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Abstract: The centrosome is the major microtubule organizing centre (MTOC) in animal cells.
The canonical centrosome is composed of two centrioles surrounded by a pericentriolar matrix (PCM).
In contrast, yeasts and amoebozoa have lost centrioles and possess acentriolar centrosomes—called
the spindle pole body (SPB) and the nucleus-associated body (NAB), respectively. Despite the
difference in their structures, centriolar centrosomes and SPBs not only share components but also
common biogenesis regulators. In this review, we focus on the SPB and speculate how its structures
evolved from the ancestral centrosome. Phylogenetic distribution of molecular components suggests
that yeasts gained specific SPB components upon loss of centrioles but maintained PCM components
associated with the structure. It is possible that the PCM structure remained even after centrosome
remodelling due to its indispensable function to nucleate microtubules. We propose that the yeast SPB
has been formed by a step-wise process; (1) an SPB-like precursor structure appeared on the ancestral
centriolar centrosome; (2) it interacted with the PCM and the nuclear envelope; and (3) it replaced
the roles of centrioles. Acentriolar centrosomes should continue to be a great model to understand
how centrosomes evolved and how centrosome biogenesis is regulated.
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1. Introduction

In 1887, the German biologist Theodor Boveri first described and named the structure at the pole
of a mitotic spindle as “centrosome” [1]. The centrosome is the major microtubule organizing centre
in eukaryotic cells, playing critical functions for cell division, motility and signalling. In animal cells,
the canonical centrosome is composed of centrioles surrounded by the pericentriolar matrix (PCM),
an electron-dense proteinaceous matrix that nucleates microtubules [2]. The centriole is a cylinder-like
structure made of nine triplet microtubules arranged in nine-fold symmetric configuration. Importantly,
centrioles are converted to basal bodies and serve another function to nucleate the formation of cilia and
flagella, which are essential for signalling and movement. Centrioles/basal bodies and cilia/flagella
are present in all major eukaryotic groups, suggesting that these are ancestral structures, that is,
cells of the last common ancestor of eukaryotes already had cilia for motility [3]. It is proposed that
centrosomes evolved by internalization of the centriole/basal bodies and coordinating cell division in
close association with the nucleus [4,5].

Fungi and amoebozoa show great structural diversity in their centrosomes, suggesting very
distinct remodelling during evolution [6,7]. Within these groups, the yeasts and slime moulds have no
centriole and possess highly remodelled acentriolar centrosome, the spindle pole body (SPB) and the
nucleus-associated body (NAB), respectively [8,9]. Although the structure, function and biogenesis
of the divergent centrosomes have been intensively studied so far, it still remains elusive how these
structures evolved. In this review, we compare the structures and molecular components in centriolar
and acentriolar centrosomes and speculate how these remodelled centrosomes evolved.
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2. Canonical and Diverged-Centrosomes in Animal, Fungi and Amoebozoa

We focus on centrosomes in the eukaryotic group Opisthokonta, which includes animal and fungi
and the sister group Amoebozoa, forming the supergroup Amorphea [10,11]. This is the group where
the cell and molecular biology of centrosomes is better described and their centrosomes show much
diversity in structures and composition (Figure 1). The SPB is a multi-layered structure composed of
a centriole-less scaffold that recruits γ-tubulin [12,13]. Yeasts undergo closed mitosis, in which the
nuclear envelope remains intact during cell division. In the budding yeast Saccharomyces cerevisiae and
the fission yeast Schizosaccharomyces pombe, the SPB acts as an MTOC and is required for cell division.
The SPB is embedded in the nuclear envelope and nucleates spindle microtubules inside the nucleus
as well as astral microtubules toward the cytoplasmic side (Figure 1). In both species, the structure
attached to the nuclear envelope, called the half-bridge, plays an important role in SPB duplication
(Figure 1) [8,14]. Similar to the yeasts, the closely-related zygomycete fungal species Coemansia reversa
lacks flagella and centriole and has a spindle pole body which acts as an MTOC [15]. Interestingly,
electron microscopy revealed that its SPB contains a cylindrical ring structure (68–71 nm in height
and 80–100 nm in width), which has nine microtubules and appears to be reminiscent of a centriole.
Although the molecular composition of the structure is not known yet, it might be a “degenerated”
centriole associated with the SPB. It is worth noting that not all the fungi have an SPB: the zoosporic,
basal fungi such as chytrids (e.g., Rhizophydium spherotheca) have both a centriole-containing centrosome
and flagella [16]. As shown in Figure 1, this species undergoes closed mitosis similarly to the yeasts
and the centrioles reside in the fenestrae in the nuclear envelope (NE) to form mitotic spindles within
the nucleus.

In the Amoebozoa, the centrosome structures have been well described by electron microscopy in the
two important model organisms—the slime moulds Dictyostelium discoideum and Physarum polycephalum.
The centrosome in D. discoideum is called the nucleus-associated body (NAB), which is an acentriolar
three-layered match-box shaped structure surrounded by a microtubule-nucleating corona [9]. Like the
yeast SPB, the NAB is embedded in the NE and nucleates spindle microtubules inside the nucleus
during mitosis (Figure 1) [17]. In contrast, P. polycephalum and the related species (P. flavicomum and
Echinostelium minutum) show two distinct modes of cell division and two types of centrosomes. During its
life cycle, P. polycephalum exists as a uninucleate amoeba and as a syncytial plasmodium containing many
nuclei [18]. During the uninucleate amoeba phase, mitosis is open and the centrosome contains a pair of
centrioles like animals [19–21]. During the plasmodial phase, the organism switches to closed mitosis and
the intranuclear microtubules are nucleated from the amorphous structure which contains γ-tubulin [22–24].
Although it is not known how this change during differentiation is regulated, the transition from centriolar
to acentriolar transition is correlated with loss of flagella and it is possible that the acentriolar and closed
mitosis might be beneficial during the plasmodial phase.

Parsimoniously, it is likely that the common ancestor of animals, fungi and amoebozoa had
centrioles to form cilia and a centriole-containing centrosome with a PCM structure and parallel to
the loss of centriole, the remodelled acentriolar centrosomes were acquired in some species such
as yeasts and D. discoideum. How did these centrosomes evolve? In the further sections, we focus
on the comparison between animal centrosomes and yeast SPB, in which the structures, molecular
components and regulators are well-characterised to date. Despite the structural differences described
above, there is evidence suggesting that the centriolar centrosomes and the SPB are homologous
structures, that is, common molecular components and regulators involved in their biogenesis. In the
next section, we describe the molecular composition of the centrosome and regulators in animal and
yeast centrosomes.
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Figure 1. Structure of the centrosome in mitosis in animals, fungi and amoebozoa. Animals and basal 
fungi (chytrids) have a centriole/basal body and a canonical centrosome composed of a pair of 
centrioles surrounded by pericentriolar matrix (PCM), which anchors and nucleates microtubules. In 
contrast, the yeasts such as S. cerevisiae and S. pombe have a centriole-less centrosome called the spindle 
pole body (SPB). Another fungus C. reversa has a distinct SPB containing a cylindrical structure 
reminiscent of a centriole. In the Amoebozoa, while D. discoideum has a centriole-less nucleus-
associated body (NAB), P. polycephalum has two modes of centrosomes: animal-like centriolar 
centrosome in the amoeba phase and an amorphous structure devoid of centriole at the pole in the 
plasmodium phase. Note that size of the centrosomes and spindle are not depicted to scale in this 
figure. 

Figure 1. Structure of the centrosome in mitosis in animals, fungi and amoebozoa. Animals and
basal fungi (chytrids) have a centriole/basal body and a canonical centrosome composed of a pair
of centrioles surrounded by pericentriolar matrix (PCM), which anchors and nucleates microtubules.
In contrast, the yeasts such as S. cerevisiae and S. pombe have a centriole-less centrosome called the
spindle pole body (SPB). Another fungus C. reversa has a distinct SPB containing a cylindrical structure
reminiscent of a centriole. In the Amoebozoa, while D. discoideum has a centriole-less nucleus-associated
body (NAB), P. polycephalum has two modes of centrosomes: animal-like centriolar centrosome in the
amoeba phase and an amorphous structure devoid of centriole at the pole in the plasmodium phase.
Note that size of the centrosomes and spindle are not depicted to scale in this figure.
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3. Common Components in Centrosome

Many of the components of centrosomes have been identified by genetic and biochemical
approaches in animal and yeast centrosomes to date (reviewed in [13,25,26]). In this review, we briefly
describe the core components and focus to highlight what is common and what is different.

In animals, when a daughter centriole (procentriole) starts forming close to the mother centriole,
the first assembled is a scaffolding structure called the cartwheel: ninefold symmetric and composed
of SAS-6, CEP135, STIL [27–31]. Cartwheel formation is followed by centriole elongation through
the deposition of centriolar microtubules which is dependent on components such as CPAP [32–34].
The major components of the PCM, CDK5RAP2 and pericentrin, are recruited around the centrioles,
which then recruit and activate γ-tubulin ring complexes (γ-TuRC), leading to the formation of
a competent matrix for microtubule nucleation and mitotic spindle assembly [35–42]. The γ-TuRC
is a lock-washer-shaped ring-like structure composed of the highly conserved γ-tubulin and five
γ-tubulin complex proteins (GCP2-6) and acts as a template for microtubule nucleation (reviewed
in [43–45]). Two molecules of γ-tubulin, GCP2 and GCP3 form a tetrametric γ-tubulin small complex
(γ-TuSC) and multiple γ-TuSCs are assembled into an active γ-TuRC promoted by the receptor
proteins (such as CDK5RAP2 and pericentrin) and GCP3-6 in a cell cycle-dependent manner [44].
Super resolution microscopy studies revealed that the PCM is not an amorphous material but
a layered-structure organized by the proteins with specific configurations [37,38]. In particular,
one of the PCM components, pericentrin, is extended radially from the centriole with the C-terminal
conserved centrosome-targeting PACT domain [46] located close to the centriole wall and the
N-terminus, which interacts with γ-TuRC [47], extending outward as illustrated in the Figure 2A.

The yeast spindle pole body is structurally distinct from animal centrosomes and devoid of
centrioles but shares several components. The SPB of S. cerevisiae is composed of five layers: the outer,
inner and central plaques and the inner layers 1 and 2 (Figure 2). The central plaque is connected to
the NE and the outer and inner plaques are the site from which cytoplasmic and nuclear microtubules
are nucleated.

