed t-test. Histograms show average ± S.E.M. 

 

NEK7 kinase activity is required for proper dendrite 
morphology and dendritic spine morphogenesis in 14DIV 
neurons 
 

 While in mitosis NEK7 phosphoryation of the kinesin Eg5 is required for 

bipolar spindle assembly (Bertran et al., 2011; Rapley et al., 2008), recent 
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findings point to alternative functions of NEK7 that do not require its catalytic 

activity (Yuan He et al., 2016). Therefore, the next step was to understand if 

the mechanism through which NEK7 is regulating neuron morphology 

involves its activity as a kinase, and thus the phosphorylation of one or 

several substrates. To assess the specificity of the previously observed late-

stage phenotypes, I needed to perform experiments rescuing NEK7 depletion 

in neurons. For this purpose, I tested a plasmid expressing a FLAG-tagged 

shRNA-resistant (shR) wild-type (WT) version of NEK7 (Figure 26a) by co-

transfecting it together with a Nek7 shRNA plasmid in N2a cells. Since the 

efficiency of transfection in neuron primary cultures is very low, many of the 

plasmids used during this work were tested in N2a cells (which have a much 

higher rate of transfection than neurons) prior to the actual experiments in 

neurons. By collecting lysates of transfected N2a cells and performing 

Western Blots, I was able test both the obtained product and levels of 

expression for several constructs. In this particular case, I observed that 

FLAG-Nek7 shR levels were not decreased by Nek7 shRNA, while the 

endogenous Nek7 was depleted (Figure 26a). Thus, I performed a rescue 

experiment in neurons by co-transfecting FLAG-Nek7 shR together with Nek7 

shRNA at 7DIV and analyzed dendrite length and branching in 14DIV 

neurons. For all following experiments that involved NEK7 depletion, I used 

only the more efficient Nek7 shRNA#2 construct. Thus, for the sake of 

simplicity it will be referred to simply as Nek7 shRNA or shNek7. As expected, 

the FLAG-Nek7 shR was able to rescue the defects in dendritic length when 

compared to neurons that only expressed Nek7 shRNA and a FLAG-GFP 

construct (Figure 26c,d). This result confirmed that the effects seen with 

shNek7 are specific. For sorting out if NEK7 kinase activity is involved in 

these phenotypes, I generated an inactive-kinase mutant by mutagenesis of 

FLAG-Nek7 shR. This was done by replacing residue D179, located in the 

kinase activation loop, with an alanine (A) (Figure 26b). Mutating this active 

site residue was reported before to render Nek7 inactive (Haq et al., 2015). 

FLAG-Nek7 D179A shR was not effective in rescuing the decrease in dendrite 

length caused by Nek7 depletion in 14DIV neurons, indicating that NEK7 

kinase activity was required for regulating dendrite morphology (Figure 
26c,d). Through Sholl analysis I obtained similar results for dendrite 
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branching - NEK7-depleted neurons recover most of their dendrite arbor 

complexity when co-transfected with the shRNA-resistant Nek7, but not with 

the D179A mutant (Figure 26e). 

 

 

 
 
Figure 26 - NEK7 kinase activity is required for dendrite morphology in mature 
neurons. (a,b) N2a cells were transfected for 72h with either control shRNA or Nek7 
shRNa, and FLAG-GFP or FLAG-Nek7 shR (a) / FLAG-Nek7 D179A shR (b). 
Western blot using anti-NEK7 antibody shows depletion of the endogenous NEK7 
but not of the FLAG-Nek7 shR upon Nek7 shRNA treatment. α-Tubulin was used as 
loading control. (c) Representative images of FLAG-immunostained 14DIV neurons 
in the different experimental conditions (control, Nek7-depleted, and rescues). Scale 
bar, 50µm. (d) Quantification of the total dendrite length in 14DIV neurons in the 
conditions shown in (c). (e) Sholl analysis of 14DIV neurons in the onditions shown in 
(c). (d,e) n=60 neurons, from 4 independent experiments, * P<0.05, ** P<0.01, *** 
P<0.001, by one-way ANOVA.  
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To further explore NEK7 kinase activity in neuron morphology, I 

overexpressed a previously tested (Figure 27a) WT FLAG-Nek7, a 

constitutively active FLAG-Nek7 Y97A mutant (mutant in the autoinhibitory 

residue Y97 (Richards et al., 2009)) and the FLAG-Nek7 D179A mutant  in 

7DIV neurons and analyzed them at 14DIV. Interestingly, overexpression of 

the wild-type or constitutively active forms of NEK7 had no effect in total 

dendrite length, while the D179A mutant had a dominant-negative effect, 

slightly decreasing total dendrite length when compared with the control 

(Figure 27b). 

 
 
Figure 27 – NEK7 D179A has a dominant negative effect (a) N2a cells were 
transfected for 72h with FLAG-Nek7 wild-type or mutants (Y97A or D179A) and 
protein lysates were prepared and immunoblotted against NEK7 and FLAG. Western 
blot shows over-expression of FLAG-tagged Nek7 versus a non-transfected N2a 
lysate. α-Tubulin was used as loading control. (b) Quantification of the total dendrite 
length in 14DIV neurons, control and overexpressing wild-type or mutant NEK7, 
transfected at 7DIV. (c) Quantification of the total dendrite length in 6DIV neurons, 
control and overexpressing wild-type or mutant NEK7, transfected at 2DIV. n=70 
neurons, from 4 independent experiments. * P<0.05 by two-tailed t-test. Histograms 
show average ± S.E.M. 

 

I then used the same constructs to overexpress WT or mutant NEK7 in 

early stage neurons, to verify if the axon phenotypes were also related with 

Nek7 kinase activity (transfection at 2DIV and morphological analysis at 

6DIV). Axons of 6DIV neurons transfected with FLAG-Nek7 D179A were 

significantly longer (~20%) than the ones from control neurons, transfected 

with a FLAG-GFP construct. Neurons transfected with FLAG-Nek7 or FLAG-

Nek7 Y97A exhibited no significant morphological differences in this aspect, 

similarly to what I observed in 14DIV neurons (Figure 27c). This indicates 
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that NEK7 regulation of axon length in early stages of neuron differentiation 

likely involves its kinase activity. 

Considering the importance of the dendritic compartment as receptor of 

synaptic input in a neuronal network, we decided to characterize more in-

depth the late stage NEK7-depletion phenotype and check if not only the 

major features of dendrite morphology were affected, but also if these 

dendrites still retained normal dendritic spines. The number of spines is 

important as they increase the number of possible contacts between neurons, 

and the head diameter of a spine is directly correlated with synaptic strength 

and memory (Rochefort & Konnerth, 2012). Through confocal microscopy, I 

imaged primary dendrites in 14DIV neurons, in the proximity of the soma, in 

the same experimental conditions as described in Figure 26. NEK7 depletion 

decreased the dendritic spine density by approximately 50%, which was 

rescued by co-expression of FLAG-Nek7 shR but less effectively with the 

inactive kinase mutant (Figure 28a,b). Furthermore, spine morphology was 

also affected, as spine heads became thinner and partially lost their 

characteristic mushroom shape, to assume a more filopodia-like morphology 

in some cases (spine head diameter reduced by 25%), which was rescued by 

co-expression of FLAG-Nek7 but not FLAG-Nek7 D179A (Figure 28a,c). The 

average spine length was not affected in any of the conditions (Figure 28a,d). 

These results suggest that besides dendrite morphology, post-synaptic 

function in these neurons could be partially compromised.  
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Figure 28 - NEK7 kinase activity is required for dendritic spine morphology. (a) 
Representative confocal microscopy images of dendritic spines in primary dendrites, 
from FLAG-immunostained neurons in the several experimental conditions (control, 
NEK7-depleted, and rescues). Scale bar, 1 µm. Inset shows spine diameter. (b) 
Quantification of spine density as in (a). (c) Quantification of spine head diameter as 
in (a). (d) Quantification of spine length as in (a). (b,c,d) n = 5 neurons per 
experiment, from 4 independent cultures, * P<0.05, ** P<0.01 by one-way ANOVA. 
Histograms show average ± S.E.M. 

 

Overexpression of FLAG-Nek7 WT, Y97A or D179A under the same 

conditions as described in Figure 27 returned no significant effects on spine 

density, spine head diameter, or spine length (Figure 29). 

 

 
 
Figure 29 – Overexpression of WT or mutant NEK7 has no effect on dendritic 
spine morphology. (a) Quantification of spine density in 14DIV neurons 
overexpressing FLAG-GFP, FLAG-Nek7 WT or Y97A/D179A mutants. (b) 
Quantification of spine head diameter as in (a). (c) Quantification of spine length as 
in (a). (a,b,c) n = 5 neurons per experiment, from 3 independent cultures. Histograms 
show average ± S.E.M. 
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The NEK6/7/9/Eg5 module in neurons 
	  
 

NEK7, NEK6, NEK9 and the kinesin Eg5 are part of the same module 

in mitosis. In the light of the previous observations, we asked whether this 

module was also existent in neurons and if the phenotypes from NEK7 

depletion in early and/or later stage neurons were also obtained by 

downregulating NEK6, NEK9 or Eg5. 

I first analyzed the protein levels of NEK6, NEK9 and Eg5 in 

hippocampal culture lysates at several timepoints of differentiation. I observed 

that, differing from NEK7, NEK9 levels remained mostly constant throughout 

the whole process (in agreement with the microarray/qPCR data), and NEK6 

was more abundant between 7 and 10DIV (Figure 30). As others before 

(Ferhat et al., 1998), I also detected Eg5 expression during neuron 

differentiation in vitro, with a particular increase in protein levels between in 

vitro days 7-10. 

 
 Based on the screen data (Figure 21), NEK9 depletion had no 

significant effects on neuron morphology in early stages (5DIV). Nonetheless, 

since one of the Nek9 shRNAs significantly decreased axon and dendrite 

length, a third silencer was tested, by transducing neurons with lentivirus (2 to 

5DIV). Using the same method, I also tested two independent shRNA clones 

for Nek6. After knockdown of NEK6, NEK7 or NEK9 I then determined the 

protein levels of all three NEKs and of Eg5. As can be seen in Figure 31, 

Nek9 shRNA and Nek6 shRNA decreased their targets’ protein levels, and 

interestingly NEK9 knockdown codepleted NEK6. 

Figure 30 – Levels of 
NEK6/9/Eg5 during 
neuron differentiation. 
Western blot showing 
the levels of Eg5, NEK9 
and NEK6 in lysates 
from cultured neurons, 
from 1 to 21 DIV, using 
α-Tubulin as loading 
control.	  
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Figure 31 – shNek6 and shNek9 testing and effects of NEK6/7/9 depletion on 
each other’s stability (a,b) Neurons 2DIV were transfected for 72h with control 
shRNA or Nek6 shRNAs (b) or Nek9 shRNAs (b). Protein lysates were prepared and 
immunoblotted against NEK6 (a) or NEK9 (b) to show their respective depletion, 
using α-tubulin as loading control. (c) Neurons 2DIV were transfected for 72h with 
control shRNA, Nek9, Nek6 or Nek7 shRNA, and protein extracts immunoblotted 
using anti-Eg5, anti-NEK9, anti-NEK6 or anti-NEK7 antibodies, and α-Tubulin was 
used as loading control.   
 

Having established RNAi conditions also for depletion of NEK6 and 

NEK9, I again analyzed neuron morphology. I will begin by describing early 

stage neuron morphology when NEK6 or NEK9 levels were altered by 

depletion or overexpression, or when Eg5 activity was impaired with the 

inhibitors monastrol or STLC (which both inhibit Eg5 ATPase activity and 

reduce its association with microtubules). For this section of results, neurons 

were treated/transfected at 2DIV and analyzed at 6/7DIV instead of 5DIV, to 

allow for any slight differences in axon/dendrite length to become more 

obvious.  

NEK9 depletion decreases total axon length in 6DIV neurons 
 

Depletion of NEK9 with any of the three shRNAs caused a significant 

decrease in axon length at 6DIV, while dendrite length was unaffected 

(Figure 32a-c). This result confirms the screen result, and identifies Nek9 as 

a regulator of axon length in 6DIV neurons. 

As for NEK7, I also tested the effects of NEK9 overexpression. For this 

purpose I overexpressed a full-length FLAG-Nek9 in 6DIV neurons, and also 

a truncated form of NEK9 that lacks its RCC1 domain, that normally interacts 

with the kinase domain of this protein and has autoinhibitory activity (Roig et 
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al., 2002) (Fig. 32d). Therefore, FLAG-Nek9 ΔRCC1 is expected to function 

as a constitutively active form of NEK9. Curiously, no significant changes 

were observed in neuronal morphology with the overexpression of either of 

the Nek9 forms (Fig. 32e,f) 
 

 
 
Figure 32 – NEK9 depletion in 6DIV neurons decreases axon length (a) 
Representative GFP-immunostained 6DIV neurons, control or NEK9-depleted. Scale 
bar, 50µm (b) Quantification of the total axon length as in (a). (c) Quantification of the 
total dendrite length as in (a). * P<0.05, **P<0.01 by two-tailed t-test. (d) N2a cells 
were transfected for 72h with FLAG-Nek9 or FLAG-Nek9 ΔRCC1 and protein lysates 
were immunoblotted against NEK9. α-Tubulin was used as loading control (e) 
Quantification of the total axon length in 6DIV neurons overexpressing WT or mutant 
FLAG-Nek9. (f) Quantification of the total dendrite length in 6DIV neurons 
overexpressing WT or mutant FLAG-Nek9. n=60 neurons, from 3 independent 
cultures.  Histograms show average ± S.E.M. 
 

Overexpression of a K81M kinase-dead mutant of NEK9 (Roig et al., 

2002) was also attempted, although unsuccessfully, as all transfected 

neurons died one or two days post-transfection. 
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NEK6 depletion increases total axon length in 6DIV neurons, 
opposite to the effect of NEK6 overexpression 

 
NEK6 and NEK7 are very similar in sequence, differing only in their N-

terminal domain (Fry et al., 2012; O’Regan & Fry, 2009), and in prophase they 

both contribute to Eg5 phosphorylation, albeit not being redundant (Bertran et 

al., 2011; Rapley et al., 2008). Thus, we tested whether depleting Nek6 had 

the same effect as depleting Nek7 in early-stage neurons. For this purpose, I 

co-transfected neurons at 2DIV with the described Nek6 shRNA constructs 

and an EGFP plasmid as transfection marker. I observed for shNek6 #2 a 

significant increase in axon length at 6DIV (shNek6 #1 generated a slight but 

not-significant increase in axon length), but no anomalies in dendrite length 

(Figure 33a,b). This result suggested that NEK6 might have similar functions 

as NEK7 at this stage (compare with Fig. 21). I also overexpressed a 

previously tested FLAG-Nek6 construct (Fig.33c) in neurons. Interestingly, 

overexpression of FLAG-Nek6 had a dramatic effect in neuron morphology at 

6DIV, as both axon and dendrite lengths were significantly reduced (Figure 
33d-f).  
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Figure 33– NEK6 depletion increases axon length while NEK6 overepxression 
has the opposite effect. (a) Quantification of the total axon length in 6DIV neurons, 
control and NEK6-depleted, transfected at 2DIV. (b) Quantification of the total 
dendrite length in 6DIV neurons, control and NEK6-depleted, transfected at 2DIV. 
n=50 neurons, from 3 independent experiments (c) N2a cells were transfected for 
72h with FLAG-Nek6 and protein lysates were prepared and immunoblotted against 
NEK6. α-Tubulin was used as loading control. (d) Representative GFP-
immunostained 6DIV neurons expressing a FLAG-GFP or FLAG-Nek6 plasmid for 4 
days. Scale bar, 50µm (e) Quantification of the total axon length as in (d). (f) 
Quantification of the total dendrite length as in (d). * P<0.05, ***P<0.001 by two-tailed 
t-test. Histograms show average ± S.E.M. 

