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Abstract

Centrosomes and cilia are conserved microtubule-based organelles whose structure and function

depend on cell cycle stages. In dividing cells, centrosomes organize mitotic spindle poles, while in

differentiating cells, centrosomes template ciliogenesis. Classically, this functional dichotomy has

been attributed to regulation by cell cycle-dependent post-translational modifications, and recently

PLK1, Nek2, Aurora A, and tubulin deacetylase were implicated in regulating the transition from

cilia to centrosome. However, other recent studies suggest that tubulin dimers, the core structural

components of centrosomes and cilia, also have a regulatory role. These regulatory mechanisms

can be a target for chemotherapeutic intervention.

Introduction

The full functional identity of centrosomes and cilia was an enigma for most of the 20th

century. However, it is becoming evident that the centrosome and cilium are two different

forms of the same cellular organelle represented during distinct phases of the cell cycle.

Coordinating the various structural and functional statuses of the centrosome and cilium

throughout the cell cycle requires fine regulation. A major mechanism mediating this

regulation is post-translational modification (reviewed in [1]). Interestingly, recent findings

suggest that tubulin dimers, which are known to function as the building block of

centrosomal and ciliary microtubules, also play a role in regulating centrosome structure and

function [2]. Malformation of centrosomes and cilia is an important factor underlying many

cancers, as well as a group of developmental diseases collectively known as ciliopathies [1].

In this regard, targeting the above regulatory mechanisms may be of therapeutic value [3].

Here, we focus on findings from the last two years that expand our understanding of cell

cycle regulation of the centrosome and cilium.
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The Cell Cycle Regulates Centrosomes and Cilia via Post-translational

Modifications

At its core, the centrosome contains a pair of structures known as centrioles (Figure 1K–N).

Within each pair, one centriole is structurally and functionally matured, while the other is

immatured. Centrioles are microtubule-based barrel-shaped structures with typical

dimensions of 200 nm in diameter and 500 nm in length. The most distinctive feature of the

centriole in electron microscopy is the microtubules that are organized into an array of 9

triplets (the A, B and C microtubules, Figure 1N) along most of their length. The center of

early centrioles (procentrioles) has a cartwheel structure that contains a central tubule

emanating 9 spokes (Figure 1K–L). Inside the centrosome, centrioles are embedded in a

complex network of proteins called pericentriolar material (PCM) that appears amorphous

by electron microscopy.

Typically, it takes two cell cycles for a centriole to mature so that it can function in spindle

pole organization and in templating the cilium (Figure 1). The cascade of events is as

follows: during the first S phase, the centriole duplicates to give rise to a procentriole

(Figure 1A). This step is controlled by the cell cycle kinase CDK2 that is in complex with

Cyclin E or Cyclin A [4], as well as by Polo-like kinase 4 (Plk4), a key regulator of that

appears to function specifically in centriole duplication [5]. Consistent with this idea, Plk4

binds or phosphorylates several centrosomal protein including Asl/Cep152 (Figure 2A),

which is thought to participate in nucleating the procentriole [6–8], and the γ-tubulin ring

complex (γ-TuRC) component GCP6 [9]. Plk4 also phosphorylates regulators of centriolar

proteins including the E3-ubiquitin ligase FBXW5, which targets the essential procentriole

cartwheel protein Sas-6 (Figure 2B) for degradation [10].

During the first G2 phase, the procentriole elongates into an immature centriole (Figure 1B).

Sas-4/CPAP has been implicated in centriole elongation [11–14] (Figure 2C) and it was

recently shown that CPAP degradation and function is controlled by tankyrase 1, a

poly(ADP-ribose) polymerase that has a broad range of cellular activities [15].

During the first M phase, the immature centriole disengages from the mature centriole

(Figure 1C), a process that involves Separase-dependent cleavage of pericentrin and cohesin

rings [16–18]. However, the immature centriole remains linked to the mature centriole via a

proteinaceous linker.

Following mitosis during the first G1 phase, the mature centriole templates ciliogenesis and

the immature centriole (Figure 1D) remains nearby via the proteinaceous linker.

During the second S phase, the daughter centriole can give rise to a new procentriole,

thereby becoming an immature mother centriole (Figure 1E).

