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The centrosome, consisting of centrioles and the associated pericentriolar
material, is the main microtubule-organizing centre (MTOC) in animal
cells. During most of interphase, the two centrosomes of a cell are joined
together by centrosome cohesion into one MTOC. The most dominant
element of centrosome cohesion is the centrosome linker, an interdigitating,
fibrous network formed by the protein C-Napl anchoring a number of
coiled-coil proteins including rootletin to the proximal end of centrioles.
Alternatively, centrosomes can be kept together by the action of the minus
end directed kinesin motor protein KIFC3 that works on interdigitating
microtubules organized by both centrosomes and probably by the actin net-
work. Although cells connect the two interphase centrosomes by several
mechanisms into one MTOC, the general importance of centrosome cohe-
sion, particularly for an organism, is still largely unclear. In this article, we
review the functions of the centrosome linker and discuss how centrosome
cohesion defects can lead to diseases.

1. Introduction

The centrosome is a non-membrane bound organelle present in animal cells that
functions as the main microtubule-organizing centre (MTOC) [1,2], meaning it
has the ability to initiate microtubule (MT) polymerization and to anchor MTs
[3/4]. It was originally discovered in the late nineteenth century by Theodor
Boveri and Edouard Van Beneden. During their study of embryonic division
in the nematode Ascaris, they identified the role of the centrosomes for mitotic
spindle organization and cell division, as well as its self-duplicating ability [5].

The core of the centrosome consists of the mother centriole, composed of nine
MT triplets. These triplet MTs are relatively stable compared to the cytoplasmic or
spindle MTs, due to posttranslational modifications i.e. polyglutamylation and
acetylation, as well as bound proteins that cross-link MT triplets [1]. Centrioles
provide structural integrity to centrosomes and are surrounded by a proteinous
material, named the pericentriolar material (PCM). PCM proteins such as pericen-
trin (PCNT), CEP192 and CDK5RAP5/CEP215 extend from centrioles into the
cytoplasm and regulate MT assembly and centriole duplication [6]. Centrosomes
facilitate MT assembly by the recruitment and activation of the y-tubulin ring
complex (y-TuRC) that promotes de novo assembly of MTs from of-tubulin sub-
units [1,7]. Through MT organization, the centrosome regulates the shape,
polarity and motility of cells and the formation of the mitotic spindle [2]. Cen-
trioles duplicate once per cell cycle in a semiconservative manner commencing
from G1 phase by a scaffold-based mechanism, starting with the recruitment of
the polo-like kinase 4 (PLK4) by the proteins CEP192 and CEP152 to the outside
wall of the two mother centrioles. PLK4 then recruits the centrosomal proteins
CEP85 and STIL (SCL/TAL1 interrupting locus) [8,9] followed by the assembly
of the Sas-6 (Spindle assembly defective-6) cartwheel [10] and the formation of
daughter centrioles in S phase.

Centriole duplication is tightly regulated and its dysregulation can trigger
defects in spindle formation and chromosome segregation leading to aneuploidy,
the occurrence of aberrant chromosome numbers. Abnormal centrosome

© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsob.220229&domain=pdf&date_stamp=2022-10-26
mailto:e.schiebel@zmbh.uni-heidelberg.de
http://orcid.org/
http://orcid.org/0000-0002-2446-4091
http://orcid.org/0000-0002-3683-247X
http://creativecommons.org/licenses/by/4.0/

(a) centrosome linker in interphase

DAs

mother
centrosome

daughter
centrosome

@ centriole @ rootletin PCM
distal appendages
(DAs) ® C-Napl
sub-distal appendages
[ ] (SDAs) CEP68
(c) centrosome linker disassembly

and centrosome separation

chromosome o kinetochore | MT
centrosomes separate and

Cenfrosomellinken migrate apart to form two

disjunction poles for the bipolar spindle ~ \ ! /
=y
1.‘:“"" 7 ) 1\ ‘& 7
Nek2 Eg5 q
7-
late G2 early mitosis metaphase

centriole
disengagement

o I BN 5N |

rootletin
homodimer

centrosome linker assembly

C-Napl recruits centroin- linker

C-Napl recruitment 2 o
p centro-ome linkc protei bre assembly

centrosome linker fibre assembly

CEP68
filament self assembl
y o—CO—p=0—z=—0—
_’ o—S—=—Co—5-—o0— _’ oO—FF—CS—6—S9S6—
o—S—c—9o—-o——

rootletin thin rootletin thick
filament filament
MT-based centrosome cohesion
L+ o+ :
: L DAs
we - SDAs
— MT
T KIFC3
mother
centrosome

daughter
centrosome

Figure 1. The centrosome linker and MT-based centrosome cohesion. (a) Molecular composition of the centrosome linker in interphase. C-Nap1 docks to the
proximal end of the centrioles forming a ring-like structure that anchors centrosome linker proteins such as CEP68 and rootletin. Rootletin and CEP68 form
the interwoven filaments of the centrosome linker. Abbreviations: DAs, distal appendages; SDAs, subdistal appendages [32]. (b) An overview of centrosome
linker assembly. The centrosome linker protein (-Nap1 anchors rootletin filaments to the proximal end of centrioles. CEP68 interacts and stabilizes the rootletin
fibre [32,146]. (c) An overview of centrosome linker disassembly and centrosome separation. Disassembly of centrosome linker allows centrosome separation.
The separated centrosomes migrate to form the opposite poles of the bipolar spindle. MTs, microtubules. (d) MT-based centrosome cohesion in interphase.
KIFC3 cross-links MTs organized by SDAs of the mother and PCM of the daughter centrosomes, thus creating pulling forces that keep the centrosomes together

during interphase [20].

numbers are frequently associated with cell transformation and
known as one important character of cancer cells [1,11]. Follow-
ing centriole duplication in S phase, the daughter centriole,
which is still attached to the mother, matures into a centrosome
until the end of mitosis/G1 by recruiting PCM proteins and
then becomes disjoined from the mother by separase cleavage
of PCNT during mitotic exit [12,13]. Thus, G1 cells have,
according to the assembly time, an older and younger
(former daughter) mother centriole that both carry PCM and
therefore function as centrosomes. Of the two centrioles in
G1 cells, only the older mother centriole contains distal (DAs)
and subdistal appendages (SDAs). These structures are sub-
sequently acquired on the younger mother centriole shorty
before or at the end of the next mitosis dependent on the DA
and SDA proteins. Importantly, in interphase cells, the DAs
of the mother centriole are responsible for centriole docking
to the plasma membrane and thereby forming a primary
cilium, a signalling and sensing organelle [4,14,15]. The
SDAs of the mother centriole more stably bind MTs compared
with the MTs organized by the PCM of centrosomes [16-18]
(figure 1a).

2. Molecular mechanisms of centrosome
cohesion

After centrosome duplication, the two centrosomes of an
interphase cell are connected by at least two mechanisms,
the centrosome linker [19] and the MT pathway [20], into
one MTOC. These mechanisms work synergistically to keep
the centrosomes together as one MTOC until the onset of
mitosis when the two centrosomes become disjoined
ensuring proper bipolar spindle formation.

2.1. The centrosome linker

The centrosome linker is mainly composed of the proteins
C-Nap1 (centrosomal Nek2-associated protein 1, encoded by
CEP250), rootletin (encoded by CROCC) and CEP68. Additional
linker proteins, LRRC45 (leucine-rich repeat-containing 45),
centlein (CNTLN), B-catenin and CCDC102B (coiled-coil
domain containing 102B), have been described [21-25].
LRRC45 was reported in Hela cells as a centrosome linker
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component that associates with the proximal end of centrioles
via C-Nap1l and whose depletion causes centrosome splitting
[21]. However, interestingly, a recent investigation showed that
in the non-cancerous cell line RPE1, the appendage proteins
CEP83 and SCLT1 recruit LRRC45 to the mother centriole
where it has a function in ciliogenesis and not in centrosome
linker formation [26]. These phenotypic differences indicate
that LRRC45 is differently involved in regulating centrosome
cohesion and ciliogenesis in distinct cell types. Its precise
functions and mechanisms await to be confirmed by further
investigations. CNTLN was first described as a centrosome
linker component that interacts with C-Napl and CEP68 and
whose depletion causes centrosome separation [27]. Recently,
the same group reported the role of CNTLN as an MT binding
protein. Destabilization of MTs by CNTLN depletion could be
the cause of the centrosome disjunction phenotype since this
may inactivate the MT centrosome cohesion pathway [22]. It
was reported that p-catenin forms a complex with rootletin
and associates at the proximal end of centrioles dependent on
C-Nap1 and rootletin [27]. However, this finding awaits confir-
mation by other groups. CCDC102B is recruited to centrioles by
C-Napl and interacts with rootletin fibres [23]. Moreover,
depletion of CCDC102B triggered a mild increase in centro-
some splitting. Because of the unclear functions in centrosome
cohesion, we do not further discuss LRRC45, CNTLN and
B-catenin in this review.

The centrosomal protein C-Nap1 (encoded by CEP250), a
large protein of 2442 amino acids, locates ring-like at the prox-
imal end of the centrioles and serves as a central anchoring
point for centrosome linker proteins, particularly rootletin
and CEP68. In human cells, C-Napl is anchored to centrioles
by binding to CEP135. However, CEP135 KO cells still recruit
C-Napl but with reduced efficiency, indicating alternative
docking mechanisms [28]. Nevertheless, both knockdown
[29] or KO [28] of CEP135 in cultured mammalian cell lines dis-
played centrosome linker defects. Intriguingly, CEP135 KO in
chicken DT40 cells seemed not to result in defects in centro-
some cohesion [30], implying differences in the anchoring of
C-Napl to centrioles dependent on the organism. Rootletin is
an elongated coiled-coil protein (length of approx. 110 nm)
that self-assembles into thin filaments [31,32]. CEP68 is a glob-
ular protein that binds via its C-terminal spectrin repeat-
containing region to rootletin [32]. Rootletin, together with
CEP68, forms highly ordered, repetitive and polar filaments.
Within these filaments a rootletin molecule is shifted relative
to its neighbour by 75 nm. Owing to the presence of one bind-
ing site in rootletin, CEP68 binds with a periodicity of 75 nm to
rootletin fibres. CEP68 is not essential for rootletin filament for-
mation. However, CEP68 assists in branching off rootletin
filaments from centrioles and it modulates the thickness of roo-
tletin fibres. The rootletin/CEP68 fibres form a flexible
interwoven network that keeps the two centrosomes of a cell
together. A multitude of low affinity interactions between roo-
tletin/CEP68 filaments probably are the basis for the linker-
based centrosome cohesion [32] (figure 1a,b).