The S. cerevisiae cells nucleate microtubules using the minimal version of γ-tubulin complex
(γ-TuSC) consisting of γ-tubulin/Tub4, GCP2/Spc97 and GCP3/Spc98 [13,44]. Importantly, receptors
for the γ-tubulin complex Spc110 and Spc72 sit on the nuclear and cytoplasmic sides of the SPB
(Figure 2). Spc110 is a pericentrin orthologue and its N-terminal region interacts with GCP3/Spc98,
thereby recruiting γ-TuSC to the nuclear side of SPB [48,49]. At the cytoplasmic side, Spc72,
a CDK5RAP2 orthologue, binds to γ-TuSC and nucleate microtubules which are required for proper
spindle positioning [50,51]. The central core of the SPB is a hexagonal crystal lattice composed of the
scaffold protein Spc42 [52]. It associates with other structural proteins Spc29, Cnm67 and the γ-TuSC
receptor Spc110 [53–55] (Figure 2).

The main structural component of the half bridge is Sfi1, a large protein containing multiple
repeats that binds to the small calcium binding protein Cdc31/centrin3, which has an essential function
in SPB duplication [56,57]. The N-terminus of Sfi1is associated with the SPB core and the C-terminus
is located at the distal end of the half-bridge [56,58]. This finding led to a structural model for SPB
duplication which proposes that the half bridge is elongated by dimerization of Sfi1 at the C-terminus
and the new SPB is assembled at the newly formed N-terminus of Sfi1 [8,56].

Compared to the S. cerevisiae SPB, the S. pombe SPB shows a less distinct layered structure but
has similar configurations: (1) the SPB is embedded in the NE; (2) nucleates nuclear and cytoplasmic
microtubules; and (3) has the half bridge structure (Figure 2A). First of all, unlike S. cerevisiae but
similarly to animals, S. pombe has γ-TuRC components including γ-tubulin/Gtb1 and five GCP proteins
(GCP2/Alp4, GCP3/Alp6, GCP4/Gfh1, GCP5/Mod21 and GCP6/Alp16) and nucleates microtubules
by forming a ring-like structure (γ-TuRC) (reviewed in [13,43,44]). Importantly, the γ-TuRC receptors
Pcp1/pericentrin [59] and Mto1/CDK5RAP2 [60] reside on nuclear and cytoplasmic sides, respectively
and promote microtubule nucleation [13,61]. Pcp1 targets not only the γ-TuRC but also Polo-like
kinase to the nuclear side of the SPB and is essential for mitotic entry and spindle formation [62].
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In S. pombe, the scaffold proteins Spc42 and Spc29 are not conserved but another protein Ppc89
plays an analogous role at the core of the SPB [61]. Ppc89 is required for localization to the SPB of
many of the other components and its overexpression leads to the formation of an enlarged extension
of the SPB, suggesting a role as a platform for SPB assembly [63]. It is proposed that Ppc89 connects
Pcp1 at the N-terminus and the two structural proteins Sid4 and Cdc11 required for septation initiation
network [64,65], at the C-terminus [61] (Figure 2A).

The S. pombe half-bridge is also composed of Sfi1-Cdc31 complexes and it is thought that SPB
duplication is similarly conserved to S. cerevisae (described above), even though the N- and C-termini
of the Sfi1 molecule have diverged [13,66,67]. Intriguingly, Sfi1 and its binding partner—centrin-family
proteins—are conserved in humans and are shown to localize to the lumen of the centriole [56,68,69].
Despite the conservation, it does not seem that vertebrate Sfi1-centrin is involved in centriole
duplication since deletion of centrin genes in chicken DT40 cells [70] or depletion of centrin2 in
human cells [71] does not affect duplication, suggesting different roles in animal and yeasts.

Notably, the unique property of the SPB is that it is inserted and anchored in the NE.
While S. cerevisiae SPB is embedded in the NE throughout the cell cycle [72], S. pombe SPB resides in the
cytoplasmic side of the nucleus and it is only inserted into the NE during mitosis [73,74]. Although the
mode of insertion into the NE is different in the two yeasts, they share molecules involved in the
insertion and anchoring. Importantly, the SPB and the NPC (nuclear pore complex) is inserted in the
regions of the NE where the INM (inner nuclear membrane) and ONM (outer nuclear membrane) are
contiguous (known as the pore membrane) [75]. Moreover, the key player in the insertion of both
structures is the conserved transmembrane protein Ndc1 (also known as Cut11 in S. pombe) [76,77].
In S. cerevisiae, the network of the several SPB proteins including Ndc1, Nbp1, Bbp1 and Mps2 is
important for SPB insertion into the NE [78,79]. A recent super resolution microscopy study revealed
that Ndc1 and Mps2 form ring-like structures encircling the SPB, indicating these proteins make
pore-like structures in the NE (Figure 2) [80]. In S. pombe, although it is not known if Ndc1/Cut11
forms a ring around the SPB, another SPB component Sad1 does so (Figure 2) [61]. Sad1 is the conserved
SUN-domain protein that is part of the LINC complex connecting cytoskeleton and nucleoskeleton and
is required for SPB insertion into the NE [81,82]. Consistently, Mps3, the S. cerevisiae orthologue of Sad1,
also localises to the periphery of the SPB and interacts with other pore proteins such as Ndc1 [83,84].
This suggests that the two yeasts use analogous machinery to insert the SPB and anchor it at the NE.

To better understand centrosome evolution in animal and fungi, we analysed the conservation
of the molecular components of the centrosome, searching for orthologues of the known human
centrosome proteins required for centriole assembly (SAS-6, CPAP, CEP135) and the PCM (pericentrin,
CDK5RAP2 and γ-tubulin). ln addition, to understand how the SPB originated, we also searched
for orthologues of the fission yeast SPB components: the core scaffold proteins (Ppc89, Sid4 and
Cdc11) [61,63–65], the half-bridge proteins (Sfi1 and Cdc31/centrin3) [56,85] and the pore proteins
(Sad1 and Cut11/Ndc1) [61,77,81].

Consistent with previous studies [7,86], the proteins required for centriole biogenesis in animals
were not identified in the fungal genomes, with exception of chytrids, which have centrioles (Figure 2B).
Although the centriole-like cylinder is present in the C. reversa SPB, we did not detect orthologues of
the centriole components in its genome, suggesting that the intact building blocks of the centrioles
are lost, or the sequences might have evolved at a higher rate. In contrast, the PCM components,
pericentrin and CDK5RAP2, together with γ-tubulin, were found in animal and most fungal species
analysed (Figure 2B).

When it comes to SPB components, we found that the core proteins such as Ppc89 and Sid4
are conserved only in yeasts but not in chytrids, suggesting that these SPB proteins only appeared
after branching into yeasts (Figure 2B). Interestingly, Cdc11 is present in all fungal genomes tested,
implying that it was present at the centrosome of the fungal ancestors. The half-bridge localizing
Cdc31/centrin3 is highly conserved in most species (except Drosophila which lacks centrin3 [5]) but
its scaffold Sfi1 was not identified many species in our analysis perhaps as it is very divergent [56].
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It is still not clear when the half-bridge and its constituent Sfi1-centrin3 complex emerged. In contrast,
the pore proteins were identified in the all the fungal species as well as in animals, suggesting that
these played important roles of connecting NE and centrosomes in the animal-fungal common ancestor
(to be discussed below).
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Figure 2. The molecular components of animal centrosomes and yeast SPBs. (A) Mapping of
molecular components in the animal centrosome and budding and fission yeast SPBs. (*1. Spc42
seems functionally analogous to Ppc89 [61], *2,3. The protein is conserved but not known to be
implicated in centrosome functions.) The illustrated SPB structure was adapted and modified from [13].
(B) Phylogenetic distribution of centrosome components in animals and fungi. We searched for
orthologues of components of the human centrosome localizing to centrioles and PCM and the fission
yeast SPB components by using reciprocal pairwise sequence-based (BLASTP and phmmer) and
domain-based (hmmsearch) methods [87,88]. Black circles represent the presence of orthologues;
blue circles indicate that previous studies showed the presence of a protein with short conserved
motifs [47,56,60] although we failed to identify it by the above-mentioned computational methods;
white circles indicate no detectable orthologue ([89] and our unpublished results).
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Altogether, the phylogenetic distribution of the centrosome components indicates that while
centriole components were lost and SPB components were acquired in yeasts, the PCM module
including pericentrin and CDK5RAP2 and the connection with NE remained in terms of composition
and function.

4. Common Regulations in Centrosome Biogenesis

The centrosome duplicates only once in the cell cycle to form two centrosomes and its biogenesis
is tightly regulated by multiple factors to ensure the correct number [25,90]. Once the centrosome is
duplicated, the duplicated centrosomes are separated, matured and contribute to a mitotic spindle
formation to achieve faithful cell division. Since the details of this process have been comprehensively
reviewed elsewhere [25,91,92], we highlight the common regulators in this review. Interestingly,
we find that common factors regulate the centrosome cycle in animal and yeast centrosome as
illustrated in Figure 3. Here we focus on and overview the following critical steps: (i) centrosome
duplication; (ii) separation; and (iii) maturation.

One century ago, the founder of centrosome biology, Boveri, proposed that increased number of
centrosomes could lead to cancer [93] and it is known that indeed centrosome aberrations contribute
to human diseases including cancer and microcephaly [94–96]. Both in animal and yeasts, cells have
a mechanism to ensure the correct centrosome number. In the budding yeast S. cerevisiae, it is
reported that the SPB duplication is limited to once in cell cycle by phospho-regulation of Sfi1,
a half bridge component [97,98]. As illustrated in Figure 3, Cdc28/Cdk1 (cyclin-dependent kinase 1)
and Cdc5/Plk1 (polo-like kinase) phosphorylate the serine/threonine residues in the C-terminus of
Sfi1, thereby blocking the initiation of SPB duplication during S phase to early mitosis (“OFF” state).
After late mitosis to G1, as Cdk1 and Plk1 are inactivated and the Cdc14 phosphatase dephosphorylates
Sfi1, SPB duplication is licensed (“ON” state) and the new SPB is assembled on the half bridge.

Importantly, the fission yeast S. pombe Sfi1 contains only one Cdk1 consensus site and six putative
Plk1 phosphorylation sites in the C-terminus although it is not known whether the phospho-regulation
is critical for SPB duplication similarly as in S. cerevisiae [91].