Nek6 KO 6DIV neurons have larger axons and are more 
susceptible to NEK7 depletion effects 

 

The NEK6 depletion effect was ambiguous, since the slight increase in 

axon length was observed with only one of the two shRNAs. In this case I did 

not test a third shRNA, since there was the possibility of analyzing 

hippocampal neuron cultures from Nek6 KO mouse embryos (Figure 34).  
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Figure 34 – Nek6 KO neurons have larger axons. (a) Homogenates from cortex or 
testis of WT, Nek6 +/- and Nek6 KO mice were immunoblotted against NEK6 or 
NEK7 and α-tubulin was used as loading control, showing NEK6 absence in Nek6 
KO extracts. (b) Representative GFP immunostainings (GFP plasmid co-transfected 
with shRNAs at 2DIV) of 6DIV WT or Nek6 KO neurons, control and NEK7-depleted 
(only for Nek6 KO). Scale bar, 50µm. (c) Quantification of the total axon length in 
neurons as in (b), including NEK7-depleted WT neurons (d) Quantification of the total 
dendrite length in neurons as in (b) including NEK7-depleted WT neurons..* P<0.05, 
by two-tailed t-test. Histograms show average ± S.E.M. 
 

The cultures were prepared in parallel from Nek6 KO and their WT 

littermates (both from crossings of Nek6+/- animals) and neurons were 

transfected at 2DIV with a GFP plasmid to allow tracing of individual cells and 

fixed at 6DIV for morphological analysis. I observed that Nek6 KO neurons 

had a clear and significant increase in their total axon length, confirming the 

previous shRNA-treatment observations (Figure 34b,c).  

Interestingly, co-depleting NEK7 did not further reduce the total axon 

length of Nek6 KO neurons, and in WT neurons there was no significant effect 

either. This is in agreement with my earlier observation that NEK7 only affects 

axons at very early stages of differentiation (5DIV/re-plated). Surprisingly 

however, NEK7 depletion generated a significant decrease in dendrite length 

in Nek6 KO neurons at 6DIV, while the decrease in WT neurons was not 

significant (Figure 34b,d). This suggests that despite NEK6 not being 

necessary to regulate dendrite length, lack of NEK6 predisposes neurons to 

become more sensitive to a decrease in NEK7 levels, as the decrease in 

dendrite length that was normally observed in later stages becomes evident 

already at 6DIV. This was consistent with the observation that NEK7 levels 

seem to be slightly upregulated in lysates of Nek6 KO brains (but not in 

testis), when comparing to their WT littermates (Figure 34a), suggesting that 

NEK7 might compensate for the lack of NEK6 in certain tissues. 

NEK9 decreases axon length independently of NEK6 
 
Since NEK9 activates NEK6 and NEK7 in mitosis (Belham et al., 2003), 

we wondered whether the opposite phenotypes between NEK9 and NEK6 

depletion in terms of axon length in 6DIV neurons were related to each other. 

If this was the case, NEK9 may function, contrary to its role in mitosis, as 
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negative regulator of NEK6. To assess this hypothesis, I depleted NEK9 in 

Nek6 KO neurons and quantified total axon length. Remarkably, NEK9 

depletion decreased axon length by approximately the same extent in both 

WT and Nek6 KO neurons (Figure 35), demonstrating that NEK9’s role in 

axon length regulation in early stage neurons is NEK6-independent and that 

the two phenotypes are likely not related.   
 

 
 
 
Figure 35 – NEK9 depletion decreases total axon length in both WT and Nek6 
KO neurons. (a) Representative GFP immunostainings (GFP plasmid co-transfected 
with shRNAs at 2DIV) of 6DIV Nek6 KO neurons, control and NEK9-depleted. Scale 
bar, 50µm. (b) Quantification of the total axon length in neurons as in (a), and in WT 
neurons. * P<0.05, by two-tailed t-test. Histograms show average ± S.E.M. 

Eg5 inhibition with STLC/Monastrol in 6DIV neurons increases 
axon length 

 
The kinesin Eg5/Kif11 is a known substrate of NEK6 and NEK7 at the 

onset of mitosis (Bertran et al., 2011; Rapley et al., 2008). In neurons, Eg5 

accumulates transiently at the tips of developing neurites in immature cells, or 

in distal areas of dendrites and axons in more mature neurons, where it co-

localizes with microtubules and was suggested to regulate microtubule 

behavior (Ferhat et al., 1998; Nadar et al., 2008, 2012). In earlier studies, Eg5 

was shown to regulate axon length, as treatment of rat sympathetic neurons 

with the Eg5-inihibitor monastrol caused short-timed bursts of axon growth 

and increased axon number (Haque et al., 2004), and depletion of Eg5 lead to 

increased axon growth and branching (Myers & Baas, 2007).  
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By treating neurons with STLC or monastrol, I was able to reproduce 

these observations and confirm that Eg5 inhibition increases axon length at 

6DIV. With this timing and drug concentrations, dendrite length was not 

affected. (Figure 36a-c). 

 
 
Figure 36 – Eg5 inhibition with monastrol or STLC increases total axon length 
in 6DIV neurons. (a) Representative GFP immunostainings (GFP plasmid 
transfected at 2DIV) of 6DIV Nek6 KO neurons, control (DMSO) and treated for 
4days with monastrol or STLC. Scale bar, 50µm. (b) Quantification of the total axon 
length in neurons as in (a). (c) Quantification of the total dendrite length in neurons 
as in (a). * P<0.05, by two-tailed t-test. Histograms show average ± S.E.M. 
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Eg5 interacts with NEK6 and NEK7 in post-mitotic cells 
 

Since both NEK6/7 depletion and Eg5 inhibition reduced axon length 

we hypothesized that Eg5 might be an effector downstream of NEK6/7 in 

early stages of neuron differentiation. In order to determine if NEK6/7 and Eg5 

interact in a post-mitotic context, I differentiated SH-SY5Y cell lines by serum 

deprivation and treatment with retinoic acid and BDNF. With this treatment, 

these cells exit the cell cycle and assume a neuron-like morphology (Agholme 

et al., 2010), with decreased expression of cell cycle markers (Cyclin A) and 

increased expression of neuronal markers such as Tau (Figure 37a). In 

differentiated SH-SY5Y extracts I was able to detect NEK7, Eg5, and – very 

weakly – NEK6, Interestingly NEK7 levels were similar before and after 

differentiation, while NEK6 and Eg5 levels decreased when compared with 

undifferentiated cells or with mitotic U2OS cell extract (Figure 37b). I then 

immunoprecipitated endogenous Eg5 from differentiated SH-SY5Y cell 

extracts, and observed that endogenous NEK7 and NEK6 co-

immunoprecipitated with Eg5, indicating that the proteins also interact in a 

post-mitotic context (Figure 37c,d). 
 

 
Figure 37 – NEK6 and NEK7 interact with the kinesin Eg5 in post-mitotic 

cells. (a) Western blot showing decrease in the levels of cyclin A and expression of 
Tau upon differentiation of SH-SY5Y cells, using α-Tubulin as loading control. (b) 
Western blot showing the levels of Eg5, NEK6 and NEK7 in mitotic U2OS cell lysates 
in comparison with SH-SY5Y cells before and after differentiation with Retinoic Acid 
(R.A.) and BDNF. α-Tubulin was used as loading control. (c,d) Lysates of 
differentiated SH-SY5Y cells were subjected to immunoprecipitation (IP) with control 
mouse IgG or anti-Eg5 antibody. Western blot shows Eg5 strong signal in the input 
and immunoprecipitated samples but not in control. Immunoblot was also performed 
with NEK6 and NEK7 antibodies, showing co-immunoprecipitation of both with Eg5 
(NEK6 as a faint band above the IgG light chain bands, black arrow). The protein in 
the input represents 4% of the total protein extract used for immunoprecipitation. 
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A S1033 phosphomimetic-Eg5 mutant rescues axon length in 
Nek6 KO 6DIV neurons 
 

As mentioned before, in cycling cells Eg5 has two described 

phosphorylation residues in its non-motor C-terminus, T926 and S1033 

(conserved NEK6/7 phosphorylation site “LXXSK” S1044 in mouse). T926 is 

normally phosphorylated by Cdk1 in prophase, leading to an increased Eg5 

association and binding to microtubules; phosphorylation in this site has also 

been described in neurons (Nadar et al., 2012; Kahn et al., 2014). The S1033 

residue is phosphorylated by NEK6/7 in a small fraction of Eg5 during 

prophase (Rapley et al., 2008). 

Since NEK6/7 phosphorylate Eg5 S1033 in mitosis, we decided to 

clone and express a wild type form, a phospho-null (S1033A) and a phospho-

mimetic (S1033D) mutant of human FLAG-Eg5 whose expression was tested 

in N2a cells (Figure 38). I then analyzed if at 6DIV, the phenotype of Nek6 

KO neurons can be rescued by expression of the Flag-Eg5 mutants. 

 

 

For this purpose, WT and Nek6 KO neurons were transfected with 

FLAG-Eg5 S1033A or S1033D and total axon length was quantified. I 

observed that the FLAG-Eg5 S1033D was able to rescue the increased axon 

length of Nek6 KO neurons relative to WT neurons, while the S1033A mutant 

was not. This data suggests that Eg5 is an effector downstream of NEK6 and 

that its phosphorylation is important to control axon length (Figure 39).  

 

Figure 38 – Expression of FLAG-Eg5, 
S1033A and S1033D mutants. N2a cells 
were transfected for 72h with FLAG-GFP or 
with wild-type FLAG-Eg5 or FLAG-Eg5 
mutants. Cell extracts were immunoblotted 
against Eg5 and FLAG. Western blot shows 
overexpression of FLAG-tagged Eg5, α-
tubulin was used as loading control.	  
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Figure 39 – Nek6 KO axon length increase is rescued by expression of a S1033 
phosphomimetic Eg5 mutant. (a) Representative images of 6DIV neurons from 
Nek6 KO embryos,transfected at 2DIV with either FLAG-Eg5 S1033A or S1033D. (b) 
Quantification of total axon length of neurons as in (a) and also in WT neurons 
transfected with the same plasmids. * P<0.05 by two-tailed t-test. Histograms show 
average ± S.E.M. 
 

 

So far, the described data concerning early stage (5/6 DIV) neurons 

indicates that NEK6/7/9/Eg5 are present in neurons, although with different 

patterns of expression and likely not working as a module as in mitosis. In 

summary, we were able to identify NEK6 and NEK7 as negative and NEK9 as 

positive regulator of axon growth, NEK7 and NEK6 depletion generate similar 

phenotypes, even though NEK7’s role in restricting axon growth seems to be 

exclusive to earlier stages of differentiation. Despite the possibility of NEK9 

depletion affecting the levels of NEK6, the knockdown phenotypes seem to be 

independent. NEK6 might play a role upstream of Eg5 S1033 

phosphorylation, which is important to restrict axon growth. The following 

table summarizes the described phenotypes for NEK6/7/9/Eg5 in neurons 

≤6DIV. 
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Neuron 
stage Treatment Total axon 

length 
Total 

dendrite 
length 

NEK7 

2DIV 
(replated) depletion increase  no effect 

5/6DIV 

depletion  increase  

in WT neurons: 
no effect                            

in Nek6 KO 
neurons: 
decrease 

overexpression 
WT or Y97A: no 

effect                      
D179A: increase 

no effect (not 
shown) 

NEK6 6DIV depletion/KO increase  no effect 
overexpression decrease decrease  

NEK9 6DIV 
depletion  decrease no effect 

overexpression WT or ΔRCC1 
mutant: no effect no effect 

Eg5	  	   6DIV	   Inhibition (STLC / 
monastrol) increase  no effect 

 
Table 3 – Summary of early stage (< 6DIV) neurons axon and dendrite 

length phenotypes for NEK6/7/9/Eg5. 
 

Since the more significant changes in neuron morphology for NEK7-

depleted neurons were observed at later stages (14DIV), I will now focus on 

the later-stage phenotypes. My goal was to explore a potential relationship 

between NEK7 regulation of dendrite/dendritic spine morphology at 14DIV 

and the phosphorylation and function(s) of Eg5 at this stage. 

Eg5 inhibition phenocopies NEK7 depletion in 14DIV neurons 
 

NEK7 and Eg5 interact in post-mitotic neuron-like cells, and NEK7 

depletion significantly reduces dendrite length and branching in mature 

neurons, in an active kinase-dependent way. On the other hand, NEK6 and 

Eg5 seem to regulate axon length at earlier stages. We wondered next if the 

same could be true for NEK7 and Eg5 in later stage neurons, and if NEK7 
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phosphorylation and regulation of Eg5 was involved in the observed dendritic 

phenotypes at 14DIV. 

As mentioned before, Eg5 is a repressor of axon growth (Haque et al., 

2004; Myers & Baas, 2007). Interestingly, other reports describe Eg5 as a 

regulator of dendrite length in immature rat cortical neurons (Yoon et al., 

2005), and Eg5 was also recently found to control dendrite length in mature 

neurons (Kahn et al., 2015a). Experiments in cultured rat SCG neurons 

showed that Eg5 depletion reduces dendrite width, length and number, and 

that monastrol treatment decreases dendrite length and branching, 

interestingly with a strong effect in mature neurons (14DIV). The similarity with 

the phenotype of NEK7 depletion lead us to hypothesize that Eg5 might 

indeed be an effector downstream of NEK7. 

To test this hypothesis, I treated neurons with monastrol or STLC at 

7DIV and transfected them with an EGFP plasmid, for fixation and analysis of 

dendrite morphology at 14DIV. As expected, Eg5 inhibition decreased total 

dendrite length (by ~40% in STLC-treated and ~30% in monastrol-treated 

neurons, compared with the DMSO-treated control) (Figure 40a,b). Dendrite 

branching was also affected, with a significant reduction in the number of 

intersections between 50µm and 125µm of distance from the soma in 

monastrol-treated and between 50µm and 150µm in STLC-treated cells 

(Figure 40a,c).  
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Figure 40 – Eg5 inhibition with monastrol/STLC decreases dendritic length and 
branching in 14 DIV neurons. (a) Representative images of 14DIV neurons, 
transfected with GFP plasmid at 7DIV, and treated for the same period with either 
DMSO or the Eg5-inhibitory drugs monastrol or STLC. Scale bar, 50µm. (b) Total 
dendrite length of 14DIV neurons in the experimental conditions shown in (a). n=70 
neurons, from 3 independent experiments. * P<0.05, ** P<0.01 by two-tailed t-test. 
(c) Sholl analysis of neurons as in (a). * P<0.05 by two-tailed t-test. Histograms show 
average ± S.E.M. 