The kinase NEK2 (NIMA Related Kinase 2) dissolves the
centrosome linker in G2/prophase through phosphorylation
of the linker components C-Napl, rootletin and CEP68
[33-36]. This allows the two centrosomes to move apart
and to organize the two poles of the mitotic spindle [37,38]
(figure 1c). The centrosome linker reassembles with mitotic
exit when the central anchoring protein C-Napl is depho-
sphorylated and then becomes attached to the proximal end

of the mother and daughter centrioles by binding to the cen-
trosomal protein CEP135 [29].

What is the function of the centrosome linker at the cellular
level? Centrosome linker defects caused by knockout (KO) of
the central centrosome linker gene CEP250 have only mild con-
sequences for a cell. Cell cycle progression and chromosome
segregation are normal in linker-deficient CEP250 KO cells.
However, CEP250 KO cells showed defects in the spatial organ-
ization of the Golgi apparatus and cell migration [33,39]. It is
long known that centrosome derived MTs position the Golgi
apparatus of a cell [40,41] and therefore it is easy to envision
that the two separated centrosomes in CEP250 KO cells each
position spatially distinct Golgi stacks. In addition, in human
and rodent cell lines, centrosome orientation was shown to
be important to maintain polarization in migrating cells
[42,43]. Studies in migrating Dictyostelium discoideum showed
that the centrosome is located behind the cell’s leading edge
[44] and repositioning of the centrosome stabilizes the direction
of movement, probably via the MT system [45]. Thus, lack of
centrosome coordination in centrosome linker-deficient cells,
probably affects directed cell movement. Finally, a recently
study showed localization of a group of SDA components at
the proximal end of the centrioles via centrosome linker protein
C-Napl. SDA and C-Napl1 loss has no effect on the efficiency of
cilia assembly, but disrupts stable cilia-Golgi association and
switches cilia formation from a submerged intercellular
location to the cytoplasmic membrane to form surfaced cilia
that are exposed to the environment of the cell. Surfaced cilia
respond actively to mechanical stimuli and signalling com-
ponents (e.g. Hedgehog signalling components) even in
absence of agonists, which consequently leads to disturbance
in the direction of cell movement [46].

Besides the centrosome linker as the most prominent element
controlling centrosome cohesion in interphase, alternative cen-
trosome cohesion pathways have been identified. A recent
study described the human minus-end-directed, tetrameric
kinesin MT motor protein KIFC3 in promoting centrosome
cohesion. KIFC3 cross-links MTs derived from SDA of the
mother centrosome and PCM of the daughter centrosome
and creates forces that pull both centrosomes of an interphase
cell together [20] (figure 1d). This centrosome cohesion mech-
anism becomes crucial in late G2 when the centrosome linker
is already resolved by NEK2 kinase and the KIFC3/MT path-
way first counteracts the increasing activity of the plus end
directed tetrameric KIF11 (also known as Eg5) that pushes
the two spindle poles apart [20]. Inactivation of the KIFC3/
MT pathway by NEK2 is one factor that eventually determines
the timing of mitotic spindle formation [18].

Besides being the main MTOC in animal cells, the role of
centrosome in organizing actin filaments was also demon-
strated in several recent studies, which showed centrosome
was able to nucleate actin via the nucleation-promoting factor
WASH and the Arp2/3 complex [47-49]. Centrosomal actin
filaments were shown to form a physical barrier that inhibits
nascent MT elongation. Consequently, reduction of actin fila-
ments at centrosomes resulted in higher MT growth during
cell adhesion and spreading in interphase [48]. Reversely,
accumulation of centrosomal actin during anaphase is corre-
lated with reduction in MTs at centrosomes [49]. These
observations suggest important functions of centrosomes in



Table 1. MCPH genes identified in human microcephaly. The table summarizes MCPH genes identified in human microcephaly [66—69,71,148,149].

MCPH genes localization other names
MCPH1 8p23 microcephalin
MCPH2 19913.12 WDR62

MCPH3 99333 (DK5RAP2/CEP215
MCPH4 15¢21.1 (EP152

MCPH5 1931 ASPM

MCPHé6 13912.2 CPAP, CENPJ, Sas-4
MCPH7 1p32 STIL, SIL, Sas-5

regulating the crosstalk between actin and MTs, although the
role of which in the context of centrosome cohesion remains
yet not well understood. Nevertheless, importantly, several
studies suggest that the centrosome attaches to actin filaments
and MT regulators via the protein GAS2L1 (Growth Arrest
Specific 2 Like 1), an MT- and actin-binding protein. This gen-
erates forces between centrosomes, which promote centrosome
separation [50-53]. In addition, perinuclear actin was described
to have a role in centrosome cohesion by antagonizing
Eg5 forces emanating from the centrosomes in late G2/early
prophase [54]. The interaction between the LINC (Linker of
Nucleoskeleton and Cytoskeleton) complex at the nuclear
envelope and the perinuclear actin was shown to be critical
for this regulation, although the molecular mechanisms are
less clear [55]. Taken together, cells have multiple and partly
redundant mechanisms that promote centrosome cohesion.

3. Centrosome cohesion in development

3.1. Centrosome cohesion in early brain development

Mutations in centrosomal genes are frequently identified in
autosomal recessive primary microcephaly (MCPH), a severe
neuronal disorder characterized by smaller brain size and
mental retardation [56,57]. MCPH is associated with reduction
of neuronal populations during brain development and several
genes were mapped to MCPH loci as the most frequent
mutations [58-60] (table 1). Although the reason why centroso-
mal defects particularly impact brain development remains
unclear, several studies indicate that many MCPH-associated
genes are profoundly involved in centriole biogenesis
e.g. CEP135, CEP152 and SAS-4 (group 1) or in generic func-
tions of the PCM, e.g. WDR62, ASPMI, pericentrin and
CDK5RAP2/CEP215 (group 2) [61-64]. The first group (referee-
ing to loss of the genes CEP135, CEP152 and SAS-4) results in
centriole number alteration [29,65-67] and the second group
(refereeing to loss of the genes WDR62, ASPM1, pericentrin
and CDK5RAP2/CEP215) leads to MT nucleation defects and
spindle abnormalities [68-71]. Mutations in these MCPH
genes activate the mitotic surveillance pathway, namely the
spindle assembly checkpoint [72,73] and p53 mediated apop-
tosis [74-77], which eventually impede the neural progenitor
cell proliferation as the major cause of MCPH. Interestingly,
studies have shown that inactivation of p53 restored brain
size in mouse MCPH models with centrosome defects by pro-
moting stem cell survival [74,78-80], nevertheless it did not

centrosomal function reference

mitotic progression Jackson et al. [148]
PCM Roberts et al. [68]

Moynihan et al. [71]
Jamieson et al. [66]

PCM, spindle assembly
centriole duplication
Jamieson et al. [69]
Leal et al. [67]
(ristofoli et al. [149]

PCM, spindle assembly
centriole duplication
centriole duplication

restore asymmetric centrosome inheritance as typically seen
in the wild-type (WT) stem cells [74].

In cells, CEP135 and CDK5RAP2/CEP215 depletion/
mutation affect centrosome cohesion [15,28,29,81,82]. As dis-
cussed above, CEP135 functions as an anchoring point
for C-Napl at centrioles and CEP135 KO cells displayed
centrosome linker defects [28,29]. CDK5RAP2/CEP215 was
originally described as a putative centrosome linker com-
ponent. Later it became clear that CDK5RAP2/CEP215 is a
regulator of the y-TuRC [81,83-85] and its lack of function
affects centrosome MT nucleation and therefore the MT-
based centrosome cohesion pathway [15,62,86-88]. Another
example is ninein (NIN gene), a protein located at the SDA
and the proximal end of the centrosome with functions in
stable attachment of MTs to SDAs and therefore also MT-
dependent centrosome cohesion [4,46]. The function of
ninein in brain development was shown in several mouse
studies, where they described the regulatory role of ninein
in asymmetric cell division and self-renewing activities of
the radial glia progenitors. Nin KO mice display an MCPH
like phenotype with smaller brain and reduced stem cell
pool [89-91] (figure 2). Since CDK5RAP2/CEP215 and
ninein have dual roles in MT organization and centrosome
cohesion, it is not clear which functional loss contributes to
defects in brain development.

The observation that mutations in CEP135, CDK5RAP2/
CEP215 and NIN can lead to microcephaly raises the interest-
ing question of whether CEP250 defects also affect brain
development? A study identified a homozygous nonsense
mutation in the centrosome linker gene CEP250 that impair
centrosome cohesion and causes Seckel-like syndrome in
cattle, a disease which is characterized by MCPH in addition
to low body weight, hindlimb hypoplasia and skeleton dys-
plasia [92]. In addition, two genome-wide studies identified
CEP250 mutations in a small subset of east Asian populations
where affected individuals showed mild reduction in height,
however, without affecting brain development [93,94]. These
data raise the possibility that CEP250 and therefore the
centrosome linker has a crucial role in development.

