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Breaking the ties that bind: New advances

in centrosome biology
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The centrosome, which consists of two centrioles and
the surrounding pericentriolar material, is the primary
microtubule-organizing center (MTOC) in animal cells.
Like chromosomes, centrosomes duplicate once per cell
cycle and defects that lead to abnormalities in the number
of centrosomes result in genomic instability, a hallmark of
most cancer cells. Increasing evidence suggests that the
separation of the two centrioles (disengagement) is re-
quired for centrosome duplication. After centriole disen-
gagement, a proteinaceous linker is established that still
connects the two centrioles. In G2, this linker is resolved
(centrosome separation), thereby allowing the centro-
somes fo separate and form the poles of the bipolar spin-
dle. Recent work has identified new players that regulate
these two processes and revealed unexpected mechanisms
controlling the centrosome cycle.

The centrosome duplication cycle
The centrosome of animal cells is comprised of centrioles and
the surrounding pericentriolar material (PCM; Fig. 1; Paintrand
et al., 1992; Bornens, 2002). The PCM is a meshwork of fibrous
proteins that nucleates and anchors microtubules (MTs), whereas
the centrioles reside at the core of the centrosomes and are im-
portant for centrosome integrity and centrosome duplication
(Gould and Borisy, 1977; Piel et al., 2000). Despite certain varia-
tions on their structure, canonical centrioles consist of 9 MT trip-
lets that form a cylinder with a length of ~0.5 pm and a diameter
of 0.2 wm (Bornens, 2002; Azimzadeh and Bornens, 2007).
Centrosomes duplicate once per cell cycle (Bettencourt-Dias
and Glover, 2007). During canonical centrosome duplication,
one daughter centriole forms perpendicularly to each mother cen-
triole in S phase (Fig. 1). The newly assembled centrioles remain
tightly engaged with their mothers and gradually elongate
throughout S and G2. At the G2/M transition, the centrioles ac-
cumulate more PCM and the two centrosomes (each carrying a
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mother and still tightly connected daughter centriole) start to sep-
arate by the dissolution of the linker that connects the two centro-
somes (centrosome separation). The separated centrosomes then
form the poles of the bipolar mitotic spindle (Fig. 1). As the cell
exits mitosis each cell inherits one centrosome carrying a mother
and a daughter centriole. The daughter centriole then separates
from the mother centriole and the mother—daughter pair loses the
orthogonal orientation (this process is termed centriole disen-
gagement). Centriole disengagement is the prerequisite for
another round of centrosome duplication in S phase.

Perturbations in the centrosome cycle can have catastrophic
consequences, such as chromosome instability leading to tumori-
genesis (Basto et al., 2008; Ganem et al., 2009). In addition,
many genetic disorders are associated with defects in centro-
some structure or number (Nigg, 2006; Nigg and Raff, 2009).
To prevent such defects in centrosome propagation, the centro-
some cycle is under strict control. Because several excellent re-
views have provided an in-depth description of the centriole
duplication cycle (Nigg, 2007; Strnad and Gonczy, 2008;
Azimzadeh and Marshall, 2010), here we focus on recent ad-
vances in centriole disengagement and centrosome separation.
We highlight newly identified players and outline the emerging
models that arise from recent observations.

Centriole disengagement

A critical process intertwined with the duplication of the centri-
oles is the disengagement of the mother and daughter centrioles
that breaks their orthogonal arrangement. This centriole config-
uration is established in S phase and persists until late mitosis/
G1 phase. Centriole disengagement is crucial for the licensing
of the two centrioles for duplication in G1/S and for limiting
centriole duplication to one event per cell cycle (Tsou and
Stearns, 2006). Centriole disengagement requires the proteo-
Iytic activity of separase (Tsou and Stearns, 2006; Tsou et al.,
2009); however, the molecular details of this process have only
recently begun to come to light (Fig. 2).