During the second G2 phase, this immature mother centriole separates from its own mother

and starts to recruit PCM (Figure 1F). This PCM is required to nucleate and anchor the astral

microtubules that emanate from the centrosome into the cytoplasm. The astral microtubules

are important for positioning the centrosome and may also affect the position of other
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cellular organelles [19]. The process taking place in G2 whereby the centriole recruits more

PCM and increases astral microtubule nucleation capacity is known as centrosome

maturation [20]. Aurora A is a cell cycle kinase that is implicated in centrosome maturation

and this is regulated by Nucleophosmin/B23, a centrosome activator of Aurora A [21]. Also

implicated in centrosome maturation is another central regulator of the cell cycle, Polo-like

kinase (Plk1). Plk1 phosphorylates pericentrin [22] and also regulates centrosome

separation, a process which takes place in parallel to centrosome maturation through a

signalling module composed of Nek9/Nercc1, Nek6 and Nek7 [23]. NIMA-related kinase

(Nek2) is another cell cycle-regulated kinase implicated in centrosome separation in G2

[24].

During the second M phase, the new centrosome that emerged from the procentriole formed

two cell cycles before is localised at the opposite spindle pole in relation to the old

centrosome (Figure 1G). This opposing localisation is important for two distinct functions.

One is to assure accurate segregation of the centrioles during cell division such that one, and

only one, centrosome will be inherited by each of the daughter cells. The second role is to

help orient the mitotic spindle [25].

After cell division, in the second G1 phase, the mother centriole templates the formation of a

cilium (Figure 1H). During ciliogenesis, the A and B microtubules of the centriole (Figure

1I–G) elongate and form the axoneme, which is essentially the skeleton of the cilium.

Recently, it was found that αTAT1 is required for acetylating ciliary microtubules during

cilium assembly and to promotes ciliogenesis [26].

Finally, once the cell commits to another cell division and re-enters the third cell cycle, cilia

are typically eliminated in two steps in a process known as cilium resorption: first in S phase

and again in G2. It was proposed that initial ciliary resorption is necessary for a cell to enter

S phase [27] and that final resorption was required for entry into mitosis [28]. Cilium

resorption can trigger Plk1 kinase activity, suggesting that cilium resorption releases a factor

that can participate in cell cycle regulation [29]. Nek2 was reported to localize to the distal

portion of the mother centriole and to be required for cilium resorption in G2 [30]. In

addition, Aurora A activation of the tubulin deacetylase HDAC is also required for cilium

resorption [31].

In summary, one of the major mechanisms mediating tight regulation of cell cycle-

dependent changes in the centrosome and cilia occurs by a variety of enzymes utilizing

various post-translational protein modifications. Considering that these enzymes control

distinct aspects of centrosome and cilium assembly and function, they may provide

beneficial targets to control centrosome and cilium structure and function in a cell. For

example, since centrosomes are deregulated in cancer [32], targeting the enzymes that

mediate post-translational modification of centrosomal proteins presents a potential

opportunity for cancer treatment [3,33].

Tubulin dimer regulation of centrosome biogenesis

Centrosomes and cilia are composed of microtubules that play both structural and functional

roles. Microtubules are polymers of tubulin dimers (a heterodimer of α-tubulin and β-
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tubulin) [34]. Here, we will use the term “tubulin dimer” to refer to cytoplasmic tubulin that

is not part of microtubules, the term “tubulin polymer” to refer to tubulin assembled in

microtubules and the term “tubulin” to refer to tubulin in general. Tubulin is a guanine

nucleotide binding protein normally bound to GTP. Tubulin-dimer-GTP can readily

polymerize to form microtubules. Tubulin is also a GTPase, hydrolyzing tubulin-GTP into

tubulin-GDP. However by itself, the tubulin dimer has a low intrinsic GTPase activity. In

microtubules, tubulin-tubulin interactions activate the GTPase activity of tubulin polymers

and, as a result, microtubules become enriched over time with tubulin-polymer-GDP, which

favours microtubule disassembly. The capacity of tubulin to switch from tubulin polymer-

GTP to tubulin polymer-GDP allows microtubules to undergo rapid transition from growth

to disassembly, a phenomenon known as dynamic instability, which is critical for

microtubule function. In this context, tubulin acts as a molecular switch in which tubulin

polymer-GTP is the “on” state supporting microtubule growth and tubulin polymer-GDP is

the “off” state enhancing microtubule disassembly.

Tubulin concentration in a cell is thought to remain constant, and in the cytoplasm, tubulin is

primarily present as tubulin dimer-GTP rather than tubulin dimer-GDP. The reason for this

is that, unlike polymerized tubulin, the tubulin dimer has a high guanine exchange activity

and readily exchanges its bound GDP with GTP [35]. Therefore, tubulin dimer-GDP

resulting from microtubule depolymerization is rapidly converted to tubulin dimer-GTP.

