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Abstract: Regulators of mitotic division, when dysfunctional or expressed in a deregulated manner
(over- or underexpressed) in somatic cells, cause chromosome instability, which is a predisposing
condition to cancer that is associated with unrestricted proliferation. Genes encoding mitotic
regulators are growingly implicated in neurodevelopmental diseases. Here, we briefly summarize
existing knowledge on how microcephaly-related mitotic genes operate in the control of chromosome
segregation during mitosis in somatic cells, with a special focus on the role of kinetochore factors.
Then, we review evidence implicating mitotic apparatus- and kinetochore-resident factors in the
origin of congenital microcephaly. We discuss data emerging from these works, which suggest a
critical role of correct mitotic division in controlling neuronal cell proliferation and shaping the
architecture of the central nervous system.

Keywords: microcephaly; mitotic apparatus; kinetochore; chromosome segregation; neural
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1. Introduction

Regulators of the mitotic apparatus play key roles in orchestrating chromosome segregation.
Therefore, their coordinated activity is critical to the transmission of genetic stability throughout cell
generations. The onset of mutations, or regulatory alterations (under- or overexpression) of mitotic
factors in differentiated somatic tissues often leads to abnormal mitosis, the loss of checkpoint function,
and the generation of genetically unbalanced daughter cells [1]. This favors the onset of conditions that
predispose cells to become genetically unstable, which is one of the best-established cancer hallmarks
and is associated with unrestrained proliferation [1,2].

On the other hand, mitotic gene mutation or dysfunction occurring early during development can
trigger the onset of syndromes that reflect a reduced number of neurons, e.g., microcephaly and related
disorders [3-5]. It is actually emerging that a growing number of factors that regulate mitotic division
have also roles in developmental neurological diseases, and those diseases often reflect insufficient
cell proliferation and/or failure to replenish the neuronal stem cells that harbor genetic mutations in
mitotic genes [3,6]. As a result, the central nervous system (CNS) remains underdeveloped. Thus,
dysfunction of the same mitotic gene can yield either the overproliferation of genetically unbalanced
cells in somatic tissues or insufficient proliferation in the developing brain.

Much of our understanding of mitotic control pathways comes from work with somatic cells,
mostly from cultured cell lines, while tracking the actual journey of neuronal cell precursors in vivo has
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proven difficult: thus, translating our understanding of how the mitotic apparatus is regulated into the
developing CNS is still presenting gaps, incomplete understandings, and pitfalls. Here, we will review
the mitotic genes mutated in microcephaly with a special focus on the role of kinetochore factors that
have been implicated in this disease. Then, we will confront some of the specificities and unresolved
issues of mitotic dysfunction in the neuronal context.

2. Genes Implicated in Microcephaly

Primary microcephaly (MCPH) comprises a vast group of different disorders that are genetically
heterogeneous yet all characterized by a severely reduced size of the head at birth: clinically,
microcephaly is diagnosed as the presence of a head size three-fold standard deviations (SD) below
that of the age- and sex-related mean [7]. MCPH is usually associated with a broad spectrum of other
clinical traits and neurodevelopmental deficiencies that compromise, more or less severely, the quality
of life and reflect severe defects during early neurogenesis [6,7].

To date, several unrelated MCPH loci, which is genetically associated with microcephaly, are
identified based on the Online Mendelian Inheritance in Man (OMIM) database classification of MCPH
genes (https://www.omim.org/). They currently sum up to 25 and are named MCPH 1-25 according
to the timing of their historical discovery. The growing use of whole genome sequencing techniques
predicts that more loci will turn out to be involved [8]. Indeed, Table 1, which lists the OMIM-classified
MCPH genes, is already incomplete in the light of the recent implication of further genes in similar
developmental syndromes, as discussed below. Table 1 lists the “canonical” 25 MCPH loci identified
thus far, together with relevant studies that have shed light on microcephaly-causing mutations; most
studies present an in-depth genetic characterization of each individual locus. In building Table 1,
we have attempted to integrate the information from single studies to extract general indications, and
we have grouped the loci according to the intracellular localization and function of their encoded
products. Some conclusions are astonishing:

1. Only one single type of microcephaly out of the 25 identified, i.e., MCPH15 or MFSD2A (major
facilitator superfamily domain containing 2A) [9], is associated with a mutation in a protein with a
genuine neural-related function, i.e., a mutation in a transporter of lysophosphatidylcholine across the
blood/brain barrier, which is directly required for proper brain growth.

