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Abstract

Mitosis, the process by which one cell divides into two genetically identical

daughter cells, is the most basic process for the development and proliferation of

living organisms. In eukaryotes, mitosis involves the transient organization of a

sophisticated molecular machine, the bipolar spindle that orchestrates the segre-

gation of the genetic material to the daughter cells. The spindle is a microtubule

(MT)-based apparatus whose assembly and function rely on the fine modulation

of MT intrinsic dynamic properties and on their spatial and temporal organi-

zation. In this chapter, we will focus on the mechanisms of spindle assembly and

dynamics. We will discuss some current questions in the field and review the

consequences of defective MT function in mitotic cells for human health.
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1.1 Introduction

Almost 200 years ago, Schwann’s theory stated that all living things are composed

of cells. Later in 1857, Rudolf Virchow postulated that “Omnis cellula e cellula,”

the generation of new cells from a pre-existing cell, involves a specific process

called mitosis.

After the very first division of the fertilized egg, a complex developmental

program involving billions of cell divisions takes place to generate the tissues

and organs that constitute a full organism. Cell division is also essential in the

adult organism. It occurs permanently throughout the life of a human being, playing

an essential role in the maintenance and renewal of its tissues and organs.

Flemming in the late nineteenth century described the two main elements in

animal cells undergoing mitosis, called “thin filaments” and “chromo elements”

(Paweletz 2001): these are microtubules (MTs) and chromosomes. Almost

150 years after this initial description, we have now attained a reasonably good

understanding of the mechanism that underlies cell division. In this chapter, we will

focus on the general principles underlying spindle assembly and function from an

MT centric perspective. For simplicity, we will focus on mitosis in higher

eukaryotes, but it is worth keeping in mind that many of the pathways and

mechanisms are similar in meiosis, a gamete-specific cell division process.

1.2 Microtubule Basic Properties and Mitosis

Cell division involves the full reorganization of the interphase MT network to

assemble the mitotic spindle, a dynamic molecular machine that provides the forces

and support for chromosome segregation (Inoue and Sato 1967). To address the

mechanism leading to the assembly of the spindle, it is therefore essential to start by

revising some essential MT properties.

1.2.1 MT Basics

MTs are hollow tubes of 25 nm in diameter formed by lateral interactions of

13 protofilaments. Each protofilament in turn is formed by head to tail interactions

of α-/β-tubulin heterodimers, two closely related tubulin isoforms that bind GTP.

This molecular organization defines MT polarity: only α-tubulin subunits are

exposed at one extremity called the minus end and only β-tubulin subunits are

exposed at the other extremity called the plus end (Fig. 1.1). The resulting polarity

along the MT lattice is read by molecular motors that move directionally along the

filament either toward the plus or the minus end.

In vitro MTs form spontaneously above a certain concentration threshold of

α-/β-tubulin heterodimers and exhibit dynamic properties. In the presence of GTP,

MTs grow and shrink, stochastically alternating between these two phases by

undergoing catastrophes when switching from the growing state to the shrinking
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state and rescues for the opposite switch (Wade 2009) (Fig. 1.1). These unique

properties define MT dynamic instability as named by Mitchison and Kirschner

when they first described it in 1984 (Mitchison and Kirschner 1984). Interestingly,

they demonstrated that the dynamic properties and average length of any MT

population could be described using four parameters: the velocities of growth and

shrinkage, and the catastrophe and rescue frequencies (Mitchison and Kirschner

1984). All these events occur at the MT plus ends, while MT minus ends are more

stable. MT polarity therefore is also related to the differential dynamic behavior of

the two MT extremities.

MT dynamic properties are intimately related to GTP hydrolysis. Indeed, MTs

formed with a slowly hydrolysable GTP analogue GMCPP are remarkably stable

in vitro. GTP hydrolysis occurs only at the β-tubulin subunit after incorporation of

the α-/β-tubulin heterodimer into the growing MT plus end. MTs are therefore

mainly composed by GDP-tubulin with a so-called GTP cap at their plus ends. By

promoting a change in conformation of the tubulin dimer, GTP hydrolysis generates

catastrophe rescue

minus-end

minus-end

plus-end

plus-end

GROWTH

SHRINKAGE

tubulin dimer

α-tubulin

β-tubulin

Fig. 1.1 MT basics. Microtubules (MTs) are composed by tubulin heterodimers of α- and

β-tubulin. This composition defines a polarity to the MTs; α-tubulin is exposed at the minus end

and β-tubulin at the plus end. They are intrinsically dynamic and undergo phase of growth and

shrinkage. The switch from a growth state to a shrinking state is called catastrophe, and the

opposite switch is the MT rescue
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a tension within the polymer. When GTP hydrolysis occurs faster than the rate of

tubulin incorporation at the plus end, this tension is released by fast depolymeri-

zation (Alushin et al. 2014).

MTs therefore have two essential intrinsic properties: they are polarized and they

show dynamic instability. These properties are key for most of the events leading to

the assembly of the mitotic spindle.

1.2.2 Microtubule Organization in Mitosis

By regulating MT dynamic properties, the cell controls the organization of its MT

network. This is key for mitosis when in a timely manner the interphase MT

network disassembles to build the mitotic spindle, the essential machinery to

segregate the chromosomes. This reorganization is in fact dynamic and occurs

through an ordered sequence of phases (Fig. 1.2).