The cysteine protease separase is well known for its func-
tion in chromosome segregation by its ability to cleave the co-
hesin complex subunit Sccl (Nasmyth, 2002). Models in which
separase relieves centriolar cohesion in the same way as it
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Figure 1. The centrosome cycle of animal cells. Main events in the centrosome cycle are highlighted along with the key players that have been implicated

in each process. Green-filled regions represent the centrin-positive distal regions of the centriole. As cells exit mitosis the daughter centriole disengages from
the mother centriole, losing its orthogonal connection (centriole disengagement]. Upon disengagement, the daughter centriole is connected to the mother
by a flexible linker (pink strands). Centriole assembly factors accumulate in S phase and new centrioles are formed and gradually elongate throughout S
and G2. At the G2/M transition the flexible linker that holds the centriole pairs together is lost (linker dissolution) and the centrioles accumulate more PCM

(maturation) and constitute the poles of the mitotic spindle.

resolves chromosomes cohesion are attractive because they sug-
gest a shared mechanism for regulating the cohesion of chro-
matids and centrioles, whose duplication are both restricted to
one event per cell cycle. Results arising from the work of Tsou
et al. (2009) initially suggested that separase dissolves the cent-
riolar connection by targeting a substrate other than cohesin. This
conclusion was based on the inability of a noncleavable cohesin
subunit Scc1™° to prevent centriole disengagement while blocking
sister chromatid separation. However, more recent data indicate
that the cleavage of the cohesin complex is in fact required for
centriole disengagement. Notably, artificial endoproteolysis of the
cohesin complex subunits (Sccl or Smc3) that carry engineered
HRV/TEV cleavage sites by HRV/TEV proteases relieved cent-
riolar cohesion in vitro and in vivo in the same way as it pro-
moted sister chromatid separation under similar conditions
(Schockel et al., 2011). These results are consistent with earlier
work by Nakamura et al. (2009) demonstrating that cohesin is
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involved in separase-dependent centriole disengagement through
Akil kinase (Akt kinase interacting protein 1) that is required for
the centrosomal recruitment of Sccl. Depletion of Akil results in
loss of cohesin at centrioles and centriolar disengagement, which
can be rescued by subsequent depletion of separase (Nakamura
et al., 2009). Another protein that is intimately linked with centri-
ole disengagement is Astrin. Similar to Akil, Astrin depletion
elevated the frequency of spindles containing prematurely sepa-
rated centrioles, a phenotype that can be rescued by separase deple-
tion. Unlike Akil depletion, however, down-regulation of Astrin
activates separase directly and promotes premature centriole dis-
engagement (Thein et al., 2007). In summary, although the mo-
lecular details of how centriolar cohesion is regulated by Aki and
Astrin remains to be investigated, the emerging picture is that
cohesin links the duplicated centrioles together. Subsequently,
the proteolytic activity of separase cleaves the cohesin ring to
induce centriole disjunction (Fig. 2).
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Figure 2. Centriole disengagement and duplication. Main players of
centriole disengagement are depicted. During mitosis, Plk1 and sepa-
rase consecutively disjoin mother and daughter centrioles. In addition,
Plk1-mediated modification of the centrioles defines their capability of
becoming a fully functional centrosome. In late mitosis the main centriole
assembly factor hSas-6 is degraded and its levels are kept low by APC/
C- and SCF-mediated proteolysis until the duplication can be initiated.
In addition, activation of Plk-4 inhibits this negative regulation to allow
cartwheel formation.

Centromeric cohesin at centromeres is protected by an
evolutionary conserved protein, Shugoshin (Sgol) (McGuinness
et al., 2005). Through direct interactions with the phosphatase
PP2A, Sgol prevents phosphorylation of cohesin at centro-
meres during mitosis (Kitajima et al., 2006; Riedel et al.,
2006). Interestingly, a shorter Sgol splice variant (sSgol)
localizes to centrosomes and was proposed to function as a pro-
tector of centriolar cohesion from separase during mitosis in a
manner that is similar to its role in protecting cohesion from
destruction during chromosome segregation. sSgol requires
Plk1 for its function at centrioles, and in agreement with this
notion, PIk1 associates with and phosphorylates sSgo1 (X. Wang
et al., 2008). These data proposed a role of Plk1 in regulating
centriole disengagement. Consistently, Tsou et al. (2009) dem-
onstrated that separase activity is not the only factor control-
ling centriole disengagement because cells carrying a null allele
of separase eventually disengaged their centrioles before the
onset of mitosis. However, inhibition of Plk1 kinase completely

abolishes centriole disengagement (Tsou et al., 2009). Recent
findings suggest that Plk1 fosters centriole disengagement by
promoting removal of cohesin from centrosomes in prophase
and by stimulating separase to cleave cohesin at the centrioles
during mitotic exit (Schockel et al., 2011). Perplexingly, sSgol
mutants in which the Plk1 target sites have been mutated to
block sSgol phosphorylation increase the frequency of cells
with split centrioles in mitosis because of a reduction in the
recruitment of sSgol to centrosomes (X. Wang et al., 2008).
This result suggests a dual function of Plk1: Plk1 may initially
promote sSgol targeting and centriole engagement before
contributing to cohesion cleavage and centriole disengage-
ment during mitotic exit.