 

Since treatment with STLC showed a more pronounced phenotype 

than with monastrol, I also analyzed dendritic spine morphology in 14DIV 

neurons treated with STLC for 7 days, and found that the overall spine density 

was reduced (Figure 41a,b), while spine length and head morphology were 

not affected (Figure 41a,c,d).  

 
Figure 41 – Treatment with STLC decreases dendritic spine density. (a) 
Representative images of dendritic spines in primary dendrites, from GFP-
immunostained 14DIV neurons in control conditions or treated with STLC. Scale bar, 
1 µm. (b) Quantification of spine density as in (a). (c) Quantification of spine head 
diameter as in (a). (d) Quantification of spine length as in (a) (b,c,d) n = 6 neurons 
per experiment, from 3 independent cultures, * P<0.05 by two-tailed t-test. 
Histograms show average ± S.E.M. 
 

In summary, the effects of Eg5 inhibition with monastrol/STLC on 

dendritic length/branching and spine density resembled the effects of NEK7 

depletion, consistent with the proposed role of Eg5 as NEK7 effector in 

neurons. The reduction in spine head diameter is, however, a difference 

between both phenotypes.  

NEK6 and NEK9 do not affect dendrite length in 14DIV neurons 
 

In analogy to the experiments at 6DIV, I also asked if NEK6 and NEK9 

were important for neuron morphology at 14DIV. Specifically, I quantified total 
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dendrite length at 14DIV in neurons depleted of NEK9 or NEK6 (transfected at 

7DIV), or in Nek6 KO neurons. The results show that low levels of NEK9 or 

absence of NEK6 do not affect dendrite length and morphology in mature 

neurons compared to controls (Figure 42).  

 
 
Figure 42 NEK6 and NEK9 depletion does not affect dendrites at 14DIV (a) 
Representative images of 14DIV neurons, co-transfected with GFP plasmid at 7DIV, 
and either a control shRNA or shNek6/shNek9. Scale bar, 25µm. (b) Total dendrite 
length of 14DIV neurons in the experimental conditions shown in (a). n=50 neurons, 
from 3 independent experiments. (c) Representative images of 14DIV neurons from 
WT or Nek6 KO mouse embryos transfected with a GFP plasmid at 7DIV. (d) Total 
dendrite length of 14DIV neurons in the experimental conditions shown in (c). 
Histograms show average ± S.E.M. 
 

 

 I also imaged and quantified the density and morphology of dendritic 

spines in neurons depleted of NEK6 and NEK9, but did not find any 

differences relative to controls (Figure 43)  
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Figure 43 – NEK6 or NEK9 depletion affect neither dendritic spine density nor 
morphology (a) Representative images of dendritic spines in primary dendrites, 
from neurons co-transfected with GFP plasmid at 7DIV, and either a control shRNA 
or shNek6/shNek9. Scale bar, 1 µm. (b) Quantification of spine density as in (a). (c) 
Quantification of spine head diameter as in (a). (d) Quantification of spine length as 
in (a). (b,c,d) n = 5 neurons per experiment, from 3 independent cultures. 
Histograms show average ± S.E.M. 

 

 

Despite the lack of phenotype for neurons depleted of NEK6 or NEK9 

at 14DIV, I observed that in 9DIV neurons NEK6 and NEK9 were present both 

in the axonal fraction and, slightly enriched, in the somato-dendritic fractions 

(Figure 44). Even though this enrichment was not as evident as for NEK7 

(Figure 24), it may suggest functions in this compartment other than those 

that I tested. 

 
 
 
 
 
 
 
 

 

Figure 44 – NEK6 and NEK9 are 
slightly enriched in somato-dendritic 
fractions of 9DIV neurons. 
Hippocampal neurons were cultured 
9DIV and lysates of somato-dendritic 
and axonal compartments were 
obtained. These lysates were 
immunoblotted against NEK6, NEK9, 
Tau, and a Pan-Histone antibody, 
using α-Tubulin as loading control. 
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NEK7 depletion in 14DIV neurons is rescued by a S1033 
phosphomimetic-Eg5 mutant 

 

To test whether the NEK7-depletion phenotypes in mature neurons 

were Eg5-dependent and whether mimicking the S1033 phosphorylation 

could rescue these defects, I expressed the wild type form, phospho-null 

(S1033A) or phospho-mimetic (S1033D) mutants of human FLAG-Eg5 

(Figure 45) and simultaneously depleted NEK7. At 14DIV expression of 

FLAG-Eg5 constructs in control cells did not significantly affect total dendrite 

length, when compared to neurons expressing FLAG-GFP (Figure 45b). As 

expected, Nek7 shRNA decreased total dendrite length by approximately 40% 

in neurons that co-expressed a FLAG-GFP construct. Interestingly, reduced 

dendrite length was rescued by coexpression of Eg5 S1033D mutant, but not 

wild type Eg5 or Eg5 S1033A mutant (Figure 45). This indicates that Eg5 

phosphorylation downstream of NEK7 also occurs in neurons and that it is 

important for proper dendrite growth.  
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Figure 45 – Expression of a S1033 phospho-mimetic mutant of Eg5 rescues 
dendritic length in NEK7-depleted neurons (a) Representative images of GFP-
immunostained 14DIV neurons, infected at 7DIV with either shControl lentivirus or 
shNek7 lentivirus, and co-transfected for the same period with FLAG-GFP or FLAG-
Eg5 (wild type, S1033A or S1033D mutant) and a pEGFP plasmid. Scale bar, 50µm. 
(b) Quantification of the total dendrite length in 14DIV neurons in the experimental 
conditions described in (a). n=45 neurons, from 3 independent cultures. * P<0.05, by 
one-way ANOVA. Histograms show average ± S.E.M. 

 
 

I also examined dendritic spines in the same conditions, and found only 

partial rescue with the S1033D mutant, while wild type or Eg5 S1033A had no 

effect at all (Figure 46). The reduction in spine head diameter caused by 

NEK7 depletion was not rescued by any of the FLAG-Eg5 constructs (Figure 
46).  
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Figure 46 – Expression of a S1033 phospho-mimetic mutant of Eg5 partially 
rescues dendritic spine density in NEK7-depleted neurons (a) Representative 
images of dendritic spines in primary dendrites of GFP-immunostained 14DIV 
neurons, infected at 7DIV with either shControl lentivirus or shNek7 lentivirus, and 
co-transfected for the same period with FLAG-GFP or FLAG-Eg5 (wild type, S1033A 
or S1033D mutant) and a pEGFP plasmid. Scale bar, 1 µm. (b) Quantification of 
dendritic spine head diameter in 14DIV neurons in the experimental conditions 
described in (a). (c) Quantification of dendritic spine density in 14DIV neurons in the 
experimental conditions described in (a). (b,c) n=45 neurons, from 3 independent 
cultures. * P<0.05, ** P<0.01, by one-way ANOVA. Histograms show average ± 
S.E.M. 
 

It is possible that the expression levels or the effectiveness of FLAG-

Eg5 S1033D are not sufficient to completely recover normal spine density or 

spine head morphology. However, these observations also suggest that NEK7 

could regulate spine morphology independently of Eg5 through some other 

substrate/pathway, in agreement with my previous observation that Eg5 

inhibition did not affect spine head morphology. 
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Eg5 localization in dendrites depends on NEK7 and on S1033 
phosphorylation 

 

 

In prophase, S1033 phosphorylation triggers Eg5 pericentrosomal 

accumulation, in a microtubule-dependent manner (Bertran et al., 2011; 

Blangy et al., 1995; Rapley et al., 2008). Depletion of either NEK6 or NEK7 

decreased Eg5 S1033 phosphorylation and localization to the centrosome. In 

mature neurons, Eg5 was reported to be present in dendrites, and to 

sporadically localize at dendrite distal regions or new dendrite branches 

(Ferhat et al., 1998; Kahn et al., 2015a).  

In order to investigate what influence the S1033 phosphorylation may 

have on Eg5 behavior in neurons, I analyzed endogenous microtubule-

associated Eg5 in proximal (first 50µm from the soma) and distal (last 50µm 

before dendrite tip) dendrite regions, in control, NEK7-depleted, and NEK7-

rescue neurons at 14DIV. These neurons were fixated by a special method 

involving pre-extraction with PFA/PHEM (see Materials and Methods 

section) in order to preserve (and immunostain) only the microtubule-

associated Eg5.  

After fixation, I co-immunostained these neurons against FLAG and 

endogenous Eg5 with a commercial antibody previously tested in MEFs, that 

showed the characteristic Eg5 signal around the centrosomes in prophase, 

and in spindle poles/spindle in prometaphase/metaphase (Figure 47).  
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Figure 47 - Eg5 antibody recognizes Eg5 specific localization in mitotic MEFs. 
(a,b) MEFs were cultured and fixated in PFA/PHEM, and then immunostainings were 
performed using anti-Eg5 and either anti-α-tubulin (a) or anti γ-tubulin (b) antibodies, 
and DAPI. Representative images of specific Eg5 localization in MEFs in several 
stages of mitosis. Scale bar, 10µm. 
 

In control neurons (control shRNA and FLAG-GFP), I observed that 

Eg5 was distributed along the whole dendrite (Figure 48a,b). In NEK7-

depleted cells, Eg5 intensity (measured as the ratio between proximal or distal 

dendrite intensity/soma intensity) decreased marginally but significantly in the 

proximal part (by approximately 20%), and more pronouncedly in the distal 

part of the dendrite (by approximately 40%). The intensity of Eg5 in the soma 

was not significantly affected in any of the conditions (Figure 48c). While in 

the proximal dendrite regions no significant Eg5 signal recovery was observed 
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by co-expression of shRNA resistant FLAG-Nek7, there was a significant 

recovery of Eg5 accumulation in distal dendrite regions. These results show 

that NEK7 is important for Eg5 recruitment to the distal dendrite regions. 

 
Figure 48 – NEK7 depletion affects Eg5 localization in 14DIV dendrites 
(a) Representative images of 14DIV dendrite immunostainings, in control, NEK7-
depleted, and rescue conditions, showing FLAG signal and Eg5 localization. Scale 
bar, 25µm.  (b) Quantification of the ratios of Eg5 intensity in proximal dendrite or 
distal dendrite over Eg5 intensity in the soma of the same cells. Eg5 intensity was 
measured in approximately 50µm segments of proximal and distal parts of the 
dendrites in 14DIV neurons, in the conditions as in (a). *P<0.05, **P<0.01, by one-
way ANOVA. (c) Eg5 intensity in somas of neurons in the conditions as in (a). (b,c) 
n=30 neurons, 3 to 5 dendrites per neuron, from 3 independent cultures. Histograms 
show average ± S.E.M. 

 

 

To explore if Eg5 S1033 phosphorylation is involved in this localization 

pattern, I examined the dendritic distribution of transfected FLAG-Eg5 wild 

type, S1033A, and S1033D, in control and NEK7-depleted 14DIV neurons, 

using a co-transfected GFP plasmid for normalization of FLAG-Eg5 intensity 

distribution. In control neurons, FLAG-Eg5 wild type and S1033D mutant 

distributed to the proximal and distal regions of the dendrites similar to 

endogenous Eg5 in the previous panel (Figure 49). The S1033A mutant 

levels, however, were significantly reduced in both proximal and distal 

dendrites, suggesting that even with normal NEK7 levels this mutant cannot 

properly accumulate in dendrites. However, possibly due to the presence of 

endogenous Eg5, these neurons retain their normal dendritic morphology, as 
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mentioned before (Figure 45). In NEK7-depleted neurons, wild type FLAG-

Eg5 intensity decreased throughout the whole dendrite, as expected, 

resembling the distribution of the S1033A mutant. Interestingly, the S1033D 

mutant accumulated in both proximal and distal dendrite areas even when 

NEK7 were depleted, and its intensity levels were approximately the same as 

in control neurons.  

 
Figure 49 – Eg5 S1033D but not WT or S1033A can accumulate in 

dendrites of NEK7-depleted neurons (a) 7DIV neurons were infected with 
shControl or shNek7 lentivirus, and co-transfected with FLAG-Eg5 (wild-type or 
S1033 mutants) and GFP plasmids, and fixed at 14DIV. Immunostaining against 
GFP and FLAG was performed, and images show representative dendrites of the 
neurons in these experimental conditions. Scale bar, 25µm. (b) Quantification of 
FLAG-Eg5 intensity in approximately 50µm segments of proximal and distal parts of 
the dendrites in 14DIV neurons, in the conditions as in (c). n=30 neurons, 3 to 5 
dendrites per neuron, from 3 independent cultures. * P<0.05, ** P<0.01 by one-way 
ANOVA. Histograms show average ± S.E.M. 
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Altogether, these observations indicate that the phosphorylation state 

of Eg5 S1033, controlled by NEK7, determines its recruitment and 

accumulation in proximal and distal parts of the dendrites. 

NEK7 and Eg5 regulate microtubule polarity in distal 
dendrites 

 

Having established that NEK7 depletion or Eg5 inhibition decrease 

dendrite length and branching at 14DIV, we sought to identify the underlying 

mechanism.  

Previous reports indicated that Eg5 is able to control microtubule 

polarity in dendrites, (Kahn et al., 2015a). Having observed that NEK7 

controls Eg5 recruitment and accumulation in the distal regions of dendrites, I 

set out to investigate if depleting NEK7 had any effect on microtubule 

dynamics or polarity (Kahn et al., 2015a). For this purpose, NEK7 was 

depleted in neurons by lentiviral transduction around 3DIV and these cells 

were transfected at 8DIV with the microtubule plus-tip marker EB3-Tomato, 

for time-lapse imaging of EB3 comets in dendrites 24h later. I observed that 

NEK7 depletion significantly increased EB3 comet density in distal dendrites 

(Figure 50a,b) and, intriguingly, also the percentage of retrograde comets in 

this region compared with control dendrites (by approximately 40%) (see 

arrowheads in Figure 50a). There were no significant changes in microtubule 

polarity in the proximal regions of the dendrite (Figure 50c). Other parameters 

such as comet speed or duration were not affected, neither in proximal nor 

distal dendrites (not shown).  
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Figure 50 – NEK7 depletion increases the percentage of retrograde 
microtubules in distal dendrite at 8DIV (a) Representative kymographs of time-
lapses of EB3 microtubule comets in distal dendrites of control or NEK7-depleted 
neurons. White arrowheads indicate retrograde EB3 comets. (b) Quantification of 
EB3 comet density in proximal and distal segments of dendrites in control or NEK7-
depleted neurons. (c) Quantification of EB3 comet polarity in the same segments 
analyzed in (b). (b,c) n=30 dendrites, from 3 independent cultures. * P<0.05 by two-
tailed t-test. Histograms show average ± S.E.M. 

 

By using the same approach, I also analyzed microtubule dynamics in 

axons (at approximately 200um from the soma) of 8/9 DIV neurons depleted 

of NEK7. As expected, there were no significant changes in microtubule 

comet density, nor polarity in these axons (Figure51a,c). This is in 

accordance with NEK7 effects being dendrite-specific at this stage. 