3.2. The essential role of centrosome linker in
spermatogenesis

The Seckel-like syndrome phenotype of cattle with a homozy-
gous truncation mutation in CEP250 made it important to
study the consequence of CEP250 knockout in a mammalian
model organism such as mouse. Two recent studies reported

67202T “T>L ‘Joig uadp  qosi/jeusnol/bao-buiysiigndfianos|edos H



stem cell

horizontal
normal

centrosome
cohesion

vertical spindle and
regulated centrosome

proliferation

differentiation

inheirtance

O ventricular zone

outcome

interphase-
early mitosis

metaphase

randomized spindle
and centrosome
inheritance

mouse brain
coronal section

centrosome
cohesion and/or
spindle orientation
defects

CDK5RAP2 mutant/
Ninein mutant

premature differentiation and
loss of stem cell fate

metaphase outcome QO neural stem cells

basal progenitors

f neuron

® centromere

time stem cell o  daughter centrosome
ILITIL] 2 depletion

e  mother centrosome

chromosome

ventricular zone o
+-—+ mitotic spindle

interphase-
early mitosis

metaphase

outcome

l microtubule

Figure 2. Genes involved in centrosome cohesion affect brain development. (DK5RAP2/CEP215 or NIN mutations possibly lead to aberrant centrosome cohesion,
resulting in dysrequlated spindle orientation and asymmetric centrosome inheritance, triggering premature differentiation of the neural stem cells, which eventually

results in loss of stem cells and reduced brain size [86—90].

phenotypes of Cep250 KO mice [95,96]. Dang et al. [95] used
Cep250 KO mice from gene deletion by Cre/LoxP system,
while Floriot et al. [96] generated Cep250 KO by the transcrip-
tion activator-like effector nuclease TALEN. In both cases, the
targeted mutations resulted in changes in first few exons of
the CEP250 gene, resulting in premature stop codons and
short non-functional N-terminal C-Nap1l fragments, which
do not localize to the centrosome [95,96]. Importantly, both
manuscripts report that Cep250 KO mice have defects in
centrosome cohesion in the germline and male gametogen-
esis [95,96]. However, the MT centrosome cohesion
pathway is still functional in Cep250 KO MEFs as indicated
by an increase in centrosome disjunction by the addition of
the MT depolymerizing drug nocodazole. Thus, Cep250 KO
mice are only partially centrosome cohesion deficient [95].
Dang et al. [95] found that Cep250 KO mice did not display
significant defects in brain and body size, body weight and
skeletal development, as compared to the CEP250 mutant
cattle. Histological analysis of the major tissues of Cep250 KO
mice also did not detect obvious defects although this analysis
may not have tracked down minor defects. However, loss of
CEP250 resulted in a defect in germ stem cell (GSC) mainten-
ance in the testis as early as P2, leading to depletion of germ
cells and male infertility [95]. Dang et al. [95], showed an essen-
tial role of centrosome linker in spermatogenesis by controlling
spindle orientation and asymmetric centrosome inheritance via
facilitating the establishment of E-cadherin-based cortical
polarity during male GSC division. In brief, in WT GSCs the
centrosome linker keeps the two centrosomes in close proxi-
mity until G2/early mitosis. Such connection is required for
the timely establishment of a polarity mark of the cell adhesion
molecule E-cadherin on the cell cortex close to the basement
membrane in mitosis, as seen by failure to establish such
mark in Cep250 KO GSCs. Although the exact mechanism by
which the two adjacent centrosomes trigger the cortical enrich-
ment of E-cadherin remains unclear, it is tempting to speculate

that signalling molecules, particularly mitotic kinases at centro-
somes, may signal to the cell cortex. Several kinases have been
reported to play an important role in regulating cell polarity
and asymmetric division (e.g. NEK kinases, CDKI1, Plk1 and
Aurora A) [25,97-99]. Therefore, it is very likely that that cen-
trosome cohesion amplifies the transmitted signal from the
centrosomes to the cell cortex by spatially combining both sig-
nalling centres.

The C-Napl-dependent polarization of the cell cortex has
two important outcomes. First, during early GSC development,
the basal polarized E-cadherin directs the position of the two
mitotic centrosomes to keep them horizontal relative to the
basement membrane, thereby facilitating the establishment of
a mitotic spindle that is oriented parallel to the basement mem-
brane. This is crucial for the establishment of a vertical cell
division plane and self-proliferation of the GSCs, thus the main-
tenance of the stem cell pool. By contrast, the defect in
centrosome cohesion and in establishment of an E-cadherin
polarity mark in Cep250 KO GSCs leads to randomization of
mitotic centrosome positioning and spindle orientation, which
consequently triggers premature differentiation of the GSCs
and failure to maintain the stem cell pool in testis. The prema-
turely differentiated cells move into the interior of the
seminiferous tubules starting as early as P2, where they are
eventually eliminated by apoptosis, leading to further
reduction of the germ cell number. Additionally, the basal
polarized E-cadherin also supports stem cell maintenance in
later developmental stages by controlling the correct inheri-
tance of the older (mother) centrosome to the cell remaining
at the basement membrane after division, which maintains
stem cell character. It does so by keeping the mother centrosome
at a relatively close proximity to the basement membrane
during mitosis. Such regulation is lost in the Cep250 KO mice,
resulting in failure in stem cell fate maintenance [95] (figure 3).

Interestingly, the role of asymmetric centrosome inheri-
tance was described before in Drosophila male germline stem
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cells (GSCs) and mouse neural stem cells. The Drosophila GSC
orientates its mother centrosome towards the hub cells (the
stem cell niche in Drosophila testis) by polarization of E-cad-
herin and its interaction with adenomatous polyposis coli
(APC) tumour suppressor homologue, which is important to
maintain stem cell fate [100,101]. This is somewhat similar to
the supportive function of basement-located Sertoli cells to
spermatogenic cells in mouse testis [102-104], consistent with
the importance of spatial temporal regulation of mouse GSC
as discussed above. Comparably, in mouse brain stem cells
the primary cilium anchors the mother centrosome of a
neural stem cell to the apical membrane of the ventricle. Such
mother centrosome anchoring is important for maintaining
the behaviour and properties of the stem cell [89,105,106].
Here, the emerging picture is that organisms and tissues use
different mechanisms and molecules to retain the mother cen-
trosome close to the stem cell niche that maintains stem cell
character. The situation in mouse testis reflects more Drosophila
GSCs than mouse brain stem cells although the molecular
players differ between Drosophila and mouse.

Floriot et al. [96] identified an additional function of CEP250
in male meiosis. Cep250 KO spermatocytes show abnormal
meiotic progression as they are unable to progress through meio-
sis 1 [95,96]. These cells displayed aberrant YH2AX pattern (a
marker for double-strand breaks during meiosis [107]) and
arrested in pachytene stage. This results in accumulation of dys-
regulated spermatocytes in meiosis I, likely due to synapsis
defects and the unrepaired DNA double-strand breaks [96].
These meiotic defects further escalate germ cell apoptosis.
How the centrosome linker exactly affects meiosis I progression
is presently not understood and requires further investigation.

One conceivable explanation of the phenotypic difference
between cattle and mice can be the only partial loss of function

of C-Napl in cattle (a truncation mutation in the CEP250 gene)
in comparison to its complete loss of function in mouse (homozy-
gous gene deletion). In addition, distinct functions of the
centrosomes in development among different species can also
lead to incomplete recapitulation of human disorders in model
organisms, which was demonstrated in numerous studies [108-
110]. Importantly, loss of CEP250, hence the centrosome linker
establishment, can be possibly compensated by alternative centro-
some cohesion pathways that vary in their strength and activities
in different tissues and organisms. Particularly, MT/KIFC3
dependent centrosome cohesion was previously shown to restrict
the centrosome linker-based cohesion defect in cultured cells [20].
Such pathways may compensate the loss of the centrosome linker
in other tissues than testis. Therefore, it will be interesting to study
the phenotypes of CEP250 and KIFC3 double KO in mice particu-
larly since loss of KIFC3 does not have an obvious impact on
mouse development [111].

It is puzzling that spermatogenesis is seemingly normal in
Crocc KO mice [112]. Divergences in the remaining linker
function between Crocc KO and Cep250 KO mice may account
for the differences in spermatogenesis. For example, Crocc KO
mice used in this study may not be full null since the inserted
Neo® marker did not disrupt the open reading frame of the
CROCC gene [112]. In addition, the rootletin/CEP68 linker
may function redundantly with alternative linker filaments
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that are also anchored to centrioles by C-Napl. For instance,
CCDC102B could be involved in the formation of such a cen-
trosome linker structure [23].

However, Crocc KO mice showed reduction in vision as they
age due to degenerated photoreceptors in photoreceptor cells
[112]. The photoreceptor, which is a specialized cilium, is
anchored to the nucleus by rootletin filaments that have a simi-
lar repeat organization than the rootletin filaments in the
centrosome linker [113,114]. Although ciliary rootlets have no
determinant roles in ciliary development and basal functions
of the cilia, they are required for long-term maintenance of the
cilia in photosensory cells [112] such that in ageing mice loss
of CROCC leads to reduction of cilia length and stability,
which ultimately result in decline in vision. This notion is con-
sistent with the study on the nuclear envelope protein
Nesprinl in photoreceptor cells. Nesprinla that associates
with the nuclear envelope through a C-terminal KASH (Klar-
sicht, ANC-1, Syne Homology) domain binds to rootletin
filaments of photoreceptor ciliary rootlets via a spectrin repeat
(similar to CEP68 [32]) anchoring the cilium to the nuclear envel-
ope [115]. Deletion of Nesprin1 resulted in similar phenotype as
seen in Crocc KO, but at a much earlier timing of onset [116].
Intriguingly, CEP250 mutations have been previously identified
in Usher syndrome, a rare autosomal recessive disease which
affects both hearing and vision [117]. The vision problem of

Usher patients raises the possibility that C-Napl is also involved
in photoreceptor ciliary rootlet organization. Such a defect will
only become apparent in ageing mice and therefore would not
have been detected in the two studies on Cep250 KO mice that
focused on developmental defects in young mice [95,96,112].

Genes that affect centrosome linker function have been ident-
ified in human heterogeneous genetic disorders meaning
production of a single or collected phenotypes through differ-
ent genetic mechanisms. For instance, mutations of ALMSI,
which encodes a protein located at the proximal end of the cen-
triole that recruits C-Napl probably together with CEP135,
were seen in families with the rare genetic disorder Alstrom
syndrome (figure 4). The affected individuals display various
symptoms in multiple organs and body systems [118-120]. A
recent study also identified ALMSI mutation in infants with
dilated cardiomyopathy [121]. Yet it remains unclear whether
ALMS]1 mutations alone can lead to the formation of these dis-
eases. Nevertheless, ALMS1 depletion in RPE1 cells (retinal
pigment epithelial cells) showed shorter primary cilium
length and downregulation of TGF-B signalling [122], which



may explain the diseases due to defects in primary cilia func-
tion including signal transducing activities.

Indeed, many human disorders are triggered by mutations
in multiple genes. Consistent with these complex scenarios of
human genetic disorders, mutations in some centrosome
linker genes have been identified in diseases associated with
other genes. For example, mutations in CEP68, CCDC102B
and CNTLN along with additional gene alterations, were
identified in microdeletion syndrome, myopic maculopathy
and Alzheimer’s disease, respectively [123-125]. Likewise,
CROCC mutation was also found in neuroblastoma patients
[126]. These findings indicate the complexity of human genetic
diseases, in which multiple regulatory processes are involved.
Hence, centrosome cohesion may participate in many complex
physiological processes. Further investigations are required
including a more in-depth analysis of defects in tissues of
Cep250 KO mice, as well as studies of KO mice of other centro-
some cohesion components. These studies are needed to
understand how disturbance of centrosome cohesion can
lead to perplexing changes in human health and development.