However, mathematical models [36] and cytoskeleton remodelling assays [37] suggest that

the tubulin dimer-GDP concentration can increase as a result of microtubule remodelling

during the cell cycle. Although the increase in tubulin dimer-GDP concentration is transient,

this spike of tubulin dimer-GDP concentration may be a signal that can regulate cellular

process such as centrosome and cilia formation.

Tubulin dimers are known to directly interact with only a few distinct types of proteins [38–

41]. One of them, the voltage-dependent anion-selective channel (VDAC) on the outer

mitochondrial membrane, was studied in detail and was shown to be regulated by tubulin

dimers in a series of studies [40,41]. Interestingly, two centrosomal proteins, centrobin and

CPAP/Sas-4, directly interact with tubulin dimers. Centrobin is a daughter centriole protein

and the centrobin-tubulin interaction is required for centriole elongation and stability [39].

CPAP (aka CenpJ) is the human ortholog of Sas-4 in invertebrates. CPAP/Sas-4 is an

essential conserved centrosomal protein and the CPAP/Sas-4-tubulin interaction is

implicated in centriole elongation and PCM formation [2,14,42].

The interaction between the tubulin dimer and CPAP has been studied in detail, and these

studies suggest that CPAP does not bind to centrosome microtubules via the tubulin-binding

site. CPAP-tubulin dimer binding site was shown to be essential and sufficient for binding to

tubulin dimers [42,43], indicating that CPAP has only one tubulin dimer binding site.

Mapping of the tubulin dimer CPAP binding site suggests that CPAP interacts with a β-

tubulin surface that becomes embedded within microtubules upon polymerization [44]. This

argues that CPAP cannot bind tubulin-polymers and is consistent with the observation that

CPAP does not coprecipitate with microtubules [43], providing an explanation to an earlier

observations that CPAP/Sas-4 overexpression leads to microtubule disassembly [42,43].

Accordingly, CPAP/Sas-4, which is normally found in minute amounts in the cell, can
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sequester tubulin upon overexpression to non-physiological levels, resulting in microtubule

destabilization [44]. Therefore, the CPAP/Sas-4 tubulin binding site specifically binds to

tubulin dimers but not to tubulin polymers and the CPAP/Sas-4-tubulin interaction does not

appear to occur at centrosomal microtubules.

The physiological role of the tubulin dimer interaction with Sas-4 has been studied in detail

both genetically and biochemically in Drosophila [2]. Genetically engineered flies that

express a Sas-4 mutant that cannot interact with tubulin exhibit enlarged centrosomes due to

an increase in PCM recruitment. These centrosomes also nucleate abnormally large amounts

of microtubules, suggesting that tubulin-regulated Sas-4 PCM recruitment involves an

increase in the microtubule nucleation activity of the centrosome (Figure 2D–E).

Biochemical experiments found that Sas-4 forms multiple complexes that include a large

number of PCM proteins. One complex, termed S-CAP, includes tubulin, Sas-4, Cnn, Asl,

D-PLP [45]. A second complex S-γ-TuRC, includes tubulin, Sas-4, and all of the

components of the microtubule nucleation complex (γ-TuRC complex, i.e. Grip91, Grip84,

Grip163, Grip128, Grip75, Grip91 and Grip84) [2]. The formation of S-CAP and S-γ-TuRC

depends on whether Sas-4 is bound to tubulin dimer-GDP or tubulin dimer-GTP. While

tubulin dimer-GDP favours the formation of Sas-4 complexes with PCM proteins, tubulin

dimer-GMPCPP (a non-hydrolyzable GTP analog) limits the association of PCM with Sas-4

(Figure 3). These findings collectively argue that tubulin nucleotide status controls the

interaction of Sas-4 with other PCM proteins and can function as a molecular switch for

PCM recruitment to the centrosome. In this context, tubulin dimer-GTP is the “off” state and

tubulin dimer-GDP is the “on” state. This is the opposite situation to that occurring in

microtubules and holds key implications for the regulation of centrosome biogenesis.

An increase in tubulin dimer-GDP concentration may happen during G2. During this time,

microtubule network remodelling [37] and cilium resorption take place [30]. It is therefore

tempting to speculate that a transient spike during this time in tubulin dimer-GDP

concentration may regulate centrosome activity. It is noteworthy that during G2,

centrosomes recruit more PCM and exhibit an increased microtubule nucleation capacity as

part of centrosome maturation [20]. This raises the possibility that an increase in tubulin

dimer-GDP levels may serve as a signal to control centrosome maturation. There are several

pieces of experimental evidence that support this premise. First, treating cells with

griseofulvin, a compound that induces hydrolysis of tubulin dimer-GTP into tubulin dimer-

GDP, increases PCM size [2,46]. Second, treating cells with taxol, a compound that

stabilizes microtubules and reduces tubulin dimer-GDP release into the cytoplasm, reduces

PCM size [2]. Therefore, it is possible that tubulin dimer-GDP can regulate PCM assembly

and centrosome maturation.

