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Preface

Cells are the fundamental units of living organisms that arise from the division of
pre-existing cells. Cell division is not only crucial during development, it is also
essential in adult organisms for tissue homeostasis and regeneration and to produce
gametes for sexual reproduction. The goal of every cell division is to equally distrib-
ute the genetic material onto the two daughter cells by building up a mitotic spindle
that will segregate the sister chromatids. Already in 1914 Boveri suggested a link
between abnormal number of centrosomes, the organelle that form the poles of the
mitotic spindle, defective cell divisions, and one prominent disease, cancer. By now
a combination of genetics, cell biology, biochemistry, and the study of a wide range
of model organisms led to the discovery of the principles governing cell division
and to the identification of thousands of components participating in this process.
Moreover, it highlighted how erroneous cell divisions or more generally mutations
in genes encoding components of the cell division machinery are linked to further
pathologies, such as malformation of the central nervous system, aging, and
infertility.

Despite a vast knowledge about the molecular processes governing cell division,
the exact physiological contribution of the cell division machinery in a disease set-
ting is still under investigation and, in some cases, controversial. In some patholo-
gies, such as microcephaly or lissencephaly, the genetics are well established;
however, the precise mechanisms leading to the disease are not fully understood. In
other cases, such as cancer, it is still controversial whether cell division defects are
only a symptom of the disease or a contributing factor. The focus of this book is to
review the current knowledge, to evaluate the causal link between the cell division
machinery and diseases, and to identify the key open questions in the field and how
to address them. In the different chapters, the authors present the evidence for and
against a causal link between cell division processes and some diseases.

The opening chapter, from El Yakoubi and Wassmann, describes the process of
meiosis, a specialized cell division that results in the formation of gametes. Meiosis
in humans, which occurs in the absence of centrosomes, is particularly error prone.
This can result in severe consequences going from infertility to severe defects in
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children. The review presents the differences between female and male meiosis and
the potential molecular basis for the higher error rate in female meiosis.

Dysfunction of centrosomes in a mitotic division has severe consequences for
cell division and has been associated to multiple diseases. In the second chapter,
Nano and Basto provide a comprehensive overview of centrosomes’ function in
dividing and non-dividing cells and discuss how mutations that affect centrosomes’
function can result in different forms of microcephaly, a developmental disorder
leading to small brains. The chapter describes lessons learned from invertebrates
and vertebrates, highlights the controversy of the field and the possible reasons for
such controversies, and suggests possible ways to reconcile the findings from the
different model systems.

In the third chapter, Rhys and Godinho review the importance of regulating the
centrosome number in the context of cancer. The centrosome duplicates only once
per cell cycle, to give rise to two centrosomes. The presence of two centrosomes
dictates the formation of a bipolar spindle; cancer cells, however, often have super-
numerary centrosomes, which favors the formation of multipolar spindles. Having
more centrosomes comes, however, with a cost and can only be tolerated, and be
advantageous for cancer cells, in specific genetic backgrounds. The authors discuss
the mechanisms that allow the maintenance of supernumerary centrosomes in can-
cer cells and how a precise knowledge of these mechanisms can help to design
anticancer therapies.

The mitotic spindle, the beautiful structure responsible for chromosome segrega-
tion, consists of dynamic microtubules. Chromosome’s capture by these microtu-
bules and their segregation depend on two important factors: the proper assembly of
the kinetochores, a multiprotein complex bound to specialized regions of the chro-
mosomes that binds to spindle microtubules, and the proper regulation of spindle
microtubule dynamics. Wolf and Kops review the structure and the role of kineto-
chores during mitosis and the congenital diseases associated with mutations in
genes coding for kinetochore proteins. In the following chapter, Cirillo et al. dis-
cuss the link between the regulation of microtubule dynamics, chromosome insta-
bility, and cancer. The authors highlight that the role that microtubule dynamics
play in cancer is still elusive (the elephant in the room) and propose ways to address
this issue in future studies.

Microtubule-targeting drugs used in chemotherapy have long been known to
impair cell division. Olziersky and Labidy-Galy review the effect of these drugs in
mitotic and non-mitotic cancer cells and discuss how the discovery of key mitotic
kinases or microtubule-motor proteins has led to the development of more specific
mitotic inhibitors. They review why this novel generation of antimitotic cancer
drugs has so far not proven as effective as classical microtubule-targeting drugs and
stress the importance of understanding the mechanisms causing resistance to anti-
cancer drugs, to propose better combinations of chemotherapies.

The next two chapters focus on the link between cell division and aging. On one
side, Macedo et al. discuss a yet unexplored field, how cell division is affected by
organismal aging. On the other side, Polymenis and Kennedy review the
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mechanisms leading to cell senescence and how mutations in mitotic genes can
result in accelerated cellular senescence.

Finally, the last chapter goes beyond cell division, as we discover how compo-
nents of the cell division machinery can be associated to diseases through non-
mitotic functions. Indeed, Tadenev and Tarchini highlight the additional roles of
proteins regulating mitotic spindle orientation in postmitotic cells and their link to
different diseases.

Altogether, the chapters of this book review some of the instances in which
mutation of genes regulating mitosis or altered cell division processes are linked to
human diseases. This book will be of interest to medical doctors and MD-PhD stu-
dents interested in learning the molecular mechanisms underlying the discussed
diseases and to PhD students and scientists interested in how mutations in mitotic
genes can lead to human diseases.

Geneva, Switzerland Monica Gotta
Geneva, Switzerland Patrick Meraldi
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Chapter 1
Meiotic Divisions: No Place for Gender
Equality

Warif El Yakoubi and Katja Wassmann

Abstract In multicellular organisms the fusion of two gametes with a haploid set
of chromosomes leads to the formation of the zygote, the first cell of the embryo.
Accurate execution of the meiotic cell division to generate a female and a male
gamete is required for the generation of healthy offspring harboring the correct
number of chromosomes. Unfortunately, meiosis is error prone. This has severe
consequences for fertility and under certain circumstances, health of the offspring.
In humans, female meiosis is extremely error prone. In this chapter we will compare
male and female meiosis in humans to illustrate why and at which frequency errors
occur, and describe how this affects pregnancy outcome and health of the individ-
ual. We will first introduce key notions of cell division in meiosis and how they
differ from mitosis, followed by a detailed description of the events that are prone
to errors during the meiotic divisions.

Keywords Meiosis * Oocytes ¢ Spermatogenesis ® Aneuploidy ¢ Fertility ® Trisomy
* Maternal and paternal age ¢ Spindle assembly checkpoint ¢ Cohesin ¢ Chiasmata

Abbreviations

APC/C  Anaphase promoting complex/cyclosome
CKl1 Casein kinase 1

CPC Chromosome passenger complex

DSB Double strand break

MCC Mitotic checkpoint complex

PB Polar body

PIk1 Polo-like kinase 1

SAC Spindle assembly checkpoint
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2 W. El Yakoubi and K. Wassmann
1.1 Maeiotic Cell Division

Diploid organisms contain two copies of the genome, originating from the two par-
ents and organized as thread-like structures named chromosomes. In S-phase, which
precedes cell division in somatic and germ cells, paternal and maternal genomes are
replicated, the cell harbors therefore four copies of the genome. As cells enter mito-
sis, DNA condensation takes place, and chromatids, each corresponding to one
copy of the genome, become visible. Two sister chromatids of the same parental
origin are paired and segregated to generate two identical daughter cells. In meiosis
on the other hand, four cells each harboring only one copy of the genome are pro-
duced to form the haploid gametes (Fig. 1.1). In female meiosis, only one of these
four cells develops into an oocyte, the remaining cells degenerate as Polar Bodies
(PBs). The generation of haploid gametes is possible due to the specialized segrega-
tion pattern of the meiotic cell division which ensures that each gamete receives one
chromatid of each chromosome pair [1-3]. Contrary to mitosis, the aim of meiosis
is not to generate identical daughter cells, but to recombine the maternal and pater-
nal genome to generate new genetic variations in the offspring. This requires the
pairing of homologous chromosomes from different parental origin, and DNA
recombination, which take place in meiotic prophase, before the meiotic divisions.
When germ cells enter the meiotic cell division, recombination events are finalized.
But homologous chromosomes are still held together by chiasmata, which are the
remaining physical connections of meiotic recombination. To generate four haploid
cells, two divisions without intervening S-phase take place in meiosis. In the first
division (meiosis I), homologous chromosomes are segregated, and in the second
(meiosis II), sister chromatids [1-3]. To bring about this specific segregation pat-
tern, key events of the mitotic cell division have been adapted or changed for meio-
sis, and they are outlined in detail below.

1.2 Monopolar Attachment in Meiosis I

Chromosome segregation in mitosis and meiosis depends on their correct attach-
ment to a macromolecular structure named the bipolar spindle [4]. The spindle con-
sists of microtubules that attach through a search-and-capture mechanism to
chromosomes, and move them to the opposite poles of the mother cell, to form two
daughter cells. Microtubules need to form tension bearing attachments to remain
stably attached [5]. Each of the two sister chromatids of a chromosome harbors an
attachment site which is named kinetochore and consists of more than 100 proteins
that are found at a specific chromosome region, the centromere [6]. In mitosis, the
kinetochores of the two sister chromatids get attached to the opposite poles of the
spindle in prometaphase, and at the metaphase-to-anaphase transition the physical
connections holding the sister chromatids together (cohesins, see below), are
removed so that each sister can glide to the opposite pole (Fig. 1.2a). As kinetochores
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Fig. 1.1 Key differences in the developmental timeline of male and female meiosis in mammals.
In this figure we illustrate when the mitotic divisions giving rise to germ cells, and meiosis take
place in individuals of different sex. For simplicity, only one chromosome pair (bivalent) out of 22
autosomes and the sex chromosomes in humans is shown. The different shades of green (male) or
pink (female) correspond to the different parental origins. In mitosis, replicated sister chromatids
are segregated, and chromosomes of different parental origin never pair. The upper panel illus-
trates that mitotic divisions to generate male germ cells take place in the testis of the adult, as well
as all stages of meiosis. In the lower panel we illustrate that mitotic divisions and the following
meiotic recombination occur before birth in the female, whereas meiosis I and II take place in the
adult. In oocytes, meiotic divisions are highly asymmetric, giving rise to one very large oocyte, and
two small polar bodies that degenerate
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Fig. 1.2 Cell division in mitosis and meiosis. (a) In mitosis (upper panel), two identical daughter
cells are generated through the segregation of sister chromatids. For clarity, only two sister chro-
matid pairs are shown. In humans, 46 sister chromatid pairs are segregated, generating daughter
cells harboring exactly one copy of each sister, which is re-duplicated in the following S-phase. In
meiosis (lower panel), chromosome pairs that have recombined are segregated. These so-named
bivalents are held together by chiasmata. Two chiasmata are shown for two sister chromatids from
the paternal and maternal chromosome. Twenty-three bivalents are segregated in humans in meio-
sis I, and 23 sister chromatid pairs (dyads) in meiosis II. Meiosis II comes to a halt in metaphase
in oocytes, and resumes only upon fertilization, whereas male meiosis is already finalized prior to
fertilization. Once a female pronucleus is formed, the male pronucleus fuses with the female pro-
nucleus to form a diploid zygote, which again harbors 46 sister chromatids. The different meiotic
segregation patterns depend on monopolar attachment of sister kinetochores in meiosis I, and step-
wise cohesin removal. (b) Step-wise cohesin removal from chromosome arms in meiosis I, and
from the centromere region in meiosis II is required for correct segregation. For simplicity, cohes-
ins are visualized only for one of the two chromosomes shown, and recombination (the position of
the chiasmata is shown as a transparent X) for only one sister of each chromosome. Arm cohesin
is shown in light blue, centromeric cohesin in dark blue. Cohesin removal from arms is necessary
to permit segregation of sister chromatids that have recombined. In the centromere region, no
recombination occurs, therefore centromeric cohesin can be maintained throughout meiosis I to
allow correct alignment of paired sister chromatids in meiosis II. Centromeric cohesin is then
removed at the metaphase-to-anaphase transition of meiosis II

are attached in a back-to-back configuration this is named bipolar attachment. The
separation of sister chromatids and their poleward movement take place in a com-
pletely synchronized manner for all chromosomes [4, 6].

In meiosis [—in contrast to mitosis—two chromosomes each consisting of two
sister chromatids are paired and segregated into two daughter cells. Sister kineto-
chores are therefore attached in a monopolar fashion, to the same pole [1, 3] (Fig. 1.2b).
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Chromosomes are maintained together through chiasmata, structures that are visible
on condensed chromosomes. In mice, monopolar orientation is brought about by ini-
tial orientation of the two sister chromatids to the same pole due to the presence of
chiasmata, and proteins such as Polo-like kinase 1 (Plk1) and the meiosis-specific
kinetochore protein Meikin [7, 8]. In the following meiosis II, attachments are bipolar
as sister chromatids are paired and segregated, similar to a mitotic division [1]
(Fig. 1.2a). Failures to attach sister kinetochores in a monopolar fashion in meiosis I
will result in missegregation events. If sister chromatids are attached in a bipolar man-
ner, they may be segregated in meiosis I in a way similar to a mitotic division. These
sister chromatids cannot biorient in the second meiotic division and will segregate at
random and therefore with a high error rate [9].

1.3 Chiasmata

In mitosis, maternal and paternal chromosomes never pair, this event is specific to
meiosis I. To segregate chromosomes correctly in meiosis I, chromosome pairs
(bivalents) have to be maintained together through a structure named chiasmata, to
keep them aligned at the metaphase plate and attached to the bipolar spindle, until
anaphase I onset takes place (Fig. 1.2a). Each chromosome pair needs at least one
chiasma, and usually, one to three chiasmata are found per bivalent. The formation
of chiasmata depends on recombination events that take place before entry into
meiosis I. Chiasmata formation depends on how double strand breaks (DSB) that
are induced by Spol1 are repaired (cross-over which leads to the formation of a
chiasma, or non-cross over) [10, 11]. Meiotic DSB repair occurs preferentially
through the non-sister chromatid, to mix maternal and paternal genomes—this is
named non-sister bias. Cross-over interference ensures that only certain DSBs are
repaired as cross-overs, and therefore only a limited number of chiasmata is formed
per chromosome pair [12]. Obviously, the longer a given chromosome, the more
chiasmata are found, and smaller chromosomes often harbor only one chiasma [9].

1.4 Cohesin Removal

In mitosis, the correct and tension-bearing stable attachment of sister chromatids to
the spindle requires that they are physically maintained together. The “glue” hold-
ing sister chromatids together is a protein complex forming a ring-like structure
around the paired chromatids. This complex is named cohesin, and consists of sev-
eral subunits conserved from yeast to man [13, 14]. The complex contains Smc
(stability of mini chromosomes) heterodimers that form the ring and is closed by a
protein belonging to the kleisin family, which are proteins interacting with Smc
proteins [15, 16]. Variants of yeast Scc3 such as SA2 and SA3 additionally bind the
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kleisin subunit and are essential for cohesion. Cohesin on chromosome arms is
removed by the so-named prophase pathway, which depends on Wapl, the kinases
Plk1 and Aurora B, and phosphorylation of the SA2 cohesin subunit, in early mito-
sis [16]. But residual cohesion in the centromere region is not removed and main-
tains sisters together until metaphase. To open up the remaining cohesin rings for
the separation of sister chromatids, a protease named Separase is activated at the
metaphase-to-anaphase transition. Separase cleaves the kleisin subunit Sccl of the
cohesin complex, allowing the two DNA strands to be liberated and torn to the
opposite poles of the spindle [13, 14, 17].

In meiosis, sister chromatids are held together by cohesins as well (Fig. 1.2b).
Furthermore, cohesion stabilizes chiasmata on chromosome arms, and this main-
tains the paired chromosomes, each consisting of two sister chromatids, together.
For correct chromosome segregation in meiosis I, sister chromatid cohesion is
maintained until metaphase I. It is unknown whether some prophase pathway
dependent removal of cohesin takes place at this time, but no separation of chroma-
tid arms indicating significant prophase pathway dependent cohesin removal can be
observed in male or female prometaphase I. At the metaphase-to-anaphase transi-
tion of meiosis I, Separase becomes active and cleaves the meiosis-specific kleisin
Rec8, which substitutes mitotic Sccl. But contrary to mitosis, not all cohesion is
removed in metaphase of meiosis I. Cohesin in the centromere region is maintained
until meiosis II, and this is essential to correctly attach the meiosis II spindle to
sister kinetochores in the second meiotic division. Therefore, a key feature of cohe-
sin removal in meiosis is the fact that it has to occur in a step-wise manner during
the two divisions [1, 3]: First from chromosome arms in meiosis I, and then from the
centromere region in meiosis II. Removal of cohesin from arms allows separation of
chromosomes that have recombined and exchanged parts of their DNA, as these
regions are still maintained together by cohesin with the original homologous sister
chromatid, and chiasmata. Recombination occurs only along the chromosome arms,
therefore cohesin can be maintained in the centromere region throughout meiosis I
and this does not prevent chromosome segregation. On the contrary, maintaining
cohesion in the centromere region is essential to biorient sister chromatids on the
meiosis II spindle and establish tension-bearing attachments (Fig. 1.2b).

Cohesin from chromosome arms and the centromere region is removed by
Separase. But cohesin in the centromere region is protected from cleavage by
Separase throughout meiosis I and it is only in meiosis II that the centromeric frac-
tion of Rec8 can be cleaved by Separase. For this step-wise cohesin removal, the
kleisin subunit Sccl is substituted by a meiosis-specific subunit, Rec8. To be cleaved
by Separase, Rec8 on arms has to be phosphorylated by the kinases Casein Kinase
1 (CK1) and Cdc7/Dbf4 in budding yeast [18, 19], but whether this is also the case
in mammalian meiosis is still an open question. Maintaining Rec8 in its unphos-
phorylated state is thought to protect it from cleavage by Separase also in mammals,
and this is achieved by localising the phosphatase PP2A-B56 to the centromere
through the adaptor protein Sgo2 [20, 21]. In meiosis II, cohesin at the centromere
has to be “deprotected”, and the exact mechanisms of deprotection are currently
unknown, but seem to involve removal of Sgo2 (and therefore PP2A) from the
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vicinity of Rec8 [21, 22] and co-localization of the histone chaperone and PP2A
inhibitory protein I2PP2A/Set [23, 24]. Obviously, correct chromosome segregation
in meiosis I and II depends on rigorous control of cohesin protection and deprotec-
tion during both divisions.

1.5 Spindle Assembly Checkpoint

During cell division the correct attachment of kinetochores is verified by a check-
point named the spindle assembly checkpoint or SAC. Kinetochores without or with
wrongly attached microtubules maintain this checkpoint active, which leads to a
transient cell cycle arrest in metaphase. Essential core checkpoint proteins such as
Madl, Mad2, Bubl, BubR1, Bub3, and Mps! are localized to incorrectly attached
kinetochores, and lead to the formation of the Mitotic checkpoint complex or MCC,
consisting of BubR 1, Mad2, Bub3 and Cdc20 [25, 26]. This MCC prevents degrada-
tion of the Separase inhibitors Securin and Cyclin B, by inhibiting the E3 ubiquitin
ligase Anaphase Promoting Complex/Cyclosome (APC/C). Upon bipolar attachment
of all kinetochores in mitosis, the SAC is satisfied, Securin and Cyclin B are ubiqui-
tinated and degraded, Separase becomes active and metaphase-to-anaphase transi-
tion takes place [27]. Interestingly, the SAC not only recognizes whether attachments
are present at individual kinetochores, but it also recognizes the quality of attach-
ments in terms of stability. When kinetochores are not attached to both poles, they
lack tension resulting in a destabilization of attachments which is detected by the
SAC [28]. Bipolar tension itself is thought to be recognized through a tension-sens-
ing distortion of the kinetochore, the so-named intra-kinetochore stretch, which
would silence the SAC and permit metaphase-to-anaphase transition [29]. Recently
though the necessity of an established intra-kinetochore stretch for SAC activation
has been put into question by two studies showing that stabilizing attachments satis-
fies the SAC even if there is no bipolar tension and intra-kinetochore stretch [30, 31].
The SAC’s role is interwoven with another signalling cascade, namely error correc-
tion, implicating the Chromosome Passenger Complex (CPC) proteins Incenp,
Borealin, Survivin, and Aurora B [32]. The Aurora B kinase, required for detaching
wrongly attached microtubule fibers that are not under tension, is an integral part of
the mitotic SAC because it controls the checkpoint kinase Mps1 [33, 34].

In female meiosis attachments also underlie checkpoint control, even though
attachments are monopolar [35]. (No data exist so far on SAC functionality in mam-
malian male meiosis I). But it seems that the checkpoint is much more permissive
in oocyte meiosis I than in mitosis, and a few unattached kinetochores escape detec-
tion by the SAC [36, 37]. It is far from clear whether the checkpoint in meiosis can
distinguish monopolar from bipolar attachments, and whether the quality of attach-
ments such as presence of tension is recognized. Core checkpoint proteins are
required for SAC control in meiosis, but also for correct timing of the extremely
long prometaphase I in oocytes. In the absence of SAC control, gross missegrega-
tions take place in meiosis I and lead to sterility in mice [38—41].
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1.6 Age-Related Differences in Male and Female
Gametogenesis

As we will outline below, advanced age is the most important risk factor for female
reproductive health in humans [9, 42]. To understand why this is the case for female
but by far not as much for male meiosis, it is important to introduce the crucial sex-
specific differences in mammalian gametogenesis.

Primordial germ cells are set aside early in embryo development in both sexes.
They migrate during early development to the place of the future gonads. Here, the
fate of female and male germ cells is quite different: male germ cells remain dor-
mant until hormonally stimulated to further divide in the sexually mature adult. The
spermatogonial stem cell population divides mitotically to maintain the stem cell
population, and to generate progenitor cells that are committed to undergoing meio-
sis. In the seminiferous tubules these progenitor cells will differentiate to primary
and secondary spermatocytes, spermatides and finally, spermatozoa. During these
different stages they undergo meiotic recombination, followed by meiosis I and
II. Spermatogonial stem cells divide continuously in the adult male, giving rise to
more stem cells, or alternatively, to spermatozoa ([43], and references therein).

In the female on the other hand germinal cells form the primordial follicle, which
consists of pregranulosa cells surrounding an oocyte in prophase, before birth.
Oocytes of the primordial follicle have already finished meiotic recombination and
await growth and entry into the first meiotic division upon hormonal stimulation in
the sexually mature female. Importantly, homologous chromosomes that are paired
for recombination, have to be maintained together by cohesins and chiasmata until
entry into the first meiotic division, which can be several decades later, such as in
humans ([44], and references therein). Therefore, oocytes which are generated only
in the embryo (there is no convincing evidence that oocytes in significant numbers
could be generated in the adult [45]) are under much more temporal stress than
spermatozoa, which are produced continuously and throughout adult life (Fig. 1.1).

1.7 How Meiotic Segregation Errors Occur

1.7.1 Errors in Male Meiosis

Chromosomes and sister chromatids must be maintained together for correct align-
ment of chromosomes at the metaphase plate in meiosis I. All steps of male meiosis
take place in the adult in a continual manner, starting from somatic cells that enter
the meiotic program. In humans, it takes about a month from the start of meiotic
recombination to generate spermatids ([43], and references therein) as pairing of
chromosomes and recombination is immediately followed by entry into meiosis I
and chromosome segregation. The cohesin complex and chiasmata have to be main-
tained for a time frame that is rather short compared to female meiosis, to ensure
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correct segregation in meiosis I and II. In humans, paternal age seems therefore not
to be a very important factor for fidelity of chromosome segregation, and an increase
in chromosome missegregations is observed in men above 50 only according to
some studies, whereas other studies have not found an increase [46]. The overall
amount of aneuploid sperm in healthy men lies within a range of 4-5%, according
to [47]. When individual chromosomes are analyzed for their probability to misseg-
regate, an important challenge for male meiosis comes to light, namely the segrega-
tion of sex chromosomes. As male meiosis requires pairing and segregation of an X
and a’Y chromosome, and because the region of homology of the X and Y does not
span the whole chromosome, precocious separation of those two sex chromosomes
occurs at a higher frequency than that of autosomes. As a consequence, the male
contribution to numerical abnormalities of the sex chromosome in the offspring is
more important than the female, because in oocytes two homologous X chromo-
somes are paired and segregated, which does not constitute a challenge.
Approximately 80% of sex chromosome aneuploidies are therefore thought to be of
paternal origin [9, 47]. Survival rates of individuals with aneuploidies of a sex chro-
mosome are high, and we will detail below how health of the individual is affected
in the different cases.

1.7.2 Errors in Female Meiosis

Female meiosis is much more error prone than male meiosis. It is estimated that
25-30% of oocytes in a healthy, young woman are aneuploid after the meiotic divi-
sions. This high error rate furthermore increases drastically with the age of the
mother, and it has been shown that women closer to menopause have a risk of more
than 30% of being pregnant with a trisomic baby [42]. Why especially in humans
female meiosis is so error prone is still a matter of debate. The reason lies most
likely at least in part in the different timeline of male and female gametogenesis.
Even in oocytes of a woman at the start of her reproductive life, chromosomes have
been paired for nearly two decennia, putting enormous strain on sister chromatid
cohesion and chiasmata maintenance. It has been shown in the mouse that there is
no renewal or turnover of cohesin proteins during meiotic prophase arrest, at least
during the growing phase of the oocyte [48, 49]. Therefore, it is attractive to specu-
late that deterioration of cohesin complexes with age contributes to increased
missegregation rates in females.

Bipolar spindle assembly occurs without centrosomes and takes extremely long
(in human oocytes around 16 h), with frequent attachments and detachments [50]. It
has been observed that sister kinetochores instead of presumably acting as a sole
unit, frequently split in human oocytes, indicating that they are at least transiently
attached in a bipolar and not monopolar manner in meiosis I [51]. Additionally,
SAC control seems to be leaky, at least in mouse oocytes [36, 37, 52]. One or two
not correctly or not at all attached kinetochores may escape SAC surveillance, fur-
ther contributing significantly to the high error rate.
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The most important factor negatively influencing fidelity of chromosome segre-
gation in female meiosis is maternal age. Studies from mouse and human oocytes
suggest that cohesins diminish with age, which concomitantly leads to the destabi-
lization and eventually, loss of chiasmata [53-57]. It is interesting to note that in
human oocytes the frequency of chromosomes that show sister kinetochore splitting
in meiosis I increases with age, and this may be due to weaker cohesion between
sister chromatids because of cohesin loss [51]. Weakening of the cohesin complex
and loss of chiasmata will result in a failure to properly attach chromosome pairs to
the meiotic spindle in meiosis I. Achiasmatic chromosomes may instead attach in a
manner similar to mitosis, with sister chromatids oriented in a bipolar, and not
monopolar manner. This can lead to precocious separation of sister chromatids in
meiosis I, followed by their random segregation in meiosis II, because those single
sister chromatids will fail to correctly align at the meiosis II metaphase plate.

Some chromosomes are more affected by precocious meiosis I separation than
others, which may be explained by the fact that for example smaller chromosomes
have less chiasmata to start with. Also the position of chiasmata (close to the centro-
mere or the telomere) and resulting orientation on the meiotic spindle influence how
likely a bivalent may missegregate in meiosis I, and whether the chiasma will be lost
upon weakening of cohesin with age [9, 42, 44].

Additionally, the abundance of other proteins required for correct meiotic cell
division diminishes with maternal age, these are for example the SAC protein
BubR1 [58, 59], which is also required for stable microtubule-kinetochore attach-
ments [41, 60, 61], and Sgo2 [54, 62] which is required for centromeric cohesin
protection. The age-related increase in chromosome missegregations in oocytes is
therefore considered as depending on a combination of multiple factors. Loss of
cohesin or of Sgo2 in combination with weaker SAC control is expected to be det-
rimental for oocyte maturation because chromosome segregation depends on it.
Indeed, reproductive age in humans seems to be restrained by the fidelity of meiotic
chromosome segregation in oocytes [42, 44, 63].

1.8 Genetic Predispositions to Error Prone Chromosome
Segregation in Meiosis

Mutations that affect proper segregation of the genetic material during cell division
are expected to be essential and to prevent the generation of a viable organism.
Indeed, loss of spindle checkpoint components Mad2, Bubl and BubR1 for example
leads to early emrbyonic lethality, at least in mice [64—66]. Therefore, only muta-
tions in genes that are required for meiotic and not mitotic chromosome segregation
are expected to correlate with a predisposition to erroneous chromosome segregation
in oocytes and during spermatogenesis. One such example is the Aurora C kinase,
which is partly redundant with Aurora B and which is a component of the
Chromosomal Passenger Complex [67—69]. Naturally occurring mutations in Aurora
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C have been reported in humans, and they are associated with polyploid or multifla-
gellar spermatozoa, and therefore, male infertility [70, 71]. This is quite likely due to
the function of Aurora C in cytokinesis. On the other hand, female meiosis is not
affected by these mutations, probably because Aurora B can substitute for some of
Aurora C’s functions [72]. Functional assays in mouse oocytes indicate that the
observed male phenotype is most likely due to failures to exit meiosis I [73].

Another example for a genetic predisposition affecting meiotic chromosome seg-
regation is the cohesin subunit Stag3, which is -in addition to the previously men-
tioned Rec8-specific to meiosis. A frameshift mutation in Stag3 was identified in a
family with a history of premature ovarian failure (POF). Whereas the molecular
reasons for this mutation to cause POF in humans have not been elucidated, results
from the mouse suggest that POF is due to partial cohesin loss and the fact that
double strand break-repair is initiated, but not finalized and oocytes are lost in pro-
phase [74, 75].

1.9 Other Genetic Reasons Why Meiosis May Go Awry

Other factors that influence oogenesis and spermatogenesis can be of a wide variety
of origins. They may be environmental (exposure to toxic substances), hormonal, or
related to improper oocyte development or spermatogenesis. Genetic factors associ-
ated with these conditions are beyond the scope of this chapter and are for example
listed in [76].

1.10 Consequences of Meiotic Missegregations

Here we will outline the fate of chromosome missegregations in meiosis for preg-
nancy outcome in humans and consequences for the individual. Aneuploid gametes
can still be functional and upon fertilization lead to the formation of an (aneuploid)
embryo, but depending on the chromosome affected, survival may be compromised.
Indeed, a third of all spontaneous abortions in the first trimester concern embryos
with the wrong number of chromosomes. Importantly, this takes into account only
recognized pregnancies, as certain abortions occur so early during pregnancy (e.g.
before implantation) that they go undetected. This makes aneuploidy the most fre-
quent reason for early pregnancy loss [42].

Aneuploidies that arise from missegregations in meiosis affect all the cells of the
embryo, in contrary to so-named mosaic trisomies, which will not be discussed
here and which are due to missegregations during the mitotic divisions in the
embryo, affecting only a subset of cells. Monosomies (one copy) of autosomes are
not viable in humans, whereas a small number of trisomies (three copies) are.
Individuals with trisomy 21, which gives rise to the Down syndrome, usually sur-
vive to adulthood and reach a median age of 60 years [77], but individuals with
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trisomy 13 (Patau syndrome) and 18 (Edwards syndrome) usually die during the
first weeks of life [78]. Trisomies of other autosomes are incompatible with survival
up to birth.

Newborns with trisomy 13 and 18 have severe developmental defects of the
heart, the nervous system, and to a varying degree of muscles, of the members, and
of brain. Trisomy 21 is by far the most frequent, affecting 1 birth out of 1000 [79].
Survival of children affected has steadily increased from around 50% in the 1950s
to around 95% today, in industrialized nations [77]. This is mainly due to early
intervention for health problems associated with Down syndrome, such as cardiac
malformations and respiratory problems. Trisomy 21 is compatible with life into
adulthood, but individuals show intellectual disabilities, and often early onset of
Alzheimer disease, and disorders of the respiratory, cardiovascular and endocrine
system, hearing and vision disorders, and the typical cranofacial disorders [80].
Children with trisomy 21 are predisposed to the development of certain cancers,
such as testicular germ cell tumors, myeloid leukemias, and acute lymphoblastic
leukemia [81]. Overall number of births has strongly decreased since the develop-
ment of more reliable prenatal screening methods and ultrasound exams. Often,
diagnosis of trisomy 21 is followed by voluntary termination of the pregnancy,
explaining why less children with trisomy 21 than expected are born today [82],
even though trisomy 21 pregnancies have increased by 70% within 20 years, due to
overall increased maternal age [83].

Viable sex chromosome aneuploidies are monosomy of the X chromosome; or
three sex chromosomes, with two copies of the X or the Y chromosome in addition
to the X chromosome. Even though these aneuplodies are associated with character-
istic disabilities, individuals are often not diagnosed. Below, we will shortly describe
each of the syndromes associated with a specific sex-chromosome aneuploidy.

Individuals harboring only one sex chromosome, namely the X chromosome
(monosomy of the Y chromosome is not compatible with life), are suffering from
Turner’s syndrome. One out of 2000 females is affected by this disorder [84]. In
70-80% of cases the remaining X chromosome is maternally derived, meaning that
the segregation error had occurred in male meiosis [42]. Women with Turner’s
Syndrome suffer from the consequences of haploinsufficiency of regions of the X
chromosome that are normally not inactivated on the second X chromosome. Ovarian
failure is observed during foetal development, and leads to decreased production of
sex hormones and infertility. Certain cognitive capacities are affected, and shorter
stature, renal and cardiovascular problems are observed [84, 85]. Currently treatment
consists of cognitive rehabilitation and hormone-replacement therapy.

One out of 600 male live births harbors two X and one Y chromosome, which
gives rise to Klinefelter’s syndrome. This aneuploidy is in equal proportions due to
missegregation in male and female meiosis. Again, certain neurological features
and cognitive abilities such as learning abilities are affected (but less so than with
Turner’s syndrome), testosterone production stops at puberty and individuals are
infertile, and an increased risk for usually very rare mediastinal germ-cell tumors is
observed. Some health problems such as early onset of osteoporosis are probably
due to deficiencies in testosterone levels [84].
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Another aneuploidy of sex chromosomes leads to the so-named XYY syndrome,
where male individuals have a supplementary Y chromosome. Obviously, only
errors in male meiosis lead to this aneuploidy, and it is estimated that one out of
1000 male livebirths is affected. XYY syndrome is characterized mainly by tall
stature, impaired neurological features and cognitive abilities with learning disor-
ders comparable to Klinefelter’s syndrome. Increased impulsivity has been
described, but earlier reports indicating that crime rate is higher among individuals
with XYY syndrome have not been confirmed [86]. In contrary to Turner’s and
Klinefelter’s syndrome, man with XYY syndrome do not have sex hormone defi-
ciencies, and are fertile [84].

The presence of three X chromosomes is due to errors in female meiosis and
touches one out of 1000 female live births, which are consequently suffering from
the triple X syndrome. Cognitive performance seems to be affected in a manner
similar to individuals with Klinefelter ‘s and Turner’s syndrome, and behavioral
abnormalities are equally observed [84].

1.11 Conclusion

Correct execution of the meiotic program is essential to obtain male and female
gametes with the correct number of chromosomes, a prerequisite for the generation
of healthy offspring. Female meiosis is much more error prone than male meiosis,
due at least in part to the fact that meiotic recombination takes place already decen-
nia before the meiotic divisions in oocytes. Furthermore, meiosis is strongly affected
by maternal age in humans. Aneuploidies in the embryo severely affect pregnancy
outcome and health of the individual. Gaining insights into the molecular mecha-
nisms regulating meiotic divisions in male and female gametes is important to
understand how aneuploidies with such severe consequences can occur.

Acknowledgements We thank lab members for discussion, and Sophie Gournet (UMR7622) for
help with figures. W.E.Y. is supported by a postdoctoral fellowship from ARC (Association de la
Recherche Contre le Cancer), and the group of K. Wassmann by an ANR grant (ANR-12-
BSV2-0005-01), a grant by the Fondation de la Recherche Médicale (EquipeDEQ20160334921),
the UPMC and CNRS.

References

1. Petronczki M, Siomos MF, Nasmyth K (2003) Un menage a quatre: the molecular biology of
chromosome segregation in meiosis. Cell 112:423-440

2. MacLennan M, Crichton JH, Playfoot CJ, Adams IR (2015) Oocyte development, meiosis and
aneuploidy. Semin Cell Dev Biol 45:68-76

3. Page SL, Hawley RS (2003) Chromosome choreography: the meiotic ballet. Science
301:785-789



14

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

W. El Yakoubi and K. Wassmann

. Heald R, Khodjakov A (2015) Thirty years of search and capture: the complex simplicity of
mitotic spindle assembly. J Cell Biol 211:1103-1111

. Lampson MA, Cheeseman IM (2011) Sensing centromere tension: Aurora B and the regula-
tion of kinetochore function. Trends Cell Biol 21:133-140

. Cheeseman IM (2014) The kinetochore. Cold Spring Harb Perspect Biol 6:a015826

. Watanabe Y (2012) Geometry and force behind kinetochore orientation: lessons from meiosis.
Nat Rev Mol Cell Biol 13:370-382

. Kim J, Ishiguro K, Nambu A, Akiyoshi B, Yokobayashi S et al (2015) Meikin is a conserved
regulator of meiosis-I-specific kinetochore function. Nature 517:466-471

. Nagaoka SI, Hassold TJ, Hunt PA (2012) Human aneuploidy: mechanisms and new insights
into an age-old problem. Nat Rev Genet 13:493-504

. Lam I, Keeney S (2015) Mechanism and regulation of meiotic recombination initiation. Cold

Spring Harb Perspect Biol 7:a016634

Bascom-Slack CA, Ross LO, Dawson DS (1997) Chiasmata, crossovers, and meiotic chromo-

some segregation. Adv Genet 35:253-284

Zickler D, Kleckner N (2016) A few of our favorite things: pairing, the bouquet, crossover

interference and evolution of meiosis. Semin Cell Dev Biol 54:135-148

Jeppsson K, Kanno T, Shirahige K, Sjogren C (2014) The maintenance of chromosome struc-

ture: positioning and functioning of SMC complexes. Nat Rev Mol Cell Biol 15:601-614

Peters JM, Nishiyama T (2012) Sister chromatid cohesion. Cold Spring Harb Perspect Biol 4

Nasmyth K, Haering CH (2005) The structure and function of SMC and kleisin complexes.

Annu Rev Biochem 74:595-648

Zheng G, Yu H (2015) Regulation of sister chromatid cohesion during the mitotic cell cycle.

Sci China Life Sci 58:1089-1098

Peters JM, Tedeschi A, Schmitz J (2008) The cohesin complex and its roles in chromosome

biology. Genes Dev 22:3089-3114

Katis VL, Lipp JJ, Imre R, Bogdanova A, Okaz E et al (2010) Rec8 phosphorylation by casein

kinase 1 and Cdc7-Dbf4 kinase regulates cohesin cleavage by separase during meiosis. Dev

Cell 18:397-409

Ishiguro T, Tanaka K, Sakuno T, Watanabe Y (2010) Shugoshin-PP2A counteracts casein-

kinase-1-dependent cleavage of Rec8 by separase. Nat Cell Biol 12:500-506

Llano E, Gomez R, Gutierrez-Caballero C, Herran Y, Sanchez-Martin M et al (2008)

Shugoshin-2 is essential for the completion of meiosis but not for mitotic cell division in mice.

Genes Dev 22:2400-2413

Lee J, Kitajima TS, Tanno Y, Yoshida K, Morita T et al (2008) Unified mode of centromeric

protection by shugoshin in mammalian oocytes and somatic cells. Nat Cell Biol 10:42-52

Gomez R, Valdeolmillos A, Parra MT, Viera A, Carreiro C et al (2007) Mammalian SGO2

appears at the inner centromere domain and redistributes depending on tension across centro-

meres during meiosis II and mitosis. EMBO Rep 8:173-180

Chambon JP, Touati AS, Berneau S, Hebras C, Groeme R et al (2013) The PP2A inhibitor

I2PP2A is essential for sister chromatid segregation in meiosis II. Curr Biol 23:485-490

Wassmann K (2013) Sister chromatid segregation in meiosis II: deprotection through phos-

phorylation. Cell Cycle 12:1352-1359

Sacristan C, Kops GJ (2015) Joined at the hip: kinetochores, microtubules, and spindle assem-

bly checkpoint signaling. Trends Cell Biol 25:21-28

Musacchio A (2015) The molecular biology of spindle assembly checkpoint signaling dynam-

ics. Curr Biol 25:R1002-R1018

Lara-Gonzalez P, Westhorpe FG, Taylor SS (2012) The spindle assembly checkpoint. Curr

Biol 22:R966-R980

Jia LY, Kim S, Yu HT (2013) Tracking spindle checkpoint signals from kinetochores to

APC/C. Trends Biochem Sci 38:302-311

Maresca TJ, Salmon ED (2010) Welcome to a new kind of tension: translating kinetochore

mechanics into a wait-anaphase signal. J Cell Sci 123:825-835



30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51

52.

53.

Meiotic Divisions: No Place for Gender Equality 15

Etemad B, Kuijt TE, Kops GJ (2015) Kinetochore-microtubule attachment is sufficient to sat-
isfy the human spindle assembly checkpoint. Nat Commun 6:8987

Tauchman EC, Boehm FJ, DeLuca JG (2015) Stable kinetochore-microtubule attachment is
sufficient to silence the spindle assembly checkpoint in human cells. Nat Commun 6:10036
van der Horst A, Lens SM (2014) Cell division: control of the chromosomal passenger com-
plex in time and space. Chromosoma 123:25-42

Santaguida S, Vernieri C, Villa F, Ciliberto A, Musacchio A (2011) Evidence that Aurora B is
implicated in spindle checkpoint signalling independently of error correction. EMBO
J30:1508-1519

Saurin AT, van der Waal MS, Medema RH, Lens SM, Kops GJ (2011) Aurora B potentiates
Mps| activation to ensure rapid checkpoint establishment at the onset of mitosis. Nat Commun
2:316

Touati SA, Wassmann K (2016) How oocytes try to get it right: spindle checkpoint control in
meiosis. Chromosoma 125:321-335

Gui L, Homer H (2012) Spindle assembly checkpoint signalling is uncoupled from chromo-
somal position in mouse oocytes. Development 139:1941-1946

Lane SI, Yun'Y, Jones KT (2012) Timing of anaphase-promoting complex activation in mouse
oocytes is predicted by microtubule-kinetochore attachment but not by bivalent alignment or
tension. Development 139:1947-1955

Wassmann K, Niault T, Maro B (2003) Metaphase I arrest upon activation of the Mad2-
dependent spindle checkpoint in mouse oocytes. Curr Biol 13:1596—1608

McGuinness BE, Anger M, Kouznetsova A, Gil-Bernabe AM, Helmhart W et al (2009)
Regulation of APC/C activity in oocytes by a Bubl-dependent spindle assembly checkpoint.
Curr Biol 19:369-380

Hached K, Xie SZ, Buffin E, Cladiere D, Rachez C et al (2011) Mps1 at kinetochores is essen-
tial for female mouse meiosis I. Development 138:2261-2271

Touati SA, Buffin E, Cladiere D, Hached K, Rachez C et al (2015) Mouse oocytes depend on
BubR1 for proper chromosome segregation but not for prophase I arrest. Nat Commun 6:6946
Hassold T, Hunt P (2001) To err (meiotically) is human: the genesis of human aneuploidy. Nat
Rev Genet 2:280-291

Griswold MD (2016) Spermatogenesis: the commitment to meiosis. Physiol Rev 96:1-17
Herbert M, Kalleas D, Cooney D, Lamb M, Lister L (2015) Meiosis and maternal aging:
insights from aneuploid oocytes and trisomy births. Cold Spring Harb Perspect Biol 7

Telfer EE, Gosden RG, Byskov AG, Spears N, Albertini D et al (2005) On regenerating the
ovary and generating controversy. Cell 122:821-822

Fonseka KG, Griffin DK (2011) Is there a paternal age effect for aneuploidy? Cytogenet
Genome Res 133:280-291

Templado C, Uroz L, Estop A (2013) New insights on the origin and relevance of aneuploidy
in human spermatozoa. Mol Hum Reprod 19:634-643

Tachibana-Konwalski K, Godwin J, van der Weyden L, Champion L, Kudo NR et al (2010)
Rec8-containing cohesin maintains bivalents without turnover during the growing phase of
mouse oocytes. Genes Dev 24:2505-2516

Revenkova E, Herrmann K, Adelfalk C, Jessberger R (2010) Oocyte cohesin expression
restricted to predictyate stages provides full fertility and prevents aneuploidy. Curr Biol
20:1529-1533

Holubcova Z, Blayney M, Elder K, Schuh M (2015) Human oocytes. Error-prone chromosome-
mediated spindle assembly favors chromosome segregation defects in human oocytes. Science
348:1143-1147

Zielinska AP, Holubcova Z, Blayney M, Elder K, Schuh M (2015) Sister kinetochore splitting
and precocious disintegration of bivalents could explain the maternal age effect. Elife 4
Sebestova J, Danylevska A, Novakova L, Kubelka M, Anger M (2012) Lack of response to
unaligned chromosomes in mammalian female gametes. Cell Cycle 11:3011-3018

Liu L, Keefe DL (2008) Defective cohesin is associated with age-dependent misaligned chro-
mosomes in oocytes. Reprod Biomed Online 16:103-112



16

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

W. El Yakoubi and K. Wassmann

Lister LM, Kouznetsova A, Hyslop LA, Kalleas D, Pace SL et al (2010) Age-related meiotic
segregation errors in mammalian oocytes are preceded by depletion of cohesin and Sgo2. Curr
Biol 20:1511-1521

Tsutsumi M, Fujiwara R, Nishizawa H, Ito M, Kogo H et al (2014) Age-related decrease of
meiotic cohesins in human oocytes. PLoS One 9:¢96710

Chiang T, Duncan FE, Schindler K, Schultz RM, Lampson MA (2010) Evidence that weak-
ened centromere cohesion is a leading cause of age-related aneuploidy in oocytes. Curr Biol
20:1522-1528

Jessberger R (2012) Age-related aneuploidy through cohesion exhaustion. EMBO Rep
13:539-546

Riris S, Webster P, Homer H (2014) Digital multiplexed mRNA analysis of functionally
important genes in single human oocytes and correlation of changes in transcript levels with
oocyte protein expression. Fertil Steril 101:857-864

Baker DJ, Jeganathan KB, Cameron JD, Thompson M, Juneja S et al (2004) BubR1 insuffi-
ciency causes early onset of aging-associated phenotypes and infertility in mice. Nat Genet
36:744-749

Suijkerbuijk SJ, Vleugel M, Teixeira A, Kops GJ (2012) Integration of kinase and phosphatase
activities by BUBRI ensures formation of stable kinetochore-microtubule attachments. Dev
Cell 23:745-755

Xu P, Raetz EA, Kitagawa M, Virshup DM, Lee SH (2013) BUBRI recruits PP2A via the B56
family of targeting subunits to promote chromosome congression. Biol Open 2:479-486
YunY, Lane SI, Jones KT (2014) Premature dyad separation in meiosis II is the major segrega-
tion error with maternal age in mouse oocytes. Development 141:199-208

Hassold T, Hunt P (2009) Maternal age and chromosomally abnormal pregnancies: what we
know and what we wish we knew. Curr Opin Pediatr 21:703-708

Dobles M, Liberal V, Scott ML, Benezra R, Sorger PK (2000) Chromosome missegregation
and apoptosis in mice lacking the mitotic checkpoint protein Mad2. Cell 101:635-645

Taylor SS, McKeon F (1997) Kinetochore localization of murine Bubl is required for normal
mitotic timing and checkpoint response to spindle damage. Cell 89:727-735

Wang Q, Liu T, Fang Y, Xie S, Huang X et al (2004) BUBRI deficiency results in abnormal
megakaryopoiesis. Blood 103:1278-1285

Balboula AZ, Schindler K (2014) Selective disruption of Aurora C kinase reveals distinct func-
tions from Aurora B kinase during meiosis in mouse oocytes. PLoS Genet 10:e1004194
Schindler K, Davydenko O, Fram B, Lampson MA, Schultz RM (2012) Maternally recruited
Aurora C kinase is more stable than Aurora B to support mouse oocyte maturation and early
development. Proc Natl Acad Sci U S A 109:E2215-E2222

Tang CJ, Lin CY, Tang TK (2006) Dynamic localization and functional implications of
Aurora-C kinase during male mouse meiosis. Dev Biol 290:398-410

Dieterich K, Soto Rifo R, Faure AK, Hennebicq S, Ben Amar B et al (2007) Homozygous
mutation of AURKC yields large-headed polyploid spermatozoa and causes male infertility.
Nat Genet 39:661-665

Dieterich K, Zouari R, Harbuz R, Vialard F, Martinez D et al (2009) The Aurora kinase C
c.144delC mutation causes meiosis I arrest in men and is frequent in the north African popula-
tion. Hum Mol Genet 18:1301-1309

Yang KT, Tang CJ, Tang TK (2015) Possible role of Aurora-C in meiosis. Front Oncol 5:178
Fellmeth JE, Ghanaim EM, Schindler K (2016) Characterization of macrozoospermia-
associated AURKC mutations in a mammalian meiotic system. Hum Mol Genet
25:2698-2711

Llano E, Gomez HL, Garcia-Tunon I, Sanchez-Martin M, Caburet S et al (2014) STAG3 is a
strong candidate gene for male infertility. Hum Mol Genet 23:3421-3431

Caburet S, Arboleda VA, Llano E, Overbeek PA, Barbero JL et al (2014) Mutant cohesin in
premature ovarian failure. N Engl J Med 370:943-949



76.