5. Centrosome cohesion in cancer

Structural and numerical centrosome aberrations are one
important character of cancer and probably contribute to
cancer development [127-130]. By contrast, the role of centro-
some cohesion defects in cancer is largely unclear. However
recent studies identified mutations in CROCC in several unu-
sual and very aggressive colorectal cancer subtypes, which
are referred to as the rhabdoid phenotype (figure 4) [131].
Although it is unclear how CROCC mutations contribute to
the formation of these aggressive cancer subtypes, they
were reported to cause chromosomal instability and chromo-
some segregation errors, which may trigger more severe
cancer progression [131-133]. Indeed, the timing of centro-
some cohesion/separation is important for spindle
formation and correct chromosome attachment to spindle
MTs [134,135]. It is possible that the mutant rootletin either
has a dominant phenotype (e.g. in delaying resolution of cen-
trosome cohesion at mitotic onset or CROCC mutations may
work synergistically together with other mutations in color-
ectal cancer). The possibilities are not mutually exclusive.

In many transformed cells, centrosome number is elev-
ated due to cytokinesis or centrosome duplication defects.
Amplified centrosomes are clustered in mitosis after resol-
ution of the centrosome linker in late G2 by the action of
the MT motor proteins HSET (kinesin-14), Eg5 (KIF11) and
dynein in order to prevent formation of a multi-polar spindle
and chromosome miss-segregation [136-138]. This mitotic
centrosome clustering ensures cancer cell survival and
limits genome instability [139]. Several studies described
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6. Conclusion
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that loss of the essential centrosome linker protein C-Nap1 in
mouse has no impact on body and brain weight, or on the
development of most organs, with the exception of testis,
where sperm production was completely abolished [95,96].
Indeed, centrosome cohesion is a complex phenomenon, in
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to ensure the linkage and correct separation timing of centro-
somes. Distinct centrosome cohesion components may have
different strength and activities in various tissues and organ-
isms and dependent on this, loss of one of them may have
phenotypic consequences. Nevertheless, centrosome cohe-
sion defects in human health are much less studied as
compared to centrosome aberrations in respect to numerical
and structural changes. Hence, it is important to develop
better tools that identify centrosome cohesion defects in the
complex environment of a physiologically normal tissue or
tumour and analyse phenotypes in models with loss of cen-
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Understanding the causes and consequences of defects in
centrosome cohesion will shed light on our understanding
of centrosome function as well as its potential in therapeutic
treatment for human diseases.

Data accessibility. This article has no additional data.

Authors” contributions. H.D.: conceptualization, data curation, project
administration, writing—original draft, writing—review and editing;
E.S.: conceptualization, funding acquisition, project administration,
supervision, writing—review and editing.

Both authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. The work of E.S. is supported by a grant of the Deutsche For-
schungsgemeinschaft (DFG) (Schi 295/6-2).

Acknowledgement. We gratefully acknowledge Prof. Dr Gislene Pereira
for reading the article.

orientation. Nat. Cell Biol. 19, 384—390. (doi:10.
1038/nch3486)

Delgehyr N, Sillibourne J, Bornens M. 2005 Microtubule
nucleation and anchoring at the centrosome are
independent processes linked by ninein function. J. Cell
Sci. 118, 1565—1575. (doi:10.1242/jcs.02302)

67202T “T>L ‘Joig uadp  qosi/jeusnol/bao-buiysiigndfianos|edos H


https://doi.org/10.1002/9780470015902.a0020872
https://doi.org/10.1002/9780470015902.a0020872
http://dx.doi.org/10.1038/nrm4062
http://dx.doi.org/10.1038/nrm4062
http://dx.doi.org/10.1038/ncb3486
http://dx.doi.org/10.1038/ncb3486
http://dx.doi.org/10.1242/jcs.02302

Scheer U. 2014 Historical roots of centrosome
research: discovery of Boveri's microscope slides in
Wiirzburg. Phil. Trans. R. Soc. B 369, 20130469.
(doi:10.1098/rsth.2013.0469)

Bornens M. 2002 Centrosome composition and
microtubule anchoring mechanisms. Curr. Opin. Cell
Biol. 14, 25-34. (d0i:10.1016/50955-
0674(01)00290-3)

Liu P et al. 2020 Insights into the assembly and
activation of the microtubule nucleator y-TuRC.
Nature 578, 467-471. (doi:10.1038/541586-019-
1896-6)

Moyer TC, Holland AJ. 2019 PLK4 promotes centriole
duplication by phosphorylating STIL to link the
procentriole cartwheel to the microtubule wall. eLife
8, e46054. (doi:10.7554/eLife.46054)

Liu Y et al. 2018 Direct binding of CEP85 to STIL
ensures robust PLK4 activation and efficient
centriole assembly. Nat. Commun. 9, 1731. (doi:10.
1038/s41467-018-04122-x)

Tsou MFB, Stearns T. 2006 Mechanism limiting
centrosome duplication to once per cell cycle.
Nature 442, 947-951. (doi:10.1038/nature04985)

. Godinho SA et al. 2014 Oncogene-like induction of

cellular invasion from centrosome amplification.
Nature 510, 167—171. (doi:10.1038/nature13277)
Kim J, Lee K, Rhee K. 2015 PLK1 regulation of PCNT
cleavage ensures fidelity of centriole separation
during mitotic exit. Nat. Commun. 6, 10076. (doi:10.
1038/ncomms10076)

Tsou MF, Wang WJ, George KA, Uryu K, Stearns T,
Jallepalli PV. 2009 Polo kinase and separase
regulate the mitotic licensing of centriole
duplication in human cells. Dev. Cell. 17, 344-354.
(doi:10.1016/j.devcel.2009.07.015)

Tanos BE, Yang HJ, Soni R, Wang WJ, Macaluso FP,
Asara JM, Tsou MF. 2013 Centriole distal
appendages promote membrane docking, leading
to dilia initiation. Genes Dev. 27, 163—168. (doi:10.
1101/gad.207043.112)

Graser S, Stierhof YD, Nigg EA. 2007 Cep68 and
(Cep215 (Cdk5rap2) are required for centrosome
cohesion. J. Cell Sci. 120, 4321-4331. (doi:10.1242/
j€5.020248)

Bowler M et al. 2019 High-resolution
characterization of centriole distal appendage
morphology and dynamics by correlative STORM
and electron microscopy. Nat. Commun. 10, 993.
(doi:10.1038/541467-018-08216-4)

Huang N, Xia YQ, Zhang DH, Wang S, Bao YT, He
RS, Teng J, Chen J. 2017 Hierarchical assembly of
centriole subdistal appendages via centrosome
binding proteins CCDC120 and CCDC68. Nat.
Commun. 8, 1-14. (doi:10.1038/541467-016-
0009-6)

Hall NA, Hehnly H. 2021 A centriole’s subdistal
appendages: contributions to cell division,
cliogenesis and differentiation. Open Biol. 11,
200399. (doi:10.1098/rs0b.200399)

Nigg EA, Stearns T. 2011 The centrosome cycle:
centriole biogenesis, duplication and inherent
asymmetries. Nat. Cell Biol. 13, 1154-1160. (doi:10.
1038/nch2345)

20.

21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

31

32.

33.

Hata S, Peidro AP, Panic M, Liu P, Atorino E, Funaya
G, Jakle U, Pereira G, Schiebel E. 2019 The balance
between KIFC3 and EG5 tetrameric kinesins controls
the onset of mitotic spindle assembly. Nat. Cell Biol.
21, 1138-1151. (doi:10.1038/541556-019-0382-6)
He R, Huang N, Bao Y, Zhou H, Teng J, Chen J. 2013
LRR(45 is a centrosome linker component required
for centrosome cohesion. Cell Rep. 4, 1100-1107.
(doi:10.1016/j.celrep.2013.08.005)

Jing Z, Yin H, Wang P, Gao J, Yuan L. 2016 Centlein,
a novel microtubule-associated protein stabilizing
microtubules and involved in neurite formation.
Biochem. Biophys. Res. Commun. 472, 360-365.
(doi:10.1016/j.bbrc.2016.02.079)

Xia Y, Huang N, Chen Z, Li F, Fan G, Ma D, Chen J,
Teng J. 2018 CCDC102B functions in centrosome
linker assembly and centrosome cohesion. J. Cell Sci.
131, jcs222901. (doi:10.1242/jcs.222901)

Yang K, Tylkowski MA, Hiiber D, Contreras (T,
Hoyer-Fender S. 2018 ODF2 maintains centrosome
cohesion by restricting -catenin accumulation.

J. Cell Sci. 131, jcs220954. (doi:10.1242/jcs.220954)
Bahmanyar S et al. 2008 beta-Catenin is a Nek2
substrate involved in centrosome separation. Genes
Dev. 22, 91-105. (doi:10.1101/gad.1596308)
Kurtulmus B, Yuan C, Schuy J, Neuner A, Hata S,
Kalamakis G, Martin-Villalba A, Pereira G. 2018
LRR(C45 contributes to early steps of axoneme
extension. J. Cell Sci. 131, jcs223594. (doi:10.1242/
j€5.223594)

Fang G, Zhang D, Yin H, Zheng L, Bi X, Yuan L.
2014 Centlein mediates an interaction between C-
Nap1 and Cep68 to maintain centrosome cohesion.
J. Cell Sci. 127(Pt 8), 1631-1639. (doi:10.1242/jcs.
139451)

Chu Z, Gruss 0J. 2022 Mitotic maturation
compensates for premature centrosome splitting
and PCM loss in human cep135 knockout cells. Cells
11, 1189. (doi:10.3390/cells11071189)

Kim K, Lee S, Chang J, Rhee K. 2008 A novel
function of CEP135 as a platform protein of C-NAP1
for its centriolar localization. Exp. (ell Res. 314,
3692-3700. (doi:10.1016/j.yexcr.2008.09.016)
Inang B, Piitz M, Lalor P, Dockery P, Kuriyama R,
Gergely F, Morrison (G. 2013 Abnormal centrosomal
structure and duplication in Cep135-deficient
vertebrate cells. Mol. Biol Cell. 24, 2645-2654.
(doi:10.1091/mbc.e13-03-0149)

Mahen R. 2018 Stable centrosomal roots
disentangle to allow interphase centriole
independence. PLoS Biol. 16, €2003998. (doi:10.
1371/journal.phio.2003998)