In summary, it becomes increasingly apparent that succes-
sive activities of Plk1 and separase are the major driving forces in
dissolving centriole cohesion (Fig. 2). One attractive model is the
coordination of centriole disengagement with chromosome segre-
gation through the use of cohesin as the molecular “glue” in both
cases. Although the evidence so far favors this idea, it is equally
possible that separase merely initiates centriole disengagement.
Complete spatial separation of the two disengaged centrioles may
depend on MT-mediated forces to physically and mechanically
push centrioles apart. Demonstrating localization of cohesin
complex components and binding of separase to the centro-
somes during the cell cycle and testing whether artificial cleav-
age of cohesin complex in S phase results in premature centriole
disengagement will be important to help solve the unknowns of
this process.

An additional interesting possibility is the involvement of
PP2A phosphatase as Plkl counteracting phosphatase that in-
hibits centriole disengagement. A Sgol-interacting PP2A phos-
phatase complex was found at centromeres (Kitajima et al.,
2006; Riedel et al., 2006). It is plausible that a similar PP2A—
sSgol complex localizes to centrioles where it inhibits the dis-
engagement of centrioles.

Finally, recent data revealed functions of Plkl that go
beyond the simple relief of centriolar cohesion, as Plk1 “modi-
fies” proteins at the newly assembled daughter centrioles during
mitosis to enable them to mature and organize PCM (“MTOC
competent”). When centrioles lack this Plk1-dependent modi-
fication they lose the ability to duplicate and to develop into a
fully functional MTOC (Wang et al., 2011). Taken together,
these results suggest that modification of centriolar proteins
by PIkl is required for centriole duplication.

Resolving the centrosomal linker:
Centrosome separation
In addition to the cohesin complex between the mother and
daughter centrioles that is lost with mitotic exit (centriole disen-
gagement), a second type of proteinaceous linker connects the
proximal end of the two mother centrioles from G1 until onset
of mitosis (Fig. 1, linker establishment; Bornens et al., 1987).
This highly flexible linker is established with or slightly after
centriole disengagement and persists until mitotic entry (Fig. 1,
linker dissolution; O’Regan et al., 2007).

Two structural proteins have been identified as com-
ponents of the centrosomal linker: C-Napl and rootletin.

New advances in centrosome biology ¢ Vardin and Schiebel

13

620z JequiedeQ €0 uo 3senb Aq 4pd-900801 L0Z A0l/S20Z.S /L L/L/L61/4pd-8joe/qol/Bio"sseidnu//:dny woy papeojumoq



14

The NIMA-related Nek2A kinase phosphorylates these linker
proteins in late G2, which initiates their displacement from the
centrosomes. This then results in the separation of the two cen-
trosomes. C-Napl mirrors Nek2A in localizing to the proximal
ends of the mother centrioles (Fry et al., 1998). It serves as a
docking site for rootletin, which is thought to physically connect
the two mother centrioles (Bahe et al., 2005). Consistent with this
idea, overexpression of rootletin leads to the formation of exten-
sive fibers, which are able to recruit other interacting proteins
such as Nek2A and C-Napl. In addition, depletion of either
C-Napl or rootletin results in premature centrosome separation
independent of the cell cycle phase (Faragher and Fry, 2003).
How C-Napl and rootletin are displaced from the centrosomes
upon phosphorylation remains to be established. In any case,
proteolytic degradation of C-Napl and rootletin is not required
for their displacement from and subsequent separation of centro-
somes (Mayor et al., 2000).

More recently, additional centrosomal proteins were iden-
tified that may function as centrosomal linker proteins. Cep68
and Cep215 (CDKSRAP2) were identified in an siRNA screen
as putative linker components because removal of either mol-
ecule promoted premature centrosome separation. Cep68 local-
izes between the two centrioles, whereas Cep215 surrounds
the centrioles (Graser et al., 2007). The loss of Cep68 from
centrosomes upon mitotic entry of cells and its reliance upon
the presence of other linker proteins for recruitment to centro-
somes is certainly consistent with Cep68 being a target of
Nek2A. The differing behavior and localization of Cep215
favors an alternative mode of regulation, perhaps directly
through PIk1.