In prophase, the interphase MT network disassembles and the duplicated

centrosomes separate to opposite sides of the nucleus along the nuclear envelope.

As the centrosome MT nucleation activity increases, they form two asters of highly

dynamic MTs. The chromosomes condense inside the nucleus. Prometaphase starts

after nuclear envelope breakdown. MTs establish connections with the

chromosomes and some of them get stabilized at specific sites on the centromeres,

the kinetochores. As these interactions get established, MTs start to organize into a

spindle-shaped apparatus (Fig. 1.2). Metaphase is characterized by a mature bipolar

spindle in which MT minus ends are focused at the two spindle poles and MT plus

ends interdigitate at the center where chromosomes are aligned on the metaphase

plate. Once all the chromosomes are correctly attached to both spindle poles,

anaphase A starts, and the sister chromatids are pulled apart toward the two

opposite poles. In anaphase B, a novel MT-based antiparallel array, the central

spindle, assembles in between the separated chromosome masses and promotes

their further separation by antiparallel MT sliding. In telophase, two nuclei form

and the daughter cells separate completely through cytokinesis and abscission

before establishing their interphase MT network (Fig. 1.2).

All the major events driving cell division rely on timely and spatially controlled

changes in MT dynamic properties and organization. Based on the MT dynamic

instability property, Kirschner and Mitchison (1986) proposed the “search and

capture” model for spindle assembly. It postulated that highly dynamic MTs

emanating from the separated centrosomes grow and shrink, exploring the cyto-

plasm until some of them get captured and stabilized by the kinetochores. Since

MTs emanate from two centrosomes and each chromosome has two kinetochores,

this stochastic process should naturally drive bipolar spindle assembly. Although

we know now that the mechanism driving spindle assembly is more complex, the

basic principle of this model is still valid: a large number of dynamic MTs are

required to efficiently explore the cellular space and attach the chromosomes.

However, these MTs may or may not be generated by the centrosomes. In fact,

centrosomal MTs alone do not form a functional bipolar spindle (Gruss et al. 2002)
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Fig. 1.2 Mitotic phases. In prophase, chromosomes are condensed, and centrosomes have been

duplicated and nucleate highly dynamics MTs. Nuclear envelope breaks down. In prometaphase,

MTs become specialized. Some of them interact with the cell cortex and are called astral MTs;

interpolar MTs form the main part of the bipolar spindle and MTs interacting with the kinetochores

become organized into K-fibers. In metaphase, the bipolar spindle is mature and the chromosomes

are aligned in the center at the metaphase plate, all of them connected to the two opposite poles

through sister K-fibers. In anaphase A, K-fibers shorten and pull the sister chromatids apart. In

anaphase B, a new MT-based structure, called the central spindle, is built between the two

chromosome masses and helps in separating them. In telophase, nuclear envelope forms again

and the midbody will define the site of abscission between the two daughter cells
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and modeling approaches have suggested that a process involving only centrosomal

MTs could not account for the rapid attachment of all chromosomes in human cells

in the observed time (Wollman et al. 2005). Indeed, we know now that in addition to

the centrosomes, other pathways are set up in mitotic cells to promote MT nucle-

ation and assembly in an acentrosomal manner. We will see later in this chapter that

these mitotic pathways are essential for spindle assembly. We will also discuss

whether their role is merely to provide an efficient “search and capture” mechanism

or whether it may go beyond.

1.3 General Principles in Mitotic Spindle Assembly

Since the bipolar spindle is constituted by transient interactions between highly

dynamic MTs, it is itself highly dynamic in nature, a property that underlies its self-

organization and self-correction properties. In the most extreme case, mitotic cells

can rebuild a spindle after the full depolymerization of MTs by cold or drug

treatments (Tulu et al. 2003). Under physiological conditions, spindle dynamics

enables the correction of erroneous MT-chromosome attachments thereby

preventing defects in chromosome segregation or mitotic slippage. However, and

despite its highly dynamic nature, the spindle also has to provide mechanical

support for the forces required to move and segregate the chromosomes.

In this chapter, we will focus on two general mechanisms essential to understand

how MTs organize the bipolar spindle: First, we will focus on the mechanism by

which cells promote the assembly of a large number of highly dynamic MTs by

upregulating MT nucleation. Second, we will focus on the global and local regu-

lation of MT dynamics.

1.3.1 Control of MT Nucleation in M Phase

In cells, the tubulin concentration does not reach the critical threshold for sponta-

neous MT assembly. In fact, cells define and control where and when MT assembly

occurs by using a specific mechanism driving MT nucleation. In eukaryotic cells,

this involves a major MT nucleation complex called the γ-TuRC (γ-tubulin ring

complex). This protein complex is composed by multiple copies of γ-tubulin and

five additional proteins called GCPs (γ-tubulin complex proteins) that organize a

ringlike structure postulated to act as a template for tubulin dimer addition and MT

polymerization (Teixido-Travesa et al. 2010; Kollman et al. 2011). A number of

additional proteins associate with the γ-TuRC. One of them, NEDD1 (also called

GCP-WD), functions as an adaptor or targeting factor for the γ-TuRC (Haren

et al. 2006; Luders et al. 2006; Zhu et al. 2008; Zhang et al. 2009; Sdelci

et al. 2012; Pinyol et al. 2013). For a detailed description of this complex and its

role in MT nucleation, we refer the reader to excellent reviews (Kollman

et al. 2011; Teixido-Travesa et al. 2012) (also see the Chap. 4 by Sánchez-Huertas,

Freixo, and Lüders).
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In mitosis, MT nucleation increases through different mechanisms that all

involve the γ-TuRC (Moudjou et al. 1996; Teixido-Travesa et al. 2012). This in

turn defines different MT assembly pathways.