 
 
Figure 51- NEK7 depletion does not affect axonal microtubule dynamics at 
8DIV (a) Representative kymographs of time-lapses of EB3 microtubule comets in 
axons of control or NEK7-depleted neurons. (b) Quantification of EB3 comet density 
in axons of control or NEK7-depleted neurons. (c) Quantification of EB3 comet 
polarity in the same segments analyzed in (b). (b,c) n=35 axons, from 3 independent 
cultures. Histograms show average ± S.E.M. 

 
I next compared EB3 comet phenotypes after NEK7 depletion with EB3 

comets after Eg5 inhibition. For this I treated neurons with either DMSO or 

STLC at 3DIV, and transfected the EB3-Tomato reporter at 8DIV. Time-lapse 

imaging of EB3 comets in dendrites at 9DIV also revealed a significant 

increase in comet density, in both proximal (~20%) and distal (~30%) regions 

of the dendrite (Figure52a,b). Interestingly, as for NEK7 depletion, Eg5 

inhibition at this stage also increased the percentage of retrograde EB3 

comets in the distal part of the dendrite by approximately 20% (Figure52a,c, 

white arrowheads in Figure52a), while I did not observe any significant 

change in comet speed or duration (not shown). 
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Figure 52 – STLC treatment increases the percentage of retrograde 
microtubules in distal dendrite at 8DIV (a) Representative kymographs of time-
lapses of EB3 microtubule comets in distal dendrites of DMSO or STLC-treated 
neurons. White arrowheads indicate retrograde EB3 comets. (b) Quantification of 
EB3 comet density in proximal and distal segments of dendrites in DMSO or STLC-
treated neurons. (c) Quantification of EB3 comet polarity in the same segments 
analyzed in (e). (b,c) n=35 dendrites, from 3 independent cultures. * P<0.05 by two-
tailed t-test. Histograms show average ± S.E.M. 

Overexpression of Cdk5rap2 51-100 increases retrograde 
microtubules in the distal dendrite and decreases dendrite 
length and branching 
 

 The similarity in the two phenotypes strongly suggested that NEK7 is 

regulating Eg5, and that Eg5 function is required for normal microtubule 

density and polarity in dendrites. In order to examine if increased comet 

density and alterations in the ratio of anterograde/retrogradely growing 

microtubules at the distal dendrite may underlie defects in dendrite length and 

branching, we tested whether similar phenotypes could also be obtained by 

altering microtubule growth/polarity through induction of ectopic microtubule 

nucleation. For this, I transiently transfected 6DIV neurons with a γ-tubulin ring 

complex (γTuRC) nucleation activator, a fragment of the centrosomal and 

Golgi-scaffold protein CDK5RAP2  that comprises the CM1 domain 

(Cdk5Rap2 amino acids 51-100 or γ–TuNA), tagged with GFP (Choi et al., 

2010), together with the EB3-Tomato reporter. Analysis of EB3 comets in 

9DIV dendrites revealed a significant increase in comet density in both 

proximal (by ~30%) and distal (by ~50%) dendrites when compared to GFP-

transfected neurons, as expected (Figure 53a,b).  
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Interestingly, there was also a significant increase in the percentage of 

retrograde comets in distal dendrites (by ~90%, Figure 53a,c, white 

arrowheads in Figure 53a). More importantly, I observed that this treatment 

also led to a significant decrease in total dendrite length and branching 

(Figure 53d-f).  
This data supports our hypothesis that changes in microtubule polarity 

are related with the decrease in dendrite length and branching in NEK7 or 

Eg5 depletion conditions. We would envision a scenario in which NEK7 

controls accumulation of Eg5 in distal dendrites, and Eg5 in turn regulates 

Figure 53 – Cdk5rap2 51-100 increases percentage of retrograde dendritic 
microtubules and affects dendrite morphology (a) Representative kymographs 
of time-lapses of EB3 microtubule comets in distal dendrites of GFP or GFP- 
Cdk5rap2 51-100 neurons. White arrowheads indicate retrograde EB3 comets. (b) 
Quantification of EB3 comet density in proximal and distal segments of dendrites 
in GFP or GFP 51-100 -transfected neurons. (c) Quantification of EB3 comet 
polarity in the same segments analyzed in (h). (b,c) n=30 dendrites, from 3 
independent cultures. * P<0.05 by two-tailed t-test. (d) Representative images of 
8DIV hippocampal neurons transfected at 5DIV with GFP or GFP-Cdk5rap2 51-
100 and immunostained against GFP. Scale bar, 25µm. (e) Quantification of the 
total dendrite length in neurons as described in (j). * P<0.05 by two-tailed t-test. (f) 
Sholl analysis of neurons as described in (j). * P<0.05 by two-tailed t-test.  (e,f) 
n=70 neurons, from 3 independent cultures. Histograms show average ± S.E.M. 
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microtubule polarity and density (amongst other possible functions) to 

promote normal dendrite growth. The next goals were to understand how Eg5 

was regulating microtubule polarity in dendrites, whether it affected 

microtubules also in other ways, and how the S1033 phosphorylation was 

involved in the recruitment and functions of Eg5. 

Eg5 antagonizes KIF23/Cho1/Mklp1 function in dendrites 

KIF23/Cho1/Mklp1 depletion causes dendrites to assume 
axon-like morphology 
 

 In order to understand how Eg5 controls microtubule polarity in the 

distal dendrite regions, we decided to test whether this involves the 

transport/sorting of retrograde microtubules. One possible hypothesis to 

explain the observed phenotypes is that Eg5 counteracts the effects of KIF23 

in dendrites. Depletion of KIF23 in rat sympathetic neurons reduced the 

percentage of retrograde microtubules in dendrites, causing them to assume 

an axon-like morphology (S. Lin et al., 2012).  

 To test this hypothesis, I first identified an shRNA to efficiently deplete 

KIF23, and analyzed if transfected neurons had the expected effects in 

dendrite morphology. As seen in Figure 54a, the identified shRNA efficiently 

reduced the transcript levels of Kif23 in N2a cells. In 8DIV neurons 

(transfected at 3DIV), depletion of KIF23 significantly increased total dendrite 

length and reduced dendrite width (Figure 54b-d), as described. 
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Figure 54 – KIF23 depletion increases dendrite length and reduces dendrite 
width (a) Quantification of Kif23 gene expression by qPCR in 72h-depleted N2a 
cells, expressed as ratio of the value in shControl-transfected cells. Reactions were 
performed in triplicate and normalized (b) Representative images of GFP-
immunostained 8DIV neurons, co-transfected at 3DIV with either shControl shKif23, 
and a pEGFP plasmid. Scale bar, 50µm. (c) Quantification of the total dendrite length 
in neurons as in (b). (d) Quantification of dendrite width at several distances from the 
soma, in neurons as in (b). n=40 neurons, from 3 independent cultures. * P<0.05, by 
two-tailed t-test. Histograms show average ± S.E.M. 
 

 

 

 

STLC treatment rescues dendritic comet polarity defects in 
KIF23-depleted neurons 
	  
	  
 
 I co-transfected 4DIV neurons with the EB3-tdTomato plasmid together 

with either shControl or shKIF23. For Eg5 inhibition, I also treated these 

neurons with either DMSO or STLC. I then analyzed dendrite microtubule 

comets in proximal and distal regions at 8DIV. As expected, KIF23-depleted 

neurons showed a significant decrease in the percentage of retrograde 

microtubule comets, both in proximal and distal regions of their dendrites 

(Figure 55, white arrowheads in Figure 55a). Remarkably, STLC treatment 

rescued this decrease in the percentage of retrograde comets, in both 

dendrite regions (Figure 55, white arrowheads in Figure 55a).  
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Figure 55 – Eg5 inhibition with STLC rescues decrease of retrograde 
microtubules in dendrites induced by Kif23 depletion (a) Representative 
kymographs of time-lapses of EB3 microtubule comets in distal dendrites of control 
or Kif23-depleted neurons, treated with DMSO or STLC White arrowheads indicate 
retrograde EB3 comets. (b) Quantification of EB3 comet polarity in proximal and 
distal segments of dendrites in the conditions described in (a) n=30 dendrites, from 3 
independent cultures. * P<0.05, **P<0.01, ***P<0.001 by one-way-ANOVA. 
Histograms show average ± S.E.M. 
	  
 

 

One interpretation of this result was that Eg5 can counteract the role of KIF23 

by acting as a “brake” on retrograde microtubule introduction into dendrites. 

Alternatively Eg5 may affect microtubule polarity by selective stabilization of 

specific bundle configurations.  
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FCPT treatment increases Eg5 intensity in dendrites  
 

Treatment with monastrol or STLC was shown to remove Eg5 from 

microtubules. We wondered whether it was the inhibition of Eg5 motor activity 

or the displacement from microtubule lattices that led to an increase in 

retrograde microtubule growth. For this purpose, I repeated the previous 

experiment, but inhibited Eg5 with FCPT (2-(1-(4-fluorophenyl)cyclopropyl)-4-

(pyridin-4-yl)thiazole) instead of STLC. This drug works as an ATP 

competitive inhibitor of Eg5 but contrary to STLC induces a tight biding of Eg5 

to microtubules (Collins et al., 2014; Groen et al., 2008). 

 To analyze the effects of this drug in neurons, I determined the levels 

of microtubule-associated Eg5 by immunofluorescence (normalized to α-

tubulin levels) in dendrites of 8DIV neurons treated for 48h with DMSO 

(control), STLC or FCPT. I found that the levels of Eg5 in dendrites of FCPT-

treated neurons were indeed higher than in controls, and that neurons treated 

with STLC had the lowest values of all three (Figure 56). This observation 

suggests that FCPT can increase Eg5 association with microtubules in 

neurons, similarly to what was observed in mitotic cells. 

 

Figure 56 – FCPT 
increases levels of 
microtubule-
associated Eg5 in 
dendrites. 
(a) Representative 
images of time-lapses of 
Eg5 and microtubule 
immunostainings in 
8DIV neurons, treated 
with DMSO, STLC or 
FCPT (b) Quantification 
of Eg5 intensity in 
dendrites of neurons as 
in (a). (c) Eg5/ α-tubulin 
ratios in dendrites of 
neurons as in (a) n=20 
dendrites, from 2 
independent cultures. 
Histograms show 
average ± S.E.M. 
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FCPT-treated neurons have less retrograde comets in distal 
dendrites, and cannot rescue Kif23-depletion effects in 
dendritic comet polarity 

 

Remarkably, treatment with FCPT in KIF23-depleted neurons revealed 

no rescue in the percentage of retrograde microtubule comets neither in the 

proximal nor in the distal parts of the dendrite (Figure 57). One noteworthy 

observation was that treatment with FCPT without depleting KIF23 also 

generated a significant decrease in retrograde comets, especially in the distal 

regions of the dendrite (Figure 57b). Altogether, this suggests that Eg5 

binding to microtubules per se rather than its motor activity can impose a limit 

on the percentage of retrogradely growing microtubules in distal dendrite 

regions. It is also important to note that FCPT and KIF23 depletion have a 

cumulative effect on the reduction of retrograde comets in the distal dendrite. 
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Figure 57 – Eg5 inhibition with FCPT increases percentage of retrograde 
microtubules in distal dendrites and cannot rescue the effects of KIF23 
depletion (a) Representative kymographs of time-lapses of EB3 microtubule comets 
in distal dendrites of control or Kif23-depleted neurons, treated with DMSO or FCPT 
White arrowheads indicate retrograde EB3 comets. (b) Quantification of EB3 comet 
polarity in proximal and distal segments of dendrites in the conditions described in (a) 
n=30 dendrites, from 3 independent cultures. * P<0.05, **P<0.01, by one-way-
ANOVA. Histograms show average ± S.E.M. 
	  
 
 
 
 
 
 
 

Eg5 inhibition with STLC in 8DIV neurons decreases dendritic 
microtubule acetylation 
 
 

For Eg5 to act as a brake for microtubule transport, as suggested 

before (Myers & Baas, 2007), or for it to be able to guide/sort microtubules 

into parallel bundles (Lukas C. Kapitein et al., 2005) it needs to crosslink 

microtubules. In this sense, we wondered whether Eg5 ability to crosslink 

microtubules would also apply to longer and more static microtubules in the 

dendrite. If so, it could provide a basis for increasing microtubule stability in 

the dendrites and therefore contribute for proper dendritic growth.  

To test this possibility, I quantified the intensity of acetylated tubulin in 

dendritic microtubules in 8DIV neurons treated with STLC and in control 

neurons (DMSO), normalized to the corresponding α-tubulin signal. 
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Figure 58 – Eg5 inhibition with STLC decreases microtubule acetylation in 8DIV 
neuron distal dendrites (a) Representative immunostainings of α-tubulin and 
acetylated tubulin in soma and dendrites of 8DIV neurons, treated for 72h with either 
DMSO (control) or STLC. (b) Quantification of the raw intensity of α-tubulin (green 
dots) and acetylated tubulin (red dots) in proximal dendrites of neurons as in (a). 
Ratio of acetylated tubulin/α-tubulin (gray dots) in proximal dendrites of neurons as in 
(a). (c) Quantification of the raw intensity of α-tubulin (green dots) and acetylated 
tubulin (red dots) in distal dendrites of neurons as in (a). Ratio of acetylated tubulin/α-
tubulin (gray dots) in distal dendrites of neurons as in (a). Each dot represents the 
average value of a cell. 2 to 4 dendrites were quantified per cell. (b,c) n=50 cells, 
from 3 independent cultures. * P<0.05, by two-tailed t-test. Each dot represents the 
average value of a cell. 2 to 4 dendrites were quantified per cell. 

 

As seen from Figure 58, STLC-treatment reduced the levels of 

dendritic acetylated tubulin, in particular in the distal dendrite region (Figure 
58a-c). Since microtubule acetylation is a hallmark of stable microtubules, this 

suggests that there is a decrease in the proportion of stable microtubules 

when Eg5 is dissociated from microtubules.  
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TPX as a candidate for recognizing S1033-phosphorylated 
Eg5 in dendrites 
 

Depletion of TPX2 in 14DIV neurons reduces total dendrite 
length 
 

One remaining question was how the S1033 phosphorylation was 

involved in the recruitment and functions of Eg5. 

 The accumulation of S1033-phosphorylated Eg5 at the pericentrosomal 

area in prophase is a process that is still not completely understood. One 

explanation for the accumulation of phosphorylated Eg5 would be the 

existence of one or several factors that recognize the S1033 phosphorylation 

and then link Eg5 to microtubules. A possible candidate for this role was 

TPX2, a protein that interacts with Eg5 in the mitotic spindle and mediates its 

association with microtubules (Ma et al., 2011) 

 Thus, in a final set of preliminary experiments I addressed whether 

TPX2 may also be involved in Eg5 regulation in neurons. First I determined 

whether TPX2 was expressed during hippocampal neuron differentiation. 