While SPB duplication is dependent on the conserved Sfi1-centrin3 complex, the initiation
of centriole duplication in animals is controlled by Plk4, a serine-threonine kinase acting as
a master regulator of centriole biogenesis in animals [71,99,100]. Active PLK4 is known to recruit
and phosphorylate its binding protein STIL, which then recruits SAS-6 and initiates centriole
formation [101–104]. Importantly, Plk4 is lost from the genomes of yeasts but is present in the
basal fungi Chytrid [7], suggesting that centriole biogenesis was regulated at the centrosome of
the common ancestor of animal and fungi. Although animals and yeasts use distinct modules for
centriole/SPB duplication, analogous phospho-regulation seems to play critical roles in limiting the
timing of duplication. It was previously shown that inhibition of Cdk1 in multiple animal systems
(CHO cells, chicken DT40 cells and Drosophila wing disc) leads to unscheduled centriole formation and
amplification [105,106]. Recent studies revealed that Cdk1 inhibits premature centriole formation in
mitosis by binding and phosphorylating STIL, thereby preventing STIL-PLK4 association, a critical
initial step of centriole biogenesis [107,108] (Figure 3). Coinciding with inactivation of Cdk1 upon
mitotic exit, it is thought that PLK4 binds and phosphorylates STIL in G1, allowing for the beginning
of a centriole assembly in S phase [108] (“OFF” to “ON” state, Figure 3). Remarkably, the common
kinase, Cdk1, regulates the timing of SPB/centriole duplication in both yeasts and animals.

Once centrosome duplication is complete, separation of the two centrosomes is indispensable
to assemble a bipolar spindle during mitosis. In S. cerevisiae, SPB separation is triggered by severing
the bridge between two duplicated SPBs. This process is driven by the kinesin-5 motor proteins
(Eg5 orthologue), Cin8 and Kip1, that create a pushing force to separate the two SPBs [109–111].
Adequate accumulation of the two kinesins requires inactivation of the anaphase-promoting complex
(APC) activator Cdh1 through its phosphorylation by both Cdk1 and Plk1 [110,111]. In addition
to the indirect effect, Cdk1 directly phosphorylates both Cin8 and Kip1 in vitro and in particular,
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phosphorylation on the conserved CDK consensus site (S/T-P-X-X) (S388) in the motor domain of Kip1
is required for SPB separation in vivo [112]. Cdk1 phosphorylation on the C-terminus of Sfi1 is also
important for bridge severing and SPB separation [97].

In S. pombe, the sole kinesin-5 Cut7 (Eg5 orthologue) associates with the SPB and the mitotic
spindle and is essential for SPB separation and bipolar spindle assembly similarly as S. cerevisiae Kip1
and Cin8 [113,114]. The above-mentioned CDK consensus site in the motor domain is conserved
among kinesin-5 family proteins from yeast to human, however, it is not tested if this site affects
the function of the protein in other species. Although it is not known if Cdc2/Cdk1 phosphorylates
Sfi1 in S. pombe, the Sfi1-binding protein Cdc31/centrin3 is phosphorylated by Cdc2/Cdk1 and this
phosphorylation is required for the partial dissociation of Sfi1 and timely SPB separation [66].

Similarly, as in yeasts, the kinesin-5 (Eg5) is required for centrosome separation and bipolar spindle
formation in animals and Cdk1-phosphorylation on the residue in the C-terminal tail domain (T927) is
shown to be required for association with the centrosome and mitotic spindle [115,116]. Another study
revealed that centrosome separation occurs in Cdk1-inhibited DT40 cells and other Cdks and Plk1 also
collaborate to trigger centrosome localization of Eg5 and centrosome separation [117]. Collectively,
Eg5-dependent centrosome separation is phospho-regulated by Cdk1 and/or Plk1 activity and this
force-driven mechanism is conserved despite the structural divergence of centrosomes in animal and
yeasts (Figure 3).

In addition to the Eg5-dependent mechanism, centrosome separation is also achieved by severing
the proteinaceous linker between the duplicated centrosomes in animal cells. Briefly, the linker
containing the proteins such as C-Nap1 and rootletin is dissociated by the activity of kinases such as
Nek2A, Plk1 and Aurora A at the G2/M boundary of the cell cycle (refer to the details of the molecular
pathways in the reviews such as [92,118–120]).

As the two centrosomes successfully separate to opposite sides, a bipolar spindle is assembled
to achieve faithful chromosome segregation and centrosome inheritance. Since the mechanism for
mitotic spindle assembly is comprehensively summarized in recent reviews such as [121,122], we will
highlight the key phospho-regulation at the centrosome involved in mitotic spindle formation which
is common in animal and yeasts in this review.

As we described above, yeasts and animals share the PCM modules such as pericentrin and
CDK5RAP2 and these proteins anchor γ-TuSC/γ-TuRC to the SPB/centriole. The microtubule-nucleating
activity of the centrosome changes during the cell cycle, peaking at mitosis. This process is referred to as
SPB activation in yeasts [123] and centrosome maturation in animals [124,125].

In S. cerevisiae, the γ-TuSC receptor Spc110/pericentrin interacts with γ-TuSC through its
N-terminus and phosphorylation at this region by Cdk1 and Mps1 kinases promotes the affinity
to γ-TuSC and oligomerization of γ-TuSC [47]. This phosphorylation is cell-cycle dependent,
peaking in cells arrested in mitosis and allowing mitotic spindle assembly (Figure 3). In S. pombe,
the corresponding Pcp1/pericentrin also recruits γ-TuRC presumably through the N-terminal
conserved γ-TuSC/γ-TuRC binding motifs [47,62]. Pcp1 is also phosphorylated during mitosis partly
in a Plk1-dependent manner and this phosphorylation is required for Pcp1 incorporation into the
SPB [126]. Although phosphorylation sites have not been mapped yet, it is possible that Plk1-dependent
phosphorylation might promote γ-TuRC targeting to drive mitotic spindle assembly from the SPBs
during mitosis.

In animals, at the onset of mitosis, Plk1 plays a critical role in centrosome maturation as
revealed by depletion or chemical inhibitor treatment [127–129]. Similarly, as in yeasts, it is shown
that pericentrin is phosphorylated by Plk1 in mitosis and the phosphorylation on the residues
conserved among vertebrates is required for accumulation of the PCM proteins such as CEP192
and GCP-WD, γ-tubulin and Plk1 [130]. Intriguingly, phospho-regulation of pericentrin to achieve
higher microtubule-nucleating activity is also conserved in yeasts and animals despite the structural
diversification in pericentrin protein sequences [46,47]. Taken together, we can find multiple conserved
regulations in the analogous processes of centrosome biogenesis as illustrated in Figure 3, suggesting
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5. How Did the SPB Evolve?

As we compared above, the animal centrosome and the yeast SPBs show the great differences in
morphology but some molecular components and regulation are conserved. Importantly, while the
yeast acquired specific SPB components, the PCM is conserved. Furthermore, the timing and regulation
of centrosome biogenesis amongst canonical centrosomes and SPBs are quite similar (Figure 3).
It is likely that the ancestors of fungi are aquatic forms with flagellated spores and the loss of
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centrioles seems to have coincided with innovations in spore dispersal, that is, wind-dispersed
non-flagellated spores found in extant yeasts [131]. It is thus possible that concomitant with loss of the
centriole in yeasts, a new scaffold that harbours molecules that nucleate MTs and regulate signalling
arose while maintaining similar functions. How did such structural transition occur in evolution?
Intriguingly, the zygomycete SPB with a centriole-like structure provides hints about the evolutionary
process [15]. This observation raises the possibility that the SPB arose “on” the pre-existing centriole at
the centrosome. It still remains unknown how yeasts gained the SPB. Fission yeast SPB is composed of
not only the conserved PCM components but also the proteins with no clear orthologues outside of
fungi such as Ppc89 and Sid4 [63,64], suggesting acquisition of new proteins after branching to yeasts.

By inferring from the extant chytrid centrosome, it is likely that the animal-fungi ancestor might
have had a centrosome with a pair of centrioles anchored in the nucleus which underwent closed
mitosis (Figure 4). We propose that the yeast SPB has been formed possibly by step-wise processes
from the common ancestor. As the first step, the SPB precursor appeared on the ancestral centriolar
centrosome and then it interacted with the existing PCM proteins and connected to the NE. Finally,
when centriole and cilia were lost from the genome, the SPB precursor replaced the roles of centrioles
as a scaffold for PCM modules (Figure 4). Even after yeasts lost the centriole and the function for
motility, the necessity to maintain the other function, that is, microtubule nucleation, might have
constrained the evolution of PCM structure and function.
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Figure 4. Speculated scenario of centrosome evolution. The common ancestor of fungi and animals is
likely to have had a canonical centrosome. Presumably, it might be like the extant chytrid centrosome
in which the centriole pair is anchored in the NE to undergo closed mitosis. Eventually, the newly
invented SPB precursor was formed closed to the centriolar centrosome and started to interact with
the pore and PCM. When the centriole was lost, the SPB structure replaced the role of centrioles and
maintained the same function as MTOC.
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6. Conclusions and Perspective

In the field of centrosome biology, the yeast SPB has been described as “equivalent to the
centrosome” but its evolution and origin have been less understood and discussed. In this review,
we speculate that the animal centrosome and the yeast SPBs are indeed homologous since they
share the similar structure and molecules originated from the common ancestor. In particular,
the PCM is remarkably conserved in terms of molecular composition and regulation due to its
indispensable function to nucleate microtubules at the centrosome. As we discussed above, analyses
of the centrosome structure, components and functions from a greater variety of species give us
more hints in order to reconstitute the evolutionary history of the centrosome and understand how
the ancestral centrosome was remodelled and diverse structures arose. Better understanding the
centrosome evolution will lead to discovering the essential and fundamental mechanism to assemble
the functional organelle. The diverged centrosomes should continue to be a great model to understand
how the centrosomes evolved and biogenesis is regulated.

Author Contributions: D.I. and M.B.-D. conceptualised and wrote the paper.

Funding: D.I. is supported by a long-term fellowship from the Human Frontier Science Program (LT000344/2013)
and postdoctoral fellowships from the Uehara Memorial Foundation, Japan and Fundação para a Ciência e a
Tecnologia (FCT) (195/BPD/17). Work in the laboratory (CCR) of M.B.-D. is funded by the Gulbenkian Foundation,
a European Research Council Consolidator Grant (CoG683528) and FCT grant (PTDC/BIM-ONC/6858/2014).