1.3.1.1 Centrosome Maturation and MT Nucleation
Centrosomes are MT-based organelles playing a variety of functions in the cell

(Bettencourt-Dias and Glover 2007). In higher eukaryotes, the cell has one centro-

some composed by a pair of centrioles surrounded by pericentriolar material (PCM)

(see the Chap. 3 by Comartin and Pelletier for a detailed description). In interphase,

the centrosome is the main MT organizing center (MTOC), promoting MT nucle-

ation and maintaining in focus most MT minus ends. In cycling cells, the centro-

some duplicates during interphase and before mitosis onset, the duplicated

centrosomes undergo maturation characterized by the active recruitment of PCM

components, in particular MT nucleation factors such as γ-tubulin as part of the

γ-TuRC (Khodjakov and Rieder 1999; Piehl et al. 2004). Centrosome maturation

therefore leads to a dramatic increase of the MT nucleation activity. This promotes

the formation of two asters of dynamic MTs that get positioned on opposite sides of

the nucleus through the active separation of the centrosomes before the nuclear

envelope breaks down. However, centrosomes are not essential for bipolar spindle

assembly (Bettencourt-Dias 2013). Other pathways are specifically set up in divid-

ing cells and activate MT nucleation in a centrosome-independent manner.

1.3.1.2 Chromosome-Dependent MT Assembly
The last 20 years have provided compelling evidence for the existence of a specific

MT nucleation and assembly pathway triggered around the chromosomes in divid-

ing cells (Karsenti et al. 1984; Heald et al. 1996). The underlying mechanism

involves the activity of Ran, a small GTPase that is essential for nucleocytoplasmic

transport in interphase (Clarke and Zhang 2008). In dividing cells, the association

of its guanosine exchange factor (GEF) RCC1 with the chromatin results in the

formation of a GTP-bound Ran (RanGTP) gradient centered around the

chromosomes (Carazo-Salas et al. 1999; Kalab et al. 1999, 2002; Ohba

et al. 1999; Zhang et al. 1999; Carazo-Salas et al. 2001; Gruss et al. 2001).

Following the same basic mechanism as in interphase, RanGTP induces the release

of NLS (nuclear localization signal)-containing proteins from karyopherins. Some

of these proteins perform essential functions in spindle assembly. A number of

recent reviews cover the principles of the RanGTP gradient in mitosis as well as the

current knowledge on the identity and function of RanGTP-regulated proteins

(Karsenti and Vernos 2001; Meunier and Vernos 2012).

The mechanism by which RanGTP upregulates de novo MT nucleation in the

vicinity of the chromosomes is however not fully understood yet. As for all the

other pathways, it requires γ-TuRC activity (Groen et al. 2004; Luders et al. 2006),

but it also requires the RanGTP-regulated protein TPX2 (targeting protein for

Xklp2) (Wittmann et al. 2000; Gruss et al. 2001, 2002), a specific activator of the

Aurora A kinase (Bayliss et al. 2003; Eyers et al. 2003; Tsai et al. 2003). Recently,

it was shown that the specific phosphorylation of the γ-TuRC-associated protein

1 Microtubule Organization in Mitotic Cells 7

http://dx.doi.org/10.1007/978-3-7091-1903-7_3


NEDD1 by the mitotic kinase Aurora A is essential for this pathway (Pinyol

et al. 2013). TPX2 interacts with the mitotic kinase Aurora A and activates it in a

RanGTP-dependent manner, promoting NEDD1 phosphorylation and thereby a

mechanism for the activation of MT nucleation by RanGTP (Scrofani et al. 2015).

Although many data support a mechanism for RanGTP-/chromosomal-depen-

dent MT nucleation without a predefined site, some reports on the localization of

γ-TuRCs at the kinetochores suggest that MTs may also be nucleated at the

kinetochore (Torosantucci et al. 2008; Mishra et al. 2010). However, it is still not

clear whether such a direct kinetochore-dependent MT nucleation occurs or

whether MTs are stabilized in this specific region of the chromosomes (Tulu

et al. 2006; Maresca et al. 2009; Needleman et al. 2010) by the chromosomal

passenger complex, located at the kinetochores (Sampath et al. 2004; Tseng

et al. 2010). The putative nucleation of MTs at the kinetochore would however

result in their “reversed” polarity with their minus end at the kinetochore and their

plus end extending toward the spindle poles. This orientation has never been

observed in animal cells (Euteneuer and McIntosh 1981; Euteneuer et al. 1983;

Rieder 2005; Kitamura et al. 2010).

1.3.1.3 MT Amplification
In addition to the activation of MT nucleation at the centrosome and around the

chromosomes, the recruitment of γ-TuRCs on pre-existing MTs drives an amplifi-

cation mechanism that increases MT polymer amounts (Goshima et al. 2007, 2008;

Lawo et al. 2009). This pathway relies on the augmin complex, constituted by eight

proteins in humans (Lawo et al. 2009). The augmin complex binds the lattice of a

pre-existing MT recruiting the γ-TuRC and promotes the nucleation and elongation

of a new MT (Kamasaki et al. 2013). This results in MT branching and drives the

efficient amplification of the whole MT mass during mitosis (Petry et al. 2013).