7.

78.

79.

80.

81.

82.

83.

84.

85.
86.

Meiotic Divisions: No Place for Gender Equality 17

Butler MG, Rafi SK, McGuire A, Manzardo AM (2016) Currently recognized clinically rele-
vant and known genes for human reproduction and related infertility with representation on
high-resolution chromosome ideograms. Gene 575:149-159

Englund A, Jonsson B, Zander CS, Gustafsson J, Anneren G (2013) Changes in mortality and
causes of death in the Swedish down syndrome population. Am J Med Genet A
161A:642-649

Wau J, Springett A, Morris JK (2013) Survival of trisomy 18 (Edwards syndrome) and trisomy
13 (Patau syndrome) in England and Wales: 2004-2011. Am J Med Genet A
161A:2512-2518

Fitzgerald P, Leonard H, Pikora TJ, Bourke J, Hammond G (2013) Hospital admissions in
children with down syndrome: experience of a population-based cohort followed from birth.
PLoS One 8:¢70401

Arumugam A, Raja K, Venugopalan M, Chandrasekaran B, Sampath KK et al (2016) Down
syndrome — a narrative review. Clin Anat 29:568-577

Ganmore I, Smooha G, Izraeli S (2009) Constitutional aneuploidy and cancer predisposition.
Hum Mol Genet 18:R84-R93

de Graaf G, Haveman M, Hochstenbach R, Engelen J, Gerssen-Schoorl K et al (2011) Changes
in yearly birth prevalence rates of children with down syndrome in the period 1986-2007 in
The Netherlands. J Intellect Disabil Res 55:462-473

De Souza E, Alberman E, Morris JK (2009) Down syndrome and paternal age, a new analysis
of case-control data collected in the 1960s. Am J Med Genet A 149A:1205-1208

Hong DS, Reiss AL (2014) Cognitive and neurological aspects of sex chromosome aneuploi-
dies. Lancet Neurol 13:306-318

Sybert VP, McCauley E (2004) Turner’s syndrome. N Engl J Med 351:1227-1238

Stochholm K, Bojesen A, Jensen AS, Juul S, Gravholt CH (2012) Criminality in men with
Klinefelter’s syndrome and XYY syndrome: a cohort study. BMJ Open 2:¢000650



Chapter 2
Consequences of Centrosome Dysfunction
During Brain Development

Maddalena Nano and Renata Basto

Abstract Development requires cell proliferation, differentiation and spatial orga-
nization of daughter cells to occur in a highly controlled manner. The mode of cell
division, the extent of proliferation and the spatial distribution of mitosis allow the
formation of tissues of the right size and with the correct structural organization. All
these aspects depend on cell cycle duration, correct chromosome segregation and
spindle orientation. The centrosome, which is the main microtubule-organizing cen-
tre (MTOC) of animal cells, contributes to all these processes. As one of the most
structurally complex organs in our body, the brain is particularly susceptible to cen-
trosome dysfunction. Autosomal recessive primary microcephaly (MCPH), primor-
dial dwarfism disease Seckel syndrome (SCKS) and microcephalic osteodysplastic
primordial dwarfism type II (MOPD-II) are often connected to mutations in centro-
somal genes. In this chapter, we discuss the consequences of centrosome dysfunc-
tion during development and how they can contribute to the etiology of human
diseases.

Keywords Centrosome ¢ Microcephaly ¢ Animal models of microcephaly e
Autosomal recessive primary microcephaly (MCPH) ¢ Seckel syndrome (SCKS)
Microcephalic osteodysplastic primordial dwarfism type II (MOPD-II)

2.1 The Centrosome Duplication Cycle

The centrosome is a non-membranous organelle composed of a pair of orthogonally
organized centrioles, which during mitosis organize the pericentriolar material
(PCM) [1]. The two centrioles are composed of nine sets of microtubules (MTs),
polarized filaments of tubulin. The PCM surrounds the centrioles to support mitotic
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spindle assembly and consists of a highly organized matrix of more than one hundred
proteins [2-5].

The centrosome is the main MT-organizing centre of animal cells: two centro-
somes organize the mitotic spindle during mitosis and—most of the time—it is
required to build the MT-cytoskeleton in interphase [6, 7]. In addition, in interphase,
the centriole functions as basal body to template the assembly of cilia and flagella
[8]. MT nucleation from the centrosome depends on the presence of y-tubulin con-
taining complexes [9]. The minus-ends of MTs are embedded at the centrosome,
while the plus-ends extend in the cytoplasm, forming a polarized network that sus-
tains chromosome (or molecular cargoes) movement. MTs possess an intrinsic
dynamic instability and are in general built by 13 polar protofilaments, each being
composed by heterodimers of o and p-tubulin [10, 11].

At the end of cell division, each daughter cell contains a single centrosome com-
posed of a pair of orthogonally organized centrioles [12]. This allows the assembly
an organized MT network in interphase [13]. To form a bipolar spindle at the next
mitosis, the centrosome is duplicated only once per cell cycle in a tightly regulated
process (Fig. Fig. 2.1) [15]. Centrosome duplication is licensed by centriole disen-
gagement, which occurs during G1 when centrioles lose their orthogonal configura-
tion [15]. Centriole disengagement allows the assembly—during S-phase—of one
daughter procentriole next to each mother. In preparation for mitosis, the centro-
somes starts recruiting PCM and the two centrosomes separate and nucleate MTs in
order to assemble the mitotic spindle. The very last step of cell division, cytokinesis,
will then separate the two centrosomes in two distinct cells.

2.1.1 Proteins Required for Centrosome Duplication

Proteins involved in the centrosome duplication cycle have been initially identified
through genome wide screens in C. elegans and they present functional homologs
in the fruit fly Drosophila melanogaster (D) and in humans (Homo sapiens, Hs).
Their recruitment to the centrosome and their activity are sequential [18-20].
Throughout evolution the three major steps required for centriole duplication have
been conserved [16, 17] (Fig. Fig. 2.2). They consist of:

1. Recruitment of kinase activity to the centrosome (proteins involved: SPD-2/
HsCEP192/DSPD-2 or HsCEP152/DAsl and ZY G-1/HsPLK4/DSak)

2. Formation of a procentriole-primordium (proteins involved: SAS-6/HsSAS6/
DSas-6 and SAS-5/HsSTIL/DAna2)

3. Incorporation of MTs at the newly formed procentriole (proteins involved:
SAS-4/HsCPAP/DSas4, HsCP110, Hsy-tubulin, HsCEP135/DBI1d10). Of note,
other members of the tubulin superfamily (zeta-, epsilon- and delta-tubulin) are
required to form centrioles in certain cells (for a review, see [25])

For simplicity, throughout this chapter, we will refer to these genes with their
Hs name.
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5. Spindle assembly

1. Centriole disengagement
or ciliogenesis

2. Centriole duplication

of b ]

3. Centriole elongation

4. Centrosome separation

Fig. 2.1 The centrosome duplication cycle. The centrosome is composed of a pair of centrioles
(green cylinders) [12] surrounded by pericentriolar material (PCM) (orange) [14]. It normally
duplicates once, in coordination with the cell cycle (composed by sequential G1-, S-, G2- and
M-phase) [15]. (/) Centriole disengagement or ciliogenesis. At the end of cell division, each
daughter cell contains a single centrosome composed by a pair of orthogonally organized centri-
oles. This configuration is lost in G1 in a process called “disengagement”, which license the cen-
trosome duplication cycle [15]. Alternatively, the mother centriole can dock at the membrane and
form the basal body that templates the assembly of cilia and flagella [8]. (2) Centriole duplication.
During S-phase a number of proteins are timely recruited on the disengaged centrioles and trigger
the assembly of a new centriole next to each parental one (see Fig. 2.2 for a more detailed descrip-
tion of the process) [18-20]. (3) Centriole elongation. The newly formed centrioles continue to
elongate during S-phase and the rest of the cell cycle [21]. From G2 onwards, the centrosomes
reinforce the recruitment of PCM material, which will serve to organize the mitotic spindle in
M-phase [22]. (4) Centrosome separation. At the beginning of M-Phase, centrosomes separate and
migrate at opposite side of the cell [23]. Each centrosome will be composed of two centrioles that
organize the PCM: an older, parental centriole and a daughter one. (5) Spindle assembly. In mito-
sis, the centrosomes nucleate MTs and organize the mitotic spindle, a network that contacts the
chromosomes and allows their segregation at opposite pole of the cells [24]

2.2 The Centrosome and the Mitotic Spindle

The mitotic spindle supports chromosome separation during mitosis. It consists of a
bipolar, antiparallel array of MTs [11, 26, 27]. In animal cells it is composed by
MTs nucleated mainly by the centrosome. Astral MTs are typical of centrosomal-
spindles: they emanate from the centrosome into the cytosol and—contacting the
cortex—play important roles in spindle orientation [28—31]. The mitotic spindle is
composed by different populations of coexisting MTs. These can be distinguished
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1. Recruitment of a kinase activity 2. Formation of a centriole 3. Incorporation of MTs at the newly
at the centrosome primordium formed centriole
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Fig. 2.2 Proteins required for centrosome duplication. The core machinery required for centro-
some duplication is well conserved [16, 17]. The proteins sequentially required for centriole dupli-
cation in C. elegans, D. melanogaster and H. sapiens are listed. They act timely to induce
recruitment of kinase activity to the centrosome (/), formation of a centriole-primordium (2) and
incorporation of MTs at the newly formed centriole (3)

based on their orientation, function and stability. Kinetochore MTs connect the
chromosomes to the spindle machinery while MTs that emanate from opposite
poles and interact in an antiparallel fashion are named interpolar MTs [27] (Fig. 2.1).

MTs can also be assembled by the Augmin complex through branching from
pre-existing MTs [32]. Additionally, MTs are nucleated at the level of the chromatin
by the establishment of a RanGTP gradient after nuclear envelope breakdown [33—
38]. Chromatin-dependent spindle assembly occurs physiologically in different sys-
tems. For instance, this occurs frequently during female meiosis, even in human
oocytes [39]. However, this process can also support spindle assembly when centro-
somes are experimentally removed (e.g. [40-43]).

Importantly, while bipolar mitotic spindle assembly can occur in the absence of
centrosomes, these organelles are normally required to ensure correct spindle orien-
tation. Spindle orientation determines the position of daughter cells at the end of
mitosis and contributes to the differential inheritance of cytoplasmic and cortical
factors [40, 44-48].

2.3 The Centrosome and the Cilium

One important role of the centrosome in interphase is to function as a basal body to
template the assembly of cilia and flagella. In light of human brain anatomy and
function, two kinds of cilia need to be described: motile cilia and primary cilia.
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Motile cilia normally present 9 MT doublets plus a central pair of MTs and are
required to mediate fluids movement in the human body. In the brain, ependymal
cells are responsible for the flux of the cerebrospinal fluid (CSF). These cells are
multiciliated: they present hundreds of cilia, which are formed by sequential, mul-
tiple non-canonical centriole duplication cycles [49, 50].

Primary cilia slightly differ from motile cilia in their structure, as they lack the
central pair of MTs [51]. These cilia, also known as non-motile cilia, mainly func-
tion as signalling hubs. In the brain, they are important to sense signalling molecules
transported in the CSF, including growth factors, sonic hedgehog (Shh) and Wnt
ligands [52-58].

2.4 General Principles Governing the Effects of Centrosome
Dysfunction

Centrosomes play important roles in determining the outcome of cell division, both
in terms of cell fate and cell survival. We conceive that centrosome defects can
impair this process by affecting at least four different mechanisms: orientation of
the mitotic spindle [28, 30, 40, 45, 48, 59, 60], correct chromosome segregation
[61-64] and assembly of a primary cilium [53]. In addition, centrosome loss can
affect cell proliferation: it has been recently shown that centrosome removal triggers
P53 activation and arrests vertebrate cell in G1 [65, 66].

The position of the spindle defines where daughter cells will be positioned at the
end of mitosis as well as the cortical/cytoplasmic inheritance they will receive.
During symmetric cell division, the factors inherited by daughter cells are equiva-
lent and the daughter cells will have similar fates. During asymmetric cell division,
daughters are unequal and will differ in fate [46]. In Drosophila neural stem cells,
cell fate-determinants are anchored to the membrane and directly transmitted to
daughter cells by cortical inheritance, while in mammalian NSCs structural ele-
ments such as junctions, the apical membrane and the basal lamina are proposed to
be responsible for cell fate determination [46, 57, 67-69]. Interestingly, the centro-
some itself can be inherited asymmetrically by stem cells and differentiating cells
[70-73]. The role of centrosome asymmetry during development or in maintaining
tissue integrity is still not understood. A plausible explanation comes from a study
performed in vertebrate cells in culture where it has been shown that, after mitosis,
primary cilia grow asynchronously in the two daughter cells [74]. The cell that
inherits the older centrosome will initiates ciliogenesis earlier than its sister, putting
forward the concept that centrosome asymmetry might influence the capacity to
sense environmental signals [74].

Centrosome defects can generate abnormal cilia, both in terms of number or
structure. For instance, the nucleation of extra primary cilia can impact on the abil-
ity of a cell to transduce Sonic Hedgehog (Shh) and Wnt signaling and might lead
to alterations in cell fate [53, 58].
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In addition, defects in centrosome number (mainly centrosome amplification)
and function can impair spindle activity during chromosome segregation. This can
lead to alterations in the karyotype of daughter cells, a condition known as aneu-
ploidy [75]. The pathological implications of an abnormal number of chromosomes
are extremely broad and can be associated with both over proliferation (e.g. cancer)
[76] or defective growth (e.g. microcephaly) [62], which will be further discussed in
the following paragraphs.

Aneuploidy per se can be at the basis of premature differentiation or cell death
[62, 77-80]. Additionally, lengthening of the G1 phase of the cell cycle has been
shown to cause exhaustion of proliferative divisions and favour differentiation,
probably by allowing the cell extra time to sense differentiation signals [8§1-83].

2.5 Neocortex Development: Evolutionary Insights

Drosophila is an invertebrate organism commonly used to understand the genetic
bases of developmental processes. Brain development in Drosophila is quite stereo-
typed and the deep knowledge of its anatomy and of the cell types composing it
render it an ideal model to explore the role of different factors in neurogenesis.
During embryonic development, a population of neural stem cells called neuro-
blasts (NBs) delaminates from the neuroectoderm and give rise to the larval brain,
composed by two lobes and a ventral nerve cord [84]. After a period of dormancy,
proliferation of the larval NBs resumes. NBs divide in an asymmetric fashion and
generate two daughter cells with distinct fates: a new NB, which retains the stem-
cell potential, and a ganglion mother cell, which undergoes a single additional divi-
sion. At the end, each NB gives rise to a reasonably invariant set of neurons and glial
cells [85].

The vertebrate brain (including Zebrafish, mouse and human brain) can roughly
be subdivided in three parts: the forebrain, the midbrain, and the hindbrain [86].

The mammalian brain is characterized by the development of the neocortex,
composed of six layers of neurons. It is the part of cerebral cortex which underwent
the biggest and most recent phylogenetic expansion, mainly by growth in the lateral
and radial dimension [57, 87, 88]. It originates from the divisions of neuroepithelial
cells, which give rise to a set of intermediate progenitors that will undergo addi-
tional divisions. Taverna et al. have proposed a classification of these populations
based on the localization of progenitor mitosis with respect to the ventricular zone
(VZ) (apical—AP, basal—BP and subapical progenitors—SAP), the extent of cell
polarity and their proliferative capacity [57].

The evolution of different types of progenitor cells in the primate and human
brain has contributed to the expansion of the cerebral cortex [88]. In particular, a
novel type of non-epithelial progenitors has been described in the outer subventricu-
lar zone (OSVZ), which are proposed to have contributed to the evolutionary expan-
sion of the human brain [89].
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The human brain strongly differs from that of other mammals by its degree of
corticalization, which accompanies an increase in cognitive functions [90, 91]. This
impressive growth in brain size has been accommodated in the skull thanks to gyri-
fication. Interestingly, it has been reported that the formation of gyri in the otherwise
unfolded mouse cortex (lissencephalic) can be induced by modifying the expression
pattern of a single protein or by forcing the expression of a human gene [92, 93].

2.5.1 Centrosome and Brain Development: Lessons
Jrom Drosophila

In order to explain the effects of centrosomal defects on brain development, we will
start by presenting two extreme cases: what happen when centrosomes are absent
and when they are present in excess (while for others—more specific—models, we
address the readers to the corresponding paragraphs). Both scenarios can be obtained
by mutating or overexpressing proteins involved in the centrosome duplication
cycle. For instance, mutations in Plk4 result in centrosome loss, while Plk4 overex-
pression causes centrosome amplification [59, 94].

In the absence of centrosomes, mitotic spindles can be assembled from the vicin-
ity of chromatin or from pre-existing MTs [32, 36, 37, 95]. However, centrioles are
indispensible to nucleate sensory cilia and sperm flagella [96-98]. Flies without
centrioles can develop in viable adults, but they die shortly after eclosion because
their sensory neurons lack cilia, affecting vital function such as movement, smell
and prioception [59, 94, 99—-101]. Acentrosomal mitoses do not generate aneuploidy
in dividing NSCs. However, due to lack of astral MTs, spindle orientation and
asymmetric cell division are perturbed, leading to an expansion of the stem cell
pool, which is tumorigenic in allogeneic transplantations [40, 44, 47, 102].

When extra centrosomes are present, their efficient clustering at the spindles
poles allows the formation of bipolar spindles and ensures correct chromosome
segregation. Flies with centrosome amplification do not present gross cilia defects.
However, asymmetric cell division is again perturbed, and the brain holds tumori-
genic potential [59].

Overall, we think that centrosome defects mostly affect spindle positioning in
Drosophila and that this is the main route by which cell proliferation is affected.
However, the mammalian brain can respond differently to the same kind of pertur-
bations (see paragraph, see below for further details).

Of note, not all tissues have the same way of responding to centrosome loss and
amplification. While centrosomes number in the brain is not a variable influencing
faithful chromosome segregation, it can generate aneuploidy in the wing disc [63,
103]. These results suggests that, when centrosomes are perturbed, mitotic fidelity
will rely on the strength of alternative mechanisms for spindle assembly or on the
capacity to achieve centrosome clustering.
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2.5.2 Centrosome and Brain Development: Lessons
Jrom Zebrafish

Small head size phenotypes were obtained by Novorol and colleagues in Zebrafish
after knockdown (KD) of four centrosomal genes: stil, aspm wdr62 and odf2 [104]
(see also [105]), generating abnormal centrosome number and localization. In these
mutants the microcephalic brain results mainly from mitotic defects - namely pro-
metaphase delay [104], while the contribution of p53-dependent apoptosis is minor.
In addition, the work from Pfaff, K.L. and colleagues [106], also reported a strong
mitotic phenotype with highly disorganized spindles in Zebrafish in the absence of
Stil. An additional Zebrafish model with non-functional centrosomes was obtained
by targeting NEDD1, which is required to recruit y-tubulin at the centrosome [107].
NEDDI1 knockdown (KD) resulted in mitotic arrest and apoptosis. Depending on
the intensity of the KD, the phenotype was spanning from embryonic lethality to
severe defects in the brain [107].

Depletion of Plk4 causes a strong size reduction in Zebrafish, mainly due to
abnormal spindles and mitotic defects, including a substantial delay in mitotic pro-
gression [108]. Moreover, the impairment of centriole duplication due to Plk4
knockdown results in a dilution of basal bodies and causes a dose-dependent ciliary
phenotype [108]: while a mild reduction in Plk4 levels mainly affect mitosis by
reducing the number of centrioles and thus altering the bipolar configuration of the
spindle, a stronger KD resulting in complete centriole/basal body loss impairs the
ability of cells of growing cilia [108].

The consequences of centrosome amplification in the Zebrafish brain have been
studied recently [109]. In this system, extra centrosomes do not cluster and induce
the formation of multipolar spindles. Multipolar divisions can lead to the presence
of multiple nuclei in one of the daughter cells. When occurring in the neuroepithe-
lial progenitors, this leads to apoptosis, tissue degeneration and death, affecting
mostly retinal neuronal layering [109].

2.5.3 Centrosome and Brain Development: Lessons
Jrom Mouse

Similarly to Drosophila, centrosome removal and amplification in mouse can be
achieved genetically by manipulating genes involved in the centrosome duplication
cycle [62, 110].

Since most vertebrate cells are ciliated, lack of centrioles would be expected to
cause lethality due to the absence of cilia. However, CPAP mutant mouse embryos
die earlier than mutants lacking cilia. In rodents, centriole presence becomes essen-
tial from embryonic day 9 [110-114] and experimental removal of centrosomes
causes mitotic delay and p53-dependent cell death in the embryo [110, 115, 116].
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Bazzi and Anderson recently showed that a null mutation in CPAP results in embry-
onic lethality at midgestation. They also observed a prometaphase delay and dem-
onstrated its involvement in p53 activation and p53-dependent apoptosis [110].

When progressive loss of centrioles is taking place in the neuronal precursors,
mice develop microcephaly [45, 110]. p53 removal rescues cell death and the reduced
brain size phenotype. However, it does not rescue the defects in tissue architecture
due to abnormal spindle orientation that leads to misplacement of neural progenitors
[45]. Very recently it has been shown that—in addition to randomizing spindle orien-
tation—CPAP silencing in post-mitotic neurons leads to abnormal morphology and
slower neuronal migration [117]. The defective neuronal migration described here is
ascribable to the function that CPAP exert on interphase rather than mitotic MTs, and
open new possible roles for centrosomal genes in contributing to growth disorders.
Supporting this view, Gabriel, E. and colleagues have shown that CPAP promotes
neural progenitors fate by promoting cilia disassembly, rather than by a centrosomal
function [118].

As centrosome loss, centrosome amplification in the mouse central nervous sys-
tem causes microcephaly [62]. Compared to Drosophila, mouse neural stem cells
have less efficient clustering mechanisms. Multipolar spindles cause errors in chro-
mosome segregation that leads to aneuploidy and p53-dependent cell death.
Interestingly, p53 inhibition rescues cell death, but prompts premature differentia-
tion of progenitor cells, mirroring results obtained in Drosophila aneuploid brains
[119]. However, while in flies premature differentiation is a primary response to
aneuploidy, in mouse it is probably a secondary mechanism taking over only when
the p53 primary response is not efficient. These observations seem paradoxical,
since aneuploidy has long been regarded uniquely as conferring proliferative advan-
tage. However, recent studies showing a negative effect of aneuploidy on prolifera-
tion put forward the novel concept that chromosome imbalance mostly hinders
proliferation, and only specific gain or losses might favor malignant transformation
(which might not occur through proliferative advantage—e.g. see [120-122]).

2.6 The Centrosome and Its Role in Primordial
Microcephalic Disorders

Primordial microcephalic disorders include a spectrum of diseases characterized
by severe growth retardation. Autosomal recessive primary microcephaly (MCPH)
(2.6.1), microcephalic osteodysplastic primordial dwarfism type II (MOPD-II)
(2.6.2) and primordial dwarfism disease Seckel syndrome (SCKS) (2.6.3) are all
primordial microcephalic disorders that share phenotypic and genetic traits. In the
following paragraphs, we will present a summary of clinical description and
molecular insights for each of these syndromes. These disorders can be linked to
premature exhaustion of proliferative division of stem cells, due to premature dif-
ferentiation or cell death. The causes underlying cell death/differentiation can be
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multiple and include defects in spindle robustness [123], in spindle positioning/
orientation [124], in cell cycle progression or DNA damage repair [125] or in
chromosome segregation [62].

2.6.1 Autosomal Recessive Primary Microcephaly (MCPH:
Microcephaly Primary Hereditary)

MCPH is characterized by a reduction of the occipito-frontal circumference, which
can be nearly normal at birth (—2) but is inevitably worsen in the first year of life
(=3) [126]. It is a rare genetic disease, found in about 100 families [127]. Brain size
reduction is proportionate, albeit affecting particularly the cerebral cortex [128].
Other clinical features are mental retardation, mild seizures and particular neuronal
migration defects [126—129].

MCPH causal mutations are found in a large number of genes and can all cause
premature differentiation, cell death and displacement of neural progenitors.
Thirteen MCPH loci (1-13) have so far been identified in human patients, encoding
for 13 different genes. MCPH genes can be grouped in 3 (partially overlapping)
categories:

1. genes with a role in centrosome and spindle function (CEP152, CEP63, SAS-6,
STIL, CPAP/CENPJ, CEP135, CDK5RAP2, CDK6, ASPM, WDR62 and STIL;
see next paragraphs for a detailed description);

2. genes with a role in chromosome dynamics. This include the kinetochore gene
CASCS, encoding for KNL1 [130] and CENPE. CENPE is encoded in an MCPH
locus, but generates a more severe phenotype, similar to MOPD-II [131];

3. genes with a role in DNA-damage related pathways. In this category we can
include Microcephalin, PHC1, ZNF335 [132-135]. Of note, CDK6, ASPM,
STIL are involved in both cell cycle regulation and centrosome function.

In light of recent results an additional, fourth class of genes involved in cell cycle
regulation (Microcephalin and ASPM), should be considered [81, 133].

For the purposes of this chapter, we will focus on the genes with a role in centro-
some and spindle function (category 1) and we will describe their identification in
MCPH, MOPD-II and SCKS. For the other genes, we address the reader to [127,
136, 137]. However, a small digression should be made on Microcephalin (Mcphl).
Microcephalin is mostly known for its role in DNA-related processes (DNA damage
response, chromosome condensation) [129, 138, 139] but was also involved in the
etiology of microcephaly through its role in coupling the centrosome cycle with
mitosis [140]. Indeed, mutations in Drosophila MCPH1 are early embryonic lethal.
Mutant embryos exhibit asynchronous nuclear and centrosome cycle, abnormal
centrosomes and spindles, chromatin bridging due to premature chromosome con-
densation and mitotic arrest [141, 142].
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Genes with a role in centrosome and spindle function that are at the origin of
MCPH were previously classified in centriole duplication genes, genes encoding
PCM proteins and genes that encode spindle-pole associated proteins [143].

2.6.1.1 Centriole Duplication Genes: CEP152, STIL, CEP135, CEP63,
SAS-6 and CPAP/CENPJ

CEP152 underwent positive selection in humans [144]. A non-conservative amino
acid change in CEP152 has been identified by SNP genotyping in three MCPH
families. Only one of the cases reported was heterozygous for the missense muta-
tion, with the second allele characterized by a premature stop codon [144].

Mutations in STIL that results in truncation of the protein has been reported in 4
MCPH families [145]. In 2014, Arquint and Nigg [146] described two truncating
mutations in STIL found in MCPH patients which perturbs its ubiquitination, thus
compromising its degradation and causing centrosome amplification.

MCPH mutations in CPAP/CENPJ have fist been described by Bond and col-
leagues, [147]. The authors found a homozygous single-base deletion and a substi-
tution resulting in an amino acid change in a very conserved residue of the protein.

A truncated form of the protein encoded by CEP135 has been described in
MCPH patients by Hussain et al. [148] and Farooq et al. [149]. So far, reported
MCPH mutations in CEP135 are a single base deletion in exon 8 and a splice site
mutation leading to complete skipping of exon 11 with loss of the C-terminus
domain of CEP135 necessary for the interaction with SAS-6 [149].

The protein encoded by CEP63 interacts with CEP152 and plays an important
role in regulating centrosome number. Homozygous mutations in this gene generat-
ing a premature stop codon have been found to cause MCPH [150]. Further analysis
demonstrated that the protein is normally localized in a discrete ring around the
parental centriole and that this localization is lost in patient-derived cells. Centrosome
maturation and separation were not found to be perturbed, however, the presence of
abnormal spindles—probably due to delayed procentriole assembly and erroneous
centriole engagement—highlighted possible defects in centrosome duplication
[150]. Surprisingly, the mitotic phenotype observed in CEP63KD cells was rescued
by exogenous targeting of CEP152 to the centrosome, suggesting that the microce-
phalic phenotype could be ascribed to the role of CEP63 in recruiting CEP152 in
rapidly proliferating cells. Interestingly, CEP63 deficient mice recapitulate SCKS. In
this model, mitotic errors due to centrosomal defects cause p53-dependent cell
death, resulting in a reduced brain size. In addition, CEP63 loss impairs male mei-
otic recombination [151].

A missense mutation within a highly conserved region of SAS-6 has been found
by homozygosity mapping in individuals from a Pakistani consanguineous family.
Tissue culture analysis of the I1e62Thr SAS-6 mutant revealed that this form of the
protein is less efficient in sustaining centriole formation. Further analysis by protein
KD revealed the presence of monopolar spindles [152].
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2.6.1.2 Genes Encoding PCM Proteins: CDK5SRAP2 and CDK6

The formation of a functional mitotic centrosome requires the expansion of PCM
around the centrioles, in a process known as centrosome maturation [153, 154].

CDKS5RAP? is a pericentriolar protein required for y-tubulin recruitment and
MT nucleation at the centrosome [155, 156]. It is a MCPH protein highly expressed
in the neuronal progenitor pool. Its loss causes depletion of apical progenitors due
to cell cycle exit and premature differentiation [157]. CDK5RAP2 mutations were
initially identified in two MCPH families. The mutations found were in coding and
non-coding regions of the gene respectively, causing an amino acid substitution in
the first case and aberrant splicing (generating a truncated protein) in the second
[147]. Strikingly, mutations in CDK5SRAP2 gene in mice (153) or in human pluripo-
tent stem cell-derived 3D organoid culture system (cerebral organoids) can reca-
pitulate microcephaly, probably due to premature neurogenic non-proliferative
divisions [159]. Interestingly, CDK5RAP2 mutations most likely contribute to
MCPH onset through defects in several processes. Characterization of a Hertwig’s
anemia mutant mouse model revealed the presence of multipolar spindles, spindle
mispositioning and increased apoptosis due to an inversion in CDK5RAP2 [158].
Cerebral organoids derived from reprogramming of patient skin fibroblasts, mainly
displayed misoriented spindles [159]. Finally, in the avian B cell line DT40,
CDKS5RAP?2 function has been linked to the cohesion between centrioles and has
been shown to promote cell cycle arrest in cells that underwent DNA-damage [160].
In flies, CDK5RAP2 plays several roles: for instance, it is required for centrosome
maturation [161], it regulates centrosome size [162], establishes centrosome asym-
metry [163] and represses dendrite branching [164], sustaining the view that muta-
tions in this gene might contribute to MCPH in different ways.

CDKG6 is a cyclin dependent kinase required for cell cycle progression and it was
found to be mutated in a Pakistani family with MCPH [165]. The mutation—
Alanine to Threonine conversion—occurs at the level of a very conserved residue.
In the same study, the protein was found to localize at the mitotic centrosomes, but
this localization was lost in patient primary fibroblast, leading to the conclusion that
CDK6 could play a role in organizing centrosomal-MTs and in centrosome
positioning.

2.6.1.3 Genes Encoding Spindle-Pole Associated Proteins: ASPM
and WDR62

ASPM is a protein required for spindle integrity, as it plays a role in focusing the
poles of the mitotic spindle [166]. It is normally down regulated during the switch
from proliferative to neurogenic division of neural progenitors and is required to
maintain spindle orientation [167]. Mutations in ASPM are the most common cause
of MCPH [168] and strong evidence favor a role for ASPM in neurogenesis: Pulvers
and colleagues [169] showed that in mice, ASPM mutations similar to those causing
microcephaly in humans, cause abnormal protein localization during mitosis. They
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also report the appearance of mild microcephaly that can be rescued by the human
transgene. A very recent paper proposed a role for ASPM in the etiology of MCPH
by regulating cell cycle progression through Gl instead of spindle orientation.
Capecchi and Pozner [81] generated a new mouse model and demonstrated that
ASPM can tune cyclin E ubiquitination and—thus—mitotic progression through
G1. Interestingly, mutations in the Drosophila functional homolog of ASPM can
also cause severe defects in brain size and neuroepithelium morphogenesis. The
absence of ASPM results in abnormal mitosis and increased apoptosis. In addition,
ASPM mutants present abnormal spindle positioning and abnormal interkinetic
nuclear migration, which compromises tissue architecture [170].

Missense and frame-shifting mutations in WDR62 have been identified in seven
MCPH families, making this gene the second most commonly mutated in MCPH
after ASPM. WDR62 is specifically expressed in neuronal precursors undergoing
mitosis and, similarly to what has been observed for CDK®6, the centrosomal local-
ization of the protein is lost in the mutant form [171]. More recently, the study of a
WDR62 mouse model established that mutant progenitor cells show spindle insta-
bility (including multipolar spindle formation) leading to mitotic arrest, cell death
and microcephaly [172]. Interestingly, mutations in the Drosophila functional
homolog of WDRG62 affect the asymmetry that normally characterizes apical and
basal MTOCs during interphase. This is due to a lack of Plk1/Polo recruitment on
the apical centrosome, which mediates MTOC activity [173].

2.6.2 Majewski/Microcephalic Osteodysplastic Primordial
Dwarfism Type I1 (MOPD-II)

MOPD-II patients are characterized by severe pre-natal and postnatal growth failure
with proportionate microcephaly at birth, that evolves in disproportionate microceph-
aly [174-176]. MOPD can be clinically distinguished from Seckel syndrome mainly
from the radiologic finding of skeletal dysplasia [175], as well as by less severe men-
tal retardation but more pronounced growth defects [177]. Mutations in the PCNT
gene (encoding a PCM protein) were described to be at the origin of both SCKS and
MOPD-II, with the diagnosis often revised when evidence of skeletal dysplasia
appear [178]. Absence of PCNT causes defects in spindle structure, which leads to
chromosome missegregation [179]. In [177] MOPDII was defined as a “genetically
homogeneous condition due to loss of function of pericentrin”. Analyzing the current
knowledge, Delaval A. and Doxsey J. proposed three mechanisms to explain the
implication of pericentrin in a phenotype of reduced growth: (1) through its role as a
DNA-damage checkpoint protein, (2) because of its function in MT nucleation and
(3) in light of its role in spindle orientation and organization [180].

1. Role of pericentrin as a checkpoint protein. Mutations in PCNT were reported in
individuals with SCKS and cells from these patients displayed defects in the
ATR-dependent checkpoint signaling for DNA damage [181]. In addition, peri-
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centrin plays a role in anchoring Chkl at the centrosome, thus regulating the
activation of centrosomal cyclin B-Cdk1. Its mutation would then be responsible
for premature mitotic entry, even in the presence of DNA damage [182]

2. Function of pericentrin in MT nucleation. Localization of Pericentrin at the cen-
trosome is required to sustain MT nucleation during mitosis [183] and thus to
ensure mitotic spindle organization [123]. Interestingly, pericentrin loss pheno-
copies CDK5RAP2 loss in mice and causes a reduced recruitment of CDKSRAP2
at the centrosome [157].

3. Role of pericentrin in spindle organization. PCNT depletion in human cells causes
y-tubulin loss at the centrosome and disrupts astral MT nucleation, [123], spindle
positioning [184] and organization, impairing chromosome segregation [210].

Of note, mutations in mouse PCNT and in the Drosophila functional homolog
cause ciliary phenotypes. A mouse model with hypomorphic PCNT mutation dis-
played malformed cilia in the olfactory chemosensory neurons [185]. Similarly, adult
flies present defects in sensory neuron cilia and sperm flagella function. However, in
this system, PCNT is dispensable for mitosis and spindle formation [101].

2.6.3 Seckel Syndrome (SCKS)

Seckel syndrome was described by Seckel in 1960 as a severe form of dwarfism
accompanied by microcephaly, a distinctive facies and mental retardation [186]. It
is a rare and heterogeneous type of primordial dwarfism, very similar to MOPD and
firstly distinguished from it by Majewski and Goecke [175]. Mutated genes identi-
fied so far in SCKS play a role in centriole duplication and are CPAP/CENPJ and
CEP152 [144, 187-189], initially associated with MCPH (see MCPH section for
further details on CEP152), and PCNT (see MOPD-II section for further details).
Interestingly, in mouse, a hypomorphic allele of CPAP/CENPIJ recapitulates several
features of Seckel syndrome. Those arise from defective spindle formation and
genetic defects such as polyploidy, aneuploidy and apoptosis [190].

2.7 Centrosomal Genes and Other Growth Syndromes

Genes with a role in centrosome and spindle function that are at the origin of other
forms of primordial microcephalic disorders other than MCPH, SKCS and MOPD-II
include CPAP, CEP152, PCNT (see previous sections for detailed descriptions), the
centriole duplication gene PLK4 and the PCM gene TUBGCPA4.

Plk4 PLK4 is the master regulator of centriole duplication [94, 191]. In 2014, two
different groups identified mutation in the Plk4 genes in individuals with microce-
phalic primordial dwarfism [108, 192]. Martin and colleagues analyzed a Zebrafish
model for P1k4 loss of function and found that centriole biogenesis is compromised,
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causing both longer, abnormal mitosis—which lead to impaired growth—and cili-
ary phenotypes. Interestingly, the growth and ciliary phenotypes were dependent on
Plk4 dosage. Indeed, cilia loss correlates with complete absence of basal bodies,
while mitosis can proceed and being perturbed even when centrioles are present, but
their number is reduced. This suggests that—in this system—mitosis is more sensi-
tive to centriole depletion than ciliogenesis [108].

TUBGCP4 TUBGCP4 (tubulin gamma complex associated protein 4) is a compo-
nent of the y-tubulin ring complex. Compound heterozygous mutations in TUBGCP4
have recently been reported in individuals with autosomal recessive microcephaly
and patient-derived fibroblasts presented abnormal MT organization and aneuploidy
[193]. Moreover, striking nuclear defects were reported: enlarged nuclei of abnor-
mal shapes, chromatin bridges and multinucleation were detected in patient-derived
fibroblasts [193].

In addition, mutations in POCI1 centriolar protein A (POC1A) have been reported
in patients affected by primordial dwarfism. Patient’s fibroblasts displayed abnor-
mal spindles and impaired ciliogenesis [194] and have been shown to contain cen-
trosome amplification [195].

2.8 Other Centrosome-Related Developmental Syndromes

Oral-Facial-Digital Syndrome Type I (OFD1) OFDI1 is a complex syndrome,
characterized by polycystic kidney disease and malformations of the mouth, face,
brain and digits. It represents an interesting case related to defective primary cilium
signaling, although it results from mutations in a basal body gene rather than a ciliary
gene. The syndrome is mainly caused by caused by mutations in the CXORF5/OFD1
[196], which colocalizes with y-tubulin, suggesting an association not only with the
cilium—but also with the centrosome [197]. Mutations in CXORF5/OFD]1 cause dys-
functions of the primary cilium, abnormal proliferation, abnormal Hedgehog and Wnt
signalling and defects in planar cell polarity [198]. In normal human embryos, the
gene product localizes in the organs affected by the syndrome, including the brain.

Meier Gorlin Syndrome Meier-Gorlin syndrome is a form of microcephalic
primordial dwarfism often due to mutations in DNA-replication proteins, like Orcl
[199]. Orcl depletion in Zebrafish was proposed to cause reduced body size due to
an impairment of replication licensing and cell cycle lengthening [199]. However,
in addition to controlling DNA replication by interacting with Cyclin A-CDK2, a
different domain of Orc1 controls Cyclin E-CDK2-dependent centriole and centro-
some copy number [200, 201]. Analysis of Meier-Gorlin causing mutations in Orcl,
revealed that they can cause centrosome amplification [201], putting forward the
idea that extra centrosomes might contribute to the growth-defective phenotype
observed.
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2.9 Concluding Remarks and Current Opinions
on Microcephaly

The genetic background of animal models used to study human diseases can dra-
matically influence the phenotypes observed. A representative example can be
found in CDK5SRAP2 mouse models. While the one used in [158] could recapitulate
microcephaly, the system used in [202] did not reveal significant defects in brain
size. The high degree of human brain corticalization, its complexity and the pres-
ence of specific progenitor cell populations are unique features, difficult to recapitu-
late with rodent model systems. Thus, the introduction of cerebral organoids
represents a great opportunity to study the etiology of human diseases.

Centrosome defects are very often at the origin of microcephaly and reduced
growth. However, other genetic or environmental phenomena can generate similar
effects. This is for example the case of fetal alcohol syndrome [203]. In addition, a
recent outbreak of microcephaly in Brazil with the number of cases increased of
20-fold in the last months [204, 205], indeed suggests that the developing human
brain is more vulnerable in terms of size than other organs. Why does the Zika virus,
a flavivirus that in adults causes relatively mild syndromes and is transmitted by
mosquitoes [206], affects specifically the developing brain remains to be
understood.

Zika tropism to the brain was reported in two studies in 1952 and 1971 [207,
208], but only recently it was shown to infect human neural progenitor cells, caus-
ing cell death and cell-cycle alterations [209] and providing a possible explanation
for the role of Zika in establishing brain size reduction.

Based on the current knowledge, we propose that the main mechanisms by which
abnormal centrosomal components can induce defective brain growth are aneu-
ploidy and alteration of cell cycle length. These can cause cell cycle exit or cell
death, leading to a premature exhaustion of neural progenitors. The recent Zika
outbreak raised awareness on microcephaly, which is normally a rare condition.
Despite great advances in elucidating its causes, the reasons why the development
of a normal-sized, well-organized brain is more susceptible to centrosome defects
than the rest of the body in vertebrates and mammals remains to be understood.

Importantly, the zygotic centrosome mutations found in MCPH mostly generate
architecturally normal but smaller brains, without affecting body size. Why is the
brain so vulnerable to centrosome mutations is an important question that remains
unanswered. One possibility is that neural progenitors are particularly susceptible to
centrosome mutations when compared to other progenitors in the body. Alternatively,
establishment of brain size might rely more than other organs on cell divisions that
occur during developmental stages. However, other possibilities should not be dis-
carded and this remains—in our view—the major open question in the field.
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Chapter 3

Dividing with Extra Centrosomes: A Double
Edged Sword for Cancer Cells

Alexander D. Rhys and Susana A. Godinho

Abstract The presence of supernumerary centrosomes is a hallmark of human
tumours. Recent work in animal models suggests that extra centrosomes are not just
bystanders in cancer but can accelerate tumourigenesis in the absence of the tumour
suppressor p53. Centrosome amplification could indeed actively participate in
tumour progression through the induction of chromosome instability, disruption of
tissue architecture and promoting cell invasion. Paradoxically, however, centrosome
amplification is rather poorly tolerated in normal cells and there are several hurdles
cells need to overcome in order to efficiently proliferate in the presence of extra
centrosomes. Here, we review the adaptation mechanisms that allow cells to effi-
ciently divide in the presence of extra centrosomes and how these could be exploited
to develop selective cancer therapies.

Keywords Centrosome Amplification * Mitosis ¢ Clustering ¢ Cancer ® Aneuploidy

3.1 Introduction

The centrosome is the main microtubule (MT) organising centre in animal cells,
consisting of a pair of orthogonally positioned barrel-shaped centrioles, embedded
in a proteinaceous matrix called the pericentriolar material (PCM), which provides
the site for MT nucleation. The two centrioles are structurally different at their distal
ends, with the older mother centriole containing distal and subdistal appendages
required for MT anchorage and ciliogenesis [1]. In cycling cells, the centrosome is
important for cell shape, motility and the formation of a bipolar spindle during
mitosis [1]. In addition, in many differentiated cell types, the mother centriole acts
as the basal body required for cilia formation [2].
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Fig. 3.1 Centrosome duplication. As cells enter G1 phase they have a single centrosome with two
orthogonally positioned centrioles, the mother centriole (dark green) has distal appendages,
whereas the daughter centriole (light green) does not. During G1 the centrioles disengage but
remain connected by a fibrous structure. In late G1/S phase the centrioles duplicate in a semi-
conservative manner by forming new centrioles perpendicularly to the existing ones. These daugh-
ter procentrioles then elongate and the centrosomes mature by recruiting PCM in G2. The fibrous
tether no longer connects the two centrosomes and they separate to opposite poles of the cell for
the formation of the mitotic spindle.