Acknowledgments: The authors thank Jaroslow Surkont for help with bioinformatics analyses and Mariana Faria,
Catarina Nabais and Sihem Zitouni for critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Scheer, U. Historical roots of centrosome research: Discovery of Boveri’s microscope slides in Wurzburg.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2014, 369, 20130469. [CrossRef] [PubMed]

2. Bettencourt-dias, M.; Glover, D.M. Centrosome biogenesis and function: Centrosomics brings new
understanding. Nat. Rev. Mol. Cell Biol. 2007, 8, 451–463. [CrossRef] [PubMed]

3. Carvalho-Santos, Z.; Azimzadeh, J.; Pereira-Leal, J.B.; Bettencourt-Dias, M. Evolution: Tracing the origins of
centrioles, cilia and flagella. J. Cell Biol. 2011, 194, 165–175. [CrossRef] [PubMed]

4. Azimzadeh, J. Exploring the evolutionary history of centrosomes. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2014,
369, 20130453. [CrossRef] [PubMed]

5. Azimzadeh, J.; Bornens, M. The Centrosome in Evolution. In Centrosomes in Development and Disease;
Wiley-Blackwell: Hoboken, NJ, USA, 2005; pp. 93–122. ISBN 9783527603800.

6. Bornens, M.; Azimzadeh, J. Origin and evolution of the centrosome. Adv. Exp. Med. Biol. 2007, 607, 119–129.
[PubMed]

7. Carvalho-Santos, Z.; Machado, P.; Branco, P.; Tavares-Cadete, F.; Rodrigues-Martins, A.; Pereira-Leal, J.B.;
Bettencourt-Dias, M. Stepwise evolution of the centriole-assembly pathway. J. Cell Sci. 2010, 123, 1414–1426.
[CrossRef] [PubMed]

8. Kilmartin, J.V. Lessons from yeast: The spindle pole body and the centrosome. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 2014, 369, 20130456. [CrossRef] [PubMed]

9. Graf, R.; Batsios, P.; Meyer, I. Evolution of centrosomes and the nuclear lamina: Amoebozoan assets. Eur. J.
Cell Biol. 2015, 94, 249–256. [CrossRef] [PubMed]

10. Cavalier-Smith, T. Early evolution of eukaryote feeding modes, cell structural diversity and classification
of the protozoan phyla Loukozoa, Sulcozoa and Choanozoa. Eur. J. Protistol. 2013, 49, 115–178. [CrossRef]
[PubMed]

11. Adl, S.M.; Simpson, A.G.B.; Lane, C.E.; Lukes, J.; Bass, D.; Bowser, S.S.; Brown, M.W.; Burki, F.; Dunthorn, M.;
Hampl, V.; et al. The revised classification of eukaryotes. J. Eukaryot. Microbiol. 2012, 59, 429–493. [CrossRef]
[PubMed]

12. Jaspersen, S.L.; Winey, M. The Budding Yeast Spindle Pole Body: Structure, Duplication and Function.
Annu. Rev. Cell Dev. Biol. 2004, 20, 1–28. [CrossRef] [PubMed]

http://dx.doi.org/10.1098/rstb.2013.0469
http://www.ncbi.nlm.nih.gov/pubmed/25047623
http://dx.doi.org/10.1038/nrm2180
http://www.ncbi.nlm.nih.gov/pubmed/17505520
http://dx.doi.org/10.1083/jcb.201011152
http://www.ncbi.nlm.nih.gov/pubmed/21788366
http://dx.doi.org/10.1098/rstb.2013.0453
http://www.ncbi.nlm.nih.gov/pubmed/25047607
http://www.ncbi.nlm.nih.gov/pubmed/17977464
http://dx.doi.org/10.1242/jcs.064931
http://www.ncbi.nlm.nih.gov/pubmed/20392737
http://dx.doi.org/10.1098/rstb.2013.0456
http://www.ncbi.nlm.nih.gov/pubmed/25047610
http://dx.doi.org/10.1016/j.ejcb.2015.04.004
http://www.ncbi.nlm.nih.gov/pubmed/25952183
http://dx.doi.org/10.1016/j.ejop.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23085100
http://dx.doi.org/10.1111/j.1550-7408.2012.00644.x
http://www.ncbi.nlm.nih.gov/pubmed/23020233
http://dx.doi.org/10.1146/annurev.cellbio.20.022003.114106
http://www.ncbi.nlm.nih.gov/pubmed/15473833


Cells 2018, 7, 71 12 of 17

13. Cavanaugh, A.M.; Jaspersen, S.L. Big Lessons from Little Yeast: Budding and Fission Yeast Centrosome
Structure, Duplication and Function. Annu. Rev. Genet. 2017, 51, 361–383. [CrossRef] [PubMed]

14. Adams, I.R.; Kilmartin, J.V. Spindle pole body duplication: A model for centrosome duplication? Trends Cell Biol.
2000, 10, 329–335. [CrossRef]

15. McLaughlin, D.J.; Healy, R.A.; Celio, G.J.; Roberson, R.W.; Kumar, T.K.A. Evolution of zygomycetous spindle
pole bodies: Evidence from Coemansia reversa mitosis. Am. J. Bot. 2015, 102, 707–717. [CrossRef] [PubMed]

16. Powell, M.J. Mitosis in the Aquatic Fungus Rhizophydium spherotheca (Chytridiales). Am. J. Bot. 1980, 67, 839–853.
[CrossRef]

17. Moens, P.B. Spindle and kinetochore morphology of Dictyostelium discoideum. J. Cell Biol. 1976, 68, 113–122.
[CrossRef] [PubMed]

18. De Souza, C.P.C.; Osmani, S.A. Mitosis, not just open or closed. Eukaryot. Cell 2007, 6, 1521–1527. [CrossRef]
[PubMed]

19. Gely, C.; Wright, M. The centriole cycle in the amoebae of the myxomycete Physarum polycephalum. Protoplasma
1986, 132, 23–31. [CrossRef]

20. Aldrich, H.C. The ultrastructure of mitosis in myxamoebae and plasmodia of Physarum flavicomum. Am. J. Bot.
1969, 56, 290–299. [CrossRef] [PubMed]

21. Havercroft, J.C.; Quinlan, R.A.; Gull, K. Characterisation of a microtubule organising centre from
Physarum polycephalum myxamoebae. J. Ultrastruct. Res. 1981, 74, 313–321. [CrossRef]

22. Tanaka, K. Intranuclear microtubule organizing center in early prophase nuclei of the plasmodium of the
slime mold, Physarum polycephalum. J. Cell Biol. 1973, 57, 220–224. [CrossRef] [PubMed]

23. Sakai, A.; Shigenaga, M. Electron microscopy of dividing cells. IV. Behaviour of spindle microtubules
during nuclear division in the plasmodium of the myxomycete, Physarum polycephalum. Chromosoma 1972,
37, 101–116. [CrossRef] [PubMed]

24. Hinchee, A.A.; Haskins, E.F. Open spindle nuclear division in the amoebal phase of the acellular slime mold
Echinostelium minutum with chromosomal movement related to the pronounced rearrangement of spindle
microtubules. Protoplasma 1980, 102, 235–253. [CrossRef]

25. Nigg, E.A.; Holland, A.J. Once and only once: Mechanisms of centriole duplication and their deregulation in
disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 297–312. [CrossRef] [PubMed]

26. Gönczy, P. Towards a molecular architecture of centriole assembly. Nat. Rev. Mol. Cell Biol. 2012, 13, 425–435.
[CrossRef] [PubMed]

27. Van Breugel, M.; Hirono, M.; Andreeva, A.; Yanagisawa, H.; Yamaguchi, S.; Nakazawa, Y.; Morgner, N.;
Petrovich, M.; Ebong, I.-O.; Robinson, C.V.; et al. Structures of SAS-6 suggest its organization in centrioles.
Science 2011, 331, 1196–1199. [CrossRef] [PubMed]

28. Kitagawa, D.; Vakonakis, I.; Olieric, N.; Hilbert, M.; Keller, D.; Olieric, V.; Bortfeld, M.; Erat, M.C.; Flückiger, I.;
Gönczy, P.; et al. Structural basis of the 9-fold symmetry of centrioles. Cell 2011, 144, 364–375. [CrossRef]
[PubMed]

29. Lin, Y.-C.; Chang, C.-W.; Hsu, W.-B.; Tang, C.-J.C.; Lin, Y.-N.; Chou, E.-J.; Wu, C.-T.; Tang, T.K. Human
microcephaly protein CEP135 binds to hSAS-6 and CPAP and is required for centriole assembly. EMBO J.
2013, 32, 1141–1154. [CrossRef] [PubMed]

30. Tang, C.-J.C.; Lin, S.-Y.; Hsu, W.-B.; Lin, Y.-N.; Wu, C.-T.; Lin, Y.-C.; Chang, C.-W.; Wu, K.-S.; Tang, T.K. The
human microcephaly protein STIL interacts with CPAP and is required for procentriole formation. EMBO J.
2011, 30, 4790–4804. [CrossRef] [PubMed]

31. Nakazawa, Y.; Hiraki, M.; Kamiya, R.; Hirono, M. SAS-6 is a cartwheel protein that establishes the 9-fold
symmetry of the centriole. Curr. Biol. 2007, 17, 2169–2174. [CrossRef] [PubMed]

32. Tang, C.-J.C.; Fu, R.-H.; Wu, K.-S.; Hsu, W.-B.; Tang, T.K. CPAP is a cell-cycle regulated protein that controls
centriole length. Nat. Cell Biol. 2009, 11, 825–831. [CrossRef] [PubMed]

33. Schmidt, T.I.; Kleylein-Sohn, J.; Westendorf, J.; Le Clech, M.; Lavoie, S.B.; Stierhof, Y.-D.; Nigg, E.A. Control
of centriole length by CPAP and CP110. Curr. Biol. 2009, 19, 1005–1011. [CrossRef] [PubMed]

34. Kohlmaier, G.; Loncarek, J.; Meng, X.; McEwen, B.F.; Mogensen, M.M.; Spektor, A.; Dynlacht, B.D.;
Khodjakov, A.; Gonczy, P. Overly long centrioles and defective cell division upon excess of the SAS-4-related
protein CPAP. Curr. Biol. 2009, 19, 1012–1018. [CrossRef] [PubMed]