Augmin-dependent MTs are then sorted toward the spindle poles (Lecland and

Luders 2014). The augmin-dependent amplification pathway plays an important

role during cell division. Indeed, the silencing of some of its components results in

dramatic phenotypes (Uehara et al. 2009; Wainman et al. 2009; Petry et al. 2011).

Recently, this pathway has been proposed to be intimately related with the chromo-

somal, RanGTP-dependent pathway of MT assembly (Petry et al. 2013).

Altogether, various mechanisms boost MT nucleation in the dividing cells

actively promoting MT assembly. This activation does not occur simultaneously

or at a single site; it starts at the centrosomes and then around the chromosomes and

on pre-existing MTs. One common requirement is the γ-TuRC (Moudjou

et al. 1996; Teixido-Travesa et al. 2012) and NEDD1 phosphorylation (Haren

et al. 2006; Luders et al. 2006; Zhu et al. 2008; Zhang et al. 2009; Johmura

et al. 2011; Gomez-Ferreria et al. 2012; Sdelci et al. 2012; Pinyol et al. 2013;

Scrofani et al. 2015). This regulatory mechanism involves different mitotic kinases

that target specific sites on NEDD1 but interestingly all in close proximity within

the protein (Luders et al. 2006; Sdelci et al. 2012; Pinyol et al. 2013). However, the

precise mechanisms by which these phosphorylation events participate in the

activation of MT nucleation are still not understood.
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1.3.2 Balancing High MT Dynamics

Spindle assembly requires abundant dynamic MTs, but their local stabilization is

essential to generate a structure that is robust enough to provide support for

chromosome movements yet flexible enough to correct erroneous interactions

with the chromosomes to ensure their error-free segregation.

The global destabilization of the interphase MTs (turnover in the range of

minutes to hours) is triggered by the cell cycle machinery through the activation

of the Cdk1 kinase. However, the highly dynamic nature of the mitotic MTs

(turnover in the range of seconds to a few minutes) is finely controlled by MT

stabilizing and destabilizing activities. This general concept was validated in vitro.

Indeed, mitotic MT dynamics could be mimicked in vitro by adding at a certain

ratio two proteins with antagonizing MT stabilizing and destabilizing activities

(Tournebize et al. 2000). These two proteins are XMAP215/chTOG and MCAK.

chTOG/XMAP215 is an MT-associated protein (MAP) conserved in all

eukaryotes (Gard and Kirschner 1987; Vasquez et al. 1994); it binds very efficiently

to MTs and promotes their assembly in vitro and in vivo (Brouhard et al. 2008).

XMAP215 can bind along the whole MT lattice but has also been characterized as a

plus-end binding protein, promoting MT polymerization. Indeed, MT stabilizing

factors are MAPs acting through various mechanisms. Some of them as XMAP215

are found along the entire MT length, whereas others have specific plus-end-

tracking properties (+TIPs). They localize to the MT growing ends, probably

recognizing the GTP-bound state of tubulin, and regulate their dynamic behavior

(Mimori-Kiyosue et al. 2000; Maiato et al. 2005; Kronja et al. 2009; Akhmanova

and Steinmetz 2010; Maurer et al. 2012; Zanic et al. 2013; Alushin et al. 2014;

Zhang et al. 2015). Finally, other MT stabilizing factors seem to function by

protecting MT against depolymerization. At MT minus ends, the γ-TuRC or other

minus-end binding complexes may stabilize MTs through an end-capping activity

(Wiese and Zheng 2000; Goodwin and Vale 2010; Meunier and Vernos 2011; Jiang

et al. 2014; Meunier et al. 2015).

Counteracting the action of MT stabilizing factors, three different types of

activities promote MT destabilization: catastrophe factors, tubulin sequestering

factors, and severing factors. MCAK is a major MT depolymerase belonging to

the kinesin 13 family (constituted by KIF2A, KIF2B, and MCAK/KIF2C). In vitro,

MCAK was shown to attach to the MT lattice through electrostatic interactions and

diffuse along the MT, driving MT depolymerization both at MT plus and minus

ends (Walczak et al. 1996; Desai et al. 1999; Hunter et al. 2003). The members of

another class of depolymerizing kinesins in the kinesin 8 family (KIF18A and

KIF18B) use a distinct mechanism to induce MT destabilization. They act by

blocking the incorporation of new tubulin dimers at MT plus ends (Mayr

et al. 2007; Du et al. 2010; Walczak et al. 2013). An additional way to regulate

MT stability involves the protein Op18 (also called stathmin). Op18 binds free

tubulin dimers and impairs their incorporation at the MT plus end (Belmont and

Mitchison 1996; Cassimeris 2002; Gupta et al. 2013), leading to a decrease in MT

growth and MT destabilization. Finally, a number of MT severing enzymes have
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been recently identified, affecting MT stability within the mitotic spindle (Sharp

and Ross 2012).

Altogether, a large number of mechanisms control MT stabilization and

destabilization. They are tightly regulated and coordinated in space and time during

mitosis to ensure the correct assembly and function of the bipolar spindle. A spatial

control on MT dynamics is provided by the chromosomes through the RanGTP

pathway that favors MT stabilization by creating a gradient of MT stabilizing

factors (Karsenti and Vernos 2001; Caudron et al. 2005; Clarke and Zhang 2008).