Centriole
duplication

Centrosome duplication occurs much like DNA replication, in a semi-
conservative manner during S-phase. The centrosome cycle was first elaborated
using electron microscopy and can be sub-divided into five main steps: centrosome
segregation in M-phase, centriole disengagement in late M-phase/G1-phase, centri-
ole duplication in S-phase, centriole maturation and separation in G2-phase
(Fig. 3.1) (reviewed in [3-5]). Centrosome duplication is limited to only once per
cell cycle, so that upon cell division each daughter cell inherits a single centrosome.
During early mitosis the two centrosomes move to opposite ends of the cell where
they are then able to anchor and nucleate MTs required for the formation of the
mitotic spindle, allowing faithful chromosome segregation [1].

Centrosomes were first described by Boveri in the 1880s as “the organ for cell
division”, being seen as a vital organelle required for cells to divide [6, 7]. Later
studies started to challenge this view when seed plant cells were shown to not con-
tain centrosomes [8]. Furthermore, using flattened primary spermatocytes from
crane flies, which lack a centrosome at one or both poles, Dietz found that cells
could still successfully divide their genetic material [9]. It is now established that
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acentrosomal cells can still form a bipolar spindle through microtubule nucleation
from chromatin [10]. This mechanism, initially observed in Xenopus egg extracts
[11, 12], is particularly important for the formation of bipolar spindles in female
oocytes, which lack centrosomes prior to fertilisation [13].

Despite being dispensable for cell division, loss of centrosomes in somatic cells
does not come without a cost. Acentrosomal Drosophila mutants, lacking DSas-4, a
protein important for centriole duplication, are able to produce flies [14]. These flies
go through development without any morphological abnormalities, however they
lack cilia and flagella, and die prematurely. Further examination showed that neu-
roblasts undergoing mitoses have defects in spindle positioning and asymmetric cell
division [14]. Previous work also showed that haploid cells derived from unfertil-
ised Drosophila cells lacking centrosomes are inherently aneuploid, suggesting that
centrosomes may be important for preserving genetic stability [15]. This concept
was recently established in DT40 B chicken cells where centrosome loss led to
slower mitoses with higher rates of chromosomal instability—suggesting that
centrosomes are important for rapid segregation of genetic material whilst main-
taining integrity [16]. This was further confirmed in cells treated with a selective
inhibitor (centrinone) of the kinase PLK4, the master regulator of centrosome dupli-
cation [17, 18], which leads to centrosome loss and low levels of chromosome
missegregation [19].

Although cancer cells can efficiently proliferate in the absence of centrosomes [19],
centrosome loss hasn’t been reported in cancer. In contrast, increased numbers of cen-
trosomes are often observed in cancer cells and considered a feature of human tumours
[20]. Intriguingly, and unlike loss of centrioles, amplified centrosome numbers can
have catastrophic consequences for the cell division and survival of cancer cells [21].
In this review, we will focus on the mechanisms that promote efficient cell division and
survival of cells with supernumerary centrosomes. We will discuss how, during mitosis,
centrosome amplification can both be detrimental and promote tumourigenesis.

3.2 Centrosome Amplification and Cancer

A link between extra centrosomes and tumourigenesis was first postulated over a
century ago by Theodor Boveri. Boveri suggested that extra centrosomes would
lead to multipolar cell divisions, resulting in genetic instability and malignant trans-
formation [6, 22]. Boveri based his theory on the observation that dispermic sea
urchin eggs, which contain multiple centrosomes, formed multipolar spindles that
led to asymmetric distribution of the genetic material. This was further supported by
the observations of Gino Galeotti and David von Hansemann, who first investigated
genetic instability in cancer and observed that abnormal mitotic divisions, including
multipolar spindles, are common features of human tumours [22-24]. Based on
this, Boveri theorised that extra centrosomes could drive aneuploidy from multipo-
lar cell division and subsequently tumourigenesis [22, 23].
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While Boveri’s hypothesis remained untested for more than 100 years, an exten-
sive body of work has established that the majority of solid and haematological
malignancies display centrosome abnormalities and, in particular, excessive numbers
of centrosomes [20, 25-31]. In most cases, centrosome amplification correlates
with high-grade tumours and poor prognosis, however it has also been observed in
some early low-grade lesions, giving weight to the argument that centrosome ampli-
fication could drive tumourigenesis [25, 28, 32-35]. Centrosome amplification is
also associated with tumour recurrence and metastasis in some cancers, making it a
potentially viable biomarker for advanced disease [20, 21, 35]. It is still unclear how
centrosome abnormalities are acquired in cancer, but several mechanisms have been
proposed to result in excessive numbers of centrosomes: centriole over-duplication,
de novo centriole assembly, mitotic slippage, cell-cell fusion and cytokinesis failure
(for review see [21]).

The recent development of transgenic mouse models to study the impact of cen-
trosome amplification on tumourigenesis enabled Boveri’s hypothesis to be tested.
Transient overexpression of PLK4, which leads to centrosome amplification [17,
18, 36, 37], was shown to accelerate tumourigenesis in mice that lacked the tumour
suppressor p53 [38, 39]. In the absence of p53, overexpression of PLK4 (PLK4OE)
in the mouse epidermis leads to rapid skin tumour formation [38]. Importantly, after
birth and prior to tumour formation, the percentage of epidermal cells containing
extra centrosomes decreases dramatically, which coincides with loss of overex-
pressed PLK4 mRNA levels [38]. However, aneuploidy generated by this transient
centrosome amplification is maintained, suggesting that it may play a role in the
rapid development of these tumours. Similarly, inducible ubiquitous PLK40OE
advances the onset of tumour formation, mainly lymphomas and sarcomas, in the
absence of p53 [39]. Although other types of tumours were not detected, hyperpla-
sia of the pancreas and skin was also observed in this model. It is possible that this
could reflect a different time course for the development of pancreatic and skin
neoplasias, since p53~~ mice succumb early to lymphomas [39]. In contrast, a dif-
ferent mouse model showed that ubiquitous centrosome amplification induced by
PLK4OE did not cause any acceleration of tumour formation, even in the absence
of p53 [40]. The nature of such differences is unclear at this point. However, one
possibility could be that constitutive overexpression of PLK4 could may impair
tumour acceleration [40], as in the model in which centrosome amplification results
in rapid tumour formation PLK4OE is only transient [38, 39]. Notably, PLK4OE
does not seem to induce the formation of new tumours, but rather accelerates the
development of tumours that form upon p53 loss. Altogether, these results suggest
that centrosome amplification alone can contribute to the tumour progression, either
by promoting aneuploidy [41, 42], disrupting asymmetric cell division and polarity
[37], altering cilia signalling [43], or by promoting the acquisition of invasive fea-
tures characteristic of aggressive tumours [44].
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3.3 Centrosome Amplification: A Double Edged Sword?

Tetraploid cells containing extra centrosomes undergo a negative selection over-
time, suggesting that at least in vitro centrosome amplification is deleterious to cell
survival [41, 44, 45]. This was further confirmed in a mouse model of centrosome
amplification, where a strong selection pressure to lose extra centrosomes seems to
exist, at least in the mouse epidermis [38]. This effect can be partially attributed to
the fact that cells containing extra centrosomes are prone to catastrophic levels of
aneuploidy resulting from a multipolar division and p53-mediated cell cycle arrest
[21]. Thus, it is becoming increasingly clear that in order to efficiently proliferate
cells need to adapt to centrosome amplification. There are two major barriers cells
need to overcome in order to maintain high levels of centrosome amplification:
firstly they need to bypass the cell cycle arrest induced by extra centrosomes and
secondly they need to form a pseudo-bipolar spindle to survive.

3.3.1 p53-Dependent Cell Cycle Arrest

Centrosome amplification as a consequence of cytokinesis failure and tetraploidiza-
tion [46, 47] or as a result of centriole over-duplication leads to the stabilisation of
p53 and consequently p21 expression, causing a G1 cell cycle arrest and decreased
cell proliferation [48]. Loss of p53 rescued the cell cycle defects, enabling cells to
survive in the presence of, and maintain, supernumerary centrosomes. Activation of
the p53 pathway does not seem to result from the aneuploidy generated by centro-
some amplification, but from the centrosome amplification itself [48]. Indeed, a
recent screen to identify modulators of p53 arrest mediated by tetraploid cells con-
taining extra centrosomes identified the large tumour suppressor kinase 2 (LATS2)
as an important factor for maintaining tetraploid cells arrested in G1. Moreover, the
authors found that phosphorylation of LATS2, which leads to Hippo pathway acti-
vation, was observed in cells containing multiple centrosomes, suggesting that cen-
trosome amplification could play a role on Hippo activation [49]. Activation of the
Hippo pathway could partly be attributed to the decrease of RhoA activity observed
in cells with extra centrosomes [44, 49], which was previously shown to activate
this pathway (reviewed in [50]). Because Racl antagonises RhoA [51], hyperactiva-
tion of Racl, as a consequence of increased microtubule nucleation, could explain
the low levels of active RhoA observed in cells with extra centrosomes, [44]. Thus,
it is possible that loss or attenuation of the Hippo pathway is an adaptation mecha-
nism that facilitates the survival of cancer cells with extra centrosomes although this
hypothesis needs to be tested in vivo.
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Fig. 3.2 Representation of mitotic cells with normal and supernumerary centrosomes. Cells with
normal centrosome number (2) undergo bipolar cell division (left). Cells with supernumerary
centrosomes (>2) in mammalian cells can either undergo multipolar cell divisions (right) or clus-
ter their extra centrosomes into a pseudo-bipolar spindle (middle). Representative immunofluo-
rescent images were taken in RPE-1 cells overexpressing PLK4 to induce centrosome
amplification. Cells were stained for centrioles (centrin, green), microtubules (alpha-tubulin, red)
and DNA (Hoescht, blue).

3.3.2 Dividing with Extra Centrosomes

Up until the early 1980s it was assumed that there would be a link between centro-
some amplification and multipolar cell division. However, work performed using
the N1E-115 mouse neuroblastoma cell line, in which almost all cells harbour
supernumerary centrosomes, revealed a phenomenon now termed ‘“centrosome
clustering”, where extra centrosomes remained closely associated through mitosis
[52] (Fig. 3.2). The ability to cluster these extra centrosomes into two poles enabled
the cells to form a pseudo-bipolar spindle, allowing for chromosome segregation
with little to no aneuploidy [37, 41, 52, 53].

In addition to centrosome clustering, other distinct but non-exclusive mecha-
nisms have been shown to allow cells to cope with extra centrosomes, including
centrosome inactivation, centrosome loss and asymmetric segregation of centro-
somes during division [54]. However, to date only centrosome clustering has been
observed in tumours.
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Table 3.1 Proteins involved in centrosome clustering.

Key proteins involved in centrosome clustering

Protein References
Spindle assembly checkpoint and chromosomal Mad2 [37, 55]
passenger complex AuroraB [57]
Borealin [57]
INCENP [57]
Survivin [57]
Kinetochore-microtubule tension SPC24 [57]
SPC25 [57]
HECI1 [57]
SGOL1 [57]
CENPT [57]
Sororin [57]
HURP [58]
Actin cytoskeleton ILK [59]
TACC3 [59]
ch-TOG [59]
Myol0 [55]
Myoll [55]
Moesin [60]
Microtubule associated proteins (MAPs) NuMA [56]
Dynein [56]
HSET/KIFC1 [37, 55]

3.3.2.1 Centrosome Clustering

Centrosome clustering is the best-characterised mechanism of coping with
supernumerary centrosomes. Since the experiments done in NIE-115 cells,
many cancer cell lines which have a large proportion of cells containing extra
centrosomes (>30%) have been shown to be able to cluster them efficiently [41,
52,53, 55, 56].

To identify the key proteins involved in centrosome clustering, and to try and
elucidate the mechanisms involved in this process, two genome-wide screens
were carried out in Drosophila S2 cells and the UPCI:SCC114 human oral squa-
mous carcinoma cell line [55, 57]. Multiple mechanisms were found to play
important roles in centrosome clustering: spindle assembly checkpoint (SAC)
and chromosomal passenger complex (CPC), kinetochore-microtubule tension,
and actin cytoskeleton and microtubule associated proteins (MAPs; see
Table 3.1).
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Spindle Assembly Checkpoint and Chromosomal Passenger Complex

The SAC plays a role in delaying the onset of anaphase until all kinetochores are
properly attached to the mitotic spindle [61-63]. In a normal mitotic cell with two
centrosomes, the SAC is satisfied when a large number of kinetochore-microtubule
interactions are made and stabilised, allowing the cells to progress through mitosis
[64]. Cells with extra centrosomes take a longer time to form these stable interac-
tions, leading to a prolonged SAC-dependent mitosis that facilitates centrosome
clustering [37, 55, 65]. Moreover, loss of the SAC protein Mad2 was shown to pre-
vent efficient centrosome clustering [37, 55, 65] leading to decreased viability in
flies with extra centrosomes [37]. Importantly, treating Mad?2 depleted cells with the
proteasome inhibitor MG 132, which delays anaphase onset, rescued the multipolar-
ity observed, suggesting that it is the resultant delay in anaphase onset, and not the
SAC itself, that is important to promote efficient centrosome clustering [55]. The
role of the SAC in prolonging mitosis in cells with supernumerary centrosomes
gives a potential hypothesis behind the increased mitotic index observed in tumours
[66]. Supporting this idea, transformed SV40 human fibroblasts have increased lev-
els of tetraploid cells containing supernumerary centrosomes and showed an
increased mitotic index when compared to their non-transformed counterparts [65,
67]. However, not all cells with supernumerary centrosomes showed delays in mito-
sis. Binucleated rat kangaroo kidney epithelial cells (Ptk2) containing extra centro-
somes divide without a mitotic delay. Interestingly, these cells do not cluster extra
centrosomes and undergo multipolar division [68], further supporting the idea that
delaying SAC inactivation might be an important mechanism to prevent
multipolarity.

In addition to the SAC, a role in centrosome clustering has also been described
for components of the CPC [57], which is involved in recognising and correcting
incorrect chromosome-microtubule attachments that are not bi-orientated, such as
merotely and syntely [62]. Knocking down any of the CPC components, such as
AuroraB, borealin, INCENP and survivin, in the USCI:SCC114 cancer cell line
resulted in de-clustering of supernumerary centrosomes [57]. It is possible that CPC
components facilitate clustering through the destabilisation of syntelic and mero-
telic attachments that will elicit a SAC response resulting in an anaphase delay that
promotes centrosome clustering.

Kinetochore-Microtubule Tension

Tension generated at the kinetochore-microtubule interface was shown to be
important to maintain centrosomes clustered at the spindle poles. Knockdown of
SPC24, SPC25 or HEC1, components of the Ndc80 complex important for stabilis-
ing microtubule and kinetochore attachments [69], resulted in clustering defects
[57]. In addition, depletion of SGOL1, CENPT and sororin, involved in generating
kinetochore tension resulted in a similar phenotype [57]. Furthermore, a role for
hepatoma up-regulated protein (HURP), which has been shown to serve as a



3 Dividing with Extra Centrosomes: A Double Edged Sword for Cancer Cells 55

Multipolar division —= Cell death

Supernumerary

centrosomes (2] Centrosome clustering
Asymmetric cell
division
Bypass
—=+ p53-mediated — Cell survival
cell cycle arrest
Aneuploidy

Centrosome inactivation

—e Cell survival

= Astral MTs =~ Kinetochore tension

s HSET 0 Cortical cues

Fig. 3.3 Schematic representation of the mechanisms that allow cells to divide with extra centro-
somes and how their consequences for cell division. Cells with supernumerary centrosomes (>2)
can undergo different cell fates, once they overcome a p53-mediated cell cycle arrest. Top—cells
can undergo multipolar cell division, leading to high levels of aneuploidy, resulting in cell death.
Middle—-cells can cluster their supernumerary centrosomes into two poles, this is determined by
factors such as the interaction of astral microtubules with the cell cortex, minus-end directed
motors such as HSET, cortical cues, SAC and kinetochore tension. Centrosome clustering results
in viable daughter cells but can leads to aneuploidy and defective asymmetric cell division.
Bottom—depletion of microtubule nucleating proteins results in inactivation of a centrosome,
stopping the centrosome having an effect on spindle orientation, resulting in two daughter cells.

kinetochore-microtubule stabilizing factor during mitosis [70, 71], has also been
identified in centrosome clustering [58]. Forces acting on the spindle poles are
important to prevent multipolarity, even in the absence of centrosome amplifica-
tion, by counteracting the traction forces generated during chromosome congres-
sion during prometaphase [72]. Thus, it is possible that clustered extra centrosomes
at the spindle poles could affect the fine-tuning of spindle forces making cells with
amplified centrosomes more reliable on some kinetochore proteins that regulate
kinetochore-microtubule tension (Fig. 3.3).

Actin Cytoskeleton

The actin cytoskeleton has been shown to play a part in translating cortical cues into
mitosis through the formation of retraction fibres (RFs) [73, 74]. Elegant work from
Thery et al. using micro-contact printing showed that during mitotic cell rounding,
the actin-rich RFs, which were linked to sites of adhesion, remain attached to the
substrate, conferring a spatial footprint to the mitotic cell. Interaction of astral
microtubules to the cortical cues specified by the RFs was shown to control spindle
positioning [74]. Importantly, this footprint can determine whether cells with extra
centrosomes cluster them or not. Cells that maintained a “bipolar” distribution of
RFs after cell rounding were able to cluster supernumerary centrosomes more
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effectively than cells that had a more distributed pattern around the cell, a process
that also requires astral microtubules [55]. Recent work has shed some light on the
mechanism by which astral microtubules respond to cortical cues. Assembly of sub-
cortical actin clouds, which are pools of subcortical actin that accumulate near RFs,
was shown to be important for the pulling forces on astral microtubules that position
the centrosomes near RFs [73, 75]. More recently, Kwon et al. demonstrated that the
unconventional myosin Myo10, which binds to microtubules as well as actin, is
required to orient the centrosomes towards the actin clouds and RFs by regulating
microtubule dynamics and end-on cortical-microtubule interactions [76]. Loss of
Myo10, previously shown to prevent efficient centrosome clustering [55], made
cells unresponsive to the cell adhesion footprint [76].

Furthermore, although it is still unclear how cell adhesion is translated into corti-
cal cues during mitosis, integrin-linked kinase (ILK), which regulates integrin-
mediated cell adhesion and localises to both focal adhesions and centrosomes,
facilitates clustering of supernumerary centrosomes through TACC3 and ch-TOG,
two proteins involved in regulating the minus end of microtubules at the spindle
poles [59]. Therefore, there is a potential role for cell adhesion proteins in control-
ling centrosome clustering, but further work is required to understand the interplay
between the actin cytoskeleton, adhesion proteins and cortical cues in this process.

Inhibition of cortical contractility can prevent efficient centrosome clustering,
suggesting that the actin cytoskeleton may also promote centrosome clustering by
controlling cortical contractility [55]. However, the mechanism by which contractil-
ity facilitate clustering is unknown. Myosin II and actin are important for centro-
some separation after centrosome duplication by providing key cortical forces [77].
Centrosome separation during mitosis is aided by inhibition of cortical myosin II
contractility by the astral microtubules, which in turn would lead to asymmetric cel-
lular contractility that drives the separation of the two centrosomes [77]. Whilst this
model works well for a cell containing the normal number of centrosomes, where
each is pushed to opposite sides of the cell, the model is more complicated when
there are multiple centrosomes, where depending on the contractility, they could be
pushed together, or apart. Further work is needed to fully understand the role of
cortical contractility in centrosome clustering, and how those forces are distributed
across the cell cortex.

Microtubule Associated Proteins (MAPS)

Cells with extra centrosomes depend on microtubule motors and associated pro-
teins, which play important roles in the organisation of the mitotic spindle, to cluster
supernumerary centrosomes [54, 78, 79]. The first microtubule proteins proposed to
have a role in centrosome clustering were the minus-end directed motor dynein and
the mitotic apparatus protein NuMA, a key component of the mitotic spindle [56].
NuMA regulates dynein localisation at the centrosomes, which in turn is important
for centrosome clustering in human cells. Increasing NuMA levels in cancer cells
containing supernumerary centrosomes results in dynein disassociation from the
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spindle poles and subsequent centrosome de-clustering and multipolar divisions
[56]. Titrating the levels of NuMA restores dynein localisation and clustering, sup-
porting the combined roles of the NuMA/dynein complex in this process [56].

The anaphase-promoter complex/cyclosome (APC/C) is an essential E3 ligase
involved in proteasome-mediated protein degradation essential to regulate mitotic
progression [80]. When bound to its co-activator CDH1, APC/C, essential to regu-
late metaphase to anaphase transition, was also shown to regulate centrosome clus-
tering [81]. The microtubule motor Eg5, a substrate of APC/C-CDHI, is stabilised
upon inhibition of APC/C-CDHI1 leading to an imbalance of forces within the spin-
dle that prevents efficient centrosome clustering [81]. This suggests that part of the
centrosome clustering occurs at metaphase to anaphase transition, which is in agree-
ment with our unpublished observations (Rhys and Godinho unpublished).

Another microtubule motor involved in centrosome clustering is KIFC1/HSET
(also known as nonclaret disjunctional, Ncd, in flies) [55], a member of the minus-
end directed kinesin-14 protein family. Depletion of KIFC1/HSET by siRNA results
in increased multipolar mitoses in cells with extra centrosomes, but has no effect on
cell division in cells with normal centrosome number, suggesting that HSET has a
unique role in centrosome clustering [55]. Importantly, loss of Ncd does not affect
viability of WT flies, but decreases survival of flies harbouring extra centrosomes
[37, 82]. Thus, KIFC1/HSET is a promising drug target that could potentially target
cancer cells.

3.3.2.2 Centrosome Inactivation

Alongside centrosome clustering, it has also been reported that centrosome inacti-
vation can contribute to the formation of bipolar spindles in cells with extra centro-
somes. Drosophila neuroblasts containing extra centrosomes, as a result of the
overexpression of SAK/PLK4, efficiently undergo bipolar mitoses. Although the
majority of extra centrosomes cluster into two poles, few un-clustered centrosomes
showed reduced levels of PCM and low microtubule nucleation activity [37]. These
observations suggest that extra centrosomes compete for PCM, and that centro-
somes that do not contain enough PCM will be inactivated and will not contribute
to the formation of the mitotic spindle. Centrosome inactivation has been previously
described in polyspermic newt eggs, where a gradient of y-tubulin, essential for
centrosomal microtubule nucleation, ensures that only the centrosome associated
with the principal sperm nucleus contributes to the assembly of the bipolar spindle
[83]. Recent work has shed some light into the mechanisms involved in centrosome
inactivation. In flies overexpressing SAK/PLK4, moesin, which is upregulated and
localises to the centrosomes in epithelial wing discs but not in neuroblasts, was able
to inhibit centrosome inactivation leading to increased multipolar divisions in epi-
thelial cells [60]. Furthermore, a hypomorphic moesin mutant caused a decrease in
the centrosomal accumulation of the PCM protein centrosomin, suggesting that the
regulation of PCM by moesin is important for centrosome inactivation. This is the
first evidence that the mechanisms to cope with centrosome amplification depend
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on the cellular context. However, it is still unclear whether the upregulation of moe-
sin observed in the wing disks are a result of SAK/PLK4 or reflect intrinsic differ-
ences between epithelial and neuronal fly cells.

3.3.2.3 Centrosome Loss

Centrosome removal is a mechanism often utilised by cells during oogenesis, where
the maternal centrosome is removed/destroyed to prevent the cell acquiring multiple
centrosomes after fertilisation [13]. Centrosome loss is associated with decreased
PCM and consequent loss of MT nucleation, probably leading to centrosome disin-
tegration [84]. The exact mechanism for centrosome elimination has not been fully
elucidated, however in C. elegans, it is reliant on the cyclin dependent kinase (cdk)
inhibitor Cki-2. In Cki-2 deficient oocytes the maternal centriole remains, resulting
in multipolar zygotic cell divisions [85]. More recently, loss of the helicase CHG-1
was shown to delay centrosome loss in C. elegans, probably by preventing the deg-
radation of specific mRNA(s) involved in this process [84]. It has also been sug-
gested that during the process of centrosome clustering, cells could asymmetrically
divide their extra centrosomes [86]. This would potentially enable one daughter cell
to inherit one centrosome, enabling this cell to successfully proliferate in future
divisions [86]. In addition, centrosome extrusion from the cell has been also
observed in Dictyoistelium [54, 87]. However, to date neither of these mechanisms
has been shown to be important for the survival of cancer cells with extra centro-
somes (Fig. 3.3).

There are therefore different mechanisms that allow cells to adapt and survive in
the presence of extra centrosomes. However, whether these mechanisms function
with similar efficiency in all cell types or if different cells have the same likelihood
to tolerate extra centrosomes is still unknown.

3.4 Are there Benefits to Centrosome Amplification?

Cancer cells actively maintain their supernumerary centrosome population, sug-
gesting that there is some advantage to maintaining them, despite the negative
effects described above. It is thought that the role of extra centrosomes on chromo-
somal instability, asymmetric cell division and a role in increasing invasion could be
beneficial effects of tolerating extra centrosomes.

3.4.1 Chromosome Instability (CIN)

It is well established that multipolar mitoses are poorly tolerated by cancer cells
and it still remains to be fully determined the extent to which multipolar cell divi-
sions could generate viable aneuploid cells [41, 45, 55]. It is therefore unlikely that
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Fig. 3.4 Supernumerary centrosomes can give rise to merotelic attachments and lagging chromo-
somes. Supernumerary centrosomes can promote merotelic attachments (when one kinetochore
attaches to microtubules that emanate from opposite spindle poles—orange lines) due to altered
spindle geometry. This merotely can then result in lagging chromosomes and subsequently aneu-
ploidy daughter cells.

the correlations observed between CIN, persistent rates of chromosomal altera-
tions, and centrosome amplification in tumours arises from multipolar divisions.
Indeed, centrosome amplification can drive CIN independently of multipolar divi-
sions [20, 88]. Cells with supernumerary centrosomes form a transient multipolar
spindle, which precedes centrosome clustering, that promote the formation of erro-
neous merotelic attachments [29, 41, 42]. These attachments, where a single kinet-
ochore is attached to both spindle poles, can go unrepaired, as the SAC is satisfied
once sister kinetochores are under tension and is not capable of determining
whether that attachment is correct or not (Fig. 3.4) (recently reviewed in: [89]).
Merotelic attachments can then result in lagging chromosomes, giving rise to aneu-
ploid daughter cells [90]. Thus, even in the absence of multipolar divisions, centro-
some amplification could lead to viable aneuploid cells, supporting Boveri’s initial
hypothesis. In addition, recent work suggests that lagging chromosomes, for exam-
ple as a consequence of centrosome amplification, could have a broader impact in
the generation of widespread CIN observed in tumours. DNA damage can occur as
a result of a lagging chromosome being caught at the cytokinetic furrow [91] or
when it is segregated into a micronucleus [92, 93]. Therefore, aneuploidy can be
generated through DNA damage and subsequent mutations, or “chromothripsis”,
where a chromosome or chromosome arm is fragmented and reassembled in a
random order [92, 94, 95].

The role of aneuploidy in cancer is not easily picked apart—aneuploidy and CIN
can aid tumourigenesis, but at high levels they can inhibit it [96, 97]. In agreement,
as a consequence of inefficient centrosome clustering and massive aneuploidy,
mouse neuronal cells with extra centrosomes undergo apoptosis leading to brain
developmental defects without any tumour formation [98]. In contrast, low levels of
aneuploidy as a consequence of transient centrosome amplification results in skin
carcinomas in mice lacking p53 [38]. In tumours, CIN can drive genetic heterogene-
ity, which could lead to the acquisition of advantageous features, allowing tumours
to evolve [99]. Thus, the generation of CIN could be an important selective pressure
to maintain extra centrosomes in tumours. Nevertheless, even in the context of cen-
trosome amplification, cancer cells need to find the right balance to utilise aneu-
ploidy to their advantage.
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3.4.2 Asymmetric Stem Cell Division

Stem cells are typically characterised by their ability to “self-renew” in order to
maintain the stem-cell compartment, as well as their capacity to produce daughter
cells that are able to differentiate. One mechanism used by stem-cells in order to do
this is asymmetric cell division, whereby one daughter cell maintains its stem-cell
fate, whereas the other differentiates [100, 101]. Experiments in Drosophila showed
that transplantation of neuroblasts with supernumerary centrosomes into the abdo-
men of adult flies resulted in fast growing tumours, with low levels of aneuploidy
[37]. Indeed, induction of aneuploidy is not sufficient to drive tumourigenesis in this
model [102]. Neuroblasts with supernumerary centrosomes, although able to cluster
them efficiently, showed defects in asymmetric cell division [37, 102], which has
previously been shown to lead to the expansion of the stem-cell compartment and
tumourigenesis [103]. Although it is still unclear how extra centrosomes affect
asymmetric cell division, several ideas have been proposed. The presence of super-
numerary centrosomes could disrupt of the normal cues directed by the mother and
daughter centrosome since the centrosomes are differentially segregated to the dif-
ferentiating or stem cell [104]. In addition, disorganisation of the astral microtu-
bules, which links the centrosome to the cell cortex could result in spindle orientation
defects [105]. Finally, extra centrosomes could potentially change the localisation
of polarity determinants in the cell [103]. Similar defects on spindle orientation
were also observed in mouse epidermis cells containing extra centrosomes that
undergo asymmetric cell division, but not in symmetric mitosis [106]. In contrast,
centrosome amplification in mouse neuronal cells does not induce spindle mis-
positioning during cell division [98], suggesting that these defects can vary accord-
ing to cell type.

3.4.3 Cell Invasion

In addition to the roles extra centrosomes play during mitosis (described above),
recent work highlighted that the contribution of centrosome amplification to
tumourigenesis might not be restricted to cell division. Indeed, multiple centro-
somes were shown to lead to cell invasion in cells plated in 3D cultures [44]. Cells
with extra centrosomes display higher levels of Racl activity as a consequence of
increased microtubule nucleation capacity, which leads to of cell-cell contacts
defects and cell invasion [44]. Similar results have also been observed in endothelial
cells where extra centrosome caused Racl activation leading to polarisation defects
during blood vessel formation [107]. As the microtubule cytoskeleton plays pleio-
tropic roles in cells, including cell migration, polarity, intracellular transport, it
would not be surprising that microtubule alterations downstream of extra centro-
somes could have a broader impact on tumourigensis than previously anticipated.
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3.5 Therapeutic Advantage

Cells with extra centrosomes have unique survival requirements, such as centro-
some clustering. De-clustering extra centrosomes, which leads to multipolar mito-
ses and massive aneuploidy, causes cell cycle arrest and cell death [41, 55, 108,
109]. Thus, centrosome clustering is an attractive therapeutic target for cancer
treatment.

Several drugs have been proposed to de-cluster extra centrosomes. Griseofulvin,
a nontoxic antifungal, has been shown to de-cluster centrosomes, as well as being
anti-mitotic in a variety of human cancer cell lines [109], and selectively kills
tumour cells at concentrations that are non-toxic to normal cells. A 2’-substituted
derivative of griseofulvin, which has the highest potency, is also the most efficient
at de-clustering supernumerary centrosomes, but further work needs to be done to
better understand the correlation between the cell death observed and de-clustering
[110]. Another set of compounds with potential for being used as de-clustering
drugs are phenanthrene-derived poly-ADP-ribose polymerase (PARP) inhibitors
[111]. PARP-1’s normal function is to detect and initiate base-excision repair of
DNA damage, as well as activation of DNA damage checkpoints and cell-death via
apoptosis. In addition, different PARP related proteins have been identified as being
required for centrosome clustering [55, 112]. In support of this, tumours with super-
numerary centrosomes treated with the PARP-1 inhibitor PJ-34 have increased mul-
tipolar spindles, mitotic catastrophe and death [113]. In contrast, non-transformed
cells treated under similar conditions showed no spindle morphology changes, and
cell viability was maintained [114]. Interestingly, PJ-34 was recently shown to sup-
press the expression of KIFC1/HSET, essential for centrosome clustering, which
could explain the de-clustering phenotype observed in breast cancer cell lines upon
treatment with this inhibitor [115].

The identification of important proteins such as KIFC1/HSET that are involved
in centrosome clustering, but do not appear to have an essential function in most nor-
mal cells, make them attractive drug targets. Newly developed KIFC1/HSET inhibi-
tors induce multipolar divisions via centrosome de-clustering in cell lines harbouring
supernumerary centrosomes, but not in cells with normal centrosome numbers
[116]. Likewise, another allosteric KIFC1/HSET inhibitor, CW069, was shown to
induce multipolar divisions in a panel of cell lines with supernumerary centrosomes,
and significantly impaired the viability of these cells. However, whilst not affecting
the spindle formation of MCF-7 cells which have a normal complement of centro-
somes, CW069 did impair their growth, suggesting some toxicity associated with
this drug [117]. Thus, although targeting KIFC1/HSET is an attractive therapeutic
strategy, developing less toxic and more specific inhibitors is essential to assess the
effectiveness of such a strategy in vivo. In general, the effectiveness of these de-
clustering inhibitors in treating tumours containing extra centrosomes in vivo is still
unclear and further work is required to assess the validity of such strategy as a can-
cer therapy.
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3.6 Concluding Remarks

Centrosome amplification is a widespread characteristic of both solid and haemato-
logical malignancies. However, centrosome amplification does not come without a
cost, as these cells tend to arrest or undergo a catastrophic multipolar mitosis. It is
now clear that cells require specific mechanisms that allow their proliferation and
survival in the presence of these abnormalities. This opens a window of opportunity
to develop strategies that selectively kill these cells. However, it is still unclear how
prevalent the different clustering mechanisms are and whether cancer cells require
to adapt to centrosome amplification. The novel in vivo models that are now avail-
able would be instrumental in addressing these questions. Because centrosome
amplification can accelerate tumourigenesis, induce CIN and promote cell invasion,
defining strategies that could eradicate cells containing extra centrosomes within a
tumour could positively impact cancer treatment. The discovery that centrosome
amplification could redirect the microtubule cytoskeleton to induce cell invasion,
emphasises how little we know about the impact of extra centrosomes and the cyto-
skeleton in cancer. To fully understanding the impact of centrosome amplification to
tumourigenesis, it is imperative to dissect the cellular changes associated with extra
centrosomes, in particular alterations of the microtubule cytoskeleton.
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Chapter 4
Kinetochore Malfunction in Human
Pathologies
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Abstract The cell cycle culminates in mitosis with the purpose of dividing the
cell’s DNA content equally over two daughter cells. Error-free segregation relies on
correct connections between chromosomes and spindle microtubules. Kinetochores
are complex multi-protein assemblies that mediate these connections and are the
platforms for attachment-error-correction and spindle assembly checkpoint signal-
ing. Proper kinetochore function is therefore key in preventing aneuploidization.
Mutations in genes encoding kinetochore proteins are associated with several severe
developmental disorders associated with microcephaly, and kinetochore defects
contribute to chromosomal instability in certain cancers. This chapter gives an over-
view of the processes necessary for faithful chromosome segregation and how
kinetochore malfunction causes various human pathologies.
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4.1 Mitosis and Mitotic Surveillance Mechanisms

During cell division, accurate chromosome segregation ensures that each daughter
cell receives a complete and identical copy of the genetic code, a process that is
essential for cell and organismal viability. Chromosome segregation errors result in
apoptosis or an abnormal DNA content referred to as aneuploidy. Aneuploidy, in
turn, leads to abnormal gene dosage, causing human conditions such as Down syn-
drome and Turner syndrome, exposes detrimental recessive mutations, and is asso-
ciated with cancer [1, 2].

Chromosome segregation is mediated by microtubules that emanate from the
spindle poles and attach to chromosomes through large protein complexes, known
as kinetochores, that are assembled on centromeric DNA [3]. Vital for correct seg-
regation is the stable attachment of each of the sister chromatids to the opposing
spindle poles (amphitelic attachments), a state called bi-orientation. The initial cap-
ture of microtubules by kinetochores is stochastic and individual kinetochores typi-
cally bind multiple microtubules (a fully attached HeLa cell kinetochore is bound
by approximately 20 microtubules, also known as k-fibers) [4]. This frequently
results in erroneous attachments configurations such as merotely (one kinetochore
bound to microtubules from both spindle poles) or syntely (both kinetochores bound
to microtubules from the same spindle pole). Such attachments are corrected by the
error-correction machinery, orchestrated by the Aurora B kinase [5].

Until proper bi-orientation has been achieved, the lack of stable attachments
needs to be communicated to the cell cycle machinery, which cannot be permitted
to prematurely initiate chromosome segregation (anaphase) and exit from mitosis.
Anaphase and mitotic exit are initiated by the E3 ubiquitin ligase anaphase-
promoting complex (APC/C) [6]. The surveillance mechanism responsible for this
wait-anaphase signal is the spindle assembly checkpoint (SAC, also known as the
mitotic checkpoint). The SAC is a feedback-control system that monitors
kinetochore-microtubule attachments and if needed delays anaphase onset by gen-
erating an inhibitor of the APC/C, known as the mitotic checkpoint complex (MCC)
[7, 8]. Once the last kinetochores achieve stable attachments, inhibitor production is
shut down, the APC/C is liberated, and anaphase can ensue.

4.1.1 Kinetochores

Kinetochores are complex multi-subunit structures that consist of more than a 100
different proteins in human cells, each at up to hundreds of copies per kinetochore.
Metazoan and fungal kinetochores are built on specialized centromeric nucleo-
somes that contain the histone H3 variant CENP-A/CenH3 [9]. These nucleosomes
direct assembly of an inner-kinetochore network known as the CCAN (constitutive
centromere-associated network) that is composed of 16 ‘CENP’ subunits (CENP-C,
CENP-S-X-T-W, CENP-H-I-K-M, CENP-L-N, and CENP-O-P-Q-R-U) [3, 9].
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Bi-orientation

Anaphase

Fig. 4.1 SAC signaling and contributions to chromosome bi-orientation at the kinetochore. At an
unattached kinetochore, MPS1 phosphorylation recruits BUB1, BUBR1, MAD1 and MAD?2 to the
kinetochore and triggers MCC formation. In parallel CAMP, CENP-E, CENP-F and NDEI-
Dynein are also recruited to the kinetochore, where they (and BUBR1) contribute to chromosome
bi-orientation (Note: the interactions that contribute to localization of CAMP, CENP-E and CEN-F
are not known). The kinetochore proteins that are associated with disease (as discussed in Sect.
4.3) are depicted in green

CCAN complexes in turn recruit outer kinetochore protein subcomplexes including
the KMN network that contains direct microtubule-binding proteins (Fig. 4.1). The
KMN network consist of the subcomplexes KNL1-C (KNL1-Zwintl), Mis12-C
(Mis12, Dsnl, Nsl1, Pmf1), and Ndc80-C (Ndc80/Hecl, Nuf2, Spc24, Spc25). The
Ndc80-C is the main interface of kinetochore-microtubule interactions responsible
for load-bearing attachments, with some contributions from the KNL1 protein [10].
The MIS12-C is required to properly target Ndc80-C and KNLI1-C to the kineto-
chore by connecting them to the CCAN, and enhances their microtubule-binding
affinities [11].
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4.1.2 Error-Correction and the SAC

Kinetochores not only connect to microtubules, but are also the central hubs for inte-
grating error-correction and SAC signaling [7]. Aurora B kinase localizes to the inner
centromere as a member of the chromosomal passenger complex (CPC) during early
mitosis. Its activity weakens the affinity of the kinetochore for microtubules by phos-
phorylating various members of the KMN network, eventually resulting in release of
the kinetochore-microtubule connection [5]. When it is unbound by a microtubule,
the Ndc80-C directly binds MPS1, the master kinase of the SAC [12, 13], which then
phosphorylates KNL1 on multiple repeat motifs, forming docking sites for the
BUB3-BUBI heterodimeric kinase complex [8]. This MPS1-BUBI axis is respon-
sible for recruiting a host of other proteins to the kinetochore, including those essen-
tial for forming the anaphase inhibitor (BUBR1, MAD1, MAD2, CDC20, RZZ
complex), those contributing to stabilization of attachments (e.g. CENP-F, BUBR1-
bound B56-PP2A, and the kinesin motor CENP-E), as well as those responsible for
attachment-error-correction [14-19]. While forming the anaphase inhibitor does not
seem to require BUBI kinase activity, attachment-error-correction does: BUBI
phosphorylates the C-terminal tail of Histone H2B, allowing binding of adaptor pro-
teins of the Aurora B kinase [20, 21]. Once a kinetochore achieves stable attachment
to spindle microtubules, the surveillance mechanisms at kinetochores have to be
quenched. This occurs by various mechanisms including displacement of MPSI,
removal of proteins by the Dynein motor complex, mechanical alteration within
kinetochores, and dephosphorylation of kinetochore substrates of MPS1 and Aurora
B. These events have been amply covered in various recent reviews and we refer the
reader to those for more details [22-25].

4.1.3 Microtubule Motors at Kinetochores

Chromosome movements and stability of kinetochore-microtubule attachments
involve kinetochore-localized motor proteins (Fig. 4.1). The plus-end directed kine-
sin CENP-E, for example, promotes chromosome congression to the spindle equa-
tor and contributes to full stability of attachment [26]. It is unclear how it localizes
to kinetochores, but one of its binding partners there is BUBR1 [27]. Kinetochores
also bind the minus-end directed motor complex Dynein, where it promotes micro-
tubule attachment, chromosome movement during anaphase, and spindle check-
point silencing [26, 28]. Dynein binds to kinetochores via several receptors, most
notably the RZZ-Spindly and the CENPF-NdeL 1-Ndel pathways [28]. How these
pathways cooperate in ensuring proper Dynein localization and function is currently
unclear.
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4.2 Aneuploidy and Chromosomal Instability

Defects in any of the kinetochore-related processes can cause whole-chromosome
segregation errors in mitosis or meiosis and lead to aneuploid progeny [29].
Aneuploidy (a chromosome number that is not an exact multiple of the haploid set)
is a hallmark of human cancers, and is a common cause for spontaneous abortions
and developmental disorders [2]. Specific aneuploidies (for instance trisomy or
monosomy of a certain chromosome) present throughout the body are referred to as
constitutional aneuploidies. Such aneuploidies are caused by chromosome segrega-
tion errors during germ cell formation in one of the parents [30]. A somatic aneu-
ploidy, on the other hand, is the result of a mitotic error and is present in only a subset
of an individual’s cells. Most constitutional aneuploidies cause embryonic lethality,
with trisomy 21 (also known as Down Syndrome, MIM 190685) being the most
notable exception. The consequences of somatic aneuploidies can also be severe.
Losing chromosome X during early embryonic development (monosomy X), for
instance, can cause Mosaic Turner Syndrome in women, a milder version of Turner
Syndrome which is characterized by short stature and an early loss of ovarian func-
tion [31]. Another example is Mosaic Variegated Aneuploidy (MVA), which will be
more extensively discussed in Sect. 4.3.5. Other disorders characterized by increased
aneuploidy include those with defects in DNA repair mechanisms, such as Ataxia
Telangiectasia (MIM 208900) and Nijmegen Breakage Syndrome (MIM 251260)
[32], and cohesinopathies, such as Cornelia de Lange Syndrome (MIM 122470),
Roberts Syndrome (MIM 268300) and Warsaw Breakage Syndrome (MIM 613398)
[33, 34].

Aneuploidy is a result of chromosome segregation errors, and cells prone to
missegregate chromosomes (either as a whole or in parts) are referred to as display-
ing a chromosomal instability (CIN) phenotype. It is important to emphasize that
aneuploidy represents a karyotype state, while CIN refers to the elevated chance of
making segregation errors. Down syndrome patient cells are aneuploid but not
CIN. While this seems intuitive, CIN is often erroneously inferred from aneuploid
karyotypes, most notably in cancer studies.

On a cellular level, CIN and aneuploidy can have numerous effects. Errors in
chromosome segregation lead to p53 activation and G1 arrest [35], likely through
DNA damage [36] or elevated ROS levels [37]. Gains or losses of chromosomes in
most cases result in a corresponding change in the expression of both genes located
on that chromosome [38], as well as genes on chromosomes other than the aneu-
ploid ones, the latter likely through alteration of transcriptional networks [38, 39].
In addition to these chromosome-specific changes, studies of aneuploid yeast, plant,
mice and human cells have revealed conserved gene expression responses to the
aneuploid state, most notably those related to cell growth, proliferation, nucleic-
acid metabolism, and stress responses [40]. Strikingly, complex aneuploidies elicit
the same transcriptional changes as a trisomy [41]. This all ties in with an aneuploidy-
induced proteotoxic stress response that is caused by limitations in protein folding
and protein turnover, leading to an accumulation of unfolded and misfolded proteins
[42]. All in all, aneuploidy usually results in reduced proliferation.
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On top of whole-chromosome aneuploidy, chromosome segregation errors can
cause additional genomic insults, depending on the type of error made. For exam-
ple, chromosomes that lag behind in anaphase or that end up in micronuclei can
acquire extensive DNA damage by various mechanisms, including cytokinesis-
induced double-strand breaks and incomplete replication [36, 43]. The results can
be devastating: unbalanced translocations and even chromosome shattering, also
known as chromothripsis [36, 44, 45]. Errors in cell division can therefore lead to
whole-chromosomal aneuploidy as well as structural aneuploidy, and may thus be
at the root of complexes genomic alterations in some cancers and congenital dis-
eases [46, 47].

Given these various far-reaching adverse effects, it is not surprising that aneu-
ploid cells are rare in healthy tissues. Recent single-cell sequencing efforts have
shown that the prevalence of aneuploid cells in healthy skin, liver and brain tissue is
less than 5% [48, 49]. It is unknown if this is due to very high fidelity of the chromo-
some segregation process throughout all phases of development and in our adult
stem cell populations, or whether aneuploid cells are cleared efficiently, as recently
shown in a CIN mouse model [50].