35. Fu, J.; Glover, D.M. Structured illumination of the interface between centriole and peri-centriolar material.
Open Biol. 2012, 2, 120104. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev-genet-120116-024733
http://www.ncbi.nlm.nih.gov/pubmed/28934593
http://dx.doi.org/10.1016/S0962-8924(00)01798-0
http://dx.doi.org/10.3732/ajb.1400477
http://www.ncbi.nlm.nih.gov/pubmed/26022485
http://dx.doi.org/10.1002/j.1537-2197.1980.tb07713.x
http://dx.doi.org/10.1083/jcb.68.1.113
http://www.ncbi.nlm.nih.gov/pubmed/942722
http://dx.doi.org/10.1128/EC.00178-07
http://www.ncbi.nlm.nih.gov/pubmed/17660363
http://dx.doi.org/10.1007/BF01275786
http://dx.doi.org/10.1002/j.1537-2197.1969.tb07536.x
http://www.ncbi.nlm.nih.gov/pubmed/5813478
http://dx.doi.org/10.1016/S0022-5320(81)80122-0
http://dx.doi.org/10.1083/jcb.57.1.220
http://www.ncbi.nlm.nih.gov/pubmed/4734866
http://dx.doi.org/10.1007/BF00329562
http://www.ncbi.nlm.nih.gov/pubmed/5064173
http://dx.doi.org/10.1007/BF01279590
http://dx.doi.org/10.1038/nrm.2017.127
http://www.ncbi.nlm.nih.gov/pubmed/29363672
http://dx.doi.org/10.1038/nrm3373
http://www.ncbi.nlm.nih.gov/pubmed/22691849
http://dx.doi.org/10.1126/science.1199325
http://www.ncbi.nlm.nih.gov/pubmed/21273447
http://dx.doi.org/10.1016/j.cell.2011.01.008
http://www.ncbi.nlm.nih.gov/pubmed/21277013
http://dx.doi.org/10.1038/emboj.2013.56
http://www.ncbi.nlm.nih.gov/pubmed/23511974
http://dx.doi.org/10.1038/emboj.2011.378
http://www.ncbi.nlm.nih.gov/pubmed/22020124
http://dx.doi.org/10.1016/j.cub.2007.11.046
http://www.ncbi.nlm.nih.gov/pubmed/18082404
http://dx.doi.org/10.1038/ncb1889
http://www.ncbi.nlm.nih.gov/pubmed/19503075
http://dx.doi.org/10.1016/j.cub.2009.05.016
http://www.ncbi.nlm.nih.gov/pubmed/19481458
http://dx.doi.org/10.1016/j.cub.2009.05.018
http://www.ncbi.nlm.nih.gov/pubmed/19481460
http://dx.doi.org/10.1098/rsob.120104
http://www.ncbi.nlm.nih.gov/pubmed/22977736


Cells 2018, 7, 71 13 of 17

36. Fu, J.; Lipinszki, Z.; Rangone, H.; Min, M.; Mykura, C.; Chao-Chu, J.; Schneider, S.; Dzhindzhev, N.S.;
Gottardo, M.; Riparbelli, M.G.; et al. Conserved molecular interactions in centriole-to-centrosome conversion.
Nat. Cell Biol. 2016, 18, 87–99. [CrossRef] [PubMed]

37. Mennella, V.; Keszthelyi, B.; McDonald, K.L.; Chhun, B.; Kan, F.; Rogers, G.C.; Huang, B.; Agard, D.A.
Subdiffraction-resolution fluorescence microscopy reveals a domain of the centrosome critical for pericentriolar
material organization. Nat. Cell Biol. 2012, 14, 1159–1168. [CrossRef] [PubMed]

38. Lawo, S.; Hasegan, M.; Gupta, G.D.; Pelletier, L. Subdiffraction imaging of centrosomes reveals higher-order
organizational features of pericentriolar material. Nat. Cell Biol. 2012, 14, 1148–1158. [CrossRef] [PubMed]

39. Delaval, B.; Doxsey, S.J. Pericentrin in cellular function and disease. J. Cell Biol. 2010, 188, 181–190. [CrossRef]
[PubMed]

40. Megraw, T.L.; Sharkey, J.T.; Nowakowski, R.S. Cdk5rap2 exposes the centrosomal root of microcephaly
syndromes. Trends Cell Biol. 2011, 21, 470–480. [CrossRef] [PubMed]

41. Woodruff, J.B.; Ferreira Gomes, B.; Widlund, P.O.; Mahamid, J.; Honigmann, A.; Hyman, A.A.
The Centrosome is a Selective Condensate that Nucleates Microtubules by Concentrating Tubulin. Cell 2017,
169, 1066–1077. [CrossRef] [PubMed]

42. Feng, Z.; Caballe, A.; Wainman, A.; Johnson, S.; Haensele, A.F.M.; Cottee, M.A.; Conduit, P.T.; Lea, S.M.;
Raff, J.W. Structural Basis for Mitotic Centrosome Assembly in Flies. Cell 2017, 169, 1078–1089. [CrossRef]
[PubMed]

43. Kollman, J.M.; Merdes, A.; Mourey, L.; Agard, D.A. Microtubule nucleation by gamma-tubulin complexes.
Nat. Rev. Mol. Cell Biol. 2011, 12, 709–721. [CrossRef] [PubMed]

44. Lin, T.; Neuner, A.; Schiebel, E. Targeting of gamma-tubulin complexes to microtubule organizing centers:
Conservation and divergence. Trends Cell Biol. 2015, 25, 296–307. [CrossRef] [PubMed]

45. Teixido-Travesa, N.; Roig, J.; Luders, J. The where, when and how of microtubule nucleation—One ring to
rule them all. J. Cell Sci. 2012, 125, 4445–4456. [CrossRef] [PubMed]

46. Gillingham, A.K.; Munro, S. The PACT domain, a conserved centrosomal targeting motif in the coiled-coil
proteins AKAP450 and pericentrin. EMBO Rep. 2000, 1, 524–529. [CrossRef] [PubMed]

47. Lin, T.C.; Neuner, A.; Schlosser, Y.T.; Scharf, A.N.; Weber, L.; Schiebel, E. Cell-cycle dependent phosphorylation of
yeast pericentrin regulates γ-TuSC-mediated microtubule nucleation. eLife 2014, 3, e02208. [CrossRef] [PubMed]

48. Knop, M.; Pereira, G.; Geissler, S.; Grein, K.; Schiebel, E. The spindle pole body component Spc97p interacts
with the gamma-tubulin of Saccharomyces cerevisiae and functions in microtubule organization and spindle
pole body duplication. EMBO J. 1997, 16, 1550–1564. [CrossRef] [PubMed]

49. Nguyen, T.; Vinh, D.B.; Crawford, D.K.; Davis, T.N. A genetic analysis of interactions with Spc110p reveals
distinct functions of Spc97p and Spc98p, components of the yeast gamma-tubulin complex. Mol. Biol. Cell
1998, 9, 2201–2216. [CrossRef] [PubMed]

50. Soues, S.; Adams, I.R. SPC72: A spindle pole component required for spindle orientation in the yeast
Saccharomyces cerevisiae. J. Cell Sci. 1998, 111, 2809–2818. [PubMed]

51. Knop, M.; Schiebel, E. Receptors determine the cellular localization of a gamma-tubulin complex and thereby
the site of microtubule formation. EMBO J. 1998, 17, 3952–3967. [CrossRef] [PubMed]

52. Bullitt, E.; Rout, M.P.; Kilmartin, J.V.; Akey, C.W. The yeast spindle pole body is assembled around a central
crystal of Spc42p. Cell 1997, 89, 1077–1086. [CrossRef]

53. Adams, I.R.; Kilmartin, J.V. Localization of core spindle pole body (SPB) components during SPB duplication
in Saccharomyces cerevisiae. J. Cell Biol. 1999, 145, 809–823. [CrossRef] [PubMed]

54. Muller, E.G.D.; Snydsman, B.E.; Novik, I.; Hailey, D.W.; Gestaut, D.R.; Niemann, C.A.; O’Toole, E.T.;
Giddings, T.H.J.; Sundin, B.A.; Davis, T.N. The organization of the core proteins of the yeast spindle pole
body. Mol. Biol. Cell 2005, 16, 3341–3352. [CrossRef] [PubMed]

55. Elliott, S.; Knop, M.; Schlenstedt, G.; Schiebel, E. Spc29p is a component of the Spc110p subcomplex and
is essential for spindle pole body duplication. Proc. Natl. Acad. Sci. USA 1999, 96, 6205–6210. [CrossRef]
[PubMed]

56. Kilmartin, J.V. Sfi1p has conserved centrin-binding sites and an essential function in budding yeast spindle
pole body duplication. J. Cell Biol. 2003, 162, 1211–1221. [CrossRef] [PubMed]

57. Spang, A.; Courtney, I.; Fackler, U.; Matzner, M.; Schiebel, E. The calcium-binding protein cell division cycle
31 of Saccharomyces cerevisiae is a component of the half bridge of the spindle pole body. J. Cell Biol. 1993,
123, 405–416. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncb3274
http://www.ncbi.nlm.nih.gov/pubmed/26595382
http://dx.doi.org/10.1038/ncb2597
http://www.ncbi.nlm.nih.gov/pubmed/23086239
http://dx.doi.org/10.1038/ncb2591
http://www.ncbi.nlm.nih.gov/pubmed/23086237
http://dx.doi.org/10.1083/jcb.200908114
http://www.ncbi.nlm.nih.gov/pubmed/19951897
http://dx.doi.org/10.1016/j.tcb.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21632253
http://dx.doi.org/10.1016/j.cell.2017.05.028
http://www.ncbi.nlm.nih.gov/pubmed/28575670
http://dx.doi.org/10.1016/j.cell.2017.05.030
http://www.ncbi.nlm.nih.gov/pubmed/28575671
http://dx.doi.org/10.1038/nrm3209
http://www.ncbi.nlm.nih.gov/pubmed/21993292
http://dx.doi.org/10.1016/j.tcb.2014.12.002
http://www.ncbi.nlm.nih.gov/pubmed/25544667
http://dx.doi.org/10.1242/jcs.106971
http://www.ncbi.nlm.nih.gov/pubmed/23132930
http://dx.doi.org/10.1093/embo-reports/kvd105
http://www.ncbi.nlm.nih.gov/pubmed/11263498
http://dx.doi.org/10.7554/eLife.02208
http://www.ncbi.nlm.nih.gov/pubmed/24842996
http://dx.doi.org/10.1093/emboj/16.7.1550
http://www.ncbi.nlm.nih.gov/pubmed/9130700
http://dx.doi.org/10.1091/mbc.9.8.2201
http://www.ncbi.nlm.nih.gov/pubmed/9693376
http://www.ncbi.nlm.nih.gov/pubmed/9718373
http://dx.doi.org/10.1093/emboj/17.14.3952
http://www.ncbi.nlm.nih.gov/pubmed/9670012
http://dx.doi.org/10.1016/S0092-8674(00)80295-0
http://dx.doi.org/10.1083/jcb.145.4.809
http://www.ncbi.nlm.nih.gov/pubmed/10330408
http://dx.doi.org/10.1091/mbc.e05-03-0214
http://www.ncbi.nlm.nih.gov/pubmed/15872084
http://dx.doi.org/10.1073/pnas.96.11.6205
http://www.ncbi.nlm.nih.gov/pubmed/10339566
http://dx.doi.org/10.1083/jcb.200307064
http://www.ncbi.nlm.nih.gov/pubmed/14504268
http://dx.doi.org/10.1083/jcb.123.2.405
http://www.ncbi.nlm.nih.gov/pubmed/8408222