The RanGTP gradient is moreover translated into a phosphorylation gradient

through the TPX2-dependent activation of the Aurora A kinase, promoting MT

stabilization around the chromosomes (Eyers et al. 2003; Tsai et al. 2003; Sardon

et al. 2008). The assembly of the full mitotic spindle appears therefore to rely on

overlapping regulatory gradients. The RanGTP gradient around the chromosomes

favors MT nucleation and stabilization, and the Aurora A kinase acts on MT

stabilization at the chromosomes and the centrosomes. A Plk1-dependent phos-

phorylation gradient around the centrosomes favors MT assembly and is essential

for spindle positioning (Kiyomitsu and Cheeseman 2012). An Aurora B-dependent

phosphorylation gradient centered at the kinetochores in the first phases of mitosis

and at the central spindle in anaphase is involved in multiple functions, including

MT dynamic regulation (Carmena et al. 2012). Altogether, these regulatory

gradients within the mitotic cell stabilize and orient the nascent MTs in order to

organize MTs into a spindle-shaped structure, with MT minus ends focused at the

two poles and their plus ends interdigitating or connecting with the chromosomes.

1.4 MT Organization in the Spindle: Different Configurations,
Functions, and Properties

While keeping highly dynamic properties, MTs get organized into different

structures whose properties and dynamics change throughout cell division. In this

section, we will focus on the principles driving the organization of the three most

characteristic mitotic MT assemblies: the bipolar spindle, the K-fibers, and the

central spindle.

1.4.1 The Bipolar Spindle

The organization of MTs into two interdigitating antiparallel arrays is key to cell

division. The main forces driving MT organization into this typical configuration

are provided by molecular motors that interact with MTs in an ATP-dependent

manner using the energy derived from its hydrolysis to move directionally along the

MTs. While some of them move toward MT minus ends (dynein and some

kinesins), others move toward the plus ends (most of the kinesins). Recent excellent

reviews describe in detail the mechanochemistry of motor movement and force

generation (Roberts et al. 2013; Cross and McAinsh 2014).
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Mitosis in human cells involves the activity of a large number of kinesins and

cytoplasmic dynein. The collective action of these motors drives bipolar spindle

assembly by establishing and maintaining three main activities: stable but dynamic

interactions between the two antiparallel MT asters, focusing MT minus ends into

the spindle poles, and dynamic interactions between MTs and chromosomes. Each

one of these functions is related to specific motor organizations and mechanisms of

action. Motors can indeed cross-link and move on two antiparallel MTs, link two

MTs but move on only one of them, or mediate the MT-chromosome interaction.

We will here briefly describe examples of these three kinds of motors.

Eg5 (also called KIF11 or kinesin 5) is an extensively characterized mitotic

motor. It is a homotetramer that can interact with two MTs preferentially in an

antiparallel configuration. By moving toward the plus ends of the two cross-linked

MTs, it drives their separation (van den Wildenberg et al. 2008; Tanenbaum and

Medema 2010) (Fig. 1.3). This is an essential mechanism promoting spindle pole

separation and bipolarity establishment and maintenance. Eg5 function is essential

for bipolar spindle organization. In the absence of Eg5 activity, MTs organize into a

monopolar spindle with the MT minus ends in the center and the plus ends at the

periphery of a rosette-like structure (Mayer et al. 1999).

Other MT-cross-linking motors adopt distinct configurations, such as HSET,

also known as KIFC1 or XCTK2 (Walczak et al. 1997; Mountain et al. 1999).

HSET is a minus-end-directed kinesin, which cross-links two MTs, but moves only

on one of them. It is organized as a homodimer that can interact with one MT

through its motor domain and with another MT through another ATP-independent

MT-binding domain, promoting MT organization (Fig. 1.3). HSET plays a role in

spindle length control and, like the dynein complex, in spindle pole focusing (Cai

et al. 2009; Hentrich and Surrey 2010). Dynein is a major minus-end-directed motor

in the mitotic cell. Depending on its “cargo,” dynein functions by promoting MT

movement in relation to another MT (pole focusing), to the nuclear envelope (pole

separation in prophase), to the cell cortex (spindle positioning), or to the kineto-

chore (chromosome positioning) (Roberts et al. 2013) (Fig. 1.3).

Another class of motors includes the chromokinesins that mediate interactions

between MTs and the chromosome arms. The forces exerted by chromokinesins are

called polar ejection forces that play important roles in chromosome congression

(Vanneste et al. 2011). At least two classes of kinesins are able to directly interact

with chromosome arms: KIF22 (Kid) and KIF4 (Mazumdar and Misteli 2005). The

role of Kid in chromosome congression is essential (Levesque and Compton 2001).

In Xenopus egg extracts, Xkid depletion results in the dramatic chromosome

scattering phenotype (Antonio et al. 2000; Funabiki and Murray 2000).

Chromokinesins share common structural features. They are all plus-end-directed

motors and function in homodimers, with a motor MT-binding domain in

N-terminal and a DNA-binding motif in the C-terminal part (Vanneste

et al. 2011) (Fig. 1.3).

The complexity of motor functions and their interactions is overall a challenge to

achieve a full understanding of their roles in bipolar spindle assembly. Their

function cannot be limited to focusing minus ends at the poles, congressing
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chromosomes, and cross-linking antiparallel MTs in the region of their overlap. For

example, dynein has also a role in the targeting of a number of essential factors to

the spindle poles, including Eg5 and TPX2 (Ma et al. 2010).