VIijm R et al. 2018 STED nanoscopy of the
centrosome linker reveals a CEP68-organized,
periodic rootletin network anchored to a (-Nap1
ring at centrioles. Proc. Natl Acad. Sci. USA 115,
£2246—£2253. (doi:10.1073/pnas.1716840115)
Flanagan AM, Stavenschi E, Basavaraju S, Gaboriau
D, Hoey DA, Morrison CG. 2017 Centriole splitting
caused by loss of the centrosomal linker protein (-
NAP1 reduces centriolar satellite density and
impedes centrosome amplification. Mol. Biol. Cell.
28, 736-745. (doi:10.1091/mbc.e16-05-0325)

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Bahe S, Stierhof YD, Wilkinson O, Leiss F, Nigg EA.
2005 Rootletin forms centriole-associated filaments
and functions in centrosome cohesion. J. Cell Biol.
171, 27-33. (doi:10.1083/jch.200504107)

Hardy T et al. 2014 Multisite phosphorylation of C-
Nap1 releases it from Cep135 to trigger centrosome
disjunction. J. Cell Sci. 127(Pt 11), 2493-2506.
Fry AM, Meraldi P, Nigg EA. 1998 A centrosomal
function for the human Nek2 protein kinase, a
member of the NIMA family of cell cycle regulators.
EMBO J. 17, 470-481. (d0i:10.1093/emboj/17.
2.470)

Agircan FG, Schiebel E, Mardin BR. 2014 Separate to
operate: control of centrosome positioning and
separation. Phil. Trans. R. Soc. B 369, 20130461.
(doi:10.1098/rsth.2013.0461)

van Ree JH, Nam HJ, van Deursen JM. 2016 Mitotic
kinase cascades orchestrating timely disjunction and
movement of centrosomes maintain chromosomal
stability and prevent cancer. Chromosome Res. 24,
67-76. (doi:10.1007/510577-015-9501-9)

Panic M, Hata S, Neuner A, Schiebel E. 2015 The
centrosomal linker and microtubules provide dual
levels of spatial coordination of centrosomes. PLoS
Genet. 11, €1005243. (doi:10.1371/journal.pgen.
1005243)

Frye K, Renda F, Fomicheva M, Zhu X, Gong L,
Khodjakov A, Kaverina 1. 2020 Cell cycle-dependent
dynamics of the Golgi-centrosome association in
motile cells. Cells 9, 1069. (doi:10.3390/
cells9051069)

Rios RM. 2014 The centrosome-Golgi apparatus
nexus. Phil. Trans. R. Soc. B 369, 20130462. (doi:10.
1098/rsth.2013.0462)

Wakida NM, Botvinick EL, Lin J, Berns MW. 2010 An
intact centrosome is required for the maintenance
of polarization during directional cell migration.
PLoS ONE 5, e15462. (doi:10.1371/journal.pone.
0015462)

Zhang J, Wang YL. 2017 Centrosome defines the
rear of cells during mesenchymal migration. Mol.
Biol. Cell. 28, 3240-3251. (doi:10.1091/mbc.e17-
06-0366)

Ueda M, Graf R, MacWilliams HK, Schliwa M,
Euteneuer U. 1997 Centrosome positioning and
directionality of cell movements. Proc. Natl Acad.
Sci. USA 94, 9674-9678. (doi:10.1073/pnas.94.
18.9674)

Ishikawa-Ankerhold H, Kroll J, Heuvel DVD,
Renkawitz J, Miiller-Taubenberger A. 2022
(entrosome positioning in migrating dictyostelium
cells. Cells 11, 1776. (doi:10.3390/cells11111776)
Mazo G, Soplop N, Wang WJ, Uryu K, Tsou MF.
2016 Spatial control of primary ciliogenesis by
subdistal appendages alters sensation-associated
properties of cilia. Dev. Cell. 39, 424—437. (doi:10.
1016/j.devcel.2016.10.006)

Farina F, Gaillard J, Guérin C, Couté Y, Sillibourne J,
Blanchoin L, Théry M. 2016 The centrosome is an
actin-organizing centre. Nat. Cell Biol. 18, 65-75.
(doi:10.1038/nch3285)

Inoue D, Obino D, Pineau J, Farina F, Gaillard J,
Guerin C, Blanchoin L, Lennon-Duménil AM, Thery


http://dx.doi.org/10.1098/rstb.2013.0469
http://dx.doi.org/10.1016/S0955-0674(01)00290-3
http://dx.doi.org/10.1016/S0955-0674(01)00290-3
http://dx.doi.org/10.1038/s41586-019-1896-6
http://dx.doi.org/10.1038/s41586-019-1896-6
http://dx.doi.org/10.7554/eLife.46054
http://dx.doi.org/10.1038/s41467-018-04122-x
http://dx.doi.org/10.1038/s41467-018-04122-x
http://dx.doi.org/10.1038/nature04985
http://dx.doi.org/10.1038/nature13277
http://dx.doi.org/10.1038/ncomms10076
http://dx.doi.org/10.1038/ncomms10076
http://dx.doi.org/10.1016/j.devcel.2009.07.015
http://dx.doi.org/10.1101/gad.207043.112
http://dx.doi.org/10.1101/gad.207043.112
http://dx.doi.org/10.1242/jcs.020248
http://dx.doi.org/10.1242/jcs.020248
http://dx.doi.org/10.1038/s41467-018-08216-4
http://dx.doi.org/10.1038/s41467-016-0009-6
http://dx.doi.org/10.1038/s41467-016-0009-6
http://dx.doi.org/10.1098/rsob.200399
http://dx.doi.org/10.1038/ncb2345
http://dx.doi.org/10.1038/ncb2345
http://dx.doi.org/10.1038/s41556-019-0382-6
http://dx.doi.org/10.1016/j.celrep.2013.08.005
http://dx.doi.org/10.1016/j.bbrc.2016.02.079
http://dx.doi.org/10.1242/jcs.222901
http://dx.doi.org/10.1242/jcs.220954
http://dx.doi.org/10.1101/gad.1596308
http://dx.doi.org/10.1242/jcs.223594
http://dx.doi.org/10.1242/jcs.223594
http://dx.doi.org/10.1242/jcs.139451
http://dx.doi.org/10.1242/jcs.139451
http://dx.doi.org/10.3390/cells11071189
http://dx.doi.org/10.1016/j.yexcr.2008.09.016
http://dx.doi.org/10.1091/mbc.e13-03-0149
http://dx.doi.org/10.1371/journal.pbio.2003998
http://dx.doi.org/10.1371/journal.pbio.2003998
http://dx.doi.org/10.1073/pnas.1716840115
http://dx.doi.org/10.1091/mbc.e16-05-0325
http://dx.doi.org/10.1083/jcb.200504107
http://dx.doi.org/10.1093/emboj/17.2.470
http://dx.doi.org/10.1093/emboj/17.2.470
http://dx.doi.org/10.1098/rstb.2013.0461
http://dx.doi.org/10.1007/s10577-015-9501-9
http://dx.doi.org/10.1371/journal.pgen.1005243
http://dx.doi.org/10.1371/journal.pgen.1005243
http://dx.doi.org/10.3390/cells9051069
http://dx.doi.org/10.3390/cells9051069
http://dx.doi.org/10.1098/rstb.2013.0462
http://dx.doi.org/10.1098/rstb.2013.0462
http://dx.doi.org/10.1371/journal.pone.0015462
http://dx.doi.org/10.1371/journal.pone.0015462
http://dx.doi.org/10.1091/mbc.e17-06-0366
http://dx.doi.org/10.1091/mbc.e17-06-0366
http://dx.doi.org/10.1073/pnas.94.18.9674
http://dx.doi.org/10.1073/pnas.94.18.9674
http://dx.doi.org/10.3390/cells11111776
http://dx.doi.org/10.1016/j.devcel.2016.10.006
http://dx.doi.org/10.1016/j.devcel.2016.10.006
http://dx.doi.org/10.1038/ncb3285

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

M. 2019 Actin filaments regulate microtubule
growth at the centrosome. EMBO J. 38, €99630.
(doi:10.15252/embj.201899630)

Farina F et al. 2019 Local actin nucleation tunes
centrosomal microtubule nucleation during passage
through mitosis. EMBO J. 38, €99843. (doi:10.
15252/embj.201899843)

Au FK, Jia Y, Jiang K, Grigoriev I, Hau BK, Shen Y,
Du S, Akhmanova A, Qi RZ. 2017 GAS2L1 is a
centriole-associated protein required for centrosome
dynamics and disjunction. Dev. Cell. 40, 81-94.
(doi:10.1016/j.devcel.2016.11.019)

Au FKC, Hau BKT, Qi RZ. 2020 Nek2-mediated
GAS2L1 phosphorylation and centrosome-linker
disassembly induce centrosome disjunction. J. Cell
Biol. 219, €201909094. (doi:10.1083/jcb.
201909094)

Nazgiewicz A, Atherton P, Ballestrem C. 2019 GAS2-
like 1 coordinates cell division through its
association with end-binding proteins. Sci. Rep. 9,
1-10. (doi:10.1038/s41598-019-42242-6)

Vitiello E, Moreau P, Nunes V, Mettouchi A, Maiato
H, Ferreira JG, Wang |, Balland M. 2019 Acto-myosin
force organization modulates centriole separation
and PLK4 recruitment to ensure centriole fidelity.
Nat. Commun. 10, 1-12. (doi:10.1038/541467-018-
07965-6)

Smith E et al. 2011 Differential control of Eg5-
dependent centrosome separation by Plk1 and
Cdk1. EMBO J. 30, 2233-2245. (doi:10.1038/emhboj.
2011.120)

Stiff T, Echegaray-Iturra FR, Pink HJ, Herbert A,
Reyes-Aldasoro CC, Hochegger H. 2020 Prophase-
specific perinuclear actin coordinates centrosome
separation and positioning to ensure accurate
chromosome segregation. Cell Rep. 31, 107681.
(doi:10.1016/j.celrep.2020.107681)

Woods (G. 2004 Human microcephaly. Curr. Opin.
Neurobiol. 14, 112-117. (doi:10.1016/j.conb.2004.
01.003)

Jayaraman D, Bae BI, Walsh CA. 2018 The genetics
of primary microcephaly. In Annual review of
genomics and human genetics, vol. 19 (eds A
Chakravarti, ED Green), pp. 177-200.

Megraw TL, Sharkey JT, Nowakowski RS. 2011
(dk5rap2 exposes the centrosomal root of
microcephaly syndromes. Trends Cell Biol. 21,
470-480. (doi:10.1016/j.tch.2011.04.007)

Woods (G, Bond J, Enard W. 2005 Autosomal recessive
primary microcephaly (MCPH): A review of clinical,
molecular, and evolutionary findings. Amer. J. Hum.
Genet. 76, 717-728. (doi:10.1086/429930)

Thornton GK, Woods CG. 2009 Primary
microcephaly: do all roads lead to Rome?