4.3 Congenital Kinetochore Syndromes

Mutations in the kinetochore genes KNLI, CENP-E, CENP-F, NDEI, CHAMPI,
BUBIB, and CEP57 (Fig. 4.1, Table 4.1) are associated with various congenital
diseases. Each of these syndromes is described in more detail below. Strikingly, a
common characteristic of patients carrying these mutations is microcephaly: a con-
dition in which the brain does not develop properly resulting in a smaller than nor-
mal head circumference. This seems to be a common outcome of mutations in
components of mitotic structures (centrosomes, spindle, kinetochores). The molec-
ular details behind this causal relationship are unknown, but a leading hypothesis is
related to the neural stem cells, the cells that generate the various differentiated
lineages in the brain, including neurons. Asymmetric divisions of these stem cells
by spindle mispositioning, or aneuploidy by chromosome segregation errors can
cause neural stem cell death and depletion of the stem cell pool [51, 52]. In support
of this, Drosophila brains developed to a smaller size when aneuploidy was intro-
duced in the neural stem cells [53]. A plausible scenario therefore is that kineto-
chore gene mutations cause microcephaly by aneuploidy-induced clearance of a
fraction of the brain stem cells.

Of note: mutations in SGO/ (a centromere and kinetochore protein important for
sister-chromatid cohesion) are known to cause CAID syndrome (MIM 616201), a
disorder characterized by chronic atrial and intestinal dysrhythmia [54]. However,
since the patient mutations do not seem to affect kinetochore function, we have not
included this disorder in the following discussion.
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Table 4.1 Kinetochore gene mutations and associated disorders

Gene Mutations Disorder Refs

CASC5/KNLI c.6125G>A; p.M20411 MCPH4 [58]-[60,
¢.6673-19T>A; p.M22251fs*7 132]

CENP-E ¢.2797G>A:p.D933N MCPH13 [61]
¢.4063A>G:p.K1355E

CENP-F c.165_193del; p.N57Kfs*11 Strgmme syndrome [65, 66,
¢.574-2A>C 133]

c.1744G>T; p.E582*

¢.2734G>T; p.E912X
¢.8692C>T; p.R2898*
¢.9280C>T; p.R3094*

NDE] c.-43-3548_83+622del Microhydranencephaly [134]
¢.83+1G>T; p.A29Qfs*114 Microlissencephaly [71,73]
¢.684_685delAC;
p-P229Wfs*85
¢.733dup; p.L245Pfs*70

CHAMPI €.635delC; p.P212Lfs*7 Mental retardation-40 [77, 135]

¢.1192C>T; R398*
¢.1768C>T; p.Q590*
c.1866_1867delCA;
p.D622Efs*8

BUBIB c.107G>A; p.R36Q MVA [83, 136]
¢.580C>T; p.R194*
c.670C>T; p.R224X
c.IVS10-1G>T;
p-Q467fs*483
c.IVS10-5A>G; W468fs*480
c.1649G>A; p.R550Q
c.1833delT; p.F611fs%625
¢.2211-2insGTTA;
p-S738£s*753

c.2441G>A; p.R814H
¢.2530C>T; p.L844F
¢.2726T>C; p.1909T
¢.2763G>C; Q921H
¢.3035T>C; p.L1012P

6G3 haplotype

CEP57 c.241C>T; p.R81* MVA [85, 137]
¢.520_521delGA;
p.E174Tfs*4
¢.915_925dup11; p.L309Pfs*9

¢ coding DNA sequence, p protein sequence

4.3.1 Primary Microcephaly (MCPH): CASC5/KNL1
and CENP-E

Autosomal recessive primary microcephaly (MCPH, MIM 251200) is a disorder
characterized by an unusually small head circumference, intellectual disability, and
in some cases mild facial dysmorphism and/or short stature. 16 loci are associated
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with MCPH; these include many genes that are important for proper cell division,
such as those implicated in centrosome biogenesis and mitotic spindle assembly, as
well as proteins that affect neuronal migration, DNA replication and the DNA dam-
age response. Two of the 16 loci are genes encoding the kinetochore proteins
CENP-E and CASC5/KNLI1 (see below).

Mutations in CASC5/KNLI (hereafter named KNLI) are associated with the
microcephaly variant syndrome MCPH4 (MIM 604321) (Table 4.1). MCPH4
patients exhibit mild to severe cognitive impairment, normal to short stature, and in
some cases some dysmorphic features. KNL1 (kinetochore null 1) is a large, multi-
functional kinetochore scaffold protein [11] that, together with Zwintl, forms the
KNL1-C, a part of the KMN network. KNLI1 is involved in the formation of
kinetochore-microtubule attachments and SAC signaling among others by provid-
ing docking sites for the BUB1 and BUBRI1 proteins [11]. In experimental systems,
penetrant depletion of KNL1 induces chromosome misalignment and premature
mitotic exit, causing chromosome segregation errors and thus aneuploidy [55-57].

All MCPH4 patients carry homozygous KNLI mutations that lead to incidental
skipping of exon 18 or 25, resulting in a frameshift and subsequent truncation of the
protein (Table 4.1). The mutation that causes incidental skipping of exon 18 also
causes a M20411I substitution (in both full length and truncated protein), located in
the Zwintl interaction motif. Nevertheless, the mutation had no significant effect on
total KNL1 levels, and, though conclusive live cell imaging data is lacking, quanti-
fication of micronuclei suggested that chromosome segregation fidelity was not
substantially affected, at least in the lymphoblastoid cell lines analyzed [58].
Possibly therefore, the effect of this mutation reveals itself only in brain tissue. On
the other hand, skipping of exon 25 resulted in a reduction of total KNL1 levels to
about 50% of the controls. In fibroblast and lymphoblastoid cells derived from these
patients, mitotic delays, increased micronuclei and an abnormal DNA damage
response were observed [59, 60]. The latter could be a novel function of KNL1 or
could be related to damage caused by mitotic segregation errors [36, 43].

Mutations in CENPE cause MCPH13 (MIM 616051) in two siblings. Both
exhibited profound short stature and microcephaly (also known as microcephalic
primordial dwarfism) associated with developmental delay, simplified gyri and
other isolated abnormalities. In both patients compound heterozygous point muta-
tions were identified (D993N and KI355E, in the central coiled-coil region;
Table 4.1) which did not adversely affect CENP-E (centromere protein E) protein
expression or stability [61].

CENP-E is a microtubule plus-end-directed motor protein required for proper
kinetochore-microtubule attachments and the congression of chromosomes to the
spindle equator [62, 63]. Experimental depletion of CENP-E impairs kinetochore-
microtubule attachment, slows chromosome congression, and consequently pro-
longs mitosis. CENP-E also affects centrosome stability as their fragmentation
increases upon CENP-E knockdown [27]. Patient mitotic lymphocytes displayed
reduced kinetochore levels of mutant CENP-E, which correlated with substantial
spindle multipolarity, chromosome segregation errors and micronuclei [61].
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4.3.2 Stromme Syndrome: CENP-F

Strgmme syndrome (MIM 243605) is characterized by microcephaly, and affects
multiple systems with features of a ciliopathy (a disorder characterized by defects
in the microtubule/membrane-based protrusions known as cilia that mediate cell
motility and transduce sensory information [64]). Affected individuals suffer from
microcephaly, intestinal atresia (absence of part of the intestine), variable ocular
abnormalities, and occasionally defects in other systems, such as the kidneys and
heart. The causative mutations were found to reside in the CENP-F gene (Table 4.1),
which severely affected protein expression [65, 66].

CENP-F (centromere protein F) is a large coiled-coil protein with two unusual
microtubule-binding domains that it uses for multiple processes in mitosis. CENP-F
couples mitochondria to polymerizing microtubules to allow for their segregation
during mitosis [67], and it enables kinetochores to remain bound to shortening
microtubules during anaphase [68]. Besides binding microtubules, CENP-F plays a
role in the recruitment of the two kinetochore motors Dynein (via NDE1) and
CENP-E [69] that mediate correct kinetochore-microtubule attachment and chro-
mosome alignment. Depletion of CENP-F also results in premature chromatid sepa-
ration, suggesting a role in the protection of sister-chromatid cohesion [17]. Finally,
CENP-F is required for ciliogenesis, possibly by targeting IFT88 to the ciliary axo-
neme [65]. No cell biological analyses were performed on cells derived from the
patients, so it is unknown which processes are affected in the patients. Nevertheless,
they may suffer from a combination of cellular defects that together cause the wide
array of symptoms observed in these patients.

4.3.3 Microhydranencephaly and Microlissencephaly: NDE1

Eleven patients in five families were diagnosed with microhydranencephaly or
microlissencephaly. Microhydranencephaly (MIM 605013) is a disorder in which
microcephaly is associated with severe hydranencephaly (where missing parts of
brain hemispheres are filled with fluid, causing enlarged head size, also known as
hydrocephalus). In microlissencephaly (MIM 614019), microcephaly is associated
with lissencephaly (where brain folds and grooves are underdeveloped). All patients
have homozygous truncating mutations in the NDEI gene that result in the expres-
sion of an unstable protein.

NDEI1 (NudE neurodevelopment protein 1) is an adaptor protein of the Dynein
microtubule motor complex. NDEI1 is found on centrosomes and the nuclear enve-
lope (NE) in interphase, where it ensures NE-centrosome anchoring, which is nec-
essary for proper spindle formation. In mitosis, it is found on kinetochores, where it
interacts with CENP-F, the protein mutated in Strgmme syndrome (Sect. 4.3.2), to
enable Dynein recruitment. Depletion of NDE1 leads to an increase in chromosomes
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that are incorrectly attached to the mitotic spindle, causing a significant increase in
chromosome segregation errors [69]. Interestingly, NDE1 was reported to be a neg-
ative regulator of ciliogenesis [70]. The unstable, truncated NDE1 proteins expressed
in the 11 patients lack the domains responsible for the interactions with both
CENP-F and Dynein (Table 4.1) [71-73]. NDEI malfunction in patient cells may
thus lead to mitotic defects as well as impairment of (interphasic) Dynein function.
The latter inhibits neuronal migration, a likely cause for lissencephaly [74].

4.3.4 Mental Retardation-40: CHAMP1

Autosomal dominant mental retardation-40 (MRD40, MIM 616579) disorder is
characterized by intellectual disability, global developmental delay and dysmorphic
facial features, as well as microcephaly [75—77]. All patients carried heterozygous
truncating mutations in the CHAMPI gene, which encodes the CAMP protein
(Table 4.1).

Relatively little is known about the function of CAMP (chromosome alignment
maintaining phosphoprotein). It localizes to chromosomes, the mitotic spindle and
kinetochores. CAMP binds MAD2L.2 (MAD2B/hRev7), a protein involved in regu-
lating mitotic entry and DNA repair at telomeres [78]. CAMP is also required for
the kinetochore localization of CENP-E and CENP-F, though direct interactions
have not been observed [78]. Knockdown of CAMP results in abnormal spindle
formation and chromosome alignment defects, possibly by misregulation of
CENP-E and CENP-F [78]. This role of CAMP may further involve Aurora B acti-
vation, as CAMP interacts with HP1 (Heterochromatin protein 1) and POGZ
(POGO transposable element with ZNF domain), both of which impact Aurora B
localization and sister chromatid cohesion [79, 80]. The CHAMPI mutations in
MRDA40 patients affected transcript level, and the resulting protein lacks the domains
necessary for its localization to chromosomes and the mitotic spindle as well as its
interaction with POGZ and HP1 [75]. Intriguingly, loss-of-function mutations in
POGZ have been identified in individuals affected by neurodevelopmental disorders
with a similar phenotype (intellectual disability, microcephaly) [81]. Loss of the
POGZ-CAMP interaction and misregulation of CENP-E and CENP-F function
(both associated with microcephaly syndromes, see Sect. 4.3.1 and Sect. 4.3.2) may
thus be key molecular causes of MRD40.

4.3.5 Mosaic Variegated Aneuploidy: BUB1B and CEPS57

Mosaic Variegated Aneuploidy syndrome (MVA, MIM 257300) is a rare autosomal
recessive disorder characterized by aneuploidies of mostly random chromosomes in
different tissues. Although the proportion of aneuploid cells usually is more than
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25%, there does not seem to be a correlation between the clinical phenotype and the
observed karyotypes [82]. MVA patients usually suffer from intrauterine growth
retardation and microcephaly. Eye anomalies, mild dysmorphism, variable develop-
mental delay, and a broad spectrum of additional congenital abnormalities and med-
ical conditions are also frequently part of the MVA phenotype. Furthermore, a
subset of MVA patients has developed childhood cancers such as Wilms tumor,
rhabdomyosarcoma, and leukemia [83]. To date, pathogenic mutations in two genes
have been identified in MVA patients: BUBIB and CEP57 (Table 4.1), both of
which are associated with the kinetochore [84, 85]. The phenotypes associated with
BUBIB and CEP57 mutations are broadly similar, although only BUBIB mutations
are strongly associated with cancer. Aneuploidy seems the most likely culprit caus-
ing the symptoms, but MVA has also been suggested to be a ciliopathy [86] or a
progeria (premature ageing) syndrome [87].

BUBIB (BUBI mitotic checkpoint serine/threonine kinase B) encodes BUBRI1,
a multi-domain pseudokinase implicated in various, mostly mitotic processes.
BUBRI localizes to mitotic kinetochores via KNL1 and binds CENP-E, the genes
mutated in MCPH4/13 (Sect. 4.3.1). BUBRI is required for SAC signaling by
directly inhibiting APC/C. It also promotes stable kinetochore-microtubule attach-
ments through direct binding of the B56-PP2A phosphatase [88]. In interphase,
BUBRI is thought to prevent inappropriate centrosome amplification [89] and to
positively regulate ciliogenesis through the suppression of disheveled (DVL),
canonical Wnt-activation and cell cycle progression [86]. BUBIB mutations in
MVA result in low protein expression, which is the primary molecular cause of
BUBRI malfunction [90]. The low expression is due to either biallelic combina-
tions of a truncating mutation that leads to RNA decay with a missense mutation
that destabilizes the protein, to a combination of two missense mutations that desta-
bilize the protein, or to one truncating mutation together with a haplotype that is
associated with low BUBRI expression. All mutations analyzed impair SAC func-
tion and chromosome alignment [90]. Furthermore, cells derived from patients with
BUBIB mutations displayed centrosome amplification and multipolar mitoses as
well as impaired ciliogenesis [86, 89].

CEP57 (centrosomal protein 57) was initially identified as an intracellular trans-
porter of fibroblast growth factor 2 [91], but has recently acquired more attention for
its roles at centrosomes and kinetochores. CEP57 binds and stabilizes microtubules
and thereby promotes spindle assembly, spindle pole integrity and central spindle
organization [92]. At kinetochores, CEP57 promotes SAC signaling, although it is
not absolutely required for it. It does so by binding the KMN network member
MIS12 and functioning as a scaffold for MAD1-MAD?2 [93]. The MVA-associated
mutations in CEP57 are homozygous truncating mutations [94]. It is unknown
whether they affect protein expression, though it is very likely that its microtubule-
binding capacity is impaired. Unfortunately, functional assays on cells derived from
these patients have not been performed so it is currently unknown if the cellular
defects of CEP57 mutant cells are similar to those of BUBIB patient cells.
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CEP57

Fig. 4.2 Model showing dependencies of kinetochore localization of disease-associated kineto-
chore proteins. Dotted arrows connecting CENP-E and BUBRI1 signify a direct interaction (exact
contributions to localization are unknown) [27]. Thin dotted arrows connecting CENP-F and
BUBRI signify interaction found in a yeast two-hybrid screen (direct interaction has not been
observed) [138]

4.3.6 Kinetochore Mutations in Microcephaly Syndromes: One
Common Pathway?

Strikingly, all proteins mutated in the congenital syndromes discussed have been func-
tionally linked in various studies (Fig. 4.2). CENP-E depends on KNL1, CAMP and
CENP-F for its kinetochore recruitment and is known to interact with BUBR 1. CENP-F
likewise depends on KNL1 and CAMP for its localization and, in turn, recruits NDE1
to the kinetochore. A common molecular defect in almost all kinetochore syndromes
(with the exception of CEP57) may therefore be malfunction of the kinetochore motor
proteins CENP-E and Dynein (via CENP-F and NDE1), both of which promote kinet-
ochore-microtubule attachments and chromosome bi-orientation. With the caveat of
relatively low number of patients, this begs the question if there is a particular reason
why this pathway as opposed to others involved in similar kinetochore functions is
found more frequently mutated. Mutation in components of this pathway may simply
result in a ‘just right’ level of aneuploidy that causes disease without early embryonic
death, while mutations in components of other pathways do not. Alternatively, there is
a functional difference between this pathway and others, for example impacting spin-
dle assembly or cilia function, in addition to aneuploidization. Organismal studies of
these and other mutations will be required to answer this question.

4.4 Kinetochore Proteins and Cancer

One of the hallmarks of cancer is the presence of highly abnormal karyotypes that
are characterized by structural and numerical aneuploidies. Over 90% of solid
tumors and 50% of blood tumors is aneuploid, with a quarter of the genome of a
typical cancer cell affected by either whole-arm or whole-chromosome copy num-
ber alterations [95, 96]. Aneuploidy may signal ongoing CIN, which is thought to
contribute to tumorigenesis, tumor progression, and the development of therapy
resistance [97]. Several mechanisms contribute to CIN in laboratory cancer cell
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lines, including replication stress [98], centrosome amplification [99], chromatid
cohesion loss [80], increased spindle microtubule dynamics [100], impaired SAC
signaling [101], and erroneous kinetochore-microtubule attachments [102—-104].
Those related to kinetochore functions are discussed below.

4.4.1 Premature Sister Chromatid Separation (PSCS)

Impaired SAC signaling and cohesion loss have in common that both defects lead to
premature separation of the sister chromatids. Experimental reduction of SAC pro-
tein expression in mice has not lead to conclusive insight into a potential role of
SAC defects in cancer. Whereas some models develop benign tumors late in life in
specific tissues, others suffer from earlier and more widespread tumor formation,
and yet others do not develop tumors at all or only with carcinogen challenges
[105]. The actual levels of CIN and the sensitivity of particular tissues to those lev-
els may explain the differences between animal models. Although SAC defects can
cause cancer, they may not be a common cause of tumor formation in humans. SAC
defects do not appear to be a common characteristic of laboratory CIN cancer cells
[106] and with the possible exception of MAD?2 in gastric tumors [107], mutations
in kinetochore genes are a rare occurrence [29, 108]. Moreover, though numerous
studies have reported the deregulation of SAC gene expression in different types of
cancer, there is no consistency between reports, and some reported overexpressions
may reflect a general activation of the cell division machinery [109].

Sister chromatids are held together by ring-shaped cohesin protein complexes. The
majority of cohesion complexes are removed from the DNA, but centromeric cohesin
is protected from removal by members of the inner centromere—shugoshin (ICS) net-
work until anaphase is initiated [110]. Premature cohesin removal in cancer cells has
been reported to occur at two levels. First, STAG2, a component of the cohesin ring,
is mutated frequently in cancers [111]. Targeted correction of the mutant alleles of
STAG? led to reduced cohesion defects and enhanced chromosomal stability [112].
Second, a recent study found that ICS network impairment is a cause for CIN in vari-
ous laboratory cancer cell lines derived from lung, colon, skin and bone tissues [80].
Mutations in components of the ICS network (BUBI, SGO1, CPC) are rare in human
cancers [113], but misregulation of the network at other levels may occur.

4.4.2 Persistence of Erroneous Kinetochore-Microtubule
Attachments

The type of segregation error most frequently seen in laboratory cancer cell lines is
lagging of chromosomes, most likely the result of a merotelic attachment state
[114]. Merotely can be caused by various means, including altered microtubule
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dynamics. Measurements of kinetochore-microtubule attachment turnover rates
revealed that attachments were generally more stable in CIN cancer cell lines than
in those that are non-cancerous and genetically stable. Reducing k-fiber stability in
the CIN cells was sufficient to restore chromosomal stability [100]. K-fiber stability
is regulated by various processes, including Aurora B-dependent regulation of the
microtubule-binding protein Ndc80/Hecl and the microtubule depolymerase
MCAK [5]. Genes such as AURKB and MCAK are rarely mutated or inactivated in
human cancer [113], but deregulated genes may indirectly promote attachment sta-
bility. Hecl, for instance, is frequently overexpressed human cancer, as is MAD2,
which, instead of mediating hyper-activity of the SAC, was found to hyperstabilize
kinetochore-microtubule attachments [115]. However, as mentioned in Sect. 4.4.1 it
is worth to keep in mind that some reported overexpressions may reflect a general
activation of the cell division machinery rather than a specific selection for overex-
pression of the gene in question [109]. Finally, the deregulation of the ICS network
deregulates Aurora B localization to inner centromeres, possibly affecting k-fiber
stability. Another means to achieve merotely is the presence of supernumerary cen-
trosomes that cause transient multipolar spindles which are enriched for merotelic
attachments [116, 117]. Late centrosome clustering then bipolarizes the spindle but
does not resolve some of the merotelic attachments. Centrosome amplification has
been shown to occur frequently in tumors and has a strong correlation with CIN
[103].

In colorectal cancer cell lines, attachment errors and lagging chromosomes
appear to be caused by an increase in microtubule plus end assembly rates [118].
This mechanism has similarities to merotely caused by centrosome amplification as
it also triggers transient spindle geometry abnormalities that facilitate the genera-
tion of erroneous kinetochore attachments. It seems likely that increased assembly
rates involve altered kinetochore function, but it is unclear if this is the case and
what the mechanism is.

4.4.3 Tumor-Suppressor Loss and Kinetochore Function

Altered expression of kinetochore proteins rather than mutations may be a more
common mechanism for CIN in tumor cells. Recent studies have implied various
transcriptional and post-transcriptional alterations due to loss of tumor suppressor
genes as a potential cause for this. Mutations in BRCA2 predispose to breast cancer
[119] as well as cancers in the ovary and pancreas [120]. One of its many functions
is the recruitment of P/CAF acetyltransferase to BUBR1 at the kinetochore, which
facilitates BUBR1 acetylation and protects it from proteasomal degradation.
BRCA2-deficient cells exhibit lower BUBR1 levels and impaired SAC signaling
[121]. Inhibition of the BRCA2-BUBRI interaction in mice led to spontaneous
tumorigenesis [121, 122]. In another example, mutations in 7P53 or RB/ increase
MAD? expression, leading to hyperstabilization of kinetochore-microtubule attach-
ments [123]. This is mediated by the transcription factor E2F, which is inhibited by
Rb, as well as indirectly by p53. MAD2 upregulation is required for CIN in mutant
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TP53 and RBI cancer mouse models [124, 125]. Conversely, MAD?2 expression is
also downregulated in certain types of cancer, for instance in neuro- and medullo-
blastomas. In these tumors, the repressor-element-1-silencing transcription factor
(REST) is frequently overexpressed, which negatively regulates MAD?2 levels [126].

Finally, the tumor suppressor APC, inactivated in most colorectal tumors, local-
izes to kinetochores in mouse embryonic stem cells, where it ensures proper spindle
assembly and k-fiber stability [127]. Whether there is a role for APC mutations in
CIN in human cancers is debatable, as APC loss in human intestinal organoid cul-
tures did not cause substantial CIN [128].

4.5 Conclusions and Future Perspectives

Recent next generation sequencing approaches have significantly contributed to the
rapid discovery of mutations in many new genes associated with a wide variety of
diseases. This has resulted in an increasingly longer list of mutated kinetochores
genes, especially in congenital neurodevelopmental disorders. Although the mecha-
nistic relation between the mutations and the disorders is unknown in all cases, most
affected genes control chromosome bi-orientation, spindle assembly, or both.
Consistent with this idea, many of the MCPH-associated genes encode centrosome-
associated proteins [129], raising the possibility that spindle assembly defects are
the common denominator of the microcephaly-causing gene mutations. Mosaic
Variegated Aneuploidy and Strgmme Syndrome are characterized by a much wider
variety of symptoms than the other mentioned disorders. Both have been suggested
to be ciliopathies, and it will be of interest to further investigate whether ciliary
defects are common in these patients and whether this contributes to their symp-
toms. Aneuploidy-induced senescence may also contribute to the different disease
phenotypes, and may explain some of the progeroid-like symptoms of MVA patients
[130]. We expect that the discovery of disease-associated mutations will continue to
expand rapidly over the coming years. It will be interesting to see whether muta-
tions in kinetochore genes continue to converge in certain functional pathways and
whether they contribute to diseases other than neurodevelopmental disorders.

A major unanswered question is how kinetochore defects contribute to cancer.
CIN seems the most parsimonious explanation, but there is currently a discrepancy
between levels of CIN/aneuploidy in models of kinetochore malfunction and the
extent of tumor development/progression. An animal model in which CIN can be
conditionally induced to various levels and monitoring CIN in the relevant tissues
will be crucial in addressing this conundrum. Finally, it is not understood why,
given the widespread occurrence of aneuploidy in human cancers, mutations in
kinetochore components are rarely found in cancer genomes. We speculate that such
mutations do occur but are either neutral or purged as a result of causing too much
aneuploidy. Loss of a single allele of kinetochore proteins in mice is generally well
tolerated while loss of both causes early embryonic death [131]. A level of aneu-
ploidy that eventually is beneficial to tumor cells may thus be more easily attainable
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by other mechanisms, including altered expression levels, for example by mutating
transcriptional regulators. Whether this is true awaits identification of the molecular
causes of CIN in human cancers.
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Chapter 5
The Elephant in the Room: The Role
of Microtubules in Cancer

Luca Cirillo, Monica Gotta, and Patrick Meraldi

Abstract Microtubules are the backbone of all eukaryotic cells cytoskeleton. Their
dynamic behaviour constitutes the basis for many biological processes such as cel-
lular motility, cytoplasmic transport and cell division. Some the most effective che-
motherapeutics, such as the taxanes, are microtubule interfering drugs. Moreover,
many studies suggest that microtubule dynamics are altered in cancer cell divisions
and linked to chromosomal instability, aneuploidy and development of drug resis-
tances. The elephant in the room, however, is that despite all these evidences, the
exact role of microtubules in malignancies remains elusive, partially due to the lack
of clear genetic alterations linking microtubules to cancer. This review will discuss
the molecular mechanisms that might alter microtubule dynamics in cancer cells,
the pro and cons of the different theories linking these alterations to cancer progres-
sion, and the possible directions to address future key questions.

Keywords Microtubules * Aneuploidy ® Chromosome instability ® Dynamic insta-
bility » Cancer * Microtubule-associated proteins ® Tubulin

5.1 Introduction

Microtubules are the main element of the mitotic spindle, which govern all aspects
of cell division and chromosome segregation. Microtubule polymers linearly
assemble from tubulin dimers composed of a- and B-tubulin; typically each poly-
mer contains 13 proto-filaments that assemble into a hollow cylinder with a diam-
eter of 22 nanometres. Microtubules are polarized with B-tubulin subunits exposed
to the solvent at the plus end, while the minus-end is capped by a-tubulin subunits
(see Fig. 5.1). Microtubules are nucleated at their minus ends via the y-tubulin com-
plex, which accumulates on the centrosome, the major microtubule organizing
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Fig. 5.1 Microtubules and their dynamic instability. Schematic representation of the dynamic
instability of microtubules. Dynamic instability is governed by four parameters: growth and
shrinkage rates, and catastrophe and rescue frequencies. Microtubules elongate adding tubulin
dimers to their plus end, in an end-to-end manner, as the « tubulin moiety binds to the  tubulin in
the preceding dimer. The resulting lattice is a cylindrical structure made of 13 tubulin protofila-
ments. The switch between growth and shrinkage depends on the hydrolysis of GTP bound to 3
tubulin. Microtubules grow as long as a cap of GTP-f tubulin protects their plus end. If § tubulin
hydrolyzes GTP at the plus-end tip, depolymerisation ensues

centre in animal cells. Microtubules mostly grow and shrink from the plus end
through addition and removal of tubulin-dimers. Both a- and f-tubulin bind to GTP,
but only p-tubulin stochastically hydrolyses GTP to GDP once incorporated into
microtubules, inducing a conformational switch that favours microtubule depoly-
merization. As long as the microtubule plus-end is capped with GTP-loaded dimers,
the microtubule will continue to grow; in case GTP hydrolysis in the cap is faster
than o/f-tubulin dimer addition, the plus-end loses its GTP-cap resulting in micro-
tubule depolymerization. This behaviour forms the basis for the dynamic instability
of microtubules, as microtubules stochastically grow, shrink and switch between
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these two states autonomously [1]. Microtubule dynamics are described by four
parameters: the growth and shrinkage rates, the catastrophe frequency (switching
from growth to shrinkage) and the rescue frequency (switching from shrinkage to
growth) (Fig. 5.1). These dynamics allow microtubules to explore the three-dimen-
sional space and led Mitchison and Kirschner to postulate the “search and capture”
model, by which microtubules rapidly grow and shrink during mitosis until they
bind a chromosome [2]. This binding stabilizes microtubules by suppressing micro-
tubule dynamics, allowing a robust attachment of chromosomes to the mitotic spin-
dle. This model was refined and complemented by additional pathways over the
years, but the control of microtubule dynamics remains a key part of our under-
standing of chromosome segregation. Altered microtubule dynamics can lead to
chromosome segregation errors, and have been linked to genetic instability, a key
hallmark of cancer cells. The idea that errors in the chromosome segregation
machinery might be linked to cancer is an old concept, since descriptions of cancer
cells in the late nineteenth century already reported centrosome abnormalities (see
accompanying review by Rhys and Godinho [3-5]). Studies in the last 20 years re-
discovered this theory, based on the fact that cancer cells often show aneuploidy [6],
which may arise from defects in microtubule dynamics during mitosis [7]. Here, we
review how control of microtubule dynamics governs mitosis, and we highlight the
potential mechanisms by which this regulation is altered in cancer cells, and how it
might contribute to cancer formation. We discuss the enzymes regulating microtu-
bule dynamics, the microtubule-associated proteins, the tubulin isoforms and the
post-translational modifications in the normal and pathological context. Those
interested in a broader view on microtubules and cancer should refer to the review
of Parker et al. [8].

5.2 Mitosis in a Nutshell

Cell division depends on the faithful segregation of chromosomes during mitosis, a
phase in which microtubules undergo a spectacular transformation (Fig. 5.2). As
cells are about to enter mitosis, the two centrosomes enhance their microtubule
nucleation capacity and migrate to opposite sides of the nucleus, while the chromo-
somes condense their DNA. After nuclear envelope breakdown, cells assemble a
bipolar spindle and spindle microtubules bind chromosomes via kinetochores, large
multi-protein complexes that assemble on centromeres and bind to the plus end of
spindle microtubules (see accompanying review by De Wolf and Kops). The aim is
to bind the chromosomes in a bipolar manner and to align them on the metaphase
plate, at equal distance between the two spindle poles. During this process a surveil-
lance mechanism known as the spindle assembly checkpoint (SAC) ensures that the
cohesion between the sister-chromatids remains intact until the last kinetochore is
bound by spindle microtubules [9, 10]. Once the SAC is satisfied the sister chroma-
tids are pulled apart to separate poles, allowing the re-formation of the nuclear enve-
lope before the two daughter cells are separated through cytokinesis.
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Fig. 5.2 Mitotic origin of chromosomal instability in cancer cells. Depicted is a model illustrating
the link between chromosome segregation defects and altered K-MT stability. Mitosis is a dynamic
process in which the genetic material must be equally segregated onto two daughter cells. To
achieve this goal, the microtubule-based spindle undergoes a series of dynamic changes during
mitotic progression. During prophase, the DNA condenses, the kinetochores assemble and the
centrosomes migrate to opposite poles of the nucleus. In prometaphase, the nuclear envelope
breaks down and the chromosome are bound by microtubules emanating from the centrosomes to
form the mitotic spindle. The mitotic spindle consists of three populations of microtubules: astral-,
interpolar- and kinetochore-microtubules. These three populations of microtubules exert forces
that allow the alignment of chromosome onto the metaphase plate. Once all the chromosomes are
aligned in the center of the cell, the segregation of genetic material can start. During anaphase, the
sister chromatids of each chromosome are pulled towards opposite poles of the dividing cell and
the two centrosomes are pushed apart. In telophase, the nuclear envelope reforms around the chro-
mosomes, before the cytoplasm is divided during cytokinesis. The correct attachment of microtu-
bules to kinetochores is crucial for the faithful segregation of the genetic material. Erroneous
attachments may arise and, if not corrected may result in lagging and missegregation of entire
chromosomes, and/or the formation of micronuclei, as is often the case in cancer cells. The former
phenomenon is the root of whole chromosomal instability (w-CIN) while the latter may lead to
structural chromosomal instability (s-CIN) in cancer cells

During each of these steps microtubule dynamics change. As cells transition
from interphase to mitosis, microtubules become more dynamic, increasing their
turnover rate, due to increased catastrophe and rescue frequencies [11]. Mitosis also
sees the emergence of different types of microtubules: the astral, inter-polar, and
kinetochore-microtubules (Fig. 5.2). Kinetochore microtubules are characterized by
a higher stability, as their half-life is in the order of 2-3 min in prometaphase, in
contrast to the other microtubule populations that have a half-life of about 10-15 s
[12]. As cells progress through mitosis the kinetochore-microtubules further stabi-
lize, increasing their half-life to 34 min in metaphase, before losing most of their
dynamicity in anaphase, with half-lives in the order of 10—15 min [12-14]. Although
kinetochore fibres do not undergo rapid depolymerizations at this stage, they
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nevertheless get shorter to pull the chromosomes towards the spindle poles, in a
combination of minus-end depolymerization at centrosomes and a kinetochore-
driven slow plus-end depolymerisation [15].

5.3 Deregulation of Microtubule Dynamics and Chromosome
Instability in Cancer

Any deregulation of microtubule dynamics can result in chromosome segregation
errors that may lead to chromosome instability (CIN). CIN comes in two flavours:
structural-CIN (s-CIN) and whole chromosome-CIN (w-CIN). The former refers to
changes in the structure of a chromosome, such as duplications, deletions, inver-
sions or translocations. The latter, also known as numerical CIN, is the result from
a gain or a loss of one or more entire chromosomes. CIN may cause karyotypic
variations (aneuploidies) that may increase the probability for a cancer cell to
acquire advantageous features, such as a higher proliferation rate or the resistance
to a drug [16-21]. Aneuploidy is very frequent in solid human cancers [6, 22, 23]
and cancers displaying CIN are associated with aggressiveness and poor prognosis
[24-29], raising the possibility that frequent CIN may contribute to cancer progres-
sion. The most common cause of CIN in human cancer cells are kinetochore-
microtubule attachment defects that may arise through deregulation of microtubule
dynamics [7, 16, 20, 30-33].

Normally, the two kinetochores of each chromosome must achieve bi-orientation,
with each sister-kinetochore bound by microtubules emanating from opposites spin-
dle poles (amphitely; Fig. 5.3). However, due to the stochastic nature of the attach-
ment process, erroneous kinetochore-microtubule attachments may arise: syntelic
attachments, in which both sister-kinetochores are bound my microtubules emanat-
ing from one spindle pole, and merotelic attachments, in which one kinetochore is
bound by microtubules originating from both spindle poles (Fig. 5.3; [34-36]). Both
types of errors must be corrected to prevent chromosome missegregation. Syntelic
attachments are destabilized by the centromeric kinase Aurora B via phosphoryla-
tion of the outer kinetochore proteins of the Knl1-Ndc80-Mis12 (KMN) network,
resulting in unattached kinetochores that activate the SAC [37, 38]. It is generally
assumed that the lack of inter-kinetochore tension in syntelic chromosomes brings
Aurora B in proximity to its substrates in the outer kinetochore proteins, however
other mechanisms might also contribute (Fig. 5.3; for more details see [39-42]).
Merotelic attachments, in contrast, are most likely not specifically destabilized by
Aurora B and are not detected by the SAC. Instead, error correction relies on the
normal detachment rate of kinetochore-microtubules, which is controlled by micro-
tubule dynamics. Given that the geometrical constraints of a sister-kinetochore pair
favour amphitelic attachments [43], a sufficiently rapid turnover of kinetochore-
microtubules will replace merotelic kinetochore-microtubule attachments over
time. Therefore, even though syntelic and merotelic attachments are corrected via
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Fig. 5.3 Erroneous kinetochore-microtubule attachments and their correction. Shown are the
most common erroneous kinetochore-microtubule attachments and their correction mechanisms.
In the case of a syntelic attachment, both sister kinetochores are bound by microtubules emanating
from the same centrosome. Syntelic attachment are corrected by the activity of the protein kinase
Aurora B, possibly due to the lack of tension between the two sister-kinetochores, which brings the
kinetochore-proteins under the influence of the Aurora-B activity gradient in between the two
kinetochores. Aurora B phosphorylates kinetochore proteins favoring microtubule detachment.
This gives the unattached kinetochore the possibility to bind new microtubules, eventually emanat-
ing from opposite poles. This greatly increases the chances to form a correct, amphitelic attach-
ment in which the sister kinetochores are bound to microtubules from opposite spindle poles. In the
case of a merotelic attachment, a single kinetochore is bound to microtubules originating from
both spindle poles. Error correction of merotelic attachment depends on microtubule turnover, as
kinetochore-microtubule attachments will detach in a stochastic manner. Since kinetochore geom-
etry favours amphitelic attachments, merotelic attachments are corrected over time if the turnover
rate is high enough

different mechanisms, they both rely on the dynamicity of microtubules. As a con-
sequence, any stabilization of kinetochore microtubules, as seen after the depletion
of the kinesins-13 MCAK (mitotic centromere-associated kinesin) or Kif2b (kine-
sin family member 2B), two mitotic microtubule depolymerases, will impair error
correction, leading to chromosome segregation defects [44].

Recent studies suggest that cells fine-tune this general correction mechanism by
differentially controlling kinetochore-microtubules dynamics in space and time. At
the spatial level kinetochore-microtubule attachments of mis-aligned chromosomes
close to centrosomes are destabilized by the centrosomal kinase Aurora A, a paralog
of Aurora B [45-47]. At the temporal level the half-live of kinetochore-microtubules
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increases as cells progress from prometaphase to metaphase, destabilizing the erro-
neous attachments in early mitosis and to stabilize correct attachments in meta-
phase. This increase is under the negative control of Cyclin A, a co-activator of the
Cylin-dependent kinase Cdk1 that is gradually degraded after mitotic entry [48].
The critical target of Cdk1/Cyclin A is, however, not known. Another pathway that
regulates kinetochore stability in time is the molecular switch made by CLASPI, a
microtubule plus-end binding protein [49]. In early mitosis CLASP1 is associated
to the microtubule depolymerase Kif2b, which destabilizes kinetochore-microtubule
attachments; as mitosis progress to metaphase CLASP1 binds to Astrin and pro-
motes microtubule plus-end growth, thus stabilizing kinetochore-microtubule
attachments [49, 50]. Nevertheless, metaphase kinetochore-microtubules are still
under the control of the microtubule depolymerase MCAK [7, 51, 52], providing
the required balance in microtubule stability. MCAK is a direct substrate of
Aurora-B, which acts as a master regulator of kinetochore-microtubule stability
[52-54], reviewed in [42], as reflected by the fact that Aurora-B inhibition over-
stabilises kinetochore-microtubules, resulting in massive chromosome segregation
errors [55-60].

The identification of the link between microtubule dynamics and error correction
have led to the hypothesis that cancer cells accumulate chromosome segregation
errors and become aneuploid because they over-stabilize their kinetochore-
microtubules, preventing efficient correction of merotelic and syntelic kinetochore-
microtubule attachments. This hypothesis was tested by the Compton group which
found that kinetochore-microtubules in cancer cells tend to have a higher half-life
and that such an increase in kinetochore-microtubule stability is sufficient to induce
CIN [7]. Moreover overexpression of the microtubule-depolymerases MCAK or
Kif2b suppressed CIN in cancer cell lines as it destabilized kinetochore-microtubule
attachments [13]. Microtubule stabilization has been also linked to the DNA dam-
age response, which is frequently active in cancer cells, as DNA damage in mitosis
increases kinetochore-microtubule stability and induces CIN via the mitotic kinases
PIk1 (Polo-Like Kinase 1) and Aurora A [61]. Finally, overexpression of the spindle
assembly checkpoint protein Mad2 (Mitotic Arrest Deficient 2), a condition that can
arise after loss of the tumour suppressor Rb [62], inhibits Aurora B function, also
leading to microtubule stabilization and CIN [48].

An alternative deregulation of microtubule dynamics that may also contribute to
CIN in cancer cells is the microtubule assembly rate. Holger Bastians and collabo-
rators found that this parameter is higher in colorectal cancer cells displaying CIN
than in non-CIN colorectal cancer cells [31]. Conversely, addition of taxol, which
freezes the microtubule assembly rate, suppressed the CIN phenotype. Deregulation
of microtubule dynamics occurs in these cells via a pathway in which the check-
point kinase-2 (Chk2) phosphorylates the DNA repair factor breast cancer 1
(BRCA1), resulting in a reduction of Aurora A activity [63—65]. Loss of Chk2 (fre-
quent in colorectal cancer), BRCA1 (frequent in colorectal and breast cancer) or
overexpression of Aurora A (frequent in breast and colorectal cancer) [66-70], all
increase the microtubule assembly rate leading to CIN [31, 63]. In this case chromo-
some segregation errors do not arise as a consequence of an impaired error



100 L. Cirillo et al.

correction, but result from a defective or delayed assembly of the bipolar spindle
[31]. Indeed, cells that fail to rapidly assemble a bipolar spindle, with fully sepa-
rated spindle poles at the opposite ends of spindle axis, form numerous merotelic
kinetochore-microtubule attachments that saturate the error-correction machinery
[32, 71, 72].

Overall this suggests that chromosome instability due to altered kinetochore-
microtubule or spindle microtubule dynamics is a key element of the chromosomal
instability seen in cancer cells. By acting as a “mutator”” phenotype, such instability
could accelerate tumorigenesis or contribute to drug resistances frequently seen in
late stage cancers.

5.4 Microtubule Dynamics, CIN, Aneuploidy and Cancer:
Evidence for and Against

Although the model linking changes in microtubule dynamics, chromosome segre-
gation errors, CIN, aneuploidy and cancer is attractive, there are controversial points
and many unresolved questions. At the phenomenological level although there is a
correlation between the presence of merotelic chromosomes and CIN [7, 13, 33], it
is striking that merotelic chromosomes rarely missegregate in anaphase, raising the
question to which extent they give rise to whole chromosome CIN [73-75].
Nevertheless, lagging merotelic chromosomes in anaphase often end up forming
micronuclei in the ensuing interphase. In micronuclei chromosomes experience
severe DNA damage with major chromosomal rearrangements, a phenomenon
called chymotrypsis [76, 77]. This could suggest that lagging chromosomes are
more a cause of structural CIN, whereas whole chromosome CIN may have an inde-
pendent origin. Therefore, it will be important in the future to test the exact relation-
ship between altered kinetochore microtubule stability and whole chromosome CIN
in cancer tissues.

A second question is whether CIN is sufficient to induce aneuploidy and ulti-
mately cancer formation. Indeed, chromosome missegregation, alone, is not suffi-
cient to drive aneuploidy in stable diploid cell lines [33]. It is nevertheless possible
that these conditions do not resemble those found in vivo. Many more generations
of CIN may be needed to result in an advantageous karyotype that will emerge, and/
or another event may be required to establish aneuploidy. A prime suspect is loss of
the tumour suppressor p53, which blocks the cell cycle after chromosome mis-
segregation [78, 79]. A second suspect is tetraploidy, which in conjunction with p53
loss, favours the appearance of aneuploidy [80]. Consistent with this idea genetic
backgrounds in mice leading to a pure CIN phenotype have only led to cancer for-
mation at a late age [81-85]. In conjunction with other tumorigenic conditions, in
some cases it accelerated, but in other cases suppressed cancer formation, suggest-
ing that CIN is a double-edged sword that must be evaluated within a defined genetic
background (reviewed in [86]).
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Finally, whether aneuploidy on its own gives rise and contributes to cancer is
matter of debate (for a review refer to [87, 88]). Yeast strains carrying extra chromo-
somes are defective in cell cycle progression and show poor viability, as well as
aneuploid mammalian cells [89, 90]. Moreover, single chromosome aneuploidy acts
as a tumour suppressor [91] arguing against an advantage for cancer cells of an
aneuploid karyotype. Nevertheless, almost 70% of all solid tumours are aneuploid
[6] and many observations suggest that aneuploidy can trigger cell transformation
[17, 21, 92-94]. Moreover, human diseases that lead to aneuploidy are often associ-
ated with increased cancer risk. For instance, people affected by mosaic variegated
aneuploidy syndrome (MVA) are predisposed to childhood cancer [95-98].
Therefore, the link between aneuploidy and cancer remains to be fully understood.

At the molecular and cellular level, there are a number of unresolved points in
the link between kinetochore-microtubule stability, CIN, aneuploidy and cancer.
First, although the two models linking changes in microtubule dynamics and CIN
(change in microtubule stability and change in microtubule polymerization rate)
may appear very similar, they are not the same. In the microtubule stability model,
taxol leads to a higher microtubule stability and a higher rate of chromosome segre-
gation errors [13]; in contrast in the microtubule polymerization rate model, taxol
reduces this polymerization rate, leading to a lower CIN rate [31]. This suggests that
both models cannot be true at the same time in the same cell. However, both models
were tested in different cell lines (osteosarcoma and glioblastoma for the stability
model vs. colorectal cancer cell lines in the case of microtubule polymerization
rate), which raises the possibility that both types of deregulation exist, depending on
the cancer type. Moreover, excessive destabilization of kinetochore-microtubules,
has been also linked to the appearance of lagging chromosomes [99], implying that
multiple types of microtubule deregulation could lead to the same phenotype. A
second case of disagreement focuses on the exact function of the factors that regu-
late kinetochore-microtubule stability. Plk1 has been proposed to destabilize micro-
tubules via Kif2b [100], or conversely to stabilize kinetochore-microtubule
attachment [61, 101]. A similar controversy concerns Aurora A, as it contributes to
an increased microtubule stability and microtubule growth rate in some situations
[31, 61, 102, 103] but has also been shown to activate the microtubule destabilizer
MCAK [104] and to destabilize kinetochore-microtubule attachments near the cen-
trosomes [45—47]. This could suggest that Plk1 and Aurora A fine-tune kinetochore-
microtubule stability depending on the mitotic phase and the location of the
respective kinetochore. Another difficulty is that measurements of microtubule
dynamics by photo-activation experiments can be quite variable, leading to large
confidence intervals: for example it is generally accepted that kinetochore-
microtubules have a slower turnover in metaphase than in prometaphase based on
measurements in U20S and RPE1 cells [48, 105]; however other studies from the
same laboratory found no difference for DAOY cells or even the opposite for U251
cells [13]. Conversely the same studies reported either large, twofold differences in
kinetochore-microtubule dynamics between cancerous U20S and non-cancerous
RPE] cells [13] or barely any differences at all [48]. This suggests that better tools
must be developed to measure microtubule dynamics in the future.
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Finally, in terms of cancer genetics, one would expect that regulators that
decrease kinetochore-microtubule stability should have been identified as tumour
suppressors, if hyper-stable kinetochore-microtubule attachments were to unequiv-
ocally lead to CIN and cancer. Although Kif2b and MCAK overexpression restores
chromosome stability in cancer cell lines with CIN [13] MCAK is not a tumour
suppressor gene. Indeed, MCAK has been found upregulated in gastric and breast
cancer [106, 107], while in colon cancer its expression correlates with metastatiza-
tion and poor prognosis [108]. Moreover, MCAK promotes resistance to the micro-
tubule stabilizing drug taxol in cancer cell lines [109, 110]. Among the genes known
to destabilize kinetochore-microtubule attachments Aurora A, Aurora B and Cyclin
A have been found upregulated in cancer while Plk1 is considered a proto-oncogene,
and Kif2b has never been associated to cancer [111-116]. In fact, the only two bona
fide tumour suppressor genes involved in microtubule stability are APC and VHL,
which both stabilize kinetochore-microtubules (see below).