1.4.2 The K-Fibers

As the spindle assembles, the dynamic plus ends of someMTs are “captured” by the

kinetochore, a specialized region organized as a paired structure on each chromo-

some. MT plus-end attachment to the kinetochore is mediated by interactions with

the Ndc80 and Ska complexes leading to their stabilization (Jeyaprakash

et al. 2012; Cheerambathur et al. 2013; Shrestha and Draviam 2013). These MTs

Eg5

Dynein

HSET
+ +

+

+

-
--

-
-

-
-
-- -

+

+

KID +

+

--

Fig. 1.3 Bipolar spindle MT organization. Left: schematic representation of a prometaphase

spindle. Right boxes: (upper box) Eg5 is a homotetrameric, plus-end-directed motor. It works

separating two antiparallel MTs apart and is essential for spindle bipolarization and cell division.

Middle box: HSET and dynein are two types of minus-end-directed motors. They move on one MT

and also interact with another, parallel, MT. This process is essential for focusing MT minus ends

at the poles. Lower box: KID is one example of chromokinesins. It is a plus-end-directed,

homodimeric motor interacting with an MT through its motor domain and with chromosomes

through its C-terminal part. Its function is essential in congressing the chromosomes in the

metaphase plate
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form bundles of 20–40 MTs organized in parallel orientation, called the K-fibers.

K-fibers have specific dynamic properties and are remarkably more stable than the

other spindle MTs (Rieder 1981). They generate pushing forces that contribute to

centrosome separation and the establishment of spindle bipolarity and are obviously

essential for chromosome movements and segregation (McHedlishvili et al. 2012).

The K-fiber MT bundles require protein complexes forming bridges in between

the parallel MTs. One of them is composed by clathrin and TACC3 that interacts

with the MT polymerase chTOG/XMAP215 (Booth et al. 2011) (Fig. 1.4). K-fiber

organization in bundles is however still poorly understood, since other kinds of

inter-MT bridges have been observed (Booth et al. 2011).

The K-fibers exhibit very specific plus- and minus-end dynamics that are tightly

related to attachment error correction and chromosome movements. The MT plus

ends of the K-fiber alternate between phases of growth and depolymerization that

drive poleward and anti-poleward chromosome movements and oscillations that

result in chromosome alignment at the metaphase plate (Magidson et al. 2011).

While the plus ends exhibit a “switching” behavior alternating between phases of

MT growth and shrinkage coordinated at the two sister kinetochores, K-fiber MT

minus ends depolymerize constantly. This results in a characteristic tubulin flux

from the plus end toward the minus end (Fig. 1.4) that generates forces within the

spindle strong enough to move the chromosomes (Waters et al. 1996).

K-fiber dynamics regulation involves both proteins favoring MT polymerization

like CLASP or EB1 and others promoting MT destabilization like the kinesin

13 and 8 family members (Tirnauer et al. 2002; Maiato et al. 2005; Joglekar

et al. 2010; Manning et al. 2010) (Fig. 1.4). The mechanism involved in regulating

MT depolymerization at the minus end is still unclear. However, the recent identifi-

cation of novel proteins that specifically protect MT minus ends from depolymerase

MCRS1

minus-end plus-end
kinetochore

kinesin 13

kinesin 13

kinesin 13

EB1
CLASP

XMAP215/
TACC3/
clathrin

tubulin flux
KIF18A

tubulin dimers

Fig. 1.4 K-fiber organization. K-fibers are bundles of 20–40 MTs. Bridges between MTs, in part

composed by XMAP214, clathrin, and TACC3, maintain the MTs forming the K-fiber together.

Their plus ends are interacting with the kinetochores, and their minus ends are focused in close

proximity to the spindle poles. K-fibers are constantly depolymerizing at the minus end and overall

incorporate new tubulin dimers at the plus end. This mechanism creates a tubulin poleward flux

from the plus to the minus end of the K-fibers. While kinesins 13 work at both ends in

depolymerizing K-fiber MTs, KIF18A is a depolymerizing kinesin specific for the plus end. At

the plus end, +TIPS factors such as EB1 and CLASPs favor MT polymerization. At the minus end,

MCRS1 protects MTs against destabilization
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activities opens the way to a better understanding of K-fiber dynamics (Goodwin

and Vale 2010; Meunier and Vernos 2011; Jiang et al. 2014; Meunier et al. 2015)

(Fig. 1.4).

A dramatic change in K-fiber dynamics drives K-fiber shortening and thereby

chromosome segregation in anaphase (Waters et al. 1996). However, how the

shortening of all K-fibers is coordinated, which signal triggers of the process, and

what mechanism controls the depolymerization rate are still open questions.

1.4.3 The Central Spindle

During anaphase, a new MT-based structure, called the central spindle, assembles

between the two segregating chromosome masses. The central spindle is formed by

interdigitating MT arrays that promote the separation of the centrosomes and

chromosomes by sliding in an antiparallel manner. MTs in the central spindle are

organized into bundles that are remarkably more stable than those forming the

metaphase spindle (Saxton and McIntosh 1987).

The mechanism underlying central spindle assembly involves at least two

protein complexes. One of them called, centralspindlin, initiates central spindle

assembly. It is formed by a kinesin-like protein, MKLP1, and a Rho GTPase-

activating protein (RhoGAP), CYK-4. This protein complex is targeted to an

antiparallel MT overlapping area immediately after chromosome segregation

(Mishima et al. 2002; White and Glotzer 2012) (Fig. 1.5). Centralspindlin plays

also essential roles in midbody assembly and abscission, the very last steps in the

full separation of the daughter cells.