Trends Genet. 25, 501-510. (doi:10.1016/j.tig.
2009.09.011)

Barkovich AJ, Guerrini R, Kuzniecky RI, Jackson GD,
Dobyns WB. 2012 A developmental and genetic
classification for malformations of cortical
development: update 2012. Brain 135, 1348-1369.
(doi:10.1093/brain/aws019)

Chavali PL, Putz M, Gergely F. 2014 Small organelle,
big responsibility: the role of centrosomes in

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

71.

development and disease. Phil. Trans. R. Soc. B 369,
20130468. (doi:10.1098/rsth.2013.0468)

Jayaraman D et al. 2017 Microcephaly proteins
Wdr62 and Aspm define a mother centriole
complex regulating centriole biogenesis, apical
complex and cell fate. Neurology 88, 813-828.
(doi:10.1212/WNL.0000000000003646)

Nigg EA, Holland AJ. 2018 Once and only once:
mechanisms of centriole duplication and their
deregulation in disease. Nat. Rev. Mol. Cell Biol. 19,
297-312. (doi:10.1038/nrm.2017.127)

Hussain MS et al. 2012 A truncating mutation of
CEP135 causes primary microcephaly and disturbed
centrosomal function. Am. J. Hum. Genet. 90,
871-878. (d0i:10.1016/j.ajhg.2012.03.016)
Jamieson (R, Govaerts C, Abramowicz MJ. 1999
Primary autosomal recessive microcephaly:
homozygosity mapping of MCPH4 to Chromosome
15. Amer. J. Hum. Genet. 65, 1465—1469. (doi:10.
1086/302640)

Leal GF, Roberts E, Silva EO, Costa SM, Hampshire
DJ, Woods CG. 2003 A novel locus for autosomal
recessive primary microcephaly (MCPH6) maps to
13q12.2. J. Med. Genet. 40, 540-542. (doi:10.1136/
jmg.40.7.540)

Roberts E et al. 1999 The second locus for
autosomal recessive primary microcephaly (MCPH2)
maps to chromosome 19q13.1-13.2. Eur. J. Hum.
Genet. 7, 815-820. (doi:10.1038/sj.ejhg.5200385)
Jamieson (R, Fryns J-P, Jacobs J, Matthijs G,
Abramowicz MJ. 2000 Primary autosomal recessive
microcephaly: MCPH5 Maps to 1925-q32.

Amer. J. Hum. Genet. 67, 1575-1577. (doi:10.1086/
316909)

Rauch A et al. 2008 Mutations in the pericentrin
(PCNT) gene cause primordial dwarfism. Science
319, 816-819. (doi:10.1126/science.1151174)
Moynihan L et al. 2000 A third novel locus for
primary autosomal recessive microcephaly maps to
chromosome 9q34. Amer. J. Hum. Genet. 66,
724-727. (doi:10.1086/302777)

Trimborn M et al. 2010 Establishment of a mouse
model with misregulated chromosome condensation
due to defective Mcph1 function. PLoS ONE 5,
€9242. (doi:10.1371/journal.pone.0009242)

Zhang X et al. 2009 (DK5RAP2 is required for
spindle checkpoint function. Cell Cycle 8,
1206-1216. (doi:10.4161/cc.8.8.8205)

Phan TP et al. 2021 Centrosome defects cause
microcephaly by activating the 53BP1-USP28-TP53
mitotic surveillance pathway. EMBO J. 40, e106118.
Jayaraman D et al. 2016 Microcephaly proteins
Wdr62 and Aspm define a mother centriole
complex regulating centriole biogenesis, apical
complex, and cell fate. Neuron 92, 813-828.
(doiz10.1016/j.neuron.2016.09.056)
Gonzalez-Martinez J et al. 2022 Genetic interaction
between PLK1 and downstream MCPH proteins in
the control of centrosome asymmetry and cell fate
during neural progenitor division. Cell Death Differ.
29, 1474-1485. (doi:10.1038/s41418-022-00937-w)
Lambrus BG, Uetake Y, Clutario KM, Daggubati V,
Snyder M, Sluder G, Holland AJ. 2015 p53 protects

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

against genome instability following centriole
duplication failure. J. Cell Biol. 210, 63—77. (doi:10.
1083/jch.201502089)

Little JN, Dwyer ND. 2019 p53 deletion rescues
lethal microcephaly in a mouse model with neural
stem cell abscission defects. Hum. Mol. Genet. 28,
434-447. (doi:10.1093/hmg/ddy350)

Marjanovi¢ M et al. 2015 CEP63 deficiency
promotes p53-dependent microcephaly and

reveals a role for the centrosome in meiotic
recombination. Nat. Commun. 6, 7676. (doi:10.
1038/ncomms8676)

Lin YN, Lee YS, Li SK, Tang TK. 2020 Loss of CPAP in
developing mouse brain and its functional
implication for human primary microcephaly. J. Cell
Sci. 133, jcs243592. (doi:10.1242/jcs.243592)

Barr AR, Kilmartin JV, Gergely F. 2010 CDK5RAP2
functions in centrosome to spindle pole attachment
and DNA damage response. J. Cell Biol. 189, 23-39.
(doi:10.1083/jch.200912163)

Barrera JA, Kao LR, Hammer RE, Seemann J, Fuchs
JL, Megraw TL. 2010 CDK5RAP2 regulates centriole
engagement and cohesion in mice. Dev. Cell. 18,
913-926. (doi:10.1016/j.devcel.2010.05.017)

Choi YK, Liu PF, Sze SK, Dai C, Qi RZ. 2010
(DK5RAP2 stimulates microtubule nucleation by the
gamma-tubulin ring complex. J. Cell Biol. 191,
1089-1095. (doi:10.1083/jch.201007030)

Fong KW, Choi YK, Rattner JB, Qi RZ. 2008
(DK5RAP2 s a pericentriolar protein that functions
in centrosomal attachment of the gamma-tubulin
ring complex. Mol. Biol. Cell 19, 115-125. (doi:10.
1091/mbc.e07-04-0371)

Watanabe S, Meitinger F, Shiau AK, Oegema K,
Desai A. 2020 Centriole-independent mitotic spindle
assembly relies on the PCNT-CDK5RAP2
pericentriolar matrix. J. Cell Biol. 219, €202006010.
(doi:10.1083/jch.202006010)

Lizarraga SB et al. 2010 Cdk5rap2 regulates
centrosome function and chromosome segregation
in neuronal progenitors. Development 137,
1907-1917. (doi:10.1242/dev.040410)

Alfares A, Alhufayti |, Alsubaie L, Alowain M, Almass
R, Alfadhel M, Kaya N, Eyaid W. 2018 A new
association between CDK5RAP2 microcephaly and
congenital cataracts. Ann. Hum. Genet. 82,
165-170. (doi:10.1111/ahg.12232)

Bond J et al. 2005 A centrosomal mechanism
involving CDK5RAP2 and CENPJ controls brain size.
Nat. Genet. 37, 353-355. (doi:10.1038/ng1539)
Wang XQ, Tsai JW, Imai JH, Lian WN, Vallee RB, Shi
SH. 2009 Asymmetric centrosome inheritance
maintains neural progenitors in the neocortex.
Nature 461, 947-955. (doi:10.1038/nature08435)
Shinohara H, Sakayori N, Takahashi M, Osumi N.
2013 Ninein is essential for the maintenance of the
cortical progenitor character by anchoring the
centrosome to microtubules. Biol. Open. 2,
739-749. (doi:10.1242/bi0.20135231)

Zhang XC et al. 2016 Cell-type-specific alternative
splicing governs cell fate in the developing cerebral
cortex. Cell 166, 1147-1162. (doi:10.1016/j.cell.
2016.07.025)


http://dx.doi.org/10.15252/embj.201899630
http://dx.doi.org/10.15252/embj.201899843
http://dx.doi.org/10.15252/embj.201899843
http://dx.doi.org/10.1016/j.devcel.2016.11.019
http://dx.doi.org/10.1083/jcb.201909094
http://dx.doi.org/10.1083/jcb.201909094
http://dx.doi.org/10.1038/s41598-019-42242-6
http://dx.doi.org/10.1038/s41467-018-07965-6
http://dx.doi.org/10.1038/s41467-018-07965-6
http://dx.doi.org/10.1038/emboj.2011.120
http://dx.doi.org/10.1038/emboj.2011.120
http://dx.doi.org/10.1016/j.celrep.2020.107681
http://dx.doi.org/10.1016/j.conb.2004.01.003
http://dx.doi.org/10.1016/j.conb.2004.01.003
http://dx.doi.org/10.1016/j.tcb.2011.04.007
http://dx.doi.org/10.1086/429930
http://dx.doi.org/10.1016/j.tig.2009.09.011
http://dx.doi.org/10.1016/j.tig.2009.09.011
http://dx.doi.org/10.1093/brain/aws019
http://dx.doi.org/10.1098/rstb.2013.0468
http://dx.doi.org/10.1212/WNL.0000000000003646
http://dx.doi.org/10.1038/nrm.2017.127
http://dx.doi.org/10.1016/j.ajhg.2012.03.016
http://dx.doi.org/10.1086/302640
http://dx.doi.org/10.1086/302640
http://dx.doi.org/10.1136/jmg.40.7.540
http://dx.doi.org/10.1136/jmg.40.7.540
http://dx.doi.org/10.1038/sj.ejhg.5200385
http://dx.doi.org/10.1086/316909
http://dx.doi.org/10.1086/316909
http://dx.doi.org/10.1126/science.1151174
http://dx.doi.org/10.1086/302777
http://dx.doi.org/10.1371/journal.pone.0009242
http://dx.doi.org/10.4161/cc.8.8.8205
http://dx.doi.org/10.1016/j.neuron.2016.09.056
http://dx.doi.org/10.1038/s41418-022-00937-w
http://dx.doi.org/10.1083/jcb.201502089
http://dx.doi.org/10.1083/jcb.201502089
http://dx.doi.org/10.1093/hmg/ddy350
http://dx.doi.org/10.1038/ncomms8676
http://dx.doi.org/10.1038/ncomms8676
http://dx.doi.org/10.1242/jcs.243592
http://dx.doi.org/10.1083/jcb.200912163
http://dx.doi.org/10.1016/j.devcel.2010.05.017
http://dx.doi.org/10.1083/jcb.201007030
http://dx.doi.org/10.1091/mbc.e07-04-0371
http://dx.doi.org/10.1091/mbc.e07-04-0371
http://dx.doi.org/10.1083/jcb.202006010
http://dx.doi.org/10.1242/dev.040410
http://dx.doi.org/10.1111/ahg.12232
http://dx.doi.org/10.1038/ng1539
http://dx.doi.org/10.1038/nature08435
http://dx.doi.org/10.1242/bio.20135231
http://dx.doi.org/10.1016/j.cell.2016.07.025
http://dx.doi.org/10.1016/j.cell.2016.07.025

92.