Indeed, TPX2 was detected throughout differentiation (Figure 59a). However, 

this result was obtained from a only a single neuron culture and thus would 

have to be confirmed. I also tested a TPX2 shRNA, which could decrease the 

levels of TPX2 in 5DIV-transduced neurons (Figure 59b).  After co-

transfecting neurons at 7DIV with either shControl or shTPX2 and pEGFP, 

and fixing/immunostaining at 14DIV, I quantified total dendrite length and 

observed that TPX2 depletion causes a significant reduction in this parameter 

(Figure 59c,d).  
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Figure 59 – TPX2 depletion reduces total dendrite length in 14DIV neurons. (a) 
Western blot showing the levels of TPX2, in lysates from cultured neurons, from 1 to 
21 DIV, using α-Tubulin as loading control. (b) 5DIV neurons were transduced at 
2DIV with shCOntrol or shTPX2 lentivirus, and lysates were immunoblotted against 
TPX2, using α-Tubulin as loading control  (c) Representative GFP-immunostainings 
of 14DIV neurons transfected for 7 days with either shControl or shTPX2. (d) 
Quantification of the total dendrite length in neurons as in (c). n=50 cells, from 3 
independent cultures. * P<0.05, by two-tailed t-test. Histograms represent average ± 
S.E.M. 
 
 

In order to verify whether TPX2 specifically or preferentially recognizes 

S1033-phosphorylated Eg5 in dendrites, additional experiments will be 

needed.  

 

With this study, I have identified several “mitotic” kinases from the 

NIMA family as regulators of neuron morphology, in particular NEK7 which 

has an important role during dendritogenesis, through phosphorylation of the 

kinesin Eg5 and regulation of the dendritic microtubule cytoskeleton. 
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An RNAi screen for identifying novel roles for mitotic 
microtubule regulators in hippocampal neurons 
 
 
 The idea behind a small RNAi screen in hippocampal neurons was to 

identify mitosis-related genes (microtubule regulators or not) whose depletion 

affected neuron morphology as early as at 5DIV, thus suggesting new 

uncharacterized roles for these genes in neurons. For this purpose, I selected 

a short list of genes that we had found to be either upregulated or constantly 

expressed throughout hippocampal neuron differentiation in culture.  

It is noteworthy that another study using a genome-wide RNAi screen 

in Drosophila neurons managed to identify novel neuron morphology 

regulators (for neurite outgrowth), and that results obtained in cultured 

neurons were later confirmed in vivo (Sepp et al., 2008). Other RNAi screens 

involving neuron morphology and function were conducted in C. elegans, 

tackling protein homeostasis mechanisms (Vayndorf et al., 2016), touch 

response (Lejeune et al., 2012) and GABA neuron function (Firnhaber & 

Hammarlund, 2013). An RNAi screen of kinases in differentiated SH-SY5Y 

cells also identified positive and negative regulators of neurite outgrowth (Loh 

et al., 2007).  

 When short-listing genes, we tried to include both known microtubule 

dynamics regulators/MAPs that were characterized in cycling cells (Tacc1, 

Tacc3, Mtap7, Eml2, Ckap5/ch-TOG, Gcp8, Pde4dip/Myomegalin, Ska3) and 

also regulators of the cell cycle/genes involved in other processes in cycling 

cells, not directly interacting with microtubules (Nek7, Nek9, Nek10, Ccne1, 

Zwint, Bub3, Cdca8/Borealin). The reasoning behind this was based on 

previous studies showing that not only microtubule regulators but also genes 

such as Cdc20, Cdh1, or the ORC complex can regulate neuronal 

morphology and function (Frank & Tsai, 2009; Herrup, 2013). Despite the 

presence of other expression patterns in the microarray data, such as genes 

that only have peaks of expression in certain time points of differentiation, or 

genes with more oscillatory expression patterns, also undoubtedly interesting 

to explore, we chose overall upregulated genes because this pattern 

suggested that these genes were more likely to have roles during neuron 
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differentiation. The selection of constantly expressed genes (non-differentially 

expressed) was based on the consideration that they may have roles 

throughout neuron differentiation, without any stage-specific function. The 

short-listing also took into account the known/predicted functions of these 

genes; for instance Ckap5 and TACC3 seemed very interesting candidates 

despite not being upregulated, because of their functions as microtubule 

dynamics regulators. 

Furthermore, we also confirmed that in our microarray data a few 

selected genes had the expected expression pattern, by observing genes that 

are known to be upregulated or downregulated during neuron differentiation. 

This served as an internal control for the accuracy of the microarray data. 

Examples of control downregulated genes include Eomesodermin/Tbr2, a 

transcription factor necessary in neural progenitors but downregulated in post-

mitotic neurons (Englund et al., 2005; Hodge et al., 2012), and Pax6, another 

transcription factor which is already downregulated at the transition from radial 

glia to intermediate progenitor cells (Englund et al., 2005). NumA1, a 

component of the nuclear matrix and stabilizer of the mitotic spindle, was also 

found to be downregulated (a study describing functions of NumA as 

component of somatodendritic microtubules also found downregulation of 

NumA levels from 7DIV on (Ferhat et al., 1998). 

As a complementary control we found a clear upregulation in the 

expression of BDNF and its receptor NTRK2, Calbindin1 and 2 (intracellular 

calcium binding proteins (Ulfig,2002), GRIK1 and GRIN1 (Glutamate 

receptors).  

 When designing the RNAi screen itself, we chose to start it with a first 

phase that involved candidate gene depletion and analysis of neuron 

morphology at early stages (5DIV, stage 4). This would allow for a faster 

analysis, since neurons at this stage are smaller, and axons and dendrites are 

less branched and easier to trace and measure, and any morphological 

changes, such as increase/decrease in axon/dendrite length or variations in 

the number of axons/dendrites would be more easily noticed. I didn’t observe 

any significant change in the number of axons or dendrites for any of the 

candidate genes, and therefore did not include this information in the Results 

section. A second phase of the screen was actually planned and started, and 
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would involve analysis of mature neurons (14DIV, stage 5, after 7 days of 

shRNA transfection). We considered that genes that are upregulated likely 

have important functions in more mature neurons (and perhaps the ones that 

are constantly expressed as well), and therefore it made sense to expand the 

screen to these stages. Nevertheless, the finding of two positive hits on the 

first phase of screening and the focus on the characterization of Nek7 in 

neurons eventually postponed this 2nd phase of the screen, as it would be 

very time-consuming and much broader at this stage of the project. 

Nonetheless, it would prove very interesting to revisit these experiments and 

look for potential functions of other candidates in mature neurons as well. 

 Concerning the results of the screen itself, only Eml2 and Nek7 were 

identified as positive hits, generating respectively a decrease and an increase 

in total axon length. Interestingly, some of the other candidates were later 

found to also have functions in neurons.  

TACC1 and TACC3 
 

The TACC (Transforming Acidic Coiled Coiled) protein family includes 

three members in mammals, all containing a C-terminal coiled-coil region 

conserved also in Drosophila D-TACC. These proteins associate with 

microtubules and with centrosomes, have been reported to participate in cell 

division and are very often associated with several types of cancer (Gergely et 

al., 2000; J. W. Raff, 2002). Two studies also had reported TACCs function 

together with Cep120 in interkinetic nuclear migration in neuroprogenitor cells 

(NPCs) (Guerrier & Polleux, 2007; Xie et al., 2007), but made no reference to 

any TACC functions regulating neuron morphology.   

TACC1 localizes weakly at the centrosomes during mitosis and 

recently was described as a regulator of microtubule plus end dynamics in 

Xenopus embryos (Lucaj et al., 2015). No neuronal functions have been 

described for TACC1 yet, but it is known to be expressed in the brain (Aitola 

et al., 2003; Sadek et al., 2003). TACC3 is the best characterized protein of 

this family, and it localizes at the spindle in mitosis, through Aurora A-

mediated phosphorylation. It is also known to regulate spindle assembly and 

microtubule dynamics by interacting with clathrin and with Ckap5/ch-TOG 
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(Peset & Vernos, 2008; Thakur et al., 2014). Early observations reported 

upregulation of TACC3 in PC12 cell differentiation into neurons and a small 

drug inhibitor of TACC3 also increased the rate of neuron differentiation from 

NPCs in vivo (Sadek et al., 2003; Wurdak et al., 2010). Recent studies have 

identified novel neuronal functions for TACC3 in axonal growth. In Xenopus 

embryonic cultured neurons, TACC3 localizes at centrosomes and axon 

growth cones, and associates with microtubule +ends, distal to EB1 and 

overlapping with Ckap5/ch-TOG. It mediates Ckap5 recruitment to the +ends 

and increases microtubule growth speed, being necessary for axon 

outgrowth, since TACC3 depletion reduces axon extension (Nwagbara et al., 

2014).  

 These results were not reproduced in our screen, as neurons 

transfected with either TACC3 shRNA had similar axon length as control 

neurons. A possible reason for this difference could reside in organism-

specific functions. Another explanation may be the timing of the observations. 

In the referred study, Xenopus two-to-four cell stage were injected with 

TACC3 morpholinos, embryos developed until the stage in which neural tube 

explants could be cultured, and axons were imaged 18-24h after plating. The 

timing of depletion, plus the observations a few hours after plating might 

explain the differences, as TACC3 might be necessary to mediate only the 

initial stages of axon elongation. Thus, replating of TACC3-depleted 

mammalian neurons would be a strategy to test these hypotheses.  

Mtap7/MAP7/Ensconsin 
 
 This protein is a ubiquitous microtubule-stabilizing MAP (Bulinski & 

Bossler, 1994), and studies in Drosophila showed that Ensconsin (Drosophila 

Mtap7) is required for microtubule growth and centrosome separation in 

neural stem cells (Gallaud et al., 2014), for kinesin-1 recruitment to 

microtubules (Sung et al., 2008), for relieving inhibition and thus mediate 

activation of kinesin-1 in S2 cells and for kinesin-1 mediated organelle 

transport in Drosophila neurons (Barlan et al., 2013). Ensconsin is also 

required for kinesin-1 mediated microtubule sliding and homozygous null 

mutants for this gene cannot survive to adulthood (Barlan et al., 2013). 
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However, this study dis not include measurements of axon/dendrite length in 

the absence of Ensconsin, and therefore it is possible that neuron morphology 

is not affected at the time of analysis, which would be in agreement with our 

screen data. It is also still elusive if this MAP also mediates the activation of 

any motor in mammalian neurons, although its depletion seems to be involved 

in dopaminergic neurodegeneration (Reinhardt et al., 2013). 

Ska3 
 

During mitosis, Ska3, a component of the Ska complex, is required for 

microtubule attachment at the outer kinetochore, facilitating chromosome 

segregation and motility coupled to MT depolymerization (Gaitanos et al., 

2009; Welburn et al., 2009). Other than a study suggesting that Ska3 can 

positively regulate neurite outgrowth in neuroblastoma IMR-32 cells, 

downstream of NRF-1 transcription factor activity (Tong et al., 2013), no 

functions have yet been described for Ska3 or the Ska complex in cultured 

neurons. In our screen, Ska3 depletion yielded no alteration in axon/dendrite 

length. Nonetheless, since we analysed neurons at stage 4, any possible 

phenotype during neuritogenesis (stage 2) would have been missed.  

Cdca8/Borealin 
 
 Borealin is a subunit of the Chromosome Passenger Complex together 

with Aurora B, INCENP and Survivin, that orchestrates proper chromosome 

segregation at the end and exit of mitosis (Gassmann et al., 2004). It is 

expressed in embryonic tissues, including the brain, and in adult tissues with 

high rate of cell proliferation (Yamanaka et al., 2008). Contrary to Aurora A, 

Aurora B kinase expression seems to be restricted to proliferating cells 

(Malumbres, 2014), but Survivin is present in the brain and is involved in 

controlling apoptosis and is associated with neurodegeneration (Marks & 

Berg, 1999). No roles have yet been identified for Borealin in neurons, and its 

depletion did not affect neuron morphology at 5DIV. It is therefore possible 

that this protein has no major role in post-mitotic neurons, as its expression 

levels do not change during differentiation. Nonetheless, further 
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characterization of Borealin knockdown in various stages of neuron 

differentiation would be necessary for a more solid conclusion. 

Bub3 
 

Bub3 is a component of the spindle assembly checkpoint (SAC). At 

unattached kinetochores in mitosis, Bub3 forms a complex with BubR1 and 

Mad2 to inhibit APC/CCdc20. As the APC/C was described to regulate dendrite 

morphogenesis in neurons (A. H. Kim et al., 2009), it is tempting to speculate 

that Bub3 could exert a similar role in neurons and in mitosis. However, it is 

not known if the other components of the SAC would be present in neurons, 

and if so, if they would assemble a complex. In our results, Bub3 did not 

significantly affect axon or dendrite length when depleted from 1 to 5DIV. An 

interesting observation is that Bub3 can interact with dynein light chain 

DYNLT3/Rp3, which mediates association of dynein complexes with specific 

cargo (Lo et al., 2007). DYNLT3 localizes at kinetochores during mitosis but is 

also expressed in hippocampal pyramidal neurons and was suggested to 

regulate synaptic functions (Chuang et al., 2001). It would be interesting to 

test if the interaction between Bub3 and DYNLT3 also exists in neurons, as it 

could provide insights into a possible transport and function of Bub3 in these 

cells.  

Ccne1 
 
 Cyclin E is a core component of the cell cycle engine, interacting with 

and regulating Cdk2 activity to promote entry into S-phase and DNA 

replication. High levels of this protein have also been detected in the brain, 

and we also detected its upregulation in hippocampal neuron differentiation, 

thus turning it into an interesting candidate for further characterization. 

Nevertheless, as mentioned before, during the development of our screen a 

study was published describing novel roles for Ccne1 in controlling synaptic 

function, and we abandoned pursuing the characterization of this candidate 

gene. In neurons Cyclin E interacts with and restricts the activity of neuronal 

Cdk5 (Odajima et al., 2011), and through this mechanism regulates the 
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density and number of spines, synaptic plasticity, and the somatodendritic 

distribution of Kv2.1 potassium channels (Shah et al., 2014).  

Pde4dip/Myomegalin 
 
 This protein was identified as a Golgi/centrosome-associated protein, 

and an interactor and potential targeting factor of the cyclic nucleotide 

phosphodiesterase PDE4D. Two large isoforms (7.5-8kb transcripts) are 

present in most tissues, a short 2,4kb was identified in Drosophila testis, and 

another variant was found in rat heart myocytes (Verde et al., 2001). New 

isoform variants have been identified since. The isoform CM-MMG (one of the 

large isoforms) harbors a CM1 domain, similar to the one found in 

CDK5Rap2, which can activate the γTuRC for microtubule nucleation. CM-

MMG was also shown to recruit the γTurC and promote microtubule 

nucleation. One of the short isoforms of Myomegalin (termed EB-MMG in the 

study by Roubin et al., 2013) localizes at the Golgi and does not have a CM1 

domain, but has an EB1-biding domain and can accumulate at microtubule 

+ends and mediate EB1 loading and microtubule growth. Depletion of 

Myomegalin was shown to affect microtubule growth from centrosome and 

Golgi, and also decrease cell migration (Roubin et al., 2013). Another isoform, 

MMG8, localizes to Golgi and can interact with both γTuRC and EB1, 

mediating Golgi microtubule organization (Z. Wang et al., 2014). Due to these 

features myomegalin depletion studies are challenging, as tackling only one of 

the isoforms and analyzing its specific effects without affecting the other 

isoforms can prove difficult. Indeed, in our screen the shRNA clones that were 

tested did not efficiently deplete Myomegalin transcript when tested by qPCR. 