The mechanism defining the extent of MT overlap and sliding in the central

spindle involves another complex constituted by the protein PRC1 (protein

centralspindlin

PRC1
KIF4

Eg5

+

+
+

+

+
+

+

+

-

-

-

--

-
-

Fig. 1.5 Central spindle organization. Left: schematic representation of an anaphase B spindle,

with the central spindle in the center. Right box: detail of central spindle organization. MTs plus

tips are interdigitating in the central spindle. They are cross-linked together though the action of

two main complexes: the centralspindlin complex and the complex formed by PRC1 and KIF4.

The interaction between PRC1 and KIF4 is essential for maintaining central spindle length and

defining the antiparallel, overlapping MT region
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regulator of cytokinesis 1), a MAP with MT bundling activity in vitro (Mollinari

et al. 2002), and the kinesin KIF4 (Kurasawa et al. 2004) (Fig. 1.5). In vitro

experiments with recombinant PRC1 and KIF4 showed that these two activities

are sufficient to reconstitute a central spindle-like organization (Bieling et al. 2010).

Several regulating protein complexes are targeted to the central spindle during

anaphase. Among them, the chromosomal passenger complex (CPC) containing the

Aurora B kinase relocalizes from the kinetochores to the central spindle and

regulates central spindle assembly and function, by phosphorylating a variety of

substrates (Guse et al. 2005). Recently, it was also shown that the kinase Aurora A

plays a role in central spindle organization and dynamics regulation through the

phosphorylation of the dynein complex and TACC3 (Lioutas and Vernos 2013;

Reboutier et al. 2013).

The central spindle is constituted by some interpolar MTs, but recent studies

have demonstrated that it can be assembled de novo, involving MT nucleation and

stabilization. The signals triggering the assembly of these MTs are however still not

identified, but the involvement of the RanGTP pathway and the augmin complex is

likely (Glotzer 2009; Uehara and Goshima 2010).

1.5 Specifying MT Identities in the Spindle?

MTs during mitosis show a range of dynamic properties, organization, and function

that coexist at any given time and evolve as mitosis proceeds. Overall, astral and

interpolar MTs are very dynamic mainly at their plus ends. K-fibers are organized

into bundles with specific dynamic properties both at the plus and at the minus ends,

while being more stable than the other spindle MTs. How these characteristics are

specified is still not understood. In fact, it is unclear whether MT organization

determines function (for instance, MTs contacting the kinetochore organize into

K-fibers) or whether different MTs with specific properties define organization and

function. In this context, it may be relevant to consider that mitotic MTs originate at

different sites and through different pathways that involve specific components and

regulators. Interestingly, some proteins were found to specifically associate with

one class of MTs. The RanGTP-regulated protein HURP associates only with the

K-fibers in a region close to the chromosomes (Sillje et al. 2006). Another RanGTP-

regulated protein, MCRS1, associates exclusively to chromosomal MTs and to

those forming the K-fibers (Meunier and Vernos 2011). These data suggest that

the chromosomal MTs participate at least in part to K-fiber formation, as they have

specific MAPs that confer them properties different to the other MTs. This hypo-

thesis still requires experimental support to be confirmed.

Other mechanisms could potentially confer specific properties to the spindle

MTs. Although all MTs are formed by α-/β-tubulin dimers, mammalian cells have

several genes for these two proteins (7 α-tubulin and 8 β-tubulin genes in humans).

The different tubulin isotypes are extremely conserved (more than 95 % amino acid

sequence identity), but their C-terminal tails have more variability. Interestingly,

this region is exposed on the MT surface and is responsible for binding MAPs and
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motors (Sirajuddin et al. 2014). The expression of specific tubulin isotypes has been

related with specific MT organizations (Raff et al. 1997) and with adaptation

mechanisms. Although it is not yet clear whether they play any role in mitosis,

changes in the expression pattern of tubulin isotypes have been reported in some

cancer cells that show altered MT dynamics and resistance to antitumor treatments

that target tubulin (Wang et al. 2014).

In addition to the expression of specific tubulin isotypes, several posttrans-

lational modifications (PTMs) on the C-terminal tails of the tubulins modulate the

binding affinities of MAPs and motors and may even change motor processivity

and/or velocity (Janke and Bulinski 2011; Sirajuddin et al. 2014). Many PTMs have

been described including detyrosination, mono- or poly-glutamylation, phosphory-

lation, acetylation, and glycylation. These modifications may constitute a “tubulin

code” that could specify which MAPs and which motors would bind to one specific

MT (Janke and Bulinski 2011; Magiera and Janke 2014; Barisic et al. 2015).

Although this remains speculative, the number of α- and β-tubulin isotypes together
with the combinatorial possibilities of PTMs at their C-terminus potentially offers a

myriad of possibilities to precisely define the properties of MT subpopulations, and

this could play a role in the bipolar spindle.

1.6 Mitotic MTs in Health and Disease

1.6.1 Mitotic MT-Related Disorders and Pathologies

Cell division is fundamental for life. Any error in this process may be fatal or

generate cells with an incorrect chromosome number. Aneuploidy, the loss or gain

of chromosomes, is the leading genetic cause of miscarriage and congenital birth

defects as well as being tightly associated to health-threatening conditions like

cancer.