Cells 2018, 7, 71 14 of 17

58. Li, S.; Sandercock, A.M.; Conduit, P.; Robinson, C.V.; Williams, R.L.; Kilmartin, J.V. Structural role of Sfi1p-centrin
filaments in budding yeast spindle pole body duplication. J. Cell Biol. 2006, 173, 867–877. [CrossRef] [PubMed]

59. Flory, M.R.; Morphew, M.; Joseph, J.D.; Means, A.R.; Davis, T.N. Pcp1p, an Spc110p-related calmodulin
target at the centrosome of the fission yeast Schizosaccharomyces pombe. Cell Growth Differ. 2002, 13, 47–58.
[PubMed]

60. Samejima, I.; Miller, V.J.; Rincon, S.A.; Sawin, K.E. Fission yeast Mto1 regulates diversity of cytoplasmic
microtubule organizing centers. Curr. Biol. 2010, 20, 1959–1965. [CrossRef] [PubMed]

61. Bestul, A.J.; Yu, Z.; Unruh, J.R.; Jaspersen, S.L. Molecular model of fission yeast centrosome assembly
determined by superresolution imaging. J. Cell Biol. 2017. [CrossRef] [PubMed]

62. Fong, C.S.; Sato, M.; Toda, T. Fission yeast Pcp1 links polo kinase-mediated mitotic entry to
gamma-tubulin-dependent spindle formation. EMBO J. 2010, 29, 120–130. [CrossRef] [PubMed]

63. Rosenberg, J.A.; Tomlin, G.C.; McDonald, W.H.; Snydsman, B.E.; Muller, E.G.; Yates, J.R., 3rd; Gould, K.L.
Ppc89 links multiple proteins, including the septation initiation network, to the core of the fission yeast
spindle-pole body. Mol. Biol. Cell 2006, 17, 3793–3805. [CrossRef] [PubMed]

64. Chang, L.; Gould, K.L. Sid4p is required to localize components of the septation initiation pathway to the
spindle pole body in fission yeast. Proc. Natl. Acad. Sci. USA 2000, 97, 5249–5254. [CrossRef] [PubMed]

65. Krapp, A.; Schmidt, S.; Cano, E.; Simanis, V.S. pombe cdc11p, together with sid4p, provides an anchor for
septation initiation network proteins on the spindle pole body. Curr. Biol. 2001, 11, 1559–1568. [CrossRef]

66. Bouhlel, I.B.; Ohta, M.; Mayeux, A.; Bordes, N.; Dingli, F.; Boulanger, J.; Velve Casquillas, G.; Loew, D.;
Tran, P.T.; Sato, M.; et al. Cell cycle control of spindle pole body duplication and splitting by Sfi1 and Cdc31
in fission yeast. J. Cell Sci. 2015, 128, 1481–1493. [CrossRef] [PubMed]

67. Lee, I.; Wang, N.; Hu, W.; Schott, K.; Bähler, J.; Giddings, T.H.; Pringle, J.R.; Du, L.-L.; Wu, J.-Q. Regulation of
spindle-pole body assembly and cytokinesis by the centrin-binding protein Sfi1 in fission yeast. Mol. Biol. Cell
2014, 25, 1–34. [CrossRef] [PubMed]

68. Martinez-Sanz, J.; Yang, A.; Blouquit, Y.; Duchambon, P.; Assairi, L.; Craescu, C.T. Binding of human centrin
2 to the centrosomal protein hSfi1. FEBS J. 2006, 273, 4504–4515. [CrossRef] [PubMed]

69. Paoletti, A.; Moudjou, M.; Paintrand, M.; Salisbury, J.L.; Bornens, M. Most of centrin in animal cells is not
centrosome-associated and centrosomal centrin is confined to the distal lumen of centrioles. J. Cell Sci. 1996,
109, 3089–3102. [PubMed]

70. Dantas, T.J.; Wang, Y.; Lalor, P.; Dockery, P.; Morrison, C.G. Defective nucleotide excision repair with normal
centrosome structures and functions in the absence of all vertebrate centrins. J. Cell Biol. 2011, 193, 307–318.
[CrossRef] [PubMed]

71. Kleylein-Sohn, J.; Westendorf, J.; Le Clech, M.; Habedanck, R.; Stierhof, Y.-D.; Nigg, E.A. Plk4-induced
centriole biogenesis in human cells. Dev. Cell 2007, 13, 190–202. [CrossRef] [PubMed]

72. Byers, B.; Goetsch, L. Behavior of spindles and spindle plaques in the cell cycle and conjugation of
Saccharomyces cerevisiae. J. Bacteriol. 1975, 124, 511–523. [PubMed]

73. McCully, E.K.; Robinow, C.F. Mitosis in the fission yeast Schizosaccharomyces pombe: A comparative study
with light and electron microscopy. J. Cell Sci. 1971, 9, 475–507. [PubMed]

74. Ding, R.; West, R.R.; Morphew, D.M.; Oakley, B.R.; McIntosh, J.R. The spindle pole body of
Schizosaccharomyces pombe enters and leaves the nuclear envelope as the cell cycle proceeds. Mol. Biol. Cell
1997, 8, 1461–1479. [CrossRef] [PubMed]

75. O’Toole, E.T.; Winey, M.; McIntosh, J.R. High-voltage electron tomography of spindle pole bodies and early
mitotic spindles in the yeast Saccharomyces cerevisiae. Mol. Biol. Cell 1999, 10, 2017–2031. [CrossRef] [PubMed]

76. Chial, H.J.; Rout, M.P.; Giddings, T.H.; Winey, M. Saccharomyces cerevisiae Ndc1p is a shared component of
nuclear pore complexes and spindle pole bodies. J. Cell Biol. 1998, 143, 1789–1800. [CrossRef] [PubMed]

77. West, R.R.; Vaisberg, E.V.; Ding, R.; Nurse, P.; McIntosh, J.R. cut11(+): A gene required for cell
cycle-dependent spindle pole body anchoring in the nuclear envelope and bipolar spindle formation
in Schizosaccharomyces pombe. Mol. Biol. Cell 1998, 9, 2839–2855. [CrossRef] [PubMed]

78. Ruthnick, D.; Neuner, A.; Dietrich, F.; Kirrmaier, D.; Engel, U.; Knop, M.; Schiebel, E. Characterization
of spindle pole body duplication reveals a regulatory role for nuclear pore complexes. J. Cell Biol. 2017,
216, 2425–2442. [CrossRef] [PubMed]

79. Ruthnick, D.; Schiebel, E. Duplication and Nuclear Envelope Insertion of the Yeast Microtubule Organizing
Centre, the Spindle Pole Body. Cells 2018, 7, 42. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.200603153
http://www.ncbi.nlm.nih.gov/pubmed/16785321
http://www.ncbi.nlm.nih.gov/pubmed/11864908
http://dx.doi.org/10.1016/j.cub.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/20970338
http://dx.doi.org/10.1083/jcb.201701041
http://www.ncbi.nlm.nih.gov/pubmed/28619713
http://dx.doi.org/10.1038/emboj.2009.331
http://www.ncbi.nlm.nih.gov/pubmed/19942852
http://dx.doi.org/10.1091/mbc.e06-01-0039
http://www.ncbi.nlm.nih.gov/pubmed/16775007
http://dx.doi.org/10.1073/pnas.97.10.5249
http://www.ncbi.nlm.nih.gov/pubmed/10805785
http://dx.doi.org/10.1016/S0960-9822(01)00478-X
http://dx.doi.org/10.1242/jcs.159657
http://www.ncbi.nlm.nih.gov/pubmed/25736294
http://dx.doi.org/10.1091/mbc.e13-11-0699
http://www.ncbi.nlm.nih.gov/pubmed/25031431
http://dx.doi.org/10.1111/j.1742-4658.2006.05456.x
http://www.ncbi.nlm.nih.gov/pubmed/16956364
http://www.ncbi.nlm.nih.gov/pubmed/9004043
http://dx.doi.org/10.1083/jcb.201012093
http://www.ncbi.nlm.nih.gov/pubmed/21482720
http://dx.doi.org/10.1016/j.devcel.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17681131
http://www.ncbi.nlm.nih.gov/pubmed/1100612
http://www.ncbi.nlm.nih.gov/pubmed/4108061
http://dx.doi.org/10.1091/mbc.8.8.1461
http://www.ncbi.nlm.nih.gov/pubmed/9285819
http://dx.doi.org/10.1091/mbc.10.6.2017
http://www.ncbi.nlm.nih.gov/pubmed/10359612
http://dx.doi.org/10.1083/jcb.143.7.1789
http://www.ncbi.nlm.nih.gov/pubmed/9864355
http://dx.doi.org/10.1091/mbc.9.10.2839
http://www.ncbi.nlm.nih.gov/pubmed/9763447
http://dx.doi.org/10.1083/jcb.201612129
http://www.ncbi.nlm.nih.gov/pubmed/28659328
http://dx.doi.org/10.3390/cells7050042
http://www.ncbi.nlm.nih.gov/pubmed/29748517