However, considering the potential presence of multiple isoforms including 

previously unknown isoforms this result is difficult to interpret. Following up on 

this will require identification of the myomegalin brain isoforms and 

optimization of each isoform’s depletion. The CM1 domain in the long isoform 

named CM-MMG by Roubin et al., 2013, and its ability to activate the γTuRC 

indicate that this isoform might be a potential regulator of microtubule 

nucleation in neurons. Based on its localization at the Golgi one could 

speculate about a possible γTurC anchoring function at Golgi outposts in 
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dendrites. EB-MMG function as a regulator of microtubule dynamics could be 

involved in axon and/or dendrite growth in neurons, amongst other processes. 

Ckap5/ch-TOG 
 
 This protein is the Xenopus XMAP215 ortholog, and, as described 

before, localizes at microtubule +ends and functions as a polymerase, 

promoting microtubule growth. In neurons it forms a complex with the SLAIN 

proteins and regulates microtubule growth. Its depletion in cultured 

hippocampal neurons inhibits axon extension, and in Xenopus neurons as 

well, by preventing actomyosin-mediated axon retraction (Lowery et al., 2013; 

van der Vaart et al., 2012). The shorter axon phenotype was also found in our 

screen, corroborating these observations. 

Zwint 
 

Zwint is required for proper kinetochore formation and for microtubule 

attachment and SAC fulfillment. Mutations in CASC-5, a microtubule-

kinetochore attachment regulator and Zwint interactor were found to cause 

microcephaly (Genin et al., 2012). 
 Our microarray/qPCR results show a clear upregulation of Zwint 

expression as neurons differentiate (even in the first few days of culture). The 

screen results suggest a role of Zwint in dendrite morphogenesis at 5DIV, 

although they are contradictory between both shRNAs, and therefore hard to 

interpret. The use of a third shRNA construct would be useful in this case. 

Curiously, SIP30, an interacting partner of the synaptosome-associated 

protein SNAP25 (regulates exocytosis of synaptic vesicles) has 56% identity 

with Zwint (H. K. Lee et al., 2002). Interestingly, SNAP25 also binds to Rab3c, 

a protein that participates in exocytic events. A study identified Zwint as a 

Rab3c binding partner, and showed that both Zwint and Rab3c are highly 

expressed and colocalize in hippocampal neurons (van Vlijmen et al., 2008). 

This suggests that Zwint might have a role in pre-synaptic events that would 

suggest the existence of later-stages phenotypes.  
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NEK10 
 
 NEK10 is a kinase of the NimA-kinase family, as are NEK6/7/9. It is the 

only kinase of the family with a central kinase domain and was shown to 

activate the ERK1/2 pathway upon UV irradiation and to mediate a G2/M 

arrest (Moniz et al., 2011). Functions for this protein in neurons have not yet 

been described and I didn’t observe any alteration in early stage neuron 

morphology upon NEK10 knockdown. Nonetheless, NEK10 expression is 

upregulated during hippocampal neuron differentiation. More work would be 

needed to test for additional roles. 

Eml2 
 
 One of the positive hits of our screen was Eml2/ELP70/EMAP2 

(Echinoderm Microtubule Associated Protein 2) and its depletion decreased 

axon length. The original Eml was identified as one of the most abundant 

proteins in dividing sea urchin eggs and associates with the mitotic spindle (Q. 

Li & Suprenants, 1994). In mammals there are 5 Eml/EMAP-like (ELP) 

proteins, and despite many of them being implicated in microtubule stability 

regulation during mitosis, some are also expressed in post-mitotic cells. 

Indeed, Eml5 is known to regulate the microtubule cytoskeleton in young and 

mature neurons (O’Connor et al., 2004). Eml2 is a microtubule destabilizer 

that interferes with microtubule nucleation and also promotes 

depolymerization and increases catastrophe rate, potentially through a lateral 

destabilization mechanism (Eichenmüller et al., 2002). Eml2 expression in the 

brain has also been reported, and binding to the Delta Glutamate receptor 

(post-synaptic) (Ly et al., 2002). Thus, the observation that a microtubule 

destabilizer depletion decreases axon length seems counter-intuitive at a first 

glance. Axons need microtubule nucleation, stabilization and growth for their 

elongation. How can a negative regulator of these parameters promote axon 

length? One hypothesis is that Eml2 microtubule destabilizing activity is 

actually necessary not for axonal elongation, but rather for axon branching 

and/or remodeling (pruning) by keeping populations of more labile and 

dynamic microtubules, or by facilitating microtubule severing. Another 
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hypothesis is that Eml2 in neurons is regulated in a different way and is not a 

microtubule destabilizer. To clarify and test these possibilities, following the 

axonal growth and branching in Eml2-depleted neurons by live imaging over 

the course of a few hours/days could provide some insights. Another 

possibility is to directly assess microtubule stability in these axons by PTMs 

(such as acetylation) or by resistance to microtubule-depolymerizing drugs 

(for instance, nocodazole).  

NEK7/6/9 and Eg5 in immature neurons 

NEK7, NEK6 and Eg5 as repressors of axon growth in 
immature neurons 
 

NEK7 depletion slightly increases axon length in both 5DIV neurons 

and in 2DIV replated neurons, but not in later stages (14DIV). The 

overexpression of NEK7 kinase-dead D179A in 6DIV neurons also generates 

a similar effect, suggesting a dominant-negative effect and the involvement of 

NEK7 kinase activity in this early stage phenotype. This indicates that NEK7 

can repress axon growth only in immature neurons. NEK6 depletion slightly 

increases axon length at 6DIV, and Nek6 KO neurons have a more prominent 

increase in axon length at the same stage. Testing a role for NEK6 in more 

mature neurons would require the analysis of axon length in 14DIV NEK6 

KD/KO neurons. These experiments were not yet performed, because axons 

in 14DIV neurons are very large and branched, and therefore only traceable in 

very low-density cultures.  

It is still not clear how NEK6 and NEK7 regulate axon growth in 

immature neurons. The levels of expression of NEK6 at these stages of 

differentiation, and a peak of expression from 7 to 10DIV could suggest a role 

for this kinase until the later phases of axon elongation. Replating of NEK6 KD 

or Nek6 KO neurons would also be necessary to assess the role of NEK6 in 

the very early stages of axon growth. NEK7 expression levels in immature 

neurons are lower than in mature neurons, but seemingly enough to regulate 

axon length. Since NEK7 kinase activity is involved in this phenotype, its role 
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as an axon length regulator likely involves the phosphorylation of one or more 

substrates.  

I observed that Eg5 still interacts with NEK7 and with a residual fraction 

of NEK6 in post-mitotic neuron-like SH-SY5Y cells. These experiments were 

performed in this system and not in primary neurons since our anti-Eg5, anti-

NEK6, and anti-NEK7 antibodies could not immunoprecipitate the respective 

endogenous mouse proteins, but only the human proteins. Eg5 was also 

previously described as a repressor of axon growth in immature rat 

sympathetic neurons (Haque et al., 2004; Myers & Baas, 2007), despite some 

controversy (Yoon et al., 2005). Furthermore, Eg5 inhibition also enhanced 

axonal growth in adult mouse dorsal root ganglion neurons (Shen Lin et al., 

2011). In my results, Eg5 inhibition with monastrol or STLC also caused an 

increase in axon length in immature neurons (6DIV). The similarity between 

NEK6/7 depletion and Eg5 inhibition axonal phenotypes strongly suggests 

that Eg5 is an effector downstream of NEK6/7 in immature neurons. Thus, it is 

possible that NEK6 and NEK7 regulate Eg5 accumulation in the axon at early 

stages in an S1033 (S1044 in mouse)-phosphorylation dependent manner, 

similar to what was observed at the centrosomes in prophase (Bertran et al., 

2011; Rapley et al., 2008) or in 14DIV dendrites in the case of NEK7.  

Despite the absence of experiments using a NEK6 kinase-dead 

mutant, the rescue of total axon length in Nek6 KO neurons by expression of 

FLAG-Eg5 S1033D but not FLAG-Eg5 S1033A support the model that NEK6 

regulates axon length through phosphorylation of its substrate Eg5. Similar 

experiments in NEK7-depleted neurons at early stages have not yet been 

done, and would be necessary to prove that Eg5 is also a NEK7 substrate at 

these stages. However, given the small differences between control and 

NEK7-depleted 5DIV neurons in terms of axon length (~20% increase), these 

differences would also be more difficult to rescue, given the inherent variability 

in these experiments. The differences between Nek6 KO neurons and their 

wild type littermates’ in terms of axon length is more robust and thus the 

effects of Eg5 S1033A or S1033D are more discernible. Interestingly, 

overexpression of FLAG-Nek7 wild type or constitutively active kinase mutant 

Y97A did not affect axon length at 6DIV, while overexpression of FLAG-Nek6 

caused a strong decrease in axon length at the same stage. It is possible that 



Discussion 

159	  

these observations are due to inherent differences in the kinase activities: 

NEK6 may simply be a more active kinase, or the activity of NEK7 (even the 

Y97A mutant) could be more tightly controlled. Indeed, transiently transfected 

NEK7 in mammalian cells had a lower kinase activity than NEK6 in the same 

conditions (Minoguchi et al., 2003). 

Nevertheless, these results and the observation that NEK7 depletion in 

Nek6 KO neurons does not generate a cumulative effect in axon growth, 

suggest that NEK7’s role in regulating axon length is probably secondary, and 

that the main axon growth repressor and potential Eg5 regulator at this stage 

would be NEK6. 

How could Eg5 S1033 phosphorylation regulate axon growth in early 

stages? S1033 phosphorylation might be involved in accumulating Eg5 in the 

axon, but also in modulating Eg5 microtubule-binding-ability and/or its motor 

function, since the Eg5 non-motor tail domain is involved in the ability of Eg5 

to bind, crosslink and slide microtubules (Weinger et al., 2011). The potential 

roles of S1033 phosphorylation in Eg5 accumulation and function will be 

discussed in more detail later on.  

What are the functions of Eg5 on microtubules in the axon shaft, and 

how do they impact axon growth? Eg5 can bind to and crosslink microtubules 

in parallel microtubule bundles (Lukas C. Kapitein et al., 2005; Weinger et al., 

2011), and the axon has a uniformly polarized plus-end distal microtubule 

array. Therefore, Eg5 might be involved in restricting the transport of short 

anterograde microtubules in the axon as suggested before, by crosslinking 

the short transported microtubules with longer ones (Myers & Baas, 2007). 

Another possibility is that Eg5 crosslinks long parallel microtubules in the axon 

theirby restricting their sliding on one another. This could increase the 

stiffness and stability of the microtubule array and restrict mass cytoskeleton 

movements required for axon growth. This type of activity has been described 

for Eg5 in the spindle when cells were treated with with the Eg5 inhibitor 

FCPT (Collins et al., 2014), or for KIF15/Kinesin-12, another tetrametric 

kinesin which can also stabilize microtubule bundles in K-fibers (Sturgill & Ohi, 

2013). The need for such a growth restricting activity is still elusive, but it 

could be useful for pruning and retraction of axonal branches during 

development (also suggested in Myers and Baas, 2007), for fine-tuning 
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growth in response to extracellular cues, (as Eg5 has also bee implicated in 

axon steering (Nadar et al., 2008)), or for coordinating axon growth with 

correct microtubule organization and cargo transport (Sánchez-Huertas et al., 

2016; (Peter W. Baas & Mozgova, 2012).  An example of an Eg5-binding 

protein that can restrict Eg5 movement and cooperate with Eg5 in crosslinking 

microtubules is TPX2 (Ma et al., 2011).  

An early study indicated that TPX2 depletion reduced neurite extension 

in immature neurons by decreasing the frequency of microtubule emanation 

from the centrosome, in a mechanism involving Aurora A and NDEL1 (Mori et 

al., 2009). A conflicting result has shown that TPX2 depletion increases 

neurite extension in 2DIV neurons, and that this effect is rescued by full-length 

TPX2 but not by a TPX2 mutant lacking the Eg5-binding domain (Kahn et al., 

2015b). Thus, it is possible that TPX2 might have different roles depending on 

the subcellular compartment: a role in microtubule nucleation from the MTOC 

in the neuronal soma, and in microtubule regulation through Eg5 in the 

neurites. Despite these early stage functions, the role of TPX2 during axon 

extension at later stages (2 to 5/6 DIV) has not yet been characterized. TPX2 

levels seem to be higher in dendrites than in axons at 6DIV in cultured SCG 

neurons (Kahn et al., 2015b), but it is still possible that it also binds to Eg5 in 

the axon and regulates its activity at these stages.  

Another possibility is that NEK6 and/or NEK7 regulate an Eg5 pool in 

the axon growth cone, and this would affect the rate of axon growth, as 

microtubules in the cone invade preferentially the area opposite to where Eg5 

is accumulated (Nadar et al., 2012). Thus, NEK6/7-mediated Eg5 S1033 

phosphorylation, in addition to Cdk5-mediated T926 phosphorylation (Kahn et 

al., 2015a; Nadar et al., 2012), would control the accumulation of Eg5 in the 

axonal growth cone and therefore restrict microtubule dynamics in this area, 

restricting also axon growth and steering. A role of TPX2 in axonal growth 

cones has also not yet been tested, and could provide interesting data. 

 Imaging of Eg5 levels or Eg5 dynamics in different axonal regions in 

NEK7-depleted and Nek6 KO neurons would be a possible way of testing 

these hypotheses.  

In summary, NEK7 may work together with NEK6 to co-phosphorylate 

Eg5 and regulate axon growth in immature neurons (until 5/6DIV). 
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 The mechanisms behind the different distributions of NEK6 and NEK7 

in axons and dendrites of 8/9DIV hippocampal neurons are still elusive. The 

transport of Nek7 mRNA and its local translation in dendrites from 8DIV on is 

one possibility, and/or specific interactions of either of the two kinases through 

their different short N-terminal domain could explain these distributions, as 

suggested before (De Souza et al., 2014). Different interactions could mediate 

NEK7 exclusion from the axons or its accumulation in dendrites as neurons 

mature. Anks3, for instance, is an ankyrin repeat protein that can alter NEK7 

localization in cycling cells (Ramachandran et al., 2015) and is also expressed 

in neurons. 