B-Catenin is best known for its role as an effector of the
Whnt signaling pathway (Dierick and Bejsovec, 1999). It has
also been linked to the maintenance of centrosomal integrity. It
localizes to proximal and distal regions of the centrioles and the
region between the centrosomes. In addition, (3-catenin is an in
vitro and in vivo substrate of Nek2A. However, its depletion
phenotype does not display the characteristics of premature
centrosome separation exhibited upon depletion of other linker
proteins. Nonetheless, [3-catenin localization does seem to re-
quire rootletin and C-Napl, although unlike these established
linker molecules it fails to dissociate from the centrosomes
during mitosis (Bahmanyar et al., 2008).

The function of Nek2A and its

upstream regulation

As for other mitotic kinases, it is hardly surprising that protein
levels and activity of Nek2A are subject to cell cycle-dependent
regulation. Nek2A protein levels peak in late S and G2 phases
followed by an APC/C-mediated degradation in prometaphase
that is completed by the time of nuclear envelope breakdown
(NEBD; Hayes et al., 2006). It was therefore proposed that the
ensuing changes in Nek2A levels and activity reach a critical
threshold in prophase that is sufficiently high to dissolve the
centrosomal linker (Hayes et al., 2006). Subsequently, the lack
of any impact of siRNA depletion of Nek2A upon cell cycle
progression challenged this idea (Fletcher et al., 2004). However,
recent studies revealed that Nek2A activity is subject to both
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positive and negative control and that a parallel pathway can
substitute for the loss of Nek2A in centrosomal linker dissolu-
tion (Pugacheva and Golemis, 2005; Mardin et al., 2010, 2011;
Matsuo et al., 2010).

The localized activity of Nek2A kinase toward its sub-
strates C-Nap1 and rootletin is regulated by two Hippo path-
way components: the Mst2 kinase and the scaffold protein
hSavl (Mardin et al., 2010). Conventionally, Hippo pathway
proteins are well known to function in growth control and
apoptosis by regulating the localization of the transcriptional
coactivators YAP and TAZ (Edgar, 2006; Pan, 2010). However,
increasing evidence supports the notion that Hippo pathway
components can function independently of their role in the
conventional pathway (Yang et al., 2004; Yabuta et al., 2007,
Chiba et al., 2009; Hergovich et al., 2009; Oh and Irvine,
2010), the control of centrosome duplication and separation
being prime examples.

Independently of the rest of the Hippo pathway, the Mst1/
Mob1/NDR signaling cassette contributes to the control of cen-
trosome duplication in human cells (Hergovich et al., 2007,
2009). In addition, to control centrosome separation, Mst2 kinase
assisted by the scaffold protein hSavl phosphorylates Nek2A
kinase. This phosphorylation is crucial for the formation of the
hSav1-Nek2 A-Mst2 complexes and the targeting of phosphory-
lated Nek2A to centrosomes. The accumulation of Nek2A at the
centrosomes is critical for centrosome separation because de-
fects in this step lead to decreased C-Napl phosphorylation
(Mardin et al., 2010).

Interestingly, the interaction between hSavl, Mst2, and
Nek2A is mediated by a type of coiled-coil domain, known as
the SARAH (for Sav/RASSF/Hpo) domain (Mardin et al., 2010).
This domain is present at the extreme C termini of the Hippo
pathway components hSav1l, Mst1/2, and Rassfl and mediates
mutual interactions between SARAH domain proteins (Scheel
and Hofmann, 2003) through homo- and heterodimerization via
head-to-tail anti-parallel arrangements of the coiled-coil struc-
ture (Hwang et al., 2007). A SARAH-like domain at the extreme
C terminus of Nek2A promotes binding of Nek2A to Mst2 and
hSavl. These SARAH domain—-mediated interactions are essen-
tial for centrosome separation (Mardin et al., 2010).