Cells 2018, 7, 71 15 of 17

80. Burns, S.; Avena, J.S.; Unruh, J.R.; Yu, Z.; Smith, S.E.; Slaughter, B.D.; Winey, M.; Jaspersen, S.L. Structured
illumination with particle averaging reveals novel roles for yeast centrosome components during duplication.
eLife 2015, 4. [CrossRef] [PubMed]

81. Hagan, I.; Yanagida, M. The product of the spindle formation gene sad1+ associates with the fission yeast
spindle pole body and is essential for viability. J. Cell Biol. 1995, 129, 1033–1047. [CrossRef] [PubMed]

82. Fernandez-Alvarez, A.; Bez, C.; O’Toole, E.T.; Morphew, M.; Cooper, J.P. Mitotic Nuclear Envelope
Breakdown and Spindle Nucleation are Controlled by Interphase Contacts between Centromeres and
the Nuclear Envelope. Dev. Cell 2016, 39, 544–559. [CrossRef] [PubMed]

83. Chen, J.; Smoyer, C.J.; Slaughter, B.D.; Unruh, J.R.; Jaspersen, S.L. The SUN protein Mps3 controls Ndc1
distribution and function on the nuclear membrane. J. Cell Biol. 2014, 204, 523–539. [CrossRef] [PubMed]

84. Jaspersen, S.L.; Martin, A.E.; Glazko, G.; Giddings, T.H.J.; Morgan, G.; Mushegian, A.; Winey, M.
The Sad1-UNC-84 homology domain in Mps3 interacts with Mps2 to connect the spindle pole body with the
nuclear envelope. J. Cell Biol. 2006, 174, 665–675. [CrossRef] [PubMed]

85. Paoletti, A.; Bordes, N.; Haddad, R.; Schwartz, C.L.; Chang, F.; Bornens, M. Fission yeast cdc31p is
a component of the half-bridge and controls SPB duplication. Mol. Biol. Cell 2003, 14, 2793–2808. [CrossRef]
[PubMed]

86. Hodges, M.E.; Scheumann, N.; Wickstead, B.; Langdale, J.A.; Gull, K. Reconstructing the evolutionary history
of the centriole from protein components. J. Cell Sci. 2010, 123, 1407–1413. [CrossRef] [PubMed]

87. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol.
1990, 215, 403–410. [CrossRef]

88. Finn, R.D.; Clements, J.; Arndt, W.; Miller, B.L.; Wheeler, T.J.; Schreiber, F.; Bateman, A.; Eddy, S.R. HMMER
web server: 2015 update. Nucleic Acids Res. 2015, 43, W30–W38. [CrossRef] [PubMed]

89. Ito, D.; Zitouni, S.; Jana, S.C.; Duarte, P.; Surkont, J.; Carvalho-Santos, Z.; Pereira-Leal, J.B.; Godinho Ferreira, M.;
Bettencourt-Dias, M. An ancestral role of pericentrin in centriole formation through SAS-6 recruitment. bioRxiv 2018.
[CrossRef]

90. Nigg, E.A.; Stearns, T. The centrosome cycle: Centriole biogenesis, duplication and inherent asymmetries.
Nat. Cell Biol. 2011, 13, 1154–1160. [CrossRef] [PubMed]

91. Ruthnick, D.; Schiebel, E. Duplication of the Yeast Spindle Pole Body Once per Cell Cycle. Mol. Cell. Biol.
2016, 36, 1324–1331. [CrossRef] [PubMed]

92. Fu, J.; Hagan, I.M.; Glover, D.M. The Centrosome and Its Duplication Cycle. Cold Spring Harb. Perspect. Biol.
2015, 7, a015800. [CrossRef] [PubMed]

93. Boveri, T. Concerning the origin of malignant tumours by Theodor Boveri. Translated and annotated by
Henry Harris. J. Cell Sci. 2008, 121, 1–84. [CrossRef] [PubMed]

94. Nigg, E.A.; Raff, J.W. Centrioles, centrosomes and cilia in health and disease. Cell 2009, 139, 663–678. [CrossRef]
[PubMed]

95. Bettencourt-Dias, M.; Hildebrandt, F.; Pellman, D.; Woods, G.; Godinho, S.A. Centrosomes and cilia in
human disease. Trends Genet. 2011, 27, 307–315. [CrossRef] [PubMed]

96. Gonczy, P. Centrosomes and cancer: Revisiting a long-standing relationship. Nat. Rev. Cancer 2015, 15, 639–652.
[CrossRef] [PubMed]

97. Elserafy, M.; Saric, M.; Neuner, A.; Lin, T.; Zhang, W.; Seybold, C.; Sivashanmugam, L.; Schiebel, E. Molecular
mechanisms that restrict yeast centrosome duplication to one event per cell cycle. Curr. Biol. 2014, 24, 1456–1466.
[CrossRef] [PubMed]

98. Avena, J.S.; Burns, S.; Yu, Z.; Ebmeier, C.C.; Old, W.M.; Jaspersen, S.L.; Winey, M. Licensing of Yeast
Centrosome Duplication Requires Phosphoregulation of Sfi1. PLoS Genet. 2014, 10, e1004666. [CrossRef]
[PubMed]

99. Bettencourt-Dias, M.; Rodrigues-Martins, A.; Carpenter, L.; Riparbelli, M.; Lehmann, L.; Gatt, M.K.;
Carmo, N.; Balloux, F.; Callaini, G.; Glover, D.M. SAK/PLK4 is required for centriole duplication and
flagella development. Curr. Biol. 2005, 15, 2199–2207. [CrossRef] [PubMed]

100. Habedanck, R.; Stierhof, Y.-D.; Wilkinson, C.J.; Nigg, E.A. The Polo kinase Plk4 functions in centriole
duplication. Nat. Cell Biol. 2005, 7, 1140–1146. [CrossRef] [PubMed]

101. Arquint, C.; Sonnen, K.F.; Stierhof, Y.-D.; Nigg, E.A. Cell-cycle-regulated expression of STIL controls centriole
number in human cells. J. Cell Sci. 2012, 125, 1342–1352. [CrossRef] [PubMed]

http://dx.doi.org/10.7554/eLife.08586
http://www.ncbi.nlm.nih.gov/pubmed/26371506
http://dx.doi.org/10.1083/jcb.129.4.1033
http://www.ncbi.nlm.nih.gov/pubmed/7744953
http://dx.doi.org/10.1016/j.devcel.2016.10.021
http://www.ncbi.nlm.nih.gov/pubmed/27889481
http://dx.doi.org/10.1083/jcb.201307043
http://www.ncbi.nlm.nih.gov/pubmed/24515347
http://dx.doi.org/10.1083/jcb.200601062
http://www.ncbi.nlm.nih.gov/pubmed/16923827
http://dx.doi.org/10.1091/mbc.e02-10-0661
http://www.ncbi.nlm.nih.gov/pubmed/12857865
http://dx.doi.org/10.1242/jcs.064873
http://www.ncbi.nlm.nih.gov/pubmed/20388734
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1093/nar/gkv397
http://www.ncbi.nlm.nih.gov/pubmed/25943547
http://dx.doi.org/10.1101/313494
http://dx.doi.org/10.1038/ncb2345
http://www.ncbi.nlm.nih.gov/pubmed/21968988
http://dx.doi.org/10.1128/MCB.00048-16
http://www.ncbi.nlm.nih.gov/pubmed/26951196
http://dx.doi.org/10.1101/cshperspect.a015800
http://www.ncbi.nlm.nih.gov/pubmed/25646378
http://dx.doi.org/10.1242/jcs.025742
http://www.ncbi.nlm.nih.gov/pubmed/18089652
http://dx.doi.org/10.1016/j.cell.2009.10.036
http://www.ncbi.nlm.nih.gov/pubmed/19914163
http://dx.doi.org/10.1016/j.tig.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21680046
http://dx.doi.org/10.1038/nrc3995
http://www.ncbi.nlm.nih.gov/pubmed/26493645
http://dx.doi.org/10.1016/j.cub.2014.05.032
http://www.ncbi.nlm.nih.gov/pubmed/24954044
http://dx.doi.org/10.1371/journal.pgen.1004666
http://www.ncbi.nlm.nih.gov/pubmed/25340401
http://dx.doi.org/10.1016/j.cub.2005.11.042
http://www.ncbi.nlm.nih.gov/pubmed/16326102
http://dx.doi.org/10.1038/ncb1320
http://www.ncbi.nlm.nih.gov/pubmed/16244668
http://dx.doi.org/10.1242/jcs.099887
http://www.ncbi.nlm.nih.gov/pubmed/22349698


Cells 2018, 7, 71 16 of 17

102. Arquint, C.; Gabryjonczyk, A.-M.; Imseng, S.; Bohm, R.; Sauer, E.; Hiller, S.; Nigg, E.A.; Maier, T. STIL binding
to Polo-box 3 of PLK4 regulates centriole duplication. eLife 2015, 4, e07888. [CrossRef] [PubMed]

103. Moyer, T.C.; Clutario, K.M.; Lambrus, B.G.; Daggubati, V.; Holland, A.J. Binding of STIL to Plk4 activates
kinase activity to promote centriole assembly. J. Cell Biol. 2015, 209, 863–878. [CrossRef] [PubMed]

104. Ohta, M.; Ashikawa, T.; Nozaki, Y.; Kozuka-Hata, H.; Goto, H.; Inagaki, M.; Oyama, M.; Kitagawa, D. Direct
interaction of Plk4 with STIL ensures formation of a single procentriole per parental centriole. Nat. Commun.
2014, 5, 5267. [CrossRef] [PubMed]

105. Steere, N.; Wagner, M.; Beishir, S.; Smith, E.; Breslin, L.; Morrison, C.G.; Hochegger, H.; Kuriyama, R.
Centrosome amplification in CHO and DT40 cells by inactivation of cyclin-dependent kinases. Cytoskeleton
2011, 68, 446–458. [CrossRef] [PubMed]

106. Vidwans, S.J.; Wong, M.L.; O’Farrell, P.H. Anomalous centriole configurations are detected in Drosophila
wing disc cells upon Cdk1 inactivation. J. Cell Sci. 2003, 116, 137–143. [CrossRef] [PubMed]

107. Arquint, C.; Nigg, E.A. STIL Microcephaly Mutations Interfere with APC/C-Mediated Degradation and
Cause Centriole Amplification. Curr. Biol. 2014, 24, 351–360. [CrossRef] [PubMed]