On the same track, if hyper-stable kinetochore-microtubule attachments were to
favour cancer progression, one would expect to find regulators that stabilize them
upregulated in cancer. This is the case for a number of these proteins, such as Astrin,
Bub3 (Mitotic checkpoint protein BUB3), Hecl (Highly Expressed in Cancer 1),
HURP (Hepatoma Up-Regulate Protein), Mad2, SKAP (Small Kinetochore-
Associated Protein) [117-123]. However, for all of these proteins there is no indica-
tion that they are more overexpressed than other mitotic genes, a class of proteins
that tend to all be overexpressed in cancer cells, due to their higher proliferation rate
[124]. At present stage, there is no clear genetic fingerprint linking regulators of
kinetochore-microtubule stability to malignancies. This contradiction may be due to
the fact that kinetochore-microtubule dynamics can only be changed within a given
range that is not compatible with classical loss of function of tumour suppressors or
the strong overexpression of oncogenes. One might thus need to look for more
subtle changes in protein expression, particularly in microtubule binding proteins,
which might provide an easier way to fine-tune kinetochore-microtubules (see
below). Alternatively, changes in kinetochore-microtubule dynamics may play dif-
ferent roles at different steps of cancer progression. One may speculate that initially
hyper-stable kinetochore-microtubule attachments may favour the tumour. As the
cancer progresses, or upon drug selection, cells with less stable kinetochore-
microtubule attachments may gain an advantage and replace the original popula-
tion. It is also worth remembering that most of the regulators involved in
kinetochore-microtubule stability have other roles both in interphase and mitosis:
Mad2 is the main player of the SAC, Cyclin A an important cell cycle regulator,
Plk1 and the Aurora kinases play several roles in spindle assembly and in mitotic
timing. The other roles may contribute to cancer more than their function in
kinetochore-microtubule dynamics. Thus, it will be crucial to test in animal models
if changes in regulators of kinetochore-microtubule dynamics, such as MCAK or
Kif2b, contribute to cancer formation.
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5.5 Microtubule-Associated Proteins

The second major class of proteins potentially involved in deregulation of microtu-
bule dynamics in cancer cells is the family of microtubule-associated proteins
(MAPs). The functions of MAPs are broad: some MAPs have a structural role, link-
ing microtubules with other cell components or forming microtubule bundles; oth-
ers can affect the polymerization rate of tubulin or transport cargoes along
microtubules. MAPs with a microtubule-stabilizing function are often found upreg-
ulated in cancer, supporting the idea of increased microtubule stability in malig-
nances. One caveat to this is, however, that mitotic genes are generally up-regulated
in cancers as a result of an increased proliferation rate [124].

MAP2, Mdp3 (microtubule-associated protein 7 (MAP7) domain-containing 3
(Mdp3)), CLIP-170 (Cytoplasmic Linker Protein of 170 kDa), EB1 (End Binding
1), Survivin [125-131], and Ch-TOG are some of the MAPs which stabilize micro-
tubules and are up-regulated in cancer. Tau is a neuronal MAP that stabilizes micro-
tubules binding at the interface between tubulin dimers [132, 133]. Its role is best
characterized in neurodegenerative diseases: it is mutated in fronto-temporal
dementia and found hyperphosphorylated in Alzheimer disease [134]. Tau can be
found expressed in breast cancer where it correlates with poor prognosis [135].
Similarly, in melanoma and neuroblastoma, the increased expression of another
neuronal MAP, MAP2, which induces the formation of microtubules bundles, has
been associated with reduced sensitivity to the microtubule stabilizing drugs tax-
anes [136, 137]. Mdp3 stabilizes microtubules increasing their assembly rate [130]
and its expression in breast cancer promotes metastasis and cancer growth [138].
CLIP-170, which promotes microtubules growth [128, 139], has been related to
Hodgkin lymphomas [140, 141]. More recently CLIP-170 has been found to induce
tumor angiogenesis and increase the sensitivity to taxanes in breast cancer cells
[142, 143]. EB1 stimulates microtubules nucleation and growth [144] and is upreg-
ulated in many kinds of cancers [145—-151]. Survivin stimulates nucleation of micro-
tubules [129] and is overexpressed in nearly all human malignances [129, 152]. The
MAP Ch-TOG (colonic and hepatic Tumor Overexpressed Gene), has been isolated
as a gene overexpressed in tumors [153] and was later found to be the homologue of
XMAP215. XMAP-215-Ch-TOG use specific regions of the TOG domain to bind
the microtubule lattice on one side and free tubulin on the other to promote micro-
tubule polymerization at the plus end [154-156]. Ch-TOG proteins bind to TACC
protein family members (Transforming acidic coiled coil), which are important for
microtubule stability. TACC proteins have been found to be both upregulated and
downregulated in cancers where they are linked to genomic instability. On the
mitotic spindle, TACC3 and Clathrin (which normally coats transport vesicles for
protein trafficking) form together, in an Aurora-A regulated manner, a microtubule-
binding site that interacts with the microtubules of the spindle, targets Ch-TOG to
the complex and stabilizes K-fibers [157-160] reviewed in [161]. However, all
TACCs have also potential roles in transcription, which could contribute to their
tumorigenesis effect. Considering the diverse functions of TACC proteins and the
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fact that both higher and reduced expression are observed in cancers, it is not pos-
sible to conclude whether TACC proteins behave as oncogene, as tumor suppressors
or both [162]. However, since depleting clathrin results in mitotic delays, targeting
this complex with drugs may overcome some of the toxicity and resistance arising
from using microtubule drugs [163].

The work summarized above may suggest that MAPs that stabilizes MTs behave
as oncogenes. There are however microtubule stabilizing MAPs with tumor sup-
pressor functions and, vice versa, microtubule destabilizers that are up-regulated in
cancer. For instance, VHL (Von Hippel-Lindau tumor suppressor) stabilizes micro-
tubules [164] but its loss is associated with a dominant cancer syndrome [165, 166].
Germline mutations of the tumor suppressor Adenomatous polyposis coli (APC)
result in familial adenomatous polyposis, a syndrome linked with the development
of colorectal cancer and other malignances. APC loss results in CIN in human cells
[167, 168] and microtubules destabilization in many systems [169-171] although
one study also reported that it stabilizes microtubules [13]. Instead, Stathmin, which
has been shown to destabilize microtubules [172], is commonly up-regulated in
cancer [173-178].

Therefore, it is hard to find a simple correlation between the expression of a
MAP set and cancer development. First, to our knowledge, there is no MAP linked
to MT stability that is up-regulated in cancer more than other cell division genes,
suggesting that the up-regulation is a consequence of the high proliferation rate
rather than the cause of it. Second, nearly all MAPs play different roles. The tumor
suppressor APC can block DNA repair (reviewed in [179, 180]) and regulates Wnt
signaling, the main function of VHL is to trigger the degradation of the hypoxia
inducible factor HIF-1a, preventing its oncogenic effects (reviewed in [181]), TACC
proteins are involved in regulating transcription (reviewed in [162]) and Ch-TOG is
important in vesicle trafficking. These roles may contribute to cancer independently
from the stabilization-destabilization effect on microtubules.

5.6 Mutations of Tubulin Genes

Since microtubules are crucial in many physiological processes and their dynamics
are affected in cancer cells, one would expect to find alterations in tubulin genes
during cancer progression as it happens for other genes, such as p53. Although some
tubulin mutations have been correlated with drug resistance in cancer cell lines
[182-187] their importance in cancer progression remains controversial. p-tubulin
mutations do not occur or are very rare in lung cancers [188, 189], ovarian cancers
[189-191], breast cancers [192, 193] and gastric cancers [194]. The data suggest
that tubulin mutations can confer resistance to drugs in vitro but this does not repre-
sent a common mechanism by which cancer acquires resistance in patients, possibly
because mutations in tubulin genes might not be compatible with life. Therefore, if
altered MT stability can spark cancer initiation, it is unlikely to depend on muta-
tions of tubulin genes.
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5.7 Altered Expression of Tubulin Isotypes in Malignancies

In humans, the tubulin dimer subunits are encoded by at least seven a-tubulin and
eight B-tubulin genes [195]. Each gene is translated into a different protein, giving
rise to several tubulin isotypes. Tubulin isotypes expression and levels change
between different organs and tissues. For instance, tubulin beta class I (TUBB) is
broadly expressed [196, 197] while tubulin beta 2A class Ila (TUBB2A) is limited
to the nervous tissue and muscles [198] and tubulin beta 3 class III (TUBB3) is
almost exclusively expressed in neurons [199]. Some tubulin isotypes have been
proposed to play specific roles in specific tissues or subcellular localization. For
example, tubulin beta 4A class IVa and IVb (TUBB4A and TUBB4B) constitute the
axoneme of cilia and flagella. It must be noted that this does not mean that microtu-
bules in those cells or structures are exclusively composed of a specific tubulin
isotype, but rather that this isotype is prevalent. Here we focus on the tubulin iso-
types that have been found to be involved in cancer and discuss their properties and
their involvement in drug resistance.

a-Tubulin Isotypes o-tubulin isotypes have never been extensively investigated,
mostly due to the lack of isotype-specific antibodies. Except for a8-tubulin, all iso-
types are very similar at the sequence level and are broadly expressed. Specific
functions of different a-tubulin isotypes have never been reported. Tubulin alpha 4a
and 4b (TUBA4a and TUBA4b) are naturally detyrosinated and detyrosinated
microtubules are generally more stable (see below). Since tubulin detyrosination
has been associated with breast cancer aggressiveness [200] it would be tempting to
speculate that an increased expression of a4 tubulin can contribute to cancer aggres-
siveness. However, increased TUBA4a or TUBA4b expression have never been
reported in tumors. High tubulin alpha 1b (TUBA1B) expression has been corre-
lated with poor prognosis in hepatocellular carcinoma [201] and mantle cell lym-
phoma [202]. Tubulin alpha 3¢ (TUBA3C) expression correlates with reduced
sensitivity of ovarian cancer to the microtubule stabilizing agent paclitaxel [203].
Nevertheless, at present stage there is no strong link between changes in microtu-
bule dynamics in cancer cells and a-tubulin isotypes.

B-Tubulin Isotypes [-tubulin isotypes have been studied more extensively than
a-tubulins, both in healthy tissues and in cancer. Different B-tubulin isotypes have
different expression patterns and some of them fulfill specialized functions. Of
interest is TUBB3 because of its unique features in the tubulin superfamily. TUBB3
lacks Cys239, which, in other isotypes, is very sensitive to oxidation and alkylation.
Oxidation and alkylation of p-tubulin on Cys239 inhibit microtubule polymeriza-
tion [204, 205]. Also, TUBB3 has an unusual Cyst124, which may act as a scaven-
ger of reactive oxygen species (ROS), forming a disulfide bond with either Cys127
or Cys129. For this unusual cysteine distribution TUBB3 has been proposed to be
more resistant to oxidative stress and ROS production [206]. Another feature of
TUBB3 is the presence of a phosphorylatable serine at the C-terminus.
Phosphorylation of this residue makes microtubules more stable by increasing their
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assembly rate in presence of MAPs [207, 208]. Moreover, phosphorylated TUBB3
interacts more efficiently with the microtubule stabilizer MAP2 [209]. On the other
hand, phosphorylation of TUBB3 on Ser172 by Cdk1 (Cyclin dependent kinase 1)
at the onset of mitosis impairs the incorporation of TUBB3 in microtubules, reduc-
ing their growth rate [210, 211].

In vitro, microtubules made of TUBB3 are less stable and more dynamic than
microtubules made of TUBB2 (A and B) or TUBB4s [212-214], However, in vivo,
a high expression of TUBB3 is commonly found in many kinds of cancer [215]
reviewed in [8], which would contradict the hypothesis that more stable microtu-
bules can contribute to cancer progression. There may be several, not mutually
exclusive, ways in which TUBB3 contributes to cancer. First, TUBB3 is more resis-
tant to oxidative stress because of its Cys 124. This is an advantage in cancer cells,
which typically show high ROS concentration (reviewed in [216]). Another interest-
ing hypothesis concerns the phosphorylation of TUBB3 by Cdkl. Since Cyclin A
destabilizes kinetochore-microtubule attachments in prometaphase [48] it would be
tempting to speculate that Cyclin A is the binding partner of Cdk1 in phosphorylat-
ing TUBB3. Cells expressing more TUBB3 may overcome the negative regulation
of Cyclin A, stabilizing prematurely kinetochore-microtubule attachments which
then results in CIN, as discussed above. In vitro only CyclinB/Cdk]1 has been tested
and shown to phosphorylate TUBB3 [211] but this does not exclude a contribution
of Cyclin A. However, whether TUBB3 overexpression is sufficient to cause CIN is
not known. To date, a direct evidence for a contribution to cancer progression is
missing. Moreover, how f tubulin isotypes affect microtubule stability is not clear.
In the future, it will be interesting to modify the relative contribution of p tubulin
isotypes in cultured cells and animal models and assess their role in tumor initiation
and progression.

Tubulin Isotypes, Drug Resistance and Future Perspectives In addition to their
potential role in modifying microtubule dynamics, tubulin isotypes may contribute
to the resistance to tubulin binding agents (TBAs). Different tubulin isotypes bind
drugs with different affinities [217-220]. However, the role of tubulin isotypes in
drug resistance is not clear. Expression of TUBB, TUBB2 (A and B) and TUBB3
seems to induce resistance to microtubule stabilizing drugs [221-225]. TUBB3
expression confers resistance to platinoids [183, 215, 226-230] reviewed in
[8, 224]. Moreover, other studies correlate high expression of TUBB3/TUBBI to
resistance to microtubule stabilizing agents [226, 228, 229, 231]. However, in clear
cell ovarian carcinoma, TUBB3 expression is a marker of favorable drug response
[232] and in vitro TUBB3 microtubules are more sensitive to Vinca alkaloids [207].
How can we reconcile these data? One possibility is that different tubulin isotypes
may contribute to drug resistance via a mechanism independent on their role in
microtubule stability. For instance, TUBB3 may protect cancer cells preventing the
apoptotic role of ROS, instead of, or in addition to, having a direct role in microtu-
bule stability. Alternatively, the contribution of tubulin isotypes to drug resistance
may be highly dependent on the cellular context.
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Precisely assessing the role of tubulin isotypes in microtubule stability and drug
resistance is difficult. Tubulin is traditionally isolated from cow, sheep and pig
brains but such a technique has several drawbacks: (1) due to the antibodies avail-
ability tubulin dimers were isolated regardless of the a-isotype. (2) tubulin in ner-
vous tissues carries several PTMs, making difficult to separate the contribution of
tubulin PTMs from the one of tubulin isotypes. (3) the purification techniques rely
on microtubule polymerization/de-polymerization cycles, which can lead to loss of
both hyper-stable and hypo-stable microtubules. Recently developed methods to
purify tubulin from different sources [233-235] will provide the solution to have a
sufficient amount of specific isotypes of tubulin for in vitro studies. In vivo however
it is essential to specifically identify tubulin isotypes. One difficulty is that mRNA
levels do not always reflect protein levels [236]. For instance, Kavallaris et al. [231]
reported an increase in TUBB2 (A and B) and TUBB4A mRNAs in ovarian tumors
resistant to taxol. However proteomic approaches revealed that the proteins were
not increased [237]. The fast advance of proteomic techniques at the single cell level
may provide a solution to this, although the similarity of tubulin isotypes may con-
stitute a problem for quantitative studies. Alternatively, it may now be possible to
attach small tags to different isotypes using the CRIPSR/Cas9 technology. This
would allow the in vivo detection of the different isotypes in different cell types.
The ability to study tubulin isotypes in vivo in normal and cancer cells combined
with the ability to interfere with the levels of these isotypes will help to understand
how they affect microtubule stability and cell division.

5.8 Tubulin Post-Translational Modifications and Cancer

As any other protein, after translation, tubulin molecule is subject to post-
translational modifications (PTMs; Fig. 5.4). Some of these modifications, such as
phosphorylation and acetylation, are common protein modifications. Others, such
as polyglutamylation, are unusual in other proteins and a few (tyrosination, polyg-
lycylation) are specific to tubulin. Each subunit of the tubulin dimer ends with a
C-terminal tail (10—12 residues for a-tubulin, 16-22 residues for p-tubulin [238]
that has been predicted to project outside the globular structure of the protein. The
C-terminal tail is the site where most of the PTMs of tubulin occur. Many different
modifications have been identified so far and the list may not be complete. Since the
C-terminal of tubulin is the region that varies the most between isotypes, different
isotypes may carry different PTMs. Changes in the PTMs landscape of microtu-
bules can have dramatic effects on the interaction with MAPs and on microtubule
stability (reviewed in [239]).

oa-Tubulin Detyrosination One of the most studied tubulin PTM is a-tubulin dety-
rosination. Most of the a-tubulin isotypes end with a C-terminal tyrosine. This tyro-
sine can be removed [240] by a so far unknown carboxypeptidase. Tyrosine can also
be added back to a-tubulin [241] by a tubulin tyrosine ligase (TTL) [242-246].
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Fig. 5.4 Tubulin post translational modifications and isotypes expression in normal cells versus
cancer cells. Shown is a schematic representation of the cross section of microtubules of healthy
and malignant cells. Microtubules in cancer cells show higher levels of TUBB3 expression and
they carry different PTMs modifications. The depicted modifications, such as a-tubulin acetyla-
tion, a-tubulin detyrosination, A2-a-tubulin and tubulin glutamylation, have been observed, or
proposed to happen, in cancer cells
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Detyrosination of tubulin increases microtubule stability by inhibiting the interac-
tion between microtubules and depolymerizing kinesin-13s, such as Kif2s and
MCAK [247, 248]. Indeed, detyrosinated tubulin is mostly associated with stable,
long lived microtubules [249-251].

In tumors, tubulin detyrosination has been associated with aggressiveness of
breast cancer [200]. Consistently, loss of TTL enzyme has been linked to tumor
growth and aggressiveness [252] and an active tyrosination machinery correlates
with a favorable patient outcome in neuroblastoma [253]. In cancer cells the reduced
interaction between kinesin 13s and microtubules due to detyrosinated tubulin could
lead to hyperstable kinetochore-microtubule attachments. Recent work has shown
that proper chromosome congression depends on de-tyrosination of kinetochore
MTs compared to tyrosinated astral microtubules since chromosome transport by
CENP-E is strongly enhanced by de-tyrosinated microtubules. Therefore, cells
depleted for TTL may display CIN because of altered kinetochore-microtubule sta-
bility or because of detyrosination of astral microtubules or both [233].

A2-o-Tubulin In A2-a-tubulin the penultimate residue of a-tubulin, which is a
glutamate, is removed [254]. The formation of A2-tubulin requires prior detyrosina-
tion and after the removal of glutamate, tubulin cannot be retyrosinated [254]. A
specific role of A2-tubulin on microtubule dynamics has not been shown, suggest-
ing that its only function is to lock microtubules in a detyrosinated state. High A2-
a-tubulin expression correlates with poor response to microtubule stabilizers
alkaloids derived from Vinca [255].

Tubulin Polyglutamylation Polyglutamylation consists in the addition of up to 20
residues of glutamate to the y carboxyl group of a C-terminal glutamate of either o
or B tubulin. Some tubulin tyrosine ligase like (TTLLSs) enzymes can promote this
reaction, creating a glutamate chain to the C-terminal tail of tubulin. Polyglutamylation
is associated with stable microtubules and several observations suggest that this
PTM might increase microtubule stability [256]. Physiologically, glutamylation
regulates the beating behavior of cilia [257-259].

Some TTLL enzymes are upregulated in cancer, suggesting a link between tubu-
lin glutamylation and malignancies. Tubulin tyrosine ligase like 12 (Ttl112) is one
of the most abundant antigen in prostate cancer [260] and its expression correlates
with prostate cancer progression [261]. Overexpression of Ttll12 causes mitotic
delay in cancer cells [262] and it leads to aneuploidy [261]. However, although
Ttll12 increase correlates with high levels of polyglutamylated tubulin, it has never
been shown to directly catalyze such a reaction. Moreover, Ttll12 is known to meth-
ylate histones, suggesting that its role in cancer, if any, may not be related to its role
on microtubules [261]. Polyglutamylation correlates with drug resistance in cancer.
However, the resistance arises against drugs that bind to different sites on tubulin
and that have opposite effects on microtubule stability. For example, polyglu-
tamylated tubulin has been implicated in resistance to microtubule destabilizing
drugs estramustine and nocodazole [263, 264]. In breast cancer instead, high poly-
glutamylation correlates with resistance to the microtubule stabilizing drug pacli-
taxel [265].
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We cannot conclude whether microtubule polyglutamylation has a role in cancer
progression. It is possible that different extend of the glutamate chain may have an
opposite impact on microtubule stability and interaction with MAPs, resulting in a
different outcome in term of cell division and cancer progression.

a-Tubulin Acetylation o-Tubulin can be modified via the covalent binding of an
acetyl group to a lysine residue. Acetylated tubulin is common in stable microtu-
bules. However, it is unlikely that acetylation on lys40 affects directly microtubule
stability since it does not affect microtubule structure [266]. Some line of evidence
suggested that lys40 acetylation regulates intracellular transport by increasing the
interaction of microtubules with kinesin motors [267, 268]. Acetylation of lys40 of
a-tubulin has been reported in cancer cells [269]. Increased histone deacetylase 6
enzyme (HDACG6), which can catalyze tubulin de-acetylation, correlates with better
prognosis in breast cancer [270]. Recently, increased levels of acetylated a-tubulin
have been found in breast cancer cells and associate with invasive migration [271].
Whether increased acetylation results in CIN is not known.

5.9 Conclusion

In this review, we discussed the role of microtubules in cancer with a focus on mito-
sis and microtubule dynamics. We highlighted potential mechanisms linking
changes in microtubule dynamics and cancer, such as stabilization of kinetochore-
microtubule attachment and/or an increased rate of tubulin polymerization, which
may cause CIN in mitosis. CIN, in turn, may lead to aneuploidy in the daughter
cells, leading to the acquisition of selective advantages that favor cancer progres-
sion. However, in contrast to other biological process associated to cancer forma-
tion, such as DNA repair or PIK3 kinase signaling, there is lack of clear genetic
signature (mutations or deletions) or molecular biomarkers that would link changes
in microtubule dynamics to cancer formation. How could it be that such a link has
not yet been identified? Formally, one cannot exclude that it does not exist. A sec-
ond possibility is that the relevant molecular biomarker still needs to be identified.
The third possibility, which we favor most, is that changes in microtubule dynamics
might be the result of a combination of several minor changes in the expression
levels or activity of MAPs or microtubule regulators. Such minor changes, such as
epigenetic control of promoters, less than twofold changes in mRNA levels, or
minor changes in the turnover of the protein, are not detected by the “omics” tech-
nologies, yet might lead to CIN, due to the high sensitivity of chromosome segrega-
tion to minor perturbations of kinetochore-microtubule dynamics [49]. Consistent
with such an idea, we note how a recent study could correlate minor changes in the
expression of kinetochore and centromere protein genes to cancer patient survival
and response to chemotherapy when performing a combined analysis on this group
of genes, but not when studying single genes [272].
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Based on these ideas we predict that in terms of fundamental understanding, we
should not restrict our analysis to the effect of single proteins, but rather should aim
to understand how a combination of different regulators, MAPs, and post-
translational modifications affect microtubule dynamics. Such a more holistic
approach might require the development of in vitro recombinant protein systems to
study how tubulin isotypes and tubulin post-translational modifications regulate
microtubule dynamics on their own and in combination with other MAPs and regu-
lators. This will allow the development of mathematical models capable of predict-
ing the stability of microtubules in different cellular environment (cancer vs.
non-cancer cells) and their sensitivity to microtubule-targeting drugs. At the clinical
level in contrast, we speculate that instead of focusing on molecular biomarkers,
which could be highly variable and difficult to detect, it might be much more effec-
tive to use functional biomarkers, such as the relative stability of mitotic microtu-
bules in a given cancer tissue. Although such functional biomarkers are more
difficult to measure in tissue biopsies, they might be much more robust in terms of
predictive values and might thus allow a much more targeted approach with
microtubule-interfering anti-cancer drugs.
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Chapter 6
Clinical Development of Anti-mitotic Drugs
in Cancer

Anna-Maria Olziersky and S. Intidhar Labidi-Galy

Abstract Mitosis is one of the most fundamental processes of life by which a
mammalian cell divides into two daughter cells. Mitosis has been an attractive tar-
get for anticancer therapies since fast proliferation was identified as one of the
hallmarks of cancer cells. Despite efforts into developing specific inhibitors for
mitotic kinases and kinesins, very few drugs have shown the efficiency of microtu-
bule targeting-agents in cancer cells with paclitaxel being the most successful. A
deeper translational research accompanying clinical trials of anti-mitotic drugs will
help in identifying potent biomarkers predictive for response. Here, we review the
current knowledge of mitosis targeting agents that have been tested so far in the
clinics.

Keywords Mitosis ® Cancer ® Anti-mitotic drugs * PLK-1 ¢ Microtubules ¢ Aurora
kinase * Antibody-drug conjugates ¢ Kinesin-5 « CENP-E

6.1 Introduction

Cell division is a fundamental process driven by several mitotic kinases and phos-
phatases. There are three types of cell division: Binary Fission, Mitosis and Meiosis.
In this review, we will focus on mitosis, as this is how mammalian somatic cells
divide. Mitosis proceeds in five phases: prophase, prometaphase, metaphase, ana-
phase and telophase. A successful mitosis depends on the equal segregation of
genetic material in the two daughter cells [1]. During prophase, the two centro-
somes migrate to the opposite sides of the mitotic cell. After nuclear envelope

A.-M. Olziersky
Department of Cell Physiology and Metabolism, Faculty of Medicine,
Geneva University, Geneva, Switzerland

S.1. Labidi-Galy (P<)

Department of Oncology, Geneva University Hospitals,
Rue Gabrielle Perret-Gentil 4, Geneva 1205, Switzerland
e-mail: Intidhar.labidi-galy @hcuge.ch

© Springer International Publishing AG 2017 125
M. Gotta, P. Meraldi (eds.), Cell Division Machinery and Disease, Advances in
Experimental Medicine and Biology 1002, DOI 10.1007/978-3-319-57127-0_6


mailto:Intidhar.labidi-galy@hcuge.ch

126 A.-M. Olziersky and S.I. Labidi-Galy

breakdown, microtubules emanating from centrosomes grow and shrink in search of
chromosomes in the cytoplasm. The bipolar spindle forms and chromosomes align
in the middle of it. Chromosomes ought to bipolarly attach to microtubules to ensure
faithful segregation of sister chromatids. If the attachments established are errone-
ous or unstable, chromosome missegregation might cause chromosomal instability
(CIN) and aneuploidy [2, 3], a key hallmark of cancer cells [4, 5]. Cells have evolved
different mechanisms to ensure proper chromosome segregation, in particular the
spindle assembly checkpoint (SAC), which delays anaphase in the presence of erro-
neous chromosome-microtubule attachments or absence of attachments [6].

The idea of targeting mitosis for cancer treatment was first initiated when scien-
tists discovered that one of the hallmarks of cancer cells is uncontrolled cell prolif-
eration irresponsive to anti-growth signals [4, 5]. All proliferative cells will
eventually go through mitosis, making it an ideal target for cancer cells. Extensive
efforts have lead to identification of several compounds that specifically block
factors important for mitosis.

One important structure for mitosis is the mitotic spindle, which is composed of
constantly polymerizing and depolymerizing microtubules. Microtubule-targeting
compounds were introduced in the clinics in the 1990’s. The clinical success of
these agents and their classification as mitotic poisons spurred the development of
small molecules that inhibit mitotic kinases important for mitotic entry, progression
and exit [7]. The goal behind these efforts was to identify compounds with similar
clinical efficacy than microtubule-targeting agents while avoiding some of their
dose-limiting toxicities. None of these new agents has shown so far in solid tumors
the clinical efficacy of microtubule-targeting agents, such as taxanes. Targeted anti-
mitotic drugs showed their highest response rates in hematologic diseases [8, 9],
which are characterized by shorter doubling time when compared to solid tumors.
However, doubling time measurement of tumor cells at the patient level is quite
vague, as it is determined by the measurement of tumor volume between two time
intervals [10].

After reviewing the mechanisms of action of the different anti-mitotic drugs, we
will focus on agents that have been approved for marketing or investigated in clini-
cal trials.

6.2 Microtubule Targeting Agents

Microtubules (MT) are protein polymers made up of alternating subunits of o and
B-tubulin [11], that play a key role in mitosis but also for intracellular trafficking,
signaling and motility. MT are present in all eukaryotes, during interphase and cell
division. Formation of microtubules involves a highly dynamic process of polymer-
ization and depolymerization of o and p-tubulin heterodimers. This dynamic prop-
erty is crucial for the assembly of mitotic spindle and precise segregation of
chromosomes during cell division [11, 12]. Disruption of MT dynamics, either by
inhibiting their polymerization or depolymerization, perturbs the function of the
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mitotic spindle and consequently cell division. This results in either mitotic arrest or
mitotic progression with segregation errors during anaphase. Both situations will
lead to cell death [11, 12].

MTs are one of the most validated intracellular targets in oncology. Microtubule-
targeting agents (MTAs) are widely used in cancer chemotherapy as monotherapy
and combination therapy. Currently there are two conventional classes of MTAs:
those that stabilize MTs such as taxanes (paclitaxel and docetaxel) and epothilones
(ixabepilone) and those that destabilize MTs such as vinca alkaloids (vinblastine,
vincristine, vinorelbine, vindesine and vinflunine), colchicine and eribulin (Fig. 6.1).
A new class of anticancer drugs that conjugate microtubule inhibitors (maytans-
inoids or auristatins) and monoclonal antibodies, namely antibody-drug conjugate
(ADC)—recently emerged with outstanding clinical efficacy in some tumors [14].
From studies on cells in culture and animals, it seems clear that mitosis is the main
target of MTAs in these rapidly-dividing cells [15]. However, microtubules are also
important in interphase cells. There are currently some speculation on the exact
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mechanism of action of MTAs, supporting that in rapidly-dividing cells, MTAs tar-
get mitosis, while in slowly-dividing tumors MTAs act on trafficking on microtu-
bules that is essential for cell metabolism and/or signaling [16]. Till now, there is no
direct evidence that supports this new hypothesis.

6.2.1 Microtubule Stabilizers

Taxanes are microtubule stabilizers that are among the most efficient chemothera-
peutic drugs in cancer. They are backbone therapy in several solid tumors such as
breast, ovarian, lung and prostate cancers. Few single chemotherapeutic agents have
been studied as rigorously as taxanes regarding dose and schedule. Paclitaxel
(Taxol®) was first isolated from the bark of Taxus brevifolia in 1966 [17]. Docetaxel
(Taxotere®) was obtained by semisynthesis from a noncytotoxic precursor extracted
from the needles of Taxus baccata L. Docetaxel is a semi-synthetic analogue of
paclitaxel [18].

Based on the pivotal role of MTs dynamics in mitosis, extensive research identi-
fied mitosis as a classic target of taxanes. Paclitaxel binds to f-tubulin, bridging two
fB-tubulin dimers and stabilizes microtubules. This leads to severe impairment of the
mitotic spindle, creating many unattached chromosomes. As a result, SAC is
engaged and cells arrest in mitosis, which will ultimately lead to cell death [19].
Currently, there is a debate on whether mitotic arrest is the main reason of cell death
upon taxanes treatment in humans. Recent observations in breast cancers in vitro
and in vitro suggest that mitotic arrest is not necessary for tumor regression in
patients. Instead, the authors demonstrate that the efficacy of paclitaxel rather
depends on chromosome mis-segregation in highly abnormal, multipolar spindles
(Fig. 6.2) [20]. This results into daughter cells with abnormal number of chromo-
somes that will undergo cell death in the subsequent interphase.

MTs are also very important for the directional intracellular transport of vesicles,
proteins and messenger ribonucleic acid. Another way by which paclitaxel could
induce cell death is blocking intracellular transport of vesicles which depends on
microtubules in interphase. A recently described example of such trafficking is the
transport of the androgen receptor (AR) in castration-resistant prostate cancer.
Prostate cancer growth relies on AR signaling, as it stimulates proliferation. This
requires the binding of androgens to the AR and consequently its translocation from
the cell surface to the nucleus, where it transcriptionally activates different genes.
This nuclear translocation depends on MT-dynein-dependent intracellular traffick-
ing [21]. One of the most common therapies for prostate cancer requires androgen
ablation. As a result, this leads to tumor regression. Unfortunately, patients develop
secondary resistance to these treatments after 12—24 months, pointing out the neces-
sity of finding alternative ways to block AR signalling. To date, taxanes (docetaxel
and cabazitaxel) are the most efficient chemotherapy and standard of care therapy in
castration-resistant prostate cancer, a disease with indolent behavior. Taxanes block
the AR nuclear translocation by stabilizing the M Ts, inhibiting the androgen-mediated
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signaling and the subsequent inhibition of androgen receptor activity in castration-
resistant prostate cancer [22-24]. These studies indicate that the activity of taxanes
in castration-resistant prostate cancer is mediated, at least in part, by inhibiting AR
nuclear transport and signaling via microtubules (review in [25]). Additionally, it
has been shown that MTAs (paclitaxel and vincristine) can synergize with DNA
damage agents by interfering with cellular trafficking of DNA damage and repair
proteins such as RADS51, ATM and ATR on interphase microtubules [26]. One limit
of this study is that it relied on doses that are much higher than the clinically rele-
vant doses, making it difficult to evaluate the physiological relevance. Although the
hypothesis of cell death due to perturbed intracellular transport upon taxanes treat-
ment is attractive, more studies are required to show a direct link between the two.
In the mid-1990s, researchers began to investigate antiangiogenic activity of
paclitaxel as an additional mechanism contributing to its antineoplastic activity
(review in [27]). In vitro, it was shown that endothelial cells are 10-100-fold more
sensitive to paclitaxel than are tumor cells. The drug inhibits proliferation, migra-
tion, and differentiation of cultured human umbilical vein endothelial cells [27]. In
a highly metastatic breast cancer mouse model, it was shown that low-dose of pacli-
taxel displayed a stronger anti-tumor activity with less side effects and a stronger
anti-angiogenic activity than the maximum tolerated dose [28]. One possible mech-
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anism of hypersensitivity of human endothelial cells to paclitaxel is that they can
accumulate the drug more than 5 times higher levels than do normal human fibro-
blasts and several human cancer cell lines [29]. The mechanism by which endothe-
lial cells accumulate paclitaxel remains to be elucidated. Pasquier and colleagues
characterized two distinct effects of paclitaxel on human endothelial cell prolifera-
tion: a cytostatic effect at low paclitaxel concentrations, and a cytotoxic effect at
higher concentrations [30]. The cytotoxic effect involved primarily signaling net-
works that are reported to be impaired in tumor cells (i.e., microtubule network
disturbance, G2-M arrest, increase in the Bax/Bcl-2 ratio, and mitochondria per-
meabilization) that result in apoptosis. Conversely, the cytostatic effect of paclitaxel
involves inhibition of endothelial cell proliferation without induction of apoptosis
and without any structural modification of microtubule network. This antiangio-
genic side-effect is not specific to paclitaxel. Other chemotherapeutic drugs have
been found to have such effect when administered continuously, or on a frequent
basis, at concentrations well below maximum tolerated dose. This low-dose sched-
ule is named metronomic chemotherapy [31, 32].

In the clinics, paclitaxel was initially evaluated and approved in the 1990s on
every- 3-week’s schedule. However, it was shown in the last 10 years superiority of
weekly paclitaxel over every-3-weeks schedule in both metastatic [33] and early
breast cancers [34] with longer disease-free survival and overall survival. In ovarian
cancer, sub-group analysis of GOG-262 phase III trial showed that ovarian cancer
patients who received weekly paclitaxel seemed to do as well as those receiving
every-3-weeks paclitaxel and bevacizumab, a monoclonal antibody anti-VEGF [35].

Although paclitaxel is the best selling chemotherapy in history and the most
efficient MTA, most of the patients ultimately develop secondary resistance after
several months of therapy. Mechanisms of resistance to microtubule stabilizers and
especially paclitaxel have been studied for very long and different hypotheses have
been reported. However, it is difficult to define what is clinically relevant or not. The
most accepted mechanism of resistance is upregulation of the multidrug resistance
pumps, which are p-glycoproteins on the cell surface with the capacity to pump out
drug molecules that enter the cell [36]. Another well-studied way that cells use to
resist death upon paclitaxel is their capacity to destabilize microtubules by changing
the ratio of B-tubulin isoforms [37].

Paclitaxel has a markedly hydrophobic profile. To improve its delivery to tumor
tissues, a new formulation of paclitaxel has been developed using nanotechnologies
by encapsulating it with albumin nanoparticles. This albumin-drug complex named
nab-paclitaxel, is distributed exactly as endogenous albumin. Whereas preclinical
data suggest nab-paclitaxel to be more efficient than paclitaxel [38], conflicting
results were observed in patients treated for metastatic breast cancers [39, 40]. In
weekly schedule, nab-paclitaxel did not show superiority to paclitaxel [39].
Currently, nab-paclitaxel is used in the clinics mainly in metastatic pancreatic can-
cer, where it showed prolonged survival when associated with antifolate drug gem-
citabine [41].

A new class of microtubules stabilizers, epothilones, is currently under clinical
investigation in several cancers. Epothilones are macrolides and have similar
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mechanism of action than taxanes [42]. They compete with paclitaxel to the same
binding pocket on B-tubulin, while they have different characteristics for microtu-
bule binding [43, 44]. In vitro, they showed efficacy in taxanes resistant cell lines,
where resistance is the result of an upregulation of multidrug resistance pumps [45].
Ixabepilone is the most clinically advanced epothilone. Ixabepilone is approved for
metastatic breast cancers resistant to anthracyclins and taxanes. Recent trials sug-
gest inferiority of ixabepilone when compared to weekly paclitaxel in metastatic
breast cancers [39] or relapsing endometrial cancers [46].

To resume, MT stabilizers are still the most commonly used drugs in cancer
treatment. They lead to cell death by inducing errors during mitosis and by inhibit-
ing cellular trafficking especially in hormone dependent prostate cancer. Even
though they are efficient, patients ultimately develop secondary resistance. More
studies are required to find out how to overcome such resistance.

6.2.2 Microtubule Destabilizers

The so-called destabilizing agents inhibit microtubule polymerization, thus per-
turbing microtubule dynamicity, leading to a mitotic arrest which will eventually
lead to cell death. Most of these agents bind to one of two binding domains of
tubulin, either vinca domain or colchicine domain. Vinca-site binders include
vinca alkaloids (vinblastine, vincristine, vinorelbine, vindesine and vinflunine),
cryptophycins and dolastatins (spongistatin, rhizoxin, maytansinoids and tasido-
tin). Colchicine-site binders include colchicine and its analogues [47]. Vinca alka-
loids, originally isolated from Madagascar periwinkle plant Catharanthus rosea,
are the oldest and to date the most diversified family in terms of number of approved
compound in a given family [47]. Vinblastine and vincristine are integrated in
combination curative chemotherapy regimens in patients with lymphomas, sarco-
mas and several pediatric tumors. Vinorelbine is administered in a large range of
solid tumors including breast, lung and sarcomas. Vinflunine has been recently
approved for bladder cancers [48]. It is unclear why some drugs act preferentially
on certain subgroup of tumors. As for paclitaxel, vinorelbine showed anti-
angiogenic effect at non-cytotoxic concentrations by reducing proliferation of
human umbilical vein endothelial cells [49] and blocking intracellular trafficking
of DNA repair proteins [26].

Eribulin is a synthetic analogue of marine sponge product halichondrin B. It
inhibits polymerization by binding the plus-end tip of the polymerizing microtu-
bules and leads to a robust mitotic arrest [50, 51]. Eribulin mesylate is the one
among halichondrin B derivatives that reached the most advanced clinical develop-
ment. It showed prolonged survival in relapsing metastatic breast cancers [52] and
soft tissue sarcomas (liposarcomas and leiomyosarcomas) [53], and is approved in
both indications.

Secondary resistance to microtubule destabilizers is observed faster compared to
paclitaxel and this is one of the reasons why paclitaxel remains the drug of reference.
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Multidrug resistance pumps are responsible for resistance against microtubule
destabilizers, as well as changes in microtubule stability [54—58]. So far, there is no
biomarker that has been identified to predict resistance or sensitivity to microtubule
destabilizers. Although, microtubule destabilizers have shown good clinical
response for some tumors, they are still not as efficient as paclitaxel for the treat-
ment of solid tumors highlighting the need for predictive biomarkers.

6.2.3 Antibody-Drug Conjugate

Antibody-drug conjugates (ADC) are tripartite drugs comprising a tumor-specific
monoclonal antibody (mAb) conjugated to a potent cytotoxin via a stable linker.
Development of ADC takes advantage of the specificity of a mAb and potent cyto-
toxic effect of chemotherapy, leading to enhanced cytotoxicity in target cells and
limiting toxicity in normal tissue (review in [14]). Design of ADC relies on the
proper selection of a tumor-specific antigen that is accessible for antibody binding
and subsequent delivery of ADC to its pharmacologic target. The target antigen has
to be expressed at high levels at the surface of tumor cells. When ADC bound to the
antigen, it has to undergo efficient internalization (Fig. 6.3). Once inside the cell, the
conjugate will be degraded by the lysosome releasing the cytotoxic compound in
the cytoplasm [59]. The cytotoxic drug should have prolonged stability and be
potent at low concentrations, since only a small proportion of administered ADC
reaches tumor cells [59]. Currently, the majority of ADCs in clinical development
employ either maytansinoids or auristatins [14], which are microtubule targeting
agents. Maytansinoids interfere with microtubule assembly. Upon maytasine treat-
ment, microtubules lose their dynamicity, as it both inhibits their growth and shrink-
age. Therefore, it induces a mitotic arrest which leads to cell death. Maytasinoids
bind to the same site as vinca alkaloids [60], but their cytotoxic effects is almost
100-fold higher than vinca alcaloids [61-63]. This is the reason why they were cho-
sen for ADCs. When they are administered as standard chemotherapy, they have
toxic effects that would not let them go further in the clinics. However, in the case
ADCs, one can take advantage of the potency of these drugs. Auristatins, mono-
methyl auristin E (MMAE) and monomethyl auristin F (MMAF) are microtubule
targeting agents that depolymerize microtubules.

There are currently two approved ADCs-trastuzumab emtansine and bretuximab
vedotin-both humanized antibodies conjugated to MTAs. Trastuzumab emtansine
(TDM-1) is an ADC that comprises trastuzumab (a monoclonal antibody) linked to
a tubulin polymerization inhibitor, mertansine (a maytansine derivative; also known
as DM-1). Trastuzumab targets human epidermal growth factor receptor 2 (HER-2),
an oncoprotein overexpressed in 15-20% of breast cancers and associated with poor
outcome [64]. TDM-1 is approved as second-line monotherapy for HER-2 overex-
pressing metastatic breast cancers [65]. Brentuximab vedotin, an ADC composed of
anti-CD30 antibody linked to MMAE is approved for the treatment of refractory
CD30-positive lymphomas, i.e. Hodgkin lymphoma and anaplastic large-cell
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lymphomas [66, 67]. The discovery and synthesis of ADCs was a major advance-
ment in the fight against cancer. Using ADCs, one can now specifically target cancer
cells while avoiding damage of healthy tissues.

6.3 Polo-Like Kinase-1

Nowadays, there are efforts to specifically target mitotic proteins, such as PLK-1.
Five members of the polo-like kinase family have been identified in humans (PLK1-
5) and PLK-1 stands out as a promising target in oncology [68]. PLK-1 is a con-
served serine/threonine protein kinase that has several functions in the cell cycle.
Expression and activity of PLK-1 begins to increase from S/G2 phase, and its activ-
ity peaks during mitosis, identifying it as an important mitotic player. PLK-1 facili-
tates entry in mitosis and is involved in centrosome maturation, bipolar spindle
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formation, kinetochore-microtubule dynamics, chromosome segregation and execu-
tion of cytokinesis [69]. Additional functions in interphase and response to DNA
damage have been revealed [70]. During human embryogenesis, PLK-1 is highly
expressed in tissues with a high rate of proliferation. PLK-1 knockout mice are
embryonic lethal, indicating that PLK-1 is an essential factor for normal develop-
ment [71]. In adults, PLK-1 is often detected in testis, spleen and bone marrow but
not in non-proliferative tissues [72].

PLK-1 is found overexpressed in a variety of human cancers and this has been
associated with poor outcome [73-76]. Conversely, PLK-1*~ mice have threefold
increase in spontaneous tumor formation compared with control [71], indicating
that (at least in mice) PLK-1 functions as an oncoprotein but also as a tumor sup-
pressor. These observations lead to recognizing PLK-1 as a promising target for
cancer therapy, through the effects of PLK-1 inhibitors. Downregulation of PLK-1
inhibits the growth of cancer cells in vitro and in vivo, due to mitotic defects [77].
Inhibitors of PLK-1 elicit a typical “Polo” phenotype: cells arrest in mitosis with a
monopolar or disorganized spindle and eventually undergo cell death (Fig. 6.4) [78].