2. Two loci encode structural components of global cellular machineries, which act respectively
in the build-up of the Golgi (MCPH19, or COPB2) [10] and in the autophagic process (MCPH18,
or WDFY3) [11], encoding a phosphatidylinositol 3-phosphate-binding protein.

3. The remaining 22 loci act in cell cycle functions or checkpoints. Although in some cases their
mutations impinge on more than one specific process, it is clear that at least 20 loci encode factors
that act either at the level of mitotic apparatus, or on mitotic chromosome organization, ultimately
converging in the process of chromosome segregation.

The data in Table 1 [12-55] highlight a central role of mitosis in brain development and identify
mitotic failure, more than defects in the function of genes regulating neural physiology, as subverting
the neural developmental program. It would be out of context to summarize here the molecular
details of mechanisms and factors governing the assembly and function of the mitotic apparatus,
and we shall refer to recent extensive reviews on these subjects [12-16]. To the scope of this review,
we wish to provide a brief outline of mitotic components known to harbor microcephaly-associated
mutations: centrosomes, microtubule-associated factors, and kinetochores. We will focus on the latter,
as kinetochore components are growingly implicated in MCPH through a variety of well-regulated
mechanisms, yet no systematic integration of published data has as yet been attempted.

To date, a large proportion of well-characterized mitotic genes with well described implication in
neurodevelopmental disorders involve essentially the organization/function of two cell structures with
fundamental roles in cell division: the centrosomes and the spindle.
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Table 1. Canonical microcephaly-associated gene products, localization, and function.

Gene Name ? Protein Product Protein Function Refs
CHROMATIN- AND CHROMOSOME-ASSOCIATED PROTEINS
MCPH1 Microcephalin, BRCT-repeat inhibitor of TERT expression 1 Regulates chromosome condensation; acts in intra-S and G2/M checkpoints [17-19]
MCPH10 ZNF335 Chromatin remodeling complex regulating neuronal gene expression and cell fate [20]
werni prci Componet o b Tleont grop £ PRCH e compl masbtrg wvectpiond. 3z
MCPH21 NCAPD2 (condensin I, subunit 1);
MCPH22 NCAPD3 (condensin II, subunit D3); Cooperate in compaction of interphase chromatin into mitotic chromosomes. [23-26]
MCPH23 NCAPH (condensin I, subunit H)
CENTROSOME DUPLICATION AND FUNCTION
MCPH3 CDKS5RAP2/CEP215, regulator of cyclin-dependent kinase 5 Centriole engagement and microtubule nucleation [27-29]
MCPH?2 WD40-Repeat Protein 62 Spindle organization, centrosome duplication [30,31]
MCPHS8 CEP135 Centriole biogenesis, duplication and elongation [32,33]
MCPH9 CEP152 Centrosome duplication [34,35]
MCPH14 SAS-6 Centrosome duplication, procentriole formation [36,37]
MCPH6 CENP]J Centrosome- and kinetochore-associated protein [38-40]
MCPH7 STIL, SCL-interrupting locus protein Centriole assembly and duplication [41,42]
SPINDLE AND MICROTUBULE FUNCTION AND DYNAMICS
MCPH5 ASPM Mitotic spindle regulator [43-45]
MCPH17 CIT, Citron Rho-interacting kinase Cytokinesis, localizes the kinesin KIF14 to the central spindle and midbody [46,47]
MCPH20 KIF14 Kinesin motor protein, acts at microtubules and midbody via interaction with CIT/MCPH17 [48,49]
MCPH25 MAP11 Microtubule associated protein 11 Mitotic spindle dynamics [50]
KINETOCHORES
MCPH4 CASC5/KNL1 Kinetochore assembly, microtubule attachments, SAC signaling [51]
MCPH13 CENP-E Stabilization of kinetochore-microtubule attachments, chromosome congression [52,53]
CELL CYCLE TRANSITIONS
MCPH12 CDK6 Cell cycle kinase, cell cycle entry [54,55]
MCPH16 ANKLE2, Ankyrin repeat and LEM domain-containing protein 2 l]gzgpl/l]gif]g {1 lgls:;;;/i:[;epr;:ssembly at mitotic exit, promotes dephosphorylation of [56,57]
GLOBAL CELL ORGANIZATION AND FUNCTION
MCPH18 WDEFY3, WD repeat and FYVE domain-containing protein 3 Component of the autophagic machinery [11,58]
MCPH19 COPB2, Coatomer subunit beta Component of the Golgi and vesicular trafficking system [10,59]
NEURAL CELL-SPECIFIC FUNCTION
MCPH15 MFSD2A, Sodium-dependent lysophosphatidylcholine symporter 1 Expressed at the blood-brain barrier, transport of fatty acids [9,60]