 It is also possible that NEK6 and/or NEK7 regulate axon length through 

more than one substrate. The heat-shock-protein HSP72, for instance, is a 

NEK6 substrate that associates with spindle microtubules for K-fiber 

assembly, and is also expressed in the brain as a response to ischemia and 

other types of stress/damage (Adori et al., 2006; O’Regan et al., 2015; Planas 

et al., 1997).  The p70 S6 Kinase phosphorylates the ribosomal S6 protein 

and promotes protein synthesis. It is involved in translational regulation in 

neurons and has also been associated with Tau phosphorylation and 

Alzheimer’s disease (Pei et al., 2008). It has also been described as a NEK6 

(and potentially NEK7) substrate (Belham et al., 2001). However, roles for 

HSP72 or p70 S6 kinase in axon growth regulation have not yet been 

described. The following Figure 60 summarizes the proposed roles for Eg5 in 

the axon of immature neurons, downstream of NEK6/7 phosphorylation. 
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Figure 60 – NEK6, NEK7 and Eg5 as repressors of axon growth in immature 
neurons, a model for possible Eg5 functions on the axon microtubule 
cytoskeleton. 
a – In immature neurons (5/6DIV), NEK6 and NEK7 negatively control axon growth 
potentially through Eg5 S1033 phosphorylation. b – In the axon, Eg5 might restrict 
growth by counteracting dynein’s role in short anterograde microtubule transport. 
Other possible roles for Eg5 in the axon include stabilization of parallel microtubule 
bundles, increasing the overall stiffness of the microtubule lattice and restricting 
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mass cytoskeleton movements. Eg5 might also participate in the sorting/guidance of 
microtubules into parallel-bundle configurations, thus contributing for axonal 
microtubule organization in the axon shaft and in new branches. Finally, the 
accumulation of Eg5 in the growth cone controls the steering and directionality of 
growth. S1033 phosphorylation might be involved in Eg5 accumulation at the axon, 
either by mediating a stronger association with microtubules on its own or through 
other proteins such as TPX2.  
 

NEK9 as a promoter of axon growth in immature neurons 
 
 As mentioned before, NEK6 and NEK7 are activated through 

phosphorylation on their activation loop (S206 and S195, respectively), and in 

the case of NEK7, also through release of an auto-inhibitory motif (Belham et 

al., 2003; Richards et al., 2009). In mitosis, these activation steps are 

mediated by NEK9. However, non-mitotic functions of NEK6 and NEK7 have 

also been described and it is not clear if NEK9 is also involved in these cases. 

During my PhD, I attempted a characterization of the NEK7 S195 

phosphorylation state during neuron differentiation, by the use of an antibody 

(obtained from the lab of Joan Roig (CSIC/IBMB)) that recognizes NEK7 P-

S195 and was previously used in other studies (Rapley et al., 2008). I tested 

this antibody by Western Blot in non-synchronized and mitosis-arrested 

mouse cell line lysates, using phosphatase inhibitors or λPPase treatment. 

However, while in mitotic lysates the NEK7 P-S195 antibody marked a 

~35KDa band that disappeared with λPPase treatment, in mouse cell lines a 

band corresponding to the size of NEK6/7 is always present, independently of 

λPPase treatment or mitotic arrest. Therefore, we concluded that in mouse 

cell lysates, the antibody is not specific for phsophorylated NEK7, and likely 

recognizes non-phosphorylated NEK7 as well, and probably also NEK6 

(results not shown). 

 Based on my results, NEK9 in neurons is unlikely to constitute a 

module with NEK6, NEK7 and Eg5 for the regulation of axon growth, because 

its depletion gives rise to shorter instead of longer axons, opposite to the 

phenotype of NEK6/7 depletion or Eg5 inhibition. This suggests that NEK9 is 

an activator of axon growth, and not a repressor. Although difficult to conceive 

as a mechanism, it is still possible that NEK9 negatively regulates NEK6/7 in 
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immature neurons, and that it promotes axon growth by interacting with and 

sequestering these kinases (an excess of NEK9 inhibits NEK7, (Dodson et al., 

2013). However, this does not seem to be the case, as an excess of NEK9 

through transient transfection of FLAG-Nek9 or constitutively active FLAG-

Nek9 ΔRCC1 does not affect axon growth. Furthermore, NEK9 depletion in 

the absence of NEK6 (Nek6 KO neurons) still results in shorter axons, and 

therefore it does not require NEK6 as its substrate. Depletion of NEK9 in 

Nek7 KO neurons would be a necessary experiment to extend this conclusion 

to NEK7 as well.  

 If not through NEK6/7/Eg5, then how does NEK9 regulate axon length 

in 6DIV neurons? I observed that NEK9 expression levels remain constant 

throughout neuron differentiation. In mitosis, NEK9 is a pleiotropic regulator, 

and is involved in several mechanisms besides NEK6/7 activation. In 

prophase, NEK9 promotes centrosome maturation through phosphorylation of 

NEDD1 and γ-tubulin recruitment (Sdelci et al., 2012). However, NEDD1 

expression is downregulated during neuron differentiation and recent findings 

show that it does not regulate γ-tubulin-mediated nucleation in the axon 

(Sánchez-Huertas et al., 2016). Still, it is possible that during the first days in 

culture, NEDD1 levels are high enough for recruiting γ-tubulin to the 

centrosome, the MTOC in young neurons which can potentially provide 

microtubules for axon growth. 

 NEK9 interacts with and is able to phosphorylate BicD2, the dynein-

dynactin cargo adapter (Holland et al., 2002). BicD2 association with dynein 

and dynactin is necessary for processive minus-end directed movement of the 

complex. Mutations in BicD2 cause Golgi fragmentation and affect retrograde 

axonal transport, leading to degeneration of motor neurons and 

neuromuscular disorders (Martinez-Carrera & Wirth, 2015). Thus, BicD2 

misregulation could be one of the factors affecting axon growth in NEK9-

depleted neurons.  

 A final consideration regarding NEK9 function in postmitotic neurons is 

its activation. In mitosis, Plk1 and Cdk1 phosphorylate a small fraction of 

NEK9 and lead to its activation (Bertran et al., 2011). However, it is uncertain 

whether interphase/post-mitotic functions of NEK9 also require these 
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activation steps. For example, NEK9 may also function independent of its 

kinase activity. Therefore, studying the activation state of NEK9 (through T210 

phosphorylation signal) in post-mitotic neurons might provide hints towards its 

regulation and function.  

NEK7 and Eg5 in mature neurons 

NEK7 regulates dendritic morphology in mature neurons 
through Eg5 S1033 phosphorylation 
	  
 
 As NEK7 protein levels rise during neuron differentiation and also in 

the adult brain, we expected important roles for this kinase in more mature 

neurons. Indeed, I observed that NEK7 depletion from 7 to 14DIV significantly 

affected the neurons’ dendritic arbor complexity - dendrites were overall 

shorter and less branched when compared to control neurons.  

 These phenotypes were rescued by co-expression of wild type NEK7 

but not by the kinase-dead NEK7 D179A mutant, which also generated a 

dominant negative effect at 14DIV, implicating NEK7 kinase activity in 

dendritogenesis. A dominant-negative effect was also reported before for a 

similar mutant (NEK7 D179N) in mitosis and it was suggested that it might act 

through sequestration of NEK9 (Haq et al., 2015). However, a possible 

sequestration of NEK9 is unlikely to cause dendritic defects in mature 

neurons, as NEK9 depletion didn’t affect dendrites at this stage. If NEK7 

D179A is exerting a dominant negative effect through sequestration of a 

NEK7 substrate such as Eg5 is an hypothesis that will require further testing. 

As in immature neurons, overexpression of NEK7 wild type or Y97A 

mutant did not affect dendrite morphology at 14DIV.  

  Eg5 is also involved in dendrite morphology regulation at 14DIV, since    

treatment of neurons with monastrol/STLC generated similar phenotypes in 

terms of dendritic morphology (as described in other studies (Kahn et al., 

2015a)). This strongly suggests that Eg5 is a substrate of NEK7 in mature 

neurons. I confirmed this hypothesis by showing that co-expression of the Eg5 

phospho-mimetic FLAG-Eg5 S1033D mutant in NEK7 depleted neurons 

rescued the decrease in dendrite length, but not co-expression of the S1033A 
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mutant or of wild type Eg5. In a previous study, Eg5-S1033D but not S1033A 

expression rescued the mitotic defects caused by depletion of endogenous 

Eg5 (Rapley et al., 2008). Interestingly, expression of these constructs in 

shControl-transfected neurons did not significantly affect dendrite morphology, 

possibly due to the presence of endogenous phosphorylated Eg5 (expression 

of FLAG-Eg5 wild type or S1033D marginally increased total dendrite length).  

  

  An interesting observation was that NEK7 depletion in Nek6 KO 

neurons at 6DIV decreased dendrite length, whereas NEK7 depletion in 6DIV 

wild type neurons did not. A speculative hypothesis would be that at these 

stages NEK6 and NEK7 redundantly phosphorylate a pool of dendritic Eg5, 

which is participating in the initial stages of dendritic growth, and that only by 

depleting both kinases the phenotype is observed. However, this is not in 

agreement with the observation that Eg5 inhibition with monastrol/STLC did 

not affect dendritic morphology at this stage. Therefore, the question whether 

NEK6 and NEK7 redundantly regulate dendrite length at 6DIV through any 

other substrate or mechanism will require further investigation. 

Eg5 S1033 phosphorylation is necessary for its localization in 
mature neuron dendrites - possible roles for dynein and TPX2 
 

By using an Eg5 antibody tested in mitotic MEFs, I observed that 

depleting NEK7 reduces Eg5 levels in 14DIV neuron dendrites, and that this 

reduction is more prominent at the distal dendrite regions. Eg5 signal 

reduction is likely due to defects in Eg5 recruitment/accumulation in the 

dendrites, and not due to changes in Eg5 levels, as Eg5 intensity in the soma 

was not affected, and NEK7 depletion in neurons didn’t affect the levels of 

Eg5 by Western Blot. Wild type FLAG-Nek7 rescued the accumulation of Eg5 

in the distal dendrite regions. 

 I then tested if these defects in Eg5 localization correlate with the state 

of S1033 phosphorylation, by monitoring the localization of exogenous FLAG-

Eg5 wild type, S1033A, and S1033D mutants in 14DIV neuron dendrites. In 

the presence of endogenous NEK7, all constructs but the S1033A mutant 

were able to properly accumulate in both proximal and distal dendrite regions, 
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while in NEK7-depleted neurons, only FLAG-Eg5 S1033D retained its normal 

dendritic intensity values. This shows that the state of S1033 phosphorylation 

mediates Eg5 recruitment and accumulation in dendrites, and that NEK7 is 

regulating this step.  

How is Eg5 recruited to dendrites, and how is phosphorylation of 

S1033 involved in this process? Since Eg5 is a plus-end directed motor, it can 

in principle move into dendrites by using the dendritic anterograde 

microtubules as tracks. Alternatively, Eg5 may be transportted by dynein. The 

dynein-dynactin complex was shown to transport Eg5 towards spindle poles in 

Xenopus egg extract spindles (Uteng et al., 2008), and FRAP experiments on 

Eg5 in the spindle showed a rapid turnover of this protein that cannot be due 

to microtubule flux solely. Furthermore, in early mitosis single-particle tracking 

of  Eg5 puncta has revealed minus-end directed movement of this kinesin on 

astral microtubules, while in anaphase the movements were towards the plus 

ends. The first type of movement towards the poles was shown to depend on 

dynein (Gable et al., 2012), and Eg5 T926 phosporylation was shown to 

mediate its interaction with dynaction subunit p150Glued (Blangy et al., 1997) 

Thus, it is conceivable that dynein-dynactin complexes transport Eg5 on 

retrograde microtubules into the dendrites. Indeed, a recent study described 

that dynein helps to sort kinesin-17 and its cargo into dendrites (M. A. Franker 

et al., 2016), and unpublished results from the group of Joan Roig (IBMB-

CSIC) have shown that Eg5 interacts with dynein and with its adaptor BicD2 

in cycling cells, and that BicD2 is also required for Eg5 accumulation at the 

microtubule minus ends around the two spindle poles at this stage. Thus, it 

would be interesting to test dynein-inhibition or BicD2-inhibition for effects on 

Eg5 localization in dendrites. 

  How does Eg5 S1033 phosphorylation mediate Eg5 accumulation in 

dendrites? It was described that the Eg5 non-motor tail domain is also 

required for microtubule binding, crosslinking and sliding activities (Lukas C. 

Kapitein et al., 2005; Weinger et al., 2011). Modifications in this domain such 

as T926 phosphorylation increase Eg5 microtubule binding affinity (Blangy et 

al., 1995; Cahu et al., 2008), and the S1033 phosphorylation could have a 

similar function or mediate interaction with other proteins that would stimulate 
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accumulation at microtubules in specific subcellular localizations (Rapley et 

al., 2008).  

As discussed before, TPX2 is a strong candidate for the recognition of 

S1033-phosphorylated Eg5 and thus also for mediating its transport and 

accumulation in dendrites. During mitosis, depletion of TPX2 impairs Eg5 

minus-end directed movement on astral microtubules, and causes Eg5 to 

move towards plus ends instead (Gable et al., 2012). Furthermore, TPX2 

pole-directed movement on the mitotic spindle also depends on Eg5 and on 

dynein, and is disrupted upon deletion of the Eg5-binding domain in TPX2 

(Ma et al., 2010). Eg5 on both spindle midzone and astral microtubules can 

rapidly bind and unbind (Gable et al., 2012), but TPX2 interaction with Eg5 

tetramers stabilizes Eg5 binding to microtubules and strongly reduces its 

gliding velocity and microtubule sliding ability, This accumulates Eg5 on 

metaphase spindle microtubules and contributes to K-fiber formation 

(Balchand et al., 2015; Ma et al., 2011). Thus, one possibility is that TPX2 

localizing at dendritic microtubules recognizes NEK7-mediated 

phosphorylation of S1033 on Eg5, that is either moving on anterograde 

microtubules or being transported by dynein on retrograde microtubules, and 

promotes its binding and accumulation on the dendritic microtubules. It is also 

possible that TPX2 bound to S1033-phosphorylated Eg5 is transported 

together with Eg5 by dynein-dynactin complexes into the dendrites. TPX2-

bound Eg5 would be more static on dendritic microtubules, as described 

before (Kahn et al., 2015b) and could contribute to microtubule stability and 

bundling. As this interaction is reversible, TPX2 would only be necessary to 

transiently accumulate Eg5 on dendritic microtubules, and as soon as Eg5 is 

unbound from TPX2 (potentially by dephosphorylation), it can again move and 

mediate microtubule sliding, gliding or sorting, until it is again captured by 

TPX2. Two important questions are therefore which fraction of Eg5 is 

phosphorylated at S1033 in dendrites during the different stages of neuron 

differentiation, and what are the kinetics of this phosphorylation by NEK7, and 

possibly of dephosphorylation by phosphatases. Levels of Eg5 T926 

phosphorylation were shown to be higher in dendrites than in axons (Kahn et 

al., 2015a). The possible effects of Eg5 on the dendritic microtubule 

cytoskeleton and on dendritic growth and branching will be discussed later.  
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Finally, an involvement of TPX2 is supported by the observations that 

TPX2 is expressed in neurons (my results and results from (Kahn et al., 

2015)) and that its depletion also decreases total dendrite length. Other 

unpublished data from Joan Roig’s group shows that transiently transfected 

TPX2 preferentially interacts with FLAG-Eg5 phosphomimetic but not 

phosphonull mutants in mitotic cells, and that TPX2 is required for Eg5 

accumulation at the centrosomes in prophase and for centrosome separation.  

So an important future experiment would be to test whether TPX2 also has a 

role in the localization of Flag-Eg5 wild type, S1033A or S1033D in dendrites. 