Another function of PLK-1 that is probably targeted by PLK-1 inhibitors is its
contribution in establishing correct spindle orientation [79-81] and maintaining
polarity [82—84]. The inhibition of this function of PLK-1 could be important for
the treatment of tumors that contain stem-like cancer cells. In accordance to this
hypothesis, Robin G. Lerner and colleagues found that CD133* tumor propagat-
ing cells isolated from glioblastoma primary cultures go through polarized divi-
sions, show high levels of PLK-1 expression and are resistant to BRAF inhibitors
(inhibitor targeting the MAPK pathway). Inhibition of PLK-1 abolished polarity
in these cells and enhanced the antiproliferative and proapoptotic effects of
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BRAF inhibitor [85]. It would be interesting to question if similar observations
would occur in other types of tumors that are enriched in stem-cell like cancer
cells.

Currently, several PLK-1 inhibitors are available and have been tested in the clin-
ics (BI2536, GSK461364A, TAK-960 and BI6727). The most frequent and dose-
limiting side effect is hematological toxicity, mainly neutropenia and leukopenia
[86]. So far, the most effective molecule is BI6727 (volasertib). It showed signifi-
cant clinical benefit in ovarian cancers and acute myeloid leukemia. Volasertib has
been tested in a phase II randomized trial that compared chemotherapy to volasertib
(1:1) in platinum resistant or refractory ovarian cancers. Volasertib showed low
response rate (13%) but this response was durable (>1 year) [87]. Volasertib has
shown a significant response rate (31%) and prolonged survival when combined
with low-dose cytarabine in relapsing acute myeloid leukemia [8].

Unfortunately, even though PLK-1 inhibitors showed promising preclinical
results in several tumors, they demonstrated minimal clinical activity. Identifying
biomarkers predictive for response to PLK-1 inhibitors would definitely accelerate
their development. While one would expect that these drugs would be more efficient
in tumors with overexpression of PLK-1 or high proliferative ones, no correlation
was found between response to volasertib and expression of PLK-1, Ki-67 or
phospho-Histone 3 (proliferation markers) in ovarian cancer samples. The six
patients that showed long-term disease control under volasertib (>1 year) had serous
histologic subtype, which are characterized by 7P53 mutation in virtually all cases
[88]. This suggests a potential correlation between 7P53 mutation and sensitivity to
PLK-1 inhibitor in solid tumors. Indeed, PLK-1 overexpression correlates with
TP53 mutation in human cancers [74, 89]. There is evidence that while p53 regu-
lates directly and indirectly the expression of PLK-1, PLK-1 inhibits the function of
p53, through activation of MDM-2, the negative regulator of p53 [90, 91]. Therefore,
PLK-1 and p53 regulation seem to be tightly connected and this could explain why
TP53 mutated tumors respond well to PLK-1 inhibitors. It is important to mention
that at the tumor level, it is difficult to investigate PLK-1 levels, as it accumulates
only during very specific phases of the cell cycle.

In pre-clinical models, another factor that makes tumor cells more vulnerable to
PLK-1 inhibitor (BI2536) is activating mutation of KRAS oncogene. Ji Luo and col-
leagues have shown that KRAS mutant cells depend more on PLK-1 for mitotic
progression compared to wild-type. After nocodazole release in PLK-1 inhibitor,
KRAS mutant cells arrest for longer than wild type cells [92], but data are lacking on
patient samples’. Another potential mechanism of sensitivity of KRAS mutant cells
to PLK-1 inhibitors is their increased proliferation rate.
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6.4 Aurora Kinases

Aurora kinases comprise a family of highly conserved serine-threonine protein
kinases that play a pivotal role in regulation of the cell cycle [93]. Three members
of this family, Aurora A, B and C are encoded in humans by the genes AURKA,
AURKB and AURKC. The three kinases are expressed in a cell specific pattern in
rapidly dividing tissues; for instance in hematopoietic cells Aurora A and B are
highly expressed whereas in germ cells only Aurora C is expressed [94]. Conversely,
Aurora kinases expression is low or absent in most adult tissues due to their lower
rates of proliferation [95].

The three Aurora kinases are involved in cell division but they have very distinct
expression and localization patterns as well as functions [96]. Aurora A kinase
(AURKA) regulates mitotic entry, centrosome maturation and spindle formation.
AURKA is located at the centrosome since its duplication time and on both spindle
poles and spindle MTs during early mitosis (prophase and prometaphase). Aurora B
kinase (AURKB) plays a critical role in chromosome condensation and cohesion,
chromosome biorientation and cytokinesis, as a member of chromosome passenger
complex. AURKB is expressed in proliferating cells during G2 and mitosis and
shows chromosomal-passenger localization. AURKA or AURKB knockout mice
revealed the importance of their function for normal development [97-99].

Less is known about Aurora kinase C (AURKC) compared to the other Aurora
kinases. AURKC is required for spermatogenesis and the first divisions of mouse
embryogenesis. It is mainly expressed in testis and has a localization pattern and
interaction partners similar to AURKB [100].

6.4.1 Aurora A Kinase Inhibitors

AURKA is overexpressed and/or amplified in several subtypes of solid tumors that
include breast [101, 102], ovarian [103, 104], colon [95], lung [105] and pancreas
[106]. High levels of AURKA are associated with poor outcome [95, 101, 104].
However, the contribution of overexpression of AURKA to tumorigenesis on its
own is controversial. Some studies found that overexpression of AURKA can drive
transformation of immortalized rodent cell lines and tumors in nude mice [95, 107].
Other studies suggest that overexpression of AURKA alone is not sufficient to trans-
form primary mouse embryonic fibroblasts, even after 7P53 mutation [108]. In
vivo, both p53-proficient and p53-deficient transgenic mice that overexpress
AURKA in mammary glands do not develop malignant tumors [109, 110]. This
controversy is probably due to the different models used for every study; in the stud-
ies that support that overexpression of AURKA is sufficient to transform cells, Rat-1
and immortalized rodent cells were used and they seem to be more prone to trans-
formation than primary cells [111]. Instead, malignant transformation by AURKA
is potentiated by additional oncogenic events, such as activating mutation of RAS
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[112]. This probably happens because overexpression of AURKA induces increased
segregation errors during anaphase, which in combination with other spontaneous
mutations that might arise could lead to tumorigenesis. This was very elegantly
shown by Enrique C. Torchia and colleagues. They introduced a conditionally
expressed variant of Aurora A that after induction leads to its overexpression only
on the skin. They noticed that after treatment with TPA (which induces prolifera-
tion) neither control nor the mice expressing the variant developed tumors. On the
contrary, when they additionally treated the mice with the carcinogen/mutagenizing
agent DMBA, while both the control mice and the ones expressing the variant devel-
oped papillomas with the same frequency, the papillomas of the mice overexpress-
ing the variant progressed to a more aggressive metastatic squamous cell carcinoma
with a higher frequency than control mice [113]. Conversely, heterozygous deletion
of AURKA in mice can increase incidence of spontaneous tumor formation, indicat-
ing that AURKA would function more as a haploinsufficient tumor suppressor than
as an oncogene [97]. It is important to mention that this is also true for PLK-1 [71],
maybe because it shares the same pathway with AURKA [114-117].

Selective inhibition of AURKA leads to mitotic defects such as abnormal mitotic
spindles and chromosome segregation defects, and cells consequently become
aneuploid [118]. However, it does not seem that AURKA inhibitors cause perma-
nent mitotic arrest (Fig. 6.4). Cells rather go trough an abnormal division that leads
to the formation of aneuploid daughter cells which will eventually die in
interphase.

Except for its role in mitotic entry, centrosome maturation, spindle formation and
chromosome segregation, Aurora A has been shown to be implicated in the estab-
lishment of polarity in asymmetrically diving Drosophila neuroblasts [119] and
spindle positioning in C. elegans and human cells [120, 121]. Similarly, it regulates
spindle orientation and cell fate in mouse mammary epithelial cells, promoting
asymmetric cell divisions [122]. Therefore, inhibition of AURKA could perturb
spindle orientation in asymmetrically dividing cells, inducing differentiation. This
seems to be the case for acute megakaryocytic leukemia, a rare subtype of leukemia
[123]. In a seminal work, it was shown that AURKA inhibitors are effective thera-
pies in multiple pre-clinical models of acute megakaryocytic leukemia [124]. In this
case, AURKA inhibitors act by inducing terminal differentiation of acute mega-
karyocytic leukemia blasts [124]. Similar effects of AURKA inhibitors on differen-
tiation of megakaryocytes have been recently shown in primary myelofibrosis,
another myeloproliferative neoplasm [125].

Several AURKA inhibitors have been investigated in humans as potential anti-
cancer therapy (MLN8237/alisertib, MLN8054, MK-5108/VX-689 and ENMD-
2076) but clinical development of most of these molecules has been stopped early
(Phase I/1I trials) due to lack of efficacy and/or toxicity (review in [126]). Alisertib
has by far the most advanced clinical development program with up to 40 clinical
trials. In a large phase I/II trial (n = 249 patients), alisertib showed an interesting
response rate of 18% in metastatic breast cancers and 21% in small cell lung cancers
[127]. When combined with paclitaxel, alisertib showed prolonged progression-free
survival in platinum-resistant or refractory ovarian cancer patients in a large ran-
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domized phase II trial [128]. Alisertib also showed promising response rate of 30%
in patients with peripheral T cell lymphomas in a phase II trial [9], but this benefit
was not confirmed in the phase III study (NCT01482962). Overall, it seems that
alisertib has anti-tumoral effect on a subset of solid and hematologic tumors and this
effect does not seem to correlate with the level of expression of AURKA on tumor
samples [9, 129].

Identifying predictive biomarker for response to alisertib can accelerate its clini-
cal development. As for PLK-1, a potential candidate is p53, as amplification of
AURKA shows a clear correlation with 7P53 mutational status [98, 130]. However,
it is important to mention that the crosstalk between these two proteins is not really
well understood. The lack of p53 prolonges mitotic timing upon aurora A inhibition
but it does not necessarily lead to cell death. Conversely, when p53 is present, the
cells rather exit mitosis, being aneuploid and as a result die in interphase [131].
Mechanistically, p53 negatively regulates AURKA at transcriptional and post-
translational level, while AURKA can phosphorylate p53 at three different sites.
While Ser-315-phosphorylated p53 undergoes ubiquitination and subsequent degra-
dation and Ser-215-phosphorylated p53 shows a reduced DNA binding activity,
phosphorylated Ser106 on p53 inhibits its interaction with MDM?2, its negative
regulator. Besides p53, p21 and retinoblastoma protein are also important for post-
mitotic checkpoint and may influence cell’s response to Aurora inhibition [132]. To
date, no predictive biomarker for response to Aurora A inhibitors has been
identified.

6.4.2 Aurora B Kinase Inhibitors

Overexpression of AURKB has been detected in multiple human tumors [133-135]
and it correlates with genomic instability, high tumor grade and/or poor prognosis
[133, 134, 136]. However, no cancer- associated mutations of AURKB have been
identified, and the locus was not found to be amplified [132]. Overexpression of
AURKB in Chinese hamster embryo cell can lead to tumor formation in nude mice
[137] and generates aneuploidy in human cancer cell lines [138].

Selective inhibition of Aurora B leads to a premature mitotic exit and aneuploidy
[139] (Fig. 6.4). Several AURKB inhibitors have been tested in the clinics
(AZD1152/barasertib, ENMD-2076, ABT-348/ilorasertib and AT9283). AZD1152
is highly selective for AURKB, 1000-fold higher than for AURKA [140]. AZD1152
showed best efficiency in hematologic malignancies, with up to 25% of response
rate in acute myeloid leukemia [141] and did better than low-dose cytarabine in
relapsing patients [142]. However, its clinical development is limited by the hema-
tological toxicities. In solid tumors which do not proliferate rapidly when compared
to hematological malignancies, AZD1152 did not show any objective response at
any dose or schedule in the phase I trial [143].

Due to complex structure-activity relationships and similarities among different
kinase families, a property of many AURKB inhibitors is concomitant inhibition of
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tyrosine kinase relevant in angiogenesis such as KDR/VEGFR2, Flt3 and BCR-Abl
[144]. This beneficial property has been exploited in clinical development of ilo-
rasertib/ABT-348 [145], AT9283 [146] and ENMD-2076 [147]. Indeed ENMD-
2076 showed a response rate of 8% in recurrent platinum-resistant ovarian cancer
[148], a disease that highly benefits from anti-angiogenic therapies [149]. However,
this response rate is lower than single agent bevacizumab (anti-VEGF monoclonal
antibody) in this setting [150].

6.4.3 Dual Aurora Inhibitors

Several inhibitors that target both AURKA and AURKB have been developed.
VX-680/MK-0457 [151] and PHA-739358/danusertib [152]. MK-0457 demon-
strated minimal efficacy in hematological and solid malignancies [153, 154].
Danusertib showed clinical efficacy in patients with chronic myeloid leukemia that
harbor T315I Abl kinase mutations [155].

6.5 Kinesins

Kinesins are motor proteins that use ATP energy to translocate, often with cargo,
along microtubules. So far, 16 different kinesins have been shown to have mitotic
functions in spindle assembly, chromosome alignment, chromosome segregation
and cytokinesis [132].

6.5.1 Kinesin-5 Inhibitors

Kinesin-5 (Eg5/Kif11) family members were the first identified to be essential in
mitosis in frog extracts [156]. The name Eg points to the fact that it was identified
in xenopus eggs [157, 158]. Kinesin-5 motors assemble into a bipolar homotetra-
meric structure that is capable of modulating dynamics and organization of micro-
tubules [159]. In mammalian cells, they are the most important motors for
centrosome separation during prophase by creating pushing forces between the cen-
trosomes. They are plus-end microtubule motors that are able to slide on anti-
parallel microtubules emanating from the two opposite poles [160].

Selective inhibition of kinesin-5 leads to the formation of monopolar spindles.
As a result, spindle assembly checkpoint cannot get satisfied and cells get arrested
in this monopolar configuration eventually leading to cell death. However, kinesin-5
inhibition does not have a direct effect on microtubule dynamics (Fig. 6.5) [161].

Given the central role of kinesin-5 in mitosis, over 100 small chemical inhibitors
of human kinesin-5 have been developed as potent anticancer therapies. Monastrol
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Fig. 6.5 Eg5 inhibition. Eg5 inhibition blocks centrosome separation and cells are arrested in a
monopolar configuration

was the proof-of principle molecule targeting kinesin-5 [162]. Several target thera-
pies against kinesin-5 have shown promise in preclinical studies [163-165]. In the
clinics, kinesin-5 inhibitors got disappointing results in cancer patients with very
few if any objective responses obtained so far [166—168]. Toxicities were limited
with this class of drugs. One potential explanation for the disappointing results in
the clinics could be the necessity for kinesin-5 inhibitors to accumulate inside can-
cer cells at very high concentration. Additionally, cells become resistant to Eg-5
inhibitors extremely fast by overexpressing alternative kinases for centrosome sepa-
ration such as Kif15 [169, 170]. In cancer patients, it might be difficult to assess an
objective response to eg-5 inhibitors as resistant cells appear very fast, probably
between two evaluations of response.
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6.5.2 CENP-E Inhibitor

The kinesin motor protein, Centromere protein E (CENP-E) is a dimeric kinesin
(Kinesin-7 family) with critical roles in mitosis. CENP-E is a plus-end motor pro-
tein that is able to slide on microtubules helping at the movement of mono-oriented
chromosomes for proper alignment at metaphase. CENP-E exhibits a periodic accu-
mulation and loss, with maximal levels found during late G2 and M-phases of cell
cycle, and minimum levels in early G1 [171]. Consistently, in human tissues, nRNA
expression pattern of CENP-E shows a strong association with proliferation.
CENP-E expression is undetectable or low in most of the tissues except those with
significant cellular turnover such as gastrointestinal epithelia, hematopoetic sites or
testis [172]. Lung adenocarcinomas and squamous cell carcinomas showed increase
levels of CENP-E mRNA whereas prostate cancers have very low [172].

Depletion or selective inhibition of CENP-E results in mitotic arrest due to polar
chromosomes [173, 174]. This mitotic arrest is followed by apoptotic cell death
(Fig. 6.6) [175]. Homozygous disruption of CENP-E in developing mice leads to
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early embryonic lethality, due to mitotic abnormalities such as misaligned chromo-
somes [176].

CENP-E is the most recent addition to potential anti-mitotic targets. So far, only
one CENP-E inhibitor has been developed to target cancer cells (GSK923295)
[177]. This molecule has been tested in phase I trial in cancer patients and showed
only one sustained partial response in a patient with urothelial carcinoma [178].

6.6 Discussion/Perspectives

One of the most fundamental traits of cancer cells involves their ability to sustain
chronic proliferation by deregulating progression through the cell cycle. Thus, it is
not surprising that anti-mitotic therapies have evolved as promising anti-cancer
drugs. To date, all these anti-mitotic drugs have been considered just cytotoxic,
therefore the efforts to study their specific way of action have been limited.

In the clinics, anti-microtubule drugs remain the first choice therapy for several
malignancies, whereas none of the kinase or kinesin inhibitors has been approved so
far. This statement raises different questions; if all mitosis targeting drugs are just
cytotoxic, why some are more successful than others? There are different hypothe-
ses that are waiting to be tested. One possible reason, on which a lot of discussion
is ongoing is that MTAs act also on interphase microtubules, blocking signaling and
important molecule transportation. Till now, it is not established if this is just a sec-
ondary effect or it could be the main cause of cancer cell death upon treatment with
MTAs. For some tumors highly dependent on receptor transportation such as pros-
tate cancer, signaling blockage can have a major effect on cell survival. Another
possibility is that MTAs do not inhibit a single molecule, as inhibitors of kinases or
kinesins, but the microtubules, which form complex structures with different par-
ticipating proteins. Consequently, MTAs can be more efficient at a lower concentra-
tion in exerting their anti-mitotic activity compared to drugs that target a single
kinesin or kinase.

Another question that remains to be answered is why some chemotherapeutic
drugs are more efficient in certain types of cancer than others. This is based on clini-
cal observations but it would be interesting to understand the molecular mechanism
that lays behind. What is the common molecular characteristic of cancers that
respond to taxanes or vinca-alkaloids? In the era of precise medicine, answering this
question will be of a great benefit with improving the clinical efficiency of MTAs
while avoiding toxicity to patients that are unlikely to respond.

Finally, understanding the mechanisms of resistance to chemotherapeutic drugs
is a major area of interest. Resistance can be “intrinsic” (primary resistance), which
means that treatment has no clinical benefit on the patient from the beginning. It can
also be “acquired” (secondary resistance), which means that resistance is developed
after or under therapy. These questions have been in part elucidated in DNA damage
agents such as platinum and PARP inhibitors [179]. For anti-mitotic drugs, the
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question of resistance remains a major issue and there is a need for identifying
reproducible biomarkers of resistance in preclinical and clinical models.
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Chapter 7

Mitotic Dysfunction Associated with Aging
Hallmarks

Joana Catarina Macedo, Sara Vaz, and Elsa Logarinho

Abstract Aging is a biological process characterized by the progressive deteriora-
tion of physiological functions known to be the main risk factor for chronic diseases
and declining health. There has been an emerging connection between aging and
aneuploidy, an aberrant number of chromosomes, even though the molecular mech-
anisms behind age-associated aneuploidy remain largely unknown. In recent years,
several genetic pathways and biochemical processes controlling the rate of aging
have been identified and proposed as aging hallmarks. Primary hallmarks that cause
the accumulation of cellular damage include genomic instability, telomere attrition,
epigenetic alterations and loss of proteostasis (Lopez-Otin et al., Cell 153:1194—
1217, 2013). Here we review the provocative link between these aging hallmarks
and the loss of chromosome segregation fidelity during cell division, which could
support the correlation between aging and aneuploidy seen over the past decades.
Secondly, we review the systemic impacts of aneuploidy in cell physiology and
emphasize how these include some of the primary hallmarks of aging. Based on the
evidence, we propose a mutual causality between aging and aneuploidy, and suggest
modulation of mitotic fidelity as a potential means to ameliorate healthy lifespan.
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7.1 Age-Associated Aneuploidy

Aging has been linked to an increase in aneuploidy' for the past several decades [1].
This association has been well documented for oocytes and is considered to be the
main cause of female reproductive infertility as well as of mis-carriage and birth
defects in humans [2]. However, aneuploidy can also arise in somatic cells, and a
number of studies have reported age-dependent increases in aneuploidy. Men are
for long known to be subject to age-related loss of the Y chromosome (LOY) [3-5],
and recent studies have suggested that LOY is associated with shorter survival and
higher risk of cancer [6]. Also, loss of an X chromosome with advancing age has
been reported for females [7, 8], though the physiological consequence of this phe-
nomenon remains unclear. Similarly to sexual chromosomes, an increase in autoso-
mal aneuploidy has been observed in elderly peripheral blood lymphocytes, bone
marrow cells, myeloid cells and fibroblasts, using different techniques such as meta-
phase spreads and fluorescence in sifu hybridization in both interphase nuclei and
cytokinesis-blocked binucleated cells [9—11]. The results obtained have shown that
aging is positively correlated with the incidence of chromosome mis-segregation,?
even though different chromosomes might have distinct susceptibility to mis-
segregation [11, 12], or alternatively generate aneusomies® more compatible with
cell survival [9, 10]. Chromosome-specific aneuploidies were also found in the
aging brain as well as in buccal cells from both older patients and patients with
Alzheimer’s disease (AD), suggesting they might contribute to neurodegeneration
[13—15]. However, this became recently controversial with the advent of single-cell
whole genome sequencing to measure aneuploidy [16, 17].

The relative high frequencies of multiple mis-segregation events (involving more
than one chromosome) have raised the question whether there is a general dysfunc-
tion of the mitotic apparatus in aged cells [12]. Oligonucleotide microarrays in a
panel of fibroblast and lymphocyte cultures from young and old individuals were
used to determine changes in gene expression specific for increased aneuploidy
with age [18, 19]. These analyses revealed an association between age-related aneu-
ploidy and the expression levels of genes involved in centromere* and kinetochore’
function and in the microtubule and spindle assembly apparatus [18]. This opens the
question whether dividing cells of elderly proliferative tissues exhibit any of the
mitotic defects known to lead to aneuploidy. These include defective sister chroma-
tid cohesion, weakened spindle assembly checkpoint (SAC),® supernumerary

'Chromosome content that is not an exact multiple of the haploid complement; imbalanced
karyotype.
2Segregation of a whole chromosome to the incorrect daughter cell during mitosis.

3Gains or losses of entire chromosomes arising from mis-segregation events during cell division;
generally denotes a diploid organism with subpopulations of aneuploid somatic cells.

4Part of the chromosome comprised of repetitive DNA where the sister-chromatids are connected
and the kinetochores assembled.

SLarge protein complex that allows the attachment of chromosomes to spindle microtubules.

®Surveillance mechanism that halts cell cycle progression until all chromosomes are correctly
attached to the spindle.
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centrosomes’ and abnormal dynamics of kinetochore-microtubule attachments, as
reviewed [20, 21]. Proper chromosome segregation requires the maintenance of
cohesion between replicated chromosomes (sister chromatids) through the G2 and
M phases and then the sudden disruption at anaphase onset. The SAC acts to prevent
the destruction of sister chromatid cohesion as long there are chromosomes not
properly attached to spindle microtubules. Even though the back-to-back geometry
of sister kinetochores favors chromosome bi-orientation (attachment to microtu-
bules from opposite poles) [22], the stochastic nature of the attachments might
result in errors such as one single kinetochore attached to microtubules from differ-
ent poles (merotely). Merotely occurs naturally in early mitosis but is corrected
before anaphase by specific molecular mechanisms [23]. If left uncorrected, mero-
tely results in anaphase lagging® chromosomes that might generate aneuploid
daughter cells. The prevalence of merotelic attachments increases with cohesion
defects that impair the orderly packing of centromeric chromatin and the typical
back-to-back orientation of sister kinetochores. The incidence of merotely also
increases in cells with attenuated SAC activity likely due to insufficient time for
correction prior to anaphase onset. Cells with extra centrosomes induce transient
multipolar spindles before the coalescence of centrosomes into bipolar spindles,
and this event was shown to promote merotely and lagging chromosomes [24, 25].
Finally, insults that stabilize kinetochore-microtubule attachments prevent efficient
correction of wrong attachments (which acts by releasing inappropriately attached
microtubules) and promote chromosome mis-segregation [26].

Interestingly, the analysis of the mitotic process in aging models and diseases,
even though limited, has often revealed the presence of dysfunctional phenotypes.
Thus, we next review the data supporting that the primary causes of cellular damage
during aging can induce mitotic defects and aneuploidization.

7.2 Mitotic Defects Associated with Primary Hallmarks
of Aging

Genomic instability, telomere loss, epigenetic drift and defective proteostasis have
been classified as primary hallmarks of aging, which act as initiating triggers whose
damaging consequences progressively accumulate with time leading to secondary
hallmarks [27]. In this section, and for each one of these types of damage, we will
(1) briefly summarize how it has been linked to aging, and (2) highlight how often
it leads to mitotic defects. By compiling these data, we argue for the existence of an
age-associated mitotic decline.

"The main microtubule-organizing center of the cell, which contains the centrioles (in animal
cells) and duplicates before mitosis to form a bipolar spindle.

8 Chromosome that is left behind at the spindle equator when all the other chromosomes have seg-
regated to opposite spindle poles.
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7.2.1 Genomic Instability

Recent evidence points to DNA damage accumulation as an important driver of the
aging process [28]. DNA integrity is constantly challenged by exogenous agents
such as radiation, environmental chemicals, endogenous reactive oxygen and nitro-
gen species. These genotoxic agents induce altogether an enormous variety of DNA
lesions that include point mutations, single- or double-stranded DNA breaks, and
chromosomal rearrangements, losses and gains. To counteract DNA damage, the
organisms have evolved a powerful network of repair mechanisms that jointly cor-
rect most of the nuclear DNA lesions. Aging arises from a wide range of phenotypic
changes at the cellular level once the repair mechanisms are not sufficient to cope
with a given level of damage [29]. In addition to the direct lesions in DNA, defects
in nuclear architecture, known as laminopathies,’ also lead to genome instability
and premature aging'® [30].

7.2.1.1 Nuclear DNA Damage
Nuclear DNA Damage and Aging

A prominent role of genome integrity in aging has been emphasized by the percep-
tion that most multi-system premature aging syndromes are caused by mutations in
DNA repair genes. Examples are Werner syndrome (WS), Bloom syndrome (BS),
Rothmund-Thomson (RTS), Fanconi’s anemia (FA), Cockayne syndrome (CS),
Trichothiodystrophy (TTD), and XFE syndrome [28, 31, 32]. Mice with defects in
specific DNA repair mechanisms also display many progeroid phenotypes'!' [33].
Integrative analysis of human syndromes and mouse models has tentatively assigned
aging phenotypes to specific DNA lesions, although the impact of specific lesions
depends additionally on the underlying DNA repair mechanism and cellular context
(stage in the cell cycle, proliferation and differentiation status, overall condition)
[34]. In proliferative tissues and cell compartments, such as the hematopoietic and
gonadal systems, double strand breaks (DSBs) and interstrand crosslinks (ICLs) are
the types of lesions translating into segmental aging features.!> DSBs and ICLs
block DNA replication, activating the DNA damage response (DDR). When not
repaired by the error-prone mechanisms, these lesions lead to cell death or senes-
cence'® [35]. Cell death induces loss of tissue homeostasis or depletion of somatic

?Group of rare diseases caused by mutations in genes functionally linked to formation/mainte-
nance of nuclear lamina.

10A condition in which aging features arise early in life.

Features of late-life aging in young individuals, as for instance grey hair, cataracts and body mass
loss.

12Partially mimic an aging phenotype; do not include all signs of aging.

3Refers to an essentially irreversible growth arrest that occurs when cells that can divide encoun-
ter oncogenic stress (for instance, strong mitogenic signals); it is a secondary aging hallmark or
compensatory response to primary causes of cellular damage.
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stem cell pools, whereas cellular senescence induces a secretory phenotype including
several pro-inflammatory cytokines, leading to tissue functional decline [36]. An
example of a human syndrome caused by defects in ICL repair is FA, whereas the
syndromes WS, RTS and BS are all caused by defective DSB repair due to muta-
tions in RecQ helicases. These syndromes exhibit cancer and/or aging phenotypes
depending whether ICLs/DSBs are repaired or not by error-prone mechanisms,
respectively. In post-mitotic tissues, such as the neuronal system, helix-distorting
lesions are the type of lesions most commonly leading to tissue decline and aging.
Helix-disruptive lesions block RNA polymerase elongation and repair is initiated by
transcription-coupled repair (TCR), a multi-step ‘cut-and-patch’-type excision
reaction that uses many core nucleotide-excision repair (NER) factors. Defective
TCR repair is the main driver of premature aging phenotypes in the human disor-
ders TTD, CS and XFE, and corresponding mouse models [37].

Finally, not only defects in DNA maintenance may lead to accelerated aging, but
also there is sufficient evidence that all pathways of DNA repair become less effi-
cient with age [38]. Even though the causes behind this decline remain elusive,
several studies have identified an age-related decrease in the expression of DNA
repair enzymes or their activities [39].

Mitotic Defects Induced by DNA Damage

The DNA damage response (DDR) is a complex signaling cascade that leads to cell
cycle arrest in the presence of DNA lesions including those abovementioned that
stall replication, transcription and that translate into aging phenotypes. DDR has
been extensively investigated in interphase and shown to comprise two pathways,
ATR/CHK1 and ATM/CHK?2, that inhibit mitotic entry in order to provide sufficient
time for DNA repair [40, 41]. However, recent studies have found that mitotic cells
can also elicit a ‘primary DDR’ comprised of early events such as ATM activation,
but then are unable to repair DNA damage due to the inhibition of 53BP1 recruit-
ment to DNA lesions by mitotic kinase activity [42]. The rationale behind this
impaired recruitment is to restrain end-to-end chromosome fusions that interfere
with chromosome segregation [43] (see Sect. 7.2.2.2). Nevertheless, as lately
shown, partial activation of DDR during mitosis increases the frequency of lagging
chromosomes during anaphase by selectively stabilizing kinetochore-microtubule
attachments and, thereby, preventing efficient correction of erroneous attachments
[44] (Fig. 7.1a).

Moreover, mutations in several DNA repair genes have been frequently reported
to induce chromosome segregation errors. This is the case of FA, WS, BS and RTS
human diseases in which DNA damage interferes with DNA replication. FA is
caused by mutations in genes of the FANC pathway and cells from FA patients typi-
cally exhibit gross aneuploidy [45, 46]. Recent studies have evaluated the role of FA
proteins in chromosome segregation. FANCD?2 localizes to discrete sites on mitotic
chromosomes to promote anaphase resolution of chromosome entanglements
induced by replication fork stalling [47] (Fig. 7.1b). In addition, FA proteins
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Fig. 7.1 Age-associated nuclear DNA Damage leads to mitotic defects. (a—e). DNA damage accu-
mulation or defective DNA repair mechanisms are important drivers of aging. (a) DSB and ICL
lesions induce replication fork stalling and elicit a primary DDR (ATM/CHK2 activation) that
leads to the phosphorylation of Aur-A and Plk-1 mitotic kinases, stabilization of kinetochore-
microtubule attachments and increased frequency of lagging chromosomes during anaphase. (b)
Defective ICL repair (FA) and defective WRN and BLM helicase activity result in limited resolu-
tion of anaphase ultrafine bridges (UFBs) emerging from different chromosomal loci, centromeres
(C-UFBs), telomeres (T-UFBs) and fragile sites (FS-UFBs). (¢) Moreover, defective Recql4
helicase (RTS) leads to premature centromere separation. (d) Bulky lesions induce transcriptional
stalling and primary DDR that leads to overstable kinetochore-microtubule attachments. (e)
Mutations in NER core factors, as for instance XPD and XPF, which interfere with their localiza-
tion to the mitotic spindle, result in spindle defects and chromosome mis-segregation

differentially localize to structures of the mitotic apparatus generating a signal
essential for SAC activity [48]. Three of the five human RecQ homologs have been
shown to be associated with the autosomal recessive syndromes, WS, BS and
RTS. The RecQ protein family is a highly conserved group of DNA helicases
involved in recombination-related processes, the non-homologous end-joining and
homologous recombination, that function in the repair of DSBs, ICLs and recovery
of stalled or broken replication forks [49]. Importantly, these helicases are required
to protect the genome from illegitimate recombination during chromosome segrega-
tion. Analyses of patient-derived cells have demonstrated unusually high frequen-
cies of chromosomal abnormalities including aneuploidy [50-54]. Chromosomal
instability is also found in the mouse models of these human diseases [55-57]. Cells
from Recql4 mutant mice (Type II RTS model) have high frequencies of premature
centromere separation and aneuploidy, suggesting a role for Recql4 in sister-chro-
matid cohesion [57] (Fig. 7.1c). Both WRN and BLM helicases function to resolve
stalled DNA replication forks and preclude chromatin mis-segregation [S8—60]. By
unwinding various DNA structures, BLM not only prevents elevated frequency of
sister chromatid homologous recombination, but also resolves ultrafine anaphase
bridges'* during the later stages of mitosis [61]. BLM localizes to all types of ultra-
fine anaphase bridges (UFBs) emerging from different chromosomal loci,
centromeres, telomeres and fragile sites. Centromere-UFBs are likely due to double
strand DNA catenation, whereas telomere-UFBs and fragile site-UFBs most likely

14 Stretched chromatin structure in between two daughter cells.
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contain incompletely replicated DNA or hemicatenates [62]. Localization of BLM
to UBFs depends on the Plk1-interacting checkpoint kinase PICH and is required to
prevent the formation of supernumerary UFBs [63] (Fig. 7.1b).

Studies of NER mutations in human patients and mouse models suggest that, like
replication stalling, also transcriptional blocking might compromise chromosome
segregation (Fig. 7.1d). Whereas clinical phenotypes of highly elevated cancer pre-
disposition, such as in Xeroderma pigmentosa (XP), are caused by mutations that
affect the global genome NER pathway, those of accelerated aging, such as in
Cockayne Syndrome (CS), are caused by mutations that affect the transcription-
coupled NER pathway [37]. However, following DNA damage recognition, both
pathways converge into common NER factors that unwind the helix (XPB, XPD
and XPA) and remove the damaged DNA strand (ERCCI1, XPF, and XPG).
Mutations in NER core factors, for example XPD, cause diseases with combined
phenotypes of XP and CS, such as XP/CS and Trichothiodystrophy (TTD). Evidence
for a role of transcription-coupled NER in mitotic fidelity have come from reports
showing increased aneuploidy in CS cells [53] as well as in XP-D and XP-D/CS
cells [64]. XPD forms a specific complex called MMXD that localizes to the mitotic
spindle and is required for proper chromosome segregation [64] (Fig. 7.1e). XPF,
mutated in XFE syndrome, also localizes to the mitotic spindle [65] and, in addi-
tion, co-localizes with FANCD2 on mitotic chromosomes playing a role in process-
ing of replication stress at fragile sites until mitosis [66].

It is possible that the distinct mitotic defects found in association with mutations
in different DNA repair enzymes, do actually concur in an age-associated mitotic
decline, if we consider that all pathways of DNA repair become less efficient during
natural aging [38].

7.2.1.2 Nuclear Lamina Defects

Defects in the nuclear lamina, a structure near the inner nuclear membrane and the
peripheral chromatin, compromise nuclear architecture and can cause genomic
instability [67]. LMNA is a gene differentially expressed and spliced to produce the
nuclear intermediate filament proteins lamins A and C, the major components of the
nuclear lamina that direct and indirectly act in the maintenance of nuclear structure,
gene expression, chromatin organization, cell cycle regulation and apoptosis [68].

Nuclear Structure and Aging

In the past 20 years, an increasing number of mutations in lamins and lamin-binding
proteins was found to be linked to at least 15 different diseases, called laminopa-
thies, of which Hutchinson-Gilford Progeria Syndrome (HGPS), Restrictive
Dermopathy (RD) and Néstor-Guillermo Progeria Syndrome (NPGS) exhibit
segmental premature aging features [69]. Classic HGPS is caused by a point muta-
tion in the LMNA gene that activates a cryptic donor splice site leading to partial
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deletion of exon 11 and generation of a mutant lamin A (LA) protein termed
“progerin/LAA50”. Normally, mature lamin A is generated from a prelamin A pre-
cursor through substantial post-translational modification of its C-terminal CaaX
motif, which includes cysteine farnesylation, cleavage of the aaX amino acids by
the FACE-1/Zmspte24 metalloproteinase, carboxymethylation of the farnesylated
cysteine and, finally, a second cleavage of the 15 terminal residues also by FACE-1
[70]. The progerin-truncated isoform remains permanently farnesylated and car-
boxymethylated since it cannot be secondarily cleaved by FACE-1. This leads to
toxic accumulation of progerin at the nuclear envelope of HGPS patient cells caus-
ing nuclear shape abnormalities and chromatin stress [71]. Several studies have
supported the dominant-negative disruption of lamin-related functions by progerin.
Expression of LAAS50 in normal cells recapitulates the nuclear abnormalities of
HGPS cells [71], whereas expression of nonfarnesylated and carboxymethylated
versions of progerin [72] does not show the classical HGPS phenotypes. Moreover,
administration of farnesyl transferase inhibitors rescues some of the HGPS pheno-
types [73, 74]. Another progeroid syndrome, RD, is caused by homozygous loss of
FACE-1/ZMPSTE24 [75, 76]. Again accumulation of farnesylated prelamin A asso-
ciates with the disease phenotypes, and mice deficient in Zmpste24 extensively phe-
nocopy HGPS. The NGPS is caused by mutations in the barrier to autointegration
Jfactor BAF/BANF I gene which codes for an essential DNA-binding protein involved
in many pathways, namely the maintenance of nuclear structure through interaction
with lamins and nuclear membrane proteins [77].

Remarkably, studies of progeroid laminopathies and lamin A-related mouse
models have generated significant insight into the normal aging process. Fibroblast
samples from elderly wild type individuals have been shown to exhibit increased
DNA damage, morphological abnormalities and changes in histone modifications
comparable to those of HGPS patients [71, 78]. In addition, the appearance of
progerin in fibroblasts and skin samples from elderly individuals [79, 80], further
suggests that progerin may play a role in normal aging. Progerin synthesis due to
sporadic use of the cryptic splice site in the LMNA gene and decreased levels of
lamin B1 are putative determinants of the age-related nuclear defects [80-82].

Mitotic Defects in Progeroid Laminopathies

Early studies measuring aneuploidy in cultured cells from human progeria syn-
dromes found significantly increased levels compared to controls [53]. More
recently, expression of progerin/LAAS0 in human cells was shown to cause chro-
mosome segregation defects [83, 84]. Stable farnesylation and carboxymethylation
of the mutant LAASO cause an abnormal association with membranes during mito-
sis as well as formation of insoluble cytoplasmic aggregates. The abnormal dynamic
behavior of progerin interferes with the mitotic membrane network morphogenesis,
leading to a significant increase of lagging chromosomes at anaphase, a delay in the
onset and progression of cytokinesis, and often binucleation (Fig. 7.2a). Moreover,
similar mitotic defects correlating with the presence of progerin membrane-like
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Fig. 7.2 Mitotic defects associated with loss of nuclear architecture (a—d). (a) Accumulation of
mutant lamin A or progerin in HGPS or RD patients as well as in elderly individuals, interferes
with the mitotic membrane network morphogenesis causing chromosome segregation and cytoki-
nesis defects. (b) Progerin also leads to reduced levels of active pRB1 and its transcriptional target,
centromere condensin subunit NCAP-D3, causing merotelic attachments (insef). (¢) In NGS, dis-
ruption of the lamin A/C-LAP2a-BAF complex, that binds the actin filaments in the cell cortex and
the membranous spindle matrix to the spindle-associated dynein (inset), prevents proper spindle
assembly and positioning. (d) Decreased levels of lamin B1 in HGPS or elderly cells lead to spin-
dle defects due to disruption of the spindle matrix architecture that requires the interaction between
lamin B1 bound to membrane vesicles and the NudEL/dynein complex at spindle microtubules
(inset)

aggregates and increasing with cell culture passage number were found in both
HGPS and normal cells. In addition, cells from Lmna/Disheveled hair and ears(Dhe)
heterozygous mice exhibit many phenotypes of human HGPS cells, including per-
turbations of the nuclear shape and lamina, increased DNA damage, and slow
growth rates due to mitotic delay. Reduced levels of active hypophosphorylated
RB1 and of its target NCAP-D3, a mitosis-specific centromere condensin subunit,
were suggested to account for the chromosome segregation defects and consistent
aneuploidy in the Lmna(Dhe/+) fibroblasts [85] (Fig. 7.2b). Lack of FACE-1/
Zmspte24 metalloproteinase, also induces formation of lobulated nuclei and micro-
nuclei® [86, 87]. Recently, it was shown that lamin-A/C are part of a stable complex
with LAP2a and BAF that binds the actin filaments in the cell cortex and membra-
nous spindle matrix'® to the spindle-associated dynein, thereby ensuring proper
spindle assembly and positioning [88] (Fig. 7.2c). However, the existence and func-
tional role of a spindle matrix remain controversial as well as its molecular and
structural composition [89]. Regarding BAF, the proper control of its association
with other proteins and with DNA seems to be critical at multiple mitotic stages,
being its dynamic phosphorylation and dephosphorylation particularly essential to
drive nuclear disassembly and reassembly, respectively [77].

Finally, because B-type lamins lack a C-terminal CaaX motif, they remain bound
to membrane vesicles through their farnesyl anchor during mitosis, and possibly
make part of the spindle matrix controlling mitotic spindle assembly and orientation

15 Small nucleus in a daughter cell generated by chromosome mis-segregation.
1Vesicular membraneous matrix that embeds the microtubule spindle apparatus during mitosis.
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[90, 91] (Fig. 7.2d). Interestingly, a decreased amount of lamin B1 has been found
in HGPS cells and in cells entering replicative senescence [78, 81], suggesting that
mitotic abnormalities associated with lamin B1 repression may contribute to aging.

7.2.2 Telomere Attrition

In humans, telomeres shorten throughout the life span. The degree of shortening is
roughly proportionate to risks of common diseases of aging as well as mortality risk
[92]. Telomeres are dynamic complexes at chromosome ends containing tandem
short DNA repeats and associated proteins [93]. The telomeres protect the genomic
DNA by two means. First, telomeres are bound by the multiprotein complex shel-
terin to prevent the end of the linear chromosomal DNA from being recognized as
DNA breaks [94]. Whereas this deflects the action of DNA repair mechanisms that
would lead to chromosome rearrangements and instability, it turns DNA damage
more persistent at telomeres contributing to cellular senescence and/or apoptosis
[95, 96]. Second, the ribonucleoprotein enzyme telomerase adds telomeric repeat
sequences to the chromosome ends to prevent the attrition arising from the inability
of the DNA polymerases to completely replicate the extreme ends of linear chromo-
somes [97]. However, the levels of telomerase (or of its action on telomeres) are
limiting in most mammalian somatic cells, causing progressive loss of telomere-
protective sequences.

7.2.2.1 Age-Related Telomere Erosion

Cells with critically short or sufficiently damaged telomeres elicit a sustained DNA
signaling, which leads to the loss of proliferative capacity known as replicative
senescence (or Hayflick limit) [98, 99], unless telomerase is ectopically expressed
[100]. However, the idea of telomere length as a mitotic clock ticking during norma-
tive aging!” is too simplistic as telomerase enrichment in stem cells ensures their
capacity to constantly renew somatic tissue cells in vivo [101] and it is unknown
how much cellular senescence or death can arise from other causes than telomere
erosion [102]. Also, extrapolating findings from aging studies using short-lived ani-
mal models has been limited because of the much longer time frame of human
aging. Unless telomere maintenance is experimentally repressed genetically, labo-
ratory animal models normally die of old age with relatively long telomeres [103].
But the experimental deletion of a telomerase component or a telomere protective
protein does cause accelerated aging phenotypes in short-lived animals. The chal-
lenge has been to establish the extent by which telomere attrition contributes to
normative aging phenotypes in the human. The study of monogenetic disorders of
telomere maintenance has been valuable in this regard. Inactivating mutations are

7Natural or chronological aging.
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known in 11 genes that encode either a telomerase component or a telomere-binding
protein [92]. These mutations are associated with premature development of dis-
eases, such as pulmonary fibrosis, dyskeratosis congenita, and aplastic anemia,
which involve the loss of the regenerative capacity of different tissues [104]. They
parallel many phenotypes of experimental mouse models that are null for a telomere
maintenance gene [105]. Further supporting telomere loss as a hallmark of aging,
evidence indicates that aging can be reverted by telomerase activation [106].

7.2.2.2 Mitotic Defects Associated with Telomere Dysfunction

Similarly to the naturally occurring chromosome ends where DSB repair must be
prevented by the telomere capping, mitosis is another condition under which DSB
repair must be silenced [43, 107]. The mechanisms behind DSB repair silencing in
telomeres and during mitosis both act to block downstream ubiquitin signaling in
the DDR after initial upstream phosphorylation signaling occurs [108]. In the
human, cellular aging leads to spontaneous accumulation of shortened intermediate-
state telomeres, which activate an ATM-dependent DDR but still have sufficient
levels of shelterin proteins (i.e., TRF2) to suppress non-homologous end joining
DNA repair mechanisms [109]. Intermediate-state telomeres routinely pass through
mitosis in increasing abundance during cellular aging, until sufficient numbers
accumulate to induce senescence [110] (Fig. 7.3a). If DSB repair were active during
mitosis, the transit of intermediate-state telomeres through cell division would drive
genome instability in pre-senescent cells. However, under certain conditions such as
excessive telomere shortening and defects in telomere-associated proteins, fully
uncapped-state telomeres might occur which lack sufficient TRF2 to inhibit DSB
repair [111-113]. Impairment of telomere function together with a compromised
senescence/apoptosis response leads to chromosomal instability (CIN)'® through
end-to-end chromosome fusions entering BFB (breakage-fusion-bridge) cycles
[114]. Interchromosome dicentrics or isodicentric chromatids are prone to bridge in
anaphase [115] (Fig. 7.3b). If the chromatin bridges are unequally broken, the new
broken ends generated will perpetuate the BFB cycle leading to structural CIN
[116]. Alternatively, if chromatin bridges are not resolved by breaking, whole chro-
mosome mis-segregation will happen [117]. Detachment of dicentric chromatids
from microtubules of one or both poles during anaphase was originally proposed as
the mechanism underlying chromosome bridge-induced aneuploidy [117]. However,
one recent study has elucidated that dicentric chromatid bridges rarely break during
mitosis and exhibit persistently bound microtubule k-fibers' that hardly shorten
during anaphase [118]. This causes the bridged chromosomes to lag behind in ana-
phase leading to chromosome non-disjunction or alternatively, micronuclei forma-
tion (Fig. 7.3b). Physical isolation of chromosomes in micronuclei can lead to

8Increased frequency of chromosome mis-segregation events.