2 The list reports OMIM-listed, microcephaly-associated loci as per August 2019.
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2.1. Centrosome Duplication and Function in Microcephaly

Table 1 shows that seven out of the 25 identified MCPH loci encode centrosomal regulators, and
act at some stage of the process of centrosome duplication. In the well-described cases of centrosomal
proteins mutated in MCPH2, MCPH3, MCPHS, MCPH9, and MCPH14, the common trait is that control
of the centrosome duplication cycle, which must occur once and only once per cell cycle, is disrupted at
some stage [31,33,35,36]. As extensively described in the literature, centrosome overduplication affects
the formation of a proper bipolar mitotic spindle, and give rise to the formation of multipolar spindles
during brain development [61,62]. In addition, multipolar spindles can also form after centriole
splitting or fragmentation during centrosome migration after duplication to opposite poles of the
cell, and/or in the early phase of mitotic microtubule nucleation, or as a result of excessive pressure
from kinetochore-attached microtubules at metaphase [63]. In all of these cases, biophysical forces are
imbalanced at the centrosome level without necessarily perturbing the centrosome duplication cycle [63].
Interesting in this respect is the implication in microcephaly, in addition to the OMIM-recognized
genes, of the gene encoding RAN-binding protein 1 (RANBP1) [64], a regulator of the RAN nucleotide
guanosine triphosphate (GTP) hydrolase (GTPase), that controls centrosome cohesion [65,66]. The
formation of multipolar spindles, due to either altered centrosome duplication or fragmentation,
impairs balanced chromosome segregation. Indeed, the mechanistic implication of centrosomal
genes in microcephaly and related CNS syndromes is thought to reflect the occurrence of abnormal
segregation along an aberrant axis of cell division. Spindle orientation is critical for the establishment
of asymmetrical divisions that originate the stem versus proliferating the cell pool, which is typical of
neural development, such that not only the genetic identity but also the functional and architectural
properties of the nervous tissue are compromised. The underlying molecular pathways of such
developmental abnormalities are extensively discussed in excellent reviews [62,67].

2.2. Spindle and Microtubule Function and Dynamics

Four identified genetic mutations (MCPH5, MCPH17, MCPH20, and MCPH25) listed in Table 1
involve genes regulating the dynamic function of microtubules. Among those, three (MCPH5, MCPH17,
MCPH?20) have clear roles in regulating the formation and function of the midbody. In addition to the
genes listed in Table 1, citron kinase [47,68-71] and its cooperating factors [72] regulate the formation of
the midbody at cytokinesis (reviewed in [73,74]). In those cases, the loss of viable cell products appears
to reflect abnormalities in the process of cell separation. In certain types of MCPH, mutations impairing
the function of the microtubule-binding kinesin KIF14 have also been identified [49]. The associated
defects resemble those caused by citron kinase dysfunction, resulting in a failure of cell separation [49].
Interesting clues may also come from studies of CNS defects associated with viral infections. Indeed,
defects in neural progenitor formation have been seen to occur at the level of the GTP-binding protein
septins and hence in the proper unfolding of the cell cleavage process. Septins can be destroyed by
the Zika virus-encoded proteases, with novel implications for the understanding of virally caused
neurological diseases that can recapitulate neurodevelopmental defects [75].

3. The Rising Role of Kinetochores in Microcephaly

A growing number of kinetochore factors have been recently associated with cases of microcephaly,
so that they can be considered newly rising players in developmental disorders [4,5,51,53,76,77]. Prior
to examining the role of each of these factors, we will first briefly review kinetochore functions.

3.1. Roles of Kinetochores in Chromosome Segregation and Mitotic Fidelity

Accurate chromosome segregation at cell division is fundamental to maintain the species
chromosome number from one cell generation to the next and prevent aneuploidy and chromosomal
instability (CIN), which is commonly observed in cancer cells and is considered a driving force in the
genesis and evolution of cancer [2,78].
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The process of chromosome segregation relies on forces generated by the interaction of
the kinetochore (the multiprotein structure that forms on centromeric chromatin) with spindle
microtubules [16,79,80]. After the nuclear envelope breakdown, microtubules nucleated from
spindle poles grow and shorten rapidly in the cellular space, randomly contacting kinetochores [12].
Although several mechanisms operate during spindle assembly to facilitate kinetochore—microtubule
encounters [12], several erroneous kinetochore-microtubule interactions are formed, such as monotelic
(one attached kinetochore and the sister kinetochore unattached), syntelic (both sister kinetochores
attached to microtubules from the same pole), or merotelic (a single kinetochore attached to microtubules
emanating from both spindle poles) interactions [81]. These improper attachments must be transformed
before anaphase onset into a proper kinetochore-microtubule attachment, which is called amphitelic
attachment (each sister kinetochore attached to a different spindle pole), to guarantee the correct
chromosome segregation [81,82].

The accuracy of chromosome segregation is ensured by a control signal transduction pathway;,
the spindle assembly checkpoint (SAC), which prevents anaphase onset until all kinetochores are
amphitelically or stably attached to the spindle [83-85]. Unattached or improperly attached kinetochores
become the assembly platform for the mitotic checkpoint inhibitory complex (MCC) that inhibits
the anaphase promoting complex/cyclosome (APC/C), to maintain high cyclin-dependent kinase 1
activity and centromeric cohesion [86]. When sister kinetochores achieve an amphitelic orientation,
each kinetochore binds ~20-25 microtubules to form a kinetochore fiber [87], so that sister kinetochores
are under tension from forces exerted by microtubule-associated motor proteins. Full kinetochore
occupancy and tension fulfill the requirements for SAC extinction, allowing anaphase onset by an
APC-mediated resolution of centromeric cohesion and reduced cdk1 activity [83,86].

The fidelity of chromosome segregation is also ensured by an error correction pathway, which is a
cell mechanism that promotes the release of incorrect kinetochore—microtubule attachments through
the Aurora B-mediated phosphorylation of critical substrates, thus favoring the formation of amphitelic
attachments [88,89]. Monotelic and syntelic orientations usually do not persist until anaphase, since
their presence activates the SAC, which allows time for the correction mechanism to operate [89].
On the contrary, merotelic kinetochore orientations do not activate the SAC; therefore, there is a risky
faulty interaction [81,82]. Thus, the persistence of incorrect kinetochore-microtubule attachments at
anaphase generates aneuploidy and chromosome instability.

Our current understanding of the mitotic control pathways, as briefly described above, poses the
kinetochore as a major player in the fidelity of mitotic cell division. In vertebrates, the kinetochore
comprises more than 100 proteins that are organized into several subcomplexes [79]. The Constitutive
Centromere Associated Network (CCAN) associates to the centromere region, as specified by the
presence of nucleosomes containing the centromeric-specific histone H3 variant Centromere Protein-A
(CENP-A) [90]. Association of the CCAN to the CENP-A nucleosomes throughout the cell cycle
provides the structural determinants for the association of the other kinetochore complexes [91].
The KMN network is composed of the KLN1, MIS12, and NDC80 complexes and is recruited to
the kinetochore at mitotic entry through its association to the CCAN [79,91]. Since the NDC80
complex directly interacts with microtubules, the kinetochore can be considered as a bridge connecting
chromosomes and microtubules.

A plethora of other proteins are recruited to the kinetochore to participate in SAC activation
and extinction and in the pathway correcting improper attachments. These include: mitotic
arrest-deficient (MAD) and budding uninhibited by benzimidazoles (BUB) protein family members,
microtubule-associated motor proteins, kinases, and phosphatases. Their functions have been discussed
in depth in several excellent reviews, to which we address the reader for more information [79,83,85,92].
Beyond the well-established role of defective kinetochore functions in generating chromosome
instability in cancer, recent studies have revealed mutations in kinetochore-associated genes in several
microcephaly syndromes (reviewed in [77]). This has opened a new avenue of experimental work to
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understand the relationships between defective chromosome segregation and reduced brain growth
that we intend to address.

3.2. Kinetochore Gene Mutations Associated with Microcephaly Syndromes

A crucial question emerging for microcephaly-driving mutations in kinetochore genes is why a
mutation affecting such a ubiquitous process as chromosome segregation would generate a neuronal
specific phenotype. To begin to shed light on this issue, in this section, we will examine the
mitotic functions of kinetochore proteins implicated in MCPH phenotypes and the possible neuronal
significance of their identified mutations.

3.2.1. CASC5/KNL

The autosomal recessive primary microcephaly syndrome gene MCPH4 was originally defined as
a microcephaly linkage region on chromosome 15q15-21 [93], where a microcephaly-inducing mutation
in the centrosomal CEP152 gene was initially identified [35]. Within this linkage region, a mutation
in CASC5/KNL was also found in three Moroccan families with MCPH4 [51] and successively in
one Algerian Family [94]. A second CASC5 mutation was identified in a consanguineous Pakistani
family afflicted with MCPH and a recent paper reported the first case of an infant, with microcephaly
associated with the mutated KNLI gene, in an African American family [95,96].

CASC5/KNL encodes a large kinetochore protein (>250 kDa) required for kinetochore assembly,
proper kinetochore microtubule interactions, and SAC signaling [85,86,97]. KNL1 associates
to the CAAN complex via interaction with the MIS12 complex at its C-terminal domain and
exhibits a direct microtubule-binding activity at the N-terminus. Accumulating evidence involves
KNL1 in the kinetochore-based SAC activation. MPS1-dependent phosphorylation at the KNL1
N-terminus creates a docking site for BUB1 and its binding partner BUB3, which is essential to
recruit further SAC proteins. KNL1 also activates the SAC through an additional interaction with
the three-subunit Rod—Zwilch-ZW10 (RZZ) complex, which is required for MAD1 localization at
unattached kinetochores [85,86].

The first identified CASC5/KNL mutation in MCPH results in the skipping of exon 18 and causes
protein truncation due to a frameshift that inserts a premature stop codon in exon 19 [51,94]. A second
mutation induces the skipping of exon 25 [95], resulting in a frameshift mutation and production of
a C-terminally truncated protein (see Figure 1). In both mutations, a reduced amount of the protein
is produced, and, in addition, the exon 25 skipping mutation also caused an altered DNA damage
response [95]. In both cases, as well as in the less characterized African American mutation, the mutant
KNL1 lacks the MIS12 interaction region, suggesting that mutations in either the N-terminal or the
central region might be lethal, whereas C-terminally localized mutations can give rise to congenital
syndromes because they maintain a subset of protein interactions and sustain a residual protein activity.

Two recent papers have thoroughly investigated the question of the differential requirement for
KNL domains and have provided new illuminating insights on the cause of brain-specific phenotypes.
In the paper by Shi et al. [98], a conditional allele of KNL1 was produced to manipulate chromosome
segregation in embryonic mouse brain and investigate the consequences of altered genome stability
in vivo. A conditional deletion of KNL1 using Cre recombination in cortical neural progenitor cells
at E12.5 produced a 40% decrease in the cortical area at birth, which is consistent with the human
microcephaly phenotype. The conditional deletion of KNLI in neural progenitor cells triggered a rapid
P53-dependent apoptotic response and neural progenitor loss. This was associated with a lengthened
S-phase duration in KNL1-deleted neural progenitors followed by anaphase chromosome damage in
the form of lagging chromosomes and chromatin bridges, with the ensuing formation of interphase
micronuclei [98]. Micronuclei have been shown to derive from segregation errors at mitosis promoting
interphase DNA damage, which is a condition that has been shown to trigger P53 activation [99-101].
In the mutant developing brain, the elimination of abnormal karyotypes through apoptosis left only
normal neural progenitors to continue dividing, resulting in cell loss and microcephaly. Conversely,
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the absence of p53 in a KNLI-null background resulted in preweaning lethality, indicating that the
proliferation of genome-damaged cells did not allow organismal survival [98].
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Figure 1. The maps depict relevant domains in kinetochore proteins associated with microcephaly
when mutated. The sites of aminoacidic substitutions caused by microcephaly-associated mutations

are boxed.

A definite hint on the brain-specific phenotype of KNL mutations was provided in a study that
used the in vitro differentiation of human embryonic stem cells to monitor the effect of the mutation
leading to exon 19 skipping on neuronal development [102]. The missense mutation was targeted
by CRISPR/CAS9 editing to Human Embryonic Stem Cells (hESCs) that were then differentiated
into neural progenitors. Mutant neural progenitors underwent a lengthening of mitosis that was
associated with cytokinesis failure, cell death, and premature differentiation toward astrocytes and
neurons. Finally, using 3D neural spheroids, the authors showed a reduction in the size of mutant
spheroids, which could be attributed to reduced proliferation and premature differentiation of the
neural progenitors [102]. Although differences in KNL1 protein levels had not been reported in patients
fibroblasts or lymphocytes in previous work [51], decreased levels of KNL1 were found to be present
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in mutant neural progenitors, possibly reflecting neural-specific differences in KNLT mRNA processing.
In contrast, mutant fibroblasts and mutant neural crest cells showed no reduction in KNL1 levels and
no defective growth, demonstrating that the KNL1 mutation affects only neural progenitors, which
was possibly due to the higher levels of splicing proteins that were identified in these cells [102].

3.2.2. BUBRI1 and other SAC Proteins

Mosaic variegated aneuploidy (MVA) is a rare recessive disorder characterized by microcephaly,
growth, and mental retardation and by an increased risk of childhood malignancies such as Wilms
tumor, rhabdomyosarcoma, and leukemia [4]. Lymphoblasts or fibroblasts from MVA patients present
mosaicism for several trisomies and monosomies associated with premature sister chromatid separation,
again stressing the connection between chromosome segregation defects associated to increased cancer
risk and brain developmental defects. Monoallelic or biallelic mutations in the Budding Uninhibited by
Benzimidazole 1B (BUB1B) gene, which encodes the BUB-related 1 (BUBR1) protein, have been found
in several MVA families presenting microcephaly [4,76]. In both genetic conditions, a low BUBR1
protein expression was recorded, suggesting that BUBR1 partial deficiency is one of the important
causes of MVA-related microcephaly [4,76,103].

BUBR1 is reported as a multi-domain pseudo-kinase required for SAC signaling by its association
with CDC20 to form the APC/C inhibitory complex [86]. BUBR1 localizes to mitotic kinetochores
through a BUB3-BUB1-mediated interaction with KNL1 [104] and binds CENP-E (centromere protein
E) at the CENP-E unstructured coiled-coil region through its pseudo-kinase domain [105], promoting
the formation of stable kinetochore microtubule interactions [106]. Furthermore, BUBR1 contributes
to stabilize kinetochore-microtubule interactions by recruiting the PP2A-B56 phosphatase on its
CARD domain [107]. Microcephaly-associated mutations are present in these domains (see Figure 1),
suggesting that a defective structural organization of the mitotic kinetochores, mediated by lack of
interactions of multifunctional proteins, could be at the heart of the microcephaly phenotype. Altogether,
these findings suggest that the different microcephaly-promoting mutations converge interdependently
to impair SAC function and microtubule attachment. The relevance of BUBR1-related impaired
SAC function in neural development has been recently investigated through the conditional loss of
BUBR1 in a mouse cerebral cortex [108]. In that work, BUBR1-deficient cortex displayed a strikingly
reduced number of late-born neurons, recapitulating the microcephaly phenotype. Importantly,
a decreased proportion of neural progenitors was found to be in mitosis, specifically in metaphase,
after BUBR1 nearly complete loss and this mitotic defect was associated with massive apoptotic
cell death [108]. These phenotypes suggest that a major effect of BUBR1 deficiency is to cause
aberrant chromosome segregation due to SAC impairment and/or defective kinetochore-microtubule
attachments. Unbalanced chromosome distribution, in turn, triggers the elimination of progenitors
and neurons during neurogenesis, producing microcephaly.

CEP57 (centrosomal protein 57) is another gene mutated in MVA syndrome [109]. Although
originally identified as a centrosomal protein, CEP57 was subsequently implicated in SAC activation:
the protein localizes to the kinetochore through its MIS12 association and functions as a platform
for targeting the MAD1-MAD?2 complex to the kinetochore [110], again implicating SAC function in
the neural phenotype. However, CEP57 mutant lymphoblasts from one MVA patient were recently
found to be SAC-proficient, so that the relative contribution of centrosomal and kinetochore defects in
CEP57-mutated microcephaly is still unclear [111].

Finally, very recent work has identified biallelic loss-of-function mutations in the TRIP13 gene in
three individuals displaying microcephaly, who developed Wilms tumor [111]. In mitosis, TRIP13
is a regulator of both SAC activation and extinction by its interaction with the crucial SAC effector
MAD?2. Accordingly, functional studies showed that TRIP13-mutant patient cells have a substantial
SAC impairment, leading to a high rate of chromosome missegregation [111].

Overall, these different findings highlight the importance of the SAC and its partial inactivation in
the pathogenesis of microcephaly and suggest that cell death processes activated by SAC disruption in
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neural stem cells might produce the low numbers and defective structural organization of neurons in
microcephaly patients.

3.2.3. CENP-E

CENP-E is a microtubule plus-end-directed kinesin required for proper kinetochore—microtubule
attachments and for the congression of chromosomes to the spindle equator [112-114]. Mutations in
CENP-E have been found in two siblings with microcephalic primordial dwarfism (MCPH13), i.e.,
microcephaly phenotypes associated with extremely short stature [53]. Compound heterozygous point
mutations were identified in the two patients and were found to localize in the central coiled-coil region
of the protein (see Figure 1), which is a region of structural flexibility that was found to be required for
the dynamic interaction of CENP-E with microtubules [115]. The microcephaly-associated variant did
not adversely impact on CENP-E expression or stability but CENP-E kinetochore localization at mitosis
was severely impaired in patient lymphoblastoid cell lines [53]. This could affect SAC function and
chromosome alignment because CENP-E-dependent autophosphorylation of the SAC kinase BUBR1
has been shown to be required for these processes [114]. The conditional expression of patient-derived
CENP-E variants produced prometaphases with uncongressed polar chromosomes and multipolar
mitotic spindles [53], which is in line with the mitotic defects observed after CENP-E depletion in
experimental models [112,113,116]. Short-time ATR-dependent DNA damage response was unaltered
in the conditional variants, but no further information on delayed DNA damage or cell death was
reported [53]. Overall, impaired kinetochore-microtubule interaction stability is likely to be associated
with CENP-E mutated microcephaly.

3.2.4. CENP-F

CENP-F (centromere protein F) is a large centromere-associated protein that acts in cell division
and morphogenesis and is also implicated in cilia formation in epithelial cells [5,117]. It is highly
expressed from the G2 phase throughout the duration of mitosis up to mitotic exit. CENP-F harbors
a nuclear localization signal (NLS) that enables it to accumulate at the nuclear envelope in the G2
phase of the cell cycle and to enter the nucleus via the association with transport receptors in import
complexes [118,119]. When the nuclear envelope breaks down at prometaphase, CENP-F associates
with the outer plate of the kinetochore until early anaphase [118]. That association constitutes a
platform for other proteins implicated in the regulation of the stability of kinetochore interactions
with the spindle microtubules. In late anaphase, CENP-F re-localizes to the spindle midzone and the
intracellular bridge [118] and is eventually degraded after telophase; this requires two degradation
sequences in the protein, particularly involving a region called the box KEN7, and the activity of
the APC/C ubiquitin ligase [120]. The ability of CENP-F to interact with different structures is
encoded in distinct protein domains (see the map in Figure 1): (i) a microtubule-binding domain,
which is crucial to bind mitotic microtubules [121]; (ii) the NudE/EL binding domain, through which
CENP-F interacts with dynein/dynactin and localizes the motor proteins at the nuclear envelope at the
G2/M transition, via the interaction with the NUP133 nucleoporin (a component of the NUP107-160
subcomplex) [122-124], which is a critical localization because dynein is a crucial determinant of the
nuclear envelope breakdown, and hence of the timing of mitotic entry; (iii) the kinetochore- binding and
CENP-E-binding domains, both essential to localize CENP-F at kinetochores during mitosis [119,125];
(iiii) the C-terminal region of CENP-F, containing both the NLS and the KEN7 box. This domain can
also interact with the N-terminal region of the NUP133 nucleoporin, and that interaction is necessary
to localize the CENP-F/NUP133 complex at KTs [126]. The localization of CENP-F at the outer plate of
kinetochores enables CENP-F to regulate the interactions between kinetochores and the mitotic spindle
microtubules and thus underlies CENP-F function in chromosome segregation.

Growing studies implicate CENP-F in brain development. Several clinically relevant mutations
of CENP-F have been identified in Stromme Syndrome, which is a severe disease affecting multiple
systems that feature a ciliopathy and microcephaly [5,127,128]. Remarkably, these mutations fall in the
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N-terminal domain of CENP-F, which contains the MT-binding domain [5,127] or in the C-terminal
domain, harboring both the NLS and the neighboring KEN degradation sequence [128]. Of those,
one frameshift mutation produces a truncated protein devoid of the NLS signal [128], and two point
mutations may affect the NLS function [5] (see the map in Figure 1).

Therefore, although diversified, a common trait of the mutations is that they would preclude
the proper nuclear localization of CENP-F in late G2, which precedes its kinetochore association and
the regulation of microtubule interactions at mitosis. In addition, the loss of the KEN sequence and
failure to degrade CENP-F at the mitotic exit might also impinge on the proper reformation of nuclei in
daughter cells from neuronal cell precursors.

3.2.5. NUP133 and Other Nucleoporins

The NUP133 nucleoporin was originally identified in Xenopus egg extracts [129] and is a
component of the nuclear pore “basket”, facing the nucleoplasm. In late G2, just prior to mitotic
entry, NUP133 is required to tether the dynein/dynactin complex to the nuclear envelope [124].
That complex has a crucial role for nuclear envelope—centrosome tethering, which is turn required both
for microtubule-mediated tearing of the nuclear envelope at mitotic entry and for cortical migration of
radial glial progenitors (RGPs), from which neurons, glia, and adult neuronal cell stem cells originate in
the developing brain [130,131]. The dynein-recruiting NUP133 complex in RGPs includes the CENP-F
and NudE/EL proteins and during the cell cycle, it acts in the G2 phase [130] sequentially to another
complex also containing a nucleoporin, the RANBP2-bicaudal D (BICD2) complex, which also has
roles in establishing the centrosome-nuclear envelope connection [131].

In early mitosis, after nuclear envelope disassembly, NUP133 moves, as part of the NUP107-160
nuclear pore subcomplex, and together they migrate to and regulate kinetochore attachments to
microtubules. Therein, the recruitment of the NUP107-160 complex to kinetochores depends mainly
on the NDC80 complex and CENP-F [126]. Mutations in the NUP133 gene were identified in the
Galloway-Mowat syndrome 8, which is a rare severe renal-neurological disease characterized by
early-onset nephrotic syndrome associated with microcephaly [132]. The mutation resulted in aberrant
splicing, with the insertion of a short intronic sequence between exons 25 and 26, and a significant
reduction in NUP133 protein levels. In vitro functional studies in HeLa cells showed that the NUP133
mutant protein characterized in this syndrome fails to bind NUP107. Zebrafish knock-out (KO) models
showed microcephaly with fewer neuronal cells, which was rescued by wild-type but not mutant
NUP133 [132].

Interestingly, NUP107, another member of the NUP107-160 subcomplex, was also found to
be mutated in a microcephaly form associated with nephrotic syndrome, which is similar to the
Galloway-Mowat syndrome [133]. Patient-derived fibroblasts carrying that mutation display a lower
number of nuclear pores, altered chromatin organization, and irregular perinuclear spaces of the
nuclear envelope [133].

Together, these data implicate the NUP107-160 nuclear pore subcomplex, and particularly the
NUP133 and NUP107 nucleoporins, in at least two critical processes required for the formation of viable
neuronal cells during development: proper chromosome segregation via their kinetochore-regulatory
activity, and apical migration of neuronal precursors in the architecture of the developing brain. It will
be important to disentangle the contribution of each of these processes to brain development.

4. Forward Looks

Data emerging from studies on microcephaly-associated mutations indicate that specificities in
the unfolding of the mitotic cell division program in early neuronal precursors can modulate their
mitotic cell fate.

The data assessing the role of kinetochores in microcephaly in mouse models or 3D human brain
organoids suggest that the response to mild segregation errors associated to defective kinetochore
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function may elicit the cell death of neural stem cells during their expansion phase (when symmetric
divisions are more frequent), leading to a premature differentiation of neural precursors [98,108].

On the other hand, centrosome and SAC-mutated drosophila strains are reported to be more
tolerant to aneuploidy in the developing brain than in other epithelial tissues and respond to aneuploidy
by lengthening the G1 phase of the cell cycle and undergoing premature differentiation [134,135].
These findings suggest a species-specific regulation of the response to chromosome missegregation in
the developing brain [62] that requires being addressed with ad hoc experimental models [136,137].

In conclusion, our current knowledge on mitosis dysfunction in neuronal development raises
several issues that will have to be addressed in the near future (see Figure 2): under which circumstances
do microcephaly reflect failures in asymmetric division, or aneuploidy clearance in embryonic brain
stem cells? How does the mitotic checkpoint signal to the death apparatus in neural progenitors
and in adult somatic cells? Is the capacity to detect and correct errors in microtubule—kinetochore
attachment fully efficient in neural precursor types? How do these cells respond to uncorrected
errors? A related unresolved issue concerns the role of motor proteins, including dynein and its
interactors that recruit it to target structures, both in chromosome segregation via proper kinetochore
function, and in the migration of neuronal precursors during the establishment of the brain architecture
during development.

It may be hypothesized that control pathways for genetically unstable cells and their offspring
are subjected to specific constraints during development of the central nervous system. Addressing
these issues represents a novel forthcoming challenge, not only to unravel pathways implicated in
these rare syndromes, but also to understand, from an ontogenetic point of view, the establishment of
mitotic control pathways and the response to chromosome segregation errors in such critical cells as
neural precursors.
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Figure 2. Hypothetical model and unresolved issues on the role of kinetochore dysfunction
in microcephaly.
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