93.

94.

9.

96.

97.

9.

9.

100.

101.

102.

103.

104.

105.

106.

107.

Floriot S et al. 2015 C-Nap1 mutation affects
centriole cohesion and is associated with a Seckel-
like syndrome in cattle. Nat. Commun. 6, 6894.
(doi:10.1038/ncomms7894)

He MA et al. 2015 Meta-analysis of genome-wide
association studies of adult height in East Asians
identifies 17 novel loci. Hum. Mol. Genet. 24,
1791-1800. (doi:10.1093/hmg/ddu583)

Okada Y et al. 2010 A genome-wide association
study in 19 633 Japanese subjects identified
LHX3-QS0X2 and IGF1 as adult height loci.

Hum. Mol. Genet. 19, 2303-2312. (doi:10.1093/
hmg/ddq091)

Dang H, Martin-Villalba A, Schiebel E. 2022
Centrosome linker protein C-Nap1 maintains stem
cells in mouse testes. EMBO Rep. 23, €53805.
(doi:10.15252/embr.202153805)

Floriot S et al. 2021 CEP250 is required for
maintaining centrosome cohesion in the germline
and fertility in male mice. front. Cell Dev. Biol. 9,
754054. (doi:10.3389/fcell.2021.754054)

Mardin BR, Agircan FG, Lange C, Schiebel E. 2011
PIk1 controls the Nek2A-PP1 gamma antagonism in
centrosome disjunction. Curr. Biol. 21, 1145-1151.
(doi:10.1016/j.cub.2011.05.047)

Nam HJ, van Deursen JM. 2014 Cyclin B2 and p53
control proper timing of centrosome separation.
Nat. Cell Biol. 16, 535-546. (d0i:10.1038/nch2952)
Wang G, Jiang Q, Zhang CM. 2014 The role of
mitotic kinases in coupling the centrosome cycle
with the assembly of the mitotic spindle. J. Cell Sci.
127, 4111-4122. (doi:10.1242/jcs.131045)
Yamashita YM, Jones DL, Fuller MT. 2003
Orientation of asymmetric stem cell division by the
APC tumor suppressor and centrosome. Science 301,
1547-1550. (doi:10.1126/science.1087795)
Yamashita YM, Mahowald AP, Perlin JR, Fuller MT.
2007 Asymmetric inheritance of mother versus
daughter centrosome in stem cell division. Science
315, 518-521. (doi:10.1126/science.1134910)
Archambeault DR, Tomaszewski J, Childs AJ, Anderson
RA, Yao HH. 2011 Testicular somatic cells, not
gonocytes, are the major source of functional activin A
during testis morphogenesis. Endocrinology 152,
4358-4367. (doi:10.1210/en.2011-1288)

Griswold MD. 2016 Spermatogenesis: the
commitment to meiosis. Physiol. Rev. 96, 1-17.
(doi:10.1152/physrev.00013.2015)

Griswold MD. 1998 The central role of Sertoli cells
in spermatogenesis. Semin. Cell Dev. Biol. 9,
411-416. (doi:10.1006/s¢db.1998.0203)

Ortega GC et al. 2019 The centrosome protein AKNA
regulates neurogenesis via microtubule
organization. Nature 567, 113—117. (doi:10.1038/
s41586-019-0962-4)

Shao W et al. 2020 Centrosome anchoring regulates
progenitor properties and cortical formation. Nature
580, 106—112. (doi:10.1038/541586-020-2139-6)
Turner JMA, Aprelikova 0, Xu XL, Wang RH, Kim SS,
Chandramouli GVR, Barrett JC, Burgoyne PS, Deng CX.
2004 BRCA1, histone H2AX phosphorylation, and male
meiotic sex chromosome inactivation. Curr. Biol. 14,
2135-2142. (doi:10.1016/j.cub.2004.11.032)

108.

109.

110.

m.

M2

13.

4.

5.

116.

7.

18.

9.

120.

121.

Basto R, Lau J, Vinogradova T, Gardiol A, Woods (G,
Khodjakov A, Raff JW. 2006 Flies without centrioles.
(ell 125, 1375-1386. (doi:10.1016/j.cell.2006.05.025)
Johnson MB et al. 2018 Aspm knockout ferret
reveals an evolutionary mechanism governing
cerebral cortical size. Nature 556, 370-375. (doi:10.
1038/s41586-018-0035-0)

Pulvers JN et al. 2010 Mutations in mouse Aspm
(abnormal spindle-like microcephaly associated)
cause not only microcephaly but also major defects
in the germline. Proc. Nat/ Acad. Sci. USA. 107, 16
595-16 600. (doi:10.1073/pnas.1010494107)

Yang Z, Xia C, Roberts EA, Bush K, Nigam SK,
Goldstein LS. 2001 Molecular cloning and functional
analysis of mouse C-terminal kinesin motor KifC3.
Mol. Cell Biol. 21, 765-770. (doi:10.1128/M(B.21.3.
765-770.2001)

Yang J et al. 2005 The ciliary rootlet maintains
long-term stability of sensory cilia. Mol. Cell Biol.
25, 4129-4137. (doi:10.1128/M(B.25.10.4129-
4137.2005)

Besharse JC, Horst CJ. 1990 The photoreceptor
connecting cilium a model for the transition zone.
In Ciliary and flagellar membranes (ed. RA
Bloodgood), pp. 389—417. Boston, MA: Springer US.
Yang J, Liu X, Yue G, Adamian M, Bulgakov O, Li T.
2002 Rootletin, a novel coiled-coil protein, is a
structural component of the ciliary rootlet. J. Cell
Biol. 159, 431-440. (doi:10.1083/jch.200207153)
Razafsky D, Hodzic D. 2015 A variant of Nesprin1
giant devoid of KASH domain underlies the
molecular etiology of autosomal recessive cerebellar
ataxia type |. Neurobiol. Dis. 78, 57-67. (doi:10.
1016/j.nbd.2015.03.027)

Potter C et al. 2017 Multiple isoforms of

Nesprin1 are integral components of ciliary rootlets.
Curr. Biol. 27, 2014-2022. (doi:10.1016/j.cub.2017.
05.066)

Fuster-Garcia C, Garcia-Garcia G, Jaijo T, Fornés N,
Ayuso C, Ferndndez-Burriel M, Aller E, Millan JM.
2018 High-throughput sequencing for the molecular
diagnosis of Usher syndrome reveals 42 novel
mutations and consolidates CEP250 as Usher-like
disease causative. Sci. Rep. 8, 17113. (doi:10.1038/
$41598-018-35085-0)

Knorz V), Spalluto C, Lessard M, Purvis TL, Adigun
FF, Collin GB, Hanley NA, Wilson DI, Hearn T. 2010
Centriolar association of ALMST and likely
centrosomal functions of the ALMS motif-containing
proteins C100rf90 and KIAA1731. Mol. Biol. Cell. 21,
3617-3629. (doi:10.1091/mbc.e10-03-0246)

Hearn T. 2019 ALMST and Alstrom syndrome: a
recessive form of metabolic, neurosensory and
cardiac deficits. J Mol. Med. 97, 1-17. (doi:10.1007/
500109-018-1714-x)

Marshall JD et al. 2015 Alstrom syndrome: mutation
spectrum of ALMST. Hum. Mutat. 36, 660—668.
(doi:10.1002/humu.22796)

Jiang P, Xiao L, Guo Y, Hu R, Zhang BY, He Y. 2022
Novel mutations of the Alstrom syndrome 1 gene in
an infant with dilated cardiomyopathy: a case
report. World J. Clin. Cases 10, 2330-2335. (doi:10.
12998/wjcc.v10.i7.2330)

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Alvarez-Satta M, Lago-Docampo M, Bea-Mascato B, m

Solarat C, Castro-Sanchez S, Christensen ST, Valverde
D. 2021 ALMS1 regulates TGF-B signaling and
morphology of primary cilia. Front. Cell Dev. Biol. 9,
623829. (doi:10.3389/fcell.2021.623829)

Fonseca AC, Bonaldi A, Fonseca SA, Otto PA, Kok F,
Bak M, Tommerup N, Vianna-Morgante AM. 2015
The segregation of different submicroscopic
imbalances underlying the dlinical variability
associated with a familial karyotypically balanced
translocation. Mol. Cytogenet. 8, 106. (doi:10.1186/
$13039-015-0205-9)

Hosoda Y et al. 2018 CCDC102B confers risk of low
vision and blindness in high myopia. Nat. Commun.
9, 1782. (doi:10.1038/541467-018-03649-3)
Hohman TJ, Dumitrescu L, Cox NJ. 2017 Jefferson
AL, for the Alzheimer's Neuroimaging I. Genetic
resilience to amyloid related cognitive decline. Brain
Imaging Behav. 11, 401-409. (doi:10.1007/511682-
016-9615-5)

Miller AL et al. 2017 Whole exome sequencing
identified sixty-five coding mutations in four
neuroblastoma tumors. Sci. Rep. 7, 17787. (doi:10.
1038/541598-017-17162-y)

Godinho SA, Pellman D. 2014 Causes and
consequences of centrosome abnormalities in
cancer. Phil. Trans. R. Soc. B 369, 20130467.
(doi:10.1098/rsth.2013.0467)

Chan JY. 2011 A dlinical overview of centrosome
amplification in human cancers. Int. J. Biol. Sci. 7,
1122-1144. (doi:10.7150/ijbs.7.1122)

Bayani J, Selvarajah S, Maire G, Vukovic B, Al-Romaih
K, Zielenska M, Squire JA. 2007 Genomic mechanisms
and measurement of structural and numerical
instability in cancer cells. Semin. Cancer Biol. 17,
5-18. (doi:10.1016/j.semcancer.2006.10.006)

Bayani J, Paderova J, Murphy J, Rosen B, Zielenska
M, Squire JA. 2008 Distinct patterns of structural
and numerical chromosomal instability characterize
sporadic ovarian cancer. Neaplasia 10, 1057-1065.
(doi:10.1593/ne0.08584)