108. Zitouni, S.; Francia, M.E.; Leal, F.; Lorca, T.; Lince-faria, M.; Zitouni, S.; Francia, M.E.; Leal, F.; Gouveia, S.M.;
Nabais, C.; et al. CDK1 Prevents Unscheduled PLK4-STIL Complex Assembly in Centriole Biogenesis Article
CDK1 Prevents Unscheduled PLK4-STIL Complex Assembly in Centriole Biogenesis. Curr. Biol. 2016,
26, 1127–1137. [CrossRef] [PubMed]

109. Saunders, W.S.; Hoyt, M.A. Kinesin-related proteins required for structural integrity of the mitotic spindle.
Cell 1992, 70, 451–458. [CrossRef]

110. Crasta, K.; Lim, H.H.; Giddings, T.H.; Winey, M.; Surana, U. Inactivation of Cdh1 by synergistic action of
Cdk1 and polo kinase is necessary for proper assembly of the mitotic spindle. Nat. Cell Biol. 2008, 10, 665–675.
[CrossRef] [PubMed]

111. Crasta, K.; Huang, P.; Morgan, G.; Winey, M.; Surana, U. Cdk1 regulates centrosome separation by restraining
proteolysis of microtubule-associated proteins. EMBO J. 2006, 25, 2551–2563. [CrossRef] [PubMed]

112. Chee, M.K.; Haase, S.B. B-cyclin/CDKs regulate mitotic spindle assembly by phosphorylating kinesins-5 in
budding yeast. PLoS Genet. 2010, 6, e1000935. [CrossRef] [PubMed]

113. Hagan, I.; Yanagida, M. Novel potential mitotic motor protein encoded by the fission yeast cut7+ gene.
Nature 1990, 347, 563–566. [CrossRef] [PubMed]

114. Hagan, I.; Yanagida, M. Kinesin-related cut7 protein associates with mitotic and meiotic spindles in fission
yeast. Nature 1992, 356, 74–76. [CrossRef] [PubMed]

115. Blangy, A.; Lane, H.A.; d’Herin, P.; Harper, M.; Kress, M.; Nigg, E.A. Phosphorylation by p34cdc2 regulates
spindle association of human Eg5, a kinesin-related motor essential for bipolar spindle formation in vivo.
Cell 1995, 83, 1159–1169. [PubMed]

116. Sawin, K.E.; Mitchison, T.J. Mutations in the kinesin-like protein Eg5 disrupting localization to the mitotic
spindle. Proc. Natl. Acad. Sci. USA 1995, 92, 4289–4293. [CrossRef] [PubMed]

117. Smith, E.; Hegarat, N.; Vesely, C.; Roseboom, I.; Larch, C.; Streicher, H.; Straatman, K.; Flynn, H.; Skehel, M.;
Hirota, T.; et al. Differential control of Eg5-dependent centrosome separation by Plk1 and Cdk1. EMBO J.
2011, 30, 2233–2245. [CrossRef] [PubMed]

118. Agircan, F.G.; Schiebel, E.; Mardin, B.R. Separate to operate: Control of centrosome positioning and
separation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2014, 369, 20130461. [CrossRef] [PubMed]

119. Wang, G.; Jiang, Q.; Zhang, C. The role of mitotic kinases in coupling the centrosome cycle with the assembly
of the mitotic spindle. J. Cell Sci. 2014, 127, 4111–4122. [CrossRef] [PubMed]

120. Fry, A.M.; Bayliss, R.; Roig, J. Mitotic Regulation by NEK Kinase Networks. Front. Cell Dev. Biol. 2017, 5, 102.
[CrossRef] [PubMed]

121. Prosser, S.L.; Pelletier, L. Mitotic spindle assembly in animal cells: A fine balancing act. Nat. Rev. Mol. Cell Biol.
2017, 18, 187–201. [CrossRef] [PubMed]

122. Petry, S. Mechanisms of Mitotic Spindle Assembly. Annu. Rev. Biochem. 2016, 85, 659–683. [CrossRef] [PubMed]
123. Masuda, H.; Shibata, T. Role of gamma-tubulin in mitosis-specific microtubule nucleation from the

Schizosaccharomyces pombe spindle pole body. J. Cell Sci. 1996, 109, 165–177. [PubMed]
124. Woodruff, J.B.; Wueseke, O.; Hyman, A.A. Pericentriolar material structure and dynamics. Philos. Trans. R.

Soc. Lond. B Biol. Sci. 2014, 369, 20130459. [CrossRef] [PubMed]

http://dx.doi.org/10.7554/eLife.07888
http://www.ncbi.nlm.nih.gov/pubmed/26188084
http://dx.doi.org/10.1083/jcb.201502088
http://www.ncbi.nlm.nih.gov/pubmed/26101219
http://dx.doi.org/10.1038/ncomms6267
http://www.ncbi.nlm.nih.gov/pubmed/25342035
http://dx.doi.org/10.1002/cm.20523
http://www.ncbi.nlm.nih.gov/pubmed/21766470
http://dx.doi.org/10.1242/jcs.00204
http://www.ncbi.nlm.nih.gov/pubmed/12456723
http://dx.doi.org/10.1016/j.cub.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24485834
http://dx.doi.org/10.1016/j.cub.2016.03.055
http://www.ncbi.nlm.nih.gov/pubmed/27112295
http://dx.doi.org/10.1016/0092-8674(92)90169-D
http://dx.doi.org/10.1038/ncb1729
http://www.ncbi.nlm.nih.gov/pubmed/18500339
http://dx.doi.org/10.1038/sj.emboj.7601136
http://www.ncbi.nlm.nih.gov/pubmed/16688214
http://dx.doi.org/10.1371/journal.pgen.1000935
http://www.ncbi.nlm.nih.gov/pubmed/20463882
http://dx.doi.org/10.1038/347563a0
http://www.ncbi.nlm.nih.gov/pubmed/2145514
http://dx.doi.org/10.1038/356074a0
http://www.ncbi.nlm.nih.gov/pubmed/1538784
http://www.ncbi.nlm.nih.gov/pubmed/8548803
http://dx.doi.org/10.1073/pnas.92.10.4289
http://www.ncbi.nlm.nih.gov/pubmed/7753799
http://dx.doi.org/10.1038/emboj.2011.120
http://www.ncbi.nlm.nih.gov/pubmed/21522128
http://dx.doi.org/10.1098/rstb.2013.0461
http://www.ncbi.nlm.nih.gov/pubmed/25047615
http://dx.doi.org/10.1242/jcs.151753
http://www.ncbi.nlm.nih.gov/pubmed/25128564
http://dx.doi.org/10.3389/fcell.2017.00102
http://www.ncbi.nlm.nih.gov/pubmed/29250521
http://dx.doi.org/10.1038/nrm.2016.162
http://www.ncbi.nlm.nih.gov/pubmed/28174430
http://dx.doi.org/10.1146/annurev-biochem-060815-014528
http://www.ncbi.nlm.nih.gov/pubmed/27145846
http://www.ncbi.nlm.nih.gov/pubmed/8834801
http://dx.doi.org/10.1098/rstb.2013.0459
http://www.ncbi.nlm.nih.gov/pubmed/25047613


Cells 2018, 7, 71 17 of 17

125. Conduit, P.T.; Wainman, A.; Raff, J.W. Centrosome function and assembly in animal cells. Nat. Rev. Mol. Cell Biol.
2015, 16, 611–624. [CrossRef] [PubMed]

126. Wälde, S.; King, M.C. The KASH protein Kms2 coordinates mitotic remodeling of the spindle pole body.
J. Cell Sci. 2014, 127, 3625–3640. [CrossRef] [PubMed]

127. Lane, H.A.; Nigg, E.A. Antibody microinjection reveals an essential role for human polo-like kinase 1 (Plk1)
in the functional maturation of mitotic centrosomes. J. Cell Biol. 1996, 135, 1701–1713. [CrossRef] [PubMed]

128. Steegmaier, M.; Hoffmann, M.; Baum, A.; Lenart, P.; Petronczki, M.; Krssak, M.; Gurtler, U.; Garin-Chesa, P.;
Lieb, S.; Quant, J.; et al. BI 2536, a potent and selective inhibitor of polo-like kinase 1, inhibits tumor growth
in vivo. Curr. Biol. 2007, 17, 316–322. [CrossRef] [PubMed]

129. Lénárt, P.; Petronczki, M.; Steegmaier, M.; di Fiore, B.; Lipp, J.J.; Hoffmann, M.; Rettig, W.J.; Kraut, N.;
Peters, J. The Small-Molecule Inhibitor BI 2536 Reveals Novel Insights into Mitotic Roles of Polo-like Kinase
1. Curr. Biol. 2007, 17, 304–315. [CrossRef] [PubMed]

130. Lee, K.; Rhee, K. PLK1 phosphorylation of pericentrin initiates centrosome maturation at the onset of mitosis.
J. Cell Biol. 2011, 195, 1093–1101. [CrossRef] [PubMed]

131. James, T.Y.; Kauff, F.; Schoch, C.L.; Matheny, P.B.; Hofstetter, V.; Cox, C.J.; Celio, G.; Gueidan, C.; Fraker, E.;
Miadlikowska, J.; et al. Reconstructing the early evolution of Fungi using a six-gene phylogeny. Nature 2006,
443, 818–822. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nrm4062
http://www.ncbi.nlm.nih.gov/pubmed/26373263
http://dx.doi.org/10.1242/jcs.154997
http://www.ncbi.nlm.nih.gov/pubmed/24963130
http://dx.doi.org/10.1083/jcb.135.6.1701
http://www.ncbi.nlm.nih.gov/pubmed/8991084
http://dx.doi.org/10.1016/j.cub.2006.12.037
http://www.ncbi.nlm.nih.gov/pubmed/17291758
http://dx.doi.org/10.1016/j.cub.2006.12.046
http://www.ncbi.nlm.nih.gov/pubmed/17291761
http://dx.doi.org/10.1083/jcb.201106093
http://www.ncbi.nlm.nih.gov/pubmed/22184200
http://dx.doi.org/10.1038/nature05110
http://www.ncbi.nlm.nih.gov/pubmed/17051209
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Canonical and Diverged-Centrosomes in Animal, Fungi and Amoebozoa 
	Common Components in Centrosome 
	Common Regulations in Centrosome Biogenesis 
	How Did the SPB Evolve? 
	Conclusions and Perspective 
	References