The timely activation of Nek2A in centrosome separation
is under direct control of the cell cycle machinery. Upon mitotic
entry, Aurora A and Plk1 kinases, which are both involved in
centrosome maturation, promote centrosome separation by
stimulating the phosphorylation and displacement of linker pro-
teins at the centrosome (Fig. 3, after NEBD; Mardin et al.,
2011). The main function of Aurora A in centrosome separation
is probably the activation of the kinase activity of Plk1 (Mardin
et al., 2011). This is consistent with previous observations that
established that Aurora A elevates Plk1 kinase activity via phos-
phorylation of T210 in the T loop (Macirek et al., 2008; Seki
et al., 2008). In turn, Plk1 binds to and phosphorylates Mst2
kinase. This phosphorylation is important to mediate the inter-
actions between Nek2A and the phosphatase PP1y (Helps et al.,
2000; Mi et al., 2007). In vivo PP1+y antagonizes Nek2A by de-
phosphorylating C-Nap1 rather than dephosphorylating Nek2A.
Therefore, the level of PP1vy associated with Nek2A is a critical

620z JequiedeQ €0 uo 3senb Aq 4pd-900801 L0Z A0l/S20Z.S /L L/L/L61/4pd-8joe/qol/Bio"sseidnu//:dny woy papeojumoq



Before NEBD

Eg5
MTs

T926 Egs 51033

Cdk1 Nek6/7
Nek9 / p
— -L.:;;l e, /-';»';‘F?“-A‘

PIk1 —«— AuroraA

After NEBD . F9 e

/ hSav1
Nek2A
PP1g
C-Nap1
Rootletin

-1
5~ &y &

Figure 3. Centrosome separation before and after NEBD. Plk1 has a cen-
tral role in regulating the centrosome separation via different pathways.
In G2, Plk1 activates Nek9/6/7 cascade to regulate the accumulation of
Eg5. Moreover, Cdk1 is important for Eg5 binding to MTs. After NEBD,
Plk1 regulates the phospho-balance on the centrosomal linker by control-
ling the association of Nek2 with PP1y through phosphorylation of Mst2.
In addition, Plk1 is involved in the targeting of Eg5 to the spindle poles.

aspect of the control of the phosphorylation status of C-Napl.
Mst2 binding to PP1y-Nek2A modulates this well-balanced
level of phosphorylation. Of note, it is regulation of binding
affinity via PIk1 phosphorylation of Mst2 that determines the dis-
sociation of Mst2—-Nek2A—-PP1y complexes. The kinase activ-
ity of Mst2 does probably not participate in the regulation
of PP1vy binding to Nek2A (Mardin et al., 2011). Thus, phos-
phorylation of Mst2 by PIk1 leads to a reduction in the levels of
PPly in the Mst2-Nek2A-PP1y complex. Nek2A kinase at
centrosomes therefore is able to phosphorylate C-Nap1 beyond
the critical threshold that is required to promote the dissolution
of the centrosomal linker (Mardin et al., 2010).

Conversely, in cells lacking PIk1 activity or expressing
nonphosphorylatable Mst2 mutants, the levels of PP1vy in the
Mst2-Nek2 A—PP1vy complex increase, leading to a reversal of

C-Napl phosphorylation by Nek2A and to a block in centro-
some separation (Mardin et al., 2011). Plk1 activity is well
known to peak in G2 and in mitosis (Golsteyn et al., 1995). Thus,
it is plausible that P1k1 controls the balance of phosphorylation/
dephosphorylation of the centrosome linker and thereby deter-
mines the timing of centrosome separation.

This positive regulation of Nek2A by Hippo pathway
components might be counteracted through negative control by
pericentrin (kendrin) and the focal adhesion scaffolding protein
HEF1. HEF1 has been shown to inhibit Nek2A accumulation
and activity at the centrosomes (Pugacheva and Golemis, 2005),
whereas pericentrin acts as an inhibitor of Nek2A kinase ac-
tivity. Consistently, siRNA-mediated depletion of pericentrin
causes premature centrosome separation in interphase. How
pericentrin down-regulates Nek2A kinase activity is unknown;
however, the authors proposed a mechanism wherein pericentrin
binding changes the overall structure of the protein, flipping the
structure of the catalytic domain of Nek2A into an inhibitory
conformation (Matsuo et al., 2010). Interestingly, pericentrin
and Cep215 localization also depends on PIk1, suggesting an
additional level of regulation, either through Nek2A or by direct
phosphorylation of some proteins involved in centrosomal cohe-
sion (Graser et al., 2007; Haren et al., 2009). When viewed
together, these findings clearly show that the precise control of
localization and activity of the Nek2A kinase is important for
the timely separation of the two centrosomes in G2.