 

Eg5 regulation of dendritic growth – effects on microtubule 
stability, polarity and possibly sliding 
	  
 

 Once Eg5 is phosphorylated and accumulates at the dendrites, it will 

exert its functions on dendritic microtubules, which I observed to be necessary 

for proper dendritic growth and branching. 

 Eg5 inhibition with STLC or NEK7 depletion increase the percentage of 

retrograde EB3 comets in distal dendrites, and STLC treatment also 

increased comet density. How does Eg5 control microtubule polarity in 

dendrites? One hypothesis is that Eg5 controls the rate of transport of short 

retrograde microtubules into dendrites (Kahn et al., 2015a), thus 

counteracting the proposed effects of KIF23 (Kinesin-6) and KIF15 (Kinesin-

12) (Lin et al., 2012). However, this possibility is still controversial, as 

microtubule transport in dendrites has not yet been directly demonstrated. 

Moreover, it remains unexplained why Eg5 would selectively “brake” the 

transport of retrograde and not also anterograde short microtubules. I 

observed that Eg5 inhibition with STLC can indeed counteract the effects of 

KIF23 depletion in dendritic microtubule polarity, which alone leads to a 

decrease in the percentage of retrograde microtubule comets and caused 

dendrites to assume an axon-like morphology, as described before (Lin et al., 

2012; Yu et al., 2000). This suggests that KIF23 introduces retrograde 

microtubules into dendrites, but not necessarily only through transport of short 
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microtubules, as KIF23 can also slide long antiparallel microtubules on one 

another, and potentially slide a long antiparallel microtubule over another. 

Cytoplasmic dynein might also contribute to mixed dendritic microtubule 

polarity, as in mitosis it drives sliding of antiparallel microtubules (Ferenz et 

al., 2010). I envision a scenario where Eg5 affects 1) the percentage of 

dendritic retrograde microtubule comets and comet density through a function 

in microtubule bundling and stability, and potentially (but not mainly) 

regulation of short microtubule transport; 2) dendritic growth and branching 

through microtubule sorting and sliding. 

 Eg5 can bind and crosslink parallel microtubules, glide on the 

microtubule lattice and also remain attached to the +ends in vitro (Lukas C. 

Kapitein et al., 2005; Weinger et al., 2011). By this mechanism, Eg5 can drag 

one microtubule over another and eventually sort two or more microtubules 

into a bundle where all microtubules have the same polarity. A simillar 

mechanism of action has been described for another tetrameric kinesin, 

KIF15, which can navigate microtubule networks, switch tracks at 

intersections and associate with microtubule bundles. Curiously, KIF15 in 

mitosis is thought to have a function that is complementary to the function of 

Eg5, and KIF15 movement is also restricted by TPX2 binding (Drechsler et 

al., 2014; Sturgill et al., 2014). When bound to a microtubule plus end, KIF15 

can inhibit catastrophe and if it intersects with a parallel microtubule, it will 

crosslink both microtubules and focus their plus ends, forming a parallel 

bundle (Drechsler & McAinsh, 2016). Despite the differences in Eg5 and 

KIF15 structure and functions, Eg5 might probably bundle microtubules into 

parallel bundles, using one growing microtubule as “guide”. This function 

might be particularly important for dendrite branching, as the new dendrite 

branch is invaded by microtubules of uniform polarity in order to extend. Once 

the desired polarity of a growing microtubule is achieved/determined, Eg5 

could mediate other microtubules to grow in the same direction by sliding into 

the new branch, thereby contributing to dendritic branching. In the dendritic 

shaft, Eg5 would also sort microtubules and form bundles of anterograde or 

retrograde microtubules, and thus would contribute to the organization and 

maintenance of the mixed-polarity dendritic microtubule cytoskeleton and to 

proper dendritogenesis.  
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Eg5 can also contribute to a higher order organization of dendritic 

microtubules by crosslinking antiparallel dendritic microtubules, thus 

crosslinking bundles of opposite orientations. The Drosophila Kinesin-5, 

Klp61F, preferentially binds antiparallel microtubules, in a motor independent-

way (van den Wildenberg et al., 2008). If bound to TPX2, Eg5 could stably 

crosslink and stabilize microtubule bundles. When neurons were treated with 

STLC, which detaches Eg5 from microtubules, I observed that the levels of 

tubulin acetylation in dendrites decreased, suggesting that Eg5 can act as a 

microtubule-stabilizing factor in dendritic microtubule bundles. Indeed, T926-

phosphorylated Eg5 tends to associate with unstable tyrosinated 

microtubules, potentially to help in their stabilization (Kahn et al., 2015a) 

Even in distal regions of the dendrites, retrograde and anterograde 

microtubule bundles exist in an approximately 1:1 ratio (Yau et al., 2016). 

However, because retrograde microtubules are either longer or more stable 

than anterograde microtubules, the number of dynamic microtubule +ends 

growing towards the soma (EB3 comets) is 3 to 4 times lower than the 

number of +ends growing towards the dendrite tip (K. W. Yau et al., 2016). It 

seems to be important that the ratio of dynamic plus ends in the distal regions 

of the dendrite is controlled, as this has an impact in dendrite function and 

growth. In my experiments, I observed that overexpression of the CM1 

domain of Cdk5Rap2 generated an excess of microtubule comets in 

dendrites, and increased the percentage of retrograde comets in the distal 

regions of the dendrite. More importantly, this led to dendritic shortening and 

defects in branching. Per se, this result suggests the existence of 

mechanisms in the distal dendrite that control the microtubule polarity ratio, 

either by stabilizing retrograde microtubules, as described above, or by 

controlling the polarity of newly nucleated microtubules. The defects in 

branching might may be related to difficulties of a motor-based microtubule 

guidance mechanism to cope with an abnormal excess of ectopically 

nucleated microtubules with random polarity.  

Thus, Eg5 inhibition with STLC or lowering dendritic Eg5 levels through 

NEK7 depletion would affect microtubule sorting and dendritic branching, 

destabilize dendritic microtubule bundles, causing a decrease in tubulin 

acetylation, an increase in the percentage of retrograde dynamic plus-ends, 
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and also an increase in comet density, the three effects that I have observed. 

It will be this important to validate this hypothesis by testing if FPCT treatment 

(which inhibits and immobilizes Eg5 on microtubules) can increase 

microtubule stability in dendrites, as I have observed that it increases Eg5 

intensity in dendrites and generates a decrease in the percentage of 

retrograde EB3 comets. As expected, FCPT treatment did not rescue KIF23 

either, since Eg5 motor activity is likely necessary to slide antiparallel 

microtubules and introduce these microtubule populations into the dendrite by 

pushing them towards the dendrite tip. A motile population of Eg5 motors 

might also be necessary for parallel microtubule sorting, and therefore, FCPT 

treatment will likely not improve dendritic growth and branching, an effect that 

remains to be tested.  

Sliding of microtubules might constitute a mechanism for dendritic 

growth, by pushing of microtubule bundles towards the dendrite tips. It is 

possible that Eg5 is involved in such a mechanism, similarly to what was 

described for Kinesin-1 during neurite growth in Drosophila neurons (Del 

Castillo et al., 2015). If so, Eg5 would slide and push retrograde microtubules 

towards the dendrite tips. Thus, in axons Eg5 would increase the microtubule 

lattice stability/stiffness and limit microtubule transport, restricting axonal 

growth due its binding to the uniformly oriented parallel microtubules. In 

dendrites, however, in addition to its microtubule bundling/sorting and 

stabilizing activity, Eg5 would also be able to slide microtubules due to the 

antiparallel microtubule bundle configuration present here. This would allow 

Eg5 to slide antiparallel microtubules leading to dendrite growth, potentially 

explaining the different effects caused by Eg5 inhibition with STLC in the 

growth of axons and dendrites. 

A recent study actually described a role for Eg5 in the sliding of non-

centrosomal microtubules during neuron migration, as FCPT treatment 

impaired this microtubule sliding mechanism, resulting in buckling of 

microtubules within the leading process, shortening of the leading-process 

and defects in neuron migration (Rao et al., 2016).  

To test the involvement of Eg5-mediated microtubule sliding in 

dendrites during dendrite growth, I am currently optimizing a protocol involving 

the imaging of photo convertible mEOS3.2-α-Tubulin transfected into neurons 
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(Lu et al., 2015). This experimental setup will in principle allow the detection of 

microtubule sliding events in the distal areas of dendrites, and testing of the 

effects of Eg5 inhibitors.  

To directly test for the existence and possible involvement of dendritic 

short microtubule transport in the observed phenotypes, experiments using 

photo-bleaching of transfected GFP-Tubulin in certain dendrite areas and 

imaging of tubulin polymer movements through these areas are also being 

optimized.  

Figure 61 summarizes the proposed mechanisms of Eg5 regulation, 

recruitment and function in dendrites. 
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Figure 61 – NEK7 and Eg5 as promoters of dendrite growth and branching in 
mature neurons, a model for possible Eg5 functions on the dendritic 
microtubule cytoskeleton.  

a – In mature neurons (14DIV), NEK7 promotes dendrite growth, branching 
and spine formation through Eg5 S1033 phosphorylation, and controls spine 
morphology possibly through other effectors. b – In the dendrite, Eg5 might 
accumulate either by processive movement along anterograde microtubules or 
hypothetically by being transported by dynein/dynactin complexes (possibly with 
BicD2) along retrograde microtubules. The S1033 phosphorylation might contribute 
for an Eg5-dynein interaction and thus for Eg5 accumulation in dendrites. Eg5 can 
stabilize parallel or antiparallel microtubule bundles, either by moving along parallel 
microtubules while crosslinking them, or by remaining stationary. An accumulation of 
stationary Eg5 in parallel or antiparallel microtubules might be mediated by S1033 
phosphorylation and association of Eg5 with TPX2. Overall, Eg5 stabilization of the 
microtubule lattice would lead to higher tubulin acetylation levels and to less dynamic 
microtubules. Eg5 might also participate in the guidance/sorting of microtubules into 
bundles with uniform polarity. Eg5 can counteract the functions of KIF23, which 
introduces retrograde microtubules into the dendrite, by restricting KIF23-mediated 
transport/sliding of retrograde microtubules.  While axonal microtubules have uniform 
polarity, dendrites have microtubules with mixed polarity and thus Eg5 might be able 
to slide antiparallel dendritic microtubules and contribute for mass cytoskeleton 
movements, instead of restricting these movements (as proposed in the axon). 

 

NEK7 and Eg5 regulate dendritic spine density but only NEK7 
affects dendritic spine morphology 
 

 Finally, NEK7 depletion in mature neurons not only affected dendrite 

morphology but also the density and morphology of dendritic spines. 

Curiously, Eg5 inhibition with STLC only affected spine density, and even co-

expression of FLAG-EG5 S1033D in NEK7-depleted neurons only partially 

rescued spine density, but not the decrease in spine head diameter. Thus 

while NEK7 might control spine density through Eg5, the regulation of spine 

morphology seems to involve other mechanisms/substrates.  

 Since spine density is affected by microtubule stability in the dendritic 

shaft (Gu et al., 2008) Eg5 might control spine density through effects on 

microtubule stability, as suggested before. 

 Regarding NEK7 regulation of spine morphology, it was described that 

NEK7 can accelerate microtubule dynamic instability in interphase cells 

through unknown mechanisms (Cohen et al., 2013), and that spine invasion 

by dynamic microtubules correlates with spine head enlargement (Jaworski et 

al., 2009). Thus, monitoring the frequency of spine invasion by microtubules in 



Discussion 

175	  

NEK7-depleted neurons might provide some clues to whether this is the 

cause of the phenotype. Interestingly, the p70 S6K kinase, a potential NEK7 

substrate, is phosphorylated in neurons by Cdk5 in a mechanism regulated by 

BDNF and neuronal activity. Knock down of p70 S6K lead to a decrease in 

spine density and spine defects (Lai et al., 2015). TANC1, a paralog of the 

NEK7 interactor Anks3, is also able to regulate dendritic spine density and 

interact with PSD-95 (Han et al., 2010).  

  PAR1b, a cell polarity regulating kinase, and NEK7 have a similar 

pattern of expression in differentiating cultured hippocampal neurons. PAR1b 

concentrates in spines of mature neurons, and its depletion caused similar 

phenotypes in spine morphology as knockdown of NEK7: mushroom-like 

spine heads turned into filopodia-like structures, even though spine density 

was not affected (Hayashi et al., 2012). Defects in the distance and duration 

of microtubule growth were detected in these neurons, and the recruitment of 

p140cap into spines, an actin organizing and EB3-binding protein, was also 

reduced (Hayashi et al., 2012).  

If NEK7 acts through the proposed or any other substrates to regulate 

spine morphology, is still unknown. In a preliminary experiment isolating the 

synaptosome fraction of 14DIV cultured neurons, I could detect a small 

amount of NEK7 present in this fraction (not shown), suggesting that NEK7 

might even localize into dendritic spines. NEK7 function was also recently 

linked to hippocampal long term-potentiation (LTP), a mechanism that 

underlying learning and memory (Li et al., 2014). It will prove interesting to 

analyze brain-specific Nek7 KO animals, and to conduct electrophysiology 

experiments on NEK7-depleted neurons, for a better characterization of the 

role of NEK7 in neuron development and post-synaptic function. 
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  NEK7 and EML2 were identified as two positive hits in an RNAi screen in 

hippocampal neurons, whose depletion respectively increases or decreases 

axón length in immature neurons (5DIV). 

 

 NEK7 expression is upregulated during hippocampal neuron differentation 

and brain cortex development.  

 

 NEK7 accumulates preferentially in dendrites as neurons mature, and in 

mature neurons (14DIV) NEK7 regulates dendrite length/branching and spine 

density/ morphology in a kinase-dependent way. 

 

 NEK6 or NEK9 depletion respectively increases and decreases axon 

length in immature neurons (5/6DIV) but does not affect dendrites and spines 

in mature neurons. 

 

 Eg5 still interacts with NEK/ and a residual fraction of NEK6 in post-mitotic 

cells. Eg5 inhibition with Monastrol or STLC phenocopies the axonal defects 

of NEK6/NEK7 depletion in immature neurons and the dendrite defects of 

NEK7 depletion in mature neurons  

 

 NEK7 depletion in mature neurons can be rescued by a S1033-

phosphomimetic mutant of Eg5 but not by wild type or S1033A-phosphonull 

Eg5 mutant. 

 

 NEK7 depletion or mutation of Eg5 S1033 to Alanine disrupt Eg5 

localization to dendrites, particularly to the distal regions. Eg5 S1033D 

localizes to dendrites in NEK7-depleted neurons 

 

 Depletion of NEK7 or STLC treatment increase the percentage of 

retrograde microtubule comets in distal regions of the dendrites, and this 

correlates with defects in dendrite growth and branching. 

 

 STLC treatment decrease MT acetylation in dendrites, pointing to an effect 

of Eg5 in stabilization of the dendritic MT array.  
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 Eg5 can counteract the effects of KIF23 in the regulation of the percentage 

of retrograde microtubule comets in dendrites.  

 

 TPX2 depletion reduces total dendrite length and branching in mature 

neurons (14DIV). 
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