Conclusions

Centrosomes and cilia undergo dramatic structural changes during the cell cycle. These

structural changes are required to perform distinct functions according to the cells’ need and

coordinating these structural changes requires a large number of regulatory elements. Until

recently, studies have focused on post-translational modifications and, in particular, on

phosphorylation mediated by mitotic and cell cycle-dependent kinases. Most of these
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kinases are implicated in diverse cellular functions and participate in centrosome and cilium

biogenesis at a particular cell cycle stage in order to couple centrosome and cilium status to

the cell cycle. Therefore, with the exception of PLK4, most of these kinases are not inherent

to the centrosome and cilium. This begs for the presence of other intrinsic centrosomal and

ciliary mechanisms that can control their structure and function. One such mechanism may

involve the function of tubulin, a major centrosomal, ciliary and cytoskeletal building block,

as a regulatory subunit of centrosome biogenesis. It is thus possible that a tubulin-driven

signalling mechanism can relay information on the state or outcome of cell cycle events

such as microtubule remodelling, and provide feedback or homeostatic control on

centrosome/cilium structure and function. So, while cell cycle kinases coordinate

centrosome biogenesis throughout the cell cycle, tubulin may monitor these events and

provide feedback.

Tubulin can complement other post-translational mechanisms in regulating centrosome and

cilium biogenesis. First, unlike the proteins that mediate post-translational modifications,

tubulin is abundant and readily available in the cell. In some aspects, it resembles other

abundant cellular molecules that play regulatory roles such as ATP, which functions as the

cell’s main energy carrier. Second, an increase in overall levels of tubulin-GDP is also

expected to take place during pathological situations when cellular energy supplies are

reduced. This increase in tubulin-GDP may provide a way to activate PCM formation when

kinases may be less active. Finally, regulation by post-translational modification and by

tubulin signalling are likely to work in coordinated way. As an example, tubulin regulation

of VDAC channels was reported to be sensitive to the state of VDAC phosphorylation [41],

suggesting that both post-translational modification and tubulin activity provide a means for

exquisite control.

Precisely how tubulin functions to regulate centrosome and cilia biogenesis and how this

regulation is coordinated with other mechanisms such as cell cycle dependent post-

translational modifications remains to be investigated. Since tubulin is the target of one of

the best class of cancer chemotherapeutic drugs available to date, understanding how tubulin

regulation and other cellular mechanisms function together is an important goal.

Furthermore, one of the drawbacks of a tubulin-based therapeutic approach is that it results

in significant untoward deleterious effect. However, the mechanism of action underlying the

anti-cancer activity and the associated side effects of tubulin-targeting drugs is not fully

understood. The newly discovered role for tubulin in regulating centrosome biogenesis

independent of its well-known role as a building block of microtubules may help in

generating more effective tubulin-targeting drugs that have fewer side effects.
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Highlights

- Centrosomes and cilia are distinct functional states of the same organelle

- Cell cycle-dependent modifications regulate centrosome functional changes

- Tubulin dimer is a molecular switch that also regulates centrosome functional

changes
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Fig 1. Cell cycle control over centrosome and cilium biogenesis
The cell cycle events taking place from the initial formation of one of the procentrioles (blue

square in A) through two consecutive cell cycles (first cell cycle in light blue background

(A–D), second cell cycle in dark blue background (E–H)) until it becomes a mature

centriole having distal appendages and can form a centrosome, as well as give rise to a

cilium (H). (I–N) Magnified structure of a centrosome and cilium are depicted at the

periphery of the figure, as they would appear from a side view (I, K and M) and cross

section (J, L and N). Major events in centrosome and cilium biogenesis are noted in blue.

Cell cycle kinases are indicated in red.
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Fig 2. Key players in centrosome biogenesis
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Figure 3. A model for the regulatory control of the tubulin dimer in centrosome biogenesis
Tubulin dimer-GDP produced from depolymerization of microtubules binds to Sas-4 and

promotes the formation of PCM complexes. These complexes are recruited to the

centrosome, enabling an increase in PCM size and an increase in microtubule nucleation

activity.
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