Surprisingly, Nek2A depletion does not cause signifi-
cant defects in cell cycle progression (Fletcher et al., 2004;
unpublished data). However, under conditions when Eg5
motor activity is reduced but not completely blocked, the hSav1-
Nek2A-Mst2 pathway becomes essential for the formation of
the bipolar spindle (Mardin et al., 2010). This suggests a two-step
process for centrosome separation: phosphorylation-dependent
dissolution of the centrosome linker via Mst2-Nek2A kinases
and the force-dependent separation of the centrosomes by Eg5
activity (discussed further in the next section).

Regulation of mammalian kinesin-5, Eg5

After the initial separation of the centrosomes by the displace-
ment of linker proteins, motor proteins act via their anti-parallel
sliding activity on MTs to physically separate the two centro-
somes. The kinesin Eg5 is the principal force generator that
drives centrosome separation. Eg5 belongs to the kinesin-5 sub-
family of motor proteins, which are homotetrameric, plus end—
directed motors (Sawin et al., 1992; Cole et al., 1994). Inhibition
of Eg5 by small molecule inhibitors such as monastrol or deple-
tion of the protein by siRNA results in prometaphase-arrested
cells with monopolar spindles (Whitehead and Rattner, 1998;
Kapoor et al., 2000). It is well established that while dispersed
in the cytoplasm in interphase, the Eg5 motor first accumulates
at spindle poles during prophase, after which it is found along
the metaphase spindle (Sawin and Mitchison, 1995). How Eg5
is targeted to the spindle poles is a longstanding question. In
Xenopus egg extracts transport of Eg5 to the poles is dependent
upon a direct interaction between Eg5 and components of the
minus end—directed dynein/dynactin motor complex (Uteng et al.,
2008). However, in human cells this seems not to be the case, as
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depletion of dynein heavy chain does not affect centrosomal
localization of Eg5 (Tanenbaum et al., 2008).

Previous data suggest that Cdkl promotes centrosome
separation by phosphorylating and activating Eg5 at the spindle
poles (Blangy et al., 1995). This phosphorylation (Thr 926) is
important for the binding of Eg5 to MTs. However, at least in
chicken DT40 cells Cdk1 by itself is not required for the enrich-
ment of Eg5 at centrosomes (Smith et al., 2011). Instead, grow-
ing evidence argues that in human cells the targeting of Eg5 to
spindle poles requires Plk1 activity (Fig. 3, after NEBD; Bertran
etal.,2011; Mardin et al., 2011; Smith et al., 2011). Inhibition of
PIk1 prevents accumulation of Eg5 at centrosomes without alter-
ing the cellular levels of the protein (Mardin et al., 2011). How
PIk1 regulates Eg5 localization is presently unclear. A direct
phosphorylation-dependent regulation is unlikely because Plk1
is unable to phosphorylate Eg5 in vitro (Smith et al., 2011). In
addition, phospho-analysis of Eg5 in human mitotic cells failed
to identify additional sites other than T926 (Cdk1 phosphoryla-
tion), as reported before (Blangy et al., 1995), and S1033 (Nek6
kinase phosphorylation; Rapley et al., 2008).

Importantly, the Plkl-regulated targeting of Eg5 to the
centrosome requires an intact MT cytoskeleton. In cells incu-
bated with low concentrations of the MT-depolymerizing drug
nocodazole, Eg5 localized to remnants of MTs; however, in the
complete absence of MTs, Eg5 no longer bound to centrosomes
(Mardin et al., 2011). Lack of Plk1 might trap Eg5 on MTs to
prevent its subsequent targeting to the poles. Alternatively, be-
cause Plk1 inhibition decreases the MT nucleation capacity of
spindle poles (Lane and Nigg, 1996), the lower density of MTs
at centrosomes might indirectly affect Eg5 localization.

The regulation of Eg5 is even more complex, as the NIMA
kinase family members Nek9, Nek6, and Nek7 also contribute
to the targeting of Eg5 to centrosomes. Active Nek9 accumu-
lates at the centrosomes in mitosis and directly phosphorylates
Nek6/Nek7 (Roig et al., 2002, 2005; Belham et al., 2003). By
releasing the auto-inhibitory conformation of Nek6/7, Nek9
activates both kinases (Richards et al., 2009). Activated Nek6
and Nek?7 kinases then control mitotic progression and contrib-
ute to bipolar spindle formation (O’Regan and Fry, 2009).