Microtubule bundles that attach sister kinetochores to spindle poles and power chromosome
movement during mitosis.
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Fig. 7.3 Telomere attrition during natural aging compromises mitotic fidelity. (a) Cellular aging
leads to spontaneous accumulation of shortened intermediate-state telomeres, which activate DDR
but still have sufficient levels of shelterin proteins (i.e., TRF2) to suppress DSB repair. Intermediate-
state telomeres routinely pass through mitosis, until sufficient numbers accumulate to induce cell
cycle arrest and senescence. (b) However, excessive telomere shortening and defects in telomere-
associated proteins generate uncapped-state telomeres that lack sufficient TRF2 to inhibit DSB
repair and lead to telomere fusions. Interchromosome or sister telomere fusions cause bridged
chromosomes to lag in anaphase. These lagging chromosomes either can lead to micronucleus
formation and consequently chromothripsis, or can lead to chromosome non-disjunction and aneu-
ploidy. (¢) Excessive telomere cohesion leads to formation of anaphase ultrafine bridges (T-UBFs),
which can cause micronuclei formation and chromothripsis or alternatively be resolved by the
TREX1/APOBEC mechanism that generates clusters of point mutations in the DNA bridge known
as kataegis

chromothripsis, the presence of massive chromosome rearrangements in confined
genomic regions of one or a few chromosomes [119]. Fragmentation and subse-
quent reassembly events occur restrictively in the micronucleus chromatin in one
cell division, and after mitosis the mutated chromosome can be incorporated into
daughter nuclei [120]. In addition, one recent study has shown that a pattern of
localized hypermutation known as kataegis may also arise during telomere crisis
from the fragmentation of dicentric chromosome bridges during late mitosis [121].
The base mutations in kataegistic clusters are mainly cytosine to thymidine transi-
tions in the context of a TpC nucleotide induced by AID/APOBEC editing deami-
nases in single strand DNA [122]. The mechanism by which dicentric chromosome
bridges lead to kataegis involves a transient nuclear envelope breakdown at the
bridge late in telophase, which makes DNA accessible to the cytoplasmic 3’ nucle-
ase TREX1. This nuclease generates single stranded DNA that becomes a target for
AID/APOBEC deamination and kataegis [121] (Fig. 7.3c).
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Anaphase chromatin bridges might arise not only from end-to-end chromosome
fusions, but also from defects in sister chromatid resolution. Sister chromatid reso-
lution is spatial-temporally coordinated at the centromeres, arms and telomeres.
Resolution of telomere cohesion occurs in early mitosis and it is distinctly regulated
from centromere and arm cohesion as it requires the poly(ADP-ribose) polymerase
(PARP) tankyrase 1 [123, 124] and the isoform SA1 of the cohesin subunit Scc3
[125]. SA1 associates with the shelterin subunit TRF1 and its partner TIN2 [126],
and TRF1 PARsylation by tankyrase 1 [127] releases SA1 from telomeres in pro-
phase [128, 129]. Inhibition of tankyrase 1 and overexpression of SAl or TIN2
induce excess cohesion at telomeres in mitosis preventing a robust and efficient
anaphase [130]. Interestingly, excessive telomere cohesion was found during repli-
cative aging of primary fibroblasts [131] (Fig. 7.3c).

7.2.3 Epigenetic Alterations

Recent evidence indicates that several of the conserved longevity pathways medi-
ated by signaling pathways (e.g. insulin/IGF1, TOR, AMPK) and downstream tran-
scription factors (e.g., FOXA, FOXO, NRF2) can modulate chromatin states [132].
Chromatin state is governed by a series of epigenetic modifications that include
DNA methylation, histone modification and chromatin remodeling.

7.2.3.1 Epigenetic Modifications and Aging

DNA methylation represents the addition of methyl groups to cytosine residues in
the context of CG dinucleotides, referred to as ‘CpG site’. The relationship between
DNA methylation (DNAm) and aging remains elusive as there is global hypometh-
ylation concurrently with loci-specific hypermethylation [133, 134], and no evi-
dence exists thus far for lifespan extension through modulation of DNAm.
Nevertheless, DNAm is perhaps the best-characterized epigenetic modification, and
‘epigenetic-signatures’ at specific CpG sites have been reported as quantitative
models of both in vitro and natural aging [135-137]. Epigenetic drift at specific
CpG sites in the genome is mediated, among other factors, by changes in the histone
code. Age-associated histone modifications include increased H4K16 acetylation,
H4K20 trimethylation, or H3K4 trimethylation, as well as decreased H3K9 meth-
ylation or H3K27 trimethylation [132, 138]. Multiple enzymes including acetyl-
transferases, deacetylases, methyltransferases and demethylases reversibly catalyze
these modifications. Studies on chromatin regulators and lifespan have focused
mostly on histone acetylases and deacetylases, in particular the sirtuin family.
However, in the past few years, histone methyltransferases and demethylases have
been also described to affect lifespan [132], even though unclear if through epigen-
etic mechanisms or transcriptional changes impacting on longevity signaling path-
ways [139]. Members of the sirtuin family of NAD-dependent protein deacetylases
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and ADP ribosyltransferases have been widely reported to ameliorate several
aspects of aging in different organisms [140]. In mammals, not only SIRT1, which
is the nearest homolog to invertebrate Sir2, but also SIRT3 and SIRT6 contribute to
healthy aging through beneficial effects on genomic stability, metabolic efficiency
and nutrient sensing [141-148]. Another epigenetic modification during aging is
global heterochromatin loss and redistribution, caused by decreased levels of chro-
matin remodeling factors such as heterochromatin protein la (HP1a), Polycomb
proteins and the NuRD complex [149—-151]. Finally, microarray comparative analy-
sis of young versus old tissues from different species have highlighted aging-
associated transcriptional signatures affecting not only mRNAs of inflammatory,
mitochondrial and lysosomal degradation pathways, but also noncoding RNAs such
as a class of miRNAs that target components of longevity networks [152, 153].
Because of their reversibility, epigenetic alterations have been extensively explored
for the design of novel anti-aging therapies [154].

7.2.3.2 Mitotic Defects Associated with Aging Epigenetic Marks

Supporting the functional relevance of age-related epigenetically mediated chroma-
tin alterations in mitosis, there is a notable connection between heterochromatin
formation at repeated DNA domains and chromosomal stability. In particular,
heterochromatin assembly at pericentromeric regions requires trimethylation of
histones H3K9 and H4K20, as well as HP1a binding, and is important for chromo-
somal stability [155]. Mammalian telomeric repeats are also enriched for these
chromatin modifications, indicating that chromosome ends are assembled into het-
erochromatin domains [156, 157].

Moreover, the changes in chromatin conformation and compaction during mito-
sis, namely transcriptional repression and chromosome condensation, depend
largely on the deacetylation of lysine residues of H3 and H4 core histones [158].
Inhibition of histone deacetylation with trichostatin A shortly before mitosis impairs
proper chromosome condensation resulting in poor sister chromatid resolution
(chromatin bridges) [23]. Histone hyperacetylation also causes depletion of HP1
from the pericentromeric chromatin, which in turn leads to loosened centromeres
that promote the formation of merotelic attachments and lagging chromosomes [23,
159] (Fig. 7.4a). In addition, displacement of heterochromatin proteins HP1a and
HP1y from chromatin induces premature chromatid separation concomitant with
delocalization of cohesion proteins from the centromeres [160] (Fig. 7.4b).

Mitotic roles have been reported for several sirtuins thus suggesting that
decreased sirtuin activity during aging might lead to age-associated aneuploidy.
SIRT1 deficiency results in accumulation of cells in early mitotic stages due to
incomplete chromosome condensation [147]. The defective chromosome condensa-
tion in sirt] =~ cells is due increased acetylation of H3K9 that impairs its trimethyl-
ation and, consequently, the recruitment of HP1a, which is required to establish a
closed chromatin configuration. In addition, SIRT1 was found to associate with
mitotic chromatin at prometaphase in order to mediate the chromosomal loading of
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Fig. 7.4 Age-associated epigenetic alterations induce mitotic defects. Changes in histone modifi-
cations (for example, decreased H3K9 methylation and increased H4K16 acetylation) and
decreased levels of sirtuins (Sirtl, Sirt2) and chromatin remodeling factors (such as HPla), are
epigenetic signatures of aged cells. (a) Increased H4K16 acetylation associated with decreased
H3K9me3 or Sirt2 deacetylase activity leads to depletion of HPla from pericentromeric hetero-
chromatin, which causes centromere relaxation and formation of merotelic attachments (inset).
(b) Reduced Sirtl activity interferes with condensin I complex loading into chromatin leading to
chromosome condensation defects (insetr). Moreover, reduced Sirtl activity also causes HPla
depletion from chromatin resulting in heterochromatin loss and premature cohesion loss due to
defective recruitment of Sccl and Sgol proteins (inser)

histone H1 and the condensin I complex needed for chromosome condensation
[161] (Fig. 7.4b). SIRT?2 has strong preference for acetylated H4K16 which enzy-
matic conversion into its deacetylated form at G2/M may be crucial for chromatin
condensation at early mitosis [162] (Fig. 7.4a). Moreover, SIRT2 was shown to
regulate the anaphase-promoting complex/cyclosome (APC/C)* activity through
deacetylation of its coactivators, APC(CDHI1) and CDC20 [163]. This leads to
increased levels of mitotic regulators such as Aurora-A and -B in SIRT?2 deficient
cells that induce centrosome amplification, aneuploidy, and mitotic cell death.
Microtubule polymerization increases in SIRT3 depleted cells suggesting that
SIRT3 regulates spindle dynamics [164]. SIRT6 levels, similarly to SIRT1 and
SIRT?2, increase in mitosis, but SIRT6 partially co-localizes with the mitotic spindle
instead of being associated with condensed chromosomes [165].

Finally, even though still elusive, some noncoding RNAs implicated in the senes-
cence and aging processes in recent years, such as geromiRs [153] might impact in
mitotic function. Some examples are: miR-1 that downregulates genes involved in
DNA replication and mitosis [166]; miR-34 that suppresses SIRT1 activity [167];
and let-7b that targets Aurora B, causing increased rate of aneuploidy, polyploidy
and multipolarity [168].

20Multiprotein complex with ubiquitin-ligase activity that is responsible for the ubiquitination of
numerous key cell-cycle regulators.
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7.2.4 Loss of Proteostasis

A progressive deterioration in the ability of cells to preserve the stability of their
proteome occurs with age [169]. Protein homeostasis or proteostasis involves mech-
anisms for the stabilization of correctly folded proteins, most prominently the heat-
shock family of proteins, and mechanisms for the degradation of proteins by the
proteasome or the lysosome [170]. Dysfunction of the quality-control mechanisms
and intracellular accumulation of abnormal proteins in the form of protein inclu-
sions and aggregates occur in almost all tissues of an aged organism. Interestingly,
many genes coding for components of these mechanisms have been associated with
mitotic fidelity as we review next, suggesting that loss of proteostasis might contrib-
ute to aneuploidization.

7.2.4.1 The Protein Control Machinery and Aging

Chaperones or heat shock proteins (HSPs) are highly conserved molecules that act
to assure that proteins acquire a stable folded conformation. Primary or secondary
deficits in chaperone function have been reported for age-related diseases, the extent
of which depends on the chaperone, the tissue and even the organism [171].
Upregulation of hsp70 in response to different stressors is decreased in fibroblasts
aged in vitro and tissues from old organisms [172—174], due to the inability of the
heat shock factor (HSF) transcriptional activator to bind the chaperone gene pro-
moter [175, 176]. Conversely, extra copies of an hsp70 family member, as well as
HSF over-expression, have been shown to increase lifespan [177-179].

If chaperone-driven folding attempts are unsuccessful, proteins are then deliv-
ered to the proteolytic machinery. The two main components of the ubiquitin-
proteasome system (UPS), the ubiquitinization machinery and the proteasome core,
also undergo age-dependent changes that lead to loss of proteostasis such as
decreased levels of free ubiquitin [180], transcriptional repression of ubiquitin-
conjugating enzymes or E3 ligases [181], defective expression of proteasomal sub-
units or its regulatory subunits [182, 183]. On the other hand, maintained UPS
activity has been shown to promote lifespan extension in different model systems
[184, 185]. Also the proteolytic activities of both macroautophagy and chaperone-
mediated autophagy (CMA) have been described to decrease with age. In macroau-
tophagy, a whole region of cytosol is sequestered inside double membrane vesicles
(autophagosomes), which then fuse with lysosomes to degrade their cargo [186].
Age-associated malfunctioning of macroautophagy arises from impairment of
autophagosome fusion with the lysosome [187], or inhibitory effect on lysosomal
proteolysis [188]. In CMA, substrate proteins are selectively recognized by the
chaperone hsc70, which then binds to the lysosome-associated receptor LAMP-2A,
so that translocation of the substrate across the lysosomal membrane occurs [189].
Progressively lower levels of the CMA receptor at the lysosomal membrane were
found with age likely due to changes in the lipid membrane composition [190].



7 Mitotic Dysfunction Associated with Aging Hallmarks 169

Increasing evidence has shown that preventing the decline in autophagic activity
slows down cellular aging and preserves organ function [191].

Being aberrant protein conformers key determinants of aging, the ability to con-
trol their inheritance is crucial for avoiding aging in specific cells [192]. Several
reports have shown that yeast and mammalian cells use an intricate machinery to
spatially sequester misfolded proteins in inclusions that interact with organelles and
cytoskeleton to ensure the polarity of their inheritance after mitosis, as reviewed in
[193]. However, the rejuvenation of daughter cells by asymmetric mitotic partition-
ing might gradually decline with advanced age as recently found in yeast [194].
Asymmetric cell division as a key determinant of aging and age-associated diseases
is reviewed by Polymenis and Kennedy in the same volume.

7.2.4.2 Mitotic Defects Associated with Loss of Proteostasis

Molecular chaperones and protein control pathways are essential for the assembly
and disassembly of macromolecular complexes. They are therefore expected to
assist the proper and timely assembly of cytoskeletal structures during mitosis.
Indeed, HSPs have been involved in microtubule dynamics and spindle assembly
during mitosis. Hsp70 is phosphorylated by the mitotic kinase Plk1 and its centro-
somal localization may interfere with spindle dynamics [195] (Fig. 7.5a). Hsp72, an
inducible cytoplasmic isoform of the Hsp70 family, is required for assembly of a
robust bipolar spindle capable of efficient chromosome congression [196]. Targeting
of Hsp72 to the mitotic spindle is dependent on phosphorylation by the Nek6 kinase.
Phosphorylated Hsp72 localizes to the spindle poles and sites of kinetochore-
microtubule attachment and acts not only to stabilize K-fibers through the recruit-
ment of the ch-TOG/TACC3 complex, but also to regulate spindle positioning
through the attachment of astral microtubules to the cell cortex (Fig. 7.5a). Also, the
molecular chaperone Hsp90 was found to interact with the Drosophila orthologue
of ch-TOG (Msps) at centrosomes and spindle, as well as to regulate the efficient
localization of cyclin B at those structures [197]. Disruption of Hsp90 function by
mutations in the Drosophila gene or treatment of mammalian cells with the Hsp90
inhibitor geldanamycin, results in abnormal centrosome separation and maturation,
aberrant spindles and impaired chromosome segregation [198]. Moreover, the
Hsp90 cochaperone Sgtl, localizes to kinetochores and its phosphorylation by Plk1
enhances the association of the Hsp90-Sgtl chaperone with the MIS12 complex at
the kinetochores to promote stable microtubule attachment and chromosome align-
ment [199, 200]. The Hsp90-Sgtl complex is also required for kinetochore assem-
bly, as Hsp90 inhibition causes delocalization of several kinetochore proteins
including CENP-I and CENP-H, leading to chromosome misalignment and aneu-
ploidy [201] (Fig. 7.5a). Interestingly, limited binding and transactivating capacity
of the chaperone transcriptional regulator HSF1 was found in mitotic cells, where
the chromatin is tightly compacted, turning these cells vulnerable to proteotoxicity
[202]. In dividing cells, when levels of aggregation-prone proteins exceed the
capacity of the proteasome to degrade them, perinuclear aggresomes accumulate
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Fig. 7.5 Age-associated loss of proteostasis induces mitotic defects. During natural aging there is
loss of proteostasis expressed by defective chaperone activity, protein aggregation and deregulated
autophagy. (a) Defective chaperone activity compromises the assembly of many protein com-
plexes required for spindle positioning and kinetochore-microtubule (k-MT) attachment stability.
For instance, defective Hsp72 activity at spindle poles and kinetochores prevents the recruitment
of the ch-TOG/TACC3 complex involved in the attachment of astral microtubules to the cell cortex
and stabilization of k-MT fibers. Defective Hsp70 activity at centrosomes interferes with spindle
dynamics. Defective Hsp90 at kinetochores causes delocalization of several kinetochore proteins
(MIS12 complex, CENP-H, CENP-I) required for stable k-MT attachments. (b) Accumulation of
protein aggregates interferes sterically with spindle geometry. (¢) Deregulated autophagy compro-
mises the mitotic function of p62 and Beclin-1 autophagic proteins leading to spindle misposition-
ing and chromosome misalignment. The p62/HSPB8/BAG3 complex acts during mitosis to
facilitate the remodeling of actin-based structures that guide spindle orientation (inset). Beclin-1
depletion causes reduction of several outer kinetochore proteins (ZW10, CENP-E, CENP-F)
required for proper chromosome alignment (inset)

and have a detrimental effect on mitosis by steric interference with chromosome
alignment, centrosome positioning, and spindle formation [203] (Fig. 7.5b).

Even though it remains controversial whether autophagy operates during mitosis
[204, 205], there is cumulative evidence suggesting that defective autophagy
induces mitotic anomalies. For instance, the multichaperone complex HSPBS-
BAG3 that senses damaged cytoskeletal proteins and orchestrates their seclusion by
selective autophagy, acts during mitosis together with the p62/SQSTM1 autophagic
receptor to facilitate the proper and timely remodeling of actin-based mitotic struc-
tures that guide spindle orientation and proper chromosome segregation [206]
(Fig. 7.5¢). p62/SQSTMI has been also implicated in the concluding step of cyto-
kinesis, suggesting that overload of the autophagic pathway might lead to impaired
clearing of midbody rings and cytokinesis failure [207]. Monoallelic depletion of
Beclin-1, a subunit of the PI3K-III core complex involved in autophagy, reportedly
causes chromosomal disorders such as aneuploidy and double-minute chromo-
somes [208]. Chromosome segregation errors associated to Beclin-1 depletion were
found to arise from severe congression defects associated with a reduction in several
outer kinetochore components, including ZW10, CENP-E and CENP-F [209]
(Fig. 7.5¢).
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7.3 Aneuploidy Induces Aging

7.3.1 Aneuploidy-Driven Aging Hallmarks

In recent years, systematic analyses of disomic yeast, trisomic mouse and human
cells, all cells with an extra chromosome, have elucidated the impact of aneuploidy
in cellular fitness [210]. Two types of phenotypes can arise from changes in chro-
mosome number: (1) karyotype-specific phenotypes caused by changes in copy
number of specific genes and (2) phenotypes shared by different aneuploidies which
reflect a decrease in cellular fitness due to a cumulative effect of copy number
changes of many genes [211]. These pan-aneuploidy phenotypes include a number
of aneuploidy-associated stresses found in both yeast and mammalian cells [212]
that include proliferation defects [213-215], a gene expression profile similar to the
environmental stress response (ESR) [216-218], multiple forms of genomic insta-
bility [219, 220], and proteotoxicity [213, 216, 221-226]. Below we summarize
major findings on the impact of aneuploidy in genomic stability and protein quality-
control machinery in order to emphasize how these pan-aneuploidy phenotypes
recapitulate the genomic instability and proteotoxicity hallmarks of aged cells, rein-
forcing the causal role of aneuploidy in aging (Fig. 7.6). Whether other primary
causes of cellular aging such as telomere attrition and epigenetic alterations are
present in the aneuploid cell models remains unknown. Interestingly, for the human
trisomy 21 or Down syndrome (DS), telomere shortening and aging epigenetic
alterations have been reported. DS patients age prematurely and present early onset
of Alzheimer’s disease (AD). Telomere shortening in T-lymphocytes has been pro-
posed as a biomarker of clinical progression of AD for adults with DS [227], even
though limited and conflicting data exist as to whether DS individuals have shorter
telomere lengths before birth or an accelerated rate loss after birth [228]. Moreover,
analysis of the quantitative DNA methylation-based biological marker of aging
known as ‘epigenetic clock’ has shown that trisomy 21 significantly increases the
age of blood and brain tissue on average by 6.6 years [229].

7.3.1.1 Genomic Instability

Delineating the molecular mechanisms underlying aneuploidy-driven genomic
instability has remained challenging due to the difficulty of separating the effects of
aneuploidy from those of other associated genetic alterations when using heteroge-
neous aneuploid cell populations. Recently established cell models with defined
aneuploid karyotypes have facilitated the analysis of the immediate consequences
of aneuploidy per se [213, 215, 218, 230]. Observations in budding and fission
yeasts suggested that aneuploidy impairs the fidelity of chromosome segregation,
and increases mutation and recombination rates [220, 231]. Isogenic aneuploid
yeast strains with ploidies between 1N and 2N obtained through a random meiotic
process were found to exhibit various levels of whole-chromosome instability, with
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cells with a chromosomal content closer to 1N being more stable than cells with
ploidy between 1.5N and 2N [220]. Even though these results suggested inability of
the mitotic system to scale continuously with an increasing number of chromo-
somes, the presence of specific aneuploid chromosomes also seemed to determine
the rate of CIN [220]. Aneuploidy-induced chromosomal instability was also shown
for human trisomies 7 and 13, which exhibit increased rate of anaphase laggings
[230]. Two independent studies demonstrated that lagging chromosomes arising
from merotelic attachments can in turn induce genomic instability, especially DNA
damage, either due to breakage during cytokinesis [232] or due to formation of
micronuclei and chromothripsis [120]. Nevertheless, untransformed damaged cells
will end up activating the stress kinase p38 and the stress-induced transcription fac-
tor p53 causing cell cycle arrest [21, 232, 233].

Replication defects also seem to be a widespread consequence of the aneuploidy
condition. Analysis of disomic yeast strains revealed the presence of increased lev-
els of Rad52 foci, which formed during S phase due DSBs generated by defects in
DNA replication initiation and elongation [219]. Also, a series of trisomic and tet-
rasomic human cells derived from near-diploid and chromosomally stable parental
cell lines were recently found to exhibit anaphase UFBs and DNA damage associ-
ated with replication stress, which in turn induced genomic rearrangements at com-
mon fragile sites [234]. Importantly, reduced expression of the replicative helicase
MCM2-7 was shown to account for the genomic instability phenotype [213, 217,
234] (Fig. 7.6a). Aneuploid human pluripotent stem cells (hPSCs) were also found
to undergo replication stress, resulting in defective chromosome condensation and
segregation [235]. However, in this study, downregulation of the transcription factor
SRF and its actin cytoskeletal gene targets were identified as the molecular mecha-
nism behind chromosomal defects. Even though aneuploidy-associated replication
stress might act to promote tumorigenesis in immortalized cells, in primary cells
with efficient checkpoint activities, it will most likely lead to cell death or
senescence.

7.3.1.2 Proteotoxicity

Changes in gene copy number generally translate into a corresponding change in
gene expression [213, 221, 226]. Thus, gains or losses of entire chromosomes lead
to massive alterations in relative abundance of many proteins. This impact in pro-
teome composition results in proteoxicity, a state in which the protein quality-
control machinery of the cell (protein chaperones, ubiquitin proteasome system,
autophagy) is overwhelmed causing protein misfolding [236]. As mentioned above,
yeast, mouse and human aneuploid cells exhibit upregulated expression of stress
response genes, which include the chaperones [217] and autophagic proteins [213,
224]. Furthermore, analysis of disomic budding yeast revealed increased sensitivity
to drugs that interfere with protein folding, synthesis and degradation [218],
increased propensity to form protein aggregates, and decreased ability to fold
HSPI0 protein clients [223]. In line with these findings, trisomic mouse embryonic
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Fig. 7.6 Aneuploidy leads to aging hallmarks. Established cell models with defined aneuploid
karyotypes exhibit a number of pan-aneuploidy phenotypes that include genomic instability and
proteotoxicity. (a) DNA damage, replication stress and chromosomal instability (CIN) are types of
genomic instability found in the aneuploidy cell models. Decreased levels of the replicative heli-
case MCM2-7 were recently shown to induce replication stress particularly at fragile sites (FS)
leading to increased frequency of anaphase ultrafine bridges (FS-UBFs) that promote CIN.
(b) Loss of protein stoichiometry due to karyotype imbalance, leads to accumulation of protein
aggregates that overwhelm the capacity of the protein-control machinery comprised by the protea-
somal and autophagic degradation pathways. An impaired clearance of misfolded/aggregated pro-
teins in autolysosomes was recently shown to activate a lysosomal stress response that upregulates
the expression of transcription factor TFEB and its targets with functional role in protein-control
mechanisms

fibroblasts (MEFs) and chromosomally unstable aneuploid cancer cell lines were
more sensitive to inhibition of the chaperone HSP90 than their euploid counterparts
[225]. These observations clearly indicated impairment in protein quality control,
either during the folding and/or disaggregation processes and/or at the level of pro-
tein degradation. Indeed, studies also uncovered mutations in the Ubp6 protein, a
deubiquitinating enzyme that negatively regulates proteasome function, as confer-
ring improved proliferation rate to a subset of disomic yeast strains, thereby impli-
cating proteasome function in protein homeostasis in aneuploid cells [226]. In
addition, effects on the autophagic protein degradation pathway were detected in
mammalian aneuploid cells. Aneuploid human cell lines created by chromosome
transfer and trisomic MEFs were shown to harbor significantly increased levels of
LC3-II, an autophagosome-specific lipidated form of LC3, and SQSTM1/p62, the
cytosolic receptor that targets ubiquitinated proteins to autophagy [213]. More
recently, the molecular mechanisms behind these aneuploidy-associated pheno-
types have been further elucidated. The impairment of protein folding capacity is
due to defective HSF1-dependent activation of the heat shock response, as HSF1
overexpression can counteract the effects of aneuploidy in HSP90-dependent pro-
tein folding [222]. Regarding autophagy triggering, an impaired clearance of
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autophagosome content and accumulation of misfolded proteins in the lysosomal
compartment were shown to activate a lysosomal stress response in which the tran-
scription factor TFEB induces the expression of genes linked to autophagic protein
degradation function [237] (Fig. 7.6b). It would be interesting to investigate whether
these aneuploidy-induced molecular mechanisms occur in aging. In fact, inhibition
of both activity and transcription of HSF1 has been described in senescent cells and
shown to generate a positive feedback regulation of the p38-NF-kB-SASP senes-
cence pathway [238].

7.3.2 Aneuploidy and Premature Aging

Studies of aneuploidy-prone mouse models exhibiting increased rate of chromo-
some mis-segregation uncovered a surprising link with the rate of aging and the
development of age-related pathologies [239-242]. Mutant mice with low levels
of the spindle assembly checkpoint protein BubR 1 were found to develop progres-
sive aneuploidy along with a variety of progeroid features, including short lifes-
pan, growth retardation, sarcopenia, cataracts, loss of subcutaneous fat and
impaired wound healing [240]. Reinforcing this link between BubR1 and aging,
the majority of human patients suffering from Mosaic Variegated Aneuploidy
(MVA) syndrome were found to have mutations in BUBRI that generate unstable
gene products and cause progeroid features recapitulating those in BubR1 hypo-
morphic mice [243, 244]. Mice doubly haploinsufficient for the mitotic checkpoint
genes Bub3 and Rael were another aneuploidy-prone mouse strain described to
exhibit an accelerated aging phenotype [245]. However, progeroid features have
not been found in many other aneuploidy mouse models. Possible explanations are
the premature sacrifice of mice before they start developing aging phenotypes later
in life and the superficial analysis for overt age-related degeneration that might
miss restricted tissue-specific phenotypes [242]. Important to mention that, even
though detrimental in most cells and organisms, in some tissues such as brain and
liver, aneuploidy seems to be part of normal development [246]. One possibility is
that neurons and hepatocytes somehow adapt to chromosome imbalances either by
accumulating chromosome-specific gene products that provide them with a selec-
tive advantage or by regulating the expression of detrimental aneuploidy-induced
targets [13]. However, very recently, genome-wide high-resolution analysis of
chromosome copy number variations in mouse and human tissues by single cell
sequencing, has shown that aneuploidy occurs much less frequently in normal
brain and liver [16] and brain with Alzheimer disease [17] than previously reported.
One potential explanation is that different cell types will follow different fates
(senescence vs. apoptosis) in response to aneuploidy. Senescent endothelial cells
have increased sensitivity to apoptosis in comparison to senescent fibroblasts
[247]. Thus, aneuploid neurons might not be detected by single cell sequencing if
cleared due to apoptosis.
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7.4 Concluding Remarks and Future Perspectives

Aging and aneuploidy have profound impact on most cellular functions and their
association has been reported by several independent studies. However, the molecu-
lar mechanisms by which aging induces aneuploidy and by which aneuploidy trig-
gers aging remain largely unknown. Here, we presented a detailed revision on how
primary hallmarks of aging have often been associated with mitotic defects, in the
attempt of gathering mechanistic insights into age-associated aneuploidy. In addi-
tion, we reviewed the systemic impacts of aneuploidy in cellular physiology, such
as genomic instability and proteoxicity, and brought our perspective on how these
recapitulate aging hallmarks and could be the source of aneuploidy-induced aging
(Fig. 7.7). Considering all the emergent data, we propose that there is a complex
positive feedback regulation between aging and aneuploidy. Age-related aneuploidy
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Fig. 7.7 Feedback positive regulation between aging and aneuploidy. Primary causes of cellular
damage during natural aging, namely nuclear DNA damage, telomere attrition and protein aggre-
gates, lead to loss of mitotic fidelity and generation of aneuploid daughter cells. Aneuploidy, in
turn, induces cellular phenotypes that include primary aging hallmarks such as genomic instability
and proteotoxicity. Telomere attrition in aneuploid cells is still elusive. Thus, age-related aneu-
ploidy further enhances aging phenotypes that, in the presence of active cell cycle checkpoints,
will likely lead to secondary aging hallmarks such as cellular senescence



176 J.C. Macedo et al.

arises from mitotic function decline induced by cellular damage, and in turn con-
tributes to secondary aging hallmarks, such as cellular senescence. It is therefore
reason to ask if aneuploidy is an aging hallmark. To be an aging hallmark, aneu-
ploidy should meet the following criteria: (1) it should manifest during normal
aging; (2) its experimental aggravation should accelerate aging; and (3) its experi-
mental amelioration should delay aging [27]. We reason these criteria are indeed
met. First, we compiled a number of early and recent studies indicating that aneu-
ploidy increases with advancing age. However, accurate karyotyping would still be
needed to unequivocally establish this correlation. Each karyotyping method pres-
ently used is limited as to which cytogenetic abnormalities can be detected and in
which cell type (dividing or non-dividing) [248]. Therefore, upcoming studies
should consider the use of different methods to measure aneuploidy, and definitely
explore the emerging karyotyping platforms that combine single cell resolution
with complete karyotyping. Moreover, it would be crucial to measure aneuploidy
levels in different tissues during organismal natural aging. Considering the human
lifespan and limited access to human tissues, study models such as mouse and
zebrafish become essential for future analyses. Another imperative aspect to inves-
tigate is whether mitotic processes exhibit an age-related decline as to expect from
the aneuploidy increase during aging. Reinforcing this possibility is the observation
that many of the primary aging hallmarks result in mitotic phenotypes. Secondly,
we gathered evidence on how aneuploidy leads to aging. In addition to the pioneer-
ing studies in aneuploidy-prone mouse models that have shown how experimentally
induced aneuploidy leads to premature aging, studies in yeast, mice and human
models of constitutional aneuploidy have also supported the idea that aneuploidy
contributes to aging. In particular, we highlighted the fact of many aneuploidy-
associated phenotypes being primary aging hallmarks. In the future, it would be
interesting to systematically investigate for the presence of other aging hallmarks in
the aneuploidy models, determine if the cellular stresses associated with aneuploidy
engage senescence response pathways (for instance, pl16™“ upregulation), and
compare transcriptional signatures and epigenetic marks between aneuploid and
elderly cells. Interestingly, previous analyses on gene expression data from aneu-
ploid [217] and old [18, 19] cells revealed similar impact in genes functionally
linked to mitosis. The underlying mechanisms are poorly understood and may occur
at both transcriptional and post-translational levels, or mitotic gene expression may
merely decline as a consequence of reduced cell proliferation with aging. Third and
finally, amelioration of aneuploidy acting to delay aging is the criterion for hallmark
most poorly supported and difficult to achieve. Intriguingly, sustained high-level
expression of BubR1 was found to reduce aneuploidy by counteracting mitotic
defects possibly associated with age-related decline [239]. Attenuated aneuploidy
tightly correlated with reduced senescence and tissue deterioration. Therefore, this
study provided a molecular entry point for modulation of aneuploidy as an opportu-
nity to extend healthy lifespan. One question now is whether there are mitotic genes
other than BubR1 whose levels can be modulated without any overt adverse effects
to prevent age-related mitotic decline and aneuploidy. In addition, it will be
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interesting to determine whether mutations that suppress the adverse effects of
aneuploidy [226] also delay aging and extend lifespan.

Why should modulation of aneuploidy be a preferential opportunity to delay
aging? Experimental ameliorations of genomic instability, telomere erosion, epi-
genetic changes and proteotoxic stress have all been shown to successfully extend
lifespan, suggesting these hallmarks add-up into cellular aging. Therefore, a favored
hallmark to anti-aging therapies has been difficult to assign. If in one hand genomic
instability has been emphasized as a major mechanism based on the observation that
most premature aging phenotypes are caused by mutations in DNA repair genes, on
the other hand proteotoxic stress has been highlighted in neuronal aging. Here we
have shown that all primary hallmarks end up generating aneuploidy, providing a
common feature to explore in anti-aging therapy. Even though the routes to aneu-
ploidy seem to comprise many different mechanisms depending on the type of cel-
lular damage, one should be aware that most of these mechanisms are likely
occurring jointly during chronological aging and not separately as inferred from
studies in models of aging disease caused by mutations in single genes. One way to
address this would be to characterize the mitotic behavior of elderly cells under
advanced light microscopy. This has been largely limited by the low proliferation
indexes of old tissues and/or primary cell cultures. Also, it would be important to
investigate if stress-signaling pathways activated by distinct types of damage might
all converge downstream to inhibit mitotic proficiency. If this assumption is correct
then (1) inhibition of stress response pathways should prevent mitotic decline and
(2) overexpression of a mitotic gene downstream target of stress response should
increase mitotic efficiency. Inactivation of a stress pathway in humans is an unfea-
sible approach as it would also eliminate critical tumor-suppressive pathways and
induce cancer. However, one recent strategy based in drug-induced apoptosis was
designed to selectively kill stressed cells expressing the p16™4 gene in the context
of cellular senescence [249]. If p16™“2-positive senescent cells come to be shown as
being mainly aneuploid, then aneuploidy-selective antiproliferation compounds
would be an attractive alternative to senescent cell clearance. Thus, it would be
valuable to measure the extent of aneuploidy in the senescent cell population.
Moreover, the aneuploidy levels induced by specific primary hallmarks could pro-
vide a means to understand the most relevant types of damage contributing to tissue-
specific aging. Regarding one common downstream target of stress-signaling
pathways, the Forkhead box (Fox) transcription factor family has emerged as an
interesting candidate. The balance between rapid growth over maintenance of youth
is largely regulated by the Fox class of transcription factors and the anaphase-
promoting complex (APC) [250]. Specifically, FoxM1 and APC®° function
together to maintain genomic stability by regulating separation of sister chromo-
somes and chromatin structure, while the FoxOs and APC“®! regulate cellular repair
and maintenance. The FoxO family has been reproducibly found to extend lifespan
through reduced insulin-signaling in many model systems [250]. FoxM1 primarily
drives the expression of G2/M specific genes [251] and seems to counter senescence
[252]. Interestingly, artificial enrichment of FoxM1 improves liver regenerating
capacity in older mice [253] and lung regeneration following injury [254], without
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being tumorigenic in those organs. Therefore, modulation of mitotic competence
through a balanced/stoichiometric upregulation of several mitotic genes could act to
prevent aneuploidy more efficiently than upregulation of specific genes such as
BubR1. In the future, the crosstalk between stress response pathways and mitotic
gene expression should be further investigated. Moreover, it would be interesting to
investigate the impact of mitotic proficiency in cell fate decision in response to cel-
lular stress. We support that aneuploid cells arising from age-associated mitotic
decline in highly proliferating tissues and cell types are inherently more resistant to
apoptosis and stay senescent than those that occasionally proliferate such as stem
cells. Indeed, when chromosomal instability and aneuploidy were provoked in a
tissue-specific manner, in mouse epidermis, epidermal hair follicle stem cells were
rapidly depleted (likely through apoptosis), while the more committed transit ampli-
fying cells tolerated the resulting aneuploidy quite well (even though we predict
they become senescent) [255]. This could explain why aneuploid cells seem to
accumulate in various somatic cell types in the ageing mouse, whereas aneuploidy
in stem cell linages in the same mice remains rare [239]. In conclusion, we propose
aneuploidy as a key aging hallmark and we argue for the beneficial effects of mitotic
efficiency modulation at a molecular level as a strategic anti-aging therapy.
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Chapter 8
Unbalanced Growth, Senescence and Aging

Michael Polymenis and Brian K. Kennedy

Abstract Usually, cells balance their growth with their division. Coordinating
growth inputs with cell division ensures the proper timing of division when suffi-
cient cell material is available and affects the overall rate of cell proliferation. At a
very fundamental level, cellular replicative lifespan—defined as the number of
times a cell can divide, is a manifestation of cell cycle control. Hence, control of
mitotic cell divisions, especially when the commitment is made to a new round of
cell division, is intimately linked to replicative aging of cells. In this chapter, we
review our current understanding, and its shortcomings, of how unbalanced growth
and division, can dramatically influence the proliferative potential of cells, often
leading to cellular and organismal aging phenotypes. The interplay between growth
and division also underpins cellular senescence (i.e., inability to divide) and quies-
cence, when cells exit the cell cycle but still retain their ability to divide.

Keywords Cell senescence ® Quiescence ® Aging * Cell growth ¢ Protein translation
* mTOR signaling * Asymmetric division ® Hypertrophy and Cdk

8.1 Introduction

The two cells generated at the end of the cell cycle usually inherit sufficient amounts
of essential constituents, ensuring their survival. Moreover, the composition of
proliferating cells varies very little from generation to generation, implying that
proliferating cells somehow balance their growth (increase in biomass) with their
division. Since different levels of nutrients and growth factors sustain different rates
of cell proliferation, cells have elaborate mechanisms to sense nutrient and growth
signals, adjusting their metabolic and proliferative activity accordingly. A detailed
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Fig. 8.1 Schematic representation of all possible outcomes when growth and division are balanced
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mechanistic understanding of this coupling between growth and division has
remained elusive. Nonetheless, properly coupling growth with division is thought to
determine the rate at which cells proliferate [1-6].

Nutrient and growth factor limitations do not delay all cell cycle transitions uni-
formly. Instead, transit through some cell cycle phases is delayed disproportion-
ately. Overwhelmingly, poor growth conditions prolong the G1 phase of the cell
cycle, preceding initiation of DNA synthesis, while transit through the remaining
cell cycle phases is not delayed significantly [1, 2, 7-12]. In yeast, the point of com-
mitment to a new round of cell division is called START [2] and in animal cells the
Restriction Point [6]. Once cells pass through these points in late G1 phase, they
will initiate and complete their division even if they encounter growth limitations
[1, 2, 6, 12]. Hence, although there may be some nutrient and growth factor inputs
in later stages of the cell cycle [13, 14], it is in G1 that cells delay committing to a
new round of cell division in the face of weak growth prospects.

The consequences of uncoupling growth from division are profound and accom-
panied by changes in the size of cells (see Fig. 8.1 for a schematic). In this Chapter,
we describe possible outcomes when growth and division are not balanced. We also
discuss models that envision imbalances between growth and division as a critical
component of senescence and aging mechanisms [15, 16]. Our discussion will
include examples from animal models systems and unicellular organisms, espe-
cially the budding yeast S. cerevisiae.
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8.2 Growth and Division: A Tight Balancing Act

Intuitively, it makes sense that for a cell to successfully divide and give rise to two
viable cells, it must produce enough macromolecules, membranes, and organelles
for the two cells that will arise at the end of cytokinesis. Since these cellular com-
ponents are determinants of the cell’s volume, it is not surprising that cell size has
often been used as an “umbrella” metric for cell growth [3, 5, 14, 17, 18]. Lately,
there is renewed interest in the development of methodologies that report accurately
and precisely on the size of animal cells [5, 19-21]. In addition, asymmetric segre-
gation of cellular constituents between two products of a mitotic cell division is also
tightly regulated and will be discussed below.

Although cell size is a very useful “growth” metric, the events most closely asso-
ciated with cell proliferation are anabolic processes that yield the macromolecules
necessary to build new cells. Among those macromolecules, proteins are often con-
sidered the most important component of growth, and for good reason. The protein
fraction of dry mass is &55% in E. coli [22] and ~40—45% in the budding yeast S.
cerevisiae [22, 23]. The protein content of mammalian cells varies in different tis-
sues. For commonly used cell lines, such as mouse fibroblasts (NIH3T3 cells) or
human HeLa cells, the protein molecules per unit volume is roughly the same as in
budding yeast cells (1-2E + 06 proteins/fL; [22]). Also, a significant fraction of the
proteome (>20%) is dedicated to making ribosomal proteins and translation factors
that will, in turn, promote the synthesis of more proteins [24].

Making ribosomal components and assembling them into functional ribosomes
involves a broad repertoire of cellular constituents and processes [25-27]. In bud-
ding yeast, the cytoplasmic ribosome contains 78 ribosomal proteins encoded by the
RP regulon of 138 genes. Note that 59 of the 78 yeast ribosomal proteins are encoded
by pairs of very similar paralogs [28, 29]. The ribosomal proteins together with the
four rRNAs (58S, 5.8S, 18S, and 25S) make up the ribosome. The rRNA genes are
encoded by rDNA tandem repeats, whose number is dynamic (usually ~100-200)
and varies with growth conditions. Greater than 200 protein assembly and accessory
factors are needed at many stages to put a functional ribosome together. Their
expression is thought to be regulated coordinately, through the ribosome biogenesis
(Ribi) regulon. In the Ribi regulon, one also finds the various tRNA synthetases,
rRNA processing and modifying enzymes, and translation factors, which collec-
tively control translational capacity [30, 31]. Most of the cell’s transcriptional activ-
ity is devoted to building and maintaining the translational machinery. Of all the
RNA in the cell, 80% is TRNA, 15% is tRNA, and 5% is mRNA, and a large fraction
of mRNA is devoted to ribosome synthesis [25, 32].

Transcription of RP genes alone is responsible for approximately 50% of all
RNA Polll-mediated transcription initiation events. The energetic cost of making
the translation machinery is astounding, consuming as much as ~90% of the total
energy of fast-proliferating yeast cells [25]. Estimates of the ribosome content of
cells give an even more impressive view of the centrality of ribosome biogenesis in
governing the growth of cells. From super-resolution, single-molecule imaging
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techniques, it seems that E. coli cells contain 30,000-50,000 ribosomes per fL [33].
Analogous quantitative measurements are lacking in eukaryotes, but prior estimates
in yeast put the number at about 200,000 ribosomes per cell [25]. On average then,
during one cell cycle lasting ~100 min, a yeast cell must produce ~2000 ribosomes
per minute. Based on these metrics of the cellular economy, one can easily see why
for decades protein synthesis has been viewed as the fundamental measure of cell
growth in considerations of balancing growth with cell division [34].

Building and maintaining the ability to synthesize proteins is such a costly pro-
cess that would be expected to influence if, and when, cells commit to a new round
of cell division. The earliest evidence for specific effects on the cell cycle due to
translational control was the isolation of budding conditional yeast cdc (cell divi-
sion cycle) mutants in what turned out to be translation factors [2]. Hypomorphic
mutations in translation initiation factors impair the capacity of cells to initiate a
new round of cell division [12, 35-40]. Moreover, signaling pathways that control
initiation of division, such as the Target of Rapamycin (TOR) pathway, may do so,
at least in part, by regulating translation initiation. Loss of TOR function causes G1
arrest in mammalian cells [41, 42] and yeast [43, 44]. Conversely, overexpression of
translation initiation factor e[FAE in mammals is oncogenic [45], and the transla-
tional output of TOR signaling is critical for cancer initiation [46]. Moreover, inhib-
iting translation elongation with cycloheximide also prolongs the G1 phase of the
cell cycle [12, 47]. In budding yeast, cycloheximide reduces the newborn cell size
[12, 47] and the rate at which cells increase in size [48]. It also increases the critical
size threshold for START [47, 48]. Together, these results support the notion that a
critical rate of protein synthesis is required for G1 transit and completion of START
in budding yeast [49] and animal cells [50, 51].

If ribosome biogenesis and protein synthesis are such integral parts of cell
growth, propelling cells to divide, how do cells control ribosome biogenesis? In all
eukaryotes, the principal regulator of catabolic processes leading to energy produc-
tion is protein kinase A (PKA), while the analogous “master” regulator of anabolic,
biosynthetic processes is the TOR kinase (the TORC1 complex). As we will describe
in subsequent sections, these two pathways have overlapping roles as determinants
of cellular and organismal replicative potential and aging. In rapidly proliferating
cells, however, for maximal growth and rates of cell division, both PKA and TORCI1
are active, and they are both needed to activate ribosome biogenesis fully by de-
repressing the Ribi regulon [44, 52, 53].