In humans, as many as one in five pregnancies end in miscarriage, the most

common complication of early pregnancy. Aneuploidy is the leading known cause

of miscarriage, but some of them (as, e.g. trisomy 21 and monosomy X, Down or

Turner syndromes, respectively) are compatible with live birth, making aneuploidy

the leading cause of congenital birth defects and mental retardation. A common

cause for these miscarriages seems to be aneuploidies in human oocytes, which

increase dramatically with age (Holubcova et al. 2015). This is associated to the

weakening of cohesion between the sister chromatids with time (Chiang et al. 2010;

Duncan et al. 2012). This phenomenon was recently described as “chromosome

fatigue” (Daum et al. 2011) and is particularly threatening for human reproduction

because oocytes are maintained blocked in prophase of meiosis I from birth until

maturation is induced after puberty on a monthly basis throughout the reproductive

lifespan (Chiang et al. 2010).

A number of pathologies derive from spindle orientation defects that compro-

mise the fate of the daughter cells during development (Noatynska et al. 2012).

During development, neural progenitor cells undergo symmetric and asymmetric
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divisions from a monolayer of stem cells to build the brain. Mutations in genes

related with centrosome function and duplication or with astral MT stabilization

have been related to brain development defects like microcephaly or lissencephaly,

respectively (Fish et al. 2006; Yingling et al. 2008; Chavali et al. 2014). However,

the mutated genes have a large range of distinct functions in various processes and

organs (Noatynska et al. 2012) and a direct causal relationship between spindle

orientation defects and these brain pathologies is currently missing.

Cell division is essential after birth for the growth of organs and body parts and

throughout adulthood for the maintenance and renewal of cells and tissues.

Mutations in proteins related with mitotic MT regulation, for example, in the

PCM component pericentrin, have been linked to a number of pathologies including

cancer (Delaval and Doxsey 2010). Most human solid tumors have aneuploid cells

due to CIN (chromosome instability), which promotes chromosome missegregation

in mitosis. CIN occurs early in tumorigenesis and is associated with poor prognosis.

Aneuploid cells may get supernumerary copies of oncogenes and/or insufficient

copies of tumor suppressor genes, which could favor the development of tumors

(Duijf and Benezra 2013; Salmela and Kallio 2013). CIN can be caused by multiple

mechanisms including a weakened or overactivated mitotic spindle assembly

checkpoint, sister chromatid cohesion defects, increased merotelic kinetochore‐
microtubule attachments, or the presence of extra centrosomes. Although CIN

was proposed as a leading cause of tumor progression, recent studies suggest that

CIN can either promote or suppress tumor progression, depending on the context.

Aneuploidy or other mechanisms may also be involved with changes in the

expression levels of mitotic factors: enzymes involved in the regulation of the cell

division like the kinase Aurora A as well as MT-binding proteins like TPX2. These

two proteins interact during mitosis and the TPX2-Aurora A complex has been

described as an “oncogenic holoenzyme” (Asteriti et al. 2010). Interestingly, TPX2

was found to be the protein with the highest CIN (chromosome instability) score

among 10,000 analyzed genes in a number of tumors (Carter et al. 2006).

1.6.2 MTs and Therapeutic Strategies

The highly dynamic properties of the mitotic MTs are essential for the assembly of

a functional spindle. At the same time, they render mitotic cells particularly

sensitive to factors that alter these properties. In fact, MT-binding agents (TBAs)

that alter MT dynamics were the first antitumor compounds used for cancer

treatment. There are different classes of TBAs isolated from a broad range of

species, such as bacteria, sponges, or plants. They either promote MT stabilization

(such as taxanes and epothilones) or MT destabilization (such as vinblastine). The

prevailing idea is that TBAs exert an anticancer activity by targeting dividing cells

particularly abundant in tumors, although this is under debate (Mitchison 2012;

Topham and Taylor 2013). In any case, these drugs are still widely used in the clinic

as they have a clear therapeutic value. However, there is a need for novel ways to

fight tumors, as cancer cells can evade the effects of compounds and drugs through
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different mechanisms. Interestingly, one of them is the expression of the neuronal

βIII-tubulin isotype (Cortes and Vidal 2011). Moreover, TBAs are not specific for

the dividing cells, generating secondary effects like neurotoxicity (Harrison

et al. 2009; Kavallaris 2010).

Targeting characteristics specific to tumor cells, such as CIN, aneuploidies, and

supernumerary centrosomes, is therefore an attractive therapeutic avenue.

Compounds targeting mitotic factors such as the kinases Plk1, Aurora A or Aurora

B (Salmela and Kallio 2013), or microtubule motors have been developed. Some of

them are in different phases of clinical trials (Ding et al. 2014).

1.7 Conclusions

Spindle assembly relies on the coordination of a number of individual events

including MT nucleation, stabilization, and organization. The importance of accu-

rate chromosome segregation for the continuity of life is underscored by tightly

controlled mechanisms ensuring the interaction between MTs and chromosomes

with several layers of regulations and checkpoints that ensure the fidelity of the

system. However, errors in cell division can occur, often leading to catastrophic

consequences in terms of fertility, development, or tissue maintenance and renewal.

Although individual pieces of the puzzle start to be well understood, future work

will certainly focus on getting more information on the coordination of all single

events and thereby a global view of a system at the basis of life transmission.
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