Bertran et al. (2011) have now demonstrated that the
Nek9/6/7 signaling cascade functions downstream of Plk1 but
upstream of Eg5 in centrosome separation. When phosphory-
lated and activated by Plk1, Nek9, in conjunction with Nek6/
Nek7, is able to target Eg5 to the centrosome. The authors pro-
pose that the ability of Nek6 to phosphorylate Eg5 on Ser1033
is responsible for Plk1-mediated targeting of Eg5 to the spindle
poles. Consistently, Eg5 mutations that block this phosphoryla-
tion fail to concentrate at the centrosomes, although the underlying
mechanism behind this observation remains to be established
(Bertran et al., 2011).

Interestingly, overexpression of either Nek9 or Nek6 pro-
motes premature centrosome separation in interphase cells. Re-
markably, this premature centrosome separation is distinct from
Nek2A-induced centrosome separation because it is completely
dependent on forces provided by Eg5. Additional experiments
will reveal if PIk1 targets Eg5 to the centrosomes via two distinct
pathways before and after NEBD, as outlined in Fig. 3, or if

JCB « VOLUME 197 « NUMBER 1 « 2012

Plk1-Nek9-Nek6/7 regulation persists in mitosis. Develop-
ment of specific inhibitors toward Nek kinases may help to solve
this issue.

Additional forces that contribute to
centrosome separ-ation

After NEBD, Eg5 activity is counteracted by the minus end—
directed motor dynein in human cells. The dynein/dynactin
complex generates an inward, minus end—directed force that
antagonizes Eg5 action during centrosome separation, such
that simultaneous impairment of both Eg5 and dynein activi-
ties is conducive to bipolar spindle formation (Tanenbaum
et al., 2008). In contrast, before NEBD dynein cooperates
with Eg5 in centrosome separation, as inhibition of both
molecules at this stage of mitosis produces more severe de-
fects in centrosome separation than inhibition of either mole-
cule alone (Tanenbaum et al., 2008). Therefore, centrosome
separation before and after NEBD is driven by distinct processes
(Tanenbaum and Medema, 2010).

Recently, kinetochores (KTs) were implicated in centro-
some separation after NEBD (Toso et al., 2009). KTs contribute
to centrosome separation by stabilizing MTs to form K-fibers
and the generation of an outward pushing force on these K-fibers.
This process becomes essential when Aurora A is inactivated.
However, KT-based forces are not sufficient to overcome centro-
some separation defects arising from Eg5 inhibition. The authors
suggest that KTs contribute to the overall force that separates the
centrosomes via the generation of a MT poleward flux.

The actin cytoskeleton has also been suggested to con-
tribute to centrosome separation, particularly before NEBD
(Whitehead et al., 1996; Uzbekov et al., 2002; W. Wang et al.,
2008). Centrosomes fail to separate when F-actin is depolymer-
ized by specific drugs, although the underlying mechanism is
poorly understood. Recently, actin depolymerization has been
shown to reverse the failure of centrosome separation arising
from PIk1 inhibition during G2 phase (Smith et al., 2011). How
actin contributes to the force generation to separate the centro-
somes before NEBD is presently unclear, but it is possible that it
could act as a stable matrix upon which MT-dependent motor
proteins could exert their function.

Future prospects

Despite this recent rapid advance in our understanding of the
molecular mechanisms of centriole/centrosome separation,
much remains to be learned. Considering the central importance
of separase and the cohesin complex in centriole disengage-
ment, it will be crucial to investigate what is embraced by cohe-
sin to maintain the centriole cohesion. The findings of Schiockel
et al. (2011) raise the possibility of cohesin encircling DNA;
however, so far evidence for the presence of DNA in centro-
somes is lacking, whereas specific RNAs were found at this
organelle (Alliegro et al., 2006). Another important question
concerns the possible link between the centriole disengagement
and the assembly of the centriolar linker. What is the basis of
Plk1-mediated modification of centrioles and what are the rele-
vant substrates for Plk1 kinase? Careful analysis of the centriole
markers demonstrated that Plk1-modified centrioles accumulate
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C-Napl, whereas non-modified centrioles are associated with
hSas-6 (Wang et al., 2011). Thus, it will be important to eluci-
date how the assembly of the centrosomal linker is connected
with centriole disengagement.

Finally, recent pioneering studies for the in vitro assembly
of the centrioles and centriole disengagement (Kitagawa et al.,
2011; Schockel et al., 2011; van Breugel et al., 2011) have
shown that it is possible to reconstitute aspects of the centro-
some cycle in vitro. Certainly, newly developed cell biological
tools, combined with such in vitro analyses, will continue to
shed light on the unknowns of centrosome biology.
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