In yeast, replicative aging is defined by the number of buds that can be produced
by one mother cell, indicative of the number of times it can progress through the cell
cycle and undergo mitosis [54]. An increase in cell size (i.e., cellular hypertrophy)
has been linked to replicative aging. The cellular hypertrophy model of aging was
formulated to account for the yeast replicative aging, invoking the existence of a
maximal cell size beyond which cells could not maintain division [55, 56]. According
to the cellular hypertrophy model, the large cell size of old yeast mother cells is
incompatible with some cellular function that is necessary for cell division. Every
time mother cells divide, they increase in size until they reach the terminal, large
size, at which point they will enter a state of proliferative arrest. The hypertrophy
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model predicts that small cells would be able to divide more times before reaching
the terminal size, resulting in longer replicative lifespan. On the other hand, large
cells will reach the terminal size after fewer divisions, having a shorter replicative
lifespan. Overall, the model predicted that changes in replicative lifespan and cell
size ought to be proportional. However, based on genome-wide measurements of
cell size, we recently reported that the mean cell size of long-lived yeast mutants
was not significantly different from the size of mutants that were not long-lived
[57]. This finding is incompatible with the key prediction of the hypertrophy model
that long-lived mutants would have a small overall cell size, allowing these cells to
divide more times until they reach the terminal size and enter senescence. Therefore,
based on these experiments in yeast, it seems that the cellular enlargement is not a
primary determinant of aging.

The factors linked to cell growth and protein translation definitely affect aging,
however. Reduced mTOR signaling leads to lifespan extension is yeast [58, 59],
worms [60], flies [61], mice [62, 63], and initial studies suggest possibly humans
[64, 65]. The mechanisms that underlie lifespan extension remain to be fully deter-
mined, partly due to the complexity of these signaling pathways, but evidence exists
both for altered protein synthesis and enhanced protein turnover through autophagy
[66]. The former comes from findings that reduced expression of several translation
initiation factors and ribosomal components also lead to lifespan extension in a
range of organisms [67]. It is clear at least for replicative lifespan in yeast (the num-
ber of times one cell can divide to produce daughter cells), however, that globally
and uniformly inhibiting protein synthesis in insufficient to slow aging since cyclo-
heximide is unable to mediate this effect [68]. This finding indicates that transla-
tional changes to specific mRNAs are likely conferring, at least in part, longevity
phenotypes in mMTORCT and translation factor mutants.

Interestingly, one downstream factor linked to lifespan extension is GCN4, a
transcription factor regulated itself by translation and dependent on the presence of
small upstream open reading frames in its mRNA [68, 69]. Inhibition of mTORCI,
reduced 60S ribosomal subunit levels and calorie restriction all lead to enhanced
GCN4 translation [70-74], which in yeast induces expression of stress and nutrient
response pathways [69]. Loss of GCN4 at least partially abrogates lifespan exten-
sion by these interventions. The mammalian ortholog of GCN4, ATF4, is also
induced in cells and mice from a range of interventions conferring long lifespan [75,
76], arguing for conservation of this pathway.

Reduced mTORCI signaling also leads to enhanced autophagy, which has been
linked to lifespan extension as well in a range of conditions [77]. In non-vertebrates,
for instance, inhibition of autophagy is sufficient to block lifespan extension by
mutants that affect translation [78-81]. Moreover, at least in flies and mice, induc-
tion of autophagy through overexpression of autophagy components is reported to
lead to lifespan, and sometimes healthspan, extension [82—85].

The mTORC1 complex regulates transcription as well and this phenomenon has
been studied extensively in yeast. For chronological aging, defined as survival in a
post-replicative state, reduced mTORCI signaling enhances longevity [59, 86],
likely through mechanisms leading to enhanced transcription of a stress response
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transcription factor network driven by Msn2/4 and Gisl [54]. Interestingly, reduced
PKA signaling promotes chronological lifespan extension through overlapping
mechanisms [87, 88].

Protein kinase A signaling has been connected to aging in multiple organisms
[89]. In yeast, under maximal growth conditions in rich media, where both PKA and
mTOR collaborate to drive protein synthesis, mutations leading to reduced PKA
activity promote replicative and chronological lifespan extension [90, 91]. Although
not studied as extensively in multi-cellular organisms, this phenomenon may also be
conserved as mice lacking the protein kinase subunit RIIf are long-lived [92, 93], as
well as those lacking ADCY35, encoding type 5-adenylyl cyclase (ACS) that converts
ATP into cAMP in turn activating PKA. These mice are stress resistant and experi-
ence a 30% increase in median lifespan [94, 95]. In addition, genetic variants lead-
ing to reduced production of the adenylyl cyclase-activating f2-adrenergic receptor,
are prevalent in men from a Chinese centenarian population [95].

In conclusion, in balanced growth and division, the increased ribosome biogen-
esis and protein synthesis is coupled to cell division, maintaining the overall cellular
homeostasis and macromolecular composition. These processes also have robust
effects on aging, although the links are far from straightforward.

8.3 Asymmetric Segregation During Cell Division

When cells divide, their cellular constituents have to be divided between the two
offspring and studies have started to address mechanisms underlying this partition-
ing. In mammalian cells, for instance primary fibroblasts in culture, division is sym-
metric and while partitioning may occur, it is hard to distinguish morphologically.
Interestingly the culture of primary fibroblasts senescences at a similar number of
population doublings, suggesting that with respect to cellular aging damaged mol-
ecules may not be partitioned specifically to one cell after division.

Yeast, being a single-celled organism, has to maintain continuous division in the
colony in the face of the challenges of aging. By virtue of their division by budding,
which produces a larger mother cell and a smaller bud that are easily distinguish-
able, yeast offers a great opportunity to detect differential segregation of cellular
materials. While the mother cell ages, the daughter remains youthful, suggesting
that damaged cellular constituents driving aging may remain in the mother cell [96].
Some components of the daughter cell, such as the cell wall are largely the result of
new synthesis during division, representing one method of segregating old material
to mothers. However, many cytoplasmic factors partition and several aging factors
are reported to remain in mothers. For instance, extrachromosomal rDNA circles
(ERCs), small episomes containing rDNA repeats that drive aging possibly by com-
peting for replication factors with chromosomal origins [97], are heavily partitioned
toward mothers [98]. The mechanism likely relates to the closed mitosis of yeast,
which maintain a nuclear structure. Originally nuclear pore association was pro-
posed as a mechanism by which ERCs were retained in the mother, with the assertion
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that nuclear pores have very restricted access to daughters [99]. Later reports called
that into question [100], and suggested that ERCs may simply not diffuse efficiency
through the bud neck [101-103]. Thus geometry drives asymmetry.

Damaged aggregated proteins are also retained in the mother cells, likely through
restriction of access to daughters and also by active transport of damaged molecules
from daughters to back to mothers [96]. The former process again has been reported
to involved both active retention and limits to passive diffusion to daughters, while
the latter likely involves the actin cytoskeleton and requires Sir2, a protein deacety-
lase linked to aging [104]. The mechanisms underlying these processes remain to be
fully elaborated.

Mitochondria are reported to undergo asymmetric inheritance in yeast, with fitter
mitochondria finding their way to daughters [105]. More work is required to access
whether and how partition occurs in this and other organelles. In fact, cellular pro-
cesses to maintain asymmetry may be broader that we currently appreciate as recent
single cell based screens have identified hundreds of asymmetrically partitioned
proteins during budding. One screen identified 74 proteins partitioned to mothers
and 60 to daughters [106]. Interestingly, strains lacking genes for the mother-
specific proteins are more likely to have an enhanced lifespan. Whether it comes to
individual proteins, damaged protein aggregates, extrachromosomal rDNA circles
or organelles, evidence suggests that asymmetry breaks down with the age of the
mother and this is consistent with observations that daughters from old mothers do
not enjoy a full replicative lifespan.

Of course, asymmetry in cell division has massive impacts during development
and cell differentiation throughout the mammalian organism. A classic example is
an adult stem cell that divides to produce another stem cell and a cell committed to
a differentiation pathway. Asymmetry of cellular constituents plays a role in defin-
ing cell fate in this context and it is highly likely that damaged molecules are parti-
tioned to the more committed cell [107]. Clearly cell- autonomous and —non
autonomous mechanisms are in play and it will be intriguing to determine to what
extent the more elaborated mechanisms in yeast are conserved with the cell autono-
mous mechanisms.

8.4 Quiescence: Not Dividing, but Keep on Ticking

Cells can enter a quiescent state, in response to a range of signals, in which they do
not divide, but maintain a metabolically active state and can resume the capacity to
divide, when conditions permit. When cells adopt a differentiated state they exit the
cell cycle, sometimes permanently [108]. In all eukaryotes, cyclin-dependent kinase
(Cdk) protein complexes are at the core of the cell division machinery [109].
Initiation of cell division requires an increase in Cdk activity. Later cell cycle transi-
tions also need high Cdk activity, while a drop in Cdk activity triggers exit from
mitosis. Cdks are Ser/Thr protein kinases, similar in structure to most kinases [110].
However, all Cdks are active only when they bind other activating proteins, such as
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cyclins. Cdk activity is further regulated by phosphorylation or binding of addi-
tional protein subunits. These layers of control can raise or lower overall Cdk activ-
ity, depending on the phosphorylated Cdk residue, or the interacting protein, in each
case.

Changes in Cdk activity underlie transitions from resting to proliferative cellular
states in health and disease. Indeed, high Cdk activity contributes to most prolifera-
tive disorders, including cancer cell development [111, 112]. On the other hand, low
Cdk activity is associated with terminal differentiation [113], and accompanies poor
organ regeneration, for example, in hepatic [114], cardiac [115], neuronal [116], or
appendage tissues [117].

It is clear that in quiescent cells there is a strong albeit potentially reversible
block in cell division. Maintaining the potential to divide, however, is a key feature
that distinguishes quiescent from senescent cells. This concept was put to the test
almost two decades ago, in a particularly lucid experiment. Microinjection of pre-
formed active Cdk protein complexes was sufficient to initiate cell division in qui-
escent human fibroblasts, in the absence of growth factors [118].

In quiescent cells, the block in cell division is also accompanied by a profound
reprogramming of cellular metabolism. The cells remain metabolically active,
enabling them to stay alive (e.g., quiescent yeast cells) or perform the functions
prescribed by their terminally differentiated state. Interestingly, balanced downreg-
ulation of the master “growth” signaling pathways we described above, the PKA
and the TOR pathways, is observed in quiescent yeast cells [119], and this is impor-
tant for chronological lifespan extension [119], which is the period of time a cell can
remain viable in a non-proliferative state.

More recently, it was reported that quiescent cells have a massively re-organized
chromatin structure [120]. In yeast cells entering quiescence, the conserved lysine
deacetylase Rpd3p establishes a repressive transcriptional state, reducing by ~30-
fold steady-state mRNA levels [120]. Cells lacking Rpd3p also have a 2-3 fold
reduction in their mean chronological lifespan [120]. The replicative lifespan of
these cells, however, is not affected [121]. This is not surprising since there is no
significant overlap of gene deletions that extend lifespan in both the chronological
and replicative lifespan assays [122], at least under the assay conditions tested.

Interestingly, however, there are connections between the two types of yeast
aging, as chronologically aged cells have reduced replicative lifespan when returned
to the cell cycle [123-125]. This is clearly linked to metabolic state, as dietary
restriction during the replicative phase of this experiment results in suppression of
the short lifespan [126]. Quiescent cells certainly accumulate damage, but once a
quiescent cell reenters the cell cycle, this damage may stay with the mother cell
[127]. In that scenario, the proliferative capacity and fitness of the population as a
whole would be maintained. While this nice model needs further testing, what is
clear is that growth and division are still balanced in the quiescent state, and homeo-
stasis is maintained (see Fig. 8.1, the second case from top).

In quiescence, the down-regulation of TOR and PKA leads to significantly
reduced ribosome biogenesis and overall protein synthesis [128]. Cell growth and
metabolic activity is generally low in quiescent cells [129]. But because this is
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happening in the context of cell cycle arrest [129, 130], the general properties and
macromolecular composition of quiescent cells remain stable and they are easily
recognized [16, 128]. Overall, quiescence likely represents a physiological extreme
in the normal range of balancing growth with division, a case where both growth
and division are coordinately downregulated.

8.5 Senescence: Growing Desperately, with No Possibility
of Ever Dividing Again

It has become clearer in recent years that cell cycle arrest can come in different
flavors, especially in the context of unabated cell growth. If a cell continues to make
proteins and other macromolecules at a high rate in the face of a cell cycle block,
then there are only a few possible outcomes. (1) The cell must find ways to get rid
of the large excess (e.g., lysosomal degradation, secretion). (2) The cell must some-
how accommodate the extra macromolecular amounts within its boundaries, inevi-
tably leading to increased cell size. In fact, the above are typical properties of
senescent cells [128, 131] (described in more detail below) and exemplify a clear
case of unbalanced growth and division (see Fig. 8.1, the third case from top). The
strong growth of senescent cells (often the result of oncogenic stimulation), is not
balanced with cell division. Instead, it persists in the face of stable cell cycle blocks.

An important component in the cell cycle arrest of quiescent and senescent cells
is the accumulation of Cdk inhibitor molecules. The kinds of Cdk inhibitors
employed in each case, however, are different. The cell cycle arrest of quiescent or
fully differentiated cells is usually imposed by members of the p27¥F! family of
Cdk inhibitors, which inhibit multiple cyclin/Cdk complexes by interacting with
both the cyclin and the Cdk. On the other hand, in senescent cells there is a buildup
of pl6™%* Cdk inhibitors, which bind to monomeric Cdk4/6 and reduce cyclin bind-
ing affinity [128, 131].

Likewise, while both in quiescent and senescent cells there is an accumulation of
tumor suppressors that broadly inhibit transcription associated with entry into the
cell cycle, the molecular players are different in each case. Quiescence is associated
with the pRB-like proteins p107 and p130, which interact with the transcription fac-
tor E2F during G1 phase to inhibit G1/S transcription and commitment to division.
Instead, senescent cells have high levels of pRB, and there is also a buildup of p53,
a regulator of multiple processes (e.g., DNA damage response) that impinge on the
cell cycle [128, 131]. Hence, the molecular effectors of the cell cycle arrest are dif-
ferent. Furthermore, the exit point of the cell cycle may be different in quiescent vs.
senescent cells. Quiescent cells uniformly exit the cell cycle before initiation of
DNA replication in G1 phase [128, 131]. G1 arrest is also common in senescence.
Surprisingly, however, in several cases senescent cells appear to have a permanent
G2 phase block in later stages of the cell cycle [128, 132-135].
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The unbalanced growth and division observed in senescence is associated with a
variety of phenotypes typical of extremely stressed cells. The exact signatures are
still a matter of debate [128]. In addition to the cell cycle markers we mentioned
above, other traits associated with senescence often include: short or dysfunctional
telomeres, lysosomal stress and expression of [-galactosidase, DNA damage
response, stress granule formation, hyper-secretory functions, formation of hetero-
chromatic foci, and the senescence-associated secretory phenotype (SASP) [128,
131, 136]. Overall, senescent cells have been aptly compared to automobiles that
simultaneously attempt to accelerate (i.e., hyperactive growth pathways) and stop
(i.e., strong, permanent cell cycle block), putting the cell on its way to a highly
stressed, irreversibly aged state [15, 16, 137].

The phenomenon of cell senescence was discovered more than 50 years ago and
it was almost immediately hypothesized to be associated with organismal aging
[138]. While it has been clearly established that cell senescence serves as a tumor
suppressive mechanism [131], support for the aging theory has waxed and waned
over the years. Currently, it is buoyed by a series of recent studies linking cell senes-
cence to aging in mice.

A principle argument against a role for cell senescence in aging has been that
even in old individuals, only a small fraction of cells within a tissue appear to be
senescent. How could a phenomenon affecting only a small percentage of cells seri-
ously impair an entire tissue? This question has been potentially resolved with the
discovery and characterization of the SASP, wherein senescent cells secrete a novel
panel of factors in part comprised of inflammatory cytokines that can have potent
paracrine and endocrine effects on non-senescent cells [139, 140]. Moreover, a bet-
ter understanding has emerged regarding the events that can drive cellular senes-
cence. These now include a wide range of cellular stresses [131], which are
associated with chronic diseases of aging, suggesting that aging events may drive
cell senescence that in turn promote increased aging.

Senescent cells do accumulate with aging and the Cdk inhibitor, pl6™%*, has
been proposed as a biomarker of aging [128]. Indeed, in selected T cell populations,
p16™K4 Jevels do show a statistically significant predictive value for human age. In
addition, panels of inflammatory cytokines have been proposed as aging biomarkers
and these may be at least in part related to the SASP. Several recent studies have
reported mechanistic insights into SASP induction in senescent cells. Several path-
ways appear to be involved, including those related to cell growth, such as mTOR,
and cell proliferation, such as p53. Rapamycin suppresses aspects of the SASP, but
must be delivered continuously to have this effect [141]. This is in contrast to organ-
ismal aging, where a transient three-month exposure to rapamycin in middle age is
sufficient to extend the lifespan of mice [142, 143].

To test the role of senescence in aging, two different strategies were employed to
conditionally ablate senescent cells, both related to the specificity of p16™%* expres-
sion in this cellular condition. Findings in these mice appear promising as ablation
of senescent cells is linked to partial suppression of pathology in a mouse progeria
model, the BubR1 mice [144], and can extend the lifespan and some healthspan
parameters in normal mice [145].
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The connection between BubR1 and progeria is interesting in its own right as the
gene encodes a component of the mitotic spindle assembly checkpoint, which pre-
vents cells from initiating anaphase if one or more kinetochores are not attached to
the mitotic spindle [146]. Mice hypomorphic for BubR1 rapidly develop aging fea-
tures, including kyphosis, cachexia, and cataracts [147, 148]. They also have a
severely reduced lifespan. With age, BubR1 expression declines in a number of
tissues, suggesting that reduced expression of the protein late in life may contribute
to normal aging [147]. Moreover, overexpression of BubR1 delays aspects of aging
[149]. A potential unifying model is that reduced BubR1 expression leads to mitotic
defects, driving cell senescence and that the senescent cells drive aging phenotypes
through the SASP or other mechanisms [144]. Ablation of senescent cells improves
arange of healthspan parameters.

The promise of research in senescence has led to drug discovery approaches
designed to specifically kill senescent cells. Several candidates have already
emerged, and these compounds have shown efficacy in preclinical models of chronic
disease states [150-153]. While the clinical work remains to be done, the last 10
years have seen cell senescence emerge as one pathway likely to modulate organis-
mal aging and many new pathways of therapeutics for age-associated diseases.

8.6 Division Without Growth

In the classic experiments by Hartwell and colleagues, it was established that in
most cases growth controls cell division and not the other way around [1, 2, 12].
Stopping cell growth will also stop cell division, but stopping cell division does not
usually stop cell growth (as displayed in senescent cells, see discussion in the previ-
ous section). From these principles, it follows then that cell division in the absence
of growth is untenable, at least when the mass of the daughter cells is reduced below
a threshold necessary to sustain their viability. This is precisely what happens dur-
ing the early embryonic cell cycles after fertilization until the mid-blastula transi-
tion ([154]; see Fig. 8.1, last case). At the mid-blastula transition, before the
re-establishment of the normal somatic cell cycles, the block in cell division is
imposed by Cdk inhibitors. In mutants lacking these inhibitors, cells usually undergo
just one extra division [154—156]. Overall, these early embryonic cell cycles do not
necessarily violate the fundamental need to balance growth with division. They just
reflect the fact that growth needs have been satisfied during oogenesis.

8.7 Outlook

In yeast, it is implicit that aging, both replicative and chronological, must be linked
to critical cell cycle decisions. Balancing cell growth with division to maintain cel-
lular homeostasis is a critical component of this process, whether cells are dividing
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or in a non-proliferative state. The key pathways that coordinate cell growth signals
are intimately linked to aging in yeast, and considerable evidence suggests that they
have conserved effects on aging in multicellular organisms. Therefore, continued
efforts to understand yeast aging in the context of cell growth and division are likely
to continue to inform about human aging. A major challenge now in yeast is to
understand aging at the systems level, taking a holistic approach to integrate the
contributions of different aging mechanisms and pathways in order to model the
aging condition. This approach involves combining large-scale studies, including
transcriptomics and epistasis network analysis, with directed studies with the goal
of establishing as complete as possible a picture of single cell aging that can set the
stage for similar studies in multicellular organisms.

In the multi-cellular context, a major challenge has been to understand the links
between aging at the level of the organism and (causal?) changes to cells in the
aging body. In that context, cell senescence has emerged as a major candidate driver
of aging processes. Major insights in this arena have led to the identification of
candidate therapeutics to kill senescent cells as means of offsetting or treating age-
related chronic diseases. The next few years will help define the merits of this new
therapeutic route based on aging studies.

More broadly, aging is linked to several pathways involved in cell growth and
specifically in protein synthesis and turnover. It is clear for instance that reduced
mTORCT signaling leads to lifespan extension, but further work needs to be done to
identify whether aging benefits come from altered protein translation, increased
turnover of damaged macromolecules, suppression of the SASP, or some other
mechanism. Moreover, it is important to identify in what tissues reduced mTOR
signaling, and other pathways such as PKA, promotes longevity. With dramatic
increases in the aging population and new insights from research on aging and lon-
gevity, the promise is there for major new advances that could refocus medical care
toward interventions that slow aging and keep people healthy longer. Understanding
links between cell growth, division and aging are integral to achieving this goal.
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Chapter 9

The Spindle Orientation Machinery Beyond
Mitosis: When Cell Specialization Demands
Polarization

Abigail L.D. Tadenev and Basile Tarchini

Abstract Mitosis is a process requiring strict spatial organization of cellular com-
ponents. In particular, the orientation of the mitotic spindle with respect to the tissue
defines the division plane. In turn, the orientation of cell division can regulate tissue
morphology or the fate of daughter cells. While we have learned much about the
mechanisms of mitotic spindle orientation, recent studies suggest that the proteins
implicated can also play important roles in post-mitotic cells. Interestingly, post-
mitotic protein function often involves polarizing the cell cytoskeleton during dif-
ferentiation, mirroring its ability to orient the mitotic spindle during division. This
review focuses on alternative functions of the spindle orientation machinery after
division, when the cell undergoes a specialization process associated with differen-
tiation or mature function, and discusses diseases associated to those alternative
functions.

Keywords Cell polarity ¢ Oriented cell division * Mitotic spindle ¢ Cytoskeleton
polarization ¢ Post-mitotic cell morphogenesis ¢ Inscuteable ® LGN (leu-gly-asn) /
Gpsm2 (G-protein signalling modulator 2) ¢ Guanine nucleotide binding protein (G
protein) ¢ Alpha inhibiting

The control of cell proliferation, cell fate and cell organization in a tissue are major
biological requirements at every stage of life. In the last 20 years, the regulation of
cell division orientation has emerged as a prominent level of control in this context.
On the one hand, the plane along which cells divide impacts tissue structure. The
positioning of the two daughter cells is largely determined by the cleavage plane dur-
ing cytokinesis, itself instructed by the orientation of the microtubule-based mitotic
spindle. In an epithelium, for example, divisions along the apico-basal axis increase
tissue thickness, while orthogonal divisions increase epithelial surface. Failure to
properly regulate this process results in altered epithelial morphogenesis [1, 2],
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and was proposed to contribute to diseases such as polycystic kidney disease,
microcephaly or lissencephaly [1-3]. On the other hand, the orientation of cell divi-
sion can directly determine cell fate, at least in invertebrates. Since cellular compo-
nents are not necessarily evenly distributed throughout the mitotic cell, their
inheritance can be variably biased depending on the orientation of the mitotic spin-
dle, influencing daughter cells’ behavior. For example, stem cells can self-renew
while generating a daughter cell with more restricted fate, and this asymmetric outcome
involves asymmetric inheritance of RNA or protein fate determinants, membrane
domains or organelles. In many cases, cell fate and tissue architecture are hard to
separate however, as when failure to maintain planar division gives rise to delami-
nated cells that have lost their epithelial characteristics and become mesenchymal-
like, which can promote proliferation and possibly tumor development [4, 5].
Although the importance of spindle orientation in strictly driving binary cell fate
decision in vertebrates is still debated, it is clear that spindle misorientation can alter
the total proliferative potential and cell type composition of a tissue.

The importance of proper control over the division plane has motivated a large-
scale effort to identify and functionally characterize the molecular constituents of
the machinery that orients the mitotic spindle. This prolific field of research has
made tremendous strides in the recent past, and has been extensively reviewed
already [1, 2, 6-11]. By contrast, our goal here is to spotlight the emergent, less
well-known examples where key proteins regulating spindle orientation were found
to take on different roles in post-mitotic cells. Analogous to their role during cell
division, they largely appear to influence cytoskeleton polarization, and participate
in specialized subcellular processes associated to cell differentiation or mature cell
function. While such examples are still relatively scarce, their growing significance
is underscored by relevance to disease like hearing loss and drug-seeking behavior.

9.1 The Core Machinery Behind Oriented Divisions

To provide context and draw parallels with their post-mitotic functions discussed
further below, we will begin with a brief overview of the central players regulating
mitotic spindle orientation. Generally speaking, these proteins become enriched at
specific regions of the cell cortex in prometaphase dividing cells, guided by canoni-
cal markers of cell polarity. These regulators then locally recruit partner proteins
that capture and pull on astral microtubules, the microtubules that emanate from
each centrosome but do not participate in chromosome segregation. In essence, pro-
teins of the core machinery are cortical landmarks used as reference to ensure that
the mitotic spindle becomes aligned with the polarity of the cell, and that the result-
ing daughter cells are situated correctly within the tissue. The orientation machinery
is strikingly conserved across tissues and organisms, and has been studied in a wide
variety of model systems, including the first divisions of the C. elegans zygote
[12-14], neuroblast lineages in the fly (see below), the murine embryonic epidermis
[15-18], and neuroepithelial cells in the vertebrate central nervous system [19-22],
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to name only a few. Of note, however, there is much variation in the way the core
spindle orientation proteins operate among different systems, a topic outside the
scope of this chapter.

The initial discovery and much of the pioneering work addressing mitotic spin-
dle orientation has been done in C. elegans and Drosophila [23]. In Drosophila
embryonic and larval neuroblasts, which have become a choice model of self-
renewing asymmetric stem cell division, the Par complex localized apically in the
neuroectoderm is carried over when the neuroblast delaminates basally [24, 25].
This complex composed of Par-3, Par-6, and the atypical kinase aPKC is known as
a master regulator of apico-basal polarity [26]. Par3 recruits the adapter protein
Inscuteable (Insc; mInsc in mammals) to the apical cell cortex [27-29], and mInsc
in turn binds to the TPR repeats of Partner of Inscuteable (Pins; LGN, mPins or
Gpsm2 in mammals) [30-32] (Fig. 9.1a). Pins/LGN is further stabilized at the
cortex through interaction of its GoLoco domains with GDP-bound Go; (Got-gpp)
anchored at the membrane via myristoylation [33]. As a result, Insc-Pins/LGN-Guoy;
colocalize in a crescent at the cell cortex during prophase and metaphase. This core
spindle orientation complex then recruits the large coiled-coil protein Mud (NuMA
in vertebrates) [34—38]. The transition is proposed to occur through a switch mecha-
nism whereby Mud/NuMA replaces Insc, as both proteins compete for the TPR
motifs in Pins/LGN and cannot bind simultaneously [39—41]. Mud/NuMA provides
a link to the astral microtubules since it directly binds the Dynein-Dynactin motor
complex [42]. Overall, the spindle becomes anchored to the cell cortex in a polar-
ized manner, and pulling forces align the mitotic spindle to ensure apico-basal divi-
sions where the apical daughter retains neuroblast identity and the basal daughter
inherits basally located fate determinants, adopting a more restricted fate.

Biochemically, LGN and other GoLoco-containing proteins act as G protein dis-
sociation inhibitors (GDI), effectively competing with Gfy and preventing guanine
nucleotide exchange by stabilizing Go, gpp [43—45]. In principle, this activity is
known to uncouple trimeric G proteins from GPCRs at the membrane and reduce
signaling, while potentially also prolonging stimulation of Gpy-dependent effec-
tors. Interestingly however, there is only limited evidence that Ga; proteins relay
GPCR signaling during spindle orientation [46]. While cell-autonomous guanine
exchange factors (GEFs) have been implicated [47-51], it is generally accepted that
LGN-Ga; gpp is the active signaling complex acting on the spindle.

9.2 Roles of the Core mInsc-LGN-Go; Complex
Beyond Spindle Recruitment

A number of studies recently proposed that mInsc-LGN-Ga; proteins locally regulate
cytoskeleton rearrangement in specialized cells, a fundamental role falling in line
with their better-known ability to recruit the mitotic spindle during division.

We discuss below interesting novel findings where this protein complex is
involved in such diverse post-mitotic processes as neuronal synaptic function,
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A Mitotic spindle orientation
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Fig. 9.1 Comparison of LGN’s roles in mitotic spindle orientation and NMDA receptor traffick-
ing. (a) In the Drosophila neuroblast, LGN is recruited to the membrane by the Par complex, Go,
and Insc. NuMA then displaces Insc from LGN, and NuMA'’s association with dynein recruits
astral microtubules to the cortex. (b) In hippocampal dendritic spines, SAP102 binds LGN and
NMDA receptors. By analogy with (a), LGN could provide a link to microtubules in order to help
locally deliver NMDAR vesicles to the cell surface. See text for additional details

chemotaxis, and the generation of intrinsic cytoskeleton asymmetry in developing
hair cells, a cellular patterning event crucial for sensory perception in the inner ear.
Both the mitotic and post-mitotic actions of this complex are schematized in Fig. 9.2.

9.2.1 Modulating Neuronal Function

Components of the spindle orientation machinery have been shown to regulate the
function of neuronal synapses. The NMDA receptor (NMDAR) is a glutamate
receptor that is critical for proper neural development, learning and memory, affect,
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Mitotic spindle orientation Post-mitotic functions
Drosophila neuroblast Hair cell asymmetry Migration Synaptic
structure/function
Insc-Pins/LGN-Go, mInsc-Pins/LGN-Goci
A. D.

apical aplcal m .
basal basal i j
lateral &—» medial

Fig. 9.2 The roles and localization of the Insc-Pins/LGN-Ga; complex in polarized cell activities
in dividing and post-mitotic cells. (a) In Drosophila neuroblasts, Insc-Pins-Go; (green) colocalize
at the apical cell cortex and help orient the mitotic spindle along the apico-basal axis. (b—d)
Functions of mlnsc-LGN-Ga; in post-mitotic cells. (b) mInsc-LGN-Ga; localize to the “bare
zone”, a lateral subset of the apical membrane devoid of microvilli in inner ear hair cells. mInsc-
LGN-Gao; were proposed to help define the lateral edge of the stereocilia bundle. Stereocilia and
microvilli are depicted in dark and light grey, respectively, and the primary cilium, or kinocilium, is
shown in black. (¢) mInsc-LGN-Ga; are found at the leading edge of chemotaxing neutrophils, where
they signal downstream of GPCRs to stabilize actin-based pseudopods. (d) Within the dendritic
spines of neurons, Insc-Pins/LGN-Guy; interact with NMDA receptors, potentially influencing their
delivery to the plasma membrane and influencing synaptic function

and cognition [52]. In experiments designed to elucidate the regulation of glutamate
receptor trafficking, LGN was found to bind SAP102 (Dlg3) [53], a member of the
MAGUK protein family important for scaffolding proteins at neuronal synapses
[54]. Overexpression of LGN in cultured hippocampal neurons leads to changes in
both number and morphology of dendritic spines [53]. LGN and SAP102 also bind
NMDA receptor subunits and Go; gpp, forming an NMDAR-SAP102-LGN-Ga;
complex, which was proposed to be important for proper NMDAR trafficking [53].
Similar to its role in recruiting astral microtubules to the cell cortex during mitosis,
in this model LGN could regulate receptor trafficking by acting as a bridge between
microtubules and receptor-containing vesicles [55] (Fig. 9.1b). Collectively, these
results suggest that the LGN-Go; complex acts in multiple ways to influence synap-
tic signaling, as both spine morphology and NMDAR dynamics are mediators of
synaptic plasticity [56, 57]. In hippocampal neurons, LGN also modulates current
through the G protein-activated inwardly rectifying potassium channel (GIRK)
[58]. In this study, the authors suggest that, under basal conditions, LGN enhances
GIRK current by binding and stabilizing Go;.gpp, enhancing the activity of Gfy,
which then activates GIRK. Following GPCR stimulation, however, LGN actually
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reduces GIRK current, likely by uncoupling Go; from the GPCR [58]. By acting as
a GDI, LGN was thus shown to modulate GPCR signaling and regulate neuronal
excitability.

Interestingly, the vertebrate Pins homolog and LGN paralog protein AGS3 has
been more tightly associated to non-mitotic functions than to spindle orientation
[59]. Changes in the expression of Ags3 could contribute to the alterations in
G-protein signaling efficacy caused by chronic cocaine exposure and, intriguingly,
Ags3 antisense nucleotides infused into the prefrontal cortex block the reinstate-
ment of drug-seeking behavior following cocaine withdrawal [60]. Similarly, Ags3
antisense oligonucleotides administered into the core of the nucleus accumbens pre-
vented reinstatement of heroin-seeking behavior [61]. AGS3 can also increase pro-
tein surface expression, exemplified by the Kir2.1 potassium channel [62]. It
probably does this by regulating protein transit between the trans-Golgi network
and plasma membrane [62]. As Kir2.1 can strongly affect resting membrane poten-
tial [63], this finding suggests that AGS3, like LGN, could regulate synaptic plastic-
ity. It remains uncertain whether AGS3 helps to deliver cargoes to the cell membrane
by coupling to the cytoskeleton, as suggested above for LGN and the NMDAR.

9.2.2 Regulating Cellular Movement

Interestingly, mInsc can drive polarized responses in post-mitotic cells downstream
of G-protein coupled receptor (GPCR) signaling. Neutrophils must chemotax
toward the source of chemoattractants in order to help mediate immune responses.
This directed motility is achieved by polymerization of filamentous actin at the
leading edge of the cell and contraction at the opposite end of the cell mediated by
myosin II [64]. Neutrophils express GPCRs that are locally activated by chemoat-
tractants and, via coupling specifically to the Gai family of heterotrimeric G pro-
teins [65] at the leading edge, activation results in the generation of Ga;_grp and free
Gpy, which play separate but complementary roles in directed migration. Much
work has focused on the role of free GBy, which promotes motility via activation of
molecules including PI3K [66]. Recently, it has also been suggested that GPy-free
Ga;.gpp produced by hydrolysis of Ga; grp plays an important role in maintaining
appropriate directionality during chemotaxis [67]. Strikingly, this pathway uses
many of the proteins involved in orienting the mitotic spindle: Ga; gpp probably
generated downstream of GPCR activation by chemoattractants recruits LGN/AGS3,
which recruits mInsc and subsequently the Par complex to the leading edge [67]
(Fig. 9.2c). Depletion of mlnsc affects only directionality during chemotaxis,
and not overall motility [67], suggesting that mInsc does not affect Gpy function.
It remains unclear, however, how G gpp-LGN/AGS3-mlInsc-Par stabilize the
directionality of migrating neutrophils.

LGN can also control changes in cellular shape. Recent work suggests that
LGN regulates sprouting angiogenesis, perhaps via destabilization of cell-cell
and cell-matrix adhesions downstream of altered microtubule dynamics in
endothelial cells [68].
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9.2.3 Regulating Hair Cell Morphogenesis in the Inner Ear

We and others have discovered a surprising new role for the mInsc-LGN-Gao; complex
during early hair cell differentiation in the inner ear [69-71]. Here, these proteins
are involved in organizing the apical membrane of hair cells, the highly specialized
cells ensuring the detection of sounds, acceleration, and gravity.

Hair cells are crowned with a bundle of apical protrusions, termed stereocilia,
that respond to mechanical deflection by modulating electric currents in the cell.
Stereocilia derive from microvilli that initially cover the apical membrane and,
under largely unknown influence, grow in girth and length. The stereocilia bundle is
characterized by a strong radial asymmetry along the epithelial plane in each cell.
Asymmetry is manifested notably by the V-or arched shape of the bundle, and the
staircase-like organization of stereocilia, which align into rows harboring graded
heights (Fig. 9.3a). Cytoskeleton polarization is also manifested at the tissue level.
In the cochlea, hair cells are organized in four rows (Fig. 9.3b), and all cells adopt a
strikingly uniform planar orientation of their bundle. This occurs by the planar cell
polarity (PCP) pathway, which is generally responsible for the coordinated orienta-
tion of cells along the epithelial plane [72]. Cell-intrinsic and tissue level polariza-
tion are essential for sensory function, and notably account for direction-sensitivity
to stimuli: hair cells only respond to bundle deflections toward or away from the
tallest stereocilia row, while orthogonal deflections have no effect [73].

As in dividing progenitors, mInsc-LGN-Ga; colocalize as a protein complex in
early post-mitotic hair cells [69-71] (Fig. 9.3a—c). This complex is asymmetrically
enriched in the plane, forming a lateral crescent at the apical membrane. mInsc-
LGN-Ga; both label and are required to generate a patch of membrane devoid of
microvilli, which we termed the “bare zone” [70]. As the hair cell develops, this
region expands and closely abuts the lateral edge of the forming bundle, which hosts
the tallest stereocilia. Disrupting the protein complex reduces or eliminates the bare
zone, leading to severe stereocilia placement defects. It thus appears that mInsc-
LGN-Gao; act by defining an exclusion zone for microvilli as a strategy to define the
contour of the forming bundle.

The influence of mInsc-LGN-Gay; is not limited to regulating the placement of
actin-based stereocilia. Early during differentiation, the hair cells’ one true cilium,
the kinocilium, moves from the cell center to the periphery (Fig. 9.3c). Although
the underlying mechanism remains obscure, the eccentric shift is required for bun-
dle morphogenesis [74], and its normal lateral direction depends on tissue-level
planar cell polarity (PCP) [75]. Since mInsc-LGN-Ga; recruit astral microtubules
during mitosis, it is tempting to speculate that these proteins could pull on micro-
tubules connected to the basal body nucleating the kinocilium to trigger the shift.
Accordingly, one study proposed that the shift depends on Ga; signaling based on
results in organotypic culture [69], although off-center kinocilium shifts were still
observed when Gaj; inactivation was achieved in vivo [70]. Later during hair cell
differentiation, LGN and Ga; also play an important role to ensure the precise
localization of the kinocilium in the center of the arched stereocilia bundle
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Fig. 9.3 Hair cell organization in the mammalian cochlea. (a) At the single cell level, each hair
cell is highly asymmetric along the planar axis. mInsc-LGN-Gu; (green) localize to a lateral cres-
cent at the apical surface and mark a region devoid of microvilli (the “bare zone”). The mechano-
sensitive stereocilia bundle grows in a chevron pattern in the central region of the apical membrane.
Stereocilia and microvilli are depicted in dark and light grey, respectively, and the primary cilium,
or kinocilium, is shown in black. (b) At the tissue level, cochlear hair cells are organized in four
rows (OHC: outer hair cells; IHC: inner hair cells). Hair cells are uniformly oriented, with the
chevron shape of the bundle, the tallest stereocilia row and the mInsc-LGN- Go; crescent facing the
lateral edge. (¢) During early hair cell differentiation, the kinocilium (KC) or primary cilium is first
observed at the center of the cell, amid a full covering of microvilli. The kinocilium then shifts
laterally as mInsc-LGN-Go; become detectable at the lateral edge. mInsc-LGN-Go; expand medi-
ally, creating the microvilli-free bare zone, and the kinocilium relocalizes more centrally. At the
same time, select microvilli grow into stereocilia that become precisely aligned and adopt graded
heights to form the mature bundle

(Fig. 9.3c). Together, these results suggest that the mInsc-LGN-Ga; complex is
required to spatially coordinate apical membrane domains with both the microtu-
bule- and actin-based cytoskeleton.

As mInsc-LGN-Go; work at the single cell level, their activity must somehow
become coordinated with the PCP pathway to ensure that all hair cells orient their
asymmetric bundle in the same planar direction. Interestingly, inactivating Gao; sig-
naling results not only in bundle defects in single hair cells, but also in hair cell
misorientation [70]. This suggests the intriguing possibility that Go; signaling could
link cell-intrinsic morphogenesis with PCP signaling initiated at apical junctions by
cell—cell interactions.
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The emerging molecular function of mInsc-LGN-Gu; in hair cells is of particular
interest since LGN mutations were recently shown to underlie congenital hereditary
hearing loss in multiple human families [71, 76-80]. Loss-of-function mutations in
LGN (GPSM?2) were originally identified in patients classified as having nonsyn-
dromic hearing loss [79, 80]. Mutations in LGN were subsequently identified in
patients with Chudley-McCullough syndrome [76-78], a condition first described
in 1997 [81] where profound congenital hearing loss coincides with partial agenesis
of the corpus callosum, grey matter heterotopia, and often hydrocephaly [82].
Interestingly, the authors then expanded their analyses to the first reported LGN
pedigrees and identified subclinical brain malformations consistent with Chudley-
McCullough syndrome [78]. As mice expressing a truncated LGN protein are pro-
foundly deaf [71], it is now tempting to speculate that hearing loss stems from
defective apical cytoskeleton polarization in hair cells during development. In con-
trast, brain malformation could result from defects in mitotic spindle orientation, as
described in the spinal cord and the cortex in model animals [19, 20]. If true, it could
seem curious that mutations in a core mitotic spindle protein would have hearing
loss as their most severe clinical presentation. However, hair cells are highly spe-
cialized, and many proteins that generate or compose their unique stereocilia bundle
appear essential for this task in particular, resulting in non-syndromic hearing loss
when defective (for review, see [83]). In contrast, given the importance of keeping
cell proliferation and tissue architecture in check in all tissues, mitotic spindle ori-
entation must be particularly robust mechanistically.

To date, no association to disease has been made for mInsc. Given that there are
no clear paralogs of minsc, mutations could be incompatible with life. However,
mlnsc knockout mice are viable and display no gross phenotypes [21, 67, 70], which
does not support this idea. Rather, since mlnsc mutation mildly affects hair cell
morphology compared to disruption of Lgn or Gy [70], mutations may not lead to
clinically noticeable phenotypes. It remains possible, however, that more subtle
issues exist, such as reduced immune response due to defective neutrophil chemo-
taxis [67]. Ga; proteins are involved in a multitude of signaling functions, making
any particular connection between mutation and defects in cytoskeleton polarity
challenging.

9.3 Further Evidence: Examples of Partner Proteins
with Post-Mitotic Functions

9.3.1 Canoe/Afadin

Some proteins with well-established roles in mitotic spindle orientation in
Drosophila were first studied in a post-mitotic context in vertebrates prior to being
implicated in mitosis. For example, the Drosophila protein Canoe helps mediate
spindle orientation [84] by binding Pins and helping recruit Mud (NuMA homolog),
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thus providing a link between Pins and microtubules [85]. A role for Canoe’s mam-
malian homolog, Afadin/AF-6, in orienting the mitotic spindle has only recently
been demonstrated. Studies in human cell lines suggest that Afadin is important for
recruiting LGN to the cortex and providing a bridge to F-actin [86, 87]. Post-
mitotically, Afadin is directly involved in the formation and/or maintenance of cel-
lular junctions, including adherens junctions, tight junctions [88], and neuronal
synapses [89]. Afadin is also important in remodeling the architecture of dendritic
spines downstream of NMDA receptor activity [90]. Reminiscent of the role of
mlnsc in neutrophil chemotaxis, Afadin specifically regulates the directionality but
not the overall motility of NIH3T3 cells [91]. In addition, Canoe can affect axon
pathfinding by regulating Slit/Robo signaling at the Drosophila CNS midline [92].

9.3.2 Myosin VI

Myosin VI may be more accurately categorized as an “effector” rather than a “regu-
lator” of spindle orientation. In Drosophila neuroblasts, Myosin VI targets the pro-
tein Miranda [93] and cell fate determinants Prospero, Brat, and Numb to the basal
portion of the cell [9]. Myosin VI has not been associated to mitotic spindle orienta-
tion in vertebrates, but has interesting post-mitotic functions. In spite of being
widely expressed in animal tissues [94] and the sole characterized minus end-
directed myosin [95], Myosin VI predominantly causes deafness when absent [96],
an interesting parallel to the case of LGN described above. Following up on this
discovery, human deafness has also been linked to mutations in MYO6 [97, 98]. In
Myo6 mutant mouse cochlear hair cells, stereocilia fuse together into giant stereo-
cilia [99]. In addition, Myosin VI is also required at the basal end of hair cells to
generate the ribbon synapses, a subtype of synapse specialized for fast, sustained,
and graded neurotransmitter release, which transmit sound information to ganglion
neurons [100]. Furthermore, like LGN and Afadin, Myosin VI is involved in neuro-
nal synaptic function. Myosin VI is enriched at the postsynaptic density, and Myo6
mutant hippocampal neurons have fewer dendritic spines and synapses and impaired
internalization of AMPA receptors [101]. Strikingly, like mInsc and Afadin, Myosin
VI was also proposed to regulate the directionality of cell migration without affect-
ing overall motility by regulating transport of epidermal growth factor receptor to
the leading edge [102]. Accordingly, Myosin VI is found at the leading edge of
growth factor-stimulated fibroblasts [103] and is important for motility of Drosophila
border cells [104].

9.3.3 Additional Candidates

The recurring patterns of protein function discussed above suggest that future work
will uncover more links between the spindle orientation machinery and polarized
responses in post-mitotic cells. For instance, the Go; guanine nucleotide exchange
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factor Ric8 not only helps orient the mitotic spindle [47-51, 105], but it is also
implicated in Dictyostelium chemotaxis by amplifying Gao; signal initiated down-
stream of chemoattractant receptor signaling [106]. Additionally, huntingtin appears
to regulate protein transport in mitotic and non-mitotic contexts. It mediates cortical
localization of dynein-dynactin-LGN-NuMA in dividing cells, thus helping to orient
the spindle [107, 108]. Huntingtin also regulates apical localization of Par3-aPKC
during mouse mammary epithelial morphogenesis [109] and microtubule-based
transport in neurons [110-112].

9.4 Summary

In conclusion, proteins that orient the mitotic spindle are emerging as also playing
a variety of essential roles in post-mitotic cells. Examples detailed above represent
relatively disparate systems and processes, suggesting they could be the tip of the
iceberg. In these alternate contexts, mInsc-LGN-Gao; and partners appear to use their
ability to mark and organize subcellular domains for a wide variety of processes.
They generally act by scaffolding partner proteins together and/or by regulating the
cytoskeleton. We thus anticipate that several additional processes relying on mInsc-
LGN-Goy; will be uncovered in the future when their role is progressively studied in
new post-mitotic contexts. In addition, new or known partners of mInsc-LGN-Ga;
in the spindle orientation machinery will be obvious candidates to pursue in these
novel contexts. Finally, the large body of knowledge gathered over the years by
studying spindle orientation will be invaluable to accelerate the understanding of
normal biological processes and disease mechanisms where spindle proteins play a
post-mitotic role.
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