Remo A et al. 2018 Centrosome linker-induced
tetraploid segregation errors link rhabdoid
phenotypes and lethal colorectal cancers. Mol.
Cancer Res. 16, 1385—1395. (doi:10.1158/1541-
7786.M(R-18-0062)

Remo A et al. 2019 CROCC-mutated rhabdoid
colorectal carcinoma showing in intercellular spaces
lamellipodia and cellular projections revealed by
electron microscopy. Virchows Archiv. 475,
245-249. (doi:10.1007/500428-019-02554-4)
Vecchione L et al. 2016 A vulnerability of a subset
of colon cancers with potential clinical utility. Cell
165, 317-330. (doi:10.1016/j.cell.2016.02.059)
Kaseda K, McAinsh AD, Cross RA. 2012 Dual
pathway spindle assembly increases both the speed
and the fidelity of mitosis. Biol. Open. 1, 12-18.
(doi:10.1242/bi0.2011012)

Toso A, Winter JR, Garrod AJ, Amaro AC, Meraldi P,
McAinsh AD. 2009 Kinetochore-generated pushing
forces separate centrosomes during bipolar spindle
assembly. J. Cell Biol. 184, 365-372. (doi:10.1083/
jcb.200809055)


http://dx.doi.org/10.1038/ncomms7894
http://dx.doi.org/10.1093/hmg/ddu583
http://dx.doi.org/10.1093/hmg/ddq091
http://dx.doi.org/10.1093/hmg/ddq091
http://dx.doi.org/10.15252/embr.202153805
http://dx.doi.org/10.3389/fcell.2021.754054
http://dx.doi.org/10.1016/j.cub.2011.05.047
http://dx.doi.org/10.1038/ncb2952
http://dx.doi.org/10.1242/jcs.131045
http://dx.doi.org/10.1126/science.1087795
http://dx.doi.org/10.1126/science.1134910
http://dx.doi.org/10.1210/en.2011-1288
http://dx.doi.org/10.1152/physrev.00013.2015
http://dx.doi.org/10.1006/scdb.1998.0203
http://dx.doi.org/10.1038/s41586-019-0962-4
http://dx.doi.org/10.1038/s41586-019-0962-4
http://dx.doi.org/10.1038/s41586-020-2139-6
http://dx.doi.org/10.1016/j.cub.2004.11.032
http://dx.doi.org/10.1016/j.cell.2006.05.025
http://dx.doi.org/10.1038/s41586-018-0035-0
http://dx.doi.org/10.1038/s41586-018-0035-0
http://dx.doi.org/10.1073/pnas.1010494107
http://dx.doi.org/10.1128/MCB.21.3.765-770.2001
http://dx.doi.org/10.1128/MCB.21.3.765-770.2001
http://dx.doi.org/10.1128/MCB.25.10.4129-4137.2005
http://dx.doi.org/10.1128/MCB.25.10.4129-4137.2005
http://dx.doi.org/10.1083/jcb.200207153
http://dx.doi.org/10.1016/j.nbd.2015.03.027
http://dx.doi.org/10.1016/j.nbd.2015.03.027
http://dx.doi.org/10.1016/j.cub.2017.05.066
http://dx.doi.org/10.1016/j.cub.2017.05.066
http://dx.doi.org/10.1038/s41598-018-35085-0
http://dx.doi.org/10.1038/s41598-018-35085-0
http://dx.doi.org/10.1091/mbc.e10-03-0246
http://dx.doi.org/10.1007/s00109-018-1714-x
http://dx.doi.org/10.1007/s00109-018-1714-x
http://dx.doi.org/10.1002/humu.22796
http://dx.doi.org/10.12998/wjcc.v10.i7.2330
http://dx.doi.org/10.12998/wjcc.v10.i7.2330
http://dx.doi.org/10.3389/fcell.2021.623829
http://dx.doi.org/10.1186/s13039-015-0205-9
http://dx.doi.org/10.1186/s13039-015-0205-9
http://dx.doi.org/10.1038/s41467-018-03649-3
http://dx.doi.org/10.1007/s11682-016-9615-5
http://dx.doi.org/10.1007/s11682-016-9615-5
http://dx.doi.org/10.1038/s41598-017-17162-y
http://dx.doi.org/10.1038/s41598-017-17162-y
http://dx.doi.org/10.1098/rstb.2013.0467
http://dx.doi.org/10.7150/ijbs.7.1122
http://dx.doi.org/10.1016/j.semcancer.2006.10.006
http://dx.doi.org/10.1593/neo.08584
http://dx.doi.org/10.1158/1541-7786.MCR-18-0062
http://dx.doi.org/10.1158/1541-7786.MCR-18-0062
http://dx.doi.org/10.1007/s00428-019-02554-4
http://dx.doi.org/10.1016/j.cell.2016.02.059
http://dx.doi.org/10.1242/bio.2011012
http://dx.doi.org/10.1083/jcb.200809055
http://dx.doi.org/10.1083/jcb.200809055

136.

137.

138.

139.

140.

Quintyne NJ, Reing JE, Hoffelder DR, Gollin SM,
Saunders WS. 2005 Spindle multipolarity

is prevented by centrosomal clustering.

Science 307, 127-129. (doi:10.1126/science.
1104905)

Sekino Y et al. 2019 KIFC1 inhibitor CW069 induces
apoptosis and reverses resistance to docetaxel in
prostate cancer. J. Clin. Med. 8, 225. (doi:10.3390/
jcm8020225)

Vitre B et al. 2020 IFT proteins interact with HSET to
promote supernumerary centrosome clustering in
mitosis. EMBO Rep. 21, e49234. (doi:10.15252/
embr.201949234)

Priyanga J, Guha G, Bhakta-Guha D. 2021
Microtubule motors in centrosome homeostasis: a
target for cancer therapy? Biochim. Biophys. Acta
Rev. Cancer. 1875, 188524. (doi:10.1016/j.bbcan.
2021.188524)

Kurisawa N, Yukawa M, Koshino H, Onodera T, Toda
T, Kimura K-I. 2020 Kolavenic acid analog restores
growth in HSET-overproducing fission yeast cells
and multipolar mitosis in MDA-MB-231 human

41

142.

143.

144.

145.

cells. Bioorgan. Med. Chem. 28, 115154. (doi:10.
1016/j.bmc.2019.115154)

Watts CA et al. 2013 Design, synthesis, and
biological evaluation of an allosteric inhibitor of
HSET that targets cancer cells with supernumerary
centrosomes. Chem. Biol. 20, 1399-1410. (doi:10.
1016/j.chembiol.2013.09.012)

Zhang W et al. 2016 Discovery of a novel inhibitor
of kinesin-like protein KIFC1. Biochem. J. 473,
1027-1035. (doi:10.1042/BJ20150992)

Drosopoulos K, Tang C, Chao WG, Linardopoulos S.
2014 APC/C is an essential regulator of centrosome
clustering. Nat. Commun. 5, 1-13. (doi:10.1038/
ncomms4686)

Pannu V, Rida PCG, Celik B, Turaga RC, Ogden A,
(antuaria G, Gopalakrishnan J, Aneja R. 2014
Centrosome-declustering drugs mediate a two-
pronged attack on interphase and mitosis in
supercentrosomal cancer cells. Cell Death Dis. 5,
€1538. (doi:10.1038/cddis.2014.505)
Sabat-Pospiech D, Fabian-Kolpanowicz K,

Prior IA, Coulson JM, Fielding AB. 2019

146.

147.

148.

149.

Targeting centrosome amplification, an Achilles’
heel of cancer. Biochem. Soc. Trans. 47, 1209-1222.
(doi:10.1042/BST20190034)

Remo A, Li X, Schiebel E, Pancione M. 2020

The centrosome linker and its role in cancer

and genetic disorders. Trends Mol. Med.

26, 380-393. (doi:10.1016/j.molmed.2020.01.011)
Quyn A, Appleton PL, Carey FA, Steele RJ, Barker N,
(levers H, Ridgway RA, Sansom 0J, Nathke IS.

2010 Spindle orientation bias in gut epithelial stem cell
compartments is lost in precancerous tissue. Cell Stem
(ell 6, 175-181. (doi:10.1016/j.stem.2009.12.007)
Jackson AP et al. 1998 Primary autosomal recessive
microcephaly (MCPH1) maps to chromosome 8p22-
pter. Amer. J. Hum. Genet. 63, 541-546. (doi:10.
1086/301966)

(ristofoli F, De Keersmaecker B, De (atte L,
Vermeesch JR, Van Esch H. 2017 Novel STIL
compound heterozygous mutations cause

severe fetal microcephaly and centriolar
lengthening. Mol. Syndromol. 8, 282-293. (doi:10.
1159/000479666)


http://dx.doi.org/10.1126/science.1104905
http://dx.doi.org/10.1126/science.1104905
http://dx.doi.org/10.3390/jcm8020225
http://dx.doi.org/10.3390/jcm8020225
http://dx.doi.org/10.15252/embr.201949234
http://dx.doi.org/10.15252/embr.201949234
http://dx.doi.org/10.1016/j.bbcan.2021.188524
http://dx.doi.org/10.1016/j.bbcan.2021.188524
http://dx.doi.org/10.1016/j.bmc.2019.115154
http://dx.doi.org/10.1016/j.bmc.2019.115154
http://dx.doi.org/10.1016/j.chembiol.2013.09.012
http://dx.doi.org/10.1016/j.chembiol.2013.09.012
http://dx.doi.org/10.1042/BJ20150992
http://dx.doi.org/10.1038/ncomms4686
http://dx.doi.org/10.1038/ncomms4686
http://dx.doi.org/10.1038/cddis.2014.505
http://dx.doi.org/10.1042/BST20190034
http://dx.doi.org/10.1016/j.molmed.2020.01.011
http://dx.doi.org/10.1016/j.stem.2009.12.007
http://dx.doi.org/10.1086/301966
http://dx.doi.org/10.1086/301966
http://dx.doi.org/10.1159/000479666
http://dx.doi.org/10.1159/000479666

	Emerging roles of centrosome cohesion
	Introduction
	Molecular mechanisms of centrosome cohesion
	The centrosome linker
	The MT pathway and actin in centrosome cohesion

	Centrosome cohesion in development
	Centrosome cohesion in early brain development
	The essential role of centrosome linker in spermatogenesis

	Other functions of centrosome linker proteins
	Centrosome linker proteins and neurosensory disorders
	Centrosome cohesion associated with other genetic disorders

	Centrosome cohesion in cancer
	Conclusion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